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BELIVERY, USE AND THERAPEUTIC APPLICATIONS OF THE CRISPR-CAS
SYSTEMS AND COMPOSITIONS FOR TARGETING DISORDERS AND DISEASES
USING PARTICLE DELIVERY COMPONENTS

RELATED APPLICATIONS AND/OR INCORPORATION BY REFERENCE

{6081 This application clairas priority frorn US provisional patent applications: 62/054,490,
filed September 24, 2014; 62/010,441, filed June 10, 2014; and 61/915,118, 61/915,215 and
61/915,148, cach filed on December 12, 2013.
{8082} The foregoing applications, and all documents cited therein or during their
prosecution (“appln cited documents”} and all documents cited or referenced in the appln cited
documents, and all documents cited or referenced herein (“herein cited documents™), and all
docurents cited or referenced in herein cited documents, together with any manufacturer’s
instructions, descriptions, product specifications, and product sheets for any products mentioned
herein or in any document incorporated by reference herein, are hereby incorporated herein by
reference, and may be employed in the practice of the invention. More specifically, all
referenced documents are incorporated by reference to the same cxtent as if ecach individual
docurment was specifically and individually indicated to be incorporated by reference.
FIELD OF THE INVENTION
{G083] The present inveuntion generally relates to the delivery, engineering, optimization and
therapeutic applications of systeras, methods, and compositions used for the control of gene
expression involving sequence targeting, such as genome perturbation or gene-editing, that relate
to Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and components
thereof.
STATEMENT AS TO FEDERALLY SPONSORED RESEARCH
10684 This invention was made with government support under the NIH Pioneer Award
(1DPIMHI100706) awarded by the National Institutes of Health. The govermiment has certain
rights in the invention.
BACKGROUND OF THE INVENTION

{8085] Recent advances in genome scquencing techniques and analysis methods have
significantly accelerated the ability to catalog and roap genetic factors associated with a diverse

range of biological functions and diseases. Precise genome targeting technologies are needed to
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cnable systematic reverse congincering of causal genetic variations by allowing selective
perturbation of jodividual genetic clewents, as well as to advance synthetic biology,
bigtechnological, and medical applications. Although genome-editing techniques such as
designer @ine fingers, transcuption activator-like effectors (TALES), or homing meganuacleases
arc available for producing targeted genome perturbations, there remains a need for new genome
cngincering technologics that are atfordable, casy to set up, scalable, and amenable to targeting
muitiple positions within the cukaryotic genome.

SUMMARY OF THE INVENTION
{6086 The CRISPR-Cas systern does not require the generation of customized proteins to
target specific sequences but rather a single Cas cozyme can be prograramed by a short RNA
molecule to recognize a specific DNA target. Adding the CRISPR-Cas system to the repertoire
of genome sequencing techniques and analysis methods may significantly simplify the
methodology and accelerate the ability to catalog and map genetic factors associated with a
diverse range of biological functions and discascs. To utilize the CRISPR-Cas system ctfectively
for genome editing without deleterious effects, it is critical to understand aspects of engineering,
optimization and cell-type/tissuc/organ specific delivery of these genome engineering tools,
which are aspects of the claimed invention.
{60871 There exists a pressing need for alternative and robust systems and technigues for
nucleic sequence targeting with a wide array of applications. Aspects of this invention address
this need and provide related advantages. An exemplary CRISPR complex comprises a CRISPR
enzyme complexed with a guide sequence hybridized to a target sequence within the target
polynucleotide. The guide sequence is linked to a tracr mate sequence, which in turn hybridizes
to 4 tracr sequence.
{008} I an aspect, the ivention provides wcthods for using one or wore
elements/components of a CRISPR-Cas systermn vig a particle delivery formulation and/or system
as a weans to modify a target polynucieotide. In preferred embodiments, the particle delivery
formulation and/or system are nanoparticies. The CRISPR complex of the invention provides an
ctfective racans for modifying a target polynucieotide. The CRISPR complex of the invention
has a wide variety of utilities including modifying {(e.g., deleting, inserting, translocating,
inactivating, activating} a target polynucleotide in a multiplicity of cell types 1n various tissues

and organs, ¢.g., endothelial cells, skin, heart, muclte or lung.  As such the CRISPR complex of
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the invention has a broad spectrum of applications in, ¢.g., gene or genome editing, gene therapy,
drug discovery, drug screening, disease diagnosis, and prognosis.  The preseot invention
contermnplates uses in medicine, and gene or genome oditing.

[608Y] It will be appreciated that 1o the present methods, where the organismo is an animal or
a plant, the modification may occur ex vive or in vitro, for instance in a cell colture and in some
mstances not i vive. In other embodiments, i may ocour in vivo.

{8016} In an aspect, the invention provides a method of modifying an organism or a non-
human organism by manipulation of a target sequence in a genomic locus of interest comprising:
delbivering via nanoparticle complex{es) a non-naturally occurring or engineered composition
comprising :

10011} A} -~ I a CRISPR-Cas systemn chimeric RNA {chiRNA) polynucleotide sequence,
wherein the polynucieotide sequence comprises:

{a) a guide sequence capable of hybridizing to a target scquence 1n a cukaryotic cell,

{b} a tracr mate sequence, and

{¢) a tracr sequence, and/or

{8012} H. a polynucieotide sequence encoding a CRISPR enzyme comprising at least one or
more nuclear localization sequences,

wherein {a), (b) and (¢) arc arranged in a 57 t0 3’ orientation,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and the guide
sequence directs sequence-specific binding of a CRISPR complex to the target sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide
sequence that 1s hybridizable to the target sequence, and (2) the tracr mate scquence that is
hybridizable to the tracr sequence and the polynucleotide sequence encoding a CRISPR enzyme
is DNA or RNA,

or

18013} (B) I. polyrucleotides comprising:

{a) a guide sequence capable of hybridizing to a target sequence 1o a eukaryotic cell, and

{b} at lcast one or more tracr mate sequences,

{6014} L. a polynucleotide sequence encoding a CRISPR enzyme, and

{8015] HI. a polynucleotide sequence comprising a tracr sequence,
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wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and the guide
sequence directs sequence-specific binding of a CRISPR complex to the target sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide
sequence that is hybridizable to the target sequence, and (2) the tracr mate sequence that is
hybridizable to the tracr sequence, and the polynucleotide sequence encoding a CRISPR enzyme
is DNA or RNA.

8016} The CRISPR enzyme is a type | or HI CRISPR enzyme, preferably a type I CRISPR
enzyme., This type I CRISPR enzyme may be any Cas enzyme. A preferred Cas enzyroe may
be ideutified as Cas9 as this can refer to the general class of enzymies that share homology to the
biggest nuclease with nultiple muclease domains from the type I CRISPR system. Most
prefevably, the Cas® enzyme is from, or is derived frovo, spCas9 or saCas9. U will be
appreciated that SpCas® or SaCas9 are those from or derived from 8. pyvogenes or 8. qureus
Cas?. By dernived, Applicants mean that the derived enzyme 1s largely based, in the sense of
having a high degree of sequence homology with, a wildtype enzyme, but that it has been
rautated (medified) in sorae way as described herein It will be appreciated that the terms Cas
and CRISPR enzyme are generally used herein interchangeably, unless otherwise apparent. The
Cas enzyme can be for instance any naturaliy-occurring bacterial Cas9 as well as any chimaeras,
mutants, horoologs or orthologs. Mauny of the residue numberings used heretn refer to the Cas9
enzyme from the type I CRISPR locus in Streptococcus pyogenes {(annotated alternatively as
SpCas® or splas9). However, it will be appreciated that this nvention includes many more
Cas9s from other species of microbes, such as SpCas® derived from S. pyogenes, SaCas® derived
from S, qureus, St1Cas9 dertved from S. thermophilus and so forth. The skilled person will be
able to determine appropriate corresponding residues in Cas9 enzymes other than SpCas® by
comparison of the relevant amino acid scquences. Thus, where a specific amino acid replacement
i referced to using the SpCasY numbering, then, unless the coutext makes it apparent this is vot
intended to refer to other Cas9 enzymes, the disclosure is intended to encompass corresponding
maodifications in other Cas9 enzyroes.

{6017} In the invention, the Cas9® enzyme can be constitutively present, or delivered via a
nanoparticle, or via a vector expressing the Cas9 enzyrue, ¢.g., by sequential or co-adminisiration

of a nanoparticle containing or vector countaining nucleic acid molecule(s) for in vivio expression
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of the Cas9 with the nanoparticle containing RNA components of the CRISPR system. The
nanoparticle can also deliver the vector,

{0018} Cas9 orthologs typically share the general organization of 3-4 RuvC domains and a
HNH domaio. The 5" most RuvC domain cleaves the non-complementary sirand, and the HNH
domain cleaves the complementary strand. All notations are in reference to the guide
sequence. The catalytic residue in the 5 RuvC domain 1s identified through homology
comparison of the Cas9 of interest with other Cas9 orthologs (from S. pyogenes type I CRISPR
iocus, S. therroophilus CRISPR locus 1, S. thermophilus CRISPR locus 3, and Franciscilla
novicida type II CRISPR locus}, and the conserved Asp residue (D10) is moutated to alanine to
convert CasS into a complementary-strand nicking enzyme. Similarly, the conserved His and
Asn restdues in the HNH domains are mutated to Alanine to convert Cas9 into a non-
complementary-strand nicking enzyme. In some embodiments, both sets of mutations may be
made, to convert Cas9 mto a non-cutting enzyme. Thus, the Cas® may comprise one or more
mutations and may be used as a generic DNA binding protein with or without fusion to a
functional domain. The mutations may be artificially introduced mutations or gain- or loss-of-
function nutations. The mutations may inchide but are not Hmited to mutations in one of the
catalytic domains (D10 and H840) in the Ruv( and HNH catalytic domains respectively. Further
mutations have been characterized and way be used in one or more compositions of the
invention. In one aspect of the invention, the mutated Cas9 enzyme may be fused to a protein
domain, ¢.g., such as a transcriptional activation domain. In one aspect, the transcriptional
activation domain may be VP64, In other aspects of the invention, the transcriptional repressor
domain roay be KRAB or SID4X. Accordingly, mutated Cas 9 enzyme can be fused to domains
which include but are not limited to a transcriptional activator, repressor, a recombinase, a
transposase, a histone rernodeler, a demethylase, a DNA methyltransferase, a eryptochrome, a
light inducible/controliable domain or a chemically inducible/controliable dowain. The Cas9 1u
the invention may be a chimeric Cas9 proteins; ¢.g., a Cas9 having enhanced function by being a
chimnera. Chimeric Cas9 proteins may be vew Cas9 containing fragroents from more than one
naturally occurring Cas9. These may comprise fusions of N-terminal fragment(s) of one CasS
homolog with C-terrminal fragment{s) of another Cas9 homolog. The Cas of the CRISPR-Cas

system can be in a form to reducing the toxicity of Cas enzymes. For example, the Cas% can be



WO 2015/089419 PCT/US2014/070057

delivered into the cell in the form of mRNA, for transient cxpression of the enzyme thereby
reducing toxicity, The expression of Cas9 can be under the control of an inducible promoter.
16619 The tractRNA and direct repeat sequences can be mutant sequences or the invention
can encorapass RNA of the CRISPR-Cas system that includes mutant chimeric guide sequences
that allow for enhancing performance of these RNAs in cells. A suitable promoter, such as the
Pol HI promoter, such as a U6 promoter, can be added onto the guide RNA that 1
advantageously delivered via nanoparticle. Aspects of the invention also relate to the gwude
RNA being transeribed in vitro or ordered {from a synthesis corapany and directly transfected.
Expression of guide RNAs under the control of the T7 promoter driven by the expression of T7
polymerase in the cell is also envisioned. In an advantageous embodiment, the cell is a
cukaryotic ceil. In a preferred erobodivaent the eukaryotic cell s a human cell. In a more
preferred embodiment the human cell is a patient specific cell.

{0020} An example of a codon optimized scquence, in this instance optimized for hurnans
{1.c. being optimized for expression in humans) is provided herein, see the SaCas9 human codon
optimized sequence. Whilst this is preferred, it will be appreciated that other examples are
possibie and codon optimization for a host species other than human, or for codon optimization
for specific organs such as the brain, is known.

16021} It will be appreciated that where reference is made to a polynucleotide, where that
polymucleotide is RNA and is said to ‘comprise’ a feature such as a tracr mate sequence, the
RNA sequence includes the feature. Where the polynucleotide 18 DNA and 1s said to comprise a
feature such as a tracr mate sequence, the BNA sequence is or can be transeribed into the RNA
that comprises the feature at issue. Where the feature is a protein, such as the CRISPR enzyme,
the DNA or RNA sequence referred to is, or can be, translated (and in the case of DNA
transcribed first).  Furthermore, in cascs where an RNA encoding the CRISPR cnzyme s
provided to a cell, 1t s understood that the RNA is capable of being trauslated by the cell nto
which it is delivered.

16622} Accordingly, in certain embodiments the invention provides a method of modifying
an organism, e©.g., mammal including human or a non-human manumal or organism by
rantpulation of a target sequence in a genomice locus of interest cornprising delivering a non-
naturally occurring or enginecred composition comprising a nanoparticle, wherein  the

composition compriscs: (A} a non-naturally occurring or enginccred corposition comprising a
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vector systern comprising ong or more vectors comprising 1. a first regulatory clement operably
linked to a CRISPR-Cas system chimeric RNA (¢ciRNA) polyoucleotide sequence, wherein the
polynucleotide sequence comprises {a) a guide sequence capable of hybridizing to a target
sequence 1o a cukaryotic cell, (b) a tracr mate sequence, and (¢} a tracr sequence, and I a second
regulatory clement operably linked to an enzyme-coding sequence encoding a CRISPR enzyme
comprising at least one or more nuclear localization sequences {or optionally at least one or more
nuclear localization sequences as some embodiments can inveive no NLS), wherein (a), (b) and
{c) arc arranged in a 57 to 37 orientation, wherein components I and I are located on the same or
different veciors of the systern, wherein when transcribed, the tracr mate sequence hybndizes to
the tracr scquence and the guide sequence directs sequence-specific binding of a CRISPR
complex to the target sequence, and wherem the CRISPR complex coroprises the CRISPR
enzyme complexed with (1) the guide sequence that is hybridizable to the target sequence, and
(2} the tracr mate sequence that is hybridizable to the tracr sequence, or (B} a nou-naturally
occurring or engineered composition comprising a vector systerm comprising one or more vectors
comprising 1. a first regulatory clement operably linked to (8} a guide sequence capable of
hybridizing to a target sequence in a cukaryotic cell, and (b) at least one or more tracr mate
sequences, . a sccond regulatory clement operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, and HI. a third regulatory clement operably hinked to a tracr
sequence, wherein components I, 1 and I are located on the same or different vectors of the
system, wherein when transcribed, the tracr wate sequence hybridizes to the tracr sequence and
the guide sequence directs sequence-specific binding of a CRISPR complex to the target
sequence, and wherein the CRISPR complex comprises the CRISPR enzyme coraplexed with (1)
the guide sequence that is hybridizable to the target sequence, and (2} the tracr mate sequence
that 1s hybridizablc to the tracr sequence. In some crabodiments, components I, H and HI arc
delivered together. In other embodiments, coraponents | and I are delivered sepavately. In other
embodiments, components [ and HI are delivered together, while component {1 18 delivered
separately.

{6023] Accordingly, in certain embodiments the invention provides a method of modifying
an organism, ¢.g., mammal including human or 3 non-human mamgnal or organista by
mantpulation of a target sequence in a genomic locus of interest, ¢.g., in heart, muscie or lung

tissuc or cells, corprising delivering a non-naturally occurring or engineered composition
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comprising by nanoparticle complex{es), wherein the composition comprises: (A) a non-
naturally occurring or engineered composifion coraprising a vector system comprising oue of
more vectors comprising 1 a first regulatory element operably linked to a CRISPR-Cas system
RNA or chimeric RNA {(chuRNA) polynucicotide sequence, wherein the polynucleotide sequence
comprises {a} a guide sequence capable of hybridizing to a target sequence in a cukaryotic cell,
{b} a tracr mate sequence, and (¢) a tracr sequence, and H. a second regulatory element operably
linked to nucleotide sequence encoding a CRISPR enzyme, advantageously comprising at least
onc or more nuclear localization scquences {(or advantageiously two uuclear localization
sequences), wherein (a), (b) and {¢) are arranged ina 57 to 37 ortentation, wherein componeuts |
and II are located on the same or different vectors of the system, wherein vector or vectors
involving at least component T or II or both I and II are delivered via nanoparticles or
nanoparticle complex(es); and wherein when transcribed, the tracr mate sequence 18 hybridzable
to the tracr scquence and the guide sequence directs sequence-specific binding of a CRISPR
complex to the target sequence, and wherein the CRISPR complex comprises the CRISPR
cnzyme complexed with (1) the guide sequence that 1s hybridizable to the target sequence, and
(2} the tracr mate sequence that is hybridizable to the tracr sequence, or (B} a non-naturally
pccurring or engincered composition comprising a vector system comprising one or more vectors
comprising 1. a furst regulatory element operably linked to (a) a guide sequence capable of
hyvbridizing to a target sequence in a cukaryotic cell, and (b} at least one or more tracr mate
sequences, . a second regulatory cleroent operably linked to an cvzyme-coding sequence
encoding a CRISPR enzyme, and HI. a third regulatory clement operably linked to a tracr
sequence, wherein components I, I and HI are located on the same or different vectors of the
system, wherein vector(s) as to at least one of L, 1l and HI, and advantageously as to all of I, 1}
and I are delivered via nanoparticles or nanoparticle coroplex{es), and wherein when
transcribed, the tracr mate sequence hybridizes to the tracr sequence and the guide sequence
directs sequence-specific binding of a CRISPR complex to the target sequence, and wherein the
CRISPR complex comprises the CRISPR enzyme coraplexed with (1) the guide sequence that is
hybridizable to the target sequence, and (2) the tracr mate sequence that is hybridizable to the
tracr sequence. In some cmbodiments, components I, I and I are delivered together. In other
embodiments, components | and I are delivered separately. In other embodiments, components

T and IH are delivered together, while component I is delivered separately.  In any event use of
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nanoparticles, especially to target heart, muscle or lung tissue or cells , are aspects of the
fovention,

{8024} By manipulation of a target sequence, Applicants mean the alteration of the target
sequence, which may wnclude the epigenetic manipulation of a target sequence. This epigenetic
manipulation may be of the chromatin state of a target sequence, such as by modification of the
rcthylation state of the target sequence (i.¢. addition or rernoval of methylation or mcethylation
patterns or CpG islands), histone modification, increasing or reducing accessibility to the target
sequence, or by promoting 3D folding,

[6025] It will be appreciated that where reference is wade to a method of modifyving an
organisnt or mammal including human or a non-human manmal or organism by manipulation of
a target sequence m a genomic locus of nterest, this may apply to the organisro (or mammal) as
a whole or just a single cell or population of cells from that organism (if the organism is
multiceliulary. In the case of humans, for instance, Applicants envisage, inter alia, a single ccll
or a population of cells and these may preferably be modified ex vive and then re~-introduced. In
thig case, a biopsy or other tissue or biological fluid sample may be necessary. Stem cells are
also particularly preferred in this regard. But, of course, iz vive embodiments are also envisaged.
{8026} In certain cmbodiments the invention provides a method of treating or inhibiting a
condition caused by a defect n a target sequence in a genomic locus of 1uterest 1o a subject {e.g.,
mammal or human} or a non-human subject {c.g., mammal) in neced thereof comprising
rmodifyiog the subject or a poun-human subject by manipulation of the farget sequence and
wherein the condition is susceptible to treatment or inhibition by manipulation of the target
sequence comprising providing treatment comprising: delivering & non-naturally occurring or
engineered composition comprising by nanoparticle complex{es), wherein the composition
comprises: (A} a non-naturally occurring or enginecred composition comprising 4 vector system
comprising one or more vectors comprising 1. a first regulatory eleraent operably huked to a
CRISPR-Cas system RNA or chimeric RNA (chiRNA} polynucleotide sequence, wherein the
polynucleotide sequence comprises (a) a guide sequence capable of hybridizing to a target
sequence in a eukaryotic cell, (b} a tracr mate sequence, and {c) a tracr sequence, and 1L a sccond
regulatory clermacnt operably hinked to nucleotide sequence concoding a CRISPR enzyme,
advantageously comprising at least one or more nuclear localization sequences {or

advantageiously two nuclear localization sequences), wherein {(a), (b} and (¢} arc arranged ina §°
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to 37 orientation, wherein components I and I are located on the same or different vectors of the
system, wherein vector or vectors wnvolving at least coroponent T or It or both T and I are
delivered via nanoparticles or nanoparticle complex{(es); and wherein when transcribed, the tracr
mate sequence s hybridzable to the tracr sequence and the guide sequevnce directs sequence-
specific binding of a CRISPR complex to the target sequence, and wherein the CRISPR complex
comprises the CRISPR enzyme corapicxed with (1) the guide scquence that 1s hybridizable to the
target sequence, and (2} the tracr mate sequence that is hybridizable to the tracr sequence, or {(B)
a non-naturaily eccurring or engincered composition Comprising 8 vector system comprising one
or more vectors comprising L. a first regulatory element operably linked to (a) a guide sequence
capable of hybridizing to a target sequence in a cukaryotic cell, and (b) at least one or more tracr
rate sequences, I a sccond regulatory element operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, and HI. a third regulatory clement operably linked to a tracr
sequence, wherein components I, I and HI are located on the same or different vectors of the
system, wherein vector(s) as to at least one of L, 1l and HI, and advantageously as to all of I, 1}
and I are dehvered wvia nanoparticles or nanoparticle complex(es), and wherein when
transcribed, the tracr mate sequence hybridizes to the tracr sequence and the guide sequence
directs sequence-specific binding of a CRISPR complex to the target sequence, and wherein the
CRISPR complex comprises the CRISPR enzyme coraplexed with (1) the guide sequence that is
hybridizable to the target sequence, and (2) the tracr mate sequence that is hybridizable to the
tracr sequence. In some embodiments, components [, I and 1 are delivered together. In other
embodiments, components | and I are delivered separately. In other embodiments, components
T and TH are delivered together, while component 1 is delivered separately.  In any event use of
nanoparticles, especially to target heart, muscle or lung tissue or cells |, are aspects of the
mvention,

18627} Some methods of the invention can include inducing expression. In some methods of
the invention the organism or subject is a cukaryote (including mammal including human) or a
nou-human cukaryote or a non-homan animal or a nov-human mammal, In some embodiments,
the organism or subject is a non-human animal, and may be an arthropod, for example, an insect,
or may be a nematode. In some methods of the invention the organisia or subject is a plant. In

some methods of the invention the organism or subject is a mammal or a non-human mammal. A
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non-human mammal may be for example a rodent {preferably 2 mouse or a rat}, an ungulate, or a
primate.

{0028} In some embodiments the invention comprehends delivering a CRISPR enzyme
comprising dehivering to a cell mRNA encoding the CRISPR enzyme, ¢.g., via nanoparticle
complex(es). In some of these methods the CRISPR enzyme is a Cas9.

{0029} The iovention further comprchends nanoparticle complex{es) containing CRISPR
complex components or vector(s) for expression,, ¢.g., RNA of the CRISPR complex, or a
CRISPR cnzyme thercof (including or alternatively mRNA encoding the CRISPR cnzyme), for
use i medicine or in therapy, or more generally a moethod according to the invention, including
in vivo, in vitre or ex vivo genc or genome editing. In some methods of the invention the
CRISPR enzyme comprises one or more mutations in one of the catalytic domains.

{8036} With respect to mmutations of the CRISPR enzyme, when the enzyme is not Splas9,
mutations may be made at any or all residues corresponding to posttions 10, 762, 840, 854, 8§63
and/or 986 of SpCas? (which may be ascertained for instance by standard sequence comparison
tools). In particular, any or all of the following mutations are preferred in SpCas9: DI0A,
E762A, HB40A, NBS4A, NB63A and/or BOROA; as well as conservative substitution for any of
the replacement amino acids 18 also envisaged. In an aspect the invention provides as to any or
each or all embodirnents herein-discussed wherein the CRISPR cozyme comprises at least one or
more, or at least two or more mutations, wherein the at least one or more mutation or the at least
two or more mutations 18 as to DI1G, E762, HB40, N8S4, NE63, or D986 according to SpCasd
protein, e.g., BI10A, E762A, HR40A, NBS4A, N863A and/or DOEGA as to SpCash, or NSREO
according to 5aCas9, o.g., N3SOA as to SaCas9, or any corresponding routation(s) in a Cas? of
an ortholog to Sp or Sa, or the CRISPR enzyme comprises at least one mutation wherein at least
HR40 or NBO3A as to Sp Cas9 or N3SOA as to 5a Cas9 18 mutated; e.g., wherein the CRISPR
cozyme comprises HR40A, or DIOA and HR40A, or DIGA and N&63A, according to SpCas9
protein, or any corresponding mutation(s) in a Cas9 of an ortholog to Sp protein or Sa protein.
{6831 In some wmethods of the nvention the CRISPR enzyme 1s a Cas® nickase. The
invention envisions the use of nanoparticle complex{(esy containing CRISPR  complex
components or vector(sy for expression,, ¢.g., RNA of the CRISPR complex, or a CRISPR
enzyme thereof (inchuding or alternatively mRNA euncoding the CRISPR enzyme), for the

marufacture of a medicament for in vivo, in vitre or ex vive gene or genome editing or for use in
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a method according of the invention. The invention comprchends nanoparticle complex{es)
countaining CRISPR complex compouents or vector(s) for expression,, e.g., RNA of the CRISPR
complex, or a CRISPR enzyme thercof {including or alternatively mRNA encoding the CRISPR
enzyme), , wherein the target sequence is flanked at its 37 end by a PAM (protospacer adjacent
motif} sequence comprising 5 -motif, especially where the CasS s {or is derived from) 8
pyogenes or S. aureus Cas9. For exaraple, a suitablc PAM 15 5-NRG or 5-NNGRR {where N is
any Nucleotide) for SpCas® or S8aCas9 enzymes {or derived enzymes).

16032} It will be appreciated that SpCas® or 8alas9 are those from or derived from S
pyogenes or S. qurers Cas9, and SaCas9 is presently considered advantageous.

{6033] The invention in some cmbodiments comprehends a method of modifying an
organism or a non-human organism by minitmzing off-target modifications by manipulation of a
first and a second target sequence on opposite strands of a2 DNA duplex in a genomic locus of
intercst in a cell comprising dehivering by at least one nanoparticle coraplex a non-naturally
occurring or engineered composition or component thereof, said composition comprising

{0034} I. a first CRISPR-Cas systomn chimeric RNA (chiRNA) polymucleotide scquence,
wherein the first polynucleotide sequence comprises:

{a) a first guide sequence capable of hybridizing to the first target sequence,

{b} a first tracr mate sequence, and

{c) a first tracr sequence,

18035} H. a second CRISPR-Cas system chiRNA polynucleotide sequence, wherein the
second polynucieotide sequence comprises:

{a} a sccond guide sequence capable of hybridizing to the second target sequence,

{b} a second tracr mate sequence, and

{¢) a second tracr sequence, and

{8036} HI. a polynucleotide sequence encoding a CRISPR enzyme comprising at least one or
more nuclear localization sequences and comprising one or more mutations, wherein (a}, {b) and
{c) are arranged 1 a 57 to 37 orientation, whereim when transcribed, the first and the second tracr
mate sequence hybridize to the first and second tracr sequence respectively and the first and the
second guide sequence directs sequence-specific binding of & first and a second CRISPR
complex 1o the first and second target sequences respectively, wherein the first CRISPR complex

compriscs the CRISPR enzyme complexed with (1} the first guide sequence that 1s hybridizable
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to the first target sequence, and (2) the first tracr mate scquence that is hybridizable to the first
tracr sequence, wherein the second CRISPR complex comprises the CRISPR enzyme complexed
with (1) the second guide sequence that is hybridizable to the second target sequence, and (2) the
second tracr mate sequence that i1s hybridizable to the second tracr sequence, wherein the
polynucleotide sequence encoding a CRISPR enzyme is DNA or RNA, and wherein the first
guide sequence directs cleavage of one strand of the DNA duplex near the first target sequence
and the second guide sequence directs cleavage of the other strand near the second target
sequence inducing a double strand break, thereby modifying the organisma or the non-human
organtsm by minumizing off-target modifications.

{6037} In some methods of the invention any or all of the polynucleotide sequence encoding
the CRISPR enzyme, the fivst and the second guide sequence, the first and the second tract mate
sequence or the first and the second tracr sequence, is/are RNA; and RNA is advantageously
delived via nanoparticle complex{es). In further cmbodiments of the wnvention the
polynucleotides comprising the sequence encoding the CRISPR enzyme, the first and the second
guide sequence, the first and the second tracr mate sequence or the first and the second tracr
sequence, is/are RNA and are delivered via nanoparticles. In certain embodiments of the
invention, the first and sccond tracr mate sequence share 100% identity and/or the first and
second tracr sequence share 100% 1dentity. o some embodiments, the polyoucleotides may be
comprised within a vector system comprising one or more vectors. In preferred embodiments of
the mmvention the CRISPR enzyme s a CasY enzyme, e.g. SpCas?® or SaCas9. In an aspect of the
invention the CRISPR enzyme comprises one or more mutations in a catalytic domain, wherein
the one or more mutations are sclected from the group consisting of DI0A, E762A, HE40A,
NBS4A, NEG3A and DOROA. In a highly preferred embodiment the CRISPR enzyme has the
D10A routation. In preferred cmbodiments, the first CRISPR enzyrue has one or more mutations
such that the enzyme 18 a complementary strand nicking enzyme, and the second CRISPR
enzyme has one or more nutations such that the enzyme 18 a non-complementary strand nicking
enzyme. Alternatively the first enzyme may be a noun-coraplementary strand nicking enzyme, and
the second enzyme may be a complementary strand nicking enzyme.

{6038] In preferred methods of the invention the first guide sequence directing cleavage of
one strand of the DNA duplex near the first target sequence and the second guide sequence

directing cleavage of the other strand near the second target sequence results in a 57 overhang. In
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embodiments of the invention the 57 overhang 18 at most 200 base pairs, preferably at most 100
base pairs, or more preferably at most 50 base pairs. In embodiments of the invention the 57
overhang is at least 26 basce pairs, preferably at least 30 base pairs or more preferably 34-50 base
pairs.

{6039] The invention in some cembodiments comprehends a method of modifving an
organism or a non-human organisi by minimizing off-target modifications by manipulation of a
first and a second target sequence on opposite strands of a BNA duplex in a genomic locus of
interest in a cel comprising delivering via at least one nanoparticle corapiex a non-naturally
occurring or engincered composition or corponent thereof, said cowposifion comprising a
veCtor SYStem COMMprising one ¢r more vectors comprising

{00401 L. a first regulatory element operably hnked to

{a) a first guide sequence capable of hybridizing to the first target sequence, and

(b} at lcast one or more tracr mate sequences,

{6041} IE. a second regulatory element operably linked to

{a) a second guide sequence capable of hybridizing to the second target sequence, and

(b} at least one or more tracr mate sequences,

{8042} HI. a third regulatory clement operably linked to an cnzyme-coding sequence
encoding a CRISPR enzyme, and

{6043] IV. a fourth regulatory element operably linked to a tracr sequence,

{8044} wherein components I, i, Il and IV are located on the same or different vectors of
the system, when transcribed, the tracr mate sequence hybridizes to the tracr sequence and the
first and the second guide sequence direct sequence-spectfic binding of a first and 4 sccond
CRISPR complex to the first and second target sequences respectively, wherein the first CRISPR
complex comprises the CRISPR enzyme complexed with (1) the first guide sequence that is
hybridizable to the first target sequence, and (2) the tracr mate sequence that is hybridizable to
the tracr sequence, wherein the second CRISPR complex comprises the CRISPR enzyme
complexed with (1) the second guide sequence that s hybridizable to the second target sequence,
and (2) the tracr mate sequence that is hybridizable to the tracr sequence, wherein the
polymucleotide sequence cucoding a CRISPR enzyme 1s DNA or RNA, and wherein the first
guide sequence directs cleavage of one strand of the DNA duplex near the first target sequence

and the sccond guide sequence directs cleavage of the other strand uncar the sccond target
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sequence inducing a double strand break, thereby modifying the organism or the non-human
organism by minivaizing off-target moodifications.

18045} The invention also provides a vector system as described herein. The system may
comprise one, two, three or four different vectors; and the system may comprise one, two, three
or four different nanoparticle complex(es} deliverying the component(s) of the system.
Components I, I, TIf and IV may thus be located on one, two, three or four different vectors, and
may be delivered by one, two, three or four different nanoparticle complex{es) (with other
delivery means cnvisioned for those portions of the system not delived via nanoparticle
complex{es); and all combinatious for possible locations and complex{es) of the components are
herein envisaged, for example: components {, IL, I and IV can be located on the same vector;
components [, I, TH and IV can cach be located on different vectors; coraponents L, 11, 11 [ and
1V may be located on a total of two or three different vectors, with all combinations of locations
envisaged, cte.; and components I, 1L, I and IV can be delivered via the nanoparticle complex;
components §, II, Il and 1V can be delivered via the nanoparticle complex; components |, 11, H 1
and IV may be delivered via a total of two or three differcut complex{es), with all combinations
of locations eunvisaged, etc. And complexes that target lung, heart or muscle tissue or cells are
advantageous.

[6046] In sorae methods of the inveution any or all of the polynucleotide sequence encoding
the CRISPR enzyme, the first and the second guide sequence, the first and the second tracr mate
sequence or the first and the second tracr sequence, 1s/are RNA; and advantageously delivered
via nanoparticle complex(es}. In further embodiments of the invention the first and second tracr
mate sequence share 100% identity and/or the first and seccond tracr sequence share 100%
identity. In preferred embodiments of the invention the CRISPR enzyme 15 a Cas® enzyme, e.g.
SpCasY. In an aspect of the invention the CRISPR cnzyme coraprises one or more rutations i a
catalytic domain, wherein the one or more mutations are selected from the group consisting of
D10A, E762A, HE40A, NE5S4A, NS63A and DOEOA. In a highly preferred embodiment the
CRISPR eunzyme has the BI10A mutation. In preferred embodiments, the first CRISPR enzyme
has one or more nwutations such that the enzyme is a complementary strand nicking enzyme, and
the second CRISPR cnzyme has onc or more mutations such that the enzyme is a non-
complementary strand nicking enzyme. Alternatively the first enzyme may be a non-

complementary strand nicking cuzyme, and the second enzyme may be a cornplementary strand
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nicking enzyme. In a further embodiment of the invention, one or more of the vectors or viral
vectors are delivered via nanoparticles.

{8047} In preferred methods of the invention the first guide sequence directing cleavage of
one strand of the DNA duplex near the frst target scquence and the second guide sequence
directing cleavage of the opposite strand near the second target sequence results in a 5 overhang.
In embodiments of the invention the 57 overhang 1s at most 200 base pairs, preferably at most
100 base patrs, or more preferably at most 50 base pairs. In embodiments of the invention the 57
overhang is at least 26 basce pairs, preferably at least 30 base pairs or more preferably 34-50 base
pairs.

{6048} The invention in some embodiments comprehends a method of modifying a genomic
locus of interest by minimizing off-target modifications by introducing into a cell containing and
expressing a double stranded DNA molecule encoding a gene product of interest an engincered,
non-naturally occurring CRISPR-Cas systern, wherein the introducing 18 vig at lecast one
nanoparticle complex delivering at least a portion of the CRISPR-Cas system (e.g., RNA thereof,
and/or the Cas9 and/or a vector encoding the Cas9 and/or a vector expressing the RNA of the
system} wherein the system comprises a Cas protein having one or more mutations and two
guide RINAs that target a first strand and a second strand of the DNA molecule respectively,
whereby the guide RNAs target the DNA molecule encoding the gene product and the Cas
protein nicks each of the first strand and the second strand of the DNA molccule encoding the
gene product, whereby expression of the gene product is altered; and, wherein the Cas protein
and the two guide RNAs do not naturally occur together,

[6349] The Cas protein can nick each of the first strand and the second strand of the DNA
molecule encoding the gene product resuits in a 57 overhang. In embodiments of the invention
the 57 overhang is at most 200 base pairs, preferably at most 100 basc pairs, or more preferably
at most 50 base pairs. In crobodiments of the invention the 57 overhang is at least 26 base pairs,
preferably at least 30 base pairs or more preferably 34-50 base pairs.

[G6058] Embodiments of the inveotion also comprehend the guide RNAs comprising a guide
sequence fused to a tracr mate sequence and a tracr sequence. In an aspect of the invention the
Cas protein 18 codon optimized for expression in a cukaryotic cell, preferably a mammalian cell
or a human cell. In further embodiments of the invention the Cas protein is a type 11 CRISPR-

Cas protein, ¢.g. a Cas 9 protein. In a highly preferred embodiment the Cas protein is a Cas9

16



WO 2015/089419 PCT/US2014/070057

protein, ¢.g. SpCas9. In aspects of the invention the Cas protein has one or more mutations
selected from the group consisting of BI10A, E762A, HR40A, NES4A, NBG3IA and D986A. In a
highly preferred embodiment the Cas protein has the D10A mmtation.

{6051} Aspects of the mvention relate to the expression of the gene product being decreased
or a template polynucleotide being further introduced into the DNA molecule encoding the gene

¢ sequence being excised precisely by allowing the two 5 overhangs to

product or an intervening

reanncal and ligate or the activity or function of the gene product being altered or the expression
of the gene product being increased. In an embodiment of the invention, the gene product is a
protein. The template polynucleotide can also be mtroduced via nanoparticle complex(es).
{6052] The invention also comprehends an enginecred, non-naturally oceurring CRISPR-Cas
system comptising a Cas protein having one or more mutations and two guide RNAs that target a
first strand and a second strand respectively of a double stranded DNA molecule encoding a gene
product in a cell, whereby the guide RINASs target the DNA molecule encoding the gene product
and the Cas protein nicks each of the first strand and the second strand of the DNA molecule
encoding the gene product, whereby expression of the gene product is altered; and, wherein the
Cas protein and the two guide RNAs do not naturally occur together; and, wherein a the system
or a component thereof or that which gives rise to expression of the system or a component
thereof is delivered via navoparticle complex{es); and advantageously the complex{es) target
heart, muscle or lung tissuc or cells.

053] I aspects of the mvention the guide RNAs may comprise a guide sequence fused to a
tracr mate sequence and a tracr sequence. In an embodiment of the invention the Cas proteinis a
type I CRISPR-Cas protein. In an aspect of the mvention the Cas protein is codon optirnized for
expression in a cukaryotic cell, preferably a mammalian cell or a human cell. In further
cmbodiments of the invention the Cas protein is a type H CRISPR-Cas protein, c.g. g Cas 9
protein. o a highly preferred embodiment the Cas protein 1s a Cas9 protein, ¢.g. SpCas9. In
aspects of the invention the Cas protein has one or more ntations selected from the group
consisting of DI0A, E762A, HB40A, NR34A, NB63IA and D986A. To a hghly preferred
embodiment the Cas protein has the DIOA mutation.

6054] Aspects of the mvention relate to the cxpression of the gene product being decreased
or a teraplate polynucieotide being further introduced into the DNA molecule encoding the gene

product or an intcrvening sequence being excised precisely by allowing the two 57 overhangs to
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reanncal and ligate or the activity or function of the gene product being altered or the expression
of the gene product being increased. In an ermbodiment of the foveotion, the gene product is a
protein.

[60S5] The mvention also comprehends an engincered, non-naturally occurring vector
System comprising one or more vectors comprising:

ay a first regulatory element operably linked to cach of two CRISPR-Cas system guide RNAs
that target a first strand and a second strand respectively of a double stranded DNA molecule
encoding a gene product,

b} a second regulatory clemcut operably linked to a Cas protein,

wherein components {a) and (b) arc located on same or different vectors of the system, wherein
at least one of said vector(s) are delived via one or more nanoparticie complex{es), whereby the
guide RNAs target the DNA molecule encoding the gene product and the Cas protein nicks cach
of the first strand and the second strand of the DNA molecule encoding the gene product,
whereby expression of the gene product is altered; and, wherein the Cas protein and the two
guide RNAs do not naturally occur together.

{8056} In aspects of the tnvention the guide RNAs may comprise a guide sequence fused to a
tract mate sequence and a tracr sequence. In an embodiment of the invention the Cas protein is a
type H CRISPR-Cas protein. In an aspect of the invention the Cas protein is codon optivaized for
expression in a cukaryotic cell, preferably a mammalian cell or a human cell. In further
embodiments of the invention the Cas protein is a type 1T CRISPR-Cas protein, ¢.g. a Cas 9
protein. In a highly preferred embodiment the Cas protein is a Cas® protein, e.g. SpCas®. In
aspects of the mvention the Cas protein has one or more mutations sclected from the group
consisting of D10A, E762A, HRA0A, NBS4A, N863A and DO86A. The Cas protein can have the
D10A mutation.

180587} Aspects of the invention relate to the expression of the gene product being decreased
or a template polynucieotide being further introduced into the DNA molecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 57 overhaogs to
reanncal and ligate or the activity or function of the gene product being altered or the expression
of the gene product bemg increased. In an embodiment of the fnvention, the gene product 1s a
protein. In preferred embodiments of the invention the vectors of the system are viral vectors. In

a turther ernbodiment, the vectors of the systern are delivered via nanoparticles.
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{ G058 In one aspect, the invention provides a method of modifying a target polynucleotide
in a cukaryotic cell. In some cwbodiments, the method comprises allowing a CRISPR coroplex
to bind to the target polynucleotide to effect cleavage of said target polynucicotide thercby
maodifying the target polynucleotide, wherein the CRISPR complex comprises a CRISPR enzyme
complexed with a guide sequence hybridized to a target sequence within said target
polymucleotide, wherein said guide sequence is linked to a tracr mate sequence which in turn
hybridizes to a tracr sequence; and advantageously the complex or a component thereof has been
dehivered via nanoparticle complex{es). In sorac erabodiments, said cleavage coraprises cleaving
one or two strands at the location of the target sequence by said CRISPR enzyme. In some
embodiments, said cleavage results i decreased transcription of a target gene. In some
embodiments, the rethod further comprises repairing said cleaved target polynucleotide by
homologous recombination with an cxogenous template polynucleotide, wherein said repair
results in a mutation comprising an inscrtion, deletion, or substitution of one or more nucleotides
of said target polynucleotide. In some embodiments, said mutation results in one or more aming
acid changes in a protein expressed from a gene comprising the target sequence. In some
embodiments, the method further comprises delivering, ¢.g., via nanoparticle complex{es) one or
more vectors to said cukaryotic cell, wherein the one or more vectors drive expression of one or
maore of: the CRISPR enzyme, the guide sequence Huked to the tracr mate sequence, and the tracr
sequence. In some emboediments, said vectors are delivered to the cukaryotic cell in a subject. In
some embodiments, said modifying takes place in said eukaryotic cell i a cell cultore. To some
embodiments, the method further comprises isolating said eukaryotic cell from a subject prior to
satd modifying. In some embodiments, the method further comprises returning said cukaryotic
cell and/or cells derived therefrom to said subject.

{B059] In one aspect, the mvention provides a method of moditying cxpression of a
polynacleotide in a cukaryotic cell.  In some embodiments, the method comprises allowing a
CRISPR complex to bind to the polynucleotide such that said binding results in increased or
decreased expression of said polynucleotide; wherein the CRISPR coraplex comprises a CRISPR
enryme complexed with a guide sequence hybridized to a target sequence within said
polymucleotide, wherein said guide sequence 18 hinked to a tracr mate sequence which in turn
hybridizes to a tracr sequence; and advantageously the complex or a component thereof has been

delivered via nanoparticle complex{es). In some embodiments, the method further comprises
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delivering, ¢.g., via onc or more nanoparticle complex(es{t one or more vectors to said eukaryotic
cells, wherein the one or more vectors drive expression of ove or more of: the CRISPR enzyme,
the guide sequence linked to the tracr mate sequence, and the tracr sequence.

{6068} In ove aspect, the invention provides a method of generating a model cukaryotic cell
comprising a mutated disease gene. In some ermbodiments, a disease gene is any gene associated
with an increase in the risk of having or developing a discase. In some embodiments, the method
comprises {a) introducing one or more vectors into a eukaryotic cell, wherein the one or more
veetors drive expression of onc or more of! a CRISPR enzyme, a guide sequence linked to g tracr
mate sequence, and a tracr sequence; and {(b) allowing a CRISPR complex to bind to a target
polymucleotide to effect cleavage of the target polynucicotide within said discase gene, wherein
the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide sequence
that is hybridizable to the target sequence within the target polynucleotide, and (2) the tracr mate
sequence that is hybridizable to the tracr scquence, thereby generating a model cukaryotic cell
comprising a mutated disease gene; and advantageously the complex or a component thereof has
been delivered via nanoparticle complex{cs). In some cmbodiments, said cleavage corprises
cleaving one or two strands at the location of the target sequence by said CRISPR enzyme. In
some embodiments, said cleavage results in decreased transcription of a target gene. In some
embodiments, the method further comprises repairing said cleaved target polynucleotide by
homologous recombination with an exogenous template polynucleotide, wherein said repair
results 1o a routation comprising an insertion, deletion, or substitution of one or more nucleotides
of said target polynucleotide. In some embodiments, said mutation results in one or more amino
acid changes in a protein expression from a gene comprising the target sequence.

G061 In one aspect, the invention provides for metheds of modifying a target
polynucleotide in a cukaryotic cell.  In some cmbodiments, the method comprises allowing a
CRISPR complex to bind to the target polyoucieotide to effect cleavage of said target
polynucleotide thereby modifying the target polynucleotide, wherein the CRISPR complex
comprises a CRISPR enzyme complexed with a guide sequence hybridized to a target sequence
within said target polymucleotide, wherein said gnide sequence is hinked to a tracr mate sequence
which in turn hybridizes to a tracr sequence; and advantageously the complex or a component

thereof has been delivered via nanoparticle complex{es).
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{6062] Inn other embodiments, this invention provides a method of modifying expression of a
polynucleotide 1n a eukaryotic cell. The method corprises imcreasing or decreasing expression
of a target polynucleotide by using a CRISPR complex that binds to the polynuclestide; and
advantageously the complex or a componeot thercof has been dehivered via nanoparticle
complex{es).

{6863} Where desired, to effoct the modification of the expression n a cell, one or more
vectors comprising a fracr sequence, a guide sequence linked to the tracr mate sequence, a
sequence encoding a CRISPR cnzyme 1s delivered to a cell; and advantageously the complex or
a component thereof bas been delivered via nanoparticle complex{es). In some methods, the one
or more vectors comprises a regulatory clement operably linked to an enzyme-coding sequence
cocoding said CRISPR enzyme comprising a ouclear localization sequence; and a regulatory
clement operably linked to a tracr mate sequence and one or more insertion sites for inserting a
guide sequence upstrearn of the tracr mate sequence; and advantageously the complex or a
component thereof has been delivered via nanoparticle complex{es). When expressed, the guide
sequence directs sequence-specific binding of a2 CRISPR complex to a target sequence in a cell.
Typically, the CRISPR complex comprises a CRISPR enzyme complexed with (1) the guide
sequence that is hybridizable to the target sequence, and (2) the tracr mate sequence that is
hybridizable to the tracr sequence; and advauntageously the complex or a component thereof has
been delivered via nanoparticle complex{es}.

{0064} In some methods, a target polynucleotide can be inactivated to effect the modification
of the expression in a cell. For example, upon the binding of a CRISPR complex to a target
sequence m a cell, the target polynuclcotide 1s inactivated such that the sequence is not
transcribed, the coded protein is not produced, or the sequence does not function as the wild-type
sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein or microRNA or pre-microRNA transcript. is not produced.

{8865} In certain embodiments, the CRISPR enzyme comprises one or more mutations
selected from the group consisting of D10A, E762A, HRA0A, NBS4A, NBO3A or DIE6A and/or
the one or more mutations 18 in a2 RuvCl or HNH domain of the CRISPR enzyme or 18 a
rutation as otherwise as discussed herein, In some crmbodiments, the CRISPR enzyme has one
or more mutations in a catalytic domain, wherein when transcribed, the tracr mate seguence

hybridizes to the tracr sequence and the guide sequence directs sequence-specific binding of a
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CRISPR complex to the target sequence, and wherein the enzyme further comprises a functional
domain. In sorae embodiments, , the mutated Cas9® enzymwe may be fused to a protein domain,
e.g., such as a transcriptional activation domain. In one aspect, the functional domain is a
transcriptional activation domain, preferably VP64, In some ecwbodimoentis, the functional
domain is a transcription repression domain, preferably KRAB. In some embodiments, the
transcription repression domain is SID, or concatemers of SID (eg SIDGX).  In some
embodiments, the functional domain is an epigenetic modifying domain, such that an epigenetic
modifying enzyme is provided. In some embodiments, the functional domain 18 an activation
domain, which may be the P65 activation domain.

{6066] Delivery can be in the form of a vector which may be a plasmid or other nucleic acid
roolecule form, especially when the delivery is via a vanoparticle complex; and the vector also
can be viral vector, such as a lenti- or baculo- or preferably adeno-viral/adeno-associated viral
vectors, but other means of delivery are known (such as yecast systerns, microvesicles, gene
guns/means of attaching vectors to gold nanoparticles) and are provided, especially as to those
aspects of the complex not delivered via g nanoparticle complex. A vector may mean not only a
viral or yeast system (for instance, where the nucleic acids of interest may be operably linked to
and under the control of (in terms of expression, such as to uitimately provide a processed RNA)
a promoter), but also direct delivery of nucleic acids into a host cell; and advantageously the
complex or a component thercof is delivered via nanoparticle complex{es). Also cnvisaged 18 a
rocthod of debivering the present CRISPR enzyroe cowmprising delivering to a cell mRNA
encoding the CRISPR enzyme; and advantageously the complex or a component thereof has
been delivered via nanoparticle complex{es). It will be appreciated that in certain embodiments
the CRISPR enzyme is truncated, and/or comprised of less than one thousand amino acids or less
than four thousand amino acids, and/or is a nuclease or nickase, and/or is codon-optirnized,
and/or coraprises one or more mutations, and/or comprises a chimeric CRISPR enzyme, and/or
the other options as herein discussed. When not delivering via a nanoparticle complex, AAV
and lentiviral vectors are preferved.

{6467] In certain embodiments, the target sequence is flanked or followed, at its 3" end, by a
PAM suitable for the CRISPR enzyme, typically a Cas and in particular a Cas9.

{8068} For example, a suitable PAM is 5-NRG or 3-NNGRR for SpCas® or SaCas9

enzymes {or derived enzymes), respectively.
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{6069] In certain embodiments, the invention provides nanoparticle formulation comprising
one or more guide RNAs are delivered in vitra, ex vive or in vivo n the context of the CRISPR-
Cas system,

[6679] In certain cmbodiments, it may be useful to deliver the guide RNA-nanoparticle
formulations separately from the Cas®. In such an instance a dual-delivery system is envisaged
such that the Cas 9 may be delivered vig a vector and the guide RNAS are provided o a
nanoparticle fornmulation, where vectors are considered in the broadest light as simply any means
of delivery, rather than specifically viral vectors. It can be cuvisioned that separate delivery of
the guide RNA-nanoparticle formulation and the Cas 9 may be sequential, for example, first
Cas9 vector is delivered via a vector system followed by delivery of sgRNA-nanoparticle
formulation) or the sgRNA-~uvanoparticle formulation and Cas® may be delivered substantially
contemporancously (i.e., co-delivery). Sequential delivery may be done at separate points in
tirne, separated by days, weeks or even months.

{6671} In certain embodiments, multiple guide RNAs formulated in one or more delivery
vehicles {e.g., where sorme guide RNAs are provided in a vector and others are formulated in
nanoparticles) may be provided with a Cas9 delivery system.

16672] In certain embodiments, the Cas9 is also delivered in a nanoparticle formulation. In
such an mstance the guide RNA-navoparticle formulation and the Cas9 nanoparticle forroulation
may be delivered separately or may be delivered substantially contemporancously (ie., co-
delivery). Sequential delivery could be done at separate points wn tiroe, separated by days, weeks
or even months.

{8073} In ceratin cmbodiments, nanoparticle formulations comprising one or more guide
RNAs are adapted for delivery in vitro, ex vive or in vivo in the context of the CRISPR-Cas
system to different target genes, different target cells or different target different tissues/organs,
¢.g., heart or wuscle or lung. Multiplexed gene targeting using nanoparticle formulations
comprising one or more guide RNAS are also envisioned.

{6074} In an embodiment, a vanoparticle formulation comprising one or more components of
the CRISPR-Cas system is provided.

{B075] In another cmbodiment, a gRNA-nanoparticle formulation comprising one or more

guide RNAs is provided.
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{6076} In certain embodiments, a composition comprising a nanoparticle formulation
comprising ove or raore components of the CRISPR-Cas system s provided.

{86771 In certain embodiments, a pharmaceutical compesition comprising a nanoparticle
formulation comprising one or more components of the CRISPR-Cas systewm 18 provided.

{6878} In certain embodiments, a method for in vitro, ex vive, and/or in vivo functional gene
silencing comprising adroimistering a composition comprising a nanoparticle formulation
comprising one or more compoenents of the CRISPR-Cas system is provided.

{6879} In certain erabodiments, a method for in vitre, ex vive, and/or in vivo functional gene
silencing comprising adrimistering a nanoparticle formulation comprising one or more
components of the CRISPR-Cas system is provided.

{0686} In certain embodiments, a method for in vitro, ex vivo, and/or in vivo functional gene
silencing comprising a gRNA-nanoparticle formulation comprising one or more puide RNAs i3
provided.

{6881} In certain embodiments, a method for in vitro, ex vive, and/or 1n vivo functional gene
silencing in endothelial cells comprising administering a nanoparticle formulation comprising
one or more components of the CRISPR-Cas systemn is provided

16082] In certain embodiments, @ method for in vitro, ex vive, and/or in vivo functional gene
silencing 1o eundothelial cells comprising administering & gRNA-~vanoparticle formulation
comprising one or more guide RNAS is provided.

{0683} In certain embodiments, a method for in vitro, ex vivo, and/or in vivo functional gene
silencing in endothelial cells in the lung and/or heart comprising a gRNA-nanoparticie
formulation comprising once or more guide RNAS 1s provided.

{4084 In certain embodiments a method of treating a subject suffering from a disease or
disorder associated with the endothelium in any tissuc or organ comprising administering a
composition coraprising a nanoparticle formulation comprising one or more components of the
CRISPR-Cas system.

{6085} In certain embodiments a method of treating a subject suffering from a discase or
disorder associated with the endothelium in any tissue or organ comprising administering a
gRMNA- nanoparticle formulation comprising one or more guide RNAs,

{B0R6] To improve activity, sgRNA may be pre-complexed with the Cas9 protein, before

formulating the entire coraplex in a particle. Formulations may be made with a different molar
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ratio of different components known to promote delivery of nucleic acids into cells {e.g. 1,2-
disleoyl-3-trimethylammonium-propance (DOTAP), 1.2-dutetradecanoyl-sn~glycero-3-
phosphocholine (DMPC), polyethylene glycol (PEG), and cholesterol) For example DOTAP ¢
DMPC : PEG : Cholesterol Molar Ratios may be DOTAP 104, DMPC 0, PEG 0, Cholesterol §;
or DOTAP 90, DMPC @, PEG 10, Cholesterol 8; or DOTAP 90, DMPC §, PEG 5, Cholesterol 5.
DOTAP 100, DMPC 0, PEG 0, Cholesterol §. The mvention accordingly comprehends admiang
sgRINA, (asS protein and compounents that form a particle; as well as particles from such
admixing.

{6087} Particles were formed using an efficient process. First, Cas® protein and sgRNA
targeting the gene EMX1 or the control gene Lacs were mixed together at a suitable, e.g. . 3:1 to
B3 or 2:1 to 1:2 or 1:1 wolar ratio, at a suitable temperature, e.g., 15-30C, e.g., 20-25C, e.g.,
room temperature, for a suitable time, ¢.g., 15-45, such as 30 minutes, advantageously in sterile,
nuclease free buffer, e.g., 1X PBS. Separately, particle components such as or coruprising: a
surfactant, e.g., cationic lipid, e.g, [, 2-dicleoyl-3-trimethylammonium-propane {DOTAP);
phospholipid, ¢.g., dimyristoylphosphatidylcholine (DMPC); biodegradable polyrer, such as an
cthylene-glycol polymer or PEG, and a lipoprotein, such as a low-density lipoprotein, c.g.,
cholesterol were dissolved in an alcohol, advantageously a Ci 6 alkyl alcohol, such as methanol,
ethanol, 1wsopropanol, e.g., 100% cthanol. The two solutions were mxed together to form
particles containing the Cas9-sgRNA complexes. Accordingly, the invention comprehends
admixing sgRMNA, Cas® protein and comwponents that form a particle, ¢.g., cornprising admixing
an sgRNA and Cas9 protein mixture with a mixture comprising or consisting essentially of or
consisting of surfactant, phospholipid, biodegradable polyracer, lipoprotein and aleohol, and such
a methed to form particles containing the sgRNA and Cas9 protein, and particles therefrom.
{088 In a preferred cmbodiment, particies containing the Cas9-sgRNA complexes may be
formed by mapnng Cas9 protein and one or more sgRNAs together, preferably at a 1:1 rolar
ratio, enzyme: guide RNA. Separately, the different components known to promote delivery of
nucleic acids {e.g. BDOTAP, DMPC, PEG, and cholesterol) are dissolved, preferably in ethanol.
The two solutions are mixed together to form particles containing the Cas9-sgRNA complexes.
After the particles are formed, CasS-sgRNA complexes may be transfected into cells (e.g.

HSCs). Bar coding may be applied. The particles, the Cas-9 and/or the sgRNA may be barcoded.
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{(089] In an aspect of the invention, barcoding techniques of W(O/2013/138585 Al can be
adapted or integrated into the practice of the mvention. WQO/2013/138585 Al provides methods
for simultancously determining the effect of a test condition on viability or proliferation of cach
of a plurality of genetically heterogencous cell types. The wethods include: providing a unttary
sample comprising a plurality of, e.g., five, ten, twenty, twenty-five, or more, genctically
heterogencous cell types {cach individual cell type is genetically homogeneous within itsclf, but
differs from the others in the plurality), wherein cach cell type further cowmprises: (i) an
exogenous nucleic acid tag stably integrated into the genome of the cells, ¢.g., a tag comprising 4
core sequence that is umique to cach cell type, and flanking amplification primer binding
sequences that are the same in ali of the cells of the plarality, and (ii) optionally, a marker, e.g., 2
selectable or detectable marker; and a known number of cells of cach cell type 1s present mn the
sample; cxposing the sample to a test condition for a sclected time; and detecting a level of the
exogenous rueleie acid tag in cach cell type, wherein the level of the exogenous nucleic acid tag
is proportional to the number of living cells in the sample after exposure to the test condition;
and comparing the number of hving cells i the saroplc after exposure to the test condition to 2
reference number of cells. The number of living cells in the sample after exposure to the test
condition as compared to the reference number of cells indicates the effect of the test condition
on viability or proliferation of each cell type. WO/2013/138585 Al also provides methods for
simultancously determining the cffect of a test condition on viability or proliferation of cach of a
plurality of genctically heterogencous cell types, wherem the methods include providing a
unitary sample comprising a plurality of, e.g., five, ten, tweunty, twenty-five, or more, genetically
heterogencous cell types, wherein cach ccll type further comprises: (1) an exogenous nucleic acid
tag stably integrated into the genome of the cells, e.g., comprising a core sequence that is unique
to cach cell type, and flanking amplification priracr binding sequences that are the same in all of
the cells of the plurality, and (i) optionally, a sclectable or detectable marker; and a koown
number of cells of cach cell type is present in the sample; implanting the sample into a living
animal; exposing the sample fo a test coundition for a selected time; harvesting the sample from
the animal; and detecting a level of the exogenous nucieic acid tag in cach cel type of the
sample, wherein the level of the exogenous nucleic acid tag corrclates to the number of hiving
cells in the sample after exposure to the test condition; and comparing the number of hving cells

in the saraple after cxposure to the test condition to a reference number of cells. The number of
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ftving cells in the sample after cxposure to the test condition as compared to the reference
number of cells indicates the effect of the test condition on viability or proliferation of each cell
type. The tag can be Cas9 or another TAG or marker that is integrated into the genome of cells to
be transplanted into or onto a non-hurman cukaryote, ¢.g., animal model, or that is jutegrated into
the genome of the non-human transgenic eukaryote, ¢.g., animal, mammal, primate, rodent,
rouse, rat, rabbit, etc (along with coding for Cas9). The test condition can be the adnunistration
or delivery of the RNA(s) to guide the Cas9 to induce one or more or a plurality, e.g., 3-50 or
more, mutations. The test condition can be the administration, delivery or contacting with a
putative cheruical agent treatment and/or gene therapy treatroent. The tag can also be the one or
more or a plurality, ¢.g., 3-50 or morc mutations, and the test condition can be the administration,
delivery or contacting with a putative chemical agent treatment and/or gene therapy treatment,
{80961 The invention in an embodiment comprehends a method of preparing an sgRNA-and-
Cas? protein containing particle comprising admixing an sgRNA and Cas9 protein mixture with
a mixture comprising or consisting essentially of or consisting of surfactant, phospholipid,
biodegradable polymer, lipoprotein and alcohol. An embodiment comprehends an sgRNA-and-
Cas? protein containing particle from the method. The invention in an embodiment comprehends
use of the particle in @ method of modifying a genomic locus of interest, or an organisim or a non-
human organism by roanipulation of a target sequence in a genomic locus of interest, cotaprising
contacting a ccll containing the genomic locus of interest with the particle wherein the sgRNA
targets the genomic locus of interest; or a method of modifying a genomic locus of interest, or ap
organism or a non-human organism by manipulation of a target sequence in a genomic locus of
interest, comprising countacting a cell containing the genomic locus of interest with the particle
wherein the sgRNA targets the genomic locus of interest.

{0091} Accordingly, it is an object of the nvention to not cncorapass within the invention
any previously known product, process of roaking the product, or method of using the product
such that Applicants reserve the right and hereby disclose a disclaimer of any previously known
product, process, or method. It is further noted that the invention does not intend to encompass
within the scope of the invention any product, process, or making of the product or method of
using the product, which does not meet the written description and cnablement requirements of

the USPTO (35 U.S.C. §112, first paragraph) or the EPO (Article 83 of the EPC), such that
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Applicants reserve the right and hereby disclose a disclaimer of any previously described
product, process of making the product, or method of using the product.

{8092} It is noted that in this disclosurc and particularly in the claims and/or paragraphs,
terrs such as “‘comprises”, “cormprised”, “comprising” and the like can bave the meaning
attributed to it in U.S. Patent law,; e.g., they can mean “includes”, “included”, “including”, and
the like; and that terms such as “consisting cssentially of” and “consists essentially of” have the
meaning ascribed to them in U.S. Patent law, ¢.g., they allow for elemeunts not explicitly recited,
but exclude elements that are found in the prior art or that affect a basic or novel characteristic of
the invention. It raay be advantageous n the practice of the 1nvention to be in comphiance with
Art. 53(c} EPC and Rule 28(b} and {c} EPC. Nothing herein is a promise.

18093} These and other embodiments are disclosed or are obvious from and encompassed by,

the following Detailed Description.
BRIEF DESCRIPTION OF THE DRAWINGS

16094] The novel featurcs of the mvention are sct forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:

{3695} Figure 1 shows a schematic model of the CRISPR system. The Cas9 nuclease from
Streptococcus pyogenes {vellow) is targeted to genomic DNA by a synthetic gnide RNA
{sgRMNA} consisting of a 20-nt guide sequence (blue) and a scaffold (red). The guide sequence
base-pairs with the DNA target (blue), directly upstream of a requisite 3'-NGG protospacer
adjacent motif (PAM; magenta), and Cas9 mediates a double-stranded break (DSB) ~3 bp
upstrears of the PAM (red triangle).

{8096} Figure 2ZA-F shows an exemplary CRISPR system, a possible mechanism of action,
an example adaptation for expression o cukaryotic cells, and results of tests assessing nuclear
iocalization and CRISPR activity.

{3897} Figure 3A-D shows results of an evaluation of SpCas9 specificity for an example
target.

{G098] Figure 4A-G show an exernplary vector systermn and results for #ts use in directing

homologous recombination in eukaryotic cells.

28



WO 2015/089419 PCT/US2014/070057

{ (4G99} Figure 5 provides a table of protospacer sequences and summarizes modification
cthciency results for protospacer fargets designed based ouw exemplary S. pyogenes and S.
thermophilus CRISPR systems with corresponding PAMs against loct in human and mouse
genomes. Cells were transfected with Cas9 and either pre-cetRNA/MtracyRNA or chimeric RNA,
and analyzed 72 hours after transfection. Percent indels are calculated based on Surveyor assay
results from indicated cell lines (N=3 for all protospacer targets, crrors are S.E.M., N.D.
indicates not detectable using the Surveyor assay, and N.T. indicates not tested in this study).
{G0186]  Figurc 6A-C shows a comparison of different tracrRNA transcripts for Cas9-mediated
gene targeting.

{00101} Figure 7 shows a schematic of a surveyor nuclease assay for detection of double
strand break-induced micro-insertions and —deletions.

180182] Figure SA-B shows exemplary bicistronic expression vectors for expression of
CRISPR systern elements in cukaryotic cells.

{G6183]  Figure 9A-C shows histograms of distances between adjacent 8. pyogenes SF370
iocus 1| PAM (NGG) (Figure 9A) and S. thermophilus LMD9 locus 2 PAM (NNAGAAW)
{(Figure 9B) in the human genome; and distances for each PAM by chromosome (Chry (Figure
9C).

{66184] Figure 10A-D shows an excmplary CRISPR sysiern, an example adaptation for
expression in cukaryotic cells, and results of tests assessing CRISPR activity.

{861658] Figure 11A-C shows exeraplary manipulations of a CRISPR system for targeting of
genomic foct in mammalian cells.

{00186] Figure 12A-B shows the results of a Northern blot analysis of erRNA processing in
mammalian cells.

16100} Figure 13A-B shows an excraplary selection of protospacers in the humwan PVALB and
roouse Th loct.

18101} Figurc 14 shows example protospacer and corresponding PAM sequence targets of the S.
thermophilus CRISPR system in the human EMX1 locus.

{#162] Figure 15 provides a table of sequences for primers and probes used for Surveyor, RFLP,

genomic sequencing, and Northern blot assays.
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{#183] Figure 16A-D shows a circular depiction of the phylogenctic analysis revealing five
families of Cas9s, including three groups of large Cas9s (~1400 amino acids) and two of small
Casts {(~1100 amino acids).

[4184] Figure 17A-F shows the lvecar depiction of the phylogenctic analysis revealing five
families of Cas9s, including three groups of large Cas9s (~1400 amino acids) and two of small
Cas9s (~1100 amino acids).

{8105 Figure 18A-D shows genome editing via homelogous recombination. {a) Schematic of
SpCasY nickase, with D10A mutation n the RuvC 1 catalytic domain. (b) Schematic representing
homologous recorbination (HR) at the homan EMX1T locus using either sense or antisense
single stranded oligonucleotides as repair templates. Red arrow above indicates sgRINA cleavage
site; PCR primers for genotyping (Tables T and K) are indicated as arrows wn right panel. {¢)
Sequence of region medified by HR. d, SURVEYOR assay for wildtype (wt) and nickase
(D10A) SpCasY-mediated indels at the EMX1 target 1 locus (n=3). Arrows mdicate positions of
expected fragment sizes.

13196} Figure [9A-B shows single vector designs for SpCas9.

18107} Figure 20 shows a graph representing the length distribution of Cas9 orthologs.

18108} Figure 21 A-M shows sequences where the mutation points are located within the SpCas9
gene.

{#189] Figure 22A shows the Conditional Cas®, Rosa26 targeting vector map.

{8116} Figure 228 shows the Constitutive Cas9, Rosal6 targeting vector map.

{3111} Figure 23 shows a schematic of the important elementis in the Constitutive and
Conditional Cas9 constructs.

{6112] Figure 24A-C shows RNA delivery of Cas9 and chimeric RNA into cells (A} Delivery of
a GFP reporter as cither DNA or mRNA into Neuro-2A cells. (B) Delivery of Cas9 and chimeric
RNA against the Icam?2 geove as RNA results 1n cutting for one of two spacers tested. ()
Delivery of Cas9 and chimeric RNA against the F7 gene as RNA results in cutting for one of two
spacers tested.

{#113] Figure 25 shows how DNA double-strand break (DSB) repair promotes gene editing. In
the error-prone non-homologous end joining (NHEJ) pathway, the ends of a DSB are processed
by endogenous DNA repair machineries and rejoined together, which can result in random

nscrtion/deletion (indel) mutations at the site of junction. Indel mutations occurring within the
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coding region of a genc can result in frame-shift and a premature stop codon, leading o gene
knockout. Alternatively, a repair template wn the formn of a plasmud or single-stranded
oligodeoxynucleotides (ssODN) can be supplied to leverage the homology-directed repair (HDR)
pathway, which allows high fidelity and precise editing.

{#114] Figure 26A-C shows anticipated results for HDR in HEK and HUESS cells. {(a} Either a
targeting plasmoid or an ssODN (sense or antisense) with homology arms can be used to edit the
sequence at a target genomic locus cleaved by Cas9 (red triangle). To assay the efficiency of
HDR, we introduced a HindII site (red bar) into the target locus, which was PCR-amplified with
primers that anoeal outside of the reglon of howeology. Dhigestion of the PCR product with
HindiH reveals the occurrence of HDR cvents. (b) ssQDNs, oriented in either the sense or the
antisense (s or a) direction relative to the locus of futerest, can be used 1n combination with Cas9
tg achieve cfficient HDR-mediated editing at the target locus. A minimal homology region of 40
bp, and preferably 90 bp, 18 recommended on either side of the modification (red bar). {¢)
Example of the effect of ssODNs on HDR in the EMX1 locus is shown using both wild-type
Cas9 and Cas9 nickase (DI10A). Each ssODN contains hornology arms of 90 bp flanking a 12-bp
insertion of two restriction sites.

18115} Figure 27A-C shows the repair strategy for Cystic Fibrosis delta F508 mutation.

{4116} Figure 28 shows a screen for efficient SpCas® mediated targeting of Tet1-3 and Dntl,
3a and 3b gene loci. Surveyor assay on DNA from transfected N2ZA cells demonstrates efficient
DNA cleavage by using different gRNAs.

{8117} Figure 29 shows a strategy of multiplex genome targeting using a 2-vector system in an
AAVLEZ delivery system. Tetl-3 and Dnmtl, 3a and 3b gRNA under the control of the U6
promoter. GFP-KASH under the control of the human synapsin promoter. Restriction sides
shows simple gRNA replacement strategy by subcloning. HA-tagged SpCas9 flanked by two
nuclear localization signals (NLS) is shown. Both vectors are delivered into the brain by
AAV1/2 virus in a 1:1 ratio.

{6118} Figure 30 shows verification of muliiplex DNMT targeting vector #1 functionality using
Surveyor assay. N2A cells were co-transfected with the DNMT targeting vector #1 (+) and the
SpCasY encoding vector for testing SpCas9 mediated cleavage of DNMTs genes family loci.
gRNA only {-) is negative control. Cells were harvested for DNA purification and dowastream

processing 48 h after transfection,
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{#119] Figure 31 shows verification of multiplex DNMT targeting vector #2 functionality using
Surveyor assay. N2A cells were co-trausfected with the DNMT targeting vector #1 {+) and the
SpCasY encoding vector for testing SpCas® mediated cleavage of DNMTs genes family loct
gRNA only (-} is negative control. Cells were harvested for DNA purification and downstream
processing 48 h after transfection.

{#128] Figure 32 shows schematic overview of short promoters and short polyA versions used
for HA-SpCasY expression in vivo. Sizes of the encoding region from L-ITR to R-ITR are shown
on the right.

{6121} Figure 33 shows schematic overview of short prowoters and short polyA versions used
for HA-5aCas9 expression in vive. Sizes of the encoding region from L-ITR to R-I'TKR are shown
on the right.

18122} Figure 34 shows expression of SpCas® and SaCas?® in N2A cells. Representative Western
blot of HA-tagged SpCas® and SaCas9 versions under the countrol of different short promoters
and with or short polyA (spA} sequences. Tubulin is loading control. mCherry (mCh} is a
transfection control. Cells were harvested and further processed for Western blotting 48 h after
transfection.

18123} Figure 35 shows screen for efficient SaCas? mediated targeting of Tet3 gene locus.
Surveyor assay on DNA from transfected N2A cells deroonsirates efficient BNA cleavage by
using different gRNAs with NNGGGT PUM sequence. GFP transfected cells and cells
expressing only 8aCas9 are controls.

{3124} Figure 36 shows expression of HA-SaCas9 in the mouse brain. Animals were injected
into dentate gyrt with virus driving expression of HA-5aCas9 under the control of human
Synapsin promoter. Animals were sacrificed 2 weeks after surgery. HA tag was detected using
rabbit monoclonal antibody C29F4 (Cell Signaling). Cell nucler stained in biue with DAPI stain.
{3125} Figure 37 shows expression of SpCas9 and SaCas9 in cortical primary neurons i culture
7 days after transduction. Representative Western blot of HA-tagged SpCasS and SaCas9
verstons under the control of different promoters and with bgh or short polyA (spA) sequences.
Tubulin is loading control.

14126} Figure 38 shows LIVE/DEAD stain of primary cortical neurons 7 days after transduction
with AAV1 particles carrying SpCasO with different promoters and multiplex gRNASs constructs

{example shown on the last panel for DNMTs). Neurons after AAV transduction were compared
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with control untransduced neurons, Red nuclet indicate permeabilized, dead cells {(second line of
panelsy. Live cells are marked in green color (third line of panels).

18127} Figure 39 shows LIVE/DEAD stain of primary cortical neurons 7 days after transduction
with AAVI particles carrving SaCas9 with different promoters. Red nuclel indicate
permeabilized, dead cells (second line of panels). Live cells are marked in green color (third line
of pancls).

{8128} Figure 40 shows comparison of morphology of neurons after transduction with AAV]
virus carrying SpCas® and gRNA multiplexes for TETs and DNMTs genes loci. Neurons without
transduction are shown as a control.

{#129] Figure 41 shows verification of multiplex DNMT targeting vector #1 functionality using
Surveyor assay i privoary cortical neurons. Cells were co-transduced with the DNMT targeting
vector #1 and the SpCas? viruses with different promoters for testing SpCas® mediated cleavage
of DNMTs genes famuly loct.

{#138] Figure 42 shows in vivo efficiency of SpCas9 cleavage in the brain. Mice were mjected
with AAVE/2 viras carrying gRNA roultiplex targeting DNMT family genes loci together with
SpCas® viruses under control of 2 different promoters: mouse Mecp? and rat Maplb. Two weeks
after injection brain tissue was extracted and nuclet were prepped and sorted using FACS, based
on the GFP expression driven by Synapsin promoter from gRNA wultiplex construct. After
¢DINA extraction Surveyor assay was run. + indicates GFP positive nuclet and — control, GFP-
negative vuclel from the same ammal. Numbers on the gel indicate assessed SpCas9 efficiency.
{3131 Figure 43 shows purification of GFP-KASH labeled cell nuciei from hippocampal
neurons. The outer nuclear membrane (ONM) of the cell nuclear ruembrance 1s tagged with g
fusion of GFP and the KASH protein transmembrane domain. Strong GFP expression in the
brain after one weck of stercotactic surgery and AAVI/2 injection.  Density gradient
centrifugation step to purity cell nucler frovo wntact brain. Purified nuclet are shown, Chromatin
stain by Vybrant® DyeCycle™ Ruby Stain is shown in red, GFP labeled nuclet are green.
Representative FACS profile of GFP+ and GFP- cell nuclet (Magenta: Vybrant® DyeCycle™
Ruby Stain, Green: GFP).

18132} Figure 44 shows efficiency of SpCas9 cleavage tn the mouse brain. Mice were mjected
with AAV1/2 virus carrying gRNA multiplex targeting TET family genes loct together with

SpCasY viruses under control of 2 different promoters: mouse Mecp? and rat Maplb. Three
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wecks after injection brain tissue was extracted, nuclet were prepped and sorted using FACK,
based on the GFP expression driven by Synapsin prometer fromn gRNA multiplex construct.
After gDNA extraction Surveyor assay was run. + indicates GFP positive nuclei and — control,
GFP-negative nuclet froma the same avimal. Numbers on the gel indicate assessed SpCas9
effictency.

{#133] Figure 45 shows GFP-KASH cxpression in cortical neurons in culture. Neurons were
transduced with AAVT virus carrying gRNA multiplex constructs targeting TET genes loci. The
strongest signal localize around cells nuclet due to KASH domain localization.

[#134] Figure 406A-M shows generation of the Cre-dependent Cas9 mouse and s application for
in vivo genome cditing {(a) Cas9 Rosal6 targeting vector and knockin schematic. The transgene
ncludes: (1) 57 homology arro, (2) ubiquitously expressed CAG promoter, (3) Cre-dependent
loxP — 3x8V40 polyA — loxP stop cassette {LSL), {4y 3xFLAG epitope tag, (5) Streprococcus
pvogenes Cas9 flanked by two nuclear localization signals (NLSs), (6) WPRE, (7) bovine growth
hormone polyA, (8) pPGK -~ Neo — pA positive selection cassette, {(9) 3”7 Rosa26 homology arm,
and {10} pPGK — DTA — pA negative selection cassette. (b) Stercotactic bright ficld and EGFP
imaging showing constitutive expression of Cas3-P2ZA-EGFP in constitutively Cas9 expressing
mice. (¢} Immunoblot of whole brain lysates showing 3xFLAG-Cas9 staining at the predicted
molecular weight (167 kDa) in constitutively Cas9 expressing voice but vot wild-type (WT)
mice. Beta-tubulin and GAPDH were used as Ioading controls. (d) AAV vector schematic. (¢}
NeuN targeting design and representative Hlumina sequencing reads showing 1ndel formation
near the predicted cleavage site {red arrow). {f} Craniotomy injections schematic showing Cre~
dependent Cas9 mice were injected i the prefrontal cortex with sgMNeuN and Cre by AAV1/2.
{g} Immunoblot of an acutely dissected injection site showing NeuN depletion in the sgNeuN
injected hemisphere and not in the non-injected, contralateral side (CTR), or WT anirnals, Cas9
expression (anti-3xFLAG) is only detected upon Cre delivery (anti-Cre-HA). Beta-tubulin was
used as a loading control. (h) Representative immunofluorescence images of Cre-dependent Cas9
mice jected in the prefroutal cortex showing Cre expression excises the LSL cassette leading to
Cas9-PZA-EGFP cxpression and NeuN depletion. The bottom row is a magnification of the
boundary between infected and non-infected cells. Scale bars, 200 um {(top) and 30 pum (bottom).
(i} Representative immunofhiorescence images of Cre-dependent Cas® mice injected bilaterally

in the prefrontal cortex showing NeuN depletion only in the sgNeuN-injected and not sglac’-
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injected hemisphere. Scale bar, 200 pum. {§) Immunoblot quantification showing significant NeuN
depletion in sgNeuN-injected and vot sglacZ-njected Cre-dependent Cas9 voice. Data are
plotted as mean = SEM (=3 mice). *** p-value <0.0005. (k) Inde! guantification using deep
sequencing from araplified DNA from acutely dissected brain tissue (as in j) showing significant
indels in sgNeuN-injected and not sghacZ-injected Cre-dependent Cas® mice. Data are plotted as
mean £ SEM (n=3 mice} *** p-value <0.0005. (1) Single nuclei genotyping of AAV-sgRNA
transduced neurons showing the majority of cells have been modified on both alleles. Data are
plotted as the rean of 167 nuclel. (m) Single nuclei allele mutation analysis showing a
distribution of sense {seu) and missense {rs) routations. Data are plotted as the mean of 15 and
141 nuclei for heterozygous and homozygous nuclel, respectively.

{3135} Figure 47A-H shows cell type-specific Cas9 expression and normal uveuronal
electrophysiology (a) Representative immunofiuorescence images of the substantia nigra in
progenies from a Cre-dependent Cas9 mouse crossed with the TH-IRES-Cre driver. Double
white arrows highlight a cell expressing TH and Cas9-PZA-EGFP. Single white arrow highlights
a cell expressing neither TH nor CasS-PZA-EGFP. Scale bar, 50 um. (b) Represeuntative
immunofhuorescence images of the thalamus in progenies from a Cre-dependent Cas9 mouse
crossed with the PV-Cre driver. Double white arrows highlight a cell expressing PV and Cas9-
P2A-EGFEFP. Single white arrow highlights a cell expressing neither PV nor Cas9-P2A-EGFP.
Scale bar, 50 um. (c-d) Representative current clamp recording and action potential firing from
{¢) wild-type (WT) and {d) constitutively Cas9 expressing neurons. Scale bar, 200 ws. (c-h)
Hippocampal slice electrophysiological measurements showing no significant difference
between constitutively Cas9 expressing neurons and neurons from WT mice using the ractrics:
{e) rheobase current, {f) input resistance, (g) whole cell capacitance, and (h) resting membrane
potential. Data are plotied as mean + SEM. n=12 ncurouns from 2 mice for WT and n=15 ncurons
from 2 mice for constitutively Cas9 expressing mice. ns, not significant. {Associated with
Supplementary Table 2)

[#136] Figure 4R8A-H shows napoparticle delivery of sgRNAs to codothelial cells of the
constitutively Cas9 cxpressing mouse {a) Nanoparticle:sgRNA intravenous (i.v.) delivery and
dowustream assay schematic. (b Dynamic hight scattering (DLS), size distribution plot showing
7CTsgRNA panoparticles formed small, multilamellar structures (Dablman, J. E. et al. Nat.

Nanotechnol. 9, 648-6535 (2014)). Data are plotted as mcan £ SEM. Inset: CryoTEM image of
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7C1sgRNA. Scale bar, 50 pm. (¢} ICAM2 locus targeting schematic and deep sequencing reads
showing indels at the predicted cleavage site. (d-¢) Indel analysis of sorted endothelial (CD31
and CD457) cells from lung (d) and heart (fy showing a significant indel percent in sglCAMZ-
1+20-injected, but not sglacZ-injected constitutively Cas9 expressing mice. Data are plotted as
mean + SEM. *** p.value <0.0005. (f-g} Flow cytometry quantification of ICAM2 expression in
endothelial (CD31 and CD457) cells dissociated from hung (f) and heart (g) showing significant
protein depletion in sglCAM2-1+20-injected but not LacZ-injected constitutively Cas9
expressing mice. Data are plotted as macdian fluorescent intensity (MFD) & SEM. * p-value <
0.05, ** p-value < 0.005, ***p-value<0.0005. (h) Weight chavge plot over the duration of the
study showing no significant change. Data points are normalized based on day 0.

18137} Figure 49 shows Cas3-PZA-EGFP expression in various organs. Stereotactic images
showing Cas9-PZA-EGFP positive organs from constitutively Cas9® expressing mouse but not
wild-type roice.

{#138] Figure 50 sows tightly controlled Cas9 expression. Representative fluorescence images
showing lack of EGFP and FLAG staining in Cre-dependent Cas9 and wild-type mice.

8139} Figure 51 shows normal cellular morphology of constitutively Cas9 expressing mice.
Representative bright field images of HE stained tissues from the constitutively Cas9 expressing
and a wild-type mouse.

{#148] Figure 52 shows no detectible DNA damage or apopiosis in constitufively CasS
expressing mice. Representative bright field 1mages of yH2AX, a marker for DNA damage, and
cleaved caspase 3 (C{3), arc wmarker for late stage apoptosis, stained tissues from the
constitutively Cas9 expressing and a wild-type mouse.

{#141] Figure 53A-B shows in vifro validation of JCAM2-targeted sgRNAs. (a) ICAMZ locus
schematic showing locations of sglCAMI cxon targets. SURVEYOR nuclease assay gel
showing ndel formation for most sgRNAs. Tndel percent was guantified using relative band
intensities and then plotted below. Red arrows highlight predicted cleavage products from
SURVEYOR nuclease reaction. (b} SURVEYOR nuclease assay corresponding to the same
samples used for indel analysis in (Fig. 48¢}. Red arrows highlight predicted cleavage products
from SURVEYOR nuclease reaction.

{8142} The figures heretn are for illustrative purposes only and are not necessarily drawn to

scale.
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DETAILED DESCRIPTION OF THE INVENTION

{#143] With respect to general information on CRISPR-Cas Systems, components thereof, and
delivery of such components, including methods, materials, delivery vehicles, vectors, particles,
viral vectors, adenovirus, AAVY, lentivirus, and making and using thereof, including as to
amounts and formulations, all usetul in the practice of the instant invention, reference is roade to:
US Patents Nos. 8,697,359, 8,771,945, 8,795,965, 8,865,406, 8,871,445, 8,889,356, 8,889,418
and 8,895,308; US Patent Publications US 2014-0310830¢ (US APP. Ser. No. 14/105,031), US
2014-0287938 A1 (LIS, App. Ser. No. 14/213,991), US 2014-0273234 A1 {U1.S. App. Ser. No.
14/293,674), US2014-0273232 A1l (U.S. App. Ser. No. 14/290,575), US 2014-0273231 (U.S.
App. Ser. No. 14/259,420), US 2014-0256046 Al (US. App. Ser. No. 14/226,274;, US 2014-
0248702 A1 (U.S. App. Ser. No. 14/258,438), US 2014-0242700 A1 (U.S. App. Ser. No.
14/222.930), US 2014-0242699 AL (U.S. App. Ser. No. 14/183,512), US 2014-0242664 Al
{U.S. App. Ser. No. 14/104,990), US 2014-0234972 A1 (U.S. App. Ser. No. 14/183,471), US
2014-0227787 AT (UK. App. Ser. No. 14/256,912), US 2014-01898%96 A1 (U.S. App. Ser. No.
14/195,035), US 2014-0186958 (1.5, App. Ser. No. 14/105,017), US 2014-0186919 Al (US.
App. Ser. No. 14/104,977), US 2014-0186843 Al (US. App. Ser. No. 14/104,900), US 2014~
4179770 A1 (U.S. App. Ser. No. 14/104,837) and US 2014-8179006 A1 {U.S. App. Ser. No.
14/183,486), US 2014-0170753 (US App Ser No 14/183,429); European Patent Applications EP
2771 468 {EP13R1K570.7), EP 2 764 103 (EP13824232.6), and EP 2 784 162 (EP14170383.5},
and PCT Patent Publications WO 2014/093661 (PCT/US2013/074743), WO 2014/093694
(PCT/US2013/674790), WO 2014/093595  (PCT/US2013/074611), WO 2014/093718
{(PCT/US2013/074825), WO 2014/093709  (PCT/US2013/074812), WO  2014/093622
{ PCT/USZGE3/’(374667), WO 2014/09363S  (PCT/US2013/074691), WO 2014/093655
(PCT/US2013/674736), WO 2014/093712 (PCT/US2013/074819),  WO2014/093701
(PCT/US2013/074800), and WO2014/018423 (PCT/US2013/051418). Reference is also made to
US provisional patent applications 61/758,468; 61/802,174; 61/8(6,375, 61/814,263; 61/819,803
and 61/828,130, filed on January 30, 2013; March 13, 2013; March 28, 2013; Aprd 20, 2013;
May 6, 2013 and May 28, 2013 respectively. Reference is also made to US provisional patent
application 61/836,123, filed on June 17, 2013, Reference is additionally made to US provisional
patent apphcations 61/835.931, 61/R35.936, 61/836,127, 61/836, 101, 6U/836,080 and

61/835,973, cach filed June 17, 2013. Further reference is made to US provisional patent
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applications 61/862,468 and 61/862,355 filed on August 5, 2013; 61/871,301 filed on August 2§,
2013; 61/960,777 filed on September 25, 2013 and 61/961,980 filed on October 28, 2013,
Reference is yet further made to: PCT Patent applications Nos: PCT/US2014/041803,
PCT/US2014/041800, PCT/US2014/041809, PCT/US2014/041804 and PCT/US2014/041K06,
each filed hme 10, 2014 &/10/14; PCT/US2014/041808 filed June 11, 2014; and
PCT/US2014/62558 filed October 28, 2014, and US Provisional Patent Applications Serial Nos.:
61/915,251, 61/915,301 and 61/915,260, each filed December 12, 2013; 61/930,214, filed
January 22, 2014; 62/010,329 and 62/010,441, cach filed June 10, 2014; 61/939228 and
61/939,242, cach filed February 12, 2014; 61/980,012, filed Aprd 15,2014; 62/038,338, filed
August 17, 2014, 62/054,490, 62/055,484, 62/055,460 and 62/055,487, cach filed September 25,
2014; and 62/069,243, filed October 27, 2014, And, reference 1s made to US provisional patent
applications Serial Nos. 61/915,150, filed December 12, 2013; and 62/010,888 and 62/010,879,
both filed Junc 11, 2014, Each of these patents, patent publications, and applications, and all
documents cited therein or during their prosecution (Mappln cited documents”™) and all documents
cited or referenced in the appln cited documents, together with any instructions, descriptions,
product specifications, and product sheets for any products mentioned therein or in any
document therein and incorporated by reference herein, are hereby incorporated herein by
reference, and may be employed in the practice of the wmvention.  All documents {e.g., these
patents, patent publications and applications and the appln cited documents} are incorporated
herein by reference to the same extent as if each individual document was specifically and
individually indicated to be incorporated by reference.

18144} Also with respect to general nformation on CRISPR-Cas Systems, mention is made of:

» Multiplex genome engineering using CRISPR/Cas systems. Cong, L., Ran, F.A., Cox, D,
Lin, S., Barretto, R., Habib, N, Hsu, P.DD,, Wu, X, Jiang, W, Marraffini, LA, & Zhang, F.
Science Feb 15;33%(61211:819-23 (2013);

» RNA-guided editing of bacterial genomes using CRISPR-Cas systems. Jiang W, Bikard D,
Cox D, Zhang F, Marraffini LA, Nat Biotechnol Mar;31(33:233-9 (2013);

» One-Step Generation of Mice Carrying Mutations in Multiple Genes by CRISPR/Cas-
Mediated Genome Engineering. Wang H., Yang H., Shivalila CS,, Dawlaty MM., Cheng AW,
Zhang ¥, Jaenisch R. Cell May 9;153(4):913-8 (2013}
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¥ Optical control of mammalian endogenous transcription and epigenetic states. Konermann S,
Brighara MD, Trevino AE, Hsa PD, Heidenreich M, Cong L, Platt RJ, Scott DA, Church GM,
Zhang F. Nature. 2013 Aug 22;500(7463):472-6. doi: 10.1038/Nature12466. Epub 2013 Aug 23;
¥ Double Nicking by RNA-Guided CRISPR Cas?® for Enhanced Genome Editing Specificity.
Ran, FA., Hsu, PD, Lin, CY., Gootenberg, IS, Konermann, S, Trevino, AE., Scott, DA, Inoue,
A, Matoba, S, Zhang, Y., & Zhang, F. Cell Aug 28, pii: S0092-8674(13)01015-5. (2013

» DNA targeting specificity of RNA-guided Cas9 nucleases. Hsu, P, Scott, ., Weinstein, I,
Ran, FA., Konermann, 8., Agarwala, V., Li, Y., Fine, E,, Wu, X., Shalem, O., Cradick, T3,
Marratfini, LA, Bao, G., & Zhang, F. Nat Biotechnol do1:10.1038/nbt.2647 (2013}

¥» Genome engincering using the CRISPR-Cas® system. Ran, FA., Hsu, PD., Wright, ],
Agarwala, V., Scott, DA, Zhang, F. Nature Protocols Nov;8(111:2281-308, (2013},

» Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells. Shalem, O., Sanjana,
NE., Hartenian, E., Shi, X, Scott, DA, Mikkelson, T., Heckl, D, Ebert, BL., Root, DE.,
Doench, 3G., Zhang, F. Science Dec 12, {2013, [Epub ahead of print];

¥ Crystal structure of cas9 in complex with guide RNA and target DNA. Nishimasu, H., Ran,
FA., Hsu, PD., Konermann, S., Shehata, SL., Dohmae, N., Ishitani, R., Zhang, ¥., Nureki, . Cell
Feb 27. (2014). 156(5):935-49;

» Genome-wide binding of the CRISPR endonuclease Cas9 in mamnalian cells. Wu X, Scott
DA, Kriz AJ., Chiu AC,, Hsu PD., Dadon DB, Cheng AW, Trevino AE., Konermann 8., Chen
5., Jaenisch R, Zhang F., Sharp PA. Nat Biotechuol. (2014) Apr 20. doi: 10.1038/nbt.2889,

¥ (CRISPR-Cas9 Knockin Mice for Genome Editing and Cancer Modeling, Platt et al., Cell
1592y 440-455 (2014) DOL 10.1016/5.cc11.2014.09.014,

» Development and Applications of CRISPR-Cas9 for Genome Engineering, Hsu et al, Cell
157, 1262-1278 (Junc 5, 2014) (Hsu 2014),

» Genetic screens in human cells using the CRISPR/Cas9 system, Wang et al., Science. 2014
January 3; 343(6166): 80-84. doi:10.1126/science. 1246981,

P Rational design of highly active sgRNAs for CRISPR-Cas%-mediated gene inactivation,
Doench et al., Nature Biotechnology published online 3 September 2014; doi: 10.1038/nbt.3026,
and

¥ In vivo interrogation of gene function in the mammalian brain using CRISPR-Cas9, Swiech

et al, Nature Biotechnology ; published online 19 Qctober 2014; doi:10.1038/nbt. 3055,
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{#145] cach of which is incorporated herein by reference, and discussed briefly below:

» Cong et al. engineered type 11 CRISPR-Cas systems for use in eukaryotic cells based on both
Streptococcus thermophilus Cas9 and also Streptoccocus pyogenes Cas9 and demonstrated that
CasY nucleases can be directed by short RNAs to mduce precise cleavage of DNA 1o human and
mouse cells. Their study further showed that Cas9 as converted into a nicking enzyme can be
used to facilitate homology-directed repair in eukaryotic cells with minirnal mutagenic activity.
Additionally, their study demonstrated that multiple guide sequences can be encoded into a
single CRISPR array to cnable simultaneous oditing of several at endogenous genomie loct sifes
within the mammalian genome, dewounstrating casy programmability and wide applicability of
the RNA-pguided nuclease technology. This ability to use RNA to program sequence specific
DNA cleavage n cells defined a new class of genome engineering tools. These studies further
showed that other CRISPR loci are likely to be transplantable into mammalian cells and can also
mediate maromalian genome cleavage. froportantly, it can be envisaged that several aspects of
the CRISPR-Cas system can be further improved to increase its e¢fficiency and versatility.

¥ Tang ct al. used the clustered, regularly interspaced, short palindromic repeats (CRISPR)-
associated CasO endonuclease complexed with dual-RNAs to introduce precise mutations in the
genomes of Streptococcus pncumoniae and Escherichia coli. The approach relied on dual-
RNA:Cas9-directed cleavage at the targeted genomic site to kill unmutated cells and circuravents
the need for selectable markers or counter-selection systems. The study reported reprogramming
dual-RNA:Cas9 specificity by changing the sequence of short CRISPR RNA {(crRNA) to make
single- and multinucleotide changes camried on editing templates. The study showed that
simultancous use of two crRNAs cnabled multiplex mtagenesis. Furtherrmore, when the
approach was used tn combination with recombineering, in S. pneumoniae, nearly 100% of cells
that were recovered using the described approach contained the desired mutation, and 1n E. coli,
65% that were recovered countained the wutation.

» Konermann et al. addressed the need in the art for versatile and robust technologies that
enable optical and chemical modulation of DNA-binding domains based CRISPR Cas9 enzyme
and also Transcriptional Activator Like Effectors

P As discussed in the present specification, the Cas9 nuclease from the microbial CRISPR-Cas
system is targeted to specific genomic loct by a 28 nt guide sequence, which can tolerate certain

mismatches to the DNA target and thereby promote undesired off-target mutagenesis. To address
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this, Ran et al. described an approach that combined a Cas9 nickase mutant with paired guide
RNAs to introduce targeted double-strand breaks. Because individoal nicks in the genore are
repaired with high fidelity, simultancous nicking via appropriately offset guide RNAs is required
for double-stranded breaks and extends the number of specifically recognized bases for target
cleavage. The authors demonstrated that using paired nicking can reduce off-target activity by
50- to 1,500-fold 1n cell lines and to facilitate gene knockout in mouse zygotes without
sacrificing on-target cleavage cfficiency. This versatile strategy enables a wide variety of
genome cditing applications that require high specificity.

» Hsu et al. characterized SpCas9 targeting specificity in hurman cells to inform the selection of
target sites and avoid off-target effects. The study evaluated >700 guide RNA variants and
SpCasB-induced indel mutation levels at >100 predicted genomic off-target loct in 2937 and
293FT cells. The authors that SpCas9 tolerates mismatches between guide RNA and target DNA
at different positions in a sequence-dependent manner, scusitive to the mumber, position and
distribution of mismatches. The authors further showed that SpCas@-mediated cleavage is
unaffected by DNA methylation and that the dosage of SpCas9 and sgRINA can be titrated to
minimize off-target modification. Additionally, to facilitate mammalian genome engineering
applications, the authors reported providing a web-based software tool to guide the selection and
validation of target sequences as well as off-target analyses.

» Ran ct al. described a set of tools for Cas9-mediated genome editing via non-homologous
end joining (NHEID or homology-directed repair (HDR) in mammalian cells, as well as
generation of modified cell lines for downstream functional studies. To minimize off-target
cleavage, the authors further described a double-nicking strategy using the Cas9 nickase mutant
with paired guide RNAs. The protocol provided by the authors experimentally derived guidelines
for the selection of target sites, cvaluation of cleavage cthiciency and analysis of off-target
activity. The studies showed that beginning with target design, gene modifications can be
achicved within as little as 1-2 weceks, and modified clonal cell lines can be derived within 2-3
weeks.

» Shalem et al. described a new way to interrogate gene function on a genome-wide scale.
Their studies showed that delivery of g genomce-scale CRISPR-Cas9 knockout {(GeCKO) library
targeted 18,080 genes with 64,751 unique guide sequences enabled both negative and positive

sclection screening in human cells. First, the authors showed use of the GeCKO library to
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identify genes essential for cell viability in cancer and pluripotent stem cells. Next, in a
roelanoma model, the authors screened for genes whose loss is iovolved in resistance to
venmurafenib, a therapeutic that inhibits mutant protein kinase BRAF. Their studies showed that
the highest-ranking candidates wncluded previously validated genes NF1 and MED12 as well as
novel hits NF2Z, CUL3, TADAZB, and TADAT. The authors observed a high level of consistency
between independent guide RNAs targeting the same gene and a high rate of hit confirmation,
and thus demonstrated the promise of genome-scale screening with CasS.

» Nishimasu ¢t al. reported the crystal structure of Streptococcus pyogenes Cas9 in complex
with sgRNA and its target DNA at 2.5 A° resolotion. The structure revealed a bilobed
architecture composed of target recognition and nuclease lobes, accommodating the
sgRNADNA heteroduplex in a positively charged groove at their interface. Whereas the
recognition lobe is essential for binding sgRNA and DNA, the nuclease lobe contains the HNH
and Ruv(C nuclease domains, which are properly positioned for cleavage of the coraplementary
and non-complementary strands of the target DNA, respectively. The nuclease lobe also contains
a carboxyl-terminal domain responsible for the interaction with the protospacer adjacent motif
{(PAM). This high-resohution structure and accompanying functional analyses have revealed the
molecular mechanism of RNA-guided DNA targeting by Cas9, thus paving the way for the
rational design of new, versatile genome-editing technologies.

» Wu et al. mapped genome-wide binding sites of a catalytically inactive Cas9 (dCas9) from
Streptococcus pyogenes loaded with single guide RNAs (sgRNAs) in mouse embryonic stem
cells (mESCs). The authors showed that each of the four sgRNAs tested targets dCas% to
between tens and thousands of genomic sites, froquently characterized by a S-nucleotide seed
region in the sgRNA and an NGG protospacer adjacent motif (PAM). Chromatin inaccessibility
decreascs dCasY binding to other sites with matching sced sequences; thus 70% of off-target sites
are associated with genes. The authors showed that targeted sequencing of 295 dCas9 binding
sites in mESCs transfected with catalytically active Cas® identified only one site mutated above
background levels. The authors proposed a two-state model for Cas9 binding and cleavage, in
which a sced match triggers binding but extensive pairing with target DNA is required for
cleavage.

» Hsu 2014 is a review article that discusses generally CRISPR-Cas9 history from yogurt to

genome cditing, including genctic screening of cells, that 1s in the information, data and findings
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of the applications in the lincage of this specification filed prior to June 5, 2014, The general
teachings of Hsu 2014 do not involve the specific models, antmals of the instant specification.

{8146} In general, the CRISPR-Cas or CRISPR system is as used in the foregoing documents,
such as WO 2014/093622 (PCT/US2013/074667) and vefers collectively to transcripts and other
elements involved in the expression of or directing the activity of CRISPR-associated ("Cas™}
genes, meluding sequences encoding a Cas gene, a tracr (trans-activating CRISPR) sequence
{e.g. tractRNA or an active partial tracrRNA), a tracr-mate sequence {encompassing a “direct
repeat” and a tracrRNA-processed partial direct repeat 1n the context of an endogenous CRISPR
systera), a goide sequence (also referred to as a “spacer” in the context of an endogenous
CRISPR system}, or “RNA(s)” as that term is herein used {e.g., RNA(s) to guide (as9, e.g.
CRISPR RNA and transactivating {tracr) RNA or a single guide RNA (sgRNA)} {chimeric
RNA}Y) or gther sequences and transcripts from a CRISPR locus. In general, a CRISPR system is
characterized by elements that promote the formation of 2 CRISPR corplex at the site of a target
sequence (also referred to as a protospacer in the context of an endogenous CRISPR system). In
the context of formation of g CRISPR complex, “target sequenee” refers to a sequence to which
a guide sequence is designed to have complementarity, where hybridization between a target
sequence and a guide sequence promotes the formation of a CRISPR complex. A target
sequence may comprise any polyvoucleotide, such as DNA or RNA polynucleotides. In some
embodiments, a target sequence is located in the nucleus or cytoplasm of a celll In some
embodiments, direct repeats may be wdentified in silico by searching for repetifive rootifs that
fulfill any or all of the following criteria: 1. found in a 2Kb window of genomic sequence
fanking the type I CRISPR locus; 2. span from 20 to 50 bp; and 3. interspaced by 20 to 50 bp.
in some embodiments, 2 of these criteria may be used, for instance 1 and 2, 2 and 3, or 1 and 3.
In some cmbodiments, all 3 criteria may be used. In some embodiments it may be preferred ina
CRISPR coraplex that the tracr sequence bas one or more hairpins and s 30 or more nucleotides
in length, 40 or more nucleotides in length, or 50 or more nucleotides in length; the guide
sequence is between 10 to 30 vucleotides 1u length, the CRISPR/Cas enzymie 1s a Type I Cas9
enzyme. In embodiments of the invention the torms guide sequence and guide RNA are used
mterchangeably as  in foregoing  cited  documents such  as WO 2014/093622
(PCT/US2013/074667). In general, a guide sequence is any polynucleotide sequence having

sufficient complernentarity with a target polynucleotide sequence to hybridize with the target
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sequence and direct sequence-specific binding of a CRISPR complex to the target sequence. In
some embodiments, the degree of complementarity between a guide sequence and s
corresponding target sequence, when optimally aligned using 2 suitable alignment algorithm, is
about or more than about 50%, 609, 73%, 80%, 83%, 90%, 95%, 97.3%, 99%, or more,
Optimal alignment may be determined with the use of any suitable algorithm for aligning
sequences, non-limiting exaraple of which inchude the Smith-Waterman algorithm, the
Needleman~-Wunsch algorithm, algorithms based on the Burrows-Wheeler Transform {e.g. the
Burrows Wheeler Aligner), ClustalW, Clustal X, BLAT, Novoalign (Novocraft Technologies;
available at www.novocraft.com), ELAND (lllumina, San Diego, CA), SOAP (available at
soap.genomics.org.cny, and Mag (availabic at maq.sourceforge.net). In some embodiments, a
guide sequence is about or more than about 3, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nuclectides in length. In some
embodiments, a guide sequence is less than about 75, 50, 45, 40, 35, 30, 25, 20, 15, 12, or fewer
nucleotides in length. Preferably the guide sequence is 10 - 30 nucleotides long. The ability of a
guide sequence to direct sequence-specific binding of a CRISPR complex to g target sequence
may be assessed by any suitable assay. For example, the components of a CRISPR system
sufficient to form a CRISPR complex, including the guide sequence to be tested, may be
provided to a host cell having the corresponding farget sequence, such as by transfection with
vectors enceding the components of the CRISPR sequence, followed by an assessment of
preferential cleavage within the target sequence, such as by Surveyor assay as described herein.
Similarly, cleavage of a target polynucieotide sequence may be evaluated in a test tube by
providing the target sequence, components of a CRISPR complex, including the guide sequene

to be tested and a control guide sequence different from the test guide sequence, and comparing
binding or rate of cleavage at the target sequence between the test and control guide sequence
reactions. Other assays are possible, and will oceur to those skilled 1o the art. A guide sequence
may be selected to target any target sequence. In some embodiments, the target sequence s a
sequence within a genome of a cell. Exemplary target sequences include those that are ynique in
the target genome. For example, for the 8. pyogenes Cas9, a unique target sequence in a genome
ray include a Cas9 target site of the form MMMMMMMMNNNNNI NXGG where
NNNNNNNNNNNNXGG (Nis A, G, T, or C; and X can be anything) has a single occurrence

in the genorne. A unique target sequence in 4 genome may nclude an S, pyogenes Cas? target
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site of the form MMMMMMMMMNNNNNNNNNNNXGG where NNNNNNNNNNNXGG (N
18 A, G, T, or C; and X can be anything) has a single occurrence 1n the genome. For the S.
thermophilus CRISPR1 Cas9, a unique target sequence in a genome may include a Cas9® target
sile of the form MMMMMMMMNNNNNNNNNNMNNXXAGAAW where
NNNNNNNNNNNNXXAGAAW (N is A, G, T, or C; X can be anything; and W is A or T) has
a single occurrence in the genorne. A unique target sequence in a genome may include an S.
thermophilus CRISPRI {Cas® target site of the form
MMMMMMMMMNNNNNNNNNNNXXAGAAW where NNNNNNNNNNNXXAGAAW (N
is A, G, T, or C; X can be anything; and W is A or T} has a single occurrence in the gevorue. For
the 8. pyvogenes Cas9, a unique target sequence in a genome may include a Cas9 target site of the
form MMMMMMMMNNNNNNNNNNNNXGGXG where NNNNNNNNNNNNXGGXG (N
is A, G, T, or C; and X can be anything) has a single occurrence in the genome. A unique target
sequence i a genorme may include an S, pyogenes Cas9 target site of the form
MMMMMMMMMNNNNNNNNNNNXGGXG where NNNNNNNNNNNXGGXG (N is A, G,
T, or C; and X can be anything) has a singlc occurrence in the genome. In each of these
sequences “M” may be A, G, T, or C, and need not be considered in identifying a sequence as
unique.  In some cmbodiments, a guide sequence is selected to reduce the degree sccondary
structure within the guide sequence. In some embodiments, about or less than about 75%., 50%,
40%, 30%, 25%, 20%, 15%, 10%, 5%, 1%, or fewer of the nucleotides of the guide sequence
participate in self~complereuntary base pairing when optimally folded. Optimal folding way be
determined by any suitable polynucleotide folding algorithm. Some programs are based on
calculating the munireal Gibbs free encrgy. An cxample of one such algorithm is mFold, as
described by Zuker and Stiegler (Nucleic Acids Res. 9 (1981}, 133-148).  Another example
folding algorithm is the ounline webserver RNAfold, developed at Iustitute {or Theoretical
Chernstry at the University of Vienna, using the centrond structure prediction algonithm (see e.g.
AR, Gruber ot al., 2008, Cell 106(1). 23-24; and PA Carr and GM Church, 2009, Nature
Biotechuology 27(12): 1151-62).

{#147} In general, a tracr mate sequence includes any sequence that has sufficient
complementarity with a tracr sequence o promote onc or more of: (1} excision of a gude
sequence flanked by tracr mate sequences in a cell containing the corresponding tracr sequence;

and (2} formation of a CRISPR complex at a target sequence, wherein the CRISPR complex
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comprises the tracr mate scquence hybridized to the tracr sequence. In general, degree of
complementarity 1s with refercuce to the optimal alignroent of the tracr mate sequence and tracr
sequence, along the length of the shorter of the two sequences. Optimal alignment may be
deterroined by any suitable alignment algonithm, and may further account for secondary
structares, such as self-complementarity within either the tracr sequence or tracr mate sequence.
In some cmbodiments, the degree of complernentarity between the tracr sequence and fracr mate
sequence along the length of the shorter of the two when optimally aligned is about or more than
about 25%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 97.5%, 99%, or higher. In some
embodiments, the tracr sequence 1s about or more than about 5, 6,7, &, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 25, 30, 40, 530, or more nucleotides in length. In some embodiments, the tracr
sequence and tracr maate sequence are contained within a single transcupt, such that hybridization
between the two produces a transcript having a sccondary structure, such as a hairpin.  In an
embodiment of the invention, the transcript or transcribed polvnucleotide sequence has at least
two or more hairpins. In preferred embodiments, the transcript has two, three, four or five
hairpins. In a further embodiment of the invention, the transcript has at most five hairping. In a
hatrptn structure the portion of the sequence 5 of the final “N” and upstream of the loop
corresponds to the tracr mate sequence, and the portion of the sequence 37 of the loop
corresponds to the tracr sequence Further non-limiting examples of single polynucleotides
comprising a guide sequence, a tracr mate sequence, and a tracr sequence are as follows (listed 57
to 37}, where “N” represents a base of a guide sequence, the first block of lower case letters
represent the tracr mate sequence, and the second block of lower case letters represent the tracr
sequence, and the final poly-T scquence represents the transcription terminator: (1)
NNNNNNNNNNNNNNNNNNNNgttttigtactetcaagatttalG A A Ataaatctigeagaagetacaaagataa

geettcatgecgagatcaacacectgteattitatggeaggptgttticgttatttaa TTTTTT, (2}
NNNNNNNNNNNNNNNNNNNNgittitgtactetcaG A A Atgeagaagetacasagataaggettcatgeeg

aaatcaacacccetgteatittatgpcagggtgtittegttatttaa T TTTTT, (3)
NNNNNNNNNNNNNNNNNNNNMNgtitttgtactetcaGA AAtgeagaagotacaaagataaggcitcaigeeg

aaatcaacaccctgteatittatgecagegtot T TTTT (4}

NNINNNNNNNNNNNNNNNNNNgttttagagetaGAA Atageaagitaaaataaggetagtecgttateaactt

e~
~ (j‘
e

gaaaaagtggcaccgagtegutgc TTTTTT,
NNNNNNNNNNNNNNNNNNNNgtittagagetaGAAATAGeaagttaaaataaggotagteegttatcaac
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ttgaaaaagig I TTTTTT, and (6)
NNNNNNNNNNNNNNNNNNNMNNgttttagagetagA AATAGeaagitasaataaggetagtecgttatcatl

TTTTTT. In some embodiments, sequences (1} to (3) are used in combination with Cas9 from 8.
thermophifus CRISPR1. In soroe embodiments, sequences (4) to {6) are used tn combination
with Cas® from 8. pyogenes. In some embodiments, the tracr sequence is a separate transcript
from a transeript cornprising the tracr raate sequence.

{3148} In some embodiments, candidate tracrRNA may be subsequently predicted by sequences
that fulfill any or all of the following criteria: 1. sequence homology to direct repeats (motif
search in Genetous with up to 18-bp miasmatches); 2. presence of a predicted Rho-independent
transcriptional terminator in direction of transcription; and 3. stable hairpin sccondary structure
between tracrRNA and direct repeat. In sowe embodiments, 2 of these criteria roay be used, for
instance 1 and 2, 2 and 3, or 1 and 3. In some embodiments, all 3 criteria may be used.

1014%9] In some cmbodiments, chimeric synthetic guide RNAs (sgRNAs) designs may
incorporate at least 12 bp of duplex structure between the direct repeat and tracrRNA.

{3158} For mummization of toxicily and off-target offect, it will be mmportant to control the
concentration of CRISPR enzyme mRNA and guide RNA delivered. Optimal concentrations of
CRISPR enzyme mRNA and guide RNA can be determined by testing different concentrations
in a cellolar or nov-human cukaryote amimal wodel and using deep sequencing the analyze the
extent of modification at potential off-target genomic loci. For example, for the guide sequence
targeting S-CAGTCCGAGCAGAAGAAGAA-S 1u the EMXI gene of the human genome,
deep sequencing can be used to assess the level of modification at the following two off-target
ioct, 1. S-CAGTCCTAGCAGGAGAAGAA-Y and 2: 5-CGAGTCTAAGCAGAAGAAGAA-
37, The concentration that gives the highest level of on-target modification while minimizing the
icvel of off-target modification should be chosen for 1n vivo delivery. Alternstively, to minimize
the level of toxicity and off-target effect, CRISPR enzyme nickase mRNA {(for example S.
pyogenes Cas9 with the DI0A nutation) can be delivered with a pair of guide RINAs targeting a
site of interest. The two guide RNAs need to be spaced as follows. Guide sequences and
strategics to mimize toxicity and off-target coffects can be as in WO 2014/093622
{(PCT/US2013/074667).

{3151] The CRISPR system is derived advantageously from a type H CRISPR system. In some

embodiments, one or more elernents of a CRISPR system 18 derived from a particular organism
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comprising an cndogenous CRISPR system, such as Swtrepfococcus pyogenes. In preferred
embodiments of the invention, the CRISPR system i3 a type [T CRISPR system and the Cas
enzyme is Cas9, which catalyzes DNA cleavage. Non-limiting examplies of Cas proteins include
Casl, CaslB, Cas2, Cas3, Casd, Cas5, Cas6, Cas7, Cas¥, Cas? (also known as Csnl and Csx12),
Casif, Csyl, Csy2, Csy3, Usel, Cse2, Cscl, UscZ, Csas, Usn2, Csm2, Csm3, Csmd, Csm3,
Csm6, Cmrl, Cmr3, Cmrd, Cnws, Cmrh, Csbl, Csb2, Csb3, Csx17, Csxid, Csx10, Csxl16,
CsaX, Csx3, Csxl, Csx13, Csfl, Csf2, Cst3, Cstd, homologues thercof, or modified versions
thercof.

[#152] In some embodiments, the unmodified CRISPR enzyme has BNA cleavage activity, such
as Cas9. In some embodiments, the CRISPR enzyme directs cleavage of one or both strands at
the location of a target sequeovce, such as within the target sequence and/or within the
complement of the target sequence. In some embodiments, the CRISPR enzyme directs cleavage
of onc or both strands within about 1, 2, 3,4, 5,6, 7, 8, 9, 10, 15, 20, 25, 50, 100, 200, 500, or
more base pairs from the first or last nucleotide of a target sequence. In some embodiments, a
vector cncodes a CRISPR enzyme that 1s mutated to with respect to a corresponding wild-type
enzyme such that the mutated CRISPR enzyme lacks the ability to cleave one or both strands of
a target polynucleotide containing a target sequence. For cxample, an aspartate-to-alanine
substitution (B10A) 1 the RovC 1 catalytic domain of Cas9 from S. pyogenes converts Cas9
from a nuclease that cleaves both strands to a nickase (cleaves a single strand). Other cxamples
of mutations that render Cas9 a mickase include, without limnitation, H840A, NRS4A, and NEG3A.
As a further example, two or more catalytic domains of Cas® (Ruv( 1, RuvC 1], and Ruv( Hlor
the HNH domain} roay be mutated to produce a mutated Cas9 substantially lacking all DNA
cleavage activity. In some embodiments, a DI0A mutation is combined with one or more of
HR40A, N854A, or NS63A mutations to produce a Cas9 enzyme substantially lacking all DNA
cleavage activity. In some embodiments, a CRISPR enzyme is considered to substantially lack
all DNA cleavage activity when the DNA cleavage activity of the mutated enzyme is about no
more than 25%, 109, 5%, 1%, 0.1%, 0.01%, or less of the DNA cleavage activity of the non-
mutated form of the enzyme; an example can be when the DNA cleavage activity of the mutated
form 18 ml or negligible as compared with the non-mutated form. Where the cnzyme 18 not
SpCas®, mutations may be made at any or all residues corresponding to positions 10, 762, 840,

854, 863 and/or 986 of SpCas9 (which may be ascertained for instance by standard sequence
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comparison toels). In particular, any or all of the following mutations are preferred in SpCas®:
D10A, E762A, HB40A, NES4A, NE63A and/or DOBGA; as well as conservative substitution for
any of the replacement amino acids 18 also envisaged. The same (or conservative substitutions of
these mutations) at corresponding positions in other Cas9s are also preferred.  Particularly
preferred are D10 and HR40 in SpCas®. However, in other Cas9s, residues corresponding to
SpCash D10 and HR40 are also preferred. Orthologs of SpCas9 can be used in the practice of the
invention. A Cas enzyme may be tdentified Cas9 as this can refer to the general class of enzymes
that sharc homology to the biggest nuclease with multiple nuclease domains from the type I
CRISPR. systern.  Most preferably, the Cas9 enzyroe is from, or is devived from, spCas9 (3.
pyogenes Cas9) or saCas® (5 auwrews Cas9). StCas9” refers to wild type Cas9 from S,
thermophitas, the protein sequence of which s given 1 the SwissProt database under accession
number G3ECRI1. Similarly, S pyogenes Cas9 or splas9 is included in SwissProt under
accession number Q997ZW2. By denived, Applicants mean that the denived enzyrae is largely
based, in the sense of having a high degree of sequence homology with, a wildtype enzyme, but
that it has becn mutated (roodified) in some way as described herein. It will be appreciated that
the terms Cas and CRISPR enzyme are generally used herein interchangeably, unless otherwise
apparent. As mentioned above, many of the residuc numberings used herein refer to the Cas9
enzyme from the type Il CRISPR locus in Streprococcus pyogenes. However, it will be
appreciated that this invention includes many more Cas%s from other species of microbes, such
as SpCas9, SaCa9, St1Cas9 and so forth. Enzymatic action by Cas9 devived frow Streprococcus
progenes or any closely related Cas9 generates double stranded breaks at target stte sequences
which hybridize to 20 nucleotides of the guide scquence and that have a protospacer-adjacent
motif (PAM) sequence {examples include NGG/NRG or a PAM that can be determined as
described hercin) following the 20 nucleotides of the target sequence. CRISPR activity through
Cas9 for site-specific DNA recoguition and cleavage is defined by the gunde sequence, the tracr
sequence that hybridizes in part to the guide sequence and the PAM sequence. More aspects of
the CRISPR system are described in Karginov and Hannon, The CRISPR systemu small RNA-
guided defence in bacteria and archaca, Mole Cell 2010, January 15; 37(1): 7. The type I
CRISPR locus from Streptococcus pyogenes SF370, which countains a cluster of four genes Cas9,
Casl, Cas2, and Csnl, as well as two non-coding RNA elements, tractRNA and a characteristic

array of repetitive sequences {direct repeats) interspaced by short stretches of non-repetitive
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sequences {spacers, about 30bp cach}. In this system, targeted DNA double-strand break (DSB)
is generated in four sequential steps. Fiwst, two non-coding RNAs, the pre-crBNA array and
tractRINA, arc transcribed from the CRISPR locus. Second, tractRNA hybridizes to the direct
repeats of pre-ctRNA, which is then processed into mature crRNAs coutaining 1ndividual spacer
sequences.  Third, the mature crRNA:tracrRNA complex directs Cas® to the DNA target
consisting of the protospacer and the corresponding PAM via heteroduplex formation between
the spacer region of the crRNA and the protospacer DNA. Finally, Cas9 mediates cleavage of
target DNA upstrearmn of PAM to create a DSB within the protospacer. A pre-crRNA array
consisting of a single spacer flanked by two direct repeats (BRs) s also encompassed by the term
“tracr-mate sequences”).  In certain embodiments, Cas® may be constitutively present or
inducibly present or conditionally present or administered or delivered. Cas9 optitnization way
be used to enhance function or o develop new functions, one can gencrate chimeric Cas9
proteins. And CasY may be used as a generie DNA binding protein.

(#1583} Typically, in the context of an endogencus CRISPR system, formation of a CRISPR
complex {comprising 4 guide sequence hybridized to a target sequence and complexed with one
or more Cas proteins) results in cleavage of one or both strands in or near {e.g. within 1, 2, 3, 4,
5, 6,7, 8,9, 10, 20, 50, or more base pairs from) the target sequence. Without wishing to be
bound by theory, the tracr sequence, which may coraprise or consist of all or a portion of a wild-
type tracr sequence {c.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67, 85, or more
nucleotides of a wild-type tracr sequence), may also form part of 2 CRISPR complex, such as by
hybridization along at least a portion of the tracr sequence to all or a portion of a tracr mate
sequence that 18 operably linked to the guide sequence.

{#154] An example of a codon optimized seguence, is in this instance a sequence optimized for
expression in a cukaryote, ¢.g., humans {i.c. being optirnized for expression in hursans), or for
another eukaryote, animal or mammal as herein discussed; see, ¢.g., SaCas® haman codon
optimized sequence in WO 2014/093622 (PCT/USZ013/074667). Whilst this is preferred, it will
be appreciated that other examples are possible and codon optiraization for a host species other
than human, or for codon optimization for specific organs is known. In some embodiments, an
cuzyme coding sequence cncoding a CRISPR enzyme is codon optimized for expression m
particular celis, such as cukaryotic cells. The eukaryotic cells may be those of or derived from a

particular organism, such 4s a mammal, including but not limited to human, or non-human
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cukaryote or animal or mammal as herein discussed, e.¢., mouse, rat, rabbit, dog, livestock, or
non-human mamroal or primate. In some embodiments, processes for modifying the germ hine
genetic identity of human beings and/or processes for modifying the genetic identity of animals
which are hikely to cause them suffering without any substantial medical benefit to man or
animal, and also animals resulting from such processes, may be excluded. In general, codon
optimization refers to a process of modifying & nucleic acid sequence for cnhanced expression in
the host cells of interest by replacing at least one codon {¢.g. about or more than about 1, 2, 3, 4,
3,10, 15, 20, 25, 50, or more codons) of the native sequence with codons that are more
frequently or most frequently used wn the genes of that host cell while mamtaining the vative
amino acid sequence. Various species exhibit particular bias for certain codons of a particular
amino acid. Codon bias (differences in codon usage between organisms) often correlates with
the efficiency of translation of messenger RNA (mRNA), which is in turmn believed to be
dependent on, among other things, the propertics of the codons being tramslated and the
availability of particular transfer RNA {{RNA) molecules. The predominance of selected tRNAs
in a cell is generally a reflection of the codons used ruost frequently in peptide synthesis.
Accordingly, genes can be tailored for optimal gene expression in a given organism based on
codon optimization. Codon usage tables are readily available, for example, at the “Codon Usage
Database” available at www kazusa.orjp/codon/ and these tables can be adapted 1n a nurober of
ways. Sece Nakamura, Y., ¢t al. “Codon usage tabulated from the international DNA sequence
databases: status for the year 20007 Nucl. Acids Res. 28:292 (2000). Cowputer algorithros for
codon optimizing a particular sequence for expression in a particular host cell are also available,
such as Gene Forge (Aptagen; Jacobus, PA), arc also available. In some embeodiments, one or
more codons {e.g. 1, 2,3, 4, 5, 10, 15, 28, 25, 58, or more, or ail codons) in a sequence encoding
a CRISPR enzyme correspond to the most frequently used codon for a particular amino acid.

{31585} In some embodiments, a vector encodes a CRISPR enzyme comprising oue of more
nuclear localization sequences (NLSs), such as about or more than about 1,2, 3, 4,5, 6,7, &, 9,
10, or more NLSs. Io some embodiments, the CRISPR. cozyme comprises about or more than
about 1,2, 3,4,5,6,7.8,9, 10, or more NLS8s at or near the amino-terminus, about or more than
about 1,2, 3,4,5,6,7, 8,9, 10, or more NLSs at or near the carboxy-terminus, or a combination
of these {e.g. zero or at least one or more NLS at the amino-terminus and zero or at one or more

NLS at the carboxy terminus). When more than one NLS 1s present, cach may be selected
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independently of the others, such that a single NLS may be present in more than one copy and/or
in combination with one or more other NLSs present in one or more copies. In a preferred
embodiment of the invention, the CRISPR cnzyme comprises at most 6 NLSs. In some
embodiments, an NLS is considered near the N- or C-terminus when the nearcst amino acid of
the NLS 1s within about 1, 2, 3, 4, 5, 10, 15, 28, 25, 30, 48, 50, or more amino acids along the
polypeptide chain from the N- or C-termunus. Non-limiting examples of NLSs nclude an NLS
sequence derived from: the NLS of the SV40 virus large T-antigen, having the amino acid
sequence PKKKRKY; the NLS fromn nucleoplasmin {(e.g. the nucleoplasmin bipartite NLS with
the sequence KRPAATKEAGQAKKKE); the c-myc NLS having the amino acid sequence
PAAKRVKLD or ROQRRNELKRSP; the hRNPAD M9 NLS having the sequence
NQSSNFGPMEKGONFGORSSGPYGGOGQYFAKPRNOQGOY, the sequence
RMRIZFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNVY of the IBB domain from
importin-alpha; the scquences VSRKRPRP and PPKKARED of the myorma T protein; the
sequence POPKKKPL of human p33; the sequence SALIKKKKKMAP of mouse c-abl IV the
sequences DRLRR and PKQKKRK of the influenza viras NS1; the sequence RKLKKKIKKL of
the Hepatitis virus delta antigen; the sequence REKKKFLKRR of the mouse Mx1 protein; the
sequence KRKGDEVDGVDEVAKKKSKK of the human poly(ADP-ribose) polymerase; and
the sequence REKCLQAGMNLEARKTEK of the steroid hormone receptors (human)
glucocorticoid. In general, the one or more NLSs are of sufficient strength to drive accumulation
of the CRISPR enzyme in a detectable amount in the nucleus of a eukaryotic cell. In general,
strength of nuclear localization activity may derive from the number of NLSs in the CRISPR
enzyme, the particular NLS(s) used, or a combination of these factors. Detection of
accurmtation in the nucleus may be performed by any suitable technique. For example, a
detectable marker maay be fused to the CRISPR enzyrae, such that location within a cell ruay be
visualized, such as jn combination with a means for detecting the location of the nuclens (e.g. a
stain specific for the nucleus such as DAP). Cell nuclei may also be isolated from cells, the
contents of which may then be analyzed by any suitable process for detecting protein, such as
immunohistochemistry, Western blot, or enzyme activity assay. Accumulation in the nucleus
rmay also be determined indirectly, such as by an assay for the effect of CRISPR complex
formation {c.g. assay for BNA cleavage or mutation at the target sequence, or assay for altered

gene expression activity affected by CRISPR complex formation and/or CRISPR enzyme
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activity}, as compared to a control no exposed to the CRISPR enzyme or complex, or exposed to
a CRISPR enzyme lacking the one or oore NLSs.

18156} Aspects of the invention relate to the expression of the gene product being decrcased or a
teroplate polymucieotide being further introduced uto the DNA molecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 5 overhangs to
reanncal and ligate or the activity or function of the gene product being altered or the cxpression
of the gene product being increased. In an embodiment of the invention, the gene product is a
protein. Only sgRINA pairs creating 5° overhangs with less than 8bp overlap between the guide
sequences {offset greater than -8 bp) were able to mediate detectable indel formation.
{mportantly, cach guide used in these assays is able to efficiently induce indels when paired with
wildtype Cas9, indicating that the relative positions of the guide pairs are the most important
parameters in predicting double nicking activity. Since Cas%n and Cas9HB40A nick opposite
strands of DNA, substitution of Cas9n with CasOHB40A with a given sgRNA pair should have
resufted in the inversion of the overhang type; but no indel formation is observed as with
Cas9HB40A indicating that Cas9HR40A s a CRISPR enzyme substantially lacking all DNA
cleavage activity {which is when the DNA cleavage activity of the mutated enzyme is about no
more than 25%, 10%, 5%, 1%, 8.1%, 0.01%, or less of the DNA cleavage activity of the non-
mutated form of the enzyme; whereby an example can be when the DNA cleavage activity of the
mutated form is nil or negligible as compared with the non-mutated form, e.g., when no indel
formation is observed as with CasSHE40A in the cukaryotic system in contrast o the
biochemical or prokaryotic systems). Nouetheless, a pair of sgRNAs that will generate a 37
overhang with Cas9n should 1n principle generate the corresponding 37 overhang instead, and
double nicking. Therefore, sgRNA pairs that lead to the generation of a2 37 overhang with Cas9n
can be used with another mutated Cas? to generate a 5° overhang, and double nicking.
Accordingly, in some embodiments, a recorobivation template is also provided. A recombination
template may be a component of another vector as described hercin, contained in a separate
vector, or provided as a separaie polynucleotide. In some embodiments, a recombination
template is designed to serve as a template in homologous recombination, such as within or near
a target sequence nicked or cleaved by a CRISPR enzymic as a part of a CRISPR complex. A
template polynucleotide may be of any suitable length, such as about or more than about 10, 15,

20, 25, 50, 75, 100, 150, 200, 500, 1000, or more nucleotides in length. In some embodiments,
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the template polynucleotide is complementary to a portion of a polynucleotide comprising the
target sequence. When optimally aligned, a teraplate polyoucieotide might overlap with one or
more nucleotides of a target sequences {e.g. about or more than about 1, 5, 10, 15, 20, or more
nucleotides). In some emboduments, when a template sequence and a polynucleotide comprising
a target sequence are optimally aligned, the nearest nucleotide of the template polynucicotide 1s
within about 1, 5, 10, 15, 20, 25, 50, 75, 100, 200, 300, 400, 500, 1600, 5000, 10000, or more
nucleotides from the target sequence.

{#157] In some cmbodiments, one or more vectors driving expression of one or more clements
of a CRISPR system are mitroduced into a host cell such that expression of the elemeuts of the
CRISPR system direct formation of a CRISPR complex at one or more target sites. For example,
a Cas enzyme, a guide sequence Hoked to a tracr-mate sequence, and a tracr sequence could each
be operably linked to separate regulatory clements on separate vectors. Or, RNA(s) of the
CRISPR Systern can be delivered to a transgenic CasY aniroal or marnrual, e.g., an animal or
mammal that constitutively or inducibly or conditionally expresses Cas9; or an animal or
mammal that 18 otherwise cxpressing Cas9 or has cells containing Cas9, such as by way of prior
administration thereto of a vector or vectors that code for and express in vive Cas9.
Alternatively, two or more of the clements expressed from the same or different regulatory
elements, may be combined in a single vector, with one or more additional vectors providing any
components of the CRISPR systern not included in the first vector. CRISPR system elements
that are combined i a single vector may be arranged in any suitable orientation, such as one

K

clement located 5° with respect to (Mupstream” of) or 37 with respect to {(“downstream” of) a
second clement, The coding sequence of once clement may be located on the sarne or opposite
strand of the coding sequence of a second clement, and oriented in the same or opposite
dircction. In some embodiments, a single promoter drives expression of a transcript encoding a
CRISPR enzyme and one or more of the guide scquence, tracr mate sequence {optionally
operably linked to the guide sequence), and a tracr sequence embedded within one or more intron
sequences {e.g. cach i a different intron, two or more n at least one intron, or all m a single
intron}. In some embodiments, the CRISPR enzyme, guide sequence, tracr mate sequence, and
tracr sequence are operably Huked to and expressed from the saroe promoter. Dielivery vehicles,
vectors, particles, nanoparticles, formulations and components thereof for expression of one or

more elements of a CRISPR system are as used in the foregoing documents, such as WO
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2014/093622 (PCT/US2013/074667). In some cmbodiments, a vectdor cComprises one of more
insertion sites, such as a restriction endonuclease recognition sequence (also referred to as a
“cloning site”). In some embodiments, one or more insertion sites {e.g. about or more than about

1,2,3,4,

N

, 6,7, 8,9, 10, or more imsertion sites) are located upstream and/or downstrears of one
or more sequence clements of one or more vectors. In some embodiments, a vector comprises an
msertion site upstrearn of a tracr mate sequence, and optionally dowunstrearn of g regulatory
clement operably linked to the tracr mate sequence, such that following insertion of a guide
sequence into the insertion site and upon cxpression the guide sequence directs sequence-specific
binding of a CRISPR complex to a target sequence 1o a cukaryotic cell. In some embodiments, a
vector comprises two or more inscriion sites, each insertion site being located between two tracr
roate sequences 8o as to allow insertion of a guide sequence at each site. In such an artangement,
the two or more guide sequences may comprise two or more copics of a single guide sequence,
two or more different guide sequences, or combinations of these, When multiple different guide
sequences are used, a single expression construct may be used to target CRISPR activity to
raultiple differcut, corresponding target sequences within a ccll. For example, a single vector
may comprise about or more than about 1, 2, 3, 4, 5, 6, 7, & 9, 18, 15, 28, or more guide

~3
i
/

sequences. In some embodiments, about or more than about 1,2, 3,4, 5,6, 7, 8, 9, 10, or more
such guide-sequence-containing vectors may be provided, and optionally delivered fo a cell. In
some cmbodiments, a vector comprises a regulatory element operably linked to an enzyme-
coding sequence encoding a CRISPR enzyme, such as a Cas protein. CRISPR cuzyme or
CRISPR enzyme mRNA or CRISPR guide RNA or RNA(s) can be delivered separately; and
advantageously at lcast one of these 18 delivered via a nanoparticle complex. CRISPR enzyme
mMmRNA can be delivered prior to the guide RNA to give time for CRISPR enzyme to be
expressed. CRISPR enzyme mRNA might be administered 1-12 hours (preferably around 2-6
hours) prior to the administration of guide RNA. Alternatively, CRISPR enzyme roRNA and
guide RNA can be administered together. Advantageously, a second booster dose of guide RNA
can be admimstered 1-12 hours (preferably around 2-6 hours) after the initial administration of
CRISPR enzyme mRNA + guide RNA. Additional administrations of CRISPR enzyme mRNA
and/or guide RINA might be usctul to achicve the most efficient levels of genome modification.

{3158} In one aspect, the mvention provides methods for using one or more elements of a

CRISPR system.  The CRISPR complex of the invention provides an effective means for
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modifying a target polynucicotide. The CRISPR complex of the invention has a wide variety of
utility including medidying (e.g., deleting, mserting, translocating, inactivating, activating) a
target polynucleotide in a multiplicity of cell types.  As such the CRISPR complex of the
invention has a broad spectrum of applications in, ¢.g., gene therapy, drug screening, disease
diagnosis, and progoosis. An cxemplary CRISPR complex comprises a CRISPR enzyme
complexed with a guide sequence hybndized to a target sequence within the target
polymucieotide. The guide sequence is linked to a tracr mate sequence, which in turn hybridizes
to a tracr sequence. In one cmbodiment, this invention provides a method of clcaving a target
polynucleotide. The method comprises modifying a target polynucleotide using a CRISPR
complex that binds to the target polynucicotide and effect cleavage of said target polynucicotide.
Typically, the CRISPR complex of the invention, when iotroduced nto a cell, creates a break
{e.g., a single or a double strand break) in the genome sequence. For example, the method can
be used to cleave a discase gene m a cell. The break created by the CRISPR conplex can be
repaired by a repair processes such as the error prone non-homologous end joining (NHEJ)
pathway or the high fidelity homology-directed repair (HDR). During these repair process, an
exogenous polynucleotide template can be introduced into the genome sequence. In some
methods, the HDR process is used modify genome sequence.  For cxample, an exogenous
polynucleotide template comprising a sequence to be wntegrated flanked by an upsirearn sequence
and a downstream sequence is introduced into a cell. The upstream and downstream sequences
share sequence similarity with etther side of the sife of integration in the chromosome. Where
desired, a donor polynucleotide can be DNA, eg, a DNA plasmid, a bacterial artificial
chromosome (BAC), a yeast artificial chromosorme (YAC), a viral vector, a hincar picce of DNA,
a PCR fragment, a naked nucleic acid, or a nueleic acid complexed with a delivery vehicle such
as a liposome or poloxaraer. The exogenous polynucicotide template coraprises a sequence to be
integrated {(e.g., a mutated gene). The sequence for integration may be a sequence endogenous
or exogenous to the cell. Examples of a sequence to be integrated include polynuclestides
encoding a protein or a non~coding RNA {e.g., a microRNA). Thus, the sequence for integration
may be operably linked to an appropriate control sequence or sequences.  Alternatively, the
sequence to be integrated may provide a regulatory function. The upstream and downstrearn
sequences in the exogenous polynucleotide template are selected to promote recombination

between the chromosormal sequence of interest and the dovor polynucleotide.  The upstream
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sequence s a nucleic acid sequence that shares sequence similarity with the genome sequence
upstrears of the targeted site for integration. Sivatlarly, the downstream sequence s a nucleic
acid sequence that shares sequence similarity with the chromosomal sequence downstream of the
targeted site of integration. The upstrearn and downstream sequeunces 1 the exogenous
polynucleotide template can have 75%, 80%, 85%, 90%, 95%, or 100% scquence identity with
the targeted genome sequence. Preferably, the upstrearn and downstresm segquences in the
exogenous polynucieotide template have about 953%, 96%, 97%, 98%, 99%, or 100% sequence
identity with the targeted genome sequence. In sorne racthods, the upstrearn and downstream
sequences in the exogeoous polynucleotide template have about 99% or 100% sequence identity
with the targeted genome sequence. An upstream or downstream sequence may comprise from
about 20 bp to about 2500 bp, for example, about 50, 100, 200, 300, 400, 300, 640, 700, 800,
900, 1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2300,
2400, or 2500 bp. In some methods, the cxemplary upstream or downstream sequence have
about 200 bp to about 2000 bp, about 600 bp to about 10600 bp, or more particularly about 700 bp
to about 1000 bp. In some methods, the exogenous polynucleotide template may further
comprise a marker. Such a marker may make it easy to screen for targeted integrations.
Examples of suitable markers include restriction sites, fluorescent proteins, or seclectable
markers. The exogenous polynucleotide template of the invention can be constructed using
recombinant techniques (see, for example, Sambrook et al,, 2001 and Ausubel et al,, 1996} Ina
roethod for wodifying a target polynucleotide by infegrating av exogenous polyoucleotide
template, a double stranded break is introduced into the genome sequence by the CRISPR
complex, the break is repaired via homologous recornbination an exogenous polymucleotide
template such that the template is integrated into the genome. The presence of a double-stranded
break facilitates integration of the teruplate. In other cmbodiments, this invention provides a
method of modifying expression of a polynucieotide in a eukaryotic cell. The method comprises
increasing or decreasing expression of a target polynucleotide by using a CRISPR complex that
binds to the polynucleotide. In soroe methods, a target polynucieotide can be inactivated to effect
the modification of the expression in a cell. For example, upon the binding of a CRISPR
complex to a target sequence n a cell, the target polynucleotide is inactivated such that the
sequence is not transcribed, the coded protein is not produced, or the sequence does not function

as the wild-type sequence does. For example, a protein or mictoRNA coding sequence may be
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inactivated such that the protein or microRNA or pre-microRINA transcript is not produced. In
some wethods, a control sequence can be inactivated such that it no longer functions as a control
sequence. As used herein, “control sequence” refers to any nucleic acid sequence that effects the
transcription, translation, or accessibility of a vucleic acid sequence. Examples of a conirol
sequence include, a promoter, a transcription terminator, and an enhancer are control sequences.
The target polynucleotide of a CRISPR complex can be any polynucleotide endogenous or
exogenous to the eukaryotic cell. For example, the target polynucleotide can be a polynucleotide
residing in the nucleus of the cukaryotic cell. The target polynucleotide can be a scquence
coding a gene product {e.g, a protein) or a non-coding sequence {e.g., a regulatory
polymucleotide or a junk DNA). Examples of target polymuclectides include a sequence
associated with a signahng biochemical pathway, ¢.g., a signaling biochemical pathway-
associated gene or polynucleotide.  Examples of target polynucleotides include a disease

2%

associated gene or polynucleotide. A “disease-associated” gene or polynucleotide refers to any
gene or polynucleotide which is yielding transcription or translation products at an abnormal
icvel or 1t an abnormal form in cells derived from a discase-affected tissues comparcd with
tissues or cells of a non discase control. It may be a gene that becomes expressed at an
abnormally high level; it may be a gene that becomes expressed at an abnormally low level,
where the altered expression correlates with the occurrence and/or progression of the discase. A
disease-associated gene also refers to a gene possessing mutationds) or genetic variation that is
divectly responsible or s wn hokage disequilibriuro with a gene(s) that is responsible for the
ctiology of a disease. The transcribed or translated products may be known or unkoown, and
may be at a norrnal or abnormal level. The target polynucleotide of a CRISPR complex can be
any polynucleotide endogenous or exogenous to the eukaryotic cell. For example, the target
polymucleotide can be a polynucleotide residing in the nucleus of the cukaryotic cell. The target
polynucicotide can be a sequence coding a gene product {e.g., a protein) or a non-coding
sequence {¢.g., a regulatory polynucleotide or a junk DNA)., Without wishing to be bound by
theory, it is believed that the target sequence should be associated with a PAM (protospacer
adjacent motif); that 18, a short sequence recognized by the CRISPR complex. The precise
sequence and length requirements for the PAM differ depending on the CRISPR enzyme used,
but PAMs are typically 2-5 base pair sequences adjacent the protospacer (that is, the target

sequence) Examples of PAM sequences are given in the examples section below, and the skilied
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person will be able to identify further PAM sequences for use with a given CRISPR enzyme. In
some embodiments, the method coroprises allowing a CRISPR complex to bind to the target
polynucleotide to effect cleavage of said target polynucleotide thereby modifving the target
polynucleotide, wherein the CRISPR. complex comprises a CRISPR cnzyme complexed with a
guide sequence hybridized to a target sequence within said target polynucieotide, wherein said
guide sequence 18 linked to a tracr mate sequence which in turn hybridizes to a tracr sequence.
In one aspect, the invention provides a method of modifying expression of a polynuclestide in a
cukaryotic cell. In some embodiments, the method comprises allowing a CRISPR complex to
bind to the polyonucleotide such that said binding results in increased or decreased expression of
said polynucleotide; wherein the CRISPR complex comprises a CRISPR enzyme complexed
with a guide sequence hybridized to a target sequence within said polyoucieotide, wherein said
guide sequence is linked to a tracr mate sequence which in turn hybridizes to a tracr sequence.
Similar considerations and counditions apply as above for mcthods of moditying a target
polynucleotide. In fact, these sampling, culturing and re-introduction options apply across the
aspects of the present invention. In one aspect, the mvention provides for methods of modifying
a target polynucleotide in a cukaryotic cell, which may be in vive, ex vive or in vitro. In some
embodiments, the method comprises sampling a cell or population of cells from a human or non-
human animal, and modifying the cell or cells. Culturing may occur at any stage ex vive. The
cell or cells may cven be re-introduced into the non-human animal or plant. For re-introduced
cells it is particularly preferved that the celis are stem cells.

{3159] Indeed, in any aspect of the invention, the CRISPR complex may comprise a CRISPR
enzyme coraplexed with a guide sequence hybridized to a target sequence, wherein said guide
sequence may be linked to a tracr mate sequence which in turn may hybridize to a fracr
sequence.

[3166] This 1oveotion relates to the engincering and optimization of systems, methods and
compositions used for the control of gene expression involving sequence targeting, such as
genome perturbation or gene-cditing, that relate to the CRISPR-Cas system and coraponents
thereot as delivered by nanoparticle carrier. An advantage of the present methods is that the
delivery of the CRISPR systern can be directed to minimize off-target delivery and its resulting
side effects. This is achieved using delivery particle formulations and/or systers, preferably,

nanoparticle systems.
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Cas9

13161} Cas® optimization may be used to cvhavce function or to develop new functions, one can
generate chimeric CasY proteins. Examples that the Applicants have generated are provided in
Example 4. Chimeric Cas9 proteins can be made by corobining fragments from differcot Cas9
homologs. For example, two example chimeric Cas9 proteins from the Cas9s described herein.
For example, Apphicants fused the N-term of 5t1Cas9 (fragment from this protein is in bold)
with C-term of SpCas9. The benefit of making chimeric Cas%s include any or all of: reduced
toxicity; improved expression in cukaryotic cells; enhanced specificity;  reduced molecular
weight of protein, for example, making the protein smaller by combining the smallest domains
from different Cas9 homologs; and/or altering the PAM sequence requirement.

18162} The Cas9 may be used as a generic DNA binding protem. For example, and as shown
Example 5, Applicants used Cas® as a generic DNA binding protein by nmtating the two
catalytic domains (D10 and HR840) responsible for cleaving both strands of the DNA target. In
order to upregulate gene iranscription at a target locus Applicants fused a transcriptional
activation domain (VP64) to Cas9. Other transcriptional activation domains are known.  As
shown in Example 15, transcriptional activation is possible. As also shown in Example 15, gene
repression {in this case of the beta-catenin gene) is possible using a Cas® repressor (DNA-
binding domain} that binds to the target gene sequence, thus repressing ifs activity.

{4163} Cas9 and one or more guide RNA can be delivered using adeno associated virus (AAV),
lentivirus, adenovirus or other plasmud or viral vector types, in particular, using formulations and
doses from, for example, US Patents Nos. 8,454,972 (formulations, doses for adenovirus},
8,404,658 (formulations, doses for AAV) and 5,846,946 (formulations, doses for DNA plasmids)
and from clinical trials and publications regarding the chinical trials involving lentivirus, AAV
and adenovirus. For examples, for AAV, the route of administration, formulation and dose can
be as in US Patent No. 8,454,972 and as in clinical tnals involving AAV. For Adenovirus, the
route of administration, formulation and dose can be as in US Patent No. 8,404,658 and as in
chuoical tnals involving adenovirus.  For plasmud delivery, the route of adminisiration,
formulation and dose can be as in US Patent No 5,846,946 and as in clinical studies involving
plasroids. Doses may be based on or extrapolated to an average 70 kg ndividual, and can be
adjusted for patients, subjects, mammals of different weight and species.  Frequency of

admunistration is within the ambit of the medical or veterinary practitioner {e.g., physician,
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veterinarian), depending on usual factors including the age, sex, general health, other conditions
of the patient or subject and the particular condition or symptoms being addressed.

18164} The viral vectors can be injected into the tissue of interest. For cell-type specific genome
maodification, the expression of Cas9 can be driven by a cell-type specific provsoter. For
example, liver-specific expression might use the Albumin promoter and neuron-specific
expression might usc the Synapsin I promoter.

Transgenic animals and nlants

{#165] Transgenic anirnals arc also provided. Preferred examples include animals corprising
Cas9, in terms of polyoucleotides encoding Cas9 or the protein itself. Mice, rats and rabbiis are
preferred. To generate transgenic mice with the constructs, as exemplified herein one may inject
pure, linear DNA into the promucleus of a zygote from a pseudo pregnant fernale, ¢.g. a CB36
female. Founders may then be identified, genotyped, and backcrossed to CB37 mice. The
constructs may then be cloned and optionally verified, for mstance by Sanger sequencing.
Knock outs are envisaged where for instance one or more genes are knocked out in a model
However, are knockins arc also envisaged (alone or in combination). An exaraple knockin Cas9
mouse was generated and this is exemplified, but Cas® knockins are preferred. To generate a
Cas? knock in mice one may target the same constitutive and conditional constructs to the
Rosal6 locus, as described heremn (Figs. 22A-B and 23). Methods of US Patent Publication Nos.
20120017290 and 20110265198 assigned to Sangamo BioSciences, Inc. directed to targeting the
Rosa locus may be modified to utilize the CRISPR Cas system of the present invention. In
angther embodiment, the methods of US Patent Publication No. 20130236946 assigned to
Cellectis directed to targeting the Rosa locus may also be modified to utilize the CRISPR Cas
systers of the present invention.

13166} Utility of the conditional CasY mouse: Applicants have shown 1n 293 cells that the Cas9
conditional expression construct can be activated by co~-expression with Cre. Applicants also
show that the correctly targeted R1 mESCs can have active Cas% when Cre 1s expressed. Because
CasY is followed by the P2A peptide cleavage sequence and then EGFP Applicants wdentify
successful expression by observing EGFP. Applicants have shown Cas9 activation in mESCs.
This same concept 15 what makes the conditional Cas® mouse so usefull A cross of the
conditional Cas® mouse with a mouse that ubiquitously expresses Cre {(ACTB-Cre line) may

arrive at a mousce that expresses CasY in every cell. Delivery of chirmeric RNA induces genome
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editing in embryonic or adult mice. Interestingly, if the conditional Cas9 mouse 18 crossed with a
roouse expressing Cre under a tissue specific promoter, there s only be Cas9 i the tissues that
also express Cre. This approach may be used to edit the genome in only precise tissues by
delivering chivaeric RNA to the same tissue.

{#167] As mentioned above, transgenic animals are also provided, as are transgenic plants,
espectally crops and algac. The transgenic plants may be usctul in applications outside of
providing a disease model. These may include food or feed production through expression of,
for instance, higher protein, carbohydrate, nutrient or vitamun levels than would normally be seen
in the wildtype. In this regard, transgenic plants, especially pulses and tubers, and animals,
espectally mammals such as livestock {cows, sheep, goats and pigs), but also poultry and edible
tnsects, are preferred. Transgenic algac or other plants such as rape may be particularly useful
the production of vegetable oils or biofuels such as alcohols (especially methanol and ethanol},
for instance. These may be engincered to express or overexpress high levels of oil or aleohols
for use in the oil or biofuel industries.

Particle deliverv systems and/or formulations:

{3168] Scveral types of particle delivery systems and/or formulations are known to be useful in a
diverse spectrum of biomedical applications. In general, a particle is defined as a smali object
that behaves as a whole unit with respect to its transport and properties. Particles are further
classified according to diameter Coarse particles cover a range between 2,500 and 10,000
nanometers, Fine particles are sized between 100 and 2,500 nanometers. Ultratine particles, or
nanoparticles, are generally between T and 100 nanometers in size. The basis of the 108-nm limit
is the fact that novel properiics that differentiate particles from the bulk material typically
develop at a critical length scale of under 100 nm.

{#169] As used hercin, a particle dehivery system/formulation is defined as any biological
delivery systero/formulation which includes a particle in accordance with the present invention.
A particle in accordance with the present invention is any ontity having a greatest dimension
{e.g. diametery of less than 100 mucrons (). In some embodiments, nventive particles have a
greatest dimension of less than 10 um. In some embodiments, tnventive particles have a greatest
dimension of less than 2000 vanorocters (nm). In some ermbodiments, inventive particles have a
greatest dimension of less than 1000 nanometers (nm). In some embodiments, inventive particles

have a greatest dimension of less than 900 nm, 800 nm, 780 nro, 600 nm, 560 nm, 400 v, 3060
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nm, 200 nm, or 100 nm. Typically, inventive particles have a greatest dimension {(¢.g., diameter)
of 500 nm or less. In some embodiments, inventive particles have a greatest dimension {(e.g.,
diameter} of 250 nim or less. In some embodiments, inventive particles have a greatest dimension
{e.g., diameter) of 200 nm or less. In some embodiments, inventive particles have a greatest
dimension {e.g., diarmeter) of 150 nm or less. In some embodiments, tnventive particles have a
greatest dimension {c.g., diameter) of 100 nro or less, Smaller particles, e.g., having a greatest
dimension of 50 nm or less are used in some embodiments of the invention. In some
embodiments, inventive particles have a greatest dimension ranging between 25 wm and 200 wm.
{4178} Particle characterization (ucluding e.g., characterizing worphology, dimension, elc.) is
done using a variety of different technigues. Common techniques are electron microscopy (TEM,
SEM}, atomic force microscopy (AFM), dynamic Hght scattering (BLS), X-ray photoelectron
spectroscopy {XPS), powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), matrix-assisted laser desorption/ionization timc-of-fhight mass spectrornctry(MALDI-
TOF), ultraviplet-visible spectroscopy, dual polarisation interferometry and nuclear magnetic
resonance (NMR). Characterization {(diracnsion measurements) may be made 4s to native
particles (i.e., preloading} or after loading of the cargo (herein cargo refers to e.g., one or more
components of CRISPR-Cas system ¢.g.,, CRISPR enzyme or mRNA or guide RNA, or any
combination thereof, and may nclade additional carriers and/or excipients) to provide particles
of an optimal size for delivery for any in vitre, ex vivo and/or in vivo application of the present
fovention, lo  certain  preforred  embodiments, particle  dimeunsion  {c.g., diameter)
characterization is based on measurements using dynamic laser scattering {(DLS).

{8171} Particles delivery systems within the scope of the present invention may be provided i
any form, inchading but not limited to solid, semi-solid, emulsion, or colloidal particles. As such
any of the delivery systems deseribed herein, including but not limited to, ¢.g., hipid-based
systems, hiposomes, micelles, mucrovesicles, exosomes, or gene gun raay be provided as particle
delivery systemns within the scope of the present invention.

Nanoparticles

{#172] In terms of this invention, it is preferred to have one or more components of CRISPR
complex, e.g., CRISPR enzyme or mRNA or guide RNA delivered using nanoparticies or hipid
envelopes. Discussion herein as to other delivery systems or vectors are because such may be

used in conjunction with the nanoparticle aspects of the mvention.
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{#173} In general, a "nanoparticle” refers to any particle having a diameter of less than 1000 nm.
n certain preferred embodiments, nanoparticles of the invention have a greatest diraension {(e.g.,
diameter} of 500 nm or less. In other preferred embodiments, nanoparticles of the invention have
a greatest dimension ranging between 25 nrn and 200 na. In other preferred embodiments,
nanoparticles of the invention have a greatest dimension of 100 nm or less. In other preferred
cmbodiments, nanoparticles of the invention have a greatest dimension ranging between 35 nm
and 60 nm.

{8174} Nanoparticles encompassed in the present invention may be provided in different forms,
e.g., as solid nanoparticles (e.g., metal such as silver, gold, wrou, titanium}, non-metal, ipid-based
solids, polymers), suspensions of nanoparticles, or combinations thereof. Metal, dielectric, and
semiconductor nanoparticles muay be prepared, as well as hybuid structures (e.g, core—shell
nanoparticles). Nanoparticles made of semiconducting matertal may alse be labeled guantum
dots if they arc small cunough (typically sub 10 nm) that quantization of clectronic energy levels
occurs. Such nanoscale particles are used in biomedical applications as drug carriers or timaging
agents and may be adapted for strotlar purposes in the present invention.

{31758] Sermi-solid and soft nanoparticles have been manufactured, and are within the scope of
the present invention. A prototype nanoparticle of semi-solid nature is the liposome. Various
types of liposome nanoparticles are currently used clinically as delivery systems for anticancer
drugs and vaccines. Nanoparticles with one half hydrophilic and the other half hydrophobic are
termed Janus particles and are particularly effective for stabilizing eroulsions. They can self-
assemble at water/oil interfaces and act as solid surfactaunts.

18176} For exaraple, Su X, Fricke J, Kavanagh DG, Irvine DI ("In vitro and in vivo mRNA
delivery using lipid-enveloped pH-responsive polymer nanoparticles” Mol Pharm. 2011 Jun
6;8(3).774-87. dot: 10.1021/mp100390w. Epub 2011 Apr 1) describes biodegradable core-shell
structured nanoparticles with a poly(B-amino ester) (PBAE) core enveloped by a phospholipid
bilayer shell. These were developed for in vivo mRNA delivery. The pH-responsive PBAE
component was chosen to promote endosome disruption, while the hipid surface layer was
selected to minimize toxicity of the polycation core. Such are, therefore, preferred for delivering
RNA of the present mvention.

{8177] In one cmbodiment, nanoparticies based on self assembling bicadhesive polymers are

conternplated, which may be applied to oral delivery of peptides, intravenous dehivery of
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peptides and nasal delivery of peptides, all to the brain. Other embodiments, such as oral
absorption and ocular deliver of hydrophobic drugs are also conteroplated.  The molecular
envelope technology involves an engineered polymer envelope which is protected and delivered
to the siie of the disease {see, e.g., Mazza, M. ¢t al. ACSNano, 2013, 7(2): 1016-1026; Siew, A,
et al. Mol Pharm, 2012, 9(1):14-28; Lalatsa, A, et al. } Contr Rel, 2012, 161{2):523-36; Lalatsa,
AL, et al, Mol Pharm, 2012, 9(6):1665-80; Lalatsa, A., ¢t al. Mol Pharra, 2012, 9(6):1764-74;
Garrett, N.L., et al. J Biophotonics, 2012, 5(5-61:458-068; Garrett, N.L., et al. J Raman Spect,
2012, 43(5y:681-688; Ahmad, S., ¢t al. J Royal Soc Interface 2010, 7:5423-33; Uchegbu, LF.
Expert Opin Drag Deliv, 2006. 3(5):629-40; Qu, X et al. Biomacromolecules, 2006, 7(12):3452-
9 and Uchegbu, LF, et al. Int J Pharm, 2001. 224:185-199). Doses of about 5 mg/kg are
contemplated, with single or multiple doses, depending on the target tissue. It is mentioved
herein experiments involving mice involve 20g mammals and that dosing can be scaled up to a
70 kg human.

{6178] In one embodiment, nanoparticles that can deliver RNA to a cancer cell to stop tumor
growth developed by Dan Andersor’s lab at MIT may be used and/or adapted to the CRISPR
Cas system of the present invention. In particular, the Anderson lab developed fully automated,
combinatorial systems for the synthesis, purification, characterization, and formulation of new
biomaterials and nanoformulations. See, e.g., Alabi et al,, Proc Natl Acad Sci U S A, 2013 Aug
6; 110(321:12881-6; Zhang ot al, Adv Mater. 2013 Sep 6;25(33):4641-5; Jiang ¢t al., Nano Lett.
2013 Mar 13;13(3)3:1059-64;, Karagiannis ¢t al, ACS Nano. 2012 Oct 23;6(10):8484-7;
Whitehead et al.,, ACS Nano. 2012 Aug 28,6(R):6922-9 and Lee ¢t al., Nat Nanotechnol. 2012
Jun 3;7(6):389-93.

{#179] US patent application 20110293703 relates to lipidoid compounds are also particularly
uscfil 1 the administration of polynucleotides, which may be applied to dehiver the CRISPR Cas
system of the preseot inveution. In one aspect, the amivoalcohol lipideid compounds are
combined with an agent to be delivered to a cell or a subject to form nanoparticles. The agent to
be delivered by the particles may be in the form of a gas, Higuid, or solid, and the agent may be a
poelynucleotide, protein, peptide, or small molecule. The minoalcohol lipidoid compounds may
be combined with other aminoalcohol hpidoid compounds, polvmers (synthetic or natural),

surfactants, cholesterol, carbohydrates, proteins, lipids, etc. to form the particles. These particles
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may then optionally be combined with a pharmaceutical excipient to form a pharmaccutical
composition.

G188} US Patent Publication No. 0110293703 alse provides methods of preparing the
aminoalcohol lipidoid compounds. One or more equivalents of an amine are allowed to react
with one or more equivalents of an epoxide-terminated compound under suitable conditions to
form an aminoalcohol lipidoid compound of the present juvention. In certain cmbodiments, all
the aming groups of the amine are fully reacted with the epoxide-terminated compound to form
tertiary amines, In other embodiments, all the amino groups of the amine are not fully reacted
with the epoxide-terminated compound to form tertiary amines thereby resulting in primary or
secondary amines in the aminoalcohol lipidoid compound. These primary or secondary amines
are left as is or may be reacted with another clectrophile such as a different epoxide-terminated
compound. As will be appreciated by one skilled in the art, reacting an amine with less than
excess of epoxide-terminated compound will result in a plurality of different arninoalechol
lipidoid compounds with various numbers of tails. Certain amines may be fully functionalized
with two epoxide-derived compound tails while other molecules will not be completely
functionalized with epoxide~-derived compound tails. For example, a diamine or polyamine may
include one, two, three, or four epoxide-derived compound tails off the various amino moicties
of the mwolecule resulting 1u primary, secondary, and tertiary amines. In certain embodiments, all
the amine groups are not fully functionalized. In certain embodiments, two of the same types of
epoxide-terminated compounds are used. In other embodiments, two or more different cpoxide-
terminated compounds are used. The synthesis of the aminoalcohol lipidoid compounds is
pertormed with or without solvent, and the synthesis may be performed at higher temperatures
ranging from 30.-100 C., preferably at approximately 50.-90 C. The prepared aminoalcohol
fipidoid compounds may be optionally purificd. For example, the mixture of amunocalcohol
lipidoid compounds may be purified to yield an aminoalcohol lipidoid compound with a
particular number of epoxide-derived compound tails. Or the mixture may be purified to yield a
particular stereo~ or regioisomer. The aminoalcohol lipidowd compounds way also be alkylated
using an alkyl halide (e.g., methyl iodide} or other alkylating agent, and/or they may be acylated.
{3181} US Patent Publication No. §110293703 alsce provides libraries of aminoaleohol lipidoid
compounds prepared by the inventive methods. These aminoalcohol lipidoid compounds may be

prepared and/or screened using high-throughput technigues involving hquid handlers, robots,
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microtiter plates, computers, ctc. In certain embodiments, the aminoaleshol lipideid compounds
are screened for their ability to transfect polynucleotides or other agents {e.g., proteins, peptides,
small molecules) into the cell.

{#182] US Patent Publication No. 20130302401 relates to a class of poly(beta~-amino alcobols)
{PBAAs} has been prepared using combinatorial polymerization. The inventive PBAAs may be
used in biotechnology and biomedical applications as coatings {such as coatings of films or
muitilayer films for medical devices or implants), additives, materials, excipients, non-biofouling
agents, micropatterning agents, and ccllular cncapsulation agents. When used as surface
coatings, these PBAAs clicited different levels of inflammation, both in vitro and m vivo,
depending on their chemical structures. The large chemical diversity of this class of materials
allowed us to 1dentify polymer coatings that inhibit macrophage activation 1u vitro. Furthermore,
these coatings reduce the recruitment of inflammatory cells, and reduce fibrosis, following the
subcutancous iraplantation of carboxylated polystyrene microparticles. These polymers may be
used to form polyelectrolyte complex capsules for cell encapsulation. The invention may also
have many other biological applications such as antimicrobial coatings, DNA or siRNA delivery,
and stem cell tissue engineering. The teachings of US Patent Publication No. 20130302401 may
be applied to the CRISPR Cas system of the present invention.

{#183] In another ermnbodivoent, lipid vanoparticles (LNPs) are contemplated. In particular, an
antitransthyretin small interfering RNA encapsulated in lipid nanoparticies (see, ¢.g., Cociho et
al.,, N Engl J Med 2013;36%9:819-29) may be applied to the CRISPR Cas system of the preseot
invention. Doses of about 8.01 to about 1 mg per kg of body weight administered intravenously
are contemplated. Medications to reduce the risk of infusion-related reactions are contemplated,
such as dexamethasone, acetampinophen, diphenhydramine or cetirizine, and ranitidine are
contemplated. Multiple doscs of about 0.3 mg per kilogram cvery 4 weeks for five doses are also
contemplated.

{3184} LINPs have been shown to be highly effective in delivering siRNAs to the liver (see, e.g.,
Tabernero et al., Cancer Discovery, April 2013, Vol. 3, No. 4, pages 363-470) and are therefore
contemplated for delivering CRISPR Cas to the liver. A dosage of about four doses of 6 mg/kg
of the LNP cvery two weeks may be conternplated. Tabernero et al. demonstrated that tumor
regression was observed after the first 2 eycles of LNPs dosed at 0.7 mg/kg, and by the end of 6

cyeles the patient had achieved a vartial response with complete regression of the lymph node
3 F ] ] 2 ]
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metastasis and substantial shrinkage of the liver tumors. A complete response was obtained after
49 doses o this patient, who has remained 1o remussion and completed treatment after recetving
doses over 26 months. Two patients with RCC and extrahepatic sites of disease including kidney,
lung, and lymph nodes that were progressing following prior therapy with VEGF pathway
inhibitors had stable disease at all sites for approximately 8 to 12 months, and a patient with
PNET and liver metastases continued on the extension study for 18 months (36 doscs) with
stable disease.

{#185] However, the charge of the LNP must be taken into consideration. As cationic lipids
combined with negatively charged lipids to induce nounbilaver structures that facilitate
intracellular delivery. Because charged LNPs are rapidly cleared from circulation following
fntravenous injection, ionizable cationic hipids with pKa values below 7 were developed (see,
e.g., Rosin ot al, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011). Negatively
charged polymers such as siRNA oligonucleotides may be loaded into LNPs at low pH values
{e.g., pH 4} where the ionizable lipids display a positive charge. However, at physiclogical pH
valucs, the LNPs exhibit g low surface charge compatible with longer circulation times. Four
species of ionizable cationic lipids have been focused upon, namely 1,2-dilineoyl-3-
dimethylammonium-propane  (DLmDAP),  1.2-dilinoleyloxy-3-N,N-dimethylaminopropane
{(DEnDMA), 1,2-dilinoleyioxy-keto~-N,N-divocthyl-3~-aminopropane (DLinKDMA), and 1,2-
dilinoleyl-4-(2-dimethylaminocthyl)-[ 1,3 ]-dioxolane (DLinKCZ-DMA)}. It has been shown that
LNP siRNA systems coutaining these hpids exhubit remarkably different gene silencing
properties in hepatocytes in vive, with potencies varying according to the series DEnKC2-
DMA>DEmKDMA>DLinDMA>>DLinDAP employing a Factor VH gene silencing model (sce,
e.g., Rosin et al, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011}, A dosage of
I ug/ml levels may be contemplated, especially for a formulation containing DLinKC2-DMA.
{3186} Preparation of LNPs and CRISPR Cas encapsulation may be used/and or adapted froro
Rosin et al, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011). The cationic lipids
1,2~dihincoyl-3-dimethylammmonium-propane (DLinDAP), 1,2-dilinoleyloxy-3-N,N-
dimethylammopropane  (BLinDMA), 1 2-dilinclevioxyketo-N,N-dimethyl-3-aminopropane
(DLinK-DMA), 1,2-dilinoleyl-4-(2-dimethylaminocthyi}-{1.31-dioxolane (DLinKC2-DMA}, (3-
o-[2”-(methoxypolyethyleneglveol 2000} succinoyl}-12-dimyristoyl-su-glycol (PEG-S-DMG),

and R-3-{{ow-methoxy-poly(ethylene glycol}2000) carbamoyl}-1,2-dimyristyloxipropyl-3-amine
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{PEG-C-DOMG) may be provided by Tekmira Pharmaceuticals (Vancouver, Canada) or
synthesized. Cholesterol may be purchased from Sigma (St Louis, MO). The specific CRISPR
Cas RNA may be encapsulated in LNPs containing DLinDAP, DLinDMA, DLinK-DMA, and
DLnKC2-DMA (cationic lipid:DSPC:.CHOL: PEGS-DMG or PEG-C-DOMG at 40:10:40:10
molar ratios). When required, 80.2% SP-IHOCIE (Invitrogen, Burlington, Canada) may be
icorporated to assess cellular uptake, intraccliular delivery, and biodistribution.  Encapsulation
may be performed by dissolving lipid mixtures  comprised  of  cationic
iipid:DSPC cholesterol, PEG-¢-DOMG  (40:10:40:10 molar ratio) in cthanol to a final lipid
concentration of 10 mmol/L This ethanol solution of lipid way be added drop-wise to 50 marnol/l
citrate, pH 4.0 to form multilamellar vesicics to produce a final concentration of 30% cthanol
vol/vol. Large unilaroellar vesicles may be formed following extrusion of multilaroellar vesicles
through two stacked 80 nm Nuclepore polycarbonate filters using the Extruder (Northern Lipids,
Vancouver, Canada). Encapsulation may be achieved by adding RNA dissolved at 2 mg/mal in 50
mmol/l citrate, pH 4.0 containing 30% cthanol vol/vol drop-wise to extruded preformed large
unilamellar vesicles and incubation at 31 °C for 30 minutes with constant mixing to a final
RNA/ipid weight ratio of 0.06/1 wt/wt. Removal of cthanol and neutralization of formulation
buffer were performed by dialysis against phosphate-buffered saline (PBS), pH 7.4 for 16 hours
using Spectra/Por 2 regenerated cellulose dialysis membranes. Nanoparticle size distribution
may be determined by dynamic light scattering using a NICOMP 370 particle sizer, the
vesicle/iutensity modes, and Gausstan fitting (Nicowp Particle Sizing, Santa Barbara, CA). The
particle size for all three LNP systems may be ~70 nm in diameter. siRNA encapsulation
efficiency may be determined by rernoval of free siRNA using VivaPureDD MiniH columns
{Sartortus Stedim Biotech) from samples collected before and after dialysis. The encapsulated
RNA may be extracted from the cluted nanoparticles and quantified at 260 nm. siRNA to lipid
ratio was determined by measureroent of cholesterol content in vesicles using the Cholestero] E
enzymatic assay from Wako Chemicals USA (Richmond, VA}L

{#187] Preparation of large LNPs may be used/and or adapted frormn Rosin et al, Molecular
Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011, A lipid premix solution {20.4 mg/ml total
lipid concentration} may be prepared in cthanol containing DLinKC2-DMA, DSPC, and
cholesterol at 50:10:38.5 molar ratios. Sodium acetate may be added to the lipid premix at a

molar ratio of 0.75:1 (sodivm acctate:DLmmKC2-DMA). The lipids may be subsequently
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hydrated by combining the mixture with 1.85 volumes of citrate buffer (10 mmol/l, pH 3.0) with
vigorous sturing, resulting in spontancous liposome formation in aqueous buffer containing 35%
ethanol. The liposome solution may be incubated at 37 °C to allow for time-dependent increase
in particle size. Aliquots may be removed at various times during incubation to investigate
changes in liposome size by dynamic light scattering (Zetasizer Nano 285, Malvern Instruments,
Worcestershire, UK). Once the desired particle size s achieved, an agucous PEG hpid solution
(stock = 10 mg/m} PEG-DMG in 35% (vol/vol) ethanol) may be added to the liposome mixture
to yicld a final PEG molar concentration of 3.5% of total lipid. Upon addition of PEG-lipids, the
liposomes should their size, effectively quenching further growth. RNA may then be added to the
cmpty liposomes at an siRNA to total lipid ratio of approximately 1:10 (wtrwt), followed by
incubation for 30 minates at 37 °C to form loaded LNPs. The mixture may be subsequently
dialyzed overnight in PBS and filtered with a 0.45-um syringe filter,

{#188] Spherical Nucleic Acid (SNA™) constructs and other nanoparticles {(particularly gold
nanoparticles) are also contemplate as a means to delivery CRISPR/Cas systern to intended
targets.  Significant data show that AuraSense Therapeutics’ Spherical Nucleie Acid (SNAT
constructs, based upon nucleic acid-functionalized gold nanoparticies, are superior to alternative
platforms based on multiple key success factors, such as: High in vivo stability. (Duc to their
dense loading, a majority of cargo (DNA or siRNA) remnains bound to the constructs inside cells,
conferring nucleic acid stability and resistance to enzymatic degradation. ) Deliverability. (For all
cell types studied {e.g., neurouns, tumor cell lines, etc.) the constructs demoustrate a trausfection
efficiency of 99% with no need for carriers or transfection agents.) Therapeutic targeting. (The
unique target binding atfinity and specificity of the constructs allow exquisite specificity for
matched target sequences {i.e., limited off-target effects).) Superior efficacy. {The counstructs
significantly outperform leading conventional transfection reagents (Lipofectarnine 2000 and
Cytofectin).y Low toxicity. {The constructs can enter a variety of cultured cells, pumary cells,
and tissues with no apparent toxicity.) No significant immmune response. (The constructs elicit
miruroal changes 1n global gene expression as measured by whole-genoroe vocroarray studies
and cytokine-specific protein assays.) Chemical tailorability. (Any number of single or
combinatorial agents {c.g., proteins, peptides, small molecules) can be used to tatlor the surface
of the constructs.) This platform for nucleic acid-based therapeutics may be applicable to

numerous discase states, inchuding inflammation and infectious discase, cancer, skin disorders
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and cardiovascular discase. Citable hiterature includes: Cutler ¢t al,,. J. Am. Chem. Soc. 2011
133:9254-9257, Hao et al, Small. 2011 7:3158-3162, Zhang et al.,, ACS Nano. 2011 5:6962-
6970, Cutler et al, J. Am. Chem. Soc. 2012 134:1376-1391, Young et al , Nano Lett. 2012
12:3867-71, Zheng et al, Proc. Natl. Acad. Sci. USA. 2012 109:11975-80, Mirkin,
Nanomedicine 2012 7:635-638 Zhang et al, J. Am. Chem. Soc. 2012 134:16488-1691,
Wemntraub, Nature 2013 495:814-816, Choi et al, Proc. Natl. Acad. Sci. USA. 2013
FI0{19):.7625-7630, Jensen et al,, Sci. Transl. Med. 5, 20%9ra152 (2013} and Mirkin, et al,, Smali,
dot.org/10.1002/smH.201302143.

{4189} Scif-assembling navoparticles with siRNA may be constructed with polyethyleneimine
{PEI} that is PEGylated with an Arg-Gly-Asp (RGD) peptide ligand attached at the distal end of
the polvethylene glycol (PEG), for exarople, as a mcans to target tumor neovasculature
expressing integrins and used to deliver siRNA inhibiting vascular endothelial growth factor
receptor-2 (VEGF R2) expression and thereby turmor angiogenesis {see, ¢.g., Schiffelers et al,
Nucleic Acids Research, 2004, Vol. 32, No. 19}. Nanoplexes may be prepared by mixing equal
volurnes of aqueous solutions of cationic polymer and nucleic acid to give a net roolar excess of
ionizable nitrogen (polymer} to phosphate {nucleic acid) over the range of 2 to 6. The
electrostatic interactions between cationic polymers and nucleic acid resulted in the formation of
polyplexes with average particle size distribution of about 100 o, hevce referved to here as
nanoplexes. A dosage of about 100 to 200 mg of CRISPR Cas is envisioned for delivery in the
self-assembling nanoparticles of Schffelers et al,

{319¢] The nanoplexes of Bartlett ot al. (PNAS, September 25, 2007, vol. 104, no. 39) may also
be applied to the present invention. The nanoplexes of Bartlett ¢t al. are prepared by muxing
equal volumes of aqueous sohutions of cationic polymer and nucleie acid to give a net molar
excess of ionizable nitrogen (polyruer) to phosphate (nucleic acid) over the range ot 2 to 6. The
clectrostatic interactions between cationic polyroers and nucleic acid resulted in the formation of
polyplexes with average particle size distribution of about 100 nm, hence referred to here as
nanoplexes. The DOTA-siRNA of Bartlett et al. was synthesized as follows: 1,4,7,10-
tetraazacyclododecane-1,4,7, 10-tetraacetic  acid mono{N-hydroxysuccinimide ester) (DOTA-
NHSestery was ordered from Macrocyclics (Dallas, TX). The amine modifiecd RNA sense strand
with a 100-fold molar excess of DOTA-NHS-ester in carbonate buffer (pH 9} was added to a

microcentrifuge tube. The contents were reacted by stirring for 4 h at room teraperature. The
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DOTA-RNAsense conjugate was ethanol-precipitated, resuspended in water, and annealed to the
unmodified antisense sirand to yield DOTA-sIRNA. Al quids were pretreated with Chelex-100
{Bio-Rad, Hercules, CA) to remove trace metal contaminants. Tf-targeted and nontargeted
siRNA nanoparticles may be formed by using cyclodextrin-containing polycations. Typically,
nanoparticles were formed in water at a charge ratio of 3 (+/-) and an siRNA concentration of 0.5
g/liter. One percent of the adamantanc-PEG molecules on the surface of the targeted
nanoparticles were modified with T (adamantane-PEG-TT). The nanoparticles were suspended
in a 5% {wt/vol) glucose carricr solution for injection.

{#191] Davis et al. (Natare, Vol 464, 15 Apnl 2010) conducts a siRNA clinical trial that uses a
targeted nanoparticle-delivery system {clinical trial registration number NCTO0689065). Patients
with solid cancers refractory to standard-of-care therapies are admimstered doses of targeted
nanoparticles on days 1, 3, 8 and 10 of a 21-day cycle by 2 30-min intravenous infusion. The
nanoparticles consist of a synthetic delivery system containing: (1) a linear, cyclodextrin-based
polymer (CDP}, (2) a human trausferrin protein (TF) targeting ligand displayed oun the exterior of
the nanoparticle to cngage TF receptors (TFR) on the surface of the cancer cells, (3) a
hydrophilic pelymer (polyethylene glycol (PEG) used to promote nanoparticle stability in
biological fluids), and (4} siRNA designed to reduce the expression of the RRM2 {sequence used
in the clinic was previously denoted siR2B-+5). The TFR has long been known to be upregulate
in malignant cells, and RRMZ is an established anti-cancer target. These nanoparticles {clinical
version denoted as CALAA-(1) bave been shown to be well tolerated 1o woulti-dosing studies 1o
non-human primates. Although a single patient with chronic myeloid leukaemia has been
admunistered siRNAby liposomal delivery, Davis et al.’s clinical trial is the initial human trial to
systeraically deliver siRNA with a targeted delivery systemy and to treat patients with solid
cancer. To ascertain whether the targeted delivery system can provide effective delivery of
functional siRNA to human tamours, Davis et al. mnvestigated biopsies from three patients from
three different dosing cohorts; patients A, B and C, all of whom had metastatic melanoma and
received CALAA-O1 doses of 18, 24 and 30 mg m~ siRNA, respectively. Similar doses may also
be contemplated for the CRISPR Cas system of the present invention. The delivery of the
mvention may be achieved with nanoparticles containing a linear, cyclodexirin-based polyrer
(CDP), a human transferrin protein (TF) targeting ligand displayed on the exterior of the

nanoparticle to engage TF receptors {TFR) on the surface of the cancer cells and/or a hydrophilic
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polymer {(for example, polyethyiene glycol (PEG) used to promote nanoparticle stability in

biological fluids).

{8192} Kanasty and Anderson (Nature Materials, Vol 12 Nov 2013), initially submitted on 11

March 2013 and published online on 23 October 2013 provides a review of delivery of RNAL

e to the similarities between RNAG and CRISPR guide sequences, the teaching of this and

other art n respect of RNAt is informative for the mechanisras of delivering the guides i the

CRISPR-Cas system. Some of the techniques deseribed are also be suitable for delivery of the

Cas? as well. In some instance 1s may be useful to deliver the guides of the CRISPR-Cas9

systera separately from the Cas9. This may be as part of a dual-vector debivery system, where

the vectors are considered in the broadest light as simply any means of delivery, rather than
specifically viral vectors. It 1s envisaged that the Cas9 wmay be delivered via a viral vector and
that guides specific to genomic targets are delivered separately. As discussed herein, the guides
could be delivered via the same vector types as the Cas9, for example a dual-vector system
where the Cas?® is delivered in an AAV vector and the guide(s) are delivered in a separate AAY
vector. This can be done substantially contemporancously (i.¢. co-dehvery), but it could also be
done at separate poiuts in time, separated even by weeks or months. For exarnpile, if a first round
of CRISPR-Cas? systems have been delivered, but then it is subsequently required to provide
further guides, then the original Cas9 which s hopefully still functional in the target cells roay be
re-used. If the Cas9 is under the control of an inducible promoter, then induction of transcription
of new CAsY in the target cells s preferred. Equally, if a CAs9-expressing model provided for
herein is used, then only delivery of guide(s) is necessary.  Accordingly, where delivery of
guide(s) is required separately from Cas9, then ot may be delivered in much the same way as

RNAIL As such, the review by Kanasty is helpfal in pointing out a number of known approaches

that arc suitable, with particular focus on the liver, although the means of delivery arc generally

appropriate for a broad range of cells. Examples include:

e “Liposormal dehivery system, as well as siRNA conjugated to lipophilic molecules, interact
with serum lipoproteins and subsequently gain cutry iuto bepatocytes that take up those
lipoproteins;”

¢ PEGylation;

e Conjugates such as:

3
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o Dynamic Polyconjugates (BPCs, 10nm nanoparticles), which have been shown to deliver

RNA to successfully supress ApoB; and Triantennary GalNAc conjugates are “both highly

Other navoparticles include:

o Cyclodextrin Polymer nanoparticles {(CDP), including additional formulation components
such as adamantine-PEG (AD-PEG) and adamantine-PEG-transferrin (AD-PEG-TH) ;

o Lipid Nanoparticles (LNP), inchuding cationic or tonisable lipids, shielding lipids, cholesterol
and cndogenous or cxogenous targeting ligands. An example of an endogenous targeting
figand is Retinol Binding protein (RBP) useful for targeting hepatic and pancreatic stellate
cells, which express the RBP receptor. An example of an exogenous targeting ligand i
GalNac, which also targets the hver via the asialoglycoprotein receptor ou hepatocytes. A
combined approach is seen in Anlylams ALN-VSP;

“Fenestrations in the Hiver endothelium allow molecules 100-200 nm in diameter to diffuse out
of the bloodstream and gain access to the hepatocytes and other liver cells”;

Ligands such as GalNAc are suitable for delivery to non-parenchymal hver cells expressing
the mannose receptor, and to hepatocytes where conjugation of suitable siRINA to a GalNAc
higand has been shown to successtully supress PCSK9; and
Oligonucleotide nanoparticles (ONPs) composed of composed of complimentary DNA
fragroents designed to hybridise into a pre-defived 3D structure. Using suitable 37 overhand
sequences, 6 siRNA strands could be attached to each particle, even at a specified position.

The hydrodynanmic diarmcter was about 2%,

{#193] These approaches are preferred in some embodiments for delivery of at least the guides

for a CRISPR-Cas9 system. Especially preferred are Dyvnamic Polveonjugates or the use of an
Y Y] 3 Ut

endogenous fargeting higands such as Retinol Binding protein or exogenous targeting ligands

such as GallNac.

[#194] US Patent No. 8,709,843, incoportated herein by reference, provides a drug delivery

system for targeted delivery of therapeutic agent-containing particles to tissues, cells, and

mtracellular compartments. The nvention provides targeted particles comprising comprising

polymer conjugated to a surfactant, hydrophilic polymer or lipid. US Patent No. 6,007,845,

incorporated herein by reference, provides particles which have a core of a multiblock copolymer

formed by covalently linking a multifunctional compound with one or more hydrophobic
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polymers and one or more hydrophilic polymers, and conatin a biologically active material. US
Patent No. 5,855,913, incorporated herein by refercuce, provides a particulate composition
having acrodynamically Hght particles having a tap density of less than 0.4 g/em’ with a mean
diameter of between 5 wro and 30 um, incorporating a surfactant on the surface thercof for drug
delivery to the pulmonary system. US Patent No. 5,985,309, wcorporated herein by reference,
provides particles incorporating a surfactant and/or a hydrophilic or hydrophobic complex of a
positively or negatively charged therapeutic or diagnostic agent and a charged molecule of
opposite charge for delivery to the pulmonary system. US. Patent No. 5,543,158, incorporated
hercin by reference, provides biodegradable injectable nanoparticles having a biodegradable
solid core coutaining a biologically active material and poly(alkyvlene glycoly moicties on the
surface. WO2012135025 (also published as US20120251560), incorporated herein by reference,
describes conjugated polyethylencimine (PED polymers and conjugated aza-roacrocycles
{collectively referred to as “conjugated lipomer” or “lipomers™). In certain embodiments, it can
cuvisioned that such conjugated lipomers can be used in the context of the CRISPR-Cas systern
to achieve in vitro, ex vive and in vive genomic perturbations to modify gene expression,
including modulation of protein cxpression. Techniques of these patent docurncnts can be
adapted in the practice of the instant invention.

{¢#195] In one embodiment, the nanoparticle may be epoxide-medified lipid-polymer,
advantageously 7C1 {(see, e¢.g., Jarnes E. Dablman and Carmen Bames ef «l. Nature
Nanotechnology (2014) published online 11 May 2014, do1:10.1038/nnan0.2014.84}. C71 was
synthesized by reacting C15 cpoxide-terminated lipids with PEISUOD at a 141 wolar ratio, and
was formulated with C14PEGZ000 to produce nanoparticles (diameter between 35 and 60 nm)
that were stable in PBS solution for at least 40 days. An epoxide-raoditfied lipid-polymer may be
utilized to deliver the CRISPR-Cas system of the present invention to pulmonary, cardiovascular
or renal cells, however, once of skill n the art may adapt the system to deliver to other target
organs. [Dosage ranging from about 0.05 to about 0.6 myg/kg are envisioned. Dosages over
several days or weeks are also envisioned, with a total dosage of about Z mg/kg.

Exosomes

18196} Exosomes are endogenous nano-vesicles that transport KNAs and proteins which can
debiver short interfering (s1)RMNA to the brain 1n mice. To reduce immunogenicity, Alvarez-Erviti

et al. {2011, Nat Biotechnol 29: 341} used self-derived dendritic cells for exosome production.
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Targeting was achieved by engineering the dendritic cells to express LampZb, an exosomal
membrane protein, fused to the neuron-specific RVG peptide3. Purified exosomes were loaded
with exogenous siRNA by electroporation. Intravenously injected RVG-targeted exosomes
debivered GAPDH «iRNA specifically to newrons, microglia, oligodendrocytes 1o the brawn,
resulting in a specific gene knockdown. Pre-exposure to RVG exosomes did not attenuate
knockdown, and non-specific uptake in other tissucs was not obscrved. The therapeutic potential
of exosome-mediated siRNA delivery was demonstrated by the strong mRNA (66%) and protein
{62%) knockdown of BACE]1, a therapeutic target in Alzheimer's discasc.

{#197] To obtain a pool of immmunologically inert exosomes, Alvarez-Erviti et al. harvested bone
marrow from inbred C57BL/6 mice with a homogenous major histocompatibility complex
{MHC) haplotype. As immature dendritic cells produce large quantitics of exosores deveid of
T-cell activators such as MHC-1I and CD86, Alvarez-Erviti et al. sclected for dendritic cells with
granulocyte/macrophage-colony stimulating factor (GM-CSF) for 7 d. Exosomes were purified
from the culture supernatant the following day using well-established ultracentrifugation
protocols. The cxosomes produced were physically homogenous, with a size distribution peaking
at 80 nm in diameter as determined by nanoparticle tracking apalysis (NTA} and electron
microscopy. Alvarez-Erviti et al. obtained 6-12 ug of exosomes {measured based on protein
concentration) per 10° cells.

{#198] Next, Alvarez-Erviti ¢t al. investigated the possibility of loading modificd exosomes with
exogenous cargoes using electroporation protocols adapted for vavoscale applications. As
clectroporation for membrane particles at the nanometer scale s not well-characterized,
nonspecific CyS-labeled siRNA was used for the cropirical optimization of the electroporation
protocol. The amount of encapsulated siRNA was assayed after ultracentrifugation and lysis of
exosomes. Electroporation at 400 V and 125 pF resulted i the greatest retention of siRNA and
was used for all subsequent experiroents.

18199] Alvarez-Frviti et al. administered 150 pg of cach BACET siRNA encapsulated in 150 pg
of RVG exosomes to normal C37BL/6 roice and coropared the knockdown cthiciency to four
controls: untreated mice, mice injected with RVG exosomes only, mice injected with BACE]
siRNA complexed to an i vive cationic liposome reagent and mice injected with BACET siRNA
complexed to RVG-9R, the RV G pep tide conjugated to ¢ D-arginines that electrostatically binds

to the siRNA. Cortical tissue samples were analyzed 3 d after administration and a significant
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protein knockdown (45%, P < 0.05, versus 62%, P < 0.01) in both siIRNA-RVG-9R-treated and
siRNARVG exosome-treated mice was observed, resulting from a significant decrease in
BACE! mRNA levels (66% [+ or -} 15%, P < 0.001 and 61% [+ or -] 13% respectively, P <
0.01). Moreover, Applicants demoustrated a sigoificant decrcase (55%, P < 0.05) in the total
[betal-amyloid 1-42 levels, a main component of the amyloid plagues in Alzheimer's pathology,
in the RVG-exosome-treated animals. The decrease observed was greater than the Pramylowd 1-
40 decrease demonstrated in normal mice after intraventricular injection of BACET inhibitors.
Alvarcz-Erviti ¢t al. carried out S'-rapid amplification of ¢DNA ends (RACE) on BACE!L
cleavage product, which provided evidence of RN Ai~mediated knockdown by the aRNA.

(#2068} Finally, Alvarez-Erviti ot al. investigated whether SiRNA-RVG e¢xosomes induced
mmane responses in vivo by assessing 1L-6, IP-10, TNFo and IFN-o serumn concentrations.
Following SiIRNA-RVG exosome treatment, nonsignificant changes in all cytokines were
registered sirntlar to sSiRNA-transfection reagent treatment in contrast to sSIRNA-RVG-9R, which
potently stimulated 1L-6 secretion, confirming the immunoclogically inert profile of the exosome
treatrucnt. Given that exosomes encapsulate only 20% of siRNA, delivery with RVG-exosome
appears to be more efficient than RVG-9R delivery as comparable mRNA knockdown and
greater protein knockdown was achieved with fivefold less siRNA without the corresponding
level of imroune stiraulation. This experiment dervonstrated the therapeutic potential of RVG-
exosome technology, which is potentially suited for long-term silencing of genes related to
neurodegenerative discases. The exosome delivery system of Alvarez-Erviti et al. may be applied
to deliver the CRISPR-Cas system of the present invention to therapeutic targets, especially
neurodegenerative discases. A dosage of about 100 to 1000 mg of CRISPR Cas cncapsulated in
about 100 to 1000 mg of RV exosomes may be conteraplated for the present invention.

{6201} El-Andalousst ¢t al. {(Nature Protocols 7,2112-2126{2012)) discloses how exosomes
derived from cultured cells can be harnessed for delivery of siRNA in vitro and in vivo. This
protocol first describes the generation of targeted exosomes through transfection of an expression
vector, comprising an exosomal protein fused with a peptide higand. Next, El-Andalousst et al.
explain how to purify and characterize exosomes from transfected cell supernatant. Next, El-
Andaloussi ¢t al. detail crucial steps for loading siRNA into exosomes. Finally, El-Aundalousst et
al. outline how to use exosomes o efficiently deliver sSIRNA in vitro and in vive in mouse brain.

Examples of anticipated results in which exosome-mediated siRNA delivery s evaluated by
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functional assays and imaging are also provided. The entire protocol takes ~3 weeks. Delivery or
administration according to the tnvention may be performed using exosomes produced from self-
derived dendritic cells,
18262] In another cmbodiment, the plasma cxosomes of Wahlgren et al. (Nucleic Acids
Research, 2012, Vol. 40, No. 17 ¢130) are contemplated. Exosomes are nano-sized vesicles (30—
S0unm in size) produced by many cell types, inchiding dendritic cells (DC}, B cells, T cells, mast
cells, epithelial cells and tumor cells. These vesicles are formed by mward budding of late
endosomes and are then released to the extracellular environment upoun fusion with the plasma
merbrane. Because exosomes naturally carry RNA between cells, this property mught be useful
in gene therapy.
{#203] Exosomes from plasma arc prepared by centrifugation of buffy coat at 900g for 20 min to
isolate the plasma followed by barvesting cell supernatants, ceontrifuging at 300g for 10 mun to
eliminate cells and at 16 500g for 30 min followed by filtration through a 0.22 mm filter.
Exosomes are pelleted by ultracentrifugation at 120 000g for70 min. Chemical transfection of
SiRNA into exosomes is carried out according to the manufacturer’s instructions in RNAI
Human/Mouse Starter Kit (Quiagen, Hilden, Germany). siRNA 18 added to 100 mi PBS at a final
concentration of 2 mmol/ml. After adding HiPerFect transfection reagent, the mixture is
incubated for 10 min at RT. In order to remove the excess of micelles, the exosomes are re-
isolated using aldehyde/sulfate latex beads. The chemical transfection of CRISPR Cas into
exosomes may be conducted similarly to siRNA. The exosomes may be co-cultured with
roonocytes and lyraphocytes isolated frovo the periphberal blood of healthy donovs. Therefore, it
may be contemplated that exosomes containing CRISPR Cas may be introduced to monocytes
and lymphocytes of and autologously remntroduced into a human. Accordingly, delivery or
administration according to the invention may beperformed using plasma exosomes.

Liposomes
18204} Delivery or administration according to the invention can be performed with Hiposomes.
Liposomes are spherical vesicle structures composed of 2 uni- or multilamellar lipid bilayer
surrounding internal agueous compartoents and a relatively wopermeable outer hipophulic
phospholipid bilayer. Liposomes have gained considerable attention as drug delivery carriers
because they are biocompatible, nontoxic, can deliver both hydrophilic and hpophilic drug

molecules, protect their cargo from degradation by plasma enzymes, and transport their load
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across biological membranes and the blood brain barrier (BBB) {(see, ¢.g., Spuch and Navarro,
Journal of Drug Delivery, vol. 2011, Asticle 3 469673, 12 pages, 201%L
do1:10.1155/2011/469679 for review). Liposomes can be made from several different types of
lipids; however, phospholipids are most coromonly used to generate hposorues as drug carriers.
Although liposome formation is spontancous when a lipid film is mixed with an aqueous
solution, it can also be cxpedited by applying force in the form of shaking by using a
homogenizer, sonicator, or an extrusion apparatus (see, e.g., Spuch and Navarro, Journal of Drug
Delivery, vol. 2011, Article 1D 469679, 12 pages, 2011, doi:10.1155/2011/469679 for review).
{6205] Scveral other additives may be added to liposomes n order to modify thew structure and
propertics. For instance, cither cholesterol or sphingomyelin may be added to the liposomal
mixture in order to help stabilize the liposomal structure and to prevent the leakage of the
liposomal inner cargo. Further, Hposomes are prepared from  hydrogenated egg
phosphatidyicholine or cgg phosphatidyicholine, cholesterol, and dicetyl phosphate, and their
mean vesicle sizes were adjusted to about 30 and 100 om. (see, e.g., Spuch and Navarre, Journal
of Drug Delivery, vol. 2011, Article ID 469679, 12 pages, 2011, dot:10.1155/2011/469679 for
review ). Conventional Hposome formmulation is mainly comprised of natural phospholipids and
lipids such as 1,2-distearoryl-sn-glycero-3-phosphatidyl choline (DSPC), sphingomyelin, egg
phosphatidyicholines and monosialoganglioside. Siuce this formulation is made up of
phospholipids only, liposomal formmulations have encountered many challenges, one of the ones
being the instability in plasma. Several attemipts to overcome these challenges have been made,
specifically in the manipulation of the lipid membrane. One of these attempts focused on the
manipulation of cholesterol. Addition of cholesterol to conventional formulations reduces rapid
release of the encapsulated bioactive compound into the plasma or 1,2-disleoyl-sn-glycerg-3-
phosphocthanolamine (DOPE) mcreases the stability (see, e.g., Spuch and Navarro, Journal of
Drug Delivery, vol. 2011, Acticle 1D 469679, 12 pages, 2011, doi:10.1155/2011/469679 for
FVICW ).

{6206} In a particularly advantageous embodiment, Trojan Horse liposomes {also known as
Molecular  Trojan  Horses) arc  desirable  and  protocols may be found  at
http://cshprotocols.cship.org/content/2010/4/pdb. prot5407 long. These particles allow delivery of
a transgene to the entire brain after an imtravascular injection. Without being bound by limitation,

it 1s behicved that neutral lipid particles with specific antibodics conjugated to surface allow
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crossing of the blooed brain barrier via endocytosis. Applicant postulates utilizing Trojan Horse
Liposomes to deliver the CRISPR family of nucleases to the brain via an intravascular injection,
which would allow whole brain transgenic animals without the need for embryonic
manipulation. About 1-5 g of DNA may be contemplated for in vivo admimstration in Hposomes,
{62871 In another embodiment, the CRISPR Cas systern may be administered in liposomes, such
as a stable nucleic-acid-lipid particle (SNALP) (see, e.g., Morrissey et al., Nature Biotechnology,
Vol. 23, No. 8, August 2005). Daily intravenous injections of about 1, 3 or 5 mg/kg/day of a
specific CRISPR Cas targeted in a SNALP are contemplated. The datly treatment may be over
about three days and then weckly for about five weeks. In another embodivaent, a speaific
CRISPR Cas encapsulated SNALP) administered by intravenous injection to at doscs of abpit 1
or 2.5 mg/kg are also contemplated (see, e.g., Zivornerman et al,, Nature Letiers, Vol. 441, 4 May
2006). The SNALP formulation may contain the lipids 3-N-[{wmethoxypoly(cthylene glycol)
2000) carbamoyl] -1 2-dimynstyloxy-propylamine (PEG-C-DMA), 1,2-dilinoleyloxy-N,N-
dimethyl-3-aminopropane (DLinDDMA), 1,2-distearoyl-sn~glycero-3-phosphocholine (DSPC) and
cholesterol, in a 2:40:10:48 roolar per cont ratio {(sce, ¢.g., Zimmerrnan ¢t al., Nature Letters, Vol
441, 4 May 20006}

18208} In another embodiment, stable mucleic-acid-lipid particles (SNALPs) have proven to be
effective delivery roolecules to highly vascularized HepG2-derived liver tumors but not in poorly
vascularized HCT-116 derived biver tumors {(see, e.g., Li, Gene Therapy (2012) 19, 775-780).
The SNALP biposomes may be prepared by formulating D-Lin-DMA and PEG-C-DMA with
distearoyiphosphatidylcholine (DSPC), Cholesterol and siRNA using a 25:1 lipid/siRNA ratio
and a 48/40/10/2 molar ratio of Cholesterol/D-Lin-DMA/DSPC/PEG-C-DMA. The resulted
SNALP liposomes are about 80-100 nm in size.

{0269] In vyot anothor embodiment, a SNALP may comprise synthetic cholesterol (Sigma-
Aldrich, St Louis, MO, USA), dipalmitoylphosphatidylcholhine (Avanti Polar Lipids, Alabaster,
AL, USA}, 3-N-[{w-methoxy poly{cthylene glycol 12000 )carbamoyl}-1,2-
dimyrestyvloxypropylamine, and cationic 1,2-dilinoleyloxy-3-N Ndimethylaminopropane {see,
¢.g., Geisbert et al., Lancet 2010; 375: 1896-9035). A dosage of about 2 mp/kg total CRISPR Cas
per dose admimnistered as, for example, a bolus intravenous infusion may be contemplated. In yet
another embodiment, a SNALP may comprise synthetic cholesterol (Sigma-Aldrich), 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti Polar Lipids Inc.), PEG-¢DMA, and 1,2-
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dilinoleyloxy-3-{N;N-dimethylaminopropane {(DLinDMA) (see, c.g., Judge, J. Clin. Invest.
119:661-673 (2009)). Formulations used for in vivo studics may coroprise a final liptd/RNA
mass ratio of about 9:1.

{6218] The safety profile of RNA1L nanomedicines has been reviewed by Barros and Gollob of
Alnylam Pharmaceuticals (see, e.g., Advanced Drug Delivery Reviews 64 (20123 1730-1737).
The stable nucleic acid hipid particle (SNALP) 1s comprised of four different lipids — an
ionizable lipid (DLinDBMA) that is cationic at low pH, a neutral helper lipid, cholesterol, and a
diffusibie polyethylene glycol (PEG)-lipid. The particle 1s approximately 80 mm in diamcter and
is charge-neuiral at physiologic pH. During formulation, the jonizable lipid serves to condeuse
fipid with the anionic siRNA during particle formation. When positively charged under
increasingly acidic endosomal counditions, the ionizable hipid also mediates the fusion of SNALP
with the endosomal membrane cnabling release of siRNA into the cytoplasm. The PEG-lipid
stabilizes the particle and reduces aggregation during forraulation, and subscquently provides a
neutral hydrophilic exterior that improves pharmacokinetic properties.

16211} To date, two clinical programs have been initiated using SNALPsiRNA formulations.
Tekmira Pharmaceuticals recently completed a phase 1 single-dose study of SNALP-ApoB in
adult volunteers with elevated LDL cholesterol. ApoB is predominantly expressed in the liver
and jejuoure and is essential for the assembly and secretion of VEDL and LDL. Seventeen
subjects received a single dosc of SNALP-ApeB (dose escalation across 7 dose levels). There
was no evidence of liver toxicity (aunticipated as the potential dose-limiting toxicity based on
preclinical studies). One {of two) subjects at the highest dose experienced fhu-like symptoms
consistent with immune systern stimulation, and the decision was made to conclude the trial.
{6212} Alnylam Pharmaceuticals has similarly advanced ALN-TTROI, which employs the
SNALP technology described above and targets hepatocyte production of both mutant and wild-
type TTR to treat TTR amyloidosis (ATTR). Three ATTR syndromes bave been described:
fapmlial amyloidotic polyneuropathy (FAP) and familial amyloidotic cardiomyopathy (FAC) —
both caused by autosomal dominant mutations in TTR; and senile systemic aroylowdosis (SSA)
cause by wildtype TTR. A placcbo-controlled, single dose-cscalation phase I trial of ALN-
TTRO!L was recently completed in patients with ATTR. ALN-TTRO! was admunistered as a 15-
minute IV infusion to 31 patients (23 with study drug and 8 with placebo) within a dose range of

0.01 to 1.0 mag/kyg (based on siRNA}. Treatmentwaswell tolerated with no significant increases in
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itver function tests. Infusion-related reactions were noted in 3 of 23 patients at>0.4 mg/kg; all
responded to slowing of the infusion rate and all contivued on study. Minimal and transient
elevations of scrum cytokines {L-6, IP-10 and IL-1ra were noted in two patients at the highest
dose of 1 mg/kg (as anticipated from prechinical and NHP studies). Lowering of serum TTR, the
expected pharmacodynamics effect of ALN-TTR{31, was observed at 1 mg/kg.

{8213} In yot another cmbodiment, a SNALP may be made by solubilizing a cationic lipid,
DSPC, cholesterol and PEG-lipid were solubilized in cthanol at a molar ratio of 40:10:40:10,
respectively (sce, Semple et al., Nature Niotechnology, Volume 28 Number 2 February 2010, pp.
172-177). The bpid mixture was added to an aqueous buffer (50 mM citrate, pH 4) with mixing
to a final ethanol and lipid concentration of 30% (vol/vol} and 6.1 mg/ml, respectively, and

allowed to equilibrate at 22 °C

for 2 min before extrusion. The hydrated lipids were extruded
through two stacked 80 nm pore-sized filters (Nuclepore} at 22 °C using a Lipex Extruder
{Northernn Lipids) until a vesicle diameter of 70-90 wm, as determuined by dynamic light
scattering analysis, was obtained. This generally required 13 passes. The siRNA (solubilized in
a SO mM citrate, pH 4 aqueocus solution countaining 30% ecthanol) was added to the pre-
equilibrated {35 °C) vesicles at a rate of ~5 ml/min with mixing. After a final target siRNA/lipid
ratio of 0.06 (wt/wt} was reached, the mixture was incubated for a further 30 min at 35 °C to
allow vesicle reorganization and encapsulation of the siRNA. The cthanol was then removed and
the external buffer replaced with PBS (155 mM NaCl, 3 mM Na2HPO4, 1 mM KHZPC4, pH
7.5) by cither dialysis or tangential flow diafiliration. StRNA were encapsulated 1 SNALP using
a controlled step-wise dilution method process. The lipid constituents of KC2-SNALP were
DLin-KC2-DMA (cationic lipid), dipalmttoylphosphatidylcholine (DPPC; Avanti Polar Lipids),
synthetic cholesterol (Sigma} and PEG-C-DMA used at a molar ratio of 57.1:7.1:34.3:1.4. Upon
formation of the loaded particles, SNALP were dialyzed against PBS and filter sterilized through
a 0.2 um filter before use. Mean particle sizes were 75-85 nm and 90-95% of the siRNA was
encapsulated within the lipid particles. The final siRNA/lipid ratio in formulations used for in
vivo testing was ~0.15 (wi/wi). LNP-siRNA systems contaming Factor VI siRNA were diluted
to the appropriate concentrations in sterile PBS immediately before use and the formulations
were administered intravenously through the lateral tail vein in a total volurne of 10 mlkg. This

method may be extrapolated to the CRISPR Cas system of the present invention,

Other Lipids
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{#214] Other cationic lipids, such as amino lipid 2,2-dilinoleyl-4-dimethylaminoethyl-{1,3]-
dioxolane (DLn-KC2-DMA) roay be utilized to encapsulate CRISPR Cas similar to SiRNA
(see, e.g., Jayaraman, Angew. Chem. Int, Ed. 2012, 51, 8529 -8533). A preformed vesicle with
the  following  lipid  coroposition  may  be  coutemplated: amino  hipid,
distearoyiphosphatidylcholine (DSPC), cholesterol and (R)-2,3-bis{octadecyloxy} propyl-i-
{mcthoxy poly{cthylene glycol)2000)propylcarbamate  (PEG-lipid) i the mwolar ratio
40/10/40/19, respectively, and a FVI sikNA/total lipid ratio of approximately .05 (w/w). To
ensure a narrow particle size disiribution in the range of 70-90 nm and a low polydispersity
index of 0.11 0.04 (n=56), the particles may be extruded up fo three times through B0 nm
membranes prior o adding the CRISPR Cas RNA. Particles containing the highly potent amino
lipid 16 may be used, in which the molar ratio of the four lipid components 16, DSPC,
cholesterol and PEG-lipid (50/10/38.5/1.5) which may be further optimized to enhance in vivo
activity.

{6215} Michael § D Kormann et al. ("Expression of therapeutic proteins after delivery of
chemically modifiecd mRNA in mice: Nature Biotechnology, Volume:29, Pages: 154-157 (2011)
Published online 09 January 2011) describes the use of lipid envelopes to deliver RNA. Use of
lipid cnvelopes is also preferred in the present invention. In another embodiment, lipids may be
formulated with the CRISPR Cas system of the present invention to form lipid navoparticles
{ENPs). Lipids include, but are not himited to, DLin-KC2-DMA4, C12-200 and colipids
disteroyiphosphatidyl choline, cholesterol, and PEG-DMG may be formualated with CRISPR Cas
instead of siIRNA (see, e.g., Novobrantseva, Molecular Therapy-Nucleic Acids (2012} 1, e4;
dot:10.1038/mtna. 201 1.3) using a spontancous vesicle formation procedure. The component
molar ratio may be about 530/10/38.5/1.5 (BLmn-KC2-DMA or C12-200/disteroyiphosphatidyl
choline/cholesterol/PEG-DMG). The final lipid:siRNA weight ratio may be ~12:1 and 9:1 in the
case of DLn-KC2-DMA and C12-200 lpid nanoparticles (LNPs), respectively. The
formulations may have mean particle diameters of ~80 nm with >%0% entrapment efficiency. A
3 mg/kg dose mway be contemplated. Tekmura has a portfoho of approximately 95 patent families,
in the U.8. and abroad, that arc directed to various aspects of LNPs and LNP formmulations {see,
¢.g, U.S. Pat. Nos. 7,982,027, 7,799,565; 8,058,0069; §,283333; 7,901.708; 7,745,651,
7,803,397, 8,101,741, & 188,263; 7,915,399; 8,236,943 and 7,838,658 and European Pat. Nos
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4766035, 1519714; 1781593 and 1664316), all of which may be used in and/or adapted to
practice the present jnvention.

18216} The CRISPR Cas systern may be delivered encapsulated in PLGA Microspheres such as
that further descuibed m US published applications 20130232281 and 20130245107 and
20130244279 (assigned to Moderna Therapeuticsy which relate to aspects of formulation of
compositions comprising modified nucleic acid molecules which may encode 4 profein, a protein
precurser, or a partially or fully processed form of the protein or a protein precursor. The
formulation may have a molar ratio S0:10:385:1.5-3.0  (cationic  lipid:fusogenic
lipid:cholesterol: PEG lipid). The PEG lipid may be selected from, but is not limited to PEG-c¢-
DOMG, PEG-DMG. The fusogenic lipid may be DSPC. Sce alse, Schrum et al., Delivery and
Formulation of Engineered MNucleic Acids, US published application 20120231618,

18217} Nanomerics’ technology addresses bioavailability challenges for a broad range of
therapeutics, including low molecular weight hydrophobic drugs, peptides, and nucleic acid
based therapeutics (plasmid, siRNA, miRNA). Specific administration routes for which the
technology has demonstrated clear advantages include the oral route, transport across the blood-
brain-barrier, delivery to solid tumours, as well as to the eye. See, e.g., Mazza et al,, 2013, ACS
Nano. 2013 Feb 26:7(21:1016-26; Uchegbu and Siew, 2013, J Pharm Sci. 102(2):305-10 and
Lalatsa et al,, 2012, J Conirol Release. 2012 Jul 20;161(2):523-36.

{#218] US Patent Publication No. 20050019923 involves cationic dendrimers for delivering
bicactive molecules, such as polynucleotide molecules, peptides and polypeptides and/or
pharmaceutical agents, to a mammalian body. The dendrimers are suitable for targeting the
delivery of the bioactive molecules to, for example, the liver, spleen, lung, kidney or heart.
Dendrimers are synthetic 3~-dimensional macromolecules that are prepared in a step~wise fashion
from simple branched monomer units, the nature and functionality of which can be casily
countrolled and varied. Dendrumers are synthesised from the repeated addition of building blocks
to a multifunctional core (divergent approach to synthesis), or towards a multifunctional core
{convergent approach to syothesis) and each addition of a 3~-dimensional shell of building blocks
icads to the formation of a higher generation of the dendrimers. Polypropylenimine dendrimers
start from a diarmmobutane core to which is added twice the number of amino groups by a double
Michael addition of acrylonitrile to the primary amines followed by the hydrogenation of the

nitriles. This results m a doubling of the amino groups. Polypropylenimine dendrimers contain
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100% protonable nitrogens and up to 64 terminal amino groups {generation 5, DAB 64).
Protonable groups are usually amine groups which are able to accept protous at neutral pH. The
use of dendrimers as gene delivery agents has largely focused on the use of the polyamidoamine.
and phosphorous coutaining compounds with a mixture of amine/amude or N--P{(3;)S as the
conjugating units respectively with no work being reported on the use of the lower generation
polypropylenimine dendrimers for gene delivery. Polypropylenimine dendrimers have also been
studied as pH sensitive controlled release systems for drug delivery and for their encapsulation of
guest molccules when chemically modified by peripheral amino acid groups. The cytotoxicity
and interaction of polypropylentmine dendriroers with DNA as well as the transfection efficacy
of DAB 64 has also been studied. US Patent Publication No. 20050019923 is based upon the
observation that, countrary to earhier reports, cationic dendrivaers, such as polypropylenimine
dendrimers, display suitable properties, such as specific targeting and low toxicity, for use in the
targeted delivery of bisactive molecules, such as genetic material. In addition, derivatives of the
cationic dendrimer also display suitable properties for the targeted delivery of bioactive
rnolecules. See also, Bioactive Polymers, US published application 206080267903, which states:
"Various polymers, including cationic polyamine polymers and dendrimeric polymers, are
shown to possess anti-proliferative activity, and may therefore be useful for treatment of
disorders characterised by undesirable cellular proliferation such as neoplasms and turours,
inflammatory disorders {inchiding autoimmune disorders), psoriasis and atherosclerosis. The
polyraers may be used alone as active agents, or as delivery vehicles for other therapeutic agents,
such as drog molecules or nucleic acids for gene therapy. In such cases, the polymers' own
infrinsic anti-tumour activity may complement the activity of the agent to be delivered.” These
documents may be adapted i the practice of the instant invention.
CRISPR cnzyme roRNA and guide RNA
{8219} CRISPR enzyme or CRISPR enzyme woRNA and CRISPR guide RNA might also be

delivered separately; and advantageously at least one of these is delivered via a nanoparticle
complex. CRISPR enzyme maRNA can be delivered prior to the guide RNA to give time for
CRISPR enzyme to be expressed. CRISPR enzyme mRNA might be administered 1-12 hours
{preferably around 2-6 hours) prior to the administration of guide RNA. Alternatively, CRISPR
enzyme mRNA and guide RNA can be administered together. Advantageously, a second booster

dose of guide RNA can be administered 1-12 hours (preferably around 2-6 hours) after the mitial
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administration of CRISPR enzyme mRNA + guide RNA. Additional administrations of CRISPR
cozyme mRNA and/or gude RNA wght be useful to achieve the most efficient levels of
genome modification. For minimization of toxicity and off-target effect, it will be important to
control the couvceniration of CRISPR enzyme mwBNA and guide RNA delivered. Optimal
concentrations of CRISPR enzyme mRNA and guide RNA can be determined by testing
different concentrations in a cellular or animal model and using deep sequencing the analyze the
extent of modification at potential off-target genomic loci. For example, for the guide sequence
targeting 5’ -GAGTCCCGAGCAGAAGAAGAA-Y mn the EMXI gene of the human genorae,
deep sequencing can be used to assess the level of modification at the following two off-target
joci, 1 5"-GAGTCCTAGCAGGAGAAGAA-Y and 2: 5-GAGTCTAAGCAGAAGAAGAA-
3°. The coucentration that gives the highest fevel of on-target modification while miniroizing the
level of off-target modification should be chosen for in vive delivery. Alternatively, to minimize
the fovel of toxicity and off-target cffect, CRISPR cnzyme nickasc mRNA (for cxample S.
pyogenes Cas® with the D10A mutation) can be delivered with a pair of guide RNAS targeting a
site of interest. The two guide RNAs need to be spaced as folows., Guide sequences in red
(single underhine) and blue (double underline) respectively (these examples are based on the

PAM requirement for Streptococcus pyvogenes Cas9).

Overhang Guidse RNA design (guide sequence and FAM color coded)

length (bp)
5 5o

14 NNNNNNNNNNNN
N-37

13 NCONNNNNNNNNNNNN
N-57

12 57~

NNNNMNNNNNNNNN

N-37

11 3=
NNNNNNNNNNNNNNNNNNNN NCONNNNNNNNNNNNNN
K57

10

86



WO 2015/089419 PCT/US2014/070057

Sy -
3

NNNNNNNNNNNNNNNNNNNNCONNNT

NNNNNNNNNNNNN

9 N-37
3 L

NNNNNNNNNNNNNNNNNNNN

NNCCNNNNNNNNNNNNNN

7 NNMNNNNNNNNNNNNNNNNNC CNN NN NN NN NN NN NN NNGC CUNNNNNNNNNNNNRNNN
N-37
3 L
6 NNNNNNNNNNNNNNNNNNNN
N-5¢
5 57 -
NNNNNNNNNNNNNNNNNNNNCO INNNNNNNNNNNNNNNN
N-37
4 3°-
NNNNNNNNNNNNNNNNNNNN VNNNNNNNNNNMNNNNN
N-5¢
57 -
GNNNNNNNNNNNNNNNNNM
2 N-37
NANNNNNNNNNNNNNNNNN
1 W57
57 -
blunt NNNNNNNNNNNNNNNNNNN
N-3¢

SNNNMNNNNNNNMNNNNN

NNNNNNNNNNNNNNNNNI NNNNNNNNNNNNNNNNNNN

N-37

87



WO 2015/089419

]

[o)}

(@]

14

SNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNMN SNNNNNNNNNNNNNNNNNNNNN

INNNNNNNNANNNNNNNN

NNNNNNNNNNNNND SNNNNNNNNNNNNNNNNNNNNNN

N-37

7

NNNNNNNNNNNNNNNNNNNM INNNNNNNNNNNNNNNN

NNNNNNMNNNNNNNDNN NNNNNNNNNNNNNNNNNNNNNN

N-37
2

NNNNNNNNNNNNNNNNNNNN VININNNNNMNNNNNNNNN

I\E — ES H

’

(o1}

NNNNNNNNNNNNNNNNNNNNNN

NNNNNNMNNNND

N-37

.’Q'i'__

NNNNNNNNNNNNNNNNNNNN INNINNNNNNNNNNNNNN

I\E — ES H

[N
3

NNNNNNNNNNNNN INMNMNGGNNNNNNNNNNNNNNNNNNNNNNNNN

N-37
3i'__

NNNNNNNNNNNNNNNNNNNN INNINNNNNNNNNNNNNN

N-57

88

PCT/US2014/070057




WO 2015/089419 PCT/US2014/070057

5

o

NNNNNNNNNNMNN

CONNNNNNNNNNNNNNNNNMNNNNNNNN

NNNNNNNNNNNNNNNNNNNNGGNMN NG QORI NNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNN

NNNNNNMNNNNNNNNNNNNN

NNNNNNNNNNN

NNNNNNND NNNNNNNNNNNNNN?

N-3

NNNNNNNNNNNNNNNNNNNNG NNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNMNNNNNNNNNNNNN INNNMNNNNNNNMNNNNN

N-57

oof
o R

NNNNNNNNNN INMNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNN INNNNNNNNNNNNNNNN

N-57

oof
o R

NNNNN! NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN




WO 2015/089419 PCT/US2014/070057

N3
7

INNNNNNNNMNNNNNNNNN

I\E._. ES E
Y-
S

NNNNNI NN NNNNNNNNNNNNNNNNNNNNNNNNNNNN

N-37
3i'__

NNNNNNNNNNNNNNNNNNNN

VININNNNNMNNNNNNNNN

N-K?
[N
3

NNN VNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

N-37
3i'__

NNNNNNNNNNMNNNNNNNNNNG NNNNNNNNNNNNN

N-5

VNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNN

N-57

SNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

N-37

NNNNNNNNNNNNNNNNNNNNN NN N NNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNCC NNNNNNNNNNNN

8¢



WO 2015/089419 PCT/US2014/070057

NNNNNNNNNNNNNNNNNNNNNNNCCN NNNNNNNNNNNN

N-57

WNNNNNNN NN NNNNNNNNNNNNCCRNGENA ; ( NNNNNNNN
N-57
oof

NCGENNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNCCRNNN: NNNNNNNNN

N-57

GENNRNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNCCNNN NNNNNNN

N-57

GNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

-3
2

NNNNNNNNNNNNNNNNNNNNNNNCCNNNN NRDINNNNNN

N-57

o1



WO 2015/089419 PCT/US2014/070057

{#228] Further interrogation of the system has given evidence of the 57 overhang (see, ¢.g., Ran
et al, Cell. 2013 Sep 12:154(6):1380-9 and US Provisional Patent Application Serial No.
61/871,301 filed Augnst 2§, 2013). There are also parameters that relate to cfficient cleavage by
the Cas9 nickase mutant when combined with two guide RNAs and these parameters include but
are not Hmited to the length of the 5° overhang. In embodiments of the invention the 57 overhang
is at most 200 base pairs, preferably at most 100 base pairs, or more preferably at most 50 base
pairs. In embodiments of the invention the 5° overhang is at least 26 base pairs, preferably at
icast 30 base pairs or more preferably 34-50 base pairs or 1-34 base pairs. In other preferred
methods of the wvention the first guide sequence directing cleavage of one strand of the DNA
duplex near the first target sequence and the second guide sequence directing cleavage of the
opposite sirand near the sccound target sequence results 1o a blont cut or a 37 overhang. In
embodiments of the invention the 37 overhang is at most 150, 100 or 25 base pairs or at least 15,
10 or | base pairs. In preferred crobodirnents the 37 overhang is 1-100 base pairs (and in this
instance “base pairs” can mean nucleotides or nt or nts}.

16221} Aspects of the invention relate to the expression of the gene product being decreased or a
template polynucieotide being further introduced into the DNA wolecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 57 overhangs to
reanneal and hgate or the activity or function of the gene product being altered or the expression
of the gene product being increased. In an embodiment of the invention, the gene product is a
protein.

{82221 Only sgRNA pairs creating 5° overbangs with less than Kbp overlap between the guide
sequences {offsct greater than -8 bp) were able to mediate detectable indel formation.
Importantly, cach guide used in these assays is able to efficiently induce indels when paired with
wildtype Cas9, mdicating that the relative positions of the guide pairs are the most important
parameters o predicting double nicking activity.

18223} Since CasOn and Cas9HE40A nick opposite strands of DNA, substitution of Castn with
CasOHE40A with a given sgRNA pair should result i the inversion of the overhang type. For
example, a pair of sgRNAs that will generate a 57 overhang with Cas9n should in principle
gencrate the corresponding 37 overhang instead. Thercfore, sgRNA pairs that lead to the
generation of a 37 overhang with Cas9n might be used with another mutated Cas9 to generate a

57 gverhang, and hence double micking. Unexpectedly, Apphicants tested Cas9HS40A with a set
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of sgRNA pairs designed to generate both 5° and 37 overhangs (offset range from -278 to +58
bp), but were unable o observe 1udel formation. While one roay further study, sgRNA pairing to
allow double nicking by CasPHR40A, it is apparent from the data that in contrast to the
biocherical or prokaryotic systems in the cukaryotic system, the CasSHE40A mutation can
render Cas9 a “dead Cas9”, ie., a CRISPR eunzyme substantially lacking all DNA cleavage
activity {which is when the DNA cleavage activity of the mutated enzyme 18 about no more than
25%, 10%, 5%, 1%, 0.1%, 0.01%, or less of the BNA cleavage activity of the non-mutated form
of the enzyme; whereby an example can be when the DNA cleavage activity of the mutated form
is nil or negligible as corpared with the von-mutated form, e.g., wheo no indel formation is
obscrved as with Cas9HS40A).

Liver. proprotein convertase subtibisin kexin 9 (PCIKS)

18224} Proprotein convertase subtilisin kexin 9 (PCSKY) is a2 member of the subtilisin serine
protease family. PCSKY 1s primarily expressed by the liver and 1s eritical for the down regulation
of hepatocyte LDL receptor expression. LDL-C levels in plasma are highly elevated in humans
with  gain  of function mutations in PCSKS, classifying thermn as  having  severe
hypercholesterolemia. Therefore, PCSKY is an attractive target for CRISPR. PCS9K-targeted
CRISPR may be formulated in a lipid particle and for example administered at about 15, 43, 90,
150, 250 and 400 ug/kyg intravencously (see, e¢.g., http//www.alnylam.com/capella/wp-
content/uploads/2013/08/ALN-PCS02-001 -Protocol-Lancet.pdf).

18225} Bailey et al. {(J Mol Med (Berl). 1999 Jan;77¢1):244-9) discloses 1usulin delivery by ex-
vivo somatic cell gene therapy involves the removal of non-B-cell somatic cells {e.g. fibroblasts)
from g diabetic patient, and genetically altering thermn in vitro to produce and scerete insulin, The
cells can be grown in culture and returned to the donor as a source of insulin replacement. Celis
modified in this way could be cvaluated betore implantation, and reserve stocks could be
cryopreserved. By using the paticot’s own cells, the procedure should obwviate the need for
immunosuppression and overcome the problem of tissue supply, while avoeiding a recurrence of
cell destruction. Ex-vivo somatic cell gene therapy requires an accessible and robust cell type
that is amenable to multiple transfections and subject to controlied proliferation. Special
problerns associated with the use of non-B-cell somatic cells nclude the processing of proinsulin
to insulin, and the conferment of sensitivity to ghlucose-stimlated proinsulin biosynthesis and

regiiated insulin release. Preliminary studies using fibroblasts, pituitary cells, kidney (COS) cells
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and ovarian (CHO) cells show that these challenges could be met, and that ex-vivo somatic cell
gene therapy offers a feasible approach to insubin replacement therapy. The systerm of Bailey et
al. may be used/and or adapted to the CRISPR Cas system of the present invention for delivery
to the hver.

{#226] The methods of Sato et al. (Nature Biotechunology Volume 26 Number 4 April 2008,
Pages 431-442) may be applied to the CRISPR Cas systemn of the present invention for dehivery
to the liver. Sato ¢t al. found that treatments with the siRNA-bearing vitamin A-coupled
iiposomces almost completely resolved liver fibrosis and prolonged survival in rats with otherwise
lethal dimethylnitrosamine-induced liver civhosis i a dose- and duration-dependent manuer.
Cationic liposomes (Lipotrust) containing 0,0 -ditetradecanoyl-N-{a-trimethylammonioacetyl}
dicthanolarmine  chloride  (DC-6-14)  as  a  cationic  hipid, cholesterol  and
dipleoyiphosphatidylethanolamine at a molar ratio of 4:3:3 (which has shown high transfection
efficiency under scrumcontaining conditions for in vitro and i vive gene delivery) were
purchased from Hokkaido System Science. The liposomes were manufactured using a freeze-
dricd empty liposomes method and prepared at a concentration of 1 mM (DC-16-4) by addition
of double-distilled water (BDW) to the tyophilized lipid mixture under vortexing before use. To
prepare VA-coupled liposomes, 200 nmol of vitamin A (retinol, Sigma) dissolved in DMSO was
mixed with the liposome suspensions {100 nmol as BC-16-4) by vortexing in a 1.5 ml tube at 25
1C. To prepare VA-coupled liposomes carrying siRNAgpd6 (VA-lip-siRNAgp46), a solution of
siRNAgp46 (580 pmol/ml 1o DDW) was added to the retinol-coupled liposore solution with
stirring at 25 C. The ratio of siRNA to DC-16-4 was 1:11.5 {mol/mol} and the siRNA to
iiposome ratio (wit/wi} was 1:1. Any free vitamin A or siRNA that was not taken up by liposomes
were separated from liposomal preparations using a micropartition system (VIVASPIN 2
concentrator 30,000 MWCO PES, VIVASCIENCE). The liposomal suspension was added to the
filters and ceotrifuged at 1,500g for 5 mun 3 times at 25 1C. Fractions were collected and the
material trapped in the filter was reconstituted with PBS to achieve the desired dose for in vitro
or i vivo use. Three 1njections of 8.75 mg/kg siRNA were given every other day to rats. The
system of Sato et al. may be used/and or adapted to the CRISPR Cas system of the present
mvention for delivery to the liver by delivering about 0.5 to 1 mg/kg of CRISPR Cas RNA in the

liposomes as described by Sato et al. to humans.
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{#227] The methods of Rozema et al. (PNAS, August 7, 2007, vol. 104, no. 32) for a vchicle for
the delivery of siRNA to hepatocytes both in vitro and in vivo, which Rozema et al. have named
siRNA Dynamic PolyConjugates may also be applied to the present invention. Key features of
the Dynamic Poly-Conjugate techuology mclude a membranc-active polymer, the ability to
reversibly mask the activity of this polymer until it reaches the acidic environment of
cndosomes, and the ability to target this modificd polyroer and its siRNA cargo specifically to
hepatocytes in vivo after simple, low-pressure v, injection. SATA-modified siRNAs are
synthesized by reaction of 57 aminemodified siRNA with 1 weight equivalents {wt cq) of
Nsuccinimidyl-S-acetylthioacetate (SATA) reagent (Pierce) and 0.36 wt eqg of NaHCO» i water
at 4°C for 16 h. The modified siRNAg are then precipitated by the addition of 9 vol of ethanol
and wncubation at BO°C for 2 b, The precipitate s resuspended 1o 1X siRNA buffer (Dharmacon)
and quantified by measuring absorbance at the 260-nm wavelength. PBAVE (30 mg/ml in
SmMTAPS, pH 9) 1s modificd by addition of 1.5 wt % SMPT (Pierce). After a 1-h mncubation,
(.8 mg of SMPT-PBAVE was added to 400 pl of isotonic glucose solution containing 5 mM
TAPS (pH 9). To this solution was added 30 ug of SATA-modified siRNA. For the dose-
response experiments where [PBAVE] was constant, different amounts of siRNA are added. The
mixture is then incubated for 16 h. To the solution is then added 5.6 mg of Hepes free base
followed by a mixture of 3.7 mg of COM-NAGand 1.9mg of CDM-PEG. The solution 1s then
incubated for at least 1 h at room temperature before injection. CDM-PEG and CDM-NAG are
synthesized from the acid chloride generated by using oxalyl chloride. To the acid chloride is
added 1.1 molar equivalents polyethylene glycol monomethyl ether {molecular weight average of
450) to  generate CDM-PEG  or  {(aminocthoxy)ethoxy-2-{acctylamino)-2-deoxy-f-D-
glucopyranoside to generate CDM-NAG. The final product 18 purified by using reverse-phase
HPLC with a 0.1% TFA water/acetonitrile gradient. About 25 to 30 ug of siRNA was delivered
to mice. The system of Rozema et al. may be applied to the CRISPR Cas system of the present
invention for delivery to the liver, for cxample by envisioning a dosage of about 50 to about 200
mg of CRISPR Cas for delivery to a human.
Bone

{0228} Oukes and Licherman {(Clin Orthop Relat Res. 2000 Oct;(379 Supply:S101-12) discusses
delivery of genes to the bone. By transferring genes into cells at a specific anatomic site, the

osteoinductive propertics of growth factors can be used at physiologic doses for a sustained
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period to facilitate a more significant healing response. The specific anatomic site, the quality of
the bone, and the soft-tissue eonvelope, influences the selection of the target cells for regional
gene therapy. Gene therapy vectors delivered to a treatment site in osteoconductive carriers have
yielded provmsiong results. Several investigators have shown exciting results using ex vivo and in
vive regional gene therapy in animal models. Such a system may be used/and or adapted to the
CRISPR Cas system for delivery to the bone.

{8229} Delivery options for the brain include encapsulation of CRISPR enzyme and guide RNA
in the form of either DNA or RNA into liposomes and conjugating to molecular Trojan horses
for trans-blood brain barrier (BBB} delivery. Molecular Trojan horses have been shown to be
etfective for delivery of B-gal expression vectors into the brain of non-human primates. The
same approach can be used to delivery vectors containing CRISPR enzyme and guide RNA.
For instance, Xia CF and Boado RJ, Pardridge WM ("Antibody-mediated targeting of siRNA via
the human insulin receptor using avidin-biotin technology.” Mol Pharm. 2009 May-
Jum;6(3):747-51. doir 10.1021/mpR00194) describes how delivery of short imterfering RNA
(siRNA) to cells in culture, and in vive, is possible with combined use of a receptor-specific
monocional antibody {mAb} and avidin-biotin technology. The authors also report that because
the bond between the targeting mADb and the siRNA is stable with avidin-biotin technology, and
RINAT1 effects at distant sites such as brain arc observed in vivo following an intravenous
administration of the targeted siRNA,

{82381 Zhang et al. (Mol Ther. 2003 Jan;7(1):11-8.)) describe how expression plasmids encoding
reporters such as haciferase were encapsulated in the mterior of an "artificial viras” coraprised of
an 85 nm pegylated immunoliposome, which was targeted to the rhesus monkey brain in vivo
with a monoclonal antibody (MADb) to the hurnan msulin receptor (HIR). The HIRMAD cnables
the liposome carrying the exogenous gene to undergo transcytosis across the blood-brain barrier
and endocytosis across the neuronal plasma membrane following intravenous injection. The level
of tuciferase gene expression iu the brain was 50-fold higher in the thesus monkey as compared
to the rat. Widespread neuronal cxpression of the beta-galactosidase gene in primate brain was
demonstrated by both histochemistry and confocal microscopy. The authors indicate that this

approach makes feasible reversible adult transgenics in 24 hours.  Accordingly, the use of
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immunoliposome is preferred.  These may be used in conjunction with antibodies to target
specific tissues or cell surface proteins.

18231} Other means of delivery or RNA are also preferred, such as via nanoparticies {(Cho, 5.,
Goldberg, M., Son, S., Xu, §., Yang, F., Mei, Y., Bogatyrev, 8., Langer, R. and Anderson, D,
Lipid-like nanoparticles for small interfering RNA delivery to endothelial cells, Advanced
Functional Materials, 19: 3112-3118, 2010) or exosomes (Schroeder, A, Levins, C., Cortez, C.,
Langer, R., and Anderson, D., Lipid-based nanotherapeutics for siRNA delivery, Journal of
Internal Medicine, 267: 9-21, 2010, PMID: 200596413,

16232} Indeed, exosomes have been shown to be particularly useful in delivery siRNA, a system
with some parallels to the CRISPR systern. For instance, El-Andaloussi S, ¢t al. (“Exosome-
roediated debivery of siRNA 1 vitro and in vive.” Nat Protoc. 2012 Dec;7(123:2112-26. doi:
10.1038/nprot.2012.131. Epub 2012 Nov 15} describe how exosomes are promising tools for
drug delivery across different biological barricrs and can be hamessed for delivery of siRNA in
vitro and in vivo. Their approach is to generate targeted exosomes through transfection of an
expression vector, comprising an cxosomal protein fused with a peptide ligand. The cxosomes
are then purtfy and characterized from transfected cell supernatant, then siRNA is loaded into the
exosomes. Delivery or administration according to the invention can be performed with
exosomes, in particular but vot himited to the brain.

{#233] Vitamin E (g-tocopherol} may be conjugated with CRISPR Cas and delivered to the brain
along with high density hipoprotein (HDL), for example in a stmilar manner as was done by Uno
et al. (HUMAN GENE THERAPY 22:711-719 {(June 2011)) for delivering short-interfering
RNA (siRNA} to the bramm. Mice were infused via Osmotic minipumps (model 1007D; Alzet,
Cupertino, CA) filled with phosphate-buffered saline (PBS) or free TocsiBACE or Toc-
siBACE/HDL and connected with Brain Infusion Kit 3 (Alzet). A brain-infusion cannula was
placed about 0.3mm posterior to the bregma at midhine for infusion into the dorsal third
ventricle. Uno et al. found that as little as 3 nmol of Toc-siRNA with HDL could induce a target
reduction in comparable degree by the same ICV infusion method. A similar dosage of CRISPR
(Cas conjugated fo o-tocopherol and co-administered with HDL targeted to the brain may be
contemplated for humans in the present invention, for example, about 3 nrool to about 3 wmol of

CRISPR Cas targeted to the brain may becontemplated.
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{0234} Zou ot al. (HUMAN GENE THERAPY 22:465-475 (April 2011)) describes a method of
lentiviral-mediated debivery of short-hairpin RNAs targeting PKCy for i vivo gene silencing in
the spinal cord of rats. Zou ot al. administered about 10 ul of a recombinant lentivirus having a
titer of 1 x 10” transducing units (TUYml by an intrathecal catheter, A similar dosage of CRISPR
(as expressed in a lentiviral vector targeted to the brain may be contemplated for bumans in the
present invention, for example, about 10-50 ml of CRISPR Cas targeted to the brain in a
lentivirus having a titerof 1 x 10° transducin g untts (TUYml may becontemplated.

Targeted deletion, therapeutic applications

{#235] Targeted deletion of genes is preferred.  Examples are excwmplified 7o Example 16.
Preferred are, therefore, genes involved in cholesters! biosynthesis, fatty acid biosynthesis, and
other metabolic disorders, genes encoding mwis-folded proteins involved 1 aroylowd and other
discascs, oncogenes leading to cellular transformation, latent viral genes, and genes leading to
dominant-negative disorders, amongst other disorders. As exemplified here, Applicants prefer
gene delivery of a CRISPR-Cas system to the liver, brain, ocular, epithelial, hematopostic, or
another tissuc of a subject or a patient in need thercof, suffering fromn metabolic disorders,
amyloidosis and protein-aggregation related diseases, cellular transformation arising from
genetic mutations and translocations, dominant negative effects of gene mutations, latent viral
infections, and other related symptoms, using either viral or nanoparticle delivery system.

{#236] Therapeutic applications of the CRISPR-Cas system inchude Glaucoma, Amyloidosis,
and Huotington's disease. These are exemplified in Example 18 and the features described
therein are preferred alone or in combination.

{8237} Auvother exaraple of a polyglutamine expansion discase that may be treated by the present
invention includes spinocerebellar ataxia type 1 (SCAT). Upon intracerebeliar injection,
recombinant adenoassociated virus {AAV) vectors expressing short hairpin RNAs profoundly
improve motor coordination, restored cerebeliar morphology and resolved characteristic ataxin-1
inclusions in Purkinje cells of SCAT mice {sce, ¢.g., Xia ¢t al,, Nature Medicing, Vol. 10, No. 8,
Aug. 2004). In particular, AAV] and AAVS vectors are preferred and AAYV titers of about 1 x
10" vector genomes/ml are desirable.

13238} As an cxample, chronic mfection by HIV-1 may be treated or prevented. In order to
accomplish this, one may generate CRISPR-Cas guide RNAs that target the vast majority of the

HIV-1 genome while taking into account HIV-1 strain variants for maximal coverage and
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cffectiveness.  One may accomplish delivery of the CRISPR-Cas system by conventional
adenoviral or lentiviral-mediated infection of the host moroune system. Depending on approach,
host immune cells could be a) isclated, transduced with CRISPR-Cas, selected, and re-
introduced n to the host or b) transduced in vivo by systemic delivery of the CRISPR-Cas
systern. The first approach allows for generation of a resistant immune population whereas the
second 1s more hikely to target latent viral reservoirs within the host. This 18 discussed in more
detail in the Examples section.

10239} In another cxample, US Patent Publication Neo. 20130171732 assigned to Sangamo
BioSciences, Inc. relates to nsertion of an anti-HIV transgene into the genome, methods of
which may be applied to the CRISPR Cas system of the present invention. In another
embodiment, the UXCR4 gene may be targeted and the TALE system of US Patent Publication
No. 20100291048 assigned to Sangamo BioSciences, Inc. may be modified to the CRISPR Cas
systern of the present invention. The method of US Patent Publication Nos, 20130137104 and
20130122591 assigned to Sangamo BioSciences, Inc. and US Patent Publication No.
20100146651 assigned to Cellectis may be more generally applicable for transgene expression as
it involves modifving a hypoxanthine-guanine phosphoribosyltransferase (HPRT) locus for
increasing the frequency of gene modification.

{6248} It is also envisaged that the present fnveotion generates a gene knockout cell hibrary.
Each cell may have a single gene knocked out. This is exeraplified in Example 21.

18241} One may make a hibrary of ES cells where each cell has a single gene knocked out, and
the entire library of ES cells will have every single gene knocked out. This library ts useful for
the screening of gene function n cellular processes as well as diseases. To make this cell library,
one may integrate {as9 driven by an inducible promoter {e.g. doxyeycline inducible promoter}
into the ES cell. In addition, one may integrate a single guide RNA targeting a specific gene in
the ES cell. To make the ES cell Hbrary, one may simply mix ES cells with a library of genes
encoding guide RNAs targeting cach gene in the human genome. One may first introduce a
single BxB1 aiti3 site into the AAVST locus of the human ES cell. Then one may use the BxB1
integrase to facilitate the integration of individual gnide RNA genes into the BxB1 attB site in
AAVST locus. To facilitate integration, cach guide RNA gene may be contamned on a plasmid
that carries of a single attP site. This way BxB1 will recombine the attB site in the genome with

the attP site on the guide RNA containing plasnud. To generate the cell library, one may take the
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itbrary of cells that have single guide RNAs integrated and induce Cas® cxpression. After
induction, Cas9 mediates double strand break at sites specified by the guide RNA.

18242} Chronic administration of protein therapeutics may elicit unacceptable immune responses
to the specific protein. The jwmunogenicity of protein drugs can be ascribed to a fow
immunodominant helper T lymphocyte (HTL) epitopes. Reducing the MHC binding affinity of
these HTL epitopes contained within these proteins can  generate drugs with  lower
immunogenteity {Tangri §, et al. (“Rationally engineered therapeutic proteins with reduced
mmrunogenictty” J Imnunel. 2005 Mar 15;174(6):3187-96.) In the present mvention, the
imrounogenicity of the CRISPR enzyme in particular way be reduced following the approach
first set out in Tangri ¢t al with respect to crythropoictin and subsequently developed.
Accordingly, directed evolution or rational design mway be used to reduce the immunogenicity of
the CRISPR cnzyme (for instance a Cas9) in the host species (human or other species).

{8243} In Example 26, Applicants used 3 guideRNAs of interest and able to visuahze efficient
IINA cleavage in vive occurring only in a small subset of celis. Essentially, what Applicants
have shown here is targeted in vive cleavage. In particular, this provides proof of concept that
specific targeting in higher organisms such as mammals can also be achieved. It also highlights
multiplex aspect in that nmltiple guide scquences (i.c. scparate targets) can be used
simulfancously (in the sense of co-delivery). In other words, Applicants used a multiple
approach, with several different sequences targeted at the same time, but independently.

18244} Trinucleotide repeat disorders are preforred conditions to be treated. These are also
exemplified herein.

10245} For cxample, US Patent Publication No. 20110016340, describes use of zine finger
nucleases to genetically modify cells, animals and proteins associated with trinucleotide repeat
expansion disorders. Trinucleotide repeat expansion disorders are complex, progressive disorders
that involve developmental neurobiology and often affect cognition as well as sensori-motor
functions.

{6246} Trinucleotide repeat expansion proteins are a diverse set of proteins associated with
susceptibility for developing a trinucleotide repeat expansion disorder, the presence of a
trinucleotide repeat cxpansion disorder, the severity of a trinucleotide repeat cxpansion disorder
or any combination thereof. Trinucleotide repeat expansion disorders are divided into two
categories deterrained by the type of repeat. The most comruon repeat s the triplet CAG, which,
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when present in the coding region of a gene, codes for the amino acid glutamine (Q). Therefore,
these disorders are referred to as the polyglutarmune (poly(d) disorders and comprise the
following discases: Huntington Discase (HD);, Spinobulbar Muscular Atrophy (SBMAY,
Spinocercbellar Ataxias (SCA types 1, 2, 3, 6, 7, and 17); and Dentatorubro-Pallidoluysian
Atrophy (DRPLA). The remaining trinucieotide repeat expansion disorders either do not mvolve
the CAQG triplet or the CAG triplet is not in the coding region of the gene and are, therefore,
referred to as the non-polyglutamine disorders. The non-polyghitamine disorders comprise
Fragile X Syndrome (FRAXA);, Fragile XE Mental Retardation (FRAXE); Friedreich Ataxia
{(FRDA}), Myotonic Dysirophy (DM); and Spinocerebellar Ataxias (SCA types &, and 12).

{#247} The proteins associated with trinucicotide repeat cxpansion disorders are typically
selected based on an experimental association of the protein associated with a trinucleotide
repeat expansion disorder to a trinucleotide repeat expansion disorder. For cxample, the
production rate or circulating concentration of a protein associated with a trinucleotide repeat
expansion disorder may be elevated or depressed in a population having a trinucieotide repeat
expansion disorder relative to a population lacking the trinucleotide repeat expansion disorder.
Differences in protein levels may be assessed using proteomic techniques inchuding but not
limited to Western blot, immunohistochemical staining, enzyme linked immunosorbent assay
(ELISA), and mass spectroraetry, Alternatively, the proteins associated with trimucleotide repeat
expansion disorders may be identified by obtaining gene expression profiles of the genes
cocoding the proteius using genomic techuiques including but vot himited to DNA microarray
analysis, serial analysis of gene expression {SAGE}, and quantitative real-time polymerase chain
reaction (Q-PCR).

{#248] Non-limiting examples of proteins associated with trinucicotide repeat expansion
disorders include AR {androgen receptor), FMRI (fragile X mental retardation 1), HTT
{huntingtin), DMPK (dystrophia myotonica-protein kivase), FXN {frataxin), ATXNZ {ataxin 2},
ATN1 (atrophin 1), FENI (flap stracture-specific endonuclease 1), TNRC6A (trimucleotide
repeat containing 6A), PABPNI (poly{A) binding protein, nuclear 1), JPH3 (junctophilin 3),
MED135 (mediator complex subunit 15}, ATXNI (ataxin 1), ATXN3 (ataxin 3), TBP {TATA box
binding protein}, CACNALA {calcium channel, voltage-dependent, P/Q type, alpha 1A subunit),
ATXNEOS (ATXNS opposite strand (non-protein coding)), PPP2R2ZEB {protein phosphatase 2,
regulatory subunit B, beta), ATXN7T {(ataxin 7), TNRC6B (trinucleotide repeat containing 6B},
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TNRC6C (trinucieotide repeat containing 6C), CELF3 (CUGBP, Elav-like family member 3},
MAB21LT (mab-21-like 1 {C. clegans)), MSH2 (mutS homolog 2, coloun cavcer, nonpolyposis
type 1 (E. coliy), TMEMIS85A (fransmembrane protein 1854), SIXS (51X homeobox 3), CNPY3
{canopy 3 horoolog (zcbrafish)y, FRAXE (fragile site, folic acid type, rare, fra(X)g28) E),
GNBZ (guanine nucleotide binding protein (G protein), beta polypeptide 23, RPLI4 (ribosomal
protein Li4), ATXNS (ataxin 8), INSR {nsulin receptor), TTR (transthyreting, EP400 (E1A
binding protein pd400), GIGYF2 {GRBIO mnteracting GYF protein 2}, OGG1 (R-oxoguanine
DNA glycosylase), STCI (stanniocalcin 1), CNDPI (carnosine dipeptidase 1 (mctallopeptidase
M20 family}), Clorf2 {chromosome 10 open reading frame 23, MAML3 mastermind-like 3
{Drosophila), DKCY (dyskeratosis congenita 1, dyskerin), PAXIP! (PAX interacting (with
transcription-activation domain) protein 1), CASK {calcium/calmodalin-dependent serine protein
kinase (MAGUK family)), MAPT (microtubule-associated protein tau), SP1 (Spl transcription
factor), POLG {polymerase (DNA directed), garmma), AFF2 (AF4/FMRZ family, member 2),
THBS1 (thrombospondin 1), TP33 (tumor protein p53), ESRI (estrogen receptor 1), CGGBPI
{(CGG triplet repeat binding protein 1), ABTI1 (activator of basal transcription 1), KLK3
{kallikrein-related peptidase 3), PRNP {prion protein), JUN (jun oncogene}, KCNN3 {potassium
intermediate/small conductance calcum-activated channel, subfamily N, member 3), BAX
{BCLZ2-associated X protein), FRAXA (fragile site, folic acid type, rare, frall}{g273) A
{macroorchidism, mental retardation}), KBTBDI¢ (kelch repeat and BTB (POZ) domain
containing 10), MBNL1 (muscleblind-like (Drosophila)), RADS] (RADST bhoroolog {RecA
homolog, E. colt) (8. cerevisiaey), NCOA3 (nuclear receptor coactivator 3), ERDAT {expanded
repeat dornain, CAG/CTG 1), TSCI {tuberous selerosis 1), COMP (cartilage oligomeric matrix
protein}, GCLC {glutamate-cysteine ligase, catalytic subunit), RRAD (Ras-related associated
with diabetes), MSH3 (routS homolog 3 (E. coli)y, DRD2 (dopamine receptor D2), CD44 (CD44
roolecule (Indian blood group)), CTCF (CCCTC-binding factor (zine finger protein}), CONDI
{cyclin D1}, CLSPN {claspin homolog (Xenopus laevis)), MEF2A {myocyte enhancer factor
2A3, PTPRU (protein tyrosine phosphatase, receptor type, U), GAPDH (glyceraldehyde-3-
phosphate dehydrogenase), TRIM2Z (tripartite motif-containing 22), WT1 (Wilms tumor 1},
AHR {(aryl hydrocarbon receptor), GPX1 (glutathione peroxidase 1), TPMT (thiopurine S-
methyltransferase), NDBP (Norrie disease {pseudoglioma)), ARX (aristaless related homeobox},

MUSEL (MUSRI cndonuclease homolog (8. cerevisiae)), TYR (tvrosinase {oculocutancous
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albinism IA}), EGRI {early growth response 1), UNG (uracil-DNA glycosylase), NUMBL
{rumb homolog (Drosophila)-like), FABP2 (fatty acid bindivg protein 2, intestinal), ENZ
{engrailed homeobox 23, CRYGC (crystallin, gamma C), SRP14 (signal recognition particle 14
kda (homologous Aln RNA binding protemn)), CRYGHE (crystallin, gamma B), PDCDI
{programmed cell death 1), HOXA] (homeobox A1), ATXNZL (ataxin 2-ltke), PMS2 (PMS2
postmeiotic segregation increased 2 (8. cerevisiac)), GLA (galactosidase, alpha), CBL (Cas-Br-
M (murine) ecotropic retroviral fransforming sequence}, FTHT {ferritin, heavy polypeptide 13},
IL12RB2 (nterleukin 12 receptor, beta 23, OTX2 (orthodenticle homeobox 2}, HOXAS
{homeobox AS5), POLG2 (polymerase (DNA directed), gamroa 2, accessory subunit), DLX2
{distal-less homeobox 23, SIRPA (signal-regulatory protein alpha), OTX1 (orthodenticle
homeobox 1), AHRR (aryl-hydrocarbon receptor repressor), MANF {mesencephalic astrocyte-
derived neurotrophic factor), TMEMISS (fransmembrane protein 158 {gene/pscudogene)), and
ENSGO0000078687.

{#249] Preferred proteins associated with trinucleotide repeat expansion disorders include HTT
{Huntingtin), AR (androgen receptor), FXN (frataxing, Atxn3 (ataxin), Atxnl {(ataxin), Atxn?2
(ataxin}, Atxn7 (ataxin), Atxnl10 (ataxin}, DMPK {(dystrophia myotonica-protein kinase), Atnl
{atrophin 1), CBP (creb binding protein), VLDLR (very low density lipoprotein receptor), and
any corabivation thereof,

18288} According to another aspect, a method of gene therapy for the treatment of a subject
haviog a woutation in the CFTR gene 18 provided and comprises admimstering a therapeutically
effective amount of a CRISPR-Cas gene therapy particle, optionally via a biocompatible
pharmaceutical carricr, to the cells of a subject.  Preferably, the target DNA compriscs the
mutation deltal508. In general, it is of preferred that the mutation is repaired to the wildtype. In
this case, the mutation is a deletion of the three nucleotides that comprise the codon for
phenylalanine (F) at position 508, Accordingly, repair in this jnstance requires reintroduction of
the missing codon inte the mutant.

{82811 To implement this Gene Repair Strategy, it 1s preferred that an adenovirus/AAY vector
system is introduced into the host celi, cells or patient. Preferably, the system comprises a Cas®
{or Cas9 nickasc) and the guide RNA along with a adenovirus/AAV vector system comprising
the homology repair template containing the FS0KR residue. This may be introduced into the

subject via one of the methods of delivery discussed carlier. The CRISPR-Cas system may be
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guided by the CFTRdelta 508 chimeric guide RNA. It targets a specific site of the CFTR
genommc locus to be nicked or cleaved. After cleavage, the repair teraplate is wnserted into the

cleavage site via homologous recombination correcting the deletion that results in cystic fibrosis

or causes cystic fibrosis related symptora

Genome editing

{6252} The CRISPR/Cas9 systems of the present wnvention can be used to correct genetic
rutations that were previously atternpted with limited success using TALEN and ZFN. For
example, WO2013163628 A2, Genetic Correction of Mutated Genes, published application of
Duke University describes efforts to correct, for example, a frameshift mutation which causes a
premature stop codon and a truncated gene product that can be corrected via nuclease mediated
non-homologous end joining such as those responsible for Duchenne Muscular Dystrophy,
{("DMD"} a recessive, fatal, X-linked disorder that results in muscle degeneration due to
mutations in the dystrophin gene. The majority of dystrophin mutations that cause DMD are
deletions of exons that disrupt the reading frame and cause premature translation termination in
the dystrophin gene. Dystrophin is a cytoplasroic protein that provides structural stability to the
dystroglycan complex of the cell membrane that is responsible for regulating muscle cell
integrity and function. The dystrophin geone or "DMID gene” as used interchangeably herein 18 2.2
megabases at locus Xp21. The primary transcription measures about 2,400 kb with the mature
mRNA being about 14 kb, 79 exons code for the protein which 1s over 3500 amino acids. Exon
51 is frequently adjacent to frame-disrupting deletions in DMD patients and has been targeted in
clinical trials for oligonucleotide-based cxon skipping. A clinical trial for the exon S1 skipping
compound eteplirsen recently reported a sigmificant functional benefit across 48 weeks, with an
average of 47% dystrophin positive fibers compared to bascline. Mutations in exon 51 are ideally
suited for permanent correction by NHEI-based genoroe editing.

{#253] The methods of US Patent Publication No. 20130145487 assigned to Cellectis, which
relates to rocganuciease variants to cleave a target scquence from the human dystrophin gene
{BMD), may also be modified to for the CRISPR Cas system of the present invention.

Blood
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{#254] The present invention also conternplates delivering the CRISPR-Cas system to the blood.

{8285} The plasma exosomes of Wahlgren et al. (Nucleic Acids Research, 2012, Vol. 40, No. 17
2130} may be medified to deliver the CRISPR Cas system to the blood.

{6256} The CRISPR Cas system of the present invention is also conteroplated to treat
hemoglobinopathics, such as thalassemias and sickle cell disease. See, ¢.g., International Patent
Publication No. WO 2013/126794 for potential targets that raay be targeted by the CRISPR Cas
system of the present invention.

{6257} US Patent Publication Nos. 20110225664, 20110091441, 20100229252, 20090271881
and 20090222937 assigned to Cellectis, relates to CRET vartants , wherein at least one of the two
{-Crel monomers has at least two substitutions, one in cach of the two functional subdomains of
the LAGLIDADG core domain situated respectively frovo positions 26 to 40 and 44 to 77 of I-
Crel, said variant being able to cleave a DNA target sequence from the human interleukin-2
receptor gamma chain (IL2ZRG) gene alse named common cytokine receptor ganuna chain gene
or gamma C gene. The target sequences identified in US Patent Publication Nos. 20110225664,
20110091441, 20100229252, 20090271881 and 20090222937 may be utilized for the CRISPR
Cas system of the present invention.

{8258} Scvere Combined Immune Deficiency (SCID) results from a defect in fymphocytes T
maturation, always associated with a functional defect in lyrmaphocytes B (Cavazzana-Calvo ot
al., Anmu. Rev. Med., 2005, 56, 585-602; Fischer et al., Immunol. Rev., 20035, 203, 08-109).
Overall incidence is estimated to 1 10 75 000 births. Patients with untreated SCID are subject to
muitiple opportunist micro-organism infections, and do generally not live beyond one year.
SCID can be treated by allogenic hematopoictic stern cell transfer, from a familial donor.
Histocompatibility with the donor can vary widely. In the case of Adenosine Deaminase (ADA)
deficiency, one of the SCID forms, patients can be treated by injection of recombinant
Adenosine Deaminase enzyme.

18259] Since the ADA gene has been shown to be mutated in SCID patients {Giblett ¢t al,
Lancet, 1972, 2, 1067-1069), several other genes involved in SCID have been identified
{Cavazzana-Calvo et al., Annu. Rev. Med., 2003, 56, 585-602; Fischer ¢t al., Immunol. Rev,,
2005, 203, 98-109). There are four major causes for SCID: (1) the most frequent form of SCID,
SCHE-X1 (X-linked SCID or X-8CID), is caused by mutation in the ILZRG gene, resulting in the

absence of mature T bymphocytes and NK cells. ILZRG encodes the gamma C protein (Noguchs,
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et al, Cell, 1993, 73, 147-157), a common component of at least five interleukin receptor
complexes. These receptors activate several targets through the JAK3 kinase (Macchi et al,
Nature, 1995, 377, 65-68), which inactivation results in the same syndrome as gamuma O
inactivation; (i) voutation in the ADA gene results 1o a defect 1o purine metabolism that is lethal
for lymphocyte precursors, which in turn results in the quasi absence of B, T and NK cells; (i1i}
V(D) recombination 1s an cssential step in the maturation of imumunoglobuling and T
lymiphocytes receptors ( TCRs). Mutations in Recombination Activating Gene 1 and 2 (RAG!I
and RAG2) and Artemis, three genes involved in this process, result in the absence of mature T
and B lymphocytes; and (iv) Mutations n other genes such as CD45, involved in T cell speaific
signaling have also been reported, although they represent a minority of cases (Cavazzana-Calvo
et al., Aonu. Rev. Med., 2005, 56, 385-602; Fischer et al., mmunol. Rev., 20085, 203, 98-109).

18260} Since when their genctic bases have been identified, the different SCID forms have
become a paradigm for gene therapy approaches (Fischer ot al., Imrounol. Rev., 20035, 203, 98-
109) for two major reasons. First, as in all blood diseases, an ex vive treatment can be
cuvisioned. Hematopoictic Stem Cells (HSCs) can be recovered from bone marrow, and keep
their pluripotent properties for a few cell divisions. Therefore, they can be treated in vitro, and
then reinjected into the patient, where they repopulate the bone marrow. Second, since the
maturation of lymphocytes is wmpaired in SCID patients, corrected celis have a selective
advantage. Thercfore, a small number of corrected cells can restore a functional immune system.
This hypothesis was validated several times by (i) the partial restoration of timmune functions
associated with the reversion of mutations in SCID patients (Hirschhorn et al., Nat. Genet., 1996,
13, 290-2935; Stephan ot al., N. Engl. J. Med., 1996, 335, 1563-1567; Bousso ot al., Proc. Natl,,
Acad. Sci. USA, 2000, 97, 274-278, Wada et al., Proc. Natl. Acad. Sci. USA, 2001, 98, 8697-
8702; Nishikomori et al, Blood, 2004, 103, 4565-4572), (it} the correction of SCID-XI
deficiencies in vitro in hematopoictic cells (Candotti et al, Blood, 1996, &7, 3097-3102;
Cavazzana-Calvo et al, Blood, 1996, Blood, &8, 3901-3909; Taylor et al, Blood, 1996, 87,
3103-3107; Hacewn-Bey et al, Blood, 1998, 92, 4090-4097), (1Y) the correction of SCHI-X1
{Soudais ¢t al., Blood, 2000, 95, 3071-3077; Tsai et al, Blood, 2002, 100, 72-79), JAK.3
{Bunting ot al., Nat. Med., 1998, 4, 58-64; Bunting ¢t al., Hum. Gene Ther,, 2000, 11, 2353-
2364y and RAG2 (Yates et al,, Blood, 2002, 1060, 3942-3949) deficiencies in vive in animal

maodels and (iv} by the result of gene therapy clinical trials (Cavazzana-Calvo et al., Science,
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2000, 288, 669-672; Amti et al,, Nat. Med., 2002; 8, 423-425; Gaspar et al,, Lancet, 2004, 364,
21R1-2187).

18261} US Patent Publication No. 20110182867 assigned to the Children’s Medical Center
Corporation and the President and Fellows of Harvard Colliege relates to methods and uses of
modulating fetal bemoglobin expression (HbF} in a hematopoietic progenitor cells via inhibitors
of BCLITA cxpression or activity, such as RNA1 and antibodics. The targets disclosed m US
Patent Publication No. 20110182867, such as BCL11A, may be targeted by the CRISPR Cas
systern of the present invention for modulating fetal hemoglobin expression. Sce also Bauner ct al.
{Science 11 October 2013: Vol. 342 vo. 6135 pp. 253-257) and Xu et al. {Science 18 Novembe

2011: Vol. 334 no. 6058 pp. 993-996) for additional BCL11A targets.

2}

Fars

18262} The present invention alse contemplates delivering the CRISPR-Cas system to one or
both cars. Rescarchers are looking into whether gene therapy could be used to aid current
deafness treatments—anamely, cochlear implants. Deafness is often caused by lost or damaged
hair cells that cannot relay signals to auditory neurons. In such cases, cochlear implants may be
used to respond to sound and transmit electrical signals to the nerve celis. But these neurons
often degencrate and retract from the cochlea as fewer growth factors are released by impaired
hair cells. US patent apphication 20120328380 involves injection of a pharmaceutical
composition nto the car {¢.g., auricular administration}, such as into the luminae of the cochlea
{e.g., the Scala maedia, Sc vestibulae, and Sc tympant), e.g., using a syringe, ¢.g., a single-dose
syringe. For example, one or more of the compounds described herein can be administered by
infratympanic injection {e.g., into the middle ear), and/or injections into the outer, nmuddle, and/or
inner ear. Such methods are routinely used in the art, for example, for the administration of
steroids and antibiotics into human cars. Injection can be, for example, through the round
window of the ecar or through the cochlear capsule. These aund other inner ear admirusiration
methods known in the art {see, ¢.g., Salt and Plontke, Drug Discovery Today, 10:1299-1306,
20055 can also be adapted for the practice of the instant wnvention.

{#263] In another mode of administration, the pharmaceutical composition can be administered
in sity, via a catheter or pump. A catheter or purop can, for cxample, dircet a pharmaccutical
composition into the cochlear luminae or the round window of the car and/or the lumen of the

colon. Exemplary drug delivery apparatus and rocthods suitable for administering one or more of
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the compounds described herein into an car, ¢.g., a human ear, are described by McKenna et al,,
{U.S. Publication No. 2006/0030837) and Jacobsen ¢t al,, (U.S. Pat. No. 7,236,639). In some
embodiments, a catheter or pump can be positioned, ¢.g., in the ear (e.g., the outer, middle,
and/or inner car) of a patient during a surgical procedure. In some embodiments, a catheter or
pump can be positioned, e.g., in the ear {¢.g., the outer, middle, and/or inner car} of a patient
without the need for a surgical procedure. These techniques can be adapted in the practice of the
present invention,

10264] Aliernatively or in addition, one or more of the compounds described herein can be
admunistered o cornbination with a mechaunical device such as a cochlear implant or a hearing
aid, which is worn in the outer ear. An exemplary cochlear implant that is suitable for use with
the preseut invention is described by Edge et al., (U.S. Publication No. 2007/0093878). In some
embodiments, the modes of administration described above may be combined in any order and
can be simultancous or interspersed. Alternatively or in addition, the present invention may be
administered according to any of the Food and Drug Administration approved methods, for
example, as described in CDER Data Standards Manual, version number 004 {which is availabic
at tda give/cder/dsm/DRG/drgB0301 htm).

18265} In general, the cell therapy methods described in US patent application 20120328580 can
be used to promote coraplete or partial differentiation of a cell to or towards a roature cell type of
the inner ear (c.g., a hair celly in vitro. Cells resulting from such methods can then be
transplasted or fmplanted nto a paticot in veed of such treatment. The cell culture methods
required to practice these methods, inchading methods for identifying and selecting suitable cell
types, methods for promooting coraplete or partial differentiation of selected cells, methods for
identifying complete or partially differentiated cell types, and methods for implanting complete
or partially differcntiated cells can be adapted in the practice of the present invention.

{18266} Cells suttable for use in the present invention include, but are not imited to, cells that are
capable of differentiating completely or partially into a mature cell of the inner ear, ¢.g., a hair
cell {e.g., an inner and/or cuter hair cell), when contacted, ¢.g., in vitro, with one or more of the
compounds described herein. Excemplary cells that are capable of differentiating into a hair cell
iclude, but are not limited to stem cells {e.g., inner car stern cells, adult stem cells, bone marrow
derived stem cells, embryonic stem cells, mesenchymal stem cells, skin stem cells, 1PS cells, and

fat derived stem cells), progenitor cells {e.g., inner car progenitor cells), support celis {e.g.,
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Detters' cells, pillar cells, inner phalangeal cells, tectal cells and Hensen's celis), and/or germ
cells. The use of stern cells for the veplaceraent of 1ouner car sensory cells is described 1o Li et al,
(U.S. Publication No. 2005/0287127) and Li et al., (U.S. patent Ser. No. 11/953,797). The use of
bone marrow detived stern cells for the replacement of inner ear sensory cells is described in
Edge et al., PCT/US2007/084654. iPS cells are described, e.g., at Takahashi et al., Cell, Volume
131, Issue S, Pages 861-872 (2007); Takahasht and Yamanaka, Cell 126, 663-76 (2006); Okita ¢t
al., Nature 448, 260-262 (2007}, Yu, I ot al, Science 31R{585811917-1920 (2007); Nakagawa
et al., Nat. Biotechnol. 26:101-106 (2008); and Zachres and Scholer, Cell 131(5):834-835
{2007}

{4267} Such suitable cells can be identified by analyzing {e.g., qualitatively or quantitatively) the
presence of one or wore tissue specific genes. For example, gene expression can be detected by
detecting the protein product of one or more tissue-specific genes. Protein detection techniques
involve staining proteins (e.g., using cell oxtracts or whole cells) using antibodics against the
appropriate antigen. In this case, the appropriate antigen is the protein product of the tissue-
specific gene expression. Although, in principle, a first antibody (i.c., the antibody that binds the
antigen) can be labeled, it is more common (and improves the visualization) to use a second
antibody directed against the first {e.g., an anti-Ig(G). This second antibody is conjugated cither
with fluorochromes, or appropriate enzymes for colorimetric reactions, or gold beads (for
clectron microscopy), or with the bistin-avidin system, so that the location of the primary
antibody, and thus the antigen, can be recognized.

{3268] The CRISPR Cas molecules of the present invention may be delivered to the car by direct
application of pharmaceutical composition to the outer ear, with compositions modified from US
Published application, 20110142917, In some embodiments the pharmaceutical composition is
applied to the car canal. Delivery to the ear may also be refered to as aural or otic delivery.
18269] In some embodiments the RNA molecules of the mmvention are delivered n liposome or
lipofectin formulations and the like and can be prepared by methods well known to those skilled
in the art. Such methods are described, for example, in UK. Pat. Nos. 5,593,972, 5,589,466, and
5,580,859, which are herein incorporated by reference.

16278} Delivery systems aimed specifically at the enhanced and improved delivery of siRNA
into mammalian cells have been developed, (sce, for cxample, Shen et al FEBS Let. 2003,

539:111-114; Xaa et al., Nat. Biotech. 2002, 20:1006-1010; Reich et al., Mol. Vision. 2003, ;
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210-216; Sorensen ct al., 1. Mol. Biol. 2003, 327: 761-766; Lewis et al., Nat. Gen. 2002, 32: 107-
108 and Simeont et al, NAR 2003, 31, 11: 2717-2724) and roay be applied fo the present
invention. siRNA has recently been successfully used for inhibition of gene expression in
primates (see for example. Tolentino ¢t al,, Retina 24(43:660 which may also be apphied to the
present fnvention.

{0271] 1 et al. involves methods for efficient sSiRNA transfection to the inner car through the
intact round window by a novel proteidic delivery techuology which may be applied to the
CRISPR Cas system of the present imvention (see, e.g., Qf ¢t al,, Gene Therapy (2013), 1-9). In
particular, a TAT double stranded RNA-binding domains (TAT-DRBDs), which can transtfect
Cy3-labeled siRNA into cells of the mner ear, including the inner and outer hair cells, crista
ampullaris, macula utriculi and macula sacculi, through intact round-window permeation was
successtul for delivering double stranded siRNAs in vive for treating various inner ¢ar ailments
and preservation of hearing function. About 40 wl of 10mM RNA may be conteraplated as the
dosage for administration to the ear.

18272} According to Rejali of al (Hear Res. 2007 Jun; 228(1-2):180-7), cochlear implant function
can be improved by good preservation of the spiral ganghion neurons, which are the target of
electrical stimulation by the implant and brain derived ncurotrophic factor (BDNF) has
previously been shown to enhance spiral ganglion survival in experimentally deafened ears.
Rejali et al. tested a modified design of the cochlear implant electrode that includes a coating of
fibroblast cells transduced by a viral vector with a BDNF gene insert. To accomplish this type of
ex vivo gene trausfer, Rejali et al. transduced guinea pig fibroblasts with an adenovirus with a
BDNF gene cassette insert, and determined that these cells secrcted BDNF and then attached
BDNF-secreting cells to the cochlear implant electrode via an agarese gel, and implanted the
clectrode in the scala tympani. Rejali of al. determined that the BDNF expressing electrodes were
able to preserve significantly more spiral ganghon neurous 1o the basal turns of the cochlea after
48 days of implantation when compared to control electrodes and demonstrated the feasibility of
combining cochlear fraplant therapy with ex vive gene trausfer for enhancing spiral ganglion
neuron survival. Such a system may be applied to the CRISPR Cas system of the present
mvention for delivery to the car.

{3273] Mukherjea ot al. (Antioxidants & Redox Signaling, Volume 13, Number 5, 2010)

document that knockdown of NOX3 using short interfering (st} RNA abrogated cisplatin
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ototoxicity, as evidenced by protection of OHCs from damage and reduced threshold shifis in
auditory brainsiero respounses (ABRs). Different doses of siNOX3 (0.3, 0.6, and 0.9 ug) were
administered to rats and NOX3 cxpression was evaluated by real time RT-PCR. The lowest dose
of NOX3 siRNA used (0.3 pg) did not show any inhibition of NOX3 mRNA when compared to
transtympanic administration of scrambled siIRNA or untreated cochleae. However,
administration of the higher doses of NOX3 siRNA (0.6 and 0.9 pg) reduced NOX3 expression
compared to control scrambled siIRNA. Such a system may be applied to the CRISPR Cas system
of the present invention for transtympanic administration with a dosage of about 2 mg to about 4
mg of CRISPR Cas for administration to a human.

{4274} hung et al. (Molecular Therapy, vol. 21 no. 4, 834-841 apr. 2013} demonstrate that Hes3
levels in the utricle decreased afier the application of siRNA and that the number of hair cells ip
these utricles was significantly larger than following control treatment. The data suggest that
siRNA technology may be usetul for inducing repair and regencration in the inner car and that
the Notch signaling pathway is a potentially useful target for specific gene expression inhibition.
Jung ot al. injected & pg of HesS siRNA in 2 ul volume, prepared by adding sterile norrual saline
to the lyophilized siRWNA 1o a vestibular epithelium of the ear. Such a system may be applied to
the CRISPR Cas system of the present invention for administration to the vestibular epithclium
of the car with a dosage of about 1 to about 30 mg of CRISPR Cas for administration to a
human.

Eves

{3278] The present mvention also contemplates delivering the CRISPR-Cas system to one or
both eyes. In yet another aspect of the invention, the CRISPR-Cas system may be used to correct
ocular defects that arise from several genetic mutations further desertbed in Genetic Diseases of
the Eve, Sccond Edition, edited by Elias 1. Traboulsi, Oxtord University Press, 2012, For
administration 1o the cve, lentiviral vectors, in particular equine infectious anemia viruses
(EIAV} arc particularly preferred. In another embodiment, minimal non-primate lentiviral
vectors based on the equine infectious anemia virus (EIAV) are also conteraplated, especially for
ocular gene therapy {see, ¢.g., Balagaan, J Gene Med 2006; 8: 275 — 285, Published online 21
November 2005 m Wiley InterScience {(www.interscionce. wiley.corm). DOL 10.1002/7gm.845).
The vectors are contemplated to have cytomegalovirus (CMV) promoter driving expression of

the target gene. Intracamcral, subretinal, iniraccular and intravitreal injections are all
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contemplated (see, ¢.g., Balagaan, J Gene Med 2006; 8: 275 — 285, Published online 21
November 2005w Wiley InterScience (www.interscience.wiley.cora). DOL 10.1002/5gm.845).
Intragcular injections may be performed with the aid of an operating microscope. For subretinal
and intravitreal injections, eyes may be prolapsed by gentle digital pressore and fundi visualised
using a contact lens system consisting of a drop of a coupling medium solution on the cormnea
covered with a glass microscope slide covership. For subretinal injections, the tip of'a 10-mra 34-
gauge needle, mounted on a 5-pl Hamilton syringe may be advanced under direct visualisation
through the supcerior cquatorial sclera tangentially towards the posterior pole until the aperture of
the needle was visible in the subretinal space. Then, 2 ul of vector suspension may be wnjected to
produce a superior bullous retinal detachment, thus confirming subretinal vector administration.
This approach creates a self-sealing sclerotomy allowing the vector saspeunsion to be retained n
the subretinal space until it is absorbed by the RPE, usually within 48 h of the procedure. This
procedure may be repeated in the mferior hemisphere o produce an nferior retinal detachment.
This techuique results in the exposure of approximately 70% of neurosensory retina and RPE to
the vector suspension. For intravitreal injections, the needle tip may be advanced through the
sclera 1 mm posterior to the corneoscleral limbus and 2 pl of vector suspension injected into the
vitreous cavity. For intracameral injections, the ncedle tip may be advanced through a
corneoscleral limbal paracentesis, directed towards the central comnea, and 2 ul of vector
suspension may be injected. For intracameral injections, the needic tip may be advanced through
a corocoscleral limbal parvacentesis, divected towards the central cornea, and 2 pl of vector
suspension may be injected. These vectors may be injected at titres of either 1.0-1.4 x 10" or
1.0-1.4 x 10° transducing units (TUYmL In another cmbodiment, RetinoStat®, an equine
infectious anemia virus-based lentiviral gene therapy vector that expresses angtostatic proteins
cudostain and angiostatin that is delivered via a subretinal mjection for the treatment of the web
form of age-related macular degeneration is also conteroplated (see, e.g., Binley et al,, HUMAN
GENE THERAPY 23:980-091 (September 2012)). Such a vector may be modified for the
CRISPR-Cas systern of the present invention. Each eye way be treated with either RetinoStat®
at a dose of 1.1 x 10° transducing units per eye (TU/eye) in a total velume of 100 ul,

(#0276} In another erobodiment, an El-, partial E3-, Ed-deleted adenoviral vector may be
contemplated for delivery to the eye. Twenty-cight patients with advanced neovascular age-

related macular  degencration (AMD) were given a single infravitreous injection of an El-,
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partial E3-, Ed-deleted adenoviral vector expressing human pigment ep- ithelium-derived
factor (AJPEDFE) (see, e.g., Campochiaro et al., Human Gene Therapy 17:167-176 (February
2006)). Doses ranging from 10° to 10”7 particle units (PU) were investigated and there were no
serious  adverse events related to AAPEDFU and  wvo dose-limiting  toxicities (see, e.g.,
Campochiaro et al., Human Gene Therapy 17:167-176  (February 2006)). Adenoviral vector-
mediated ocular gene transfer appears to be a viable approach for the treatment of ocular
disorders and could be applied to the CRISPR Cas system.

10277} In another embodiment, the sd-rxRNA® systemn of RXi Pharmaceuticals may be
used/and or adapted for delivering CRISPR Cas to the eye. In this system, a single intravitreal
administration of 3 ug of sd-rxRNA results in sequence-specific reduction of PPIB mRNA levels
for 14 days. The the sd-rxRNA® system way be applied to the CRISPR Cas system of the
present invention, contermplating a dose of about 3 to 20 mg of CRISPR administered o a
human.

{6278} Millington-Ward et al. (Molecular Therapy, vol. 19 no. 4, 642-649 apr. 2011} describes
adeno-associated virus {AAV) veetors fo deliver an RNA mterference (RNAi)-based rhodopsin
suppressor and a codon-modified rhodopsin replacement gene resistant to suppression due to
nuclecotide alterations at degenerate positions over the RNA1 target site. An injection of either 6.0
x 10" vp or 1.8 x 10™ vp AAV were subretinally injected into the eyes by Millington-Ward et al,
The AAV vectors of Millington-Ward ¢t al. may be applied to the CRISPR Cas system of the
present invention, contemplating a dose of about 2 x 10" to about 6 x 10" vp administered to a
human. Dalkara et al. (Sci Transl Med 5, 18%ra76 (2013)) also relates to in vive directed
evolution to fashion an AAV vector that dehivers wild-type versions of defective genes
throughout the retina after noninjuriocus injection into the eyes’ vitreous bumor. Dalkara
describes a a Tmer peptide display hibrary and an AAV hibrary constructed by DNA shuftling of
cap genes from AAVL, 2,4, 5, 6, &, and 9. The rcAAV libraries and rAAV vectors expressing
GFP under 2 CAG or Rho promoter were packaged and and deoxyribonuclease-resistant
genomic titers were obtained through quantitative PCR. The libraries were pooled, and two
rounds of evolution were performed, cach consisting of initial hibrary diversification followed by
three in vivo sclection steps. In cach such step, P30 rho-GFP mice were infravitreally injected
with 2 ml of iodixanchpurified, phosphate-buffered saline (PBS)-dialyzed library with a

genomic titer of about 1 x 10" ve/ml. The AAV vectors of Dalkara et al. may be applied to the
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CRISPR Cas system of the present invention, contemplating a dose of about 1 x 10 to about 1 x
10" vg/rol admivistered to a human. These techniques can be adapted in the practice of the
instant tnvention.

{6279} In another embodiment, the rhodopsin gene may be targeted for the treatment of retinitis
pigmentosa (RP), wherein the system of US Patent Publication No. 20120204282 assigned to
Sangamo BioSciences, Inc. may be modified in accordance of the CRISPR Cas system of the
present invention. In another embodiment, the methods of US Patent Publication No.
20130183282 assigned to Cellectis, which s directed to ructhods of cleaving a target sequence
from the hurnan rhodopsin gene, may also be modified to the CRISPR Cas systern of the present
invention. US Patent Publication Neo. 20130202678 assigned to Academia Sinica relates to
rocthods for treating retinopathies and sight-threatening ophthalmologic disorders relating to
delivering of the Puf-A gene (which is expressed in retinal ganglion and pigmented cells of eye
tissucs and displays a unigque anti-apoptotic activity) to the sub-retinal or mtravitreal space in the
eve. In particular, desirable targets are zge:193933, prdmia, spata2, tex10, rbbd, ddx3, zp2.2,
Blimp-1 and HirAZ2, all of which may be targeted by the CRISPR Cas system of the present
invention. Wu (Cell Stem Cell, 13:659-62, 2013} designed a guide RNA that led CasO to a single
basc pair mutation that causes cataracts in mice, where it mduced DNA cleavage. Then using
either the other wild-type allele or oligos given to the zygotes repair mechamsmws corrected the
sequence of the broken allele and corrected the cataract-causing genetic defect in mutant mouse.
This can be adapted in the practice of the instant invention. US Patent Publication No.
20120159653, describes use of zine finger nucleases to genetically modify cells, animals and
proteins associated with macular degeration (MD). Macular degencration (MD) 18 the primary
cause of visual impairment in the elderly, but is also a hallmark symptom of childhood discases
such as Stargardt discase, Sorsby fundus, and fatal childhood neurodegencrative diseases, with
an age of ouset as young as infancy. Macular degeneration results in a loss of vision in the ceuter
of the visual field (the macula) because of damage to the retina. Currently existing animal
maodels do not recapitulate wajor hallmarks of the discase as it 1s observed in humans. The
available animal models comprising mutant genes encoding proteins associated with MD also
produce highly variable phenotypes, making translations to human discase and therapy
development problematic. Une aspect of US Patent Publication Ne. 201201593653 relates to

editing of any chromosoral scquences that encode proteins associated with MD which may be
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applied to the CRISPR Cas system of the present invention. The proteins associated with MD are
typically selected based on an expenimental association of the protein associated with M to ap
MDD disorder. For example, the production rate or circulating concentration of a protein
associated with MDD may be clevated or depressed in a population having an MD disorder
relative to a population lacking the MD disorder. Differences in protein levels may be assessed
using proteomic techniques including but not limited to Western blot, immunchistocherical
staining, enzyme hnked immunosorbent assay (ELISA), and mass spectrometry. Alternatively,
the proteins associated with MD may be wdentified by obtaining gene expression profiles of the
genes encoding the proteins using genomic techniques meluding but vot himited to DNA
microarray analysis, scrial analysis of gene expression (SAGE), and gquantitative real-time
polyraerase chain reaction {(3-PCR). By way of non-limiting example, proteins associated with
M include but are not limited to the following proteins: (ABCA4y ATP-binding cassette, sub-
family A {ABC1), member 4 ACHMI achromatopsia (rod monochromacy) 1 ApoE
Apolipoprotein E (Apol) CIQTNFS (CTRPS) Clg and tumor necrosis factor related protein S
(CIQTNF5) C2 Complement component 2 (C2) C3 Complement components (C3) CCL2
Chemokine {C-C motif) Ligand 2 {CCL2y CCR2 Chemokine (C-C motif) receptor 2 (CCR2)
CD36 Cluster of Differentiation 36 CFB Complement factor B CFH Complement factor CFH H
CFHRI1 complement factor H-related 1 CFHR3 complement factor H-related 3 CNGRB3 cyclic
nucieotide gated channel beta 3 CP ceruloplasmin {(CP) CRP C reactive protein (CRP) CST3
cystatin C or cystatin 3 (CST3) CTSD Cathepsin D (CTSD)y CX3CR1T chemokine {(C-X3-C
motif) receptor 1 ELOVL4 Elongation of very long chain fatty acids 4 ERCC6 excision repair
cross- complernenting rodent repair deficiency, coraplementation group 6 FBLN3 Fibulin-3
FBLN3 Fibulin 5 FBLNG Fibulin 6 FSCN2 fascin {(FSCN2) HMCNI Hemicentrin 1 HMCN!1
hemicentin | HTRAL HirA serine peptidase 1 (HTRA ) HTRAT HtrA serine peptidase 1 IL-6
faterleukin 6 1-8 Interlevkin 8 LOC387715 Hypothetical protein PLEKHAT Pleckstrin
homology domain-containing family A member | (PLEKHAT) PROMI Prominin {PROM]I or
CD133) PRPHZ Perpherin-2 RPGR retinitis pigmentosa GTPase regulator SERPINGT serpin
peptidase inhibitor, clade G, member 1 (C1- inhibitor) TCOF1 Treacle TIMP3 Metalloproteinase
inhibitor 3 (TIMP3) TLR3 Toll-like receptor 3. The identity of the protein associated with MDD
whose chromosomal sequence s edited can and will vary. In preferred embodiments, the

CRISPR-Cas system is applicd as to proteins associated with MD whose chromosomal sequence
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is edited may be the ATP-binding cassette, sub-family A {(ABC1) member 4 protein (ABCA4)
cocoded by the ABCR geue, the apolipoprotein E protein {APOE) encoded by the APOE gene,
the chemokine {C-C motif) Ligand 2 protein (CCL2) encoded by the CCL2 gene, the chemokine
{C-C motif) receptor 2 protein {CCR2) encoded by the CCR2 gene, the ceruloplasmin protein
{{CP} encoded by the P gene, the cathepsin D protein (CTSB) encoded by the CTSD gene, or
the metalloproteinase inhibitor 3 protein (TIMP3) encoded by the TIMP3 gene. In an excraplary
embodiment, the genetically modified animal 19 a rat, and the edited chromosomal sequence
encoding the protein associated with MD may be: (ABCA4) ATP-binding cassctie, NM 000350
sub-family A (ABCI), wember 4 APOE Apolipoprotein E NM 138828 (APOE) CCL2
Chemokine {C-C NM_031530 motify Ligand 2 (CCL2} CCR2 Chemekine (C-C NM_021866
rootif) receptor 2 (CCRZY CP ceruloplasroin (CPy NM 012532 CTSD Cathepsin D (CTSD)
NM 134334 TIMP3 Metalloproteinase NM_012886 inhibitor 3 (TIMP3}. The animal or celi
may comprise 1, 2, 3, 4, 5, 6, 7 or more distupted chromosomal sequences encoding a protein
associated with MD» and zero, 1, 2, 3, 4, 3, 6, 7 or more chromosomally integrated sequences
cucoding the disrupted protein associated with MD. The cdited or integrated chromosomal
sequence may be modified to encode an altered protein associated with M. Several mutations
in MD-related chromosomal sequences have been associated with MD. Non-limiting examples
of mutations in chromosoral sequences associated with MD 1oclude those that may cause MD
including in the ABCR protein, E471K (i.c. glutamate at position 471 is changed to lysine),
R1I129L (i.e. arginine at posttion 1129 is changed to leucine), T1428M (i.¢. threonine at position
1428 is changed to methionine}, R15178 (i.c. arginine at position 1517 is changed to serine},
115627 {i.c. 1soleucine at posttion 1562 is changed to threonine), and GI1S78R (i.e. glycine at
position 1578 is changed to arginine); tn the CCR2 protein, V641 {1.¢. valine at position 192 18
changed to isoleucine); in CP protein, G969B (i.c. glycine at position 969 is changed to
asparagine or aspartate), in TIMP3 protein, S156C (1.c. serine at position 1536 is changed to
cysteine), G166C (i.c. glycine at position 166 is changed fo cysteine), G167C (i.c. glycing at
position 167 is chaonged to cysteine), YI6RU (i.e. tyrosiue at position 168 is changed to cysteine),
S170C (i.c. serine at position 170 is changed to cysteine), Y172C {i.c. tyrosine at position 172 s
changed to cysteine) and SI1BIC (i.c. serine at position 181 is changed to cysieine). Other
associations of genetic variants in MD-associated genes and discase are known in the art, and can

be targets as to the CRISPR-Cas system, ¢.¢., 1o correct muutation.
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Heart

{3286} The present mvention also contemplates delivering the CRISPR-Cas system to the heart.
For the heart, a myocardium tropic adena-associated virus {AAVM) is preferred, in particular
AAVM4L which showed preferential gene transfer in the heart (see, e.g., Lin-Yanga et al.,
PNAS, March 10, 2009, vol. 106, no. 10). Administration may be systemic or local. A dosage of
about 1-10 x 10" vector genomes are contemplated for systemic administration. Sce alse, ¢.g.,
Eulalio et al. (2012 Nature 492: 376 and Somasuntharam et al. (2013) Biomaterials 34: 7790,

10281} For cxample, US Patent Publication No. 20110023139, describes use of zine finger
nucleases to genetically modify cells, animals and proteins associated with cardiovascular
disease. Cardiovascular discases generally include high blood pressure, heart attacks, heart
fatture, and stroke and TIA. Any chromosomal sequence involved in cardiovascular discase or
the protein encoded by any chromosomal sequence involved in cardiovascular discase may be
utilized in the methods described in this disclosure. The cardiovascular-related proteins are
typically selected based on an experimental association of the cardiovascular-related protein to
the development of cardiovascular discase. For cxample, the production rate or circulating
concentration of a cardiovascular-related protein may be elevated or depressed in a population
having a cardiovascular disorder relative to a population lacking the cardiovascular disorder.
Differences in protein levels may be assessed using proteornc techuiques wcluding but not
jfimited to Western blot, immunchistochemical staining, enzyme linked immunosorbent assay
(ELISA), and mass spectroractry, Alternatively, the cardiovascular-related protemns may be
identified by obtaining gene expression profiles of the genes encoding the proteins using
genomic techniques including but not lirnited to DNA mucroarray analysis, serial analysis of
gene expression (SAGE), and quantitative real-time polymerase chain reaction ((3-PCR). By way
of cxample, the chrorosomal sequence may comprise, but 18 not Hrited to, IL1B (interieukin 1,
beta), XDH (xanthine dehydrogenase), TP53 (turoor protewn pS3), PTGIS (prostaglandin 12
{prostacyclin} synthase), MB (myoglobin), L4 (interlcukin 4), ANGPT! (angiopoictin 1},
ABCGE (ATP-bimding cassetie, sub-family G (WHITE), wember 8), CTSK {(cathepsin K},
PTGIR (prostaglandin 12 {(prostacyclin} receptor {IP}), KCNJI11 (potassium inwardly-rectifying
channel, subfamily I, member 11), INS (insulin}, CRP (C-reactive protein, pentraxin-related},
PDXGFRB (platelet-derived growth factor receptor, beta polypeptide), CCNAZ {cyclin A2},

PDGFB (platelet-derived growth factor beta polypeptide (simian sarcoma viral (v-sis} oncogene
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homolog)), KONIS (potassium inwardly-rectifying channel, subfamily I, member 5}, KONN3
{potasstum mtermediate/small conductance calcium-activated channel, sabfamily N, member 33,
CAPN10 (calpain 10), PTGES (prostaglandin E synthasc), ADRAZB (adrenergic, alpha-2B-,
receptor), ABCGS (ATP-binding cassette, sub-faraily G (WHITE), member 35), PRDX2
{peroxiredoxin 2), CAPNS (calpain 5}, PARP14 (poly (ADP-ribose) polymerase family, member
14}, MEX3C {mex-3 homolog C {C. clegans)), ACE angiotensin 1 converting enzyme (peptidyl-
dipeptidase A} 1), TNF {tumor necrosis factor {TNF superfamily, member 2)), 1L6 {(interleukin 6
(interferon, beta 2)), STN (statin), SERPINE! (scrpin peptidasce inhubitor, clade E {(nexin,
plasminogen activator inhibitor type 1), member 1), ALB (albumin), ADIPOQ {(adiponectin,
C1Q and collagen domain containing), APOB (apolipoprotein B (including Ag(x} antigen}),
APOE (apolipoprotein E), LEP (eptin), MTHFR (5.10-methylenctetrabydrofolate reductase
(NADPH)), APOA1 (apolipoprotein A-I), EDNI1 (cndothelin 1}, NPPB (natriurctic peptide
precursor B), NOS3 (witric oxide synthase 3 {endothehal cell)), PPARG (peroxisome
profiferator-activated receptor gamma), PLAT (plasminogen activator, tissug), PTGS2
{prostaglandin-endoperoxide synthase 2 {(prostaglandin G/H synthase and cyclooxygenase)),
CETP {(cholesteryl ester transfer protein, plasma), AGTRI (angiotensin I receptor, type 1},
HMGCR (3-hydroxy-3-methylglutaryl-Coenzyme A reductase), IGF1 {insulin-like growth factor
I {somatomedin C)), SELE {(selectin E), REN (renin), PPARA {(peroxisome proliferator-activated
receptor alpha), PONI (paraoxonase 1}, KNG (kininogen 13, CCL2 {chemckine {C-C motif)
figand 2), LRPL (lipoprotein lipase), VWF (von Willebrand factor), F2 (coagulation factor U
(thrombin)), ICAM] (intercellular adhesion molecule 1), TGFBI (transforming growth factor,
beta 1), NPPA (natriurctic peptide precursor Ay, ILIO (interleukin 10}, EPO {crythropeicting,
SO {superoxide dismutase 1, soluble}, VCAMI {vascular cell adhesion molecule 1), IFNG
{(interferon, gamuna), LPA (lipoprotein, Lpfa)), MPO (myecloperoxidase), ESRI1 (estrogen
receptor 1), MAPK] {mitogen-activated protein knase 1), HP (haptoglobiny, F3 {coagulation
factor 111 (thromboplastin, tissue factor}), CST3 (cystatin C), COG2 (component of sligomeric
golgi complex 2), MMP9 (matrix metallopeptidase 9 (gelatinase B, 92 kDa gelatinase, 92 kDa
type IV collagenase}), SERPINCI (serpin peptidase inhibitor, clade C {(antithrombin}, member
1y, F& ({coagulation factor VI, procoagulant component), HMOX1 (heme oxygenase
{decycling) 1}, APOCS (apolipoprotein C-HI), IL8 (interleukin 8), PROK] {prokineticin 1), CBS

-

{cystathionine-beta-synthase), NOS2 (nitric oxide synthase 2, inducible), TLR4 {toli-like
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receptor 4), SELP (sclectin P (granule membrane protein 140 kDa, antigen CD62)), ABCAI
{ATP-binding cassette, sub-family A (ABCI), member 1), AGT {(angiotensinogen {serpin
peptidase inhibitor, clade A, member ¥)), LDLR {(low density lipoprotein receptor), GPT
{glutarnic-pyruvate transamivase (alanine aminotransferase}), VEGFA (vascular endothelial
growth factor A}, NR3CZ {nuclear receptor subfamily 3, group C, member 2), IL18 (interieukin
18 {(mterferon-garama-inducing factory), NOST (nitric oxide synthase | {(neuronal)), NR3CI
{nuclear receptor subfamily 3, group C, member 1 {glucocorticoid receptor)), FGB (fibrinogen
beta chainy, HGF (hepatocyie growth factor (hepapoietin A; scatter factor)), ILLA (interleukin 1,
alpha), RETN (resistin), AKT1 (v-akt murine thymoma viral oncogene homolog 1), LIPC
{lipase, hepatic), HSPD1 (heat shock 60 kDa protein 1 {(chaperonin}), MAPKI4 {mitogen-
activated protein kinase 14), SPP1 (secreted phosphoprotemn 1), ITGB3 (integrin, beta 3 (platelet
glycoprotein 111a, antigen CD61)), CAT ({catalase), UTS82 (urotensin 2}, THBD
(thrombomodulin), F10 {(coagulation factor X}, CP {ceruloplasmin (ferroxidase)), TNFRSFLIB
{tumor necrosis factor receptor superfamily, member 11b), EDNRA {endothelin receptor type
A}, EGFR (cpidermal growth factor receptor {erythroblastic leukemia viral {v-erb-b) oncogene
homolog, avian)), MMP2 (matrix metallopeptidase 2 {gelatinase A, 72 kDa gelatinase, 72 kDa
type IV collagenase}), PLG (plasminogen), NPY (ncuropeptide Y), RHOD (ras homolog gene
family, member D), MAPKE (mitogen-activated protein kinase 8), MYC (v-myc
myeclocytomatosis viral oncogene homolog (avian)), FN1 {fibronectin 1), CMA1 (chymase 1,
roast cell), PLAU (plasminogen activator, urokinase), GNB3 (guaniue nucleotide binding protein
(G protein), beta polypeptide 3), ADRB2 {(adrenergic, beta-2-, receptor, surface), APOAS
{apolipoprotein A-V), SOD2 (superoxide dismnutase 2, mitochondrial), F5 (coagulation factor V
{proaccelerin, labile factor)), VDR (vitamin B (1,25-dihydroxyvitamin D3) receptor), ALOXS
{arachidonate S-lipoxygenase), HLA-DRBI1 (major histocorpatibility corplex, class I, DR beta
1}, PARPI (poly (ADP-ribose) polyraerase 1), CD40LG (CD40 higand), PON2 {paraoxonase 23,
AGER (advanced glycosylation end product-specific receptor), IRS1 {(insulin receptor substrate
1), PTGSH (prostaglandiv-codoperoxide synthase 1 (prostaglandin G/H  synthase and
cyclooxygenase)), ECEl (endothelin converting enzyme 1), F7 {coagulation factor VI (scrum
prothrombin conversion accelerator)), URN (interleukin | receptor antagonist), EPHXZ (cpoxide
hydrolase 2, cytoplasmic), IGFBP1 {(insulin-like growth factor binding protein 1), MAPKIG

{mitogen-activated protein kinase 10), FAS (Fas (TNF receptor superfamily, member 63},
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ABCB1 (ATP-binding cassctte, sub-family B (MDR/TAP), member 1), JUN (jun oncogene),
IGERBP3 Gnsulin-like growth factor binding protewn 3), CDI4 (CD14 wolecule), PDESA
{phosphodicsterase SA, cGMP-specific), AGTR2 (angiotensin U receptor, type 2), CD40 (CD40
molecule, TNF receptor superfaroily maember 5), LCAT (lecithin-cholesterol acyliransferase),
CCRS {chemokine {C-C motify receptor 5), MMP1 (matrix metallopeptidase 1 {interstitial
colagenasey), TIMPL (TIMP roctallopeptidase inhibitor 1}, ADM (adrenomedulling, DYTIO
{dystonia 10}, STAT3 {signal transducer and activator of transcription 3 (acute-phase response
factor)), MMP3 (matrix metallopeptidase 3 (stromelysin 1, progelatinase)), ELN (clasting, USF1
{upstream transcription factor 1), CFH {complement factor H), HSPA4 (heat shock 70 kDa
protein 43, MMPI2 (matrix metallopeptidase 12 {macrophage elastase}), MME (membrane
roetallo-endopeptidase), F2R (coagulation factor I (thrombin) receptor), SELL (selectin L),
CTSB {cathepsin B), ANXAS (annexin AS5), ADRBI (adrenergic, beta-1-, receptory, CYBA
{cytochwome b-245, alpha polypeptide}, FGA (fibrinogen alpha chain), GGTl (gamma-
glutamayliransferase 1), LIPG (lipase, endothelial), HIFIA (hypoxia inducible factor 1, alpha
subunit (basic helix-loop-helix franscription factor)), CXCR4 {chemolane (C-X-C motit)
receptor 4), PROC (protein C (inactivator of coagulation factors Va and VIiia}), SCARBI
{scavenger receptor class B, member 13, CD79A (CD79a molecule, immunoglobulin-associated
alpha), PLTP (phospholipid transfer protein, ADDI {(adducin 1 {alpha}}, FGG {fibrinogen
gamma chain), SAALl (scrum amyloid Al), KCNH2 (potassium voltage-gated channel,
subfamily H (cag-related), member 2), DPP4 (dipeptidyl-peptidase 4), GOPD {(glucose-6-
phosphate dehydrogenase), NPRID ({naftriurctic peptide receptor Alguanylate cyclase A
{atrionatriuretic peptide receptor A)y, VIN (vitronecting, KIAAD101 (KIAAD101), FOS (FBJ
murine ostegsarcoma viral oncogene homolog), TLR2 (toll-like receptor 2), PPIG (peptidylprolyl
isomerase G (eyclophilin G)), ILWIRT (oterleukin 1 receptor, type 1), AR {androgen receptor),
CYPIAL {(cytochromoe P450, family 1, subfamily A, polypeptide 1), SERPINAT (serpin
peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1), MTR (5-
methyltetrabydrofolate-horocysteine  wethyliransferase), RBP4 (retinol binding protein 4,
plasma), APOA4 (apolipoprotein A-1V), CDKNZA (cyclin-dependent kinase inhibitor ZA
{mclanoma, pl6, inhibits CDK4)), FGF2 (fibroblast growth factor 2 (basic)), EDNRB
{endothelin receptor type B), ITGAZ (integrin, alpha 2 (CDMOB, alpha 2 subunit of VLA-Z

receptor)), CABINT (calcimeurin binding protemn 1), SHBG (sex hormoune-binding globulin},
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HMGB! (high-mobility group box 1), HSPSOB2P (heat shock protein 90 kDa beta {Grp%4),
roember 2 {pseudogene)), CYP3A4 (cytochrome P450, family 3, subfarmly A, polypeptide 4),
GIAT (gap junction protein, alpha 1, 43 kDa), CAV1 {(caveolin 1, caveclac protein, 22 kDa},
ESRZ (estrogen veceptor 2 (ER beta)), LTA (lymwphotoxin alpha (TNF superfamily, roember 1)),
GDFIS {growth differentiation factor 15), BDNF (brain-derived newrotrophic factor), CYP2ZD6
{cytochromne P450, family 2, subfamily D, polypeptide 6), NGF (nerve growth factor (beta
polypeptide)), SP1 {Spl transcription factor), TGIF1 (TGFB-induced factor homeobox 1), SRC
{v-sr¢ sarcorna {Schridt-Ruppin A-2} viral oncogene homeolog (avian}), EGF (cpidermal growth
factor {(beta-urogasirone}), PIK3CG {phosphowmositide-3-kinase, catalytic, gamna polypeptide),
HLA-A {major histocompatibility complex, class §, A), KCNQI (potassium voltage-gated
chanuel, KQT-like subfamily, member 1}, UNRI {(cannabinoid receptor 1 (brain}), FBNI
(fibrillin 1), CHKA (choline kinase alpha), BEST! (bestrophin 1), APP (amyloid beta (A4)
precursor protein), CTNNBL (catenin (cadherin-associated protein), beta 1, 88 kDa), 1L2
{interleukin 2}, CD36 (CD36 molecule {(thrombospondin receptor)), PRKABI {protein kinase,
AMP-activated, beta 1 non-catalytic subunit), TPO (thyroid peroxidase), ALDHTATL {aldchyde
dehydrogenase 7 family, member A1), CX3CR1 {chemokine (U-X3-C motif} receptor 1), TH
{(tyrosine hydroxylase), FO {coagulation factor 1X), GHI (growth hormone 1), TF (transferrin},
HFE (hemochromatosis), ILI7A Gnterleukin 17A), PTEN (phosphatase and tensin homolog),
GSTMI (glutathione S-transferase mu 1), DMD (dystrophin), GATA4 (GATA binding protein
4y, F13A1 {coagulation factor X1 Al polypeptide), TTR (transthyretin), FABP4 {(fatty acid
binding protein 4, adipocyte), PON3 (paraoxonase 33, APOCI (apolipoprotemn C-F), INSR
(insulin receptor), TNFRSFIB (tumor necrosis factor receptor superfamily, member 1B},
HTR2ZA (S-hydroxytryptamine {serotonin) receptor 2A), CSF3 {(colony stimulating factor 3
{gramulocyte)), CYP2CY {cytochrome P450, fanuly 2, subtamily C, polypeptide 9), TXN
{thioredoxiny, CYPIIBZ (cytochrorae P450, family 11, subfamily B, polypeptide 2), PTH
(parathvroid hormonce), CSF2 {(colony stimulating factor 2 {granulocyte-macrophage)), KDR
{kinase insert domain receptor (a type HI receptor tyrosine kinase)), PLA2GZA {phospholipase
A2, group HA {platelets, synovial fluid})), B2M (beta-2-microglobulin}, THBS1 (thrombospondin
1y, GCG (glucagon), RHOA (ras homolog genc family, merasber A), ALDHZ (aldchyde
dehydrogenase 2 family {mitochondrial}), TCF7L2 (transeription factor 7-like 2 (T-cell specific,

HMG-box}), BDKRB? (bradykinin receptor B2), NFE2L2 (nuclear factor {ervthroid-derived 2)-
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itke 2}, NOTCHI (Notch homolog 1, translocation-associated (Drosophila)y, UGTIAY (UDP
glucuronosyliransterase 1 family, polypeptide Al), IFNALD (uterferon, alpha 1), PPARD
{peroxisome proliferator-activated receptor delta), SIRTI (sirtuin {silent mating type information
regulation 2 howolog) 1 (8. cerevisiac)), GNRHU (gonadotropin-releasing hormone 1
{luteinizing-releasing hormone)), PAPPA {(pregnancy-associated plasma protein A, pappalysin
1y, ARR3 (arrestin 3, retinal (X-arrestin}), NPPC (natriuretic peptide precursor ), AHSP {alpha
hemoglobin stabilizing protein), PTK2 {(PTK2 protein tyrosine kinase 2), 1L13 {interleukin 13},
MTOR (mechanistic target of rapamycin (serine/threonine kinase}), ITGB2 {(integrin, beta 2
{compleroent coraponent 3 receptor 3 and 4 subunity), GSTTI {(glatathione S-transferase theta 1),
{L6ST (interlcukin 6 signal transducer {gp130, oncostatin M receptor)), CPB2 (carboxypeptidase
B2 {(plasma}), CYPIAZ (cytochrome P458, family 1, subfamily A, polypeptide 2), HNF4A
{hepatocyte nuclear factor 4, alpha), SLC6A4 (sclute camrier family 6 (ncurotransmitter
transporter, serotonin), member 4), PLAZGS (phospholipase A2, group VI {cytoschc, calcium-
independent}}, TNFSF11 {(tumor necrosis factor (ligand) superfamily, member 11}, SLCRAL
{solute carrier family 8 (sodiunv/calciurn exchanger), member 1), F2RLI {coagulation factor 1l
{(thrombin) receptor-like 1}, AKRIA1 (aldo-keto reductase family I, member A1 (aldehyde
reductase)), ALDHOAT {(aldchyde dehydrogenase 9 family, member Al), BGLAP (bone gamma-
carboxyglutamate {gla) protein), MTTP {microsomal triglyceride transfer protein), MTRR (5-
methyltetrahydrofolate-homocysteine methyltransferase reductase), SULTIA3 {sulfotransferase
faroly, cytosolic, 1A, phenol-preferring, wmember 3), RAGE (reval tumor antigen), C4B
{compiement component 48 (Chido blood group), PZRY 12 {purinergic receptor P2Y, G-protein
coupled, 12), RNLS (renalase, FAD-dependent amine oxidase), CREB1 (cAMP responsive
element binding protein 1}, POMC (proopiomelanocorting, RACT {ras-related €3 botulinum
toxin substratc 1 (rho farotly, small GTP binding protein Racly), IMNA (lamun NC), CD39
{CD359 wolecule, complement regulatory protem), SCNSA {(sodiuro channel, voltage-gated, type
V, alpha subunit), CYPIBI1 (cytochrome P450, family 1, subfamily B, polypeptide 1}, MIF
{macrophage wigration wnhbitory factor {glycosylation-inlubiting factor)), MMPI3 (watrix
metallopeptidase 13 (collagenase 3)), TIMP2 (TIMP metallopeptidase inhibitor 2), CYPI9AI
{cytochromc P450, farily 19, subfamily A, polypeptide 1), CYP21AZ {cytochrome P450, family
21, subtamily A, polypeptide 23, PTPN22 (protein tyrosine phosphatase, non-receptor type 22

(lymphoid}), MYH14 (myosin, heavy chain 14, non-mauscle), MBL2 (mannosc-binding lectin
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{protein C} 2, soluble {opsonic defect)), SELPLG (sclectin P ligand), ACC3 {amine oxidase,
copper containing 3 (vascular adhesion protein 1)), CTSLI (cathepsin L1}, PCNA (proliferating
cell nuclear antigen), IGF2 (insulin-like growth factor 2 (somatomedin A}), ITGB1 {(integrin,
beta 1 (fibronectin receptor, beta polypeptide, antigen CD29 mcludes MDF2, MSK12)), CAST
{calpastatin}, CXCL12 {chemokine {(C-X-C wmotif) ligand 12 {stromal cell-derived factor 1)),
IGHE (immunoglobulin heavy constant epsilon), KCNE! {potassium voltage-gated channel, Isk-
related family, member 13, TFRC {transferrin receptor (p90, CD71)), COLIAT (collagen, type 1,
alpha 1), COLIAZ2 (collagen, type 1, alpha 2), IL2RB (interleukin 2 receptor, beta), PLAZGIO
{phospholipase A2, group X), ANGPT2Z (angiopoictin 2), PROCR {protein  recepior,
endothelial (EPCR)), NOX4 (NADPH oxidase 4), HAMP (hepcidin antimicrobial peptide),
PTPNI1 (protein tyrosine phosphatase, von-receptor type 11), SLCZAT (solute carrier farmily 2
{(facilitated g¢lucose transporter), member 1), IL2ZRA (interlenkin 2 receptor, alpha), CCL3S
{chemokine {(C-C motif) ligand 5), IRF1 (mterferon regulatory factor 1), CFLAR (CASPS and
FADD-like apoptosis regulator), CALCA (calcitonin-related polypeptide alpha), EIF4E
{cukaryotic translation mitiation factor 4E), GSTP1 (glutathione S-transferase pt 1), JAKZ (Janus
kinase 23, CYP3AS (cytochrome P450, family 3, subfamily A, polypeptide 5), HSPGZ (heparan
sulfate proteoglycan 2), CCL3 {(chemokine (C-C motif) ligand 33, MYDSS (myeloid
differentiation primary response gene (88)), VIP {vasoactive intestinal peptide), SOATT (sterol
O-acyltransferase 13, ADRBK1 (adrenergic, beta, receptor kinase 1), NR4AZ (nuciear receptor
subfamily 4, group A, mewmber 2), MMPR (matrix metallopeptidase 8 (neutrophil collagenase)),
NPR2 {natriuretic peptide receptor B/guanylate cyclase B {atrionatriuretic peptide receptor B)},
GCHI (GTP cyclohydrolase 1), EPRS (glutarmyl-prolyltRNA synthetasc), PPARGCIA
{peroxisome proliferator-activated receptor gamma, coactivator 1 alpha), F12 {coagulation factor
X (Hageroan factory), PECAMI {platclet/endothelial cell adhesion molecule), CCLA4
{chemokine {(C-C wotif) higand 4), SERPINA3 (serpin peptidase inhibitor, clade A (alpha-1
antiprofeinase, antitrypsin}, member 3}, CASR {calctum-sensing receptor), GJAS (gap junction
protein, alpha 3, 40 kDa), FABP2 (fatty acid binding protein 2, intestinal), TTF2 (transcription
termination factor, RNA polymerase I1}, PROSI (protein 8 (alpha)), CTF1 {cardiotrophin 1},
SGCB (sarcoglyean, beta (43 kDa dystrophin-associated glycoprotein)), YMEILT (YMEL-like |
(S. cerevisiac}), CAMP {cathelicidin antimicrobial peptide), ZC3HIZA (zinc finger CCCH-type

containing 12A), AKRIBI (aldo-keto reductase farmly 1, member Bl (aldose reductase}), DES
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{desmin), MMP7 (matrix metallopeptidase 7 (matrilysin, uterine}), AHR ({aryl hydrocarbon
receptor), CSF1 (colony stivoulating factor 1 {macrophage)), HDACY (histone deacetylase 9),
CTGE (connective tissue growth factor), KCNMAL (potassiwm large conductance calcium-
activated chaonel, subfamily M, alpha merber 1), UGTIA (UDP glucuronosyltransferase |
family, polypeptide A complex locus), PRKCA {(protein kinase C, alpha), COMT (catechol-
Jbeta.~methyltransferase), S100B (8100 calcium binding protein B), EGR1 (carly growth
response 1}, PRL {prolactin, 1115 (interleukin 15), DR {dopamine receptor D4), CAMK2G
{calctum/calmodulin-dependent protein kanase H garoma), SLC22A2 (solute carrier farnily 22
{organic cation transporter), member 23, CCL11 {chemokine {(C-C wootif) ligand 11), PGF (B321
placental growth factor), THPO (thrombopoictiny, GP6 (glycoprotein VI (platelet)y, TACRI
{tachykinin receptor 1), NTS (neuroteosing, HNF1A (HNF1 borocobox A), SST (soratostating,
KCND1I {potassiumn voltage-gated channel, Shal-related subfamily, member 1), LOC646627
{phospholipasc inhibitor), TBXASI (thromboxane A synthase 1 (platelet)), CYP2J2 (cytochrome
P450, family 2, subfamily I, polypeptide 2), TBXAZR (thromboxane A2 receptor), ADHIC
{alcohol dchydrogenase 1C {class 1), gamma polypeptide), ALOXI1Z (arachidonate 12-
lipoxygenase}, AHSG (alpha-2-HS-glycoprotein), BHMT {betaine-homocysteine
methyltransferase), GIA4 {gap junction protein, alpha 4, 37 kDa), SLCZ5A4 (solute carrier
family 25 (miutochondrial carrier; adenine nucleotide traunslocator), member 4), ACLY (ATP
citrate lyase), ALOXSAP (arachidonate 5-lipoxygenase-activating protein}, NUMAIL (nuclear
roitotic apparatus protein 1), CYP27B1 (cytochrome P450, family 27, subfaraily B, polypeptide
1y, CYSLTRZ (cystetnyl leukotriene receptor 2}, SOGD3 {superoxide dismutase 3, extracelinlar),
LTC4S (leukotricne C4 synthase), UCN {urocorting, GHRL {ghrelin/obestatin prepropeptide),
APOC2 (apolipoprotein C-11), CLEC4A (C-type lectin domain family 4, member A), KBTBIDNO
{kelch repeat and BTB (POZ) domain containing 10), TNC {tenascin C), TYMS (thymidylate
synthetase), SHCI (SHC (Sre homology 2 domain containing) transformoing protein 1), LRP1
{low density lipoprotein receptor-related protein 1), SOCS3 {suppressor of cytokine signaling 3},
ADHIB (alcohol dehydrogenase 1B (class I}, beta polypeptide), KLE3 (kallikremn-related
peptidase 3), HSD1IB1 (hydroxysteroid (11-betay dehydrogenase 1), VKORC! {(vitamin K
epoxide reductase complex, subunit 1), SERPINBZ (serpin peptidase inhibitor, clade B
{ovalbumin), member 2}, TNSI (tensin 1}, RNFI9A {ring finger protein 19A) EPOR

{erythropoietin receptor), ITGAM (integrin, alpha M (complement coraponent 3 receptor 3
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subunity), PITX2 {paired-like homeodomain 2), MAPK7 (mitogen-activated protein kinase 7),

FCGR3A (Fe fragmeot of 1gG, low affimity 111a, receptor (CD16a), LEPR (leptin receptor),
ENG {endoglin), GPX1 {glutathione peroxidase 1}, GOTZ2 (glutamic-oxaloacetic transaminase 2,
mitochondrial {aspartate armnotransferase 2)), HRHI (histamine receptor HI), NR112 {(vuclear
receptor subfamily 1, group |, member 2), CRH (corticotropin releasing hormone}, HIRI1A (5-
hydroxytryptamune {scrotonin} receplor 1A), VDACT (voltage-dependent anion chanunel 1},
HPSE (heparanase}, SFTPD (surfactant protein ), TAP2 {transporter 2, ATP-binding cassetie,
sub-family B (MDR/TAP)), RNF123 (ring finger protein 123}, PTK2B (PTK2B protein tyrosine
kinase 2 beta), NTRK2 (neurotrophic tyrosine kinase, receptor, type 2), IL6R (uterleukin 6
receptor), ACHE {(acetylcholinesterase (Yt blood group)), GLPIR {glucapgon-like peptide 1
receptor), GHR (growth hormone recepior), GSR {(glutathione reductase), NQO1U (NAD(P)H
dehydrogenase, quinone 1}, NRSA1 (nuclear receptor subfamily 5, group A, member 1), GIB2
{gap junction protein, beta 2, 26 kDa), SLU9AT (solute carrier family 9 (sodiura/hydrogen
exchanger), member 1}, MAOA (monoamine oxidase A}, PCSK® {proprotein convertase
subtihsin/kexin type 9), FCGR2A (Fe fragment of IgG, low affinity Ha, receptor (CD32)),
SERPINFI {serpin peptidase inhibitor, clade ¥ (alpha-2 antiplasmin, pigment epithelinm derived
factor), member 1), EDN3 (endothelin 33, DHFR (dihydrofolate reductase), GASS (growth
arresi-specific 6), SMPD1 (sphingomyeliv  phosphodiesterase 1, acid lysosomal), UCP2
{uncoupling protein 2 (mitochondrial, proton carrier}), TFAPZA (transcription factor AP-2 alpha
{activating cvhavcer binding protein 2 alpha)), C4BPA (complement cormponent 4 binding
protein, alpha), SERPINFZ {serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, pigment
epithclium derived factor), member 23, TYMP (thymidine phosphorylase), ALPP (alkaline
phosphatase, placental {Regan isozyme}), UXCR2Z (chemokine (C-X-C motif) receptor 2),
SLC39A3 (solute carricr family 39 (zinc transporter), member 3), ABCG2 (ATP-binding
cassette, sub~family G (WHITE), member 2), ADA {(adenosine dearminase), JAK3 (Janus kinase
3}, HSPAILA (heat shock 70 kDa protein 1A}, FASN (fatty acid synthase), FGF1 {fibroblast
growth factor 1 (acidic)), F11 {coagulation factor X[}, ATPTA (ATPase, Cut+ transporting,
alpha polypeptide), CR1 {complement component (3b/4b) receptor T (Knops blood group)),
GFAP (glial fibrillary acidic protein), ROCKI (Rho-associated, cotled-coil containing protein
kinase 13, MECP2 (methyl CpG binding protein 2 (Rett syndrome}}, MY LK {myosin light chain

kinascy, BCHE (butyrylcholinesterase), LIPE  (lipase, hormone-sensiiive), PRDXS
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{peroxiredoxin 3), ADORAT (adenosine Al receptor), WRN (Werner syndrome, Recf) helicase-
like), CXCR3 (chemokine (C-X-C motif) receptor 3), CDE1 (CDRT molecule), SMAD7 (SMAD
family member 73, LAMC2 (laminin, gamma 2), MAP3KS (mitogen-activated protein kinase
kinase kinase 53), CHGA (chromogranin A (parathyroid secretory protein 1)), TAPP (islet amyloid
polypeptide), RHO (thodopsin), ENPPI (ectonucleotide pyrophosphatase/phosphodiesterase 1),
PTHLH (parathyroid hormone-like hormone), NRGI (ncurcgulin 1}, VEGFC (vascular
endothelial growth factor ), ENPEP (ghutamyl aminopeptidase {aminopeptidase A)), CEBPB
(CCAAT/enhancer binding protein (C/EBP), beta), NAGLU (N-acetylglucosaminidase, alpha-),
F2RL3 {coagulation factor H {(thrombin} receptor-like 3), CX3CLI {chemokine (C-X3-C motif)
figand 1), BDKRB1 (bradykinin receptor Bi), ADAMTSI3 (ADAM metallopeptidase with
throrobospondin  type 1 wotif, 13), ELANE (eclastase, necutrophil expressed), ENPPZ
(ectonucleotide pyrophosphatase/phosphodiesterase 23, CISH (cytokine inducible SH2-
containing protein}, GAST (gastrin), MYOC (myocilin, trabecular meshwork inducible
glucocorticoid response), ATPIAZ {ATPase, Na+/K+ transporting, alpha 2 polypeptide), NFI
{neurofibromin 1), GIB1 {gap junction protein, beta 1, 32 kDa), MEF2A (rayocyte enhancer
factor 2A), VCL (vinculin}, BMPRZ (bone morphogenetic protein receptor, type I
{serine/threonine kinase)), TUBB (tubulin, beta), CDC42 (ccll division cycle 42 (GTP binding
protein, 25 kDa)), KRTI1E (keratin 18), HSF1 (heat shock transcription factor 1), MYB {v-myb
myecloblastosis viral oncogene homolog {(avian}), PRKAAZ (protein kinase, AMP-activated,
alpha 2 catalytic subunit), ROCK2 {(Rho-associated, coiled-coil containing protein kinase 23,
THPI (tissuc factor pathway inhibitor (lipoprotein-associated coagulation inhibitor)), PRKGI
{protein kinase, ¢GMP-dependent, type I, BMP2 (bounc morphogenctic protein 2), CTNNDI
{catenin (cadherin-associated protein), delta 1), CTH ({cystathionase (cystathionine gamma-
ivase)), CTSS (cathepsin S), VAVZ (vav 2 guanine nucleotide cxchange factor), NPY2R
{neuropeptide Y receptor Y2, IGFBP2 (insulin-like growth factor binding protein 2, 36 kDa),
CD28 (CD28 molecule), GSTAT (glutathione S-transferase alpha 1), PPIA (peptidyliprolyl
isomerase A (cyclophilin A)), APOH (apohpoprotein H (beta-2-glycoprotein 1)), S100AR (S100
calcium binding protein A8}, IL11 (interleukin 11), ALOX15 (arachidonate 15-lipoxygenase),
FBENI (fibulin ), NRIH3 (nuclear receptor subfarmily 1, group H, member 3}, SCD (stearoyl-
CoA  desaturase  (delta-O-desaturase)), GIP  (gastric  inhibitory  polypeptide), CHGB

{chromogranin B {(sccretogranin 1)), PRKCB (protein kinase C, beta}, SRDSAT (steroid-5-alpha-
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reductase, alpha polypeptide 1 (3-oxo-5 alpha-steroid delta 4-dehydrogenase alpha 1)),
HSDHIR2 (hydroxysteroid (11-beta) dehydrogenase 2), CALCRL {calcitonin receptor-like},
GALNTZ2 (UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyitransferase
2 {GalNAc-T2)), ANGPTL4 (angiopoictin-like 4), KCNN4 (potassium intermediate/small
conductance calcium-activated channel, subfamily N, member 4}, PIK3C2A {phosphoinositide-
3-kinase, class 2, alpha polypeptide), HBEGF (heparin-binding EGF-like growth factor),
CYP7AL {(cytochrome P450, family 7, subfamily A, polypeptide 1), HLA-DRBS (major
histocompatibility complex, class I, DR beta 5), BNIP3 (BCL2/adenovirus E1B 19 kDa
interacting protein 3), GCKR {glucokinase (hexokinase 4) regulator), S100A12 (8100 caleium
binding protein Al2), PADH (peptidyl arginine deiminase, type 1V), HSPA14 (heat shock 70
kDa protein 14), CXCRI {chemokine (C-X-C mott) receptor 1), HI% (HI9, iuprinted
maternally expressed transcript (non-protein coding})), KRTAPI19-3 (keratin associated protein
19-3), IDDM2 {insulin-dependent diabetes mellitus 2), RACZ (vas-related C3 botalimum toxin
substrate 2 (rho family, small GTP binding protein Rac2)), RYRI (rvanodine receptor 1
{skeletalyy, CLOCK {clock hornolog (mouse}), NGFR (nerve growth factor receptor (TNFR
superfamily, member 16}), BBH (dopamine beta-hydroxylase {(dopamine beta-monooxygenase}),
CHRNA4 (cholinergic receptor, nicotinic, alpha 4), CACNAIC ({(calcium channel, voltage-
dependent, L type, alpha 1C subunit), PRKAG2 (protein kinase, AMP-activated, gamma 2 non-
catalytic subunit), CHAT (choline acetyltransferase), PTGDS (prostaglandim D2 synthase 21 kDa
{brain}), NRIHZ (nuclear receptor subfarnily 1, group H, mewmber 2), TEK (TEK tyrosine kinase,
endothelial), VEGFB (vascular endothelial growth factor B}, MEFZC (myocyte enhancer factor
2C), MAPKAPK? (rattogen-activated protein kinase-activated protein kinase 2), TNFRSF1IA
{tumor necrosis factor receptor superfamily, member 11a, NFKB activator), HSPAS (heat shock
70 kDa protein 9 (mortaling), CYSLTRI {cysteinyl lenkotriene receptor 1), MATLA {(methionine
adenosyltransferase 1, alpha), OPRLI (opiate receptor-like 1), IMPAT (inostiol{myo}-1{or 4)-
monophosphatase 1), CLON2 (chloride channel 23, DLD (dihydrolipoamide dehydrogenase),
PSMAG (proteasorme (prosome, macropain} subunit, alpha type, 6), PSMBR (proteasome
{prosome, macropain) subunit, beta type, 8 {large multifunctional peptidase 7)), CHI3LI
{chitinase 3-like | (cartilage glycoprotein-39)), ALDHIBI {(aldehyde dehydrogenase 1 family,
member Bl), PARPZ (poly (ADP-ribose) polymerase 2}, STAR (steroidogenic acute regulatory

protein}, EBP (lipopolysaccharide binding protein), ABCC6 (ATP-binding cassette, sub-family
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C{CFTR/MRP), member 6}, RGS2 (regulator of G-protein signaling 2, 24 kDa), EFNB2 (ephrin-
B2), GIB6 (gap junction protein, beta 6, 30 kDa), APOAZ (apolipoprotein A-II), AMPDI
(adenosine monophosphate deaminase 1), DYSF (dysferlin, limb girdie muscular dystrophy 2B
{auvtosomal recessive}), FDFT (famesyl-diphosphate farnesyltransferase 1), EDN2 (endothelin
2}, CCRE (chemokine (C-C motif) receptor 6), GIB3 {gap junction protein, beta 3, 31 kDa),
ILIRLD  (mterleukin 1 receptor-like 1), ENTPDI  {(ectonucleoside  triphosphate
diphosphohydrolase 1}, BBS4 (Bardet-Bied! syndrome 43, CELSRZ {cadherin, EGF LAG seven-
pass G-type receptor 2 (flamingo homolog, Drosophila)), FUIR (Fil receptor), RAPGEF3 (Rap
guanine nucleotide exchange factor (GEF) 3), HYALL (hyaluronoglucosamimidase 1), ZNF259
{zinc finger protein 2593, ATOX1 (ATX! antioxidant protein 1 homolog (yeast}), ATF6
{activating  transcription  factor  6), KHK  (ketohexokinase (fructokinase}), SATI
(spermidine/spermine Ni-acetyltransferase 1), GGH {(gamma-glutamyl hydrolase (conjugase,
folylpolygammaglutamyl hydrolase})), TIMP4 (TIMP metallopeptidase inhibitor 4), SLC4A4
{solute carrter family 4, sodium bicarbonate cotransporter, member 4), PDEZA
{phosphodicsterase 2A, ¢GMP-stimulated), PDE3B (phosphodiesterase 3B, ¢GMP-inhibited),
FADSI (fatty acid desaturase 1), FADS?2 {fatty acid desatarase 2}, TMSB4X (thymosin beta 4,
X-linked), TXNIP {thioredoxin interacting protein), LIMS1 (LIM and senescent cell antigen-like
domains 1), RHOB (ras homolog gene family, member B), LY96 (lymphocyte astigen 96),
FOXO1 (forkhead box O1), PNPLA2 (patatin-like phospholipase domain containing 2), TRH
{thyrotropin-releasing bormone), GIC1 (gap jonction protein, garoma 1, 45 kDa)y, SLCIT7AS
{(solute carrier family 17 (anion/sugar transporter), member 53, FTO (fat mass and obesity
associated), GID2 (gap junction protein, delta 2, 36 kDa), PSRCI (proline/serine-rich coiled-coil
1}, CASP12 {caspase 12 {gene/pseudogene)), GPBARI (G protein-coupled bile acid receptor 1),
PXK (PX domain containing scrine/threonine kinase), L33 {(interleukin 33}, TRIBI (tribbles
homolog 1 (Drosophila)), PBX4 (pre-B-cell leukemua homeobox 4}, NUPR1 (nuclear protein,
transcriptional regulator, 1), 15-Sep(15 kDa sclenoprotein), CILPZ (cartilage intermediate layer
protein 23, TERC {(telomerase RNA component), GGT2 (gamma-glatamyltransferase 2), MT-
COl (mitochondrially encoded cytochrome ¢ oxidase 1}, and UOX (urate oxidase, pseudogene).
Any of these sequences, may be a target for the CRISPR-Cas systern, ¢.g., to address mutation.

{3282] In an additional embodiment, the chromosomal sequence may further be selected from

Ponl (paraoxonasc 1), LDLR (LDL rcceptor), ApoE (Apolipoprotein E). Apo B-100
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{Apolipoprotein  B-100)}, ApoA (Apolipoprotein(a}), ApcAl {Apolipoprotein Al), CBS

{Cystathione B-synthase), Glycoprotein Ub/llb, MTHRF (5,10-methylenctetrahydrofolate
reductase (NADPH), and combinations thereof. In one iteration, the chromosomal sequences and
proteins encoded by chromwosomal sequences 1ovolved 1n cardiovascular disease may be chosen
from CacnalC, Sedl, Pten, Ppar{alpha), Apo E, Leptin, and combinations thereof as target(s) for
the CRISPR-Cas system.
Kidneys

{6283] The present invention also conteroplates delivering the CRISPR-Cas system to the
kidney. Delivery strategies to induce celiular uptake of the therapeutic nucleic acid nchude
physical force or vector systems such as viral, lipid- or complex- based delivery, or
nanocarriers. From the initial applications with less possible clinical relevance, when nucleic
acids were addressed to renal cells with hydrodynamic high pressure injection systemically, a
wide range of gene therapeutic viral and non-viral carricrs have been applied alrcady to target
posttranscriptional events in different animal kidney disease medels in vivo {CUsaba Révész and
Péter Hamar (2011). Dchlivery Methods to Target RNAs in the Kidney, Gene Therapy
Applications, Prof. Chunsheng Kang (Ed.}, ISBN: 978-853-307-541-9, InTech, Available from:
http//www.intechopen.conmv/books/gene-therapy-applications/delivery-methods-to-target-rnas-in-

the-kidney). Delivery methods to the kidney are summarized as follows:

Delivery et . N ' - s ‘
cHvery Larrier Farget RNA Disease Model Functional assays Author
method -
Larson et al.,
_ . TransiT In Vivo ! . Surgery, { Aug
Hydrodyvpamio 1‘a 18 . o - Acute renal Ischemia- ) 5?“?“’,“( ug
e Geue Delivery paSa i renerfusior biodistribution 2007y, Vol. 142,
/ Lipk . injury reperfusion stributic A o
£ System, DOTAP Jury e ; No. 2, pp. (262~
269}
Blood urea
nitrosen. Fas Hamar et al., Proc
R . s . ) . ] b Nati Acad Sci, (Ot
Hydrodynamic Lipofectamine Fas Acufe renal fschewin- Immmnohistockem 2004y, Vol. 101
! Linvic SO0H as e , e f 1 oy ety o e FAVICL BN MLl N
Lipid 2000 ey reperfusion ;it;;?(‘)gt(zu No. 41, pp. {14883-
HItIOSIe 14288)
scoring
Anartasi Zhengetal, AmJ
Apoptosis . < .
. . bopik Acute renal fschemia- Pathol, {Oct 2008},
Hydrodynamic n.a cascade o . n.a. Pt ot wr :
¢ - X wmpry reperfiision Vol 173, No. 4, pp.
elemeuts G e
{273-980)
Feng et al.,
Nuclear factor . Transplantation,
A . . Acute renal Ischemia- n ar
Hydrodynamic na kappa-b - conerfusion .3, {May 2009), Vol.
(NFKI) TR perision 37.No. 9, pp.
(1283-1289)
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Pelivery N e e i . .
e ﬂm(:; Larrier Farget RNA Disease Model Functional assays Author
. Apopiosis, Xie & Guo, Am
Agpoptosis L N A
e . . . . 4. oxidative stress, Soc¢ Nephrol, (Dec
Hydrodynamio Lipofectamine antagonizing Acute renal Ischemia- L men <r1 g
T Ry n ‘ L L. . caspase activation, | 2000), Vol 17, Mo,
/Viral 2600 transcription injury reperfusion . - s
. - : membrane lipid 12, pp. (3336~
factor (AATE) 3o N
peroxidation 33463
Proteinnria, serm
R o , creaiimine. CAhengetal.,
pBAst mUs Neo/ ) , . > ? o s
S . . Streptozotozt | glomerular and PloS ONE, (ud
T s . TransIT-EE - Driabetic I ) . N " G e
Hydradynamic . Gremlin . n -induced tubular diameter, 2010}, Vol. S, No.
' Hydrodynamic nephropathy

Delivery Svstem

diabetes

collagen type

7,e11709, pp. (i~

IV/BMP7 13}
exXpression
Kushibikia et al., |
pSUPER S o Unilateral a-SMA Controlled Release,
S o e p TGF-Btype H Interstitial ; : ey <7
Viral/Lipid vector/Lipofectany " - . urethral CHPTession, {(Fal 2005}, Vol.
- receptor renal fibrosis o . o ) g
ue obstruction collagen countent, 1035, No. 3, pp.
{318-331)
blocd pressure,
serum albumin . 5
- Hyper- ’ Wang et al., Gene
. o Mineral R P serum urea i e
Viral Adeno-associated corticoid tension Cold-induced irosen. serum Therapy, (Jul
e virgs-2 DR caused renal | hypertension | Looben BIURL aaacy ol 13, No.
receplor R * creatinine, kidoey |1 PN
dawmage R 7114, pp. (1097-1103)
i wetght, urinary R
sodium
K.obayashi et al.,
Journal of
Pharmacology and
Hydrodynamic . i . Experimental
e pU6 vector Luciferase 1.3, n.a. uptake .
/Viral : Therapeutics, {Feb
20043, Vol. 308,
No. 2, pp. (688
693}
Wolirum et al.,
Uptake, binding Nature
Linid Lipoproteins, anoP 1. anoM an wa atfinity to Bintechnology,
P albumin SPOTE, Apos o - lipoproteins and {Sep 20073, Vol.
albumin 25, No. 10, pp.
{(1149-1157)
. Molitoris et al., J
Ischemic and ,
Acute renal cisplatin Histological Am Soc Nepliral,
. .. Acufe rena splatw- Ustological - oy
Lipid Lipofectamine 2000 p53 . . . = . {Aug 2009}, Vol.
ey wduced acuie | scoring, apopiosis -
iy 20, No. 8,
¥ Y
HU op. (1754-1764)
MIDA-MB-
DOTAP/DOPE, 231 breast Mikhaylova et al,,
Linid DOTAP/DO COX2 Breast adeno- cancer Cell viability,  [Cancer Gene Therapy
P PE/DOPE- e carcinoina xenogratt- uptake {Mar 2011}, Vol. 16,
PEG2000 bearing No. 3, pp. (217-226)
MOUse
Albuminuria,
urinary creatinine,
histology, type | Yuan et al, AmJ
) . . Streptozotoet | and IV eollagen, Physiol Renal
. . , 12/15- Diabetic prosen Ly o
Lipid Cholesterol L n ~induced FGE-, Physicl, (i
lipoxygenase | nephro- pathy cor P . -
diabetes fibronectin,

plasminogen
activator inhibitor

i

2008), Vol. 295,
oo (F605-F617)
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Delivery S - . i . . )
e ﬂm(:; Larrier Farget RNA Disease Model Functional assays Author
Cell proliferation
and apoptosis,
histology, ROS -
:];?}‘1’:; ,\i 4 Y. Zhang et al,, [
. . . riitochondri: .-
A . Mitochondrial . . Streptozotoct . o An Soc Nepheol,
. Lipofectamine o Diabetic N import of Mu- AR U
Lipid 2000 ruembrans 44 nephro- pathy | P induced 50D and {Apr 20063, Vol.
v (TIM44) SPRIG-PERY A siabetes arhione 17, Mo, 4, pp.
NN (1090-1101)
peroxidase,
ceilnlar membrane
polarizaticn
Caki-2 kidney ) )
¢ ﬂ‘;;‘qifk'} Singhal et al.,
Hydrodynamic Prateolipo-sotme RLIP76 Renal xerzgzszriift uptake Cancer Res, (May
. atenlipa-sot: RLIPT¢ : senograft- ak OISR,
/ Lipid Hhp CArcinema bf*a;ju o P 2009}, Vol. 69, No.
nlouﬂ? 10, pp. (4244-4251}
Malek et al.,
Hotake Toxicology and
Luciferase biod \ﬁ“c\b;; oI Applied
Polymer PEGylated PEI - \(1 5 v na, na. - ‘;l;c‘( ’ :“ ’ Pharmacology,
313 rythrocyte .
i a&sbo 'eoﬁt}i)()n (Apr 2008), Vol,
EErce 236, No. 1, pp. (97-
108}
Proteinuria,
glomerulosclerosis Shimizu et al., J
e Lupus - TCF- B Am Soc
PEGyiate . ; Glomerulo- o 2 :
Polymer ol ij a;"i MAPK] glomerlo- Irem}iiltisu {ibronectin, Nephrology, (Apr
DORYy-LAYSIne nephritis ophE plasminogen 2010y, Vol. 21, No.
activator inhibitor | 4, pp. (622-633)
i
Jiang et al.
BI6F1 e e ’
Kidney wel 'x: N Biodistribution, Molecnlar
Polymer/MNano | Hyaluronic acid/ S o o citotoxicity, tumor Pharmaceutics,
T A | VHGE cancey/ tumor- P e
patticle Quantum dot/ PEI . volume, {May-Jun 2009),
melanoma bearing . 1 E N 7
o endocytosis Vol 6, No. 3, pp.
MOUuse (7277))7\;
Caoetal J
Poiviner/Nato PEGylated cell viabilitv Controlied Release
Y i - polycapro- lactone GAPDH n.a n.a. e - 1 3 L‘ 7 {Jun 2010}, Vol.
particie N ake
I ~ nanciiber t 144, MNo. Z, pp.
{203-212)
urinary alburmin,
urinary creatinine L ;
‘1;) fqii)y ;‘tlij ;éni"’ Ninichuk et al., Am
.. o . N Uninephrecto 1SOPAMOIOEY, J Pathol, (Mar
] Spiegelmer C chemokine | Glomerulo e glomerular o rt aen
Aptamer Tt T £ . L - mized o 2008), Vol. 172
mNQOX-E26 Higand 2 sclercsis filtration rate, ’ e
e WOUSE T No. 3, pp. (628
macrophage count, 6374 N
serum Col2, Mac- o
2+, Bi-67+
Binding affinity u
- nd ng allty o Purschike et al.,
D-AVP, Inhibition §,, .. e
VAsOpressin Congestive of AVP Signaling Proc Matl Acad Sci,
Aptamer Aptamer NOX-F37 R s n.a. ik ST L (Mar 2006), Vol
b {AVP) heart failure Uring osmolality 3 Na 11
and sodium 103, No. 13, pp.
ane s (5173-5178)
concentration, ) ‘
{#284] Yuan et al. {Am J Physiol Renal Physiol 295

: F605-F617, 2008) investigated whether in
vive delivery of small interfering RNAs {siRNAs) targeting the 12/15-lipoxygenase {12/15-L0)
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pathway of arachidonate acid metabolism can ameliorate renal injury and diabetic nephropathy
(DN} in a streptozotocimnjected roouse model of type 1 diabetes. To achieve greater 1n vivo
access and siRNA cxpression in the kidney, Yuan et al. used double-stranded 12/15-LO siRNA
oligonucleotides conjugated with cholesterol.  About 400 ug of siRNA was injected
subcutaneously into mice. The method of Yuang et al. may be applied to the CRISPR Cas system
of the present invention conteroplating a 1-2 g subcutancous mjection of CRISPR Cas
conjugated with cholesterol to a human for delivery to the kidneys.

10285] Molitoris et al. {J Am Soc Nephrol 20: 1754-1764, 2009) exploited proximal tubule cells
{PTCs), as the site of oligonucicotide reabsorption within the kidney to test the efficacy of
SiRNA targeted to pS3, a pivetal protein in the apoptotic pathway, to prevent kidney injury.
Naked synthetic siRNA to p53 mjected mtravenously 4 h after ischemuc injury wmaxumally
protected both PTCs and kidney function. Molitoris et al.’s data indicates that rapid delivery of
siRNA to proximal tubule cells follows intravenous administration. For dose-response analysis,
rats were injected with doses of siP53, 0.33; 1, 3, or Smg/kg, given at the same four time points,
resulting in curnulative doses of 1.32; 4, 12, and 20 mp/kg, respectively. All siRNA doses tested
produced a SCr reducing effect on day one with higher doses being effective over approximately
five days compared with PBS-treated ischemic control rats. The 12 and 20 mg/ke cumulative
doses provided the best protective effect. The method of Molitoris et al. may be applied to the
CRISPR Cas system of the present invention contemplating 12 and 20 mg/kg cumulative doses
to a huroan for dehvery to the kidoeys.

{3286] Thompson et al. (Nucleie Acid Therapeutics, Volume 22, Number 4, 2012} reports the
toxicological and pharmacokinetic propertics of the synthetic, small interfering RNA ISNP
following intravenous administration in rodents and nonhuman primates. ISNP is desigoed to act
via the RNA interference (RNA1) pathway to temporarily inhibit expression of the pro-apoptotic
protein p33 and is being developed to protect cells from acute ischemia/reperfusion njuries such
as acute kidney injury that can occur during major cardiac surgery and delayed graft fumction
that can occur following renal transplantation. Doses of 800wmg/kg ISNP in rodeots, and 1,000
mg/ke ISNP in nonhuman primates, were required to elicit adverse effects, which in the monkey
were 1solated to direct effects on the blood that included a sub-clinical activation of complement
and shightly increased clotting times. In the rat, no additional adverse effects were observed with

a rat snaloguc of I5NP, indicating that the effects likely represent class effects of synthetic RNA
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duplexes rather than toxicity related to the intended pharmacologic activity of ISNP. Taken
together, these data support clinical testing of intravenous administration of ISNP for the
preservation of renal function following acute ischemia/reperfusion injury. The no observed
adverse effect level (NOAEL) in the monkey was 500 mg/kg. No cffects on cardiovascular,
respiratory, and neurologic parameters were observed in monkeys following 1.v. administration
at dose levels up to 25 mg/kg. Therefore, a similar dosage may be contemplated for intravenous
administration of CRISPR Cas to the kidneys of a2 human.

10287} Shimizu ¢t al. (I Am Soc Nephrol 21: 622-633, 2010) developed a system to target
debivery of siRNAs to glomeruli via poly{ethylene glycoly-poly(L-lysine)-based vehicles. The
siRNA/nanocarrier complex was approximately 10 to 20 nm in diameter, a size that would allow
it to move across the fenestrated codothelium to access to the mesangiam. After mtraperitoneal
injection of fluorescence-labeled siRINA/nanocarrier complexes, Shimizu et al. detected siRNAs
in the blood circulation for a prolonged time. Repested intraperitoncal administration of a
mitogen-activated protein kinase 1 {MAPK1} siRNA/nanocarrier complex suppressed glomerular
MAPKT mRNA and protein cxpression i a mouse model of glomerulonephritis. For the
investigation of siRNA accumulation, CyS-labeled siRNAs complexed with PIC nanocarriers
(0.5 mi, 5 nmol of siRNA content), naked Cy3S-labeled siRNAs (0.5 ml, 5 nmol), or Cy5-labeled
siRNAs encapsulated in HVI-E (0.5 wl, 5 nmol of siRNA content) were administrated to BALB-
¢ mice. The method of Shimizu ¢t al. may be applied to the CRISPR Cas system of the present
fovention conteruplating a dose of about of 10-20 umel CRISPR Cas complexed with
nanocarriers in about 1-2 liters to a human for intraperitoneal administration and delivery to the
kidneys.

{B288] The present mmvention also conternplates delivering the CRISPR-Cas system to oncor
both lungs. Although AAV-2-based vectors were originally proposed for CFTR delivery to CF
airways, other scrotypes such as AAV-1, AAV-5, AAV-6, and AAV-9 exhibit improved gene
transter efficiency in a varniety of models of the lung epitheliom {see, e.g., Lt et al,, Molecular
Therapy, vol. 17 no. 12, 2067-2077 Dec 2009). AAV-1 was demonstrated to be ~100-fold more
ctficient than AAV-2 and AAV-S at transducing human airway cpithelial cells m vitro,5
although AAV-1 transduced murine tracheal airway epithelia in vivo with an efficiency equal to

that of AAV-5. Other studies have shown that AAV-5 15 50-fold more efficient than AAV-2 at
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gene delivery to human airway epithelium (HAE) in vitro and significantly more efficient in the
roouse lung atrway epithelium in vivo, AAV-6 has also been showu fo be more efficicut thap
AAV-Z in human airway epithelial cells in vitro and murine airways in vivo.8 The more recent
isolate, AAV-9, was shown to display greater geue transfer efficiency than AAV-S in murine
nasal and alveolar epithelia in vivo with gene expression detected for over 9 months showing
AAYV may cnable long-term gene cxpression in vivo, a desirable property for a CFTR gene
delivery vector. Furthermore, it was demonstrated that AAV-9 could be readministered to the
murine lung with no loss of CFTR expression and minimal iroraune consequences. CF and non-
CF HAE cultures may be inoculated on the apical surface with 100 pl of AAV vectors for hours
{see, c.g., Li et al, Molecular Therapy, vol. 17 no. 12, 2067-2077 Dec 2009). The MOI may vary
from 1 x 107 to 4 x 10° vector genomes/cell, depending on virus concentration and purposes of
the experiments. The above cited vectors are contemplated for the delivery and/or administration
of the mnvention.

{6289] Zamora ¢t al. {Am ] Respir Crit Care Med Vol 183, pp 531538, 2011} reported an
example of the application of an RNA mterference therapeutic to the treatment of huroan
infectious discase and also a randomized trial of an antiviral drug in respiratory syncytial virus
(RSV)-infected lung transplant recipients. Zamora et al. performed a randomized, double-blind,
placcbocontrolled trial 1 LTX recipients with RSV respuratory tract iofection. Patients were
permitted to receive standard of carce for RSV, Aerosolized ALN-RSVO1 (0.6 mg/kg) or placcho
was adminisiered daily for 3 days. This study demonstrates that an RNA{ therapeutic targeting
RSV can be safely administered to LTX recipients with RSV infection. Three datly doses of
ALN-RSVOI did not result in any cxacerbation of respiratory tract symptoms or impairment of
lung fanction and did not exhibit any systemic proinflammatory effects, such as induction of
cytokines or CRP. Pharmacokinetics showed only low, transient systomic cxposure after
inhalation, counsistent with preclinical animal data showing that ALN-RSVO01, adnunistered
intravenously or by inhalation, 1is rapidly cleared from the circulation through
exonucleasernediated digestion and renal excretion. The racthod of Zaroora ef al. may be applied
to the CRISPR Cas system of the present invention and an acrosolized CRISPR Cas, for example
with a dosage of 0.6 mg/kg, may be contemiplated for the present invention.

{329¢] For an cxample of CFTRdelta508 chimeric guide RNA, sece Example 20 which

demeonstrates gene transfer or gene debivery of a CRISPR-Cas system in airways of subject or a
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patient in need thercof, suffering from cystic fibrosis or from cystic fibrosis (CF} related
symptoms, using adeno-~associated virus (AAV) particles. In particular, they exemwplify a repair
strategy for Cystic Fibrosis delta F508 mutation. This type of strategy should apply across ail
organtsms. With particular reference to CF, suitable patients may include: Human, nou-primate
human, caning, feline, boving, equine and other domestic animals. In this instance, Applicants
utilized a CRISPR-Cas system comprising a Cas9 cnzyme to target deltaF508 or other CFTR-
inducing mutations.

{6291] The treated subjects in this mstance receive pharmaccutically cffective amount of
acrosolized AAV wvector system per lung endobronchially delivered while spontancously
breathing. As such, acrosolized delivery is preferred for AAV delivery in general. An
adenovirus or an AAV particle may be used for delivery.  Suitable gene coustracts, cach
operably linked to one or more regulatory sequences, may be cloned into the delivery vector. In
this instance, the following constructs are provided as exaraples: Chbh or EF1s promoter for Cas9,
U6 or H1 promoter for chimeric gnide RNA)Y: A preferred arrangement is to use a
CFTRdelta508 targeting chimeric guide, a repair teraplate for deltaFS08 mutation and a codon
optimized Cas9 enzyme {(preferred Cas9s are those with nuclease or nickase activity) with
optionally one or more nuclear localization signal or sequence(s) (NLS(s)), ¢.g., two {2} NLSs.
Counstructs without NLS are also envisaged.

{4292} In order to identify the Cas9 target site, Applicants analyzed the human CFTR genomic
locus and dentified the Cas9 target site. Preferably, in general and in this CF case, the PAM
may contain a NGO or a NNAGAAW motif.

18293] Accordingly, i the case of CF, the present method comprises mantpulation of a target
sequence in a genomic locus of interest comprising

debivering via at lecast one nanoparticle complex a nov-naturally occurring or enginecred
composition comprising a viral vector system comprising one or more viral vectors operably
encoding a composition for expression thereof, wherein the composition comprises:

a non-naturaily occurring or engincered composition comprising a vector system comprising one
OF TMOTS Vectors comprising

16294] 1. a first regulatory clement operably linked to a CRISPR-Cas system chimeric RNA

{chiRNA} polynucleotide sequence, wherein the polynucleotide sequence comprises

[
3
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{a) a guide sequence capable of hybridizing to the CF target sequence in a suitable mammalian
cell,

(b} a tracr mate sequence, and

(¢} a tract sequence, and

{#295] 11 a second regulatory element operably linked to an enzyme-coding sequence encoding
a CRISPR enzyme comprising at least one or more nuclear localization sequences,

wherein {a), {b) and (¢} are arranged 1n a2 57 to 37 orientation,

wherein coraponents | and H are located on the sarac or different vectors of the system,

wherein when transcribed, the tracr wate sequence hybridizes to the tracr sequence and the goide
sequence directs sequence-specific binding of @ CRISPR complex to the target sequence, and
wherem the CRISPR coraplex comprises the CRISPR enzyme complexed with (1) the guide
sequence that is hybridizable to the target sequence, and (2) the tracr mate sequence that is
hybridizable to the tracr scquence. In respect of CF, preferred target DNA sequences commprise
the CFTRdeltaSOR mutation. A preferred PAM 1s deseribed above. A preferred CRISPR
cuzyme 18 any Cas (described herein, but particularly that described 1 Example 203,

{3296] Alternatives to CF inchude any genetic disorder and examples of these are well known.
Another preferred method or use of the invention is for correcting defects in the EMPZA and
EMP2B genes that have been identified to be associated with Lafora disease.

{#297] In some embodiments, & "guide sequence” may be distinet from "guide RNA". A guide
sequence may refer to an approx. 20bp sequence, within the guide RNA, that specifies the target
site.

10298] In some embodiments, the Cas9 1s {or 1s derived from) SpCas®. In such embodiments,
preferred mutations are at any or all or positions 10, 762, 840, 854, 863 and/or 986 of Splas® or
corresponding positions in other Cas9s (which roay be ascerfained for instance by standard
sequence comparison tools. In particular, any or all of the following mutations are preferred in
SpCasS: DI0A, E762A, HE40A, NBS4A, NEO3A and/or DOSGA; as well as conservative
substitution for any of the replacement amine acids is also envisaged. The same (or conservative
substitutions of these mutations) at corresponding positions in other Cas9s are also preferred.
Particularly preferred are DO and HS840 m SpCas%.  However, in other Cas9s, residues

corresponding to SpCas9 D10 and H840 are also preferred. These are advantageous as they
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provide nickase activity. Such mmutations may be applied to all aspects of the present invention,
not only treatment of CF.

182991 Schwank ¢t al. (Cell Stem Cell, 13:653--5%, 2013) used CRISPR/Cas9 to correct a defect
associated with cystic fibrosis in burnan sterm cells. The team’s target was the gene for an ioun
channel, cystic fibrosis transmembrane conductor receptor (CFTR). A deletion in CFTR causes
the protein to misfold in cystic fibrosis paticnts. Using cultured mtestinal stem cclls developed
from cell samples from two children with cystic fibrosis, Schwank et al. were able to correct the
defeet using CRISPR along with a donor plasmid containing the reparative sequence to be
inserted. The rescarchers then grew the cells into intestinal “organoids,” or miniature guts, and
showed that they functioned normally. In this case, about half of clonal organoids underwent the
proper geuetic correction.

Muscles

{8308] The present mvention also contemplates delivering the CRISPR-Cas system to muuscle(s).
Bortolanza et al. {Molecular Therapy vol. 19 no. 11, 2055-2064 Nov. 2011) shows that systemic
delivery of RNA mterference expression cassettes in the FRGI mouse, after the onsct of
facioscapulohumeral muscular dystrophy (FSHD), led to a dose-dependent long-term FRGI
knockdown without signs of toxicity. Bortolanza ct al. found that a single intravenous injection
of 5 x 10" vg of rAAV6-sh IFRGI rescues rouscle histopathology and muscle function of FRGI
mice. In detail, 200 wl containing 2 < 10" or 5 x 10" vg of vector in physiclogical solution were
injected into the tail vein using a 25-gauge Terumo syringe. The wethod of Bortolavnza et al. voay
be applied to an AAV expressing CRISPR Cas and injected into humans at a dosage of about 2 X
10" or 2 x 10" vg of vector.

{#301] Dumonceaux et al. (Molecular Therapy vol. 18 no. 5, 881887 May 2010} inhibit the
rayostatin pathway using the techuique of RNA interference directed against the myostatin
receptor AcvRIIb mRNA (sh-AcvRIlb). The restoration of a quasi-dystrophin was mediated by
the vectorized U7 exon-skipping technique (U7-DYS). Adeno-associated vectors carrying either
the sh-Acvrilb construct alone, the U7-DYS construct alone, or a combination of both constructs
were injected in the tibialis anterior (TA) muscle of dystrophic mdx mice. The injections were
performed with 10" AAV viral genomes. The method of Dumenceaux ot al. may be applied to
an AAV expressing CRISPR Cas and injected into humans, for example, at a dosage of about

10 to about 10" vg of vector.
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{#302] Kinouchi et al. {Gene Therapy (2008) 15, 1126-1130) report the effectiveness of in vive
siRNA delivery into skeletal muscles of normal or diseased muce through nanoparticle formation
of chemically unmodified siRNAs with atelocollagen (ATCOL). ATCOL-mediated local
application of siRNA targeting myostatin, a negative regulator of skeletal wuscle growth, in
mouse skeletal muscles or intravenously, caused a marked increase in the muscle mass within a
foew weeks after application. These results imply that ATCOL-mediated application of siRNAs is
a powerful tool for future therapeutic use for diseases including muscular atrophy. Mst-siRNAs
(final concentration, 10 mM) were mixed with ATCOL (final concentration for local
administration, 0.5%) (AteloGene, Kohken, Tokyo, Japan) according to the mamufacturer’s
instructions. After ancsthesia of mice (20-week-old male C57BL/6) by Nembutal (25 mg/kg,
1.3, the Mst-siRNA/ATCOL complex was injected into the masseter and biceps femoris
muscles. The method of Kinouchi et al. may be applied to CRISPR Cas and injected mto a
human, for example, at a dosage of about 500 to 1000 ml of 2 40 pM solution info the muscle.

{6303} Hagstrom et al. (Molecular Therapy Vol 10, No. 2, August 2004) deseribe an
intravascular, nonviral methodology that enables cfficient and repeatable delivery of nucleic
acids to muscle cells {(myofibers) throughout the hmb muscles of mammals. The procedure
involves the injection of naked plasmid DNA or siRNA into a distal vein of a limb that is
transiently wsolated by a tourniquet or blood pressure cuff. Nuclete acid delivery to myofibers is
facilitated by its rapid injection in sufficient volume to enable extravasation of the nucleic acid
solution wite muscle tissue. High levels of transgene expression 1u skeletal muscle were achieved
in both small and large animals with minimal toxicity. Evidence of siRNA delivery to limb
muscle was also obtained. For plasmid DNA intravenous injection into a rhesus monkey, a
threeway stopcock was comnected to two syringe pumps (Model PHD 2000; Harvard
Instruments), cach loaded with a single syringe. Five ruinutes after a papaverine gjection, pDNA
{15.5 to 25.7 mg n 40 —100 mi saline) was injected at a rate of 1.7 or 2.0 ml/s. This could be
scaled up for plasmid DNA expressing CRISPR Cas of the present invention with an injection of
about 300 to 500 mug wn 800 to 2000 mi saline for a human. For adenoviral vector injections into
a rat, 2 x 10” infectious particles were injected in 3 mi of normal saline solution (NS8). This
could be scaled up for an adenoviral vector expressing CRISPR Cas of the present invention with
an injection of about 1 x 10" infectious particles were injected in 10 liters of NSS for a human.

For siRNA, a rat was injected into the great saphenous vein with 12.5 pg of a siRNA and 4
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primate was injected injected into the great saphenous vein with 750 pg of a siRNA. This could
be scaled up for a CRISPR Cas of the present mvention, for example, with an jnjection of about
15 to about 50 mg into the great saphenons vein of a human.

{#304] The present invention also countemplates delivering the CRISPR-Cas system to the skin.
Hickerson ot al. (Molecular Therapy—DNucleic Acids (2013) 2, ¢129) relates to a motorized
microneedle array skin delivery device for delivering self-delivery (sd)-siRNA to human and
murine skin. The primary challenge to translating siRNA-based skin therapeutics to the clinic is
the development of effective delivery systems. Substantial effort has been wovested in a variety of
skin delivery technologies with himited success. In a clinical study in which skin was treated with
3iRNA, the exquisite pain associated with the hypodermic needle injection preciuded enrollment
of additional patients in the trial, highlighting the need for improved, more “patient-friendly”
{(i.c., hittle or no pam} delivery approaches. Microneedles represent an efficient way to deliver
large charged cargos including siRNAs across the primary barrier, the stratum corneum, and are
generally regarded as less painful than conventional hypodermic needles. Motorized “stamp
type” microneedle devices, mcluding the motorized microneedle array (MMNA} device used by
Hickerson ¢t al,, have been shown to be safe in hairless mice studies and cause little or no pain as
evidenced by (1) widespread use in the cosmetic industry and (i) limited testing in which nearly
all volunteers found use of the device to be much less painful than a flushot, suggesting siRNA
delivery using this device will result 1 much less paim than was expenienced n the previous
clinical trial using hypodermic needle injections. The MMNA device (marketed as Triple-M or
Tri-M by Boratech Electronic Co, Secul, South Korea) was adapted for dehivery of siRNA to
mouse and human skin. sd-siRNA solution (up to 300 pl of 0.1 mg/ml RNA} was introduced into
the charaber of the disposable Tri-M needle cartridge (Bomtech), which was set to a depth of 0.1
o, For treating buman skin, deidentified skin (obtained immediately followmg surgical
procedurcs) was manually stretched and pinned to a cork platform before treatment. All
intradermoal injections were performed using an usulin syringe with a 28-gauge 0.5-inch needle.
The MMNA device and method of Hickerson et al. could be used and/or adapted to deliver the
CRISPR Cas of the present mvention, for example, at a dosage of up to 300 ul of 0.1 mg/ml
CRISPR Cas to the skin. Leachman et al. (Molecular Therapy, vol. 18 no. 2, 442446 Feb. 2010)

relates to a phase Ib clinical trial for treatment of a rare skin disorder pachyonychia congenita
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{PC), an autosomal dominant syndrome that includes a disabling plantar keratoderma, utilizing
the furst short-interfering RNA (8iIRNA)-based therapeutic for skin, This silRNA, called TD10T,
specifically and potently targets the keratin 6a (K6a) N171K mutant mRNA without affecting

wild~type Kba raRNA. The dose-cscalation schedule 1s presented below:
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{#305] Initially, 0.1 mi of a 1.0 mg/mi solution of TDI01 or vehicle alone (Dulbecco’s
phosphate-buffered saline without caleiurn or magnesiurn) was administered to symmetric
calluses. Six rising dose-volumes were completed without an adverse reaction to the increases:
0.1, 0.25, 0.5, 1.0, 1.5, and 2.0 ml of a 1.0 mg/m! solution of TD101 selution per injection. As
the highest planned volume (2.0 ml) was well tolerated, the concentration of TDIOT was then
increased cach week from 1 mg/ml up to a final concentration of 8.5 mg/ml. Similar dosages are
contemplated for the adronistration of a CRISPR Cas that specifically and potently targets the
keratin 6a (K6a) N171K mutant mRNA.

10386] Zheng ot all (PNAS, July 24, 2012, vol. 109, no. 30, 11975-11980) show that spherical
nucleic actd nanoparticle conjugates (SNA-NCs), gold cores surrounded by a dense shell of
highly oricuted, covalently immobilized siRNA, freely penctrate almost 100% of keratinocytes
in vitre, wouse skin, and human epiderrms within howrs after application. Zheng et al
demonstrated that a single application of 25 nM epidermal growth factor receptor (EGFR) SNA-
NCs for 60 h demoustrate effective gene kvockdown 1o human skin. A similar dosage may be

contermplated for CRISPR Cas immobilized in SNA-NCs for administration to the skin.
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Henpatitis viruses

18387} The present invention may also be applied to treat hepatitis B virus (HBV). However, the
CRISPR Cas system must be adapted to avoid the shortcomings of RNAI, such as the risk of
oversatring endogenous small RNA pathways, by for example, optirnizing dose and sequence
{see, e.g., Orimnm et al., Nature vol. 441, 26 May 2006}. For example, low doses, such as about
1-10 x 10" particles per humanc are conternplated. In another embodiment, the CRISPR Cas
system directed against HBV may be administered in liposomes, such as a stable nucleic-acid-
iipid particle (SNALP) (sce, ¢.g., Morrissey et al., Nature Biotechnology, Vol. 23, No. §, August
20055, Daily intravenous injections of about 1, 3 or 5 rog/kg/day of CRISPR Cas targeted to
HBVY RNA in a SNALP are contemplated. The daily treatment may be over about three days and
then weekly for about five weeks. In another embodiment, the system of Chen et all {Geune
Therapy (2007} 14, 11-19) may be used/and or adapted for the CRISPR Cas system of the
present imvention. Chen et al. use a double-stranded adenocassociated virus 8-pscudotyped vector
{(dsAAV2/8) to deliver shRNA. A single administration of dsAAV2/8 vector {1 x 10" vector
genomes per mouse), carrying HBV-specific shRNA, effectively suppressed the steady level of
HBYV protein, mRNA and replicative DNA in liver of HBV fransgenic mice, leading to up to 2--3
logi decrease in HBV load in the circulation. Significant HBY suppression sustained for at least
120 days after vector admimstration. The therapeutic effect of shRNA was target sequence
dependent and did not involve activation of interferon. For the present invention, a CRISPR Cas
system directed to HBV way be cloned into an AAV vector, such as a dsAAVZ/R vector and
administered to a human, for example, at a dosage of about 1 x 10" vector genomes to about 1 x
10 vector genomes per human. In another cmbodiment, the method of Wooddell et al.
{Molecular Therapy vol. 21 no. 5, 973985 May 2013} may be used/and or adapted to the
CRISPR Cas system of the present invention. Woodell ot al. show that siraple coinjection of a
hepatocyte-targeted, N-acetylgalactosamine-conjugated melittin-like peptide (NAG-MLP) with a
liver-tropic cholesterol-conjugated siRNA {chol-siRNA} targeting coagulation factor VH (F7)
resulis 1o efficient F7 knockdown in mice and nonburnan privoates without changes in clinical
chemistry or induction of cytokines. Using transient and transgenic mouse models of HBY
infection, Wooddell ¢t al. show that a single comjection of NAG-MLP with potent chol-siRNAs
targeting conserved HBV sequences resulted in multilog repression of viral RNA, proteins, and

viral DNA with long duration of cffect. Intraveimous coinjections, for example, of about 6 mg/kg
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of NAG-MLP and 6 mp/kg of HBVY specific CRISPR Cas may be envisioned for the present
iovention, In the alternative, about 3 mg/kg of NAG-MLP and 3 mag/kg of HBV specific CRISPR
Cas may be delivered on day one, followed by administration of about about 2-3 mg/kg of NAG-
MLP and 2-3 mg/kg of HBV specific CRISPR Cas two weeks later,

{#388] The present invention may also be applied to treat hepatitis C virus (HCV). The methoeds
of Roclvinki et al. (Molecular Therapy vol. 20 no. 9, 1737-1749 Sep 2012) may be applicd to the
CRISPR Cas system. For example, an AAV vector such as AAVE may be a contemplated vector
and for exaraple a dosage of about 1.25 x 10' 10 1.25 % 16" vector genoracs per kilogram body
weight (vg/kg) roay be contemplated.

{#309] It will be readily apparent that a host of other diseases can be treated in a similar fashion.
Some examples of genetic diseases caused by mutations are provided herein, but many more are
known. The above strategy can be applied to these diseases.

Huntineton s Discase (HD)

{6318} RNA interference (RNAi} offers therapeutic potential for this disorder by reducing the
expression of HTT, the discase-causing gene of Huntington’s discase (see, ¢.g., McBride of al,
Molecular Therapy vol. 19 no. 12 Dec. 2011, pp. 2152-2162), therefore Applicant postulates that
it may be used/and or adapted to the CRISPR-Cas system. The CRISPR-Cas systermn may be
generated using an algorithm to reduce the off-targeting potential of antisense sequences. The
CRISPR-Cas scquences may target either a sequence in ¢xon 52 of mouse, rhesus or human
huntingtin and expressed i a viral vector, such as AAV. Anumals, including humans, may be
injected with about three microinjections per hemisphere (six injections total): the first 1 mm
rostral to the anterior cornmissure (12 pl) and the two remaining injections (12 ul and 10 wl,
respectively) spaced 3 and 6 mm caudal to the first injection with 1e12 vg/ml of AAV at a rate of
about 1 wl/minute, and the ncedle was left in place for an additional 5 minutes to allow the
injectate to diffuse from the needle tip. DiFigha ot al. (PNAS, October 23, 2007, vol. 134, no.
43, 17204-17209) observed that single administration into the adult striatum of an siRNA
targeting Htt can silence mutant Hit, attenuvate neuronal pathology, and delay the abnormal
behavioral phenotype observed in a rapid-onset, viral transgenic mouse model of HD. DiFiglia
mjected mice mtrastriatally with 2 pl of Cy3-labeled co-siRNA-Htt or unconjugated siRNA-Hit

at 10 uM. A similar dosage of CRISPR (as targeted to Htt may be contemplated for humans in
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the present invention, for example, about 5-10 ml of 10 uM CRISPR Cas targeted to Htt may be
injected intrastriatally,

18311} In another cxample, Boudreau ¢t al. {Molecular Therapy vol. 17 no. 6 june 2009) injects
5 ul of recombinant AAV serotype 2/1 vectors expressing hit-specific RNAT virus (at 4 x 107
viral genomes/mi) into the straiatim. A similar dosage of CRISPR Cas targeted to Hit may be
contemplated for humans in the present invention, for cxample, about 10-20 ml of 4 x 102 viral
genomes/mib) CRISPR Cas targeted to Hit may be injected intrastriatally. In another example, a
CRISPR Cas targetd to HTT may be adrmistered continuously {sce, ¢.g., Yu ¢t al,, Cell 150,
895008, August 31, 2012). Yu et al. utilizes osmotic pumps delivering 8.25 md/br (Model 2004)
to deliver 300 mg/day of ss-siRNA or phosphate-buffered saline (PBS) (Sigma Aldrich) for 28
days, aud purops desigoed to deliver 8.5 ulbr (Model 2002) were used to deliver 75 mg/day of
the positive control MOE ASO for 14 days. Pumps (Durect Corporation) were filled with ss-
siRNA or MOE diluted in sterile PBS and then incubated at 37 C for 24 or 48 (Model 2004)
hours prior to implantation. Mice were anesthetized with 2.5% isofluorane, and a midline
incision was made at the base of the skull. Using stereotaxic guides, a cannula was implanted
into the right lateral ventricle and secured with Loctite adhesive. A catheter attached to an Alzet
osmotic mint pump was attached to the cannula, and the pump was placed subcutancously in the
midscapular arca. The ineision was closed with 5.0 nylon sutares. A similar dosage of CRISPR
(as targeted to Htt may be contemiplated for humans in the present invention, for example, about
500 to 1000 g/day CRISPR Cas targeted to Hit may be administered. In another example of
continuous infusion, Stiles et al. (Experimental Neurology 233 (2012) 463-471) implanted an
intraparcnchymal catheter with a titantum needle tip into the right putamen. The catheter was
connected to a SynchroMed® I Pump (Medtronic Newrological, Minneapolis, MN}
subcutancously fmplanted 1n the abdomen. Afier a 7 day infusion of phosphate buffered saline at
6 pl/day, puraps were re-filled with test article and programmed for countinuous delivery for 7
days. About 2.3 to 11.52 mg/d of siRNA were infused at varying infusion rates of about 0.1 to
0.5 ul/von. A similar dosage of CRISPR Cas targeted to Htt may be contemplated for humans
in the present invention, for example, about 20 to 200 mg/day CRISPR Cas targeted to Htt may
be adrministered. In another example, the mcethods of US Patent Publication No. 20130253040
assigned to Sangamo may also be also be adapted from TALES to the CRISPR Cas system of the

present invention for treating Huntingtorn's Discase,
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Nucleic acids, amino acids and proteins

{8312} The mvention uses nucleic acids to bind target DNA sequences. This is advantageous as
nucleic acids are much casier and cheaper to produce than proteins, and the specificity can be
varied according to the length of the stretch where homology s sought.  Complex 3-D
positioning of multiple fingers, for example is not required.

{§313] The terms “polynucleotide”, “nucleotide”, “nuclootide sequence”, “nucleic acid” and
“gligonucleotide” are used interchangeably. They refer to a polymeric form of nucleotides of
any length, cither deoxyribonucicotides or ribonucleotides, or analogs thereof. Polynucleotides
may have any three dimensional structure, and may perform any function, known or unkoown,
The following arc non-limiting cxamples of polynucleotides: coding or non-coding regions of a
gene or gene fragment, loci (locus) defined from linkage analysis, exons, introns, mocssenger
RNA (mRNA), transfor RNA, ribosomal RNA, short interfering RNA (siRNA), short-hairpin
RNA (shRNA), nucro-RNA (miRNA), ribozymes, ¢DNA, recombinant pelynucleotides,
branched polynucleotides, plasmids, vectors, tsolated DNA of any sequence, isolated RNA of
any sequence, nucleic acid probes, and primers. The term also encompasses nucleic-acid-like
structures with synthetic backbones, see, ¢.g., Eckstein, 1991; Baserga et al, 1992; Milligan,
1993; WO 97/03211; WO 96/39154; Mata, 1997; Strauss-Soukup, 1997; and Samstag, 1996, A
polynucleotide may coraprise one or wmore modified nucleotides, such as methylated nucleotides
and mucleotide analogs. I present, modifications to the nucleotide structure may be imparted
betore or after assembly of the polymier. The sequence of nucleotides may be interrupted by
non-nucleotide components. A polynucleotide may be further modified after polymerization,
such as by conjugation with a labeling component.

{#314] As used herein the term “wild type” is a term of the art understood by skilied persons and
means the typical form of an organism, strain, gene or characteristic as it occurs in nature as
distinguished from mutant or variant forms.

18315} As used herein the term “variant” should be taken to mean the exhibition of qualities that
have a pattern that deviates from what occurs in pature.

{#316] The terms “non-naturally occurring” or “enginecred” are used interchangeably and
mdicate the involvement of the hand of man. The terms, when referring to nucleic acid

molecules or polypeptides mean that the nucleic acid molecule or the polypeptide is at least
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substantially free from at least one other component with which they are naturally associated in
nature and as found n nature.

183171 “Complementarity” refers to the ability of a nucleic acid to form hydrogen bond(s) with
another nucleic acid sequence by either traditional Watson-Crick base pairing or other non-
traditional types. A percent complementarity indicates the percentage of residues in a nucleic
acid molecule which can form hydrogen bonds {c.g., Watson-Crick basc pairing) with a sccond
nucleic acid sequence (e.g., 5, 6, 7, 8, 9, 10 out of 10 being 50%, 60%, 70%, 80%, 90%, and
100% complementary). “Perfectly compleraentary” means that all the contiguous residucs of a
nucleic acid sequence will hydrogen boud with the same nurober of contiguous residues in a
second mucleic acid sequence. “Substantially complementary” as used herein refers to a degree
of complementarity that 18 at least 60%, 65%, 70%, 75%, R0%, 85%, 90%, 95%, 97%, 98%,
99%, or 100% over aregion of 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, I8, 19, 20, 21, 22, 23, 24, 25,
30, 35, 40, 45, 50, or more nucleotides, or refers o two nucleic acids that hybridize under
stringent conditions.

13318} As used herein, “stringent conditions” for hybridization refer to conditions under which a
nucleic acid having complementarity to a target sequence predominantly hybridizes with the
target scquence, and substantially does not hybridize to non-target sequences. Stringent
conditions are generally sequence~-dependent, and vary depending ov a number of factors. In
general, the longer the sequence, the higher the temperature at which the sequence specifically
hybridizes to its target sequence. Non-limiting examples of stringent conditions are described in
detail in Tyssen (1993), Laboratory Technigues In Biochemistry And Molecular Biology-
Hybridization With Nucleic Acid Probes Part I, Second Chapter “Overview of principles of
hybridization and the strategy of nucleic acid probe assay”, Elsevier, N.Y. Where reference is
rade to a polynucieotide sequence, then complementary or partially complementary sequences
are also envisaged. These are preferably capable of hybridising to the reference sequence under
highly stringent conditions.  Generally, in order to maximize the hybridization rate, relatively
low-stringency hybridization conditions are selected: about 20 to 257 C lower than the thermal
melting point {1, }. The T, is the tomperature at which 50% of specific target sequence
hybridizes to a perfectly complomentary probe 1o solution at a defined ionic strength and pH.
Generally, in order to require at least about 85% nucleotide complementarity of hybridized

sequences, highly stringent washing conditions are sclected to be about 5 to 15° C lower than the
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Tw. In order to require at least about 70% nucleotide complementarity of hybridized sequences,
rooderately-stringent washing conditions are selected to be about 15 to 30° € lower than the Ty,
Highly permissive (very low stringency) washing conditions may be as low as 30° € below the
Tm, allowing a high level of mis-matching between hybridized sequences. Those skilled in the
art will recognize that other physical and chemical parameters in the hybridization and wash
stages can also be altered to affect the outcorne of g detectable hybridization signal from a
specific level of homology between target and probe sequences.  Preferred highly stringent
conditions comprise incubation in 50% formamide, 3x8S8C, and 1% SDS at 42° C, or incubation
i SXSSC and 1% SBS at 657 C, with wash in 8.2x88C and (.1% SDS at 65° C.

{#319] “Hybridization” refers to a reaction in which one or more polynucleotides react to form a
complex that is stabilized via hydrogen bonding between the bases of the nucleotide residues.
The hydrogen bonding may occur by Watson Crick base pairing, Hoogstein binding, or in any
other sequence specific manner. The complex may comprise two strands forming a duplex
structure, three or more strands forming a multi stranded complex, a single self-hybridizing
strand, or any combination of these. A hybridization reaction may counstitute a step in & more
extensive process, such as the initiation of PCR, or the cleavage of a polynucieotide by an
enzyme. A sequence capable of hybridizing with a given sequence is referred to as the
“coraplement” of the given sequence.

{#328] As used herein, the term “genomic locus” or “locus” (pharal loct} is the specific location
of a gene or DNA sequence on a chromosome. A “gene” refers to stretches of DNA or RNA that
encode a polypeptide or an RNA chain that has functional role to play in an organism and hence
is the molecular unit of heredity in living organisms. For the purpose of this invention it may be
considered that genes include regions which regulate the production of the gene product, whether
or not such regulatory scquences arc adjacent to coding and/or transcribed sequences.
Accordingly, a gene includes, but 1s not necessarily limited to, promoter sequences, terminators,
translational regulatory sequences such as ribosome binding sites and internal ribosome entry
sites, enhancers, silencers, msulators, boundary elements, replication origins, matrix attachment
sites and locus control regions.

13321} As used heren, “expression of a genomic locus”™ or “gene expression” 18 the process by
which information from a gene s used in the synthesis of a functional gene product. The

products of gene cxpression are ofien proteins, but in non-protein coding genes such as tRNA
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genes or tRNA genes, the product is functional RNA. The process of gene expression is used by
all known hfe - cukaryotes {inchuding wmulticellular organisms), prokaryotes (bacteria and
archaca} and viruses to generate functional products to survive. As used herein "expression” of a
gene ot nucleie acid encompasses not only cellular gene expression, but also the transcription
and translation of nucleic acid(s} in cloning systems and in any other countext. As used herein,
“expression” also refers to the process by which a polynucieotide is transcribed from a DNA
template {such as into and mRNA or other RNA transcript) and/or the process by which a
transcribed mRNA is subsequently translated mto peptides, polypeptides, or proteins.
Transcripts and encoded polypeptides may be collectively referred to as “gene product.” If the
polymucleotide is derived from genomic DNA, expression may include splicing of the mRNA in
a cukaryotic cell.

18322} The terms “polypeptide”, “peptide” and “protein” are used interchangeably herein to refer
to polyrocrs of amino acids of any length. The polymer may be lincar or branched, it may
comprise modified amino acids, and it may be interrupted by non amino acids. The terms also
cucompass an amino acid polymer that has been moditfied; for cxample, disulfide bond
formation, glycosylation, lipidation, acetylation, phosphorylation, or any other manipulation,
such as conjugation with a labeling component.  As used herein the term “amino acid” includes
natural and/or vonatural or syothetic amine acids, including glycine and both the D or L optical
isomers, and amino acid analogs and peptidomimetics.

18323} As used herein, the torm “domain” or “protein domain” refers to a part of a protein
sequence that may exist and function independently of the rest of the protein chain.

10324} As described in aspects of the invention, sequence identity is related to sequence
homology. Homology comparisons may be conducted by eve, or more usually, with the aid of
readily available sequence comparison programs. These comunercislly available computer
programs way calculate percent (9%) homology between two or more sequences and may also
calculate the sequence identity shared by two or more amine acid or nucleic acid sequences. In
sorae preferred embodiments, the cappiog region of the dTALEs described berein have
sequences that are at least 95% identical or share identity to the capping region amino acid
sequences provided herein.

{8325} Sequence homologies may be generated by any of a number of computer programs

known in the art, for example BLAST or FASTA, ctc. A suitable coraputer program for carrying
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out such an alignment is the GCG Wisconsin Bestfit package (University of Wisconsin, U.S.A;
Devereux et al., 1984, Nucleic Acids Rescarch 12:387). Exaroples of other software than wmay
perform sequence comparisens include, but are not himited to, the BLAST package (see Ausubel
et al., 1999 ibid — Chapter 18), FASTA (Atschul et al,, 1990, J. Mol. Biol,, 403-410) and the
GENEWORKS suite of comparison tools. Both BLAST and FASTA are available for oftline and
online searching (see Ausubel ot al., 1999 1bid, pages 7-58 to 7-60). However it is preferred to
use the GCG Bestfit program.

18326} Percentage (%) sequence homology may be calculated over contiguous sequences, e,
one sequence is aligned with the other sequence and cach amino acid or nucleotide in one
sequence is directly compared with the corresponding amino acid or nucleotide in the other
sequence, oue residue at a time. This s called an “ungapped” alignment. Typically, such
ungapped alignments are performed only over a relatively short number of residues.

10327} Although this 15 a very simple and consistent racthod, it fails to take into consideration
that, for example, in an otherwise identical pair of sequences, one insertion or deletion may cause
the following amino acid residues to be put out of alignment, thus potentially resulting in a large
reduction i % homology when a global alignment is performed. Counsequently, most sequence
comparison methods are designed to produce optimal alignments that take into consideration
possible msertions and deletions without unduly penalizing the overall homology or identity
score. This is achicved by inserting “gaps” in the sequence alignment to try to maximize local
homology or identity.

18328} However, these more complex methods assign “gap penalties” to cach gap that occurs in
the alignment so that, for the same rumber of identical amino acids, a sequence alignment with
as few gaps as possible - reflecting higher relatedness between the two compared sequences -
rmay achicve a higher score than once with many gaps. “Affinity gap costs” are typically used that
charge a relatively hugh cost for the existence of a gap and a smaller penalty for each subsequent
residuc in the gap. This is the most commonly used gap scoring system. High gap penaltics may,
of course, produce optimized alignmeunts with fewer gaps. Most alignment programs allow the
gap penalties to be modified. However, it is preferred o use the default values when using such
software for scquence comparisons. For example, when using the GCG Wisconsin Bestfit
package the default gap penalty for amino acid sequences is ~12 for a gap and -4 for cach

exiension.
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{#329] Calculation of maximum % homology therefore first requires the production of an
optimal alignment, taking into cousideration gap penaltics. A suitable corputer program for
carrying out such an alignment is the GCG Wisconsin Bestfit package {(Devercux ct al, 1984
Nuc. Acids Research 12 p3R7). Examples of other software than voay perform segquence
comparisons include, but are not imited to, the BLAST package (sce Ausubel et al., 1999 Short
Protocols in Molecular Biology, 4% g, - Chapter 1R), FASTA (Altschul et al,, 1990 J Mol
Binl. 403-410) and the GENEWORKS suite of comparison tools. Both BLAST and FASTA are
available for offline and ounline scarching (sce Ausubel ot al., 1999, Short Profocols in Molecuiar
Biology, pages 7-58 to 7-60). However, for some applications, it is preforred to use the GCG
Bestfit program. A new tool, called BLAST 2 Sequences is alse available for comparing protein
and nucleotide sequences {see FEMS Microbiol Lert. 1999 174(2): 247-50; FEMS Microbiol
Lere. 1999 177(1): 187-8 and the website of the National Center for Biotechnology information at
the website of the National Institutes for Health).

{6338} Although the final % homology may be measured in terms of identity, the alignment
process itself is typically not based on an all-or-nothing pair comparison. Iustead, 4 scaled
similarity score matrix is generally used that assigns scores to each patr-wise comparison based
on chemical similarity or evolutionary distance. An example of such a matrix commonly used is
the BLOSUMG6G2 matnix ~ the default matrix for the BLAST suite of programs. GCG Wiscousin
programs generally use either the public default values or a custom symbeol comparison table, if
supplied {sec user manual for further details). For sowe applications, it is preferred to use the
public default values for the GUG package, or in the case of other software, the default matrix,
such as BLOSUMG2.

{#331] Alternatively, percentage homologies may be calculated using the multiple alignment
feature in DNASIS™ (Hitachi Softwarc), based on an algorithm, analogous to CLUSTAL
{Higgins DG & Sharp PM (1988), Gene 73(1), 237-244). Once the software has produced an
optimal alignment, it is possible to calculate % homology, preferably % sequence identity. The
software typically does this as part of the sequence coraparison and generates a numerical result.
{#332] The sequences may also have deletions, insertions or substitutions of aming acid residues
which produce 4 silent change and result in a functionally cquivalent substance. Dehiberate
amino acid substitutions may be made on the basis of similarity in amino acid propertics (such as

polarity, charge, solubility, hydrophobicity, hydrophilicity, and/or the amphipathic nature of the
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residues) and it 18 therefore uscful to group amino acids together in functional groups. Amino
acids may be grouped together based on the properties of their side chains alone. However, it is
more uscful to include mutation data as well. The sets of amino acids thus derived are likely to
be conserved for structural reasons. These sets may be described in the form of a Veno diagram
{Livingstone .. and Barton G.J. (1993) “Protein sequence alignments: a strategy for the
hierarchical analysis of residue conservation” Compur. Appl. Biosci. 9; 745-756) (Taylor W.R.
{1986y “The classification of amino acid conservation” ./ Theor. Biol 119, 205-21K%).
Conservative substitutions may be made, for example according to the table below which

describes a generally accepted Venn diagram grouping of amino acids.

Set Sub-set

Hydrophobic [FWYHKMILVAGC | Aromatic FWYH

Aliphatic Ly

Polar WYHKREDCSTNQ | Charged HKRED

Positively {HKR
charged

Negatively |ED
charged

Smali VCAGSPTND Tiny AGS

{3333} Embodiments of the rovention joclude sequences (both polynucleotide or polypeptide)
which may comprise homologous substitution (substitution and replacement are both used herein
to mean the interchange of an cxisting aroino acid residue or mucleotide, with an alternative
restdue or nucleotide) that may occur i.¢., like-for-like substitution in the case of amino acids
such as basic for basic, acidic for acidic, polar for polar, ctc. Non-homologous substitution may
also occur L., from one class of residue to another or alternatively involving the inclusion of
unnatural amino acids such as ornithine (hereinafter referred to as 7)), diaminobutyric acid
ornithine (hereinafter referred to as B), vorleucine orntthine (hereinatter referred to as O),

pyrivlalanine, thienylalanine, naphthylalanine and phenyliglycine.
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{#334] Variant amino acid sequences may include suitable spacer groups that may be inserted
between any two amiono acid residoes of the sequence ncluding alkyl groups such as methyl,
cthyl or propyl groups in addition to amino acid spacers such as glycine or $-alanine residucs. A
further form of variation, which invelves the presence of one or more amino acid residues in
peptord form, roay be well understood by those skilled in the art. For the avoidance of doubt,
“the peptoid form” is used to refer to variant amino acid residues wherein the a-carbon
substituent group is on the residue’s nitrogen atom rather than the w-carbon. Processes for
preparing peptides in the peptoid form are known in the art, for example Simon RJ et al,, PNAS
(19923 §9(20), 9367-9371 and Horwell BC, Trends Biotechnol. (1995} 13{4), 132-134.
{#335] The practice of the present invention eraploys, unless otherwise indicated, conventional
technigues of immunology, biochenustry, chemistry, molecular biology, microbiology, cell
biology, genomics and recombinant DNA, which are within the skill of the art. See Sambrook,
Fritsch and Maniatis, MOLECULAR CLONING: A LABORATORY MANUAL, 2nd edition
{1989y, CURRENT PROTOCOLS IN MOLECULAR BIOLOGY (F. M. Ausabel, et al. eds,,
{1987}, the sertes METHODS IN ENZYMOLOGY (Academic Press, Inc): PCR 2. A
PRACTICAL APPROACH (M.J. MacPherson, B.D. Hames and G.R. Taylor eds. (1995)),
Harlow and Lane, eds. (1988) ANTIBODIES, A LABORATORY MANUAL, and ANIMAL
CELL CULTURE (R.1. Freshney, ed. (1987)).

Yectors
168336} In onc aspect, the invention provides for vectors that are used in the cngineering and
optimization of CRISPR-Cas systerus.
183371 A used herein, a “vector” is a tool that allows or facilitates the transfer of an entity from
one envirournent to avother. It 1s a replicon, such as a plasmid, phage, or cosmid, nto which
another DNA segment may be inscried so as to bring about the replication of the inserted
segment. Generally, a vector 1s capable of replication when associated with the proper control
clements. In general, the term “vector” refers to a nucleic acid molecule capabie of transporting
another nucleic acid to which it has been linked. Vectors include, but are not limited to, nucleic
acid molecules that are single-stranded, double-stranded, or partially double-stranded; nucleic
acid molecules that comprise one or more free ends, no free ends {e.g. circular); nucleic acid
roolecules that coroprise DNA, RNA, or both; and other varieties of polynucieotides known in

the art. One type of vector is a “plasmid,” which refers to a circular double stranded DNA loop
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into which additional DNA segments can be inserted, such as by standard molecular cloning
technigques.  Another type of vector 18 a viral vector, wherein virally-denived DNA or RNA
sequences are present in the vector for packaging into a virus {e.g. retroviruses, replication
defective retroviruses, adenoviruses, replication defective adenovirases, and adeno-associated
viruses {AAVs)). Viral vectors also inchide polynucleotides carried by a virus for transfection
mto a host cell. Certain vectors are capable of autonornous replication in a host cell into which
they are introduced {e.g. bacterial vectors having a bacterial origin of replication and episomal
marnrmalian vectors). Other vectors {¢.g., non-cpisomal mammalian vectors) are integrated into
the genome of a host cell upon miroduction mto the host cell, and thereby are replicated along
with the host genome. Moreover, certain vectors are capable of directing the expression of genes
to which they are operatively-linked. Such vectors are referred to herein as “expression vectors.”
Common cxpression vectors of utility in recombinant DNA techniques are often in the form of
plasmids.

{#338] Recombinant expression vectors can comprise a nucleic acid of the invention in a form
suitable for expression of the nucleic acid g host cell, which means that the recombinant
expression vectors include one or more regulatory elements, which may be selected on the basis
of the host cells to be used for expression, that 18 operatively-linked to the nucleic acid sequence
to be expressed. Within a recombinant expression vector, “operably linked” 1s intended to mean
that the nucleotide sequence of interest is linked to the regulatory clement(s) in a manner that
allows for expression of the nucleotide seguence (e.g. in aun n vitro transcription/trauslation
system or in a host cell when the vector is introduced into the host cell). With regards to
recombination and cloning methods, mention 1s made of U.S. patent application 10/815,730,
published September 2, 2004 as US 2004-0171156 A1, the contents of which are herein
incorporated by reference n their entirety.

18339] Aspects of the invention relate to bicistronic vectors for chimeric RNA and CasS.
Bicistronic expression vectors for chimeric RNA and Cas9 are preferred.  In general and
particularty in this embodiment Cas9 is preferably dviven by the CBh provooter. The chiweric
RNA may preferably be driven by a Pol HI promoter, such as a U6 promoter. {deally the two are
combined. The chimeric guide RNA typically consists of a 20bp guide sequence (Ns) and this
may be joined to the tracr sequence {running from the first “U” of the lower strand to the end of

the transcript). The tracr sequence may be truncated at various positions as indicated. The guide

152



WO 2015/089419 PCT/US2014/070057

and tracr sequences are separated by the tracr-mate  sequence, which may be
GUUUUAGAGCUA. This may be followed by the loop sequence GAAA as shown. Both of
these are preferred examples. Applicants have demonstrated Cas9-mediated indels at the human
EMXI and PVALB loci by SURVEYOR assays. ChiRNAs are mdicated by their “4n”
designation, and crRNA refers to a hybrid RNA where guide and tracr sequences are expressed
as separate transcripts. Throughout this application, chimeric RNA may also be called single
guide, or synthetic guide RNA (sgRNA). The loop is preferably GAAA, but it is not himited to
this sequence or indeed to being only 4bp in length. Indeed, preferred loop forming sequences
for use in hairpin structures are four nucleotides 1o length, and most preferably have the sequence
GAAA. However, longer or shorter loop sequences may be used, as may alternative sequences.
The sequences preferably include a nucleotide triplet (for exarople, AAA), and aun additional
nucleotide (for example C or ). Examples of loop forming sequences inchlude CAAA and
AAAG.

{#348] The term “‘regulatory element” is intended to include promoters, enhancers, internal
ribosomal entry sites (IRES), and other expression control clements (e.g. transcription
termination signals, such as polyadenyiation signals and poly-U sequences). Such regulatory
elements are described, for example, in Goeddel, GENE EXPRESSION TECHNOLOGY:
METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Califl (1990). Regulatory
clements inchude those that direct constitutive expression of a nucleotide sequence in many types
of host cell and those that direct expression of the nucleotide sequence only in certain host cells
{e.g., tissue-specific regulatory sequences). A tissue-specific promoter may direct expression
primarily in a desired tissue of mterest, such as muscle, neuron, bone, skin, blood, specific
organs {e.g. ltver, pancreas), or particular cell types {e.g. lymphocytes). Regulatory elements
ray also direct expression in a temporal-dependent manner, such as m g cell-cycle dependent or
developmental stage-dependent wanner, which way or may not also be tissue or cell-type
specific. In some embodiments, a vector comprises one or more pol I promoter {e.g. 1, 2, 3, 4,
3, or more pol H prometers), one or more pol U promoters {e.g. 1, 2, 3, 4, 5, or more pol I
promoters), one or more pol 1 promoters {c.g. 1, 2, 3, 4, 5, or more pol | promoters), or
combinations thereof. Examples of pol HI promoters inchude, but are not limited to, U6 and H1
promoters. Examples of pol I promoters include, but are not limited to, the retroviral Rous

sarcoma viras {(RSV) LTR promoter (optionally with the RSV cenhancer), the cytomegalovirus
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{CMV) promoter {optionally with the CMV enhancer} [sce, ¢.g., Boshart ot al, Cell, 41:521-530
{1983}], the SV40 prowoter, the dihydrofolate reductase promoter, the B-actin promoter, the
phosphoglycers! kinase (PGK) promoter, and the EFlg promoter. Also encompassed by the
term “regulatory elerent” are enhancer elements, such as WPRE; CMV enhancers; the R-US’
segment in LTR of HTLV-1 (Mol Cell. Biol., Vol. 8(1}, p. 466-472, 1988); SV40 enhancer; and
the miron sequence between exons 2 and 3 of rabbit B-globin (Proc. Natl, Acad. Sci. USA., Vol
7R(3), p. 1527-31, 1981}, It will be appreciated by those skilled in the art that the design of the
expression vector can depend on such factors as the choice of the host ccll to be transformed, the
level of expression desived, etc. A vector can be introduced into host cells to thereby produce
transcripts, proteins, or peptides, including fusion proteins or peptides, encoded by nucleic acids
as described herein (e.g., clustered regularly interspersed shott palindromic repeats (CRISPR)
transcripts, proteins, enzymes, mutant forms thereof, fusion proteins thereof, cte.). With regards
to regulatory sequences, mention is made of U.S. patent application 10/491,026, the contents of
which are incorporated by reference herein in their entirety., With regards to promoters, mention
is made of PCT publication WO 2011/028929 and U.S. application 12/511,940, the contents of
which are incorporated by reference herein in their entirety.

18341} Vectors can be designed for expression of CRISPR transcripts {c.g. nucleic acid
transcripts, proteins, or enzymes) in prokaryotic or cukaryotic cells. For example, CRISPR
transcripts can be expressed in bacterial cells such as EHscherichia coli, insect cells {using
baculovirus expression vectors), yeast cells, or wmammalian cells.  Suitable host cells are
discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN
ENZYMOLOGY 185, Acadermic Press, San Diego, Calif. (1990).  Alematively, the
recombinant expression vector can be transcribed and translated in vitro, for example using T7
promoter regulatory sequences and T7 polymerase.

18342} Vectors may be introduced and propagated in a prokaryote or prokaryotic cell. In some
embodiments, a prokaryote is used to amplify copies of a vector to be introduced into a
eukaryotic cell or as an intermediate vector i the production of a vector to be troduced nto a
cukaryotic cell {e.g. amplifying a plasmid as part of a viral vector packaging system). In some
cmbodiments, a prokaryote 1s used to amplity copies of a vector and express one or more nucleic
acids, such as to provide a source of one or more proteins for delivery to a host cell or host

organism. Expression of proteins in prokaryotes is roost often carried out in Escherichia coli
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with vectors containing constitutive or inducible prometers directing the expression of either
fusion or non-fusion proteins. Fusion vectors add a number of armino acids to a protein encoded
therein, such as to the amino terminus of the recombinant protein.  Such fusion vectors ny
serve one or more purposes, such as: (1) to increase expression of recombinant protein; (1) to
increase the solubility of the recombinant protein; and (i) to aid in the purification of the
recombinant protein by acting as a ligand m affinity purification. Often, in fusion cxpression
vectors, a proteolytic cleavage site is introduced at the junction of the fusion moiety and the
recombinant protein to cnable separation of the recombinant protein from the fusion motety
subsequent to purification of the fusion protein.  Such enzymes, and their cognate recognition
sequences, include Factor Xa, thrombin and enterokinase. Example fusion expression vectors
include pGEX (Pharmacia Biotech lnc; Smith and Johnsoun, 1988, Gene 67: 31-40), pMAL (New
England Biolabs, Beverly, Mass.} and pRITS (Pharmacia, Piscataway, N.1) that fuse glutathione
S-transferase (GST), maliose E binding protein, or protein A, respectively, to the target
recombinant protein.

{0343} Examples of suitable inducible non-fusion E. colt expression vectors include pTre
{(Amrann et al.,, (1988) Gene 69:301-315) and pET 11d (Studier et al., GENE EXPRESSION
TECHNOLOGY: METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Califl
{1990} 60-89). In some embodiments, a vector 15 a yeast expression vector. Examples of vectors
for expression in yeast Saccharomyces cerivisae inchide pYepSecl (Baidari, et al., 1987, EMBO
3. 6:229-234), pMFa (Kaijan and Herskowitz, 1982, Cell 30: 933-943), pJRYER (Schultz et al,,
1987, Gene 54 113-123), pYESZ (Invitrogen Corporation, San Diego, Califl}, and picZ
{InVitrogen Corp, San Dicgo, Calit)). In sorac embodiments, a vector drives protein expression
in nsect cells using baculovirus expression vectors. Baculovirus vectors available for expression
of proteins in cultured insect cells {e.g., SF9 ceils) include the pAc series (Smith, et al,, 1983.
Mol. Cell. Biol 3: 2156-2165) and the pVL series (Lucklow and Suromers, 1989, Virology 170:
31-39).

{6344} In some embodiments, a vector 1s capable of driving expression of one ot more sequences
in mammalian cells using a mammalian expression vector. Examples of mammalian expression
vectors include pCDME (Seced, 1987, Nature 329 840) and pMT2PC (Kaufman, et al,, 1987,
EMBGO J. 6: 187-193). When vsed in mammalian cells, the expression vector’s control functions

are typically provided by ounc or more regulatory elements.  For example, coramonly used
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promoters are derived from polyoma, adenovirus 2, cytomegalovirus, simian virus 40, and others
disclosed herein and known 1o the art. For other suitable expression systems for both prokaryotic
and ecukaryotic cells see, eg., Chapters 16 and 17 of Sambrock, ¢t al, MOLECULAR
CLONING: A LABORATORY MANUAL. 2nd ed., Cold Spring Harbor Laboratory, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y ., 1989,

18345} In some embodiments, the recombinant maramalian expression vector is capable of
directing expression of the nucleic acid preferentially in a particular cell type {e.g., tissue-
specific regulatory clements are used to express the nucleic acid). Tissue-specific regulatory
elements are known in the art. Non-limiting examples of suitable tissue-specific promoters
include the albumin promoter {(liver-specific; Pinkert, et al, 1987, Genes Dev. 1. 268-277),
Iyrophoid-specific promoters (Calame and Eaton, 1988, 4dv. Dmmunol 43: 235-275), 1o
particular promoters of T cell receptors (Winoto and Baltimore, 1989, FAMBO J. 8 729-733) and
mmrmunoglobulins (Baneiji, et al, 1983, Celf 33: 729-740; Queen and Baltimore, 1983, Cefi 33:
741-748), neuron-specific promoters {¢.g., the neurofilament promoter; Byrne and Ruddle, 1989
Proc. Natl. Acad. Sci. US4 86: 5473-5477), pancreas-specific promoters (Edlund, ot al,, 1985,
Science 238: 912-916), and mammary gland-specific promoters (e.g., milk whey promoter; 1.5,
Pat. WNo. 4,873,316 and European Application Publication No. 264,166). Developmentally-
regulated promoters are also encowpassed, e.g., the murine hox promoters (Kessel and Gruss,
1990, Science 249: 374-379) and the o-fetoprotein promoter {(Campes and Tilghman, 19¥9.
Genes Dev. 3: 537-546). With regards to these prokaryotic and cukaryotic vectors, mention is
made of LS. Patent 6,750,059, the contents of which are incorporated by reference herein in
their entircty. Other embodiments of the invention roay relate to the usce of viral vectors, with
regards to which mention is made of U.S. Patent application 13/092,0835, the contents of which
arc incorporated by reference herein in thewr entirety. Tissuc-specific regulatory elements arc
known in the art and in this regard, mention is made of U.S. Patent 7,776,321, the contents of
which are incorporated by reference herein in their entirety.

Resgulatory elements

{(#346] In some embodiments, a regulatory clement is operably linked to one or more clements of
a CRISPR system so as to drive expression of the one or more clements of the CRISPR gystem.
In general, CRISPRs (Clustered Regularly Interspaced Short Palindromic Repeats), also known

as SPIDRs (SPacer Interspersed Dhrect Repeats), constitute a family of DNA loci that are usually

156



WO 2015/089419 PCT/US2014/070057

specific to a particular bactenial species. The CRISPR locus comprises a distinct class of
interspersed shott sequence repeats {SSRs) that were recognized wn E. coli {Ishino ot al, L
Bacteriol,, 169:5429-5433 [1987]; and Nakata et al., J. Bacteriol., 171:3553-3556 [19891), and
associated geves.  Similar interspersed SSRs have been identified wn Haloferax mediterranet,
Streptococcus pyogenes, Anabaena, and Mycobacterium tuberculosis (See, Groenen et al., Mol.
Microbiol,, 10:1057-1065 [1993]; Hoe ¢t al,, Emerg. Infoct. Dis,, 5:254-263 [1999]; Mascpohl et
al., Biochim. Biophys. Acta 1307:26-30 [1996]; and Mojica ¢t al., Mol. Microbiol,, 17:85-93
have been termed short regularly spaced repeats (SRSRs) (Janssen et al,, OMICS 1. Integ. Biol,,
6:23-33 [2002]; and Maoiica et al,, Mol. Microbiol,, 36:244-246 [2000}). In general, the repeats
are short clements that occur i clusters that are regularly spaced by unique intervening
sequences with a substantially constant length (Mojica ot al., [2000], supra). Although the repeat
sequences are highly conserved between strains, the number of interspersed repeats and the
sequences of the spacer regions typically differ from strain to strain (van Embden et al., I
Bacteriol,, 182:2393-2401 [2000]). CRISPR loct have been identified in more than 40
prokaryotes (See ¢.g., Jansen et al,, Mol. Microbiol,, 43:1565-1575 [2002]; and Maojica ¢t al,,
20057} inciuding, but not limited to Acropyrum, Pyrobaculum, Suifolobus, Archacoglobus,
Halocarcula, Methanobacterium, Methanococcus, Methanosarcina, Methanopyrus, Pyrococcus,
Picrophilus, Thermoplasma, Coryncbacterium, Mycobacterium, Streptomyces, Agquifex,
Porphyromonas, Chlorobium, Thermus, Bacillus, Listeria, Staphylococcus, Clostridium,
Thermoanaerobacter, Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria,
Nitrosomonas, Desulfovibrio,  Geobacter,  Myxococcus, Campylobacter,  Wolinella,
Acinetobacter, Erwinia, Escherichia, Legionella, Methylococcus, Pasteurella, Phetobacterium,
Salronella, Xanthomonas, Yersima, Treponema, and Thermotoga.

{83471 In general, “CRISPR system” refers collectively to trauscripts and other elements
involved in the expression of or directing the activity of CRISPR-associated (“Cas™} genes,
including sequences encoding a Cas gene, a tracr {irans-activating CRISPR) sequence {e.g.
tractRNA or an active partial tractRNA), a tracr-mate sequence {cncompassing a “direct repeat”
and a tracrRNA-processed partial direct repeat in the context of an endogenous CRISPR system),
a guide sequence {also referred to as a “spacer” in the context of an endogenous CRISPR

systern), or other sequences and transcripts from a CRISPR locus. In embodiments of the
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invention the terms guide sequence and guide RNA are used interchangeably. In some
embodiments, one or more clements of a CRISPR system is derived from a type 1, type II, or
type 11 CRISPR system. In some embodiments, one or more clements of a CRISPR gystem is
derived from a particular organism comprising an codogenous CRISPR system, such as
Streptococcus pyogenes. In general, a CRISPR systen is characterized by elernents that promote
the formation of a CRISPR complex at the site of a target scquence {alse referred to as a
protospacer in the context of an endogenous CRISPR system). In the context of formation of a
CRISPR complex, “target scquence” refers to a sequence to which a gde sequence s designed
to have complementarity, where bybridization between a target sequence and a guide sequence
promotes the formation of a CRISPR complex. A target sequence may comprise any
polynucleotide, such as DNA or RNA polynucleotides. In some embodiments, a target sequence
is located in the nucleus or cytoplasm of a cell.

{6348} In some cmbodiments, direct repeats may be identified in silico by scarching for
repetitive motifs that fulfill any or all of the following criteria: 1. found in a 2Kb window of
genomic sequence flanking the type I CRISPR locus; 2. span from 20 to 50 bp; and 3.
interspaced by 20 to 50 bp. In some embodiments, 2 of these criteria may be used, for instance |
and 2, 2 and 3, or | and 3. In some embodiments, all 3 criteria may be used.

[#34%] In some embodiments, candidate tracrRNA may be subsequently predicted by sequences
that fulfill any or all of the following criteria: 1. sequence homology to direct repeats {motif
search in Geneious with up to 18-bp mismatches); 2. presence of a predicted Rho-mmdependent
transcriptional terminator in direction of transcription; and 3. stable hairpin secondary structure
between tracrRNA and direct repeat. In some cmbodiments, 2 of these criteria may be used, for
instance 1 and 2, 2 and 3, or 1 and 3. In some embodiments, all 3 criteria may be used.

{0350] In some cembodiments, chimernic synthetic guide RMNAs (sgRNAs) designs may
incorporate at least 12 bp of duplex stracture between the divect repeat and tractBNA.

18351} In preferred embodiments of the invention, the CRISPR system is a type I CRISPR
systern and the Cas enzyme 18 Cas9, which catalyzes DNA cleavage. Enzymatic action by Cas8
derived from Streptococcus pyogenes or any closely related Cas9 generates double stranded
breaks at target site sequences which hybridize to 20 nucleotides of the guide sequence and that
have a protospacer-adjacent motif (PAM) sequence {examples include NGG/NRG or a PAM that

can be determined as described herein) following the 20 nucleotides of the target sequence.
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CRISPR activity through Cas9 for site-specific DNA recognition and cleavage is defined by the
guide sequence, the tracr sequence that hybridizes in part to the guide sequence and the PAM
sequence. More aspects of the CRISPR system are described in Karginov and Hannon, The
CRISPR system: small RNA-~guided defence in bacteria and archaea, Mole Cell 2010, Javuary
15 37(1y 7.

{352} The type 1T CRISPR locus from Streptococcus pyogenes SF370, which contains a cluster
of four genes Cas9, Casl, CasZ, and Csnl, as well as two non-coding RNA elements, tracrRNA
and a characteristic array of repetitive sequences {direct repeats) mterspaced by short stretches of
non-repetitive sequences {spacers, about 30bp cach). In this system, targeted DNA double-
strand break {DSB) is generated in four sequential steps (Fig. 2A). First, two non-coding RNAs,
the pre~crRNA array and tracrRNA, are transcribed from the CRISPR locus. Second, tracrRNA
hybridizes to the direct repeats of pre-crRNA, which is then processed into mature crRNAs
containing individual spacer sequences. Third, the mature crRNA:tracrRNA complex directs
Cas% to the DNA target consisting of the protospacer and the corresponding PAM via
heteroduplex formation between the spacer region of the orRNA and the protospacer DNA.
Finally, Cas% mediates cleavage of target DNA upstream of PAM to create a DSB within the
protospacer (Fig. 2ZA}. Fig. 2B demonstrates the nuclear localization of the codon optimized
Cash. To promote precise transcriptional mnitiation, the RNA polymerase Hi-based Ué promoter
was sclected to drive the expression of tractRNA (Fig. 2C). Similarly, a U6 promoter-based
cousiruct was developed to express a pre-ctRNA array consisting of a sivgle spacer flanked by
two direct repeats {DRs, also encompassed by the term “tracr-mate sequences’™; Fig. 2Cy. The
initial spacer was designed to target a 33-base-pair (bp) target site {30-bp protospacer plus a 3-bp
CRISPR motif (PAM) sequence satisfying the NGOG recognition motif of Cas®) in the human
EMX1 locus (Fig. 2C), a key gene n the developracent of the cerebral cortex.

18383} Typically, n the coutext of an endogenous CRISPR systern, formation of a CRISPR
complex {comprising a guide sequence hybridized to a target sequence and complexed with one
or more Cas proteins) resulis in cleavage of one or both strands in or near {e.g. within 1, 2, 3, 4,
5,6,7,8,9, 10, 20, 50, or more base pairs from} the target sequence. Without wishing to be
bound by theory, the tracr sequence, which may comprise or consist of all or a portion of a wild-
type tracr sequence {¢.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67, 85, or more

nucleotides of a wild-type tracr sequence), roay also form part of a CRISPR complex, such as by
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hybridization along at least a portion of the tracr sequence to all or a portion of a tracr mate
sequence that is operably linked to the guide sequence. In some emboduments, one or more
vectors driving cxpression of one or more clements of a CRISPR system are introduced into a
host cell such that expression of the clements of the CRISPR systern direct formation of a
CRISPR complex at one or more target sites. For example, a Cas enzyme, a guide sequence
finked to a tracr-mate sequence, and a tracr sequence could cach be operably linked to separate
regulatory elements on separate vectors. Alternatively, two or more of the elements expressed
from the same or different regulatory clements, may be combined in a single vector, with one or
more additional vectors providing any components of the CRISPR. system not included in the
first vector. CRISPR system clements that are combined in a single vector may be arranged in
any suitable orientation, such as oune element located 57 with respect to (Cupstrears” of) or 37
with respect to {“downstrean” of) a second element. The coding sequence of one clement may
be located on the same or opposite strand of the coding sequence of a second clement, and
oriented in the same or opposite direction. In some embodiments, a single promoter drives
expression of a transcript cncoding a CRISPR enzyme and one or more of the guide sequence,
tracr mate sequence (optionally operably linked to the guide sequence), and a tracr sequence
embedded within one or more intron sequences {¢.g. cach in a different intron, two or more in at
least one intron, or all in a single intron).  To sowe embodiments, the CRISPR enzyme, guide
sequence, tracr mate sequence, and tracr sequence are operably linked to and expressed from the
3ame promoter.

18354] In some embodiments, a vector comprises one or more inseriion sites, such as a
restriction endonuclease recognition scquence {also referred to as a “cloning site”).  In some
embodiments, one or more insertion sties {¢.g. about or more than about 1,2, 3, 4,5, 6,7, 8, 9,
19, or more inscrtion sites) are located upsirearn and/or downstrear of one or more sequence
clements of one or more vectors. lun some embodiments, a vector comprises an nsertion site
upstream of a tracr mate sequence, and optionally downstream of a regulatory element operably
limked to the tracr mate sequence, such that following nsertion of a guide sequence into the
insertion site and upon cxpression the guide sequence directs sequence-specific binding of a
CRISPR complex to a target sequence in a eukaryotic cell.  In some cmbodiments, a vector
comprises two or more insertion sites, cach insertion site being located between two tracr mate

sequences so as to allow inscrtion of a guide sequence at cach site. In such an arrangement, the
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two or more guide sequences may comprise two or more copics of a single guide sequence, two
or wore different guide sequences, or corabivations of these. When multiple different guide
sequences are used, a single cxpression construct may be used to target CRISPR activity fo
multiple different, corresponding target sequences within a cell. For example, a single vector
may comprise about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 13, 15, 20, or more guide
sequences. In some embodiments, about or more than about 1, 2, 3,4, 5, 6,7, 8, 9, 10, or more
such guide-sequence-containing vectors may be provided, and optionally delivered to a cell.

{8355} In some cmbodiments, a vector comprises a regulatory clement operably linked to an
enzyme-coding sequence encoding a CRISPR enzyme, such as a Cas protein.  Non-biriting
examples of Cas proteins include Casl, CasiB, Cas2, Cas3, Casd, Cass, Cas6, Cas7, Cas, Cas9
{also known as Csnl and Csx12), Casll, Csyl, Cay2, Cay3, Csel, Cse2, Csel, Csc2, Csal,
Csn2, Csm2, Csm3, Csmd, Csm3, Csmd, Cmrl, Cowr3, Cord, Cmrs, Cow6, Csbi, Csb2, Csb3,
Csx17, Csx14, Csx10, Csx16, CsaX, Csx3, Csxl, Csx15, Csfl, Csf2, Cst3, Csf4, homologucs
thereof, or modified versions thereof. In some embodiments, the unmodified CRISPR enzyme
has DNA cleavage activity, such as Cas9. In some cmbodiments, the CRISPR enzyme directs
cleavage of one or both strands at the location of a target sequence, such as within the target
sequence and/or within the complement of the target sequence. In some embodiments, the
CRISPR enzyme directs cleavage of one or both strands within about 1, 2,3, 4, 5,6, 7, 8, 9, 10,
15, 20, 25, 50, 100, 200, 500, or more base pairs from the first or last nucleotide of a target
sequence.  In sorme embodiments, a vector encodes a CRISPR enzyre that is woutated to with
respect to a corresponding wild-type enzyme such that the mmutated CRISPR enzyme lacks the
ability to cleave onc or both strands of a target polymucleotide containing a target sequence. For
example, an aspartate-to-alanine substitution (D10A) tn the RuvC 1 catalytic domain of Cas9
from S. pyogenes converts Cas9 frorn a nuclease that cleaves both strands to a nickase (cleaves a
single strand).  Other examples of mutations that render Cas9 a nickase mclude, without
limitation, H840A, N&5S4A, and N863A. As a further example, two or more catalytic domains of
Cas® (RuvC 1, Ruv(C 11, and RovC Hl or the HNH domain) way be mutated to produce a routated
(Cas9 substantially lacking all DNA cleavage activity. In some embodiments, a D0A mutation
18 cornbined with one or more of HE40A, NES4A, or NE63A mutations to produce a Cas9
enzyme substantially lacking all DNA cleavage activity. In some embodiments, a CRISPR

enzyme is considered to substantially lack all DNA cleavage activity when the DNA cleavage
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activity of the mutated enzyme is less than about 25%, 10%, 5%, 1%, 0.1%, 0.01%, or lower of
the DNA cleavage activity of its nou-rutated form; e.g., when the DNA cleavage activity of the
mutated enzyme is about no more than 25%, 10%, 5%, 1%, 0.1%, 0.01%, or less of the DNA
cleavage activity of the non-moutated form of the enzyme; whereby an example can be when the
IINA cleavage activity of the mutated form is nil or negligible as compared with the non-
rutated form, ¢.g., when ne indel formation is observed as with Cas9HRB40A, as herein
discussed. Where the enzyme is not SpCas9, mutations may be made at any or all residues
corresponding to positions 10, 762, 840, 854, 8§63 and/or 986 of SpCas? (which may be
ascertained for instance by standard sequence comparison tools . In particular, any or all of the
following mutations are preferred in SpCas9: DIOA, E762A, HB40A, N834A, NBO3A and/or
D9E6A; as well as conservative substitution for any of the replacement amino acids is also
envisaged. The same {or conservative substitutions of these mutations) at corresponding
positions n other Cas9s are also preferred. Particularly preferred are D10 and H840 in SpCas? .
However, in other Cas9s, residues corresponding to SpCas® D10 and HRAG are also preferred.
{#356] An aspartate-to-alanine substitution (DI10A} in the RuvC 1 catalytic domain of SpCas9
was engineered to convert the nuclease into a nickase (SpCas9n} {see e.g. Sapranauskas et al,,
2011, Nucleic Acis Rescarch, 39 9275, Gasiunas ot al, 2012, Proc. Natl. Acad. Sci. USA,
109:H2579), such that wicked genomic DNA undergoes the high-fidelity howmology-directe
repair (HDR). Surveyor assay confirmed that SpCas9n does not generate indels at the EMX1
protospacer target. Co-expression of EMX1-targeting chimenie ¢rRNA (having the tracrRNA
component as well) with SpCas9 produced indels in the target site, whereas co-expression with
SpCasOn did not (n=3). Moreover, sequencing of 327 araplicons did not detect any indels
induced by SpCasSn. The same locus was selected to test CRISPR-mediated HR by co-
transfecting HEK 293FT cells with the chimeric RNA targeting EMX1, hSpCas9 or hSpCasOin,
as well as a HR teroplate to introduce a pair of vestriction sites (HiodlH and Nhel) near the
protospacer.

{8357} Preferred orthologs are discussed hereim. A Cas enzyroe may be identified Cas9 as this
can refer to the general class of enzymes that share homology to the biggest nuclease with
raultiple nuclease domains from the type H CRISPR system. Maost preferably, the Cas9 enzyme
is from, or is derived from, spCas9 (S. pyogenes Cas®) or salas9 (8. aurcus Cas®). By derived,

Applicants mean that the derived enzyme 1s largely based, in the sense ot having a high degree of
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sequence homology with, a wildtype enzyme, but that it has been mutated (modified) in some
way as described herein,

18358} It wili be appreciated that the terms Cas and CRISPR enzyme arc generally used herein
interchangeably, unless otherwise apparent.  As mentioned above, many of the residue
numberings used herein refer to the Cas® cnzyme from the type I CRISPR iocus in
Streptococcus pvogenes. However, it will be appreciated that this invention inchudes many more
Cas9s from other species of microbes, such as SpCas9, SaCa®, St1Cas® and so forth.

Codon optimization

{6359} Au example of a codon optimized sequence, in this instance optimized for humans (1.e.
being optimized for expression in humans} is provided herein, see the SaCas9 human codon
optimized sequence. Whust this s preferved, it will be appreciated that other examples are
possible and codon optimization for a host species other than human, or for codon optimization
for specific organs such as the brain, 18 known. In some embodiments, an cnzyme coding
sequence encoding a CRISPR enzyme is codon optimized for expression in particular cells, such
as cukaryotic cells. The cukaryotic cells may be those of or derived from a particular organism,
such as a manmmal, including but not limited to human, mouse, rat, rabbit, dog, or non-bhuman
mamimal or primate. In some cmbodiments, processes for modifying the germ Hne genetic
identity of human beings and/or processes for modifving the genetic identity of amimals which
are likely to cause them suffering without any substantial medical benefit to man or animal, and
also animals resuiting from such processes, may be excluded.

{8368} In general, codon optimization refers (0 a process of modifying a nucleic acid sequence
for enhanced cxpression in the host cells of interest by replacing at least one codon (¢.g. about or
more than about 1, 2, 3, 4, 5, 18, 15, 28, 25, 58, or more codons} of the native sequence with
codons that are more frequently or most frequently used in the genes of that host cell while
roaintaining the native amino acid sequence. Various species exhibit particular bias for certain
codons of a particular amino acid. Codon bias {differences in codon usage between organisms)
often correlates with the efficiency of translation of messenger RNA (mRNA), which s 1o turn
believed to be dependent on, among other things, the properties of the codons being translated
and the availability of particular transfer RNA (tRNA) molecules. The predominance of sclected
tRNAs in a cell is generally a reflection of the codons used most frequently in peptide synthesis.

Accordingly, genes can be tatlored for optumal gene expression in 4 given organismn based on
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codon optimization. Codon usage tables are readily available, for example, at the “Codon Usage
Database” avalable at www kazusa.ogp/codon/ (visited Jul. 9, 20023, and these tables can be
adapted in a number of ways. Sec Nakamura, Y., ¢t al. “Codon usage tabulated from the
international DNA sequence databases: status for the year 20007 Nucl Acids Res. 28:292
{2000}, Computer algorithms for codon optimizing a8 particular sequence for expression in a
particular host cell are also available, such as Gene Forge {Aptagen; Jacobus, PA), arc also
availabie. In some embodiments, one or more codons (e.g. 1, 2, 3, 4, §, 10, 15, 20, 25, 54, or
more, or all codons) in a scquence cncoding a CRISPR enzyme correspond to the roost
frequently used codon for a particular amino acid.

INuclear localization sequences (NESs)

{8361} In some embodiments, a vector encodes a CRISPR enzyme comprising oue of more
nuclear localization sequences (NLSs), such as about or more than about 1,2, 3, 4,5, 6,7, &, 9,
10, or more NLSs. [n some embodiments, the CRISPR cnzyme compriscs about or more than
about I, 2,3, 4,5,6,7,%, 9, 10, or more NLS8s at or near the amine-terminus, about or more than
about 1,2, 3,4,5,6,7, 8,9, 10, or more NLSs at or near the carboxy-terminus, or a combination
of these {e.g. zero or at least one or more NLS at the amino-terminus and zero or at one or more
NES at the carboxy terminus). When more than one NLS is present, cach may be selected
independently of the others, such that a single NLS may be present in wore than one copy and/or
in combination with onc or more other NLSs present in on¢ or more copics. In a preferred
embodiment of the inveotion, the CRISPR enzyroe comprises at most 6 NLSs.  In soroe
enbodiments, an NLS is considered near the N- ¢or C-terminus when the nearest amino acid of
the NLS 1s within about 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40, 50, or more amino acids along the
polypeptide chain from the N- or C-terminus. Non-limiting examples of NLSs include an NLS
sequence derived from: the NLS of the SV40 virus large T-antigen, having the amino acid
sequence PKKKRKY; the NLS from nocleoplasmun (e.g. the nucleoplasmin bipartite NLS with

the sequence KRPAATKKAGQAKKKK), the c-myc NLS having the amino acid sequence

PAAKRVKLD or RORRNELKRSPE;, the bHRNPAL MY NLS having the sequence
NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY, the sequence

BRMRIZFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRENY of the IBB domain from
importin-alpha; the sequences VSRERPRP and PPKKARED of the myoma T protein; the
sequence POPKKKPL of human pS3; the sequence SALIKKKKEKMAP of mouse ¢-abl 1V the
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sequences DRERR and PKOQKKRK of the influenza virus NS1; the sequence RKLKKKIKKL of
the Hepatitis virus delta antigen; the sequence REKKEKFLKRR of the wouse Mx1 protein; the
sequence KRKGDEVDGVDEVAKKKSKK of the human poly{ADP-ribose) polymerase; and
the sequence REKCLQAGMNLEARKTEK of the steroid hormone receptors (human)
glucocorticoid.

18362} In genceral, the one or more NLSs are of sufficient strength to drive accumulation of the
CRISPR enzyme in a detectable amount in the nuclens of a cukaryotic cell. In general, strength
of nuclear localization activity may derive from the number of NLSs 1n the CRISPR enzyme, the
particular NLS(s) used, or a combination of these factors. Detection of accumulation i the
rucicus may be performed by any suitable technique. For exampile, a detectable marker may be
fused to the CRISPR enzyme, such that location within a cell may be visualized, such as in
combination with a means for detecting the location of the nucleus {e.g. a stain specific for the
nucleus such as DAPE. Cell nuclet may also be isolated from cells, the contents of which may
then be analyzed by any suitable process for detecting protein, such as immunchistochemistry,
Western blot, or cnzyme activity assay. Accumulation in the nucleus may also be deterrnined
indirectly, such as by an assay for the effect of CRISPR complex formation {e.g. assay for DNA
cleavage or mutation at the target sequence, or assay for altered gene expression activity affected
by CRISPR complex formation and/or CRISPR enzyme activity), as compared to a countrol uo
exposed to the CRISPR enzyme or complex, or exposed to a CRISPR enzyme lacking the onc or
roore NLSs.

(uide sequenge

16363} In gencral, a guide scquence is any polynucleotide sequence having  sufficient
complementarity with a target polynucleotide sequence to hybridize with the target sequence and
dircct sequence-specific binding of a CRISPR complex to the target sequence. In some
embodiments, the degree of complementarity between a guide sequence and s corresponding
target sequence, when optimally aligned using 2 suitable alignment algorithm, is about or more
than about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%., or more. Uptimal alignment
may be determined with the use of any suitable algorithm for aligning sequences, non-limiting
example of which include the Smuth-Waterman algorithm, the Needlemnan-Wunsch algorithm,
algorithms based on the Burrows-Wheeler Transform (e.g. the Burrows Wheeler Aligner),

ClastalW, Clustal X, BLAT, Novoalign (Novocraft Technologics; available  at
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www.novocraft.com), ELAND  {Illumina, San Diego, CA), SOAP (available at
soap.genomics.org.en), and Mag (available at mag.sourceforgenet). fn some embodiments, a
guide sequence is about or more than about 5, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 35, 44, 45, 50, 75, or more nucleotides i length.  In some
embodiments, a guide sequence is less than about 75, 50, 45, 40, 35, 30, 25, 20, 15, 12, or fewer
nucicotides in length. The ability of 4 guide scquence to direct sequence-specific binding of a
CRISPR complex to a target sequence may be assessed by any suitable assay. For example, the
components of a CRISPR systern sufficient to form a CRISPR coraplex, including the guide
sequence to be tested, may be provided to a host cell having the corresponding target sequence,
such as by transfection with vectors encoding the components of the CRISPR sequence, followed
by an assessmcut of preferential cleavage within the target sequence, such as by Surveyor assay
as described herein. Similarly, cleavage of a target polynucleotide sequence may be evaluated in
a test tube by providing the target sequence, coraponents of a CRISPR complex, including the
guide sequence to be tested and a control guide sequence different from the test guide sequence,
and comparing binding or rate of cleavage at the target sequence between the test and countrol
guide sequence reactions. Other assays are possible, and will occur to those skilled in the art.

18364] A guide sequence may be selected to target any target sequence. In some embodiments,
the target sequence is a sequence within a genome of a cell. Exemplary target sequences wclude
those that are unique in the target genome. For example, for the 8. pvogenes CasS, a unique
target  sequence in a  genome way include a Cas9  target site of the form
MMMMMMMMNNNNNNNNNNNNXGO where NNNNNNNNNKNNNXGG (Nis A, G, T, or
C; and X can be anything) has a single occurrence n the genome. A unigque target segquence in g
genome may include an S pyogenes  Cas9  target  site of  the  form
MMMMMMMMMNNNNNNNNNNNXGG where NNNNNNNNNNNXGG (N s A, G, T, or
C; and X can be auything) has a single occurrence in the genome. For the S. thermophilus
CRISPR1 Cas9, a unique target sequence in a genome may include a Cas® target site of the form
MMMMMMMMNNNNNNNNNNNNXXAGAAW  where NNNNNNNNNNNNXXAGAAW
{Nis A, G, T, or C; X can be anything; and W is A or T} has a single occurrence in the genome.

A unique target sequence in a genome may include an 8. thermophifus CRISPR1 Cas9 target site

of the form MMMMMMMMMNNNNNNNNNNNXXAGAAW where
NIWNNWNNWNNNNNNXXAGAAW (Nis A, G, T, or C; X can be anything; and Wis Aor T has a
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single occurrence in the genome. For the S pyogenes Cas®, a unique target sequence in a
genome may wclude a Cas9 target site of the form
MMMMMMMMNNNNNNNNNNNNXGGXG where NNNNNNNNNNNNXGGXG (N is A,
G, T, or C; and X can be anything) has a single occurrence in the genome. A unique target
sequence in a gepome may include an S pyogenes Cas® target site of the form
MMMMMMMMMNNNNNNNNNNNXGGXG where NNNNNNNNNNNXGGXG (N s A, G,
T, or ; and X can be anything) has a single occurrence in the genome. In each of these
sequences “M” may be A, G, T, or C, and nced not be considered n identitying a sequence as
anigue.

{#365] In some embodiments, a guide sequence is sclected to reduce the degree sccondary
structure within the guide sequence. In sore embodiments, about or less than about 75%, 50%,
40%, 30%, 25%, 20%, 15%, 10%, 5%, 1%, or fewer of the nucleotides of the guide sequence
participate 1n sclf-complementary base pairing when optimally folded. Optimal folding may be
determained by any suitable polynucleotide folding algorithm. Some programs are based on
calculating the moinimal Gibbs free energy. An example of one such algorithra is wFold, as
described by Zuker and Stiegler (Nucleic Acids Res. 9 (19813, 133-148).  Auother example
folding algorithm is the online webserver RNAfold, developed at Institute for Theoretical
Chemistry at the University of Vienuna, using the centroid structure prediction algorithm (see e.g.
AR, Gruber ef al, 2008, Cell 106(1). 23-24; and PA Carr and GM Church, 2009, Nature
Biotechnology 27(12): 1151-62).

Tracr mate sequence

{8366] In general, a tracr mate scquence includes any scquence that has  sufficient
complementarity with a tracr sequence to promote one or more of: {1} excision of a guide
sequence flanked by tracr mate sequences in a cell containing the corresponding tracr sequence;
and (2) formation of a CRISPR complex at a target sequence, wherein the CRISPR complex
compriscs the tracr mate sequence hybridized to the tracr sequence. In general, degree of
complementarity 1s with reference to the optimal alignment of the tracr mate sequence and tracr
sequence, along the length of the shorter of the two sequences. Optimal alignment may be
determined by any suitable alignment algorithm, and may further account for sccondary
structures, such as self-complementarity within cither the tracr sequence or tracr mate sequence.

In some embodiments, the degree of coraplementarity between the tracr sequence and tracr mate
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sequence along the length of the shorter of the two when optimally aligned is about or more than
about 25%, 30%, 40%, 50%, 6(%, 70%, 80%, 90%, 953%, 97.5%, 99%, or higher. In some
embodiments, the tracr sequence 1s about or more than about 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16,17, 18, 19, 20, 25, 34, 40, 530, or more nucleotides in length. In some embodiments, the tracr
sequence and tracr mate sequence are contained within a single transcript, such that hybridization
between the two produces a transcript having a sccondary structure, such as a hairpin. In an
embodiment of the invention, the transcript or transcribed polynucleotide sequence has at least
two or more hatrpins. In preferred embodiments, the transcript has two, three, four or five
hairpins. In a further emobodiroent of the mvention, the trauscript bas at most five hairpins. In a
hairpin structure the portion of the sequence 5° of the final “N” and upstream of the loop
cotresponds to the tracr mate sequence, and the portion of the sequence 37 of the loop
corresponds to the tracr sequence Further non-limiting cxamples of single polynuclestides
comprising a guide sequence, a tract mate sequence, and a tracr sequence are as follows (listed §°
to 373, where “N” represents a base of a guide sequence, the first block of lower case letters
represent the fracr mate sequence, and the second block of lower case letters represent the tracr

sequence, and the final poly-T sequence represents the tranmscription terminator: {1}

NNNNNNNNNKNNKNNKNNNNNNNgtttttgtactctcaagatttaGA A Ataaatcttgeagaagetacaaagataa
ggcttcatgecgaaatcaacaccotgicatitiatggeaggutgtittegtiatttaa TTTTTT, {2}
NNNNNNNNKNNKNNKNNNNNNNNgtttitetactetcaGA A Atgeagaagctacaaagataaggettcatgeey
aaatcaacaccotgicatitiatggeagggtgtittegtiatitaa TTTTTT, (3)
NINNNNNNNNNNNNNNNNNNNgtttttgtactctealGAA Atgcagaagetacaaagataaggeticatgeog
asatcaacacectgteatittatggeagegtgt TTTITT, {4)
NNNNNNNNNNNNNNNNNNNNgttttagagetaGA A Atageaagtiaaaataaggetagtcogtiatcaactt
gaaaaagtgecacegagtegetec TITTTT, (5}

NNNNNNNNNNNNNNNNNNNNgttttagagetaGAA ATAGeaagiiaaaataaggetagtcogitateaac

tigaaaaagtg T TTTTTT; and {6)
NNNNNNNNNNNNNNNNNNNNMNgtittagagetag AAATAGeaagttaaaataaggctagicegttateaTT

TTTTTT. In some embodiments, sequences (1) to (3) are used in combination with Cas9 from §.
thermophilus CRISPRI, In some embodiments, sequences (4) to (6) are used in combination
with Cas9 from §. pvogenes. In some embodiments, the tracr sequence is a separafe transcript

from a transcript comprising the tracr mate scquence.
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Recombination template

18387} In some embodiments, a reccombination template is also provided. A recombination
template may be a component of another vector as described herein, contained in a separate
vector, or provided as a separate polynucleotide.  In some embodiments, a recombination
template is designed to serve as a template in homologous recombination, such as within or near
a target secquence nicked or cleaved by a CRISPR enzymce as a part of a CRISPR complex. A
template polynucleotide may be of any suitable length, such as about or more than about 10, 15,
20, 25, 50, 75, 100, 150, 200, 500, 1000, or more nucleotides in length. In some embodiments,
the teroplate polynucleotide 18 complementary to a portion of a polynucleotide coraprising the
target sequence. When optimally aligned, a template polynucieotide might overlap with one or
more nucleotides of a target sequences {e.g. about or more than about 1, 5, 10, 15, 20, or more
nucleotides). In some embodiments, when a template sequence and a polynucleotide comprising
a target sequence are optimally aligned, the nearcst nucleotide of the template polynucicotide 18
within about 1, 5, 10, 15, 20, 25, 54, 75, 100, 200, 3060, 400, 500, 1060, 5000, 10000, or more
nuclootides from the target sequence.
Fusign protein

18368} In some embodiments, the CRISPR enzyme is part of a fusion protein comprising one or
more heterologous protein domains {¢.g. about or more than about 1, 2, 3, 4, 5,6, 7,8, 9, 10, or
more domains in addition to the CRISPR enzyme). A CRISPR enzyme fusion protein may
comprise any additional protein sequence, and optionally a linker sequence between any two
domatns. Examples of protein domains that may be fused to a CRISPR enzyme include, without
ifrottation, epitope tags, reporter gene sequences, and protein domains having one or moore of the
following activities: methylase activity, demethylase activity, transcription activation activity,
transcription  ropression activity, transcription release factor activity, histone modification
activity, RNA cleavage activity and nucleic acid binding activity. Non-limiting exarples of
epttope tags include histidine (His) tags, V35 tags, FLAG tags, influenza hemagglutinin (HA)
tags, Myc tags, VSV-G tags, and thioredoxin (Trx) tags. Examples of reporter genes nchude, but
arc not lmited to, ghutathione-S-transferase (GST), horseradish peroxidase (HRP),
chloramphenicol acctyltransferase (CAT) beta-galactosidase, beta-glucuronidase, luciferase,
green fluorescent protein (GFP), HceRed, DsRed, cyan fluorescent protein (CFP), yellow

fluorescent protemn (YFP), and autofluorescent proteins inchuding blue fluorescent protein (BFP).
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A CRISPR enzyme may be fused to a gene sequence cncoding a protein or a fragment of a
protein that bind DNA molecules or bind other cellular roolecules, including but vot lunited to
maltose binding protein (MBPF), S-tag, Lex A DNA binding domain (DBD) fusions, GATL4 DNA
binding domain fusions, and herpes simplex virus (HSV) BP16 protein fusions.  Additional
domains that may form part of a fusion protein comprising 8 CRISPR enzyme are described in
US20110059502, incorporated herein by reference.  In sorne cmbodiments, a tagged CRISPR
enzyme is used to identify the location of a target sequence.

Inducible svstem

{6369} In some embodiments, a CRISPR enzyme may form a component of an inducible system.
The inducible nature of the systermn would allow for spatiotemporal control of gene editing or
gene expression using a form of energy. The form of energy may include but is ot himited to
electromagnetic radiation, sound energy, chemical energy and thermal cnergy. Examples of
inducible system include tetracychine inducible promoters (Tet-On or Tet-Off), small molecule
two-hybrid transcription activations systems (FKBP, ABA, ectc), or light inducible systems
{Phytochrome, LOV domains, or cryptochrome).In one cmbodiment, the CRISPR enzyrac may
be a part of a Light Inducible Transcriptional Effector (LITE} to direct changes in transcriptional
activity in a sequence-specific manner. The components of a light may include a CRISPR
enzyme, a light-responsive cytochrome heterodimuer {(e.g. from Arabidopsis thaliana), and a
transcriptional activation/repression domain. Further examples of inducible DNA binding
proteins and methods for their use are provided in US 61/736465 and US 61/721.283, which is
hereby incorporated by reference in s entirety.
Delivery

{6378] The mvention invelves at least one component of the CRISPR complex, e.g., RNA,
delivered via at least one nanoparticle complex. In some aspects, the invention provides methods
comprising delivering one or more polyuucieotides, such as or one or raore vectors as described
herein, one or more transcripts thereof, and/or one or proteins transcribed therefrom, to a host
cell.  In some aspects, the invention further provides cells produced by such methods, and
animals comprising or produced from such cells. In some embodiments, a CRISPR enzyme in
combination with {(and optionally complexed with}y a guide sequence is delivered to a cell.
Conventional viral and non-viral based gene transfer methods can be used to introduce nucleic

acids in mammrnalian cells or target tissucs. Such methods can be used to admunister nucleic acids
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encoding components of a CRISPR system to cells in culture, or in a host organism. Non-viral
vector delivery systems inchude DNA plasroids, RNA {(e.g. a trapscript of a vector described
herein), naked nucleic acid, and nucleic acid complexed with a delivery vehicle, such as a
liposome.  Viral vector delivery systerus include DNA and RNA viruses, which have cither
episomal or integrated genomes after delivery to the cell. For a review of gene therapy
procedures, see Anderson, Science 256:808-813 (1992); Nabel & Felgner, TIBTECH 11:211-
217 (1993y;, Mitani & Caskey, TIBTECH 11:162-166 (1993); Dillon, TIBTECH 11:167-175
(1993); Miller, Nature 357:455-460 (1992); Van Brunt, Biotechnology 6(10):1149-1154 (1988};
Vigune, Restorative Neurology and Neuroscience 8:35-36 (1995); Kremer & Perricaudet, British
Medical Bulletin 51{1131-44 (1995); Haddada et al, in Current Topics in Microbiology and
fromunology Doerfler and Bohm (eds) (1995); and Yu et al., Gene Therapy 1:13-26 (1994).
18371} Mcthods of non-viral delivery of nucleic acids include lipofection, microinjection,
biolistics, virosomes, hiposomes, immunoliposoracs, polycation or hpidinucleic acid conjugates,
naked DNA, artificial virions, and agent-enhanced uptake of BNA. Lipofection is deseribed in
e.g., U.S. Pat, Nos. 5,049,386, 4,946,787; and 4,897,355) and lipofection reagents are sold
commercially {(e.g., Transfectam™ and Lipofectin™). Cationic and neutral lipids that are
suitable for efficient receptor-recognition lipofection of polynuciecotides inchide those of Felgner,
WO 91/17424; WO 91/16024. Delivery can be to cells {e.g. in vitro or ex vivo adroimistration)
or target tissues {(¢.g. in vivo administration).

{8372} The preparation of Hpidinucleic acid complexes, including targeted Hposomes such as
immunolipid complexes, is well known to one of skill in the art (see, eg., Crystal, Science
270:404-410 (1995y;, Blacse ot al, Cancer Gene Ther, 2:291-297 (1995);, Behr ot al,
Bicconjugate Chem. 5:382-389 (1994); Remy et al., Bioconjugate Chem. 5:647-654 (1994); Gao
¢t al,, Gene Therapy 2:710-722 (1995); Ahmad ot al., Cancer Res. 52:4817-4820 (1992); U5
Pat. Nos. 4,186,183, 4,217,344, 4235871, 4,261,975, 4,485,054, 4,501,728, 4,774,085,
4,837,028, and 4,946,787},

{6373} The use of RNA or DNA viral based systerns for the delivery of nucleic acids take
advantage of highly evolved processes for targeting a virus to specific cells in the body and
tratficking the viral payload to the nucleus. Viral vectors can be administered directly to patients
{(in vivo) or they can be used to treat cells in vitro, and the modified cells may optionally be

administered to paticnts {ex vivo), Conventional viral based systems could inchude retroviral,
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ientivirus, adenoviral, adeno-associated and herpes simplex virus vectors for genc transfer.
fategration in the host genome is possible with the retrovirus, lentiviras, and adeno-associated
virus gene transfer methods, often resulting in long term cxpression of the inserted transgene.
Additionally, high transduction efficiencies have been observed in many different cell types and
target tissues.
{6374} The tropismo of 4 retrovirus can be aliered by incorporating foreign envelope proteins,
expanding the potential target population of target cells. Lentiviral vectors are retroviral vectors
that are able to transduce or infect non-dividing cells and typically produce high viral titers.
Selection of a retroviral gene transfer systern would therefore depend on the target tissue.
Retroviral vectors are comprised of cis-acting long terminal repeats with packaging capacity for
up to 6-10 kb of forcign sequence. The mntmum cis-acting LTRs are sufficient for replication
and packaging of the vectors, which are then used to integrate the therapeutic gene into the target
cell to provide permanent transgene expression. Widely used retroviral vectors include those
based upon murine leukemia viras (Mul V), gibbon ape leukemia virus (Gal V), Simian Immuno
deficiency virus {51V}, human iramuno deficiency viras (HIV), and corabinations thercot (see,
g., Buchscher et al, J. Virel 66:2731-2739 (1992); Johann et al, J. Virol 66:1635-1640
{1992y, Sommnerfelt ot al, Virol 176:58-59 (1990); Wilson ot al, J. Virol. 63:2374-2378
{1989y, Miller et al,, J. Virol. 65:2220-2224 (1991}, PCT/US94/05700).
{§375] In another embodiment, Cocal vesiculovirus envelope pseudotyped retroviral vector
particles are contemplated (see, ¢.g., US Patent Publication No. 20120164118 assigned to the
Fred Hutchinson Cancer Research Center). Cocal virus is in the Vesiculovirus genus, and 18 a
ative agent of vesicular stomatitis in mammals. Cocal viras was originally isolated from
mites in Trinidad (Jonkers et al, Am. J. Vet Res, 25:236-242 (1964}, and infections have been
identified in Trinidad, Brazil, and Argentina from insects, cattle, and horses. Many of the
vesiculoviruses that infect mamroals bave been isolated from wvaturally infected arthropods,
suggesting that they are vector-borne. Antibodies to vesiculoviruses are common among people
frving n rural areas where the viruses are endemic and laboratory-acquared; infections in hurnans
usually result in influenza-like symptoms. The Cocal virus envelope glycoprotein shares 71.5%
identity at the amino acid level with VSV-G Indiana, and phylogenetic comparison of the
envelope gene of vesiculoviruses shows that Cocal virus is serologically distinet from, but most

closely related to, VSV-G Indiana sirains among the vesiculoviruses. Jonkers ¢t al,, Am. J. Vet
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Res. 25:236-242 (1964) and Travassos da Rosa et al., Am. J. Tropical Med. & Hygiene 33:999-
1006 (1984). The Cocal vesiculovirus envelope pscudotyped retroviral vector particles roay
include for example, lentiviral, alpharetroviral, betaretroviral, gammarctroviral, deltaretroviral,
and epsilonretroviral vector particles that may comprise retrovival Gag, Pol, and/or one or more
accessory protein{s) and a Cocal vesiculovirus envelope protein. Within certain aspects of these
cmbodiments, the Gag, Pol, and accessory proteins are lentiviral and/or gammaretroviral.

{8376} In applications where transient expression is preferred, adenoviral based systems may be
used. Adenoviral based vectors are capable of very high transduction efficiency m many cell
types and do not require cell division. With such vectors, high titer and levels of expression have
been obtained. This vector can be produced in large quantitics in a relatively simple system.
183771 Adeno-associated virus (“AAV”) vectors may also be used to transduce cells with target
nucleic acids, e.g., in the in vitro production of nucleic acids and peptides, and for in vivo and ex
vivo gene therapy procedures (see, e.g., West et al,, Virclogy 160:38-47 (1987); U.S. Pat. No.
4,797,368, W 93/240641; Kotin, Human Gene Therapy 5:793-801 (1994); Muzyczka, J. Chin.
Invest. 94:1351 (1994). Construction of recombinant AAV vectors are described in a number of
publications, including U.S. Pat. No. 5,173,414; Tratschin et al,, Mol Cell. Biol. 5:3251-3260
(1985); Tratschin, ot al., Mol. Cell. Biol. 4:2072-2081 (1984); Hermonat & Muzyczka, PNAS
81:6466-6470 (1984); and Saroulski et al., J. Virol. 63:03822-3828 (1989).

{#378] Packaging cells are typically used to form virus particles that are capable of infecting a
host cell. Such cells include 293 cells, which package adenovirus, and w2 cells or PA317 cells,
which package retrovirus. Viral vectors used in gene therapy are usually generated by producer
a cell line that packages a nucleic acid vector into a viral particle. The vectors typically contain
the minimal viral sequences required for packaging and subsequent integration into a host, other
viral sequences being replaced by an cxpression cassctte for the polynucleotide(s) to be
expressed. The mussing viral functions are typically supplied in trans by the packaging cell line.
For example, AAV vectors used in gene therapy typically only possess I'TR sequences from the
AAV genome which are required for packaging and integration into the host genowe.  Viral
DINA is packaged in a cell line, which containg a helper plasmid encoding the other AAV genes,
naracly rep and cap, but lacking I'TR sequences. The cell Hoe may also infected with adenovirus
as a helper. The helper virus promotes replication of the AAV vector and expression of AAV

genes from the helper plasroid. The helper plasmid is not packaged in significant amounts duc to
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a lack of ITR scquences. Contamination with adenovirus can be reduced by, e.g., heat treatment
to which adenovirus s moore sensitive than AAV,

183791 Accordingly, AAV is considered an ideal candidate for use as a transducing vector. Such
AAV transducing vectors can comprise sufficient cis-acting functious to replicate in the presence
of adenovirus or herpesvirus or poxvirus {e.g., vaccinia virus} helper functions provided in trans.
Recomnbinant AAV (tAAV) can be used to carry cxogenous genes into cells of a varicty of
lincages. In these vectors, the AAV cap and/or rep genes are deleted from the viral genome and
replaced with a DNA segment of choice. Current AAV vectors may accornmodate up to 4300
bases of inserted DNA.

{#388] There are a number of ways to produce rAAYV, and the invention provides rAAV and
methods for preparing rAAV. For example, plasmid{s) containing or consisting essentially of
the desired viral construct are transfected into AAV-infected cells.  In addition, a second or
additional helper plasraid 1s cotransfecied into these cells to provide the AAV rep and/or cap
genes which arc obligatory for replication and packaging of the recombinant viral construct.
Under these conditions, the rep and/or cap proteins of AAV act in trans to stimulate replication
and packaging of the rAAYV construct. Two to Three days after transfection, rAAV is harvested.
Traditionally rAAVY is harvested from the cells along with adenovirus. The contaminating
adenovirus is then inactivated by heat tfreatment. In the instant invention, rAAV is
advantageously harvested not from the cells themselves, but from cell supernatant. Accordingly,
in an initial aspect the imvention provides for preparing rAAY, and in addition to the foregoing,
rAAV can be prepared by a method that comprises or consists essentially of infecting
susceptible cells with 8 TAAV containing exogenous DNA including DNA for expression, and
helper virus {e.g., adenovirus, herpesvirus, poxvirus such as vaccinia virus) wherein the rAAY
iacks functioning cap and/or rep {and the helper virus (c.g., adenovirus, herpesvirus, poxvirus
such as vaccinia virus) provides the cap and/or rev fanction that the rtAAV lacks); or infecting
susceptible cells with a rAAV containing exogenous DNA including DNA for cxpression,
wheretn the recombimant lacks functioving cap and/or vep, and transfecting said cells with a
plasmid supplying cap and/or rep function that the rAAV lacks; or infecting susceptible cells
with 8 rAAV containing cxogenous DNA including DNA for expression, wherein the
recombinant lacks functioning cap and/or rep, wherein said cells supply cap and/or rep function

that the recombinant lacks; or transfecting the susceptible cells with an AAV lacking functioning

174



WO 2015/089419 PCT/US2014/070057

cap and/or rep and plasmids for inserting exogenous DNA into the recombinant so that the
exogenous DNA 18 expressed by the recombinant and for supplying rep and/or cap functions
whereby transfection results in an rAAV containing the exogenous DNA including DNA for
expression that lacks functioning cap and/or rep.

{6381] The rAAV can be from an AAY as herein described, and advantageously can be an
FAAVE, rAAVI, AAVS or rAAV having hybrid or capsid which may comprise AAVL, AAVI,
AAVS or any combination thereof. One can select the AAV of the rAAYV with regard to the cells
to be targeted by the rAAV; e.g., one can sclect AAV serotypes 1, 2, 5 or a hybrid or capsid
AAVE, AAV2, AAVS or any combination thercof for targeting brain or neuronal cells; and one
can sclect AAV4 for targeting cardiac tissue. In addition to 293 cells, other cells that can be used
in the practice of the invention and the relative infectivity of certain AAV serotypes in virro as to

these cells (see Grimm, D. et al, J. Virol. 82: 5887-5911 (2008)) are as follows:

Cell Line AAV-TAAV-ZIAAV -ZIAAV-4AAV-5IAAV-OIAAV -BIAAV-O
Huh-7 13 11001 25 1 00 | 01 10 | 0.7 | 0.0
HEKZ93 25 11001 25 | 01 | O 5 0.7 | 01
Hel.a 3 1001 20 1 01 | 67 1 0.2 1 0.1
Hep(2Z 3 100 11671 0.3 | 1.7 5 0.3 { ND
HeplA 20 11001 02 1 1.0 | 0.1 1 0.2 1 0.0
911 17 1 100§ 11 0.2 1 0.1 17 1 0.1 | NBD
CHO 100 1 100 1 14 14 1 3331 50 10 1.0
COS 33 11001 33 | 33 1 5041 14 |1 201 05
MeWo 10 11001 20 {1 03 1 67 | 10 1.0 1 02
NIH3T3 10 118601 29 129 1 031 10 | 03 | ND
AS40 14 11001 20 | ND 1 05 4 10 | 05 | 04
HT1180 20 11001 10 1 01 1 03 1 33 | 0.5 | 0.1
Monocvtes (11111 100 | ND | ND | 125 11429 ND | ND
immature DO} 25001 100 | ND | ND | 222 {28571 ND | ND
Mature DC 122221 100 | ND | ND | 333 {3333 ND | ND

{#382] The invention provides rAAY that contains or consists essentially of an exogenous
nuclcic acid molecule cncoding a CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) systern, e.g., a plurality of casseties comprising or cousisting a first cassetie comprising
or consisting essentially of a promoter, a mucleic acid molecule encoding a CRISPR-associated
{Cas) protewn {putative nuclease or helicase proteins), ¢.g., Cas® and a termunator, and a two, or

more, advantageously up to the packaging size limit of the vector, e.g., in total {including the
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first cassette) five, cassettes comprising or consisting essentially of a promoter, nucleic acid
rmwolecule encoding guide RNA (gRNA) and a ferminator {e.g., ecach cassetic schematically
represented  as  Promoter-gRNAl-terminator, Promoter-gRNAZ-terminator ... Promoter-
gRNA{N)-terminator {where N is a number that can be inserted that is at an upper hmit of the
packaging size limit of the vector), or two or more individual rAAVs, cach containing ong or
rore than one cassetic of a CRISPR systern, e.g., a first rtAAV contatung the first cassctic
comprising or consisting essentially of a promoter, a nucleic acid molecule encoding Cas, ¢.g.,
Cas? and a terminator, and 4 second rAAV containing a plurality, four, cassettes comprising or
consisting essentially of a promoter, nucleic acid rolecule cocoding guide RNA (gRNA) and a
terminator {e.g., cach cassctic schematically represented as Promoter-gRNA 1-terminator,
Promoter-gRNAZ-terminator ... Promoter-gRNA(N -terminator (where N 1s a nurnber that can be
inserted that is at an upper limit of the packaging size limit of the vector). As rAAV is a DNA
virus, the nucleic acid melecules in the herein discussion concerning AAY or rAAV are
advantageously DNA. The promoter is in some embodiments advantageously buman Synapsin |
prometer (hSyny.  Additional mcethods for the delivery of mucleie acids to cells are known to
those skilled in the art. Sece, for example, US20033087817, incorporated herein by reference.

8383} In some embodiments, a host cell is transiently or non-transiently transfected with one or
maore vectors described herein. o some embodiments, a cell 18 trausfected as it naturally occurs
in a subject. In some embodiments, a cell that is transfected is taken from a subject. In some
embodiments, the cell 1s dertved from cells taken from a subject, such as a cell hine. A wide
variety of cell lines for tissue culture are known in the art. Examples of cell lines include, but are
not limited to, CR161, CCRF-CEM, MOLT, mIMCD-3, NHDF, HeLa-583, Huhl, Huh4, Huh7,
HUVEC, HASMC, HEKn, HEKa, MiaPaCell, Pancl, PC-3, TFI, CTLL-2, CIR, Rats, CV1,
RPTE, AlQ, T24, J82, A37S, ARH-77, Calul, SW480, SW620, SKOV3, SK-UT, CaCol,
P388DT, SEM-K2, WEHI-231, HBS6, TIB33, Jurkat, J45.01, LRMB, Bcl-1, BC-3, IC21, DLD2,
Raw264.7, NRK, NRK-52E, MRC5, MEF, Hep 32, Hela B, Hela T4, COS, COS-1, COS-6,
COS-M6A, BS-C-1 monkey kidney epithelial, BALB/ 3T3 mouse embryo fibroblast, 3T3 Swiss,
3T3-L1, 132-d5 human fetal fibroblasts; 10.1 mouse fibroblasts, 293-T, 3T3, 721, SL, A27%0,
A2TS0ADR, A2780cis, A172, A20, A253, A431, A-549, ALC, BI6, B35, BCP-1 cells, BEAS-
2B, bEnd.3, BHK-21, BR 293, BxPC3, C3H-10T1/2, €6/36, Cal-27, CHO, CHO-7, CHO-IR,
CHO-K1, CHO-K2, CHO-T, CHO Dhfr /-, COR-L23, COR-L23/CPR, COR-L23/5010, COR-
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L23/R23, COS-7, COV-434, CML T1, CMT, CT26, D17, DHEZ, DU4S, DuCaP, EL4, EM2,
EM3, EMT6/ARL, EMT6/ARIQ.0, FM3, HI299, H69, HBS4, HBSS, HCAZ, HEK-293, Hela,
Hepalclc7, HL-60, HMEC, HT-29, Jurkat, JY cells, K562 cells, Ku812, KCL22, KG1, KYO1,
LNCap, Ma-Mel 1-48, M{C-38, MCF-7, MCF-10A, MDA-MB-231, MDA-MB-468, MDA-MB-
435, MDCK 11, MDCK H, MOR/0.2ZR, MONGO-MAC 6, MTD-1A, MyEnd, NCI-H69/CPR,
NCE-H6S/LX10, NCI-H6Y/LX 20, NCI-H69/L.X4, NIH-3T3, NALM-1, NW-145, OPCN/ OPCT
cell tines, Peer, PNT-1A / PNT 2, RenCa, RIN-5F, RMA/RMAS, Saos-2 cells, §f-9, SkBr3, T2,
T-47D, T84, THP1 cell line, U373, URT, U937, VCaP, Vero cells, WM39, WT-49, X63, YAC-1,
Y AR, and transgenic varieties thereof. Cell hines are available from a variety of sources known
to those with skill in the art (see, e.g., the American Type Culture Collection (ATCC) (Manassus,
Va.) In some embodiments, a cell transfected with one or more vectors described herein is
used to ostablish a new cell line comprising one or more vector-derived sequences. In some
embodiments, a cell transiently transfected with the components of a CRISPR system as
described herein {such as by transient fransfection of one or more vectors, or transfection with
RNA}, and modified through the activity of @ CRISPR complex, 1s used to establish a new cell
line comprising cells containing the modification but lacking any other exogenous sequence. In
some embodiments, cells transiently or non-transiently transfected with one or more vectors
described herein, or cell Hines derived from such cells are used i assessing one or more test
compounds.

18384 In some embodiments, one or more vectors described herein are used to produce a non-
human transgenic antmal or fransgenic plant. In some embodiments, the transgenic animal is a
marnrnal, such 8s a mouse, rat, or rabbit. Methods for producing transgenic animals and plants
arc known in the art, and generally begin with a method of cell transfection, such as described
herein, In another cmbodiment, a fluid delivery device with an array of needles {see, ¢.g., US
Patent Publication No. 20110230839 assigned to the Fred Hutchinson Cancer Research Center)
may be contemplated for delivery of CRISPR Cas to solid tissue. A device of US Patent
Publication No. 20110230839 for delivery of a fluid o a solid tissue may covaprise a plurality of
needles arranged in an array; a plurality of reservoirs, cach in fluid communication with a
respective one of the plarality of needles; and a plurality of actuators operatively coupled to
respective ones of the plarality of reservoirs and configured to control a fluid pressure within the

reservolr, In certain ermnbodiments each of the plurality of actuators may comprise one of g
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plurality of plungers, a first end of each of the plurality of plungers being received in a respective
one of the plarality of reservoirs, and n certain further embodiments the plungers of the plurality
of plungers are operatively coupled together at respective second ends so as to be simultaneously
depressable. Certain still further emboduments may comprise a plunger driver configured to
depress all of the plarality of plungers at a selectively variable rate. In other embodiments each
of the plurality of actuators may comprise onc of a plurality of fluid transmission lines having
first and second ends, a first end of each of the plurality of fluid transmission lines being coupled
to a respective one of the plurality of reservoirs. In other embodiments the device may coraprise
a fhnd pressure source, and cach of the plarality of actuators comprises a fluid coupling between
the fluid pressurc source and a respective one of the plurality of reservoirs. In further
embodiments the fhud pressure source may comprise at least one of a compressor, a vacuum
accurnulator, a peristaltic pump, a master cylinder, a microfluidic pump, and a valve. In another
embodiment, cach of the plurality of needles may coruprise a plurahity of ports distributed aslong
its fength.

Modifving g target

{3385] In some embodiments, the method comprises allowing 8 CRISPR complex to bind to the
target polynucleotide to effect cleavage of said target polynucleotide thereby modifying the
target polynucleotide, wherein the CRISPR complex comprises a CRISPR enzyme complexed
with a guide sequence hybridized to a target sequence within said target polynucleotide, wherein
said guide sequence s linked to a tracr mate sequence which n torn hybridizes to a tracr
sequence. In one aspect, the invention provides a method of modifving expression of a
polynucleotide in a cukaryotic celll  In sorne embodiraents, the method comprises allowing a
CRISPR complex to bind to the polynucieotide such that said binding results in increased or
decreased expression of said polymucleotide; wherein the CRISPR comiplex comprises a CRISPR
cozyme complexed with a guide sequence hybridized to a target sequence within sad
polynucleotide, wherein said guide sequence is linked to a tracr mate sequence which in turn
hybridizes to a tracr sequence. Similar considerations and conditions apply as above for methods
of modifying a target polynucleotide. In fact, these sampling, culturing and re-introduction
options apply across the aspects of the present invention. In one aspect, the invention provides
for methods of modifying a target pelynucleotide in a cukaryotic cell, which may be in vivo, ex

vivg or in vitro. In some cmbodiments, the rcthod comprises samphing a cell or population of
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cells from a human or non-human animal, or a plant, and modifying the cell or cells. Culturing
roay occur at any stage ex vivo. The cell or cells maay even be re-introduced into the non-huran
antmal or plant. For re-introduced cells it is particularly preferred that the celis are stem cells.
Indeed, 1n any aspect of the invention, the CRISPR complex may comprise a CRISPR enzyme
complexed with a guide sequence hybridized to a target sequence, wherein said guide sequence
rnay be linked to a tracr mate sequence which in turn may hybridize to a tracr scquence. Simular
considerations and conditions apply as above for methods of modifying a target polynucleotide.
{6386} In one aspect, the fovention provides kits containing any oune or more of the elements
disclosed in the above methods and compositions. Elements may be provided individually or in
combinations, and may be provided n any suitable countainer, such as a vial, a bottle, or a tube.
in some cmbodiments, the kit includes mstructions in one or more languages, for example in
more than one language.

{#387] In some embodiments, a kit comprises one or more reagents for use in a process utilizing
one or more of the clements described herein.  Reagents may be provided in any suitable
container. For example, a kit may provide one or more reaction or storage buffers. Reagents
may be provided in a form that is usable in a particular assay, or in a form that requires addition
of oue or more other coraponents before use {e.g. i concentrate or fyophilized form). A buffer
can be any buffer, including but not Himited to a sodium carbonate buffer, a sodium bicarbonate
buffer, a borate buffer, a Tris buffer, a MOPS buffer, a HEPES buffer, and combinations thercof.
In some embodiments, the buffer is alkaline. In some embodiments, the buffer has a2 pH from
about 7 to about 10. In some cmbodiments, the kit comprises one or more oligonucleotides
corresponding to a guide sequence for insertion into a vector so as to operably link the guide
sequence and a regulatory element. In some embodiments, the kit comprises a homologous
recombination template polynucleotide. In some embodiments, the kit comprises one or more of
the vectors and/or one or more of the polynucleotides described herein. The kit may
advantageously allows to provide all elernents of the systeros of the invention.

CRISPR complex

{0388] In onc aspect, the nvention provides methods for using one or more elements of a
CRISPR system. The CRISPR complex of the invention provides an effective means for

modifying a target polynucleotide. The CRISPR complex of the invention has a wide variety of
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utility including modifying (e.g., deleting, inserting, translocating, inactivating, activating) a
target polynuclectide in a wultiphicity of cell types.  As such the CRISPR complex of the
invention has a broad spectrum of applications in, ¢.g., gene therapy, drug screening, discase
diagnosis, and prognosis.  An exewmplary CRISPR complex comprises a CRISPR enzyme
complexed with a guide sequence hybridized to a target sequence within the target
polymuecleotide. The guide sequence is hinked to a tracr mate sequence, which in turn hybridizes
to a tracr sequence.

{8389} In one cmbodiment, this invention provides a racthod of cleaving a target polynucleotide.
The method comprises modifying a target polyonucleotide using a CRISPR complex that binds to
the target polynucleotide and effect cleavage of said target polymucleotide. Typically, the
CRISPR complex of the invention, when introduced info a cell, creates a break {e.g., a singlec or a
double strand break) in the genome sequence. For example, the method can be used to cleave a
discase gene in a cell.

{6398]

The break created by the CRISPR complex can be repaired by a repair processes such as
the error prone non-homelogous end joining (NHEJ) pathway or the high fidelity homology-
directed repair (HDR) (Fig. 25). During these repair process, an exogenous polynucleotide
template can be introduced into the genome sequence. In some methods, the HDR process is
used modify genome sequence. For exarople, an exogenous polynucicotide template coraprising
a sequence to be integrated flanked by an upstream sequence and a downstream sequence is
introduced nto a cell. The upstream and dowuostream sequences share sequence simatlarity with
cither side of the site of integration in the chromosome.

10391} Where desired, a donor polvnucleotide can be DNA, ¢.g., a DNA plasmid, a bacterial
artificial chromosome (BAC), a yeast artificial chromosome (YAC), a viral vector, a linear piece
of DNA, a PCR fragment, a naked nucleic acid, or a nucleic acid complexed with a delivery
vehicle such as a liposoroe or poloxaruer.

18392 The exogenous polynucleotide template comprises a sequence to be integrated {c.g., a
mutated gene). The sequence for integration may be a sequence endogenous or exogenous to the
cell. Examples of a sequence to be integrated include polynucleotides encoding a protein or a
non-coding RNA {c.g., a muicroRNA}. Thus, the sequence for integration may be operably linked
to an appropriate control sequence or sequences. Alternatively, the sequence to be integrated

may provide a regulatory function.
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{#393] The upstream and downstream sequences in the exogenous polynucleotide template are
selected to promote recorabination between the chromosomal sequence of interest and the donor
polynucleotide. The upstream sequence is a nucleic acid scquence that shares sequence
similarity with the genome sequence upstrearn of the targeted site for integration. Siroilarly, the
downstream sequence 1S a nucleic acid sequence that shares sequence similarity with the
chromosomal scquence downstreamn of the targeted site of integration.  The upstream and
downstream sequences in the cxogenous polynucieotide template can have 75%, 80%, 85%,
90%, 93%, or 100% secquence identity with the targeted genome sequence.  Preferably, the
upstream and downstream sequences in the exogenous polyunucieotide teraplate have about 35%,
6%, 97%, 8%, 99%, or 100% sequence identity with the targeted genome sequence. In some
rocthods, the upsiream and downstrearn sequences in the exogenous polynucleotide template
have about 99% or 100% sequence identity with the targeted genome sequence.

{8394 Aun upstream or downstream sequence may comprise from about 20 bp to about 2500 by,
for example, about 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300,
1400, 1500, 1600, 17060, 1800, 1900, 2000, 2100, 2200, 2300, 2400, or 2500 bp. In some
methods, the exemplary upstream or downstream sequence have about 260 bp to about 2000 bp,
about 600 bp to about 1000 bp, or more particularly about 700 bp to about 1060 bp.

{6395} In some wcthods, the exogenous polynucicotide teraplate may further comprise a marker.
Such a marker may make it casy to screen for targeted integrations. Examples of suitable
markers include restriction sites, fluorescent proteins, or selectable markers. The exogenous
polynucieotide template of the invention can be constructed using recombinant techniques (see,
for exaraple, Sambrook ot al,, 2001 and Ausubel et al,, 1996},

{#396] In an exemplary method for modifying a8 target polynucleotide by integrating an
exogenous polynucleotide tomplate, a double stranded bresk is introduced ito the genome
sequence by the CRISPR comuplex, the break is repaired via homologous recombination an
expgenous polynucleotide template such that the template is integrated into the genome. The
presence of a double-siranded break facilitates jutegration of the template.

{#397] In other cmbodiments, this invention provides a method of modifying expression of a
polymucleotide in a cukaryotic cell. The method comprises mcreasing or decreasing CxXpression

of a target polynucieotide by using a CRISPR complex that binds to the polynucleotide.
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{#398] In some methods, a target polynucleotide can be inactivated to effect the modification of
the expression 1o a cell.  For example, upon the binding of a CRISPR complex to a target
sequence in a cell, the target polynucleotide is inactivated such that the sequence is not
transcribed, the coded protein s not produced, or the sequence does not function as the wild-type
sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein or microRNA or pre-microRNA transcript s not produced.

133991 In some methods, a control sequence can be mactivated such that it no longer functions as
a control sequence. As used herein, “control sequence” refers o any nucleic acid sequence that
effects the transcription, translation, or accessibility of a nucleic acid sequence. Examples of a
control sequence include, a promoter, a transcription terminator, and an enhancer are control
SCGUENCEs.

18480} The mactivated target sequence may include a deletion mutation (i.c., deletion of one or
more nucleotides), an nsertion mutation (1.c., inscrtion of one or more nucleotides), or g
nonsense mutation (i.c., substitution of a single nucleotide for another nucleotide such that a stop
codon s mtroduced). In some methods, the mactivation of a target sequence results in “knock-
put” of the target sequence.

Discase models

{6401} A wethod of the invention may be used to create a plant, an anirsal or cell that may be
used as a discase model. As used herein, “discase” refers to a discase, disorder, or indication in a
subject. For example, a method of the invention may be used to create an anivoal or cell that
comprises a modification in one or more nucleic acid sequences associated with a discase, or a
plant, animal or cell in which the expression of onc or more nucleic acid sequences associated
with a discase are altered. Such a nucleic acid sequence may encode a disease associated protein
sequence or may be a discase associated control sequence. Accordingly, it is understood that in
embodiments of the mvention, a plant, subject, patient, organisro or cell can be a non-huroan
subject, patient, organism or cell. Thus, the invention provides a plant, animal or cell, produced
by the present methods, or a progeny thercof. The progeny roay be a clone of the produced plant
or animal, or may result from sexual reproduction by crossing with other individuals of the same
specics to introgress further desirable traits into their offspring. The cell may be in vive or ex
vivo in the cases of multicellular organisms, particularly animals or plants. In the instance where

the ccll 18 in cultured, a ccll linc may be established if appropriate culturing conditions are met
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and preferably if the cell 1s suitably adapted for this purpose (for instance a stem cell). Bacterial
cell lines produced by the invention are also envisaged. Heoce, cell lines are also envisaged.
18482} In some methods, the discase model can be used to study the effects of mutations on the
animal or cell and development and/or progression of the discase using measures comynonly
used in the study of the discase. Alternatively, such a disease model is useful for studying the
ctfect of a pharmaceutically active compound on the discasc.

{3483] In some methods, the disease model can be used to assess the efficacy of a potential gene
therapy strategy. That is, a discasc-associated gene or polynuclestide can be modified such that
the discase development and/or progression is inhibited or reduced. In particular, the method
comprises modifying a discase-associated gene or polynucicotide such that an altered protein is
produced and, as a result, the animal or cell has an altered rvesponse.  Accordingly, in some
methods, a genetically modified animal may be compared with an animal predisposed to
development of the discase such that the etfect of the gene therapy event may be assessed.

{#404] In another embodiment, this invention provides a method of developing a biologically
active agent that modulates a cell signaling event associated with a disease gene. The method
comprises contacting a test compound with a cell comprising one or more vectors that drive
expression of one or more of a CRISPR cnzyme, a guide sequence linked to a tracr mate
sequence, and a fracr sequence; and detecting a change m a rcadout that is indicative of a
reduction or an augmentation of a cell signaling cvent associated with, ¢.g., a mutation in a
disease gene countained in the cell.

184651 A cell model or animal model can be constructed in combination with the method of the
invention for screening a cellular function change. Such a model may be used to study the
effects of a genome sequence modified by the CRISPR complex of the invention on a cellular
function of interest. For example, a cellular function model muay be used to study the cffect of 2
rmodified genome sequence on intraceltular signaling or extracellular signaling. Alternatively, a
cellular function model may be used to study the cffects of a modified genome sequence on
sensory perception.  In some such models, one or more genome sequences associated with a
signaling biochemical pathway in the model are modified.

{3486] Scveral discase models have been specifically mvestigated.  These include de novo

autist risk genes CHDE, KATNALZ2, and SCN2A; and the syndromic autism {Angelman
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Syadrome} gene UBE3A. These genes and resulting autism models are of course preferred, but
serve to show the broad applicability of the invention across genes and corresponding models.
18407} An altered expression of ong or more genome sequences associated with a signaling
biochernical pathway can be determined by assaying for a difference i the mRNA levels of the
corresponding genes between the test model cell and a control cell, when they are contacted with
a candidate agent. Alternatively, the differential expression of the sequences associated with a
signaling biochemical pathway is determined by detecting a difference in the level of the
encoded polypeptide or gene product.

{6408 To assay for an agent-imduced alteration in the level of voRNA transcripts or
corresponding polynuclestides, nucleic acid contained in a sample is first extracted according to
standard wethods i the art. For instance, mRNA caun be isolated using various Iytic enzymes or
chemical solutions according to the procedures set forth in Sambrocok et al. (1989}, or extracted
by nucleic-acid-binding resins following the accompanying instructions provided by the
manugfacturers. The mRNA contained in the extracted nucleic acid sample is then detected by
amplification procedures or conventional hybridization assays (c.g. Northern blot analysis)
according to methods widely known in the art or based on the methods exemplified herein.
18409} For purpose of this invention, amplification means any method employing a primer and a
polymerase capable of replicating a target sequence with reasonable fidelity.  Amphification may
be carried out by patural or recombinant DNA polymerases such as TaqGold™, T7 DNA
polyruerase, Klenow fragment of E.coli DNA polymerase, and reverse trauscriptase. A preferred
amplification methed is PCR. In particular, the tsolated RNA can be subjected to a reverse
transcription assay that is coupled with 4 guantitative polymerase chain reaction (RT-PCR) in
order to quantify the expression level of a sequence associated with a signaling biochemical
pathway.

{8418} Detection of the gene expression level can be conducted in real tivoe in an aroplification
assay. In one aspect, the amplified products can be directly visualized with fluorescent DNA-
binding ageuts including but not limited to DNA intercalators and DNA groove binders.
Because the amount of the intercalators incorporated into the double-stranded DNA molecules is
typically proportional to the aroount of the amplified DNA products, one can convenicuntly
determine the amount of the amplified products by guantifying the fluorescence of the

intercalated dye using conventional optical systerns in the art. DNA-binding dye suitable for this
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application include SYBR green, SYBR bhue, DAPL propidium iodine, Hoceste, SYBR gold,
ethidiom bromide, acridines, proflavine, acridine orange, acriflavine, fluorcournanin, ellipticine,
daunomycin, chloroguine, distamycin D, chromomycin, homidium, mithramycin, ruthenium
polypyridyls, anthramycin, and the hike.

{6411] In another aspect, other fluorescent labels such as sequence specific probes can be
cmployed in the amplification reaction to facilitate the detection and quantification of the
amplified products. Probe-based quantitative amplification relies on the sequence-specific
detection of a desired amplificd product. It utilizes fluorescent, target-specific probes {e.g.,
TagMan® probes) resulting in increased specificity and sensitivity, Methods for performing
probe-based guantitative amplification are well cstablished in the art and are taught in U.S.
Patent No. 5,210,015,

18412} In yet another aspect, conventional hybridization assays using hybridization probes that
share sequence hornology with scquences associated with a signaling biochemical pathway can
be performed. Typically, probes are allowed to form stable complexes with the sequences
associated with g signaling biochemical pathway contained within the biological sample derived
from the test subject in a hybridization reaction. It will be appreciated by one of skill in the art
that where antisensc is used as the probe nucleic acid, the target polynucleotides provided in the
sample are chosen to be coraplementary to sequences of the antiscuse nucleic acids. Conversely,
where the nucleotide probe is a sense nucleic acid, the target polynucleotide 1s selected to be
complementary to sequences of the sense nucleie acid.

{8413} Hybridization can be performed under conditions of various stringency.  Suitable
hybridization conditions for the practice of the present mvention are such that the recognition
interaction between the probe and sequences associated with a signaling biochemical pathway is
both sufficiently specific and sufficiently stable. Conditions that increase the stringency of a
hybridization reaction are widely known and published in the art. See, for example, (Sambrook,
et al., (1989); Nonradicactive In Situ Hybridization Application Manual, Bochringer Mannheim,
second edition). The hybridization assay can be formed using probes imamobilized on any solid
support, including but are not limited to nitrocellulose, glass, silicon, and a variety of gene
arrays. A preferred hybridization assay is conducted on high-density gene chips as described

UK. Patent No. 5,445,934,
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{#414] For a convenient detection of the probe-target complexes formed during the hybridization
assay, the nucleotide probes are conjugated to a detectable label. Detectable labels suitable for
use in the present invention include any composition detectable by photochemical, biochemical,
spectroscopic, imrounochemical, clectrical, optical or chemical meauns. A wide variety of
appropriate  detectable labels are known in the art, which inchude fluorescent or
chemiluminescent labels, radivactive isotope labels, enzymatic or other ligands. In preferred
embodiments, one will likely desire to emiploy a fluorescent fabel or an enzyme tag, such as
digoxigenin, B-galactosidase, urease, alkaline phosphatase or peroxadase, avidin/biotin complex.
{3415} The detection methods used to detect or quantify the hybridization miensity will typically
depend upon the label selected above. For example, radiolabels may be detected using
photographic filma or a phosphoimager. Floorescent mwarkers may be detected and guantified
using a photodetector to detect omitted light. Enzymatic labels are typically detected by
providing the enzyme with 4 substrate and measuring the reaction product produced by the action
of the enzyme on the substrate; and finally colorimetric labels are detected by simply visualizing
the colored label.

{8416} An agent-induced change in expression of sequences associated with a signaling
biochemical pathway can also be determined by examining the corresponding gene products.
Determining the protein level typically involves a) contacting the protein countained m a
biological sample with an agent that specifically bind to a protein associated with a signaling
biochemical pathway; and (b) identifying any agent:protein complex so formed. In one aspect of
this embodiment, the agent that specifically binds a protetn associated with a signaling
biochernical pathway is an antibody, preferably a moneclonal antibody.

{#417] The reaction is performed by contacting the agent with a sample of the proteins
associated with a signaling biochemical pathway derived frorn the test saraples under conditions
that will allow a complex to forma between the agent and the proteins associated with a signaling
biochemical pathway. The formation of the complex can be detected directly or indirectly
according to standard procedures in the art.  In the divect detection wocthod, the agents are
supplied with a detectable label and unrecacted agents may be removed from the complex; the
amount of remaining label thereby indicating the amount of complex formed. For such method,
it is preferable to select labels that remain attached to the agents even during stringent washing

conditions. It is preferable that the label docs not mterfere with the binding reaction. In the
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alternative, an indirect detection procedure may use an agent that contains a label introduced
cither chernically or enzymatically. A desirable label generally does not interfere with binding
or the stability of the resulting agent:polypeptide complex. However, the label is typically
designed to be accessible to an antibody for an effective binding and hence generating a
detectable signal.

{3418} A wide varicty of labels suttable for detecting protein levels are known in the art. Non-
limiting examples include radioisotopes, enzymes, colloidal metals, fluorescent compounds,
bioluminescent corpounds, and chemuluminescent compounds.

{3419} The amount of agent:polypeptide complexes formed during the binding reaction can be
quantified by standard quantitative assays.  As illustrated above, the formation of
agentpolypeptide complex can be measured divectly by the amount of iabel remained at the site
of binding. In an alternative, the protein associated with a signaling biochemical pathway is
tested for its ability to compete with a labeled analog for binding sites on the specific agent. In
this competitive assay, the amount of label captured is inversely proportional to the amount of
protein sequences associated with a signaling biochemical pathway present in a test sample.
{84281 A number of techniques for protein analysis based on the general principles outlined
above are available in the art. They include but are not limited to radioimmunoassays, ELISA
{enzyme hoked frowounoradioroetric assays), “sandwich” iwmmunoassays, tmynunoradiometoc
assays, in situ imnunoassays (using ¢.g., colloidal gold, enzyme or radicisotope labels), western
blot analysis, immunoprecipitation assays, immmunofluorescent assays, and SDS-PAGE.

{8421} Antibodies that specifically recognize or bind to proteins associated with a signaling
biochermical pathway are preferable for conducting the aforementioned protein analyses. Where
desired, antibodies that recognize a specific type of post-translational modifications (e.g.,
signaling biochemical pathway inducible modifications) can be used.  Post-translational
modifications include but are wot Hwtted to glycosylation, hipidation, acetylation, and
phosphorylation. These antibodies may be purchased from commercial vendors. For exampie,
anti-phosphotyrosine antibodics that specifically recognize tyrosine-phosphorylated proteins are
available from a number of vendors including Invitrogen and Perkin Elmer.  Anti-
phosphotyrosine antibodies are particularly usctul in detecting proteins that are differentially
phosphorylated on their tyrosine residues in response to an ER stress. Such proteins include but

are not liratted to cukaryotic translation inttiation factor 2 alpha (eIF-2¢). Alternatively, these
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antibodies can be generated using conventional polyclonal or monoclonal antibody technologies
by immunizing a host aniwal or an antibody-producing cell with a target protein that exhnbits the
desired post-translational modification.

{6422} In practicing the subject method, it may be desirable to discern the expression pattern of
an protein associated with a signaling biochemical pathway in different bodily tissue, in different
cell types, and/or in different subceHular structures. These studics can be performaed with the use
of tissue-specific, cell-specific or subceliular structure specific antibodies capable of binding to
protein markers that are preferentially expressed in certain tissues, cell types, or subeellular
structures.

{(#423] An altered expression of a gene associated with a signaling biochemical pathway can also
be determuned by examining a change in activity of the gene product relative to a control cell.
The assay for an agent-induced change in the activity of a protein associated with a signaling
biochermical pathway will dependent on the biological activity and/or the signal transduction
pathway that is under investigation. For example, where the protein is a kinase, a change in its
ability to phosphorylate the downstream substrate(s) can be determined by a varicty of assays
known in the art. Representative assays include but are not limited to immunoblotting and
immunoeprecipitation with antibodies such as anti-phosphotyrosine antibodics that recognize
phosphorviated proteins.,  In addition, kinase activity can be detected by high throughput
chemiluminescent assays such as AlphaScreen™ (available from Perkin Elmer) and ¢Tag™
assay {Chan-Hui, et al. (2003) Clintcal Immounelogy 111: 162-174).

{8424} Where the protein associated with a signaling biochemical pathway is part of a signaling
cascade leading to a fluctuation of miraccllular pH condition, pH sensitive molecules such as
fluorescent pH dyes can be used as the reporter molecules. In another example where the protein
associated with a signaling biochernical pathway is an ion channel, fluctuations in merobrane
potential and/or intracellular ion concentration can be monitored. A mumber of commercial kits
and high-throughput devices are particularly suited for a rapid and robust screening for
modulators of ion channels. Representative instruments include FLIPRTM (Molecular Devices,
inc.} and VIPR (Aurora Biosciences). These instruments are capable of detecting reactions in
over 1000 sample wells of a microplate simuliancously, and providing real-time measurement

and functional data within a second or even a minisecond.
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{425} In practicing any of the methods disclosed herein, a suitable vector can be introduced to a
cell or an embryo via one or wore methods kuvown in the art, including without limitation,
miicreinjection, clectroporation,  sonoporation,  biolistics, calcium  phosphate-mediated
transfection, cationic transfection, liposome transfection, dendrimer transfection, heat shock
transfection, nucleofection transfection, magnetofection, lipofection, tmpalefection, optical
transfection, proprictary agent-cnhanced uptake of nucleic acids, and delivery via hiposomes,
immunoliposomes, virosomes, or artificial virions, In some methods, the vector is introduced
into an cmbryo by ruicroinjection. The vector or vectors may be microinjected into the nucleus
or the cytoplasm of the embryo. In some methods, the vector or vectors may be introduced into a
cell by mucleofection.

18426} The target polyoucleotide of a CRISPR complex can be any polyoucleotide endogenous
or cxogenous to the cukaryotic cell.  For example, the tarpet polynucleotide can be a
polynucleotide residing in the nucleus of the cukaryotic cell. The target polynucleotide can be a
sequence coding a gene product {e.g., a protein) or a non-coding sequence (€.g., a regulatory
polymucleotide or a junk DNA).

{8427} Examples of target polynucleotides include a sequence associated with a signaling
biochemical pathway, ¢.g., a signaling biochemical pathway-associated gene or polynuclestide.
Examples of target polynucleotides include a discase associated gene or polynucleotide. A
“diseasc-agsociated” gene or polynucleotide refers to any gene or polynucicotide which is
vielding transcription or translation products at an abuormal level or in an abnormal form in cells
derived from a disease-affected tissues compared with tissues or cells of a non disease control. it
may be a gene that becomes expressed at an abnormally high level; 1t may be a gene that
becomes expressed at an abnormally low level, where the altered expression correlates with the
occurrcnce and/or progression of the disease. A discase-gssociated gene also refers to a gene
possessing mutation{s) or genctic variation that 1s divectly respousible or s m hinkage
disequilibrium with a gene(s) that is responsible for the etiology of a discase. The transcribed or
translated products may be known or unknown, and may be at a normal or aboormal level.

{(#428] The target polynuclestide of a CRISPR complex can be any polynucleotide endogenous
or cxogenous to the cukaryotic ccll.  For exaraple, the target polynucleotide can be a
polynucieotide residing in the nucleus of the eukaryotic cell. The target polymucleotide can be a

sequence coding a gene product {e.g., a protein} or a non-coding sequence {¢.g., a regulatory
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polymucleotide or a junk DNA). Without wishing to be bound by theory, it is believed that the
target sequence should be associated with a PAM (protospacer adjacent maotit); that is, a short
sequence recognized by the CRISPR complex. The precise sequence and length requirements
for the PAM difter depending on the CRISPR enzyme used, but PAMs are typically 2-5 base
pair sequences adjacent the protospacer (that is, the target sequence) Examples of PAM
sequences are given in the exaraples section below, and the skilled person will be able to identify
further PAM sequences for use with a given CRISPR enzyme.

{8429] The target polynucleotide of a CRISPR complex may include a number of discase-
associated geues and polyoucleotides as well as signaling biochemical pathway-associated genes
and polynucleotides as listed in US provisional patent applications 61/736,527 and 61/748,427
haviog Broad veference BIL2011/008/WSGR  Docket No.  44063-701.101 and BI-
2011/008/WSGR Docket No. 44063-701.102 respectively, both entitied SYSTEMS METHODS
AND COMPOSITIONS FOR SEQUENCE MANIPULATION filed on December 12, 2012 and
Jamuary 2, 2013, respectively, the contents of all of which are herein incorporated by reference in
their cntirety.

{343¢] Examples of target polynucleotides mclude a sequence associated with a signaling
biochemical pathway, ¢.g., a signaling biochemical pathway-associated gene or polynuclestide.
Examples of target polynucleotides include a discase associated gene or polynucleotide. A
“disecasc-associated” gene or polynucicotide refers to any gene or polynuclectide which is
vielding transcription or translation products at an aboormal level or i an abvormal form n cells
derived from a disease-affected tissues compared with tissues or cells of a non disease control. It
may be a gene that becomes expressed at an abnormally high level; 1t may be a gene that
becomes expressed at an abnormally low level, where the altered expression correlates with the
occurrcnce and/or progression of the disease. A discase-gssociated gene also refers to a gene
possessing mutation{s) or genctic variation that 1s divectly respousible or s m hinkage
disequilibrium with a gene(s) that is responsible for the etiology of a discase. The transcribed or
translated products may be known or unknown, and may be at a norroal or abnormal level.

{(#431] Examples of discasc-associated genes and polynucleotides are listed in Tables A and B.
Discase specific information s available from MceKusick-Nathans Institute of Genetic Medicine,

Johns Hopkins University (Baltimore, Md.) and National Ceunter for Biotechnology Information,
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WNational Library of Medicine {Bethesda, Md.), available on the World Wide Web. Examples of
signaling biochermcal pathway-associated genes and polynucieotides are listed 1 Table C.

18432} Mutations in these genes and pathways can result in production of improper proteins or
proteins in fproper amounts which affect function. Further examples of genes, discases and
proteins are hereby incorporated by reference from US Provisional application 61/736,327 filed

December 12, 2012, Such genes, proteins and pathways may be the target polynucleotide of a

CRISPR complex.
Table A

DISEASE/DISORDER
S

GENE(S)

Neoplasia

PTEN; ATM; ATR; EGFR; ERBBE?; ERBR3; ERBB4;

Notchl; Notch2; Notch3; Notchd; AKT; AKTZ, AKT3S; HIF,

HiFla; HIF3a; Met; HRG; BelZ; PPAR alpha; PPAR

gamma; WT1 (Wilms Tumor); FGF Receptor Family

members (5 members: 1, 2, 3, 4, 5}, COKN2a; APC, RB

(retinoblastoma), MENT; VHL; BRCAIL; BRCAZ; AR

{ Androgen Receptor), TSG101; IGF; IGF Receptor; Igfl (4

variantsy, 1ef2 (3 variants ), Igt 1 Receptor; Igf 2 Receptor;

Bax; Bcl2; caspases fanuly (9 members:

1,2,3,4,6,7,8,9, 12); Kras; Apc

Age-related Macular

Aber; Cel2: CeZ; op (ceruloplasmuny;, Timap3; cathepsimD;

Degeneration WVidir Cer2

Schizophrenia Neuregulinl {(Nrgl}); Erb4 (receptor for Neuregulin);
Complexin! {Cplx1); Tphl Tryptophan hydroxylase; Tph2
Tryptophan hydroxylase 2; Neurexin 1; GSK3; GSK3a;
GSK3b

Disorders 3-HTT (Slebad); COMT, DRD (Drdla);, SLC6A3; DAOA;

DTNBPI; Dao (Daol)

Trinucleotide Repeat

HTT (Huntington’s Dx); SBMA/SMAXIT/AR (Keunedy's

Disorders

Dy, FXN/XZS (Frieduch’s Ataxia), ATX3 (Machado-

Joseph’s D), ATXNT and ATXNZ (spinocerebellar

ataxias); DMPK {mvotonic dyvstrophy); Atrophin-1 and Atn]

{DRPLA Dx); CBP (Creb-BP - global instability); VLDLR

(Alzheimer’s), Atxn7; AtxniQ

Fragile X Syndrome

FMRZ, FXRI; FXRZ, mGLURS

Secretase Related

APH-1 (alpha and betay; Presenilin (Psenl); nicastrin

Disorders {Nestn), PEN-2
Others Nost; Parpl; Natl; Nat2

Prion - related disorders

Prp

ALS

SODT: ALS2; STEX; FUS; TARDBP; VEGF (VEGF-a;

VEGH-b; VEGE-c)
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Drug addiction

Prikce (alcohol); Drd2; Drdd; ABAT (alcohol); GRIAZ;

Grm3; Grinl; Hirlb; Grin2a; Drd3; Pdyn; Grial {alcohol)

Autism

Mecp2; BZRAPT, MDGAZ; SemaSA; Neurexin 1; Fragile X

(FMR2 (AFF2); PXR1; FXRZ: Mglurs)

Alzheimer’s Dhscase

E1; CHIP; UCH; UBB; Tau, LRP; PICALM, Clusterin; PS1;

SORLI; CRI; Vidlr; Ubal; Uba3; CHIPZR (Agpl,

Aquaporin 1); Uchll; Uchl3; APP

Inflarnmation

100 -1 (d-1a; 1L-1by, H~135 IL-17 (JL-17a (CTLAS); 1L~

17b; H-17c; 1L-17d; HL-171); 1-23; Cx3erl; ptpn?2; TNFa;

NOD2/CARDIS for IBD; 1L-6; HL-12 (JL-12a; TL-12by;

CTLA4; Cx3cll

Parkinson’s Disease

x-Synuclein; DI-1; LRRK?2; Parkin; PINK1

Table B:

Blood and
coagulation diseases
and disorders

Anemia (CDANL, CDAL, RPS19, DBA, PKLR, PK1, NT5C3, UMPHI,
PSNI, RHAG, RH50A, NRAMPZ, SPTB, ALAS2, ANH1, ASB,
ABCB7, ABCT7, ASAT); Bare lymphocyte syndrome (TAPBP, TPSN,
TAPZ, ABCB3, PSF2, RING11, MHC2TA, C2TA, RFXS, REXAP,
REXS), Bleeding disorders (TBXAZR, PZRX1, P2X1y; Factor H and
tactor H-like 1 (HFI, CFH, HUS); Factor V and factor VIH{ (MCFD2);
Factor VIl deficiency {(F7}; Factor X deficiency (F10); Factor X1
deficiency (F11); Factor X1 deficiency (F12, HAF); Factor XIHIA
deficiency (F13A1, FI3A); Factor XIHIB deficiency (F13B); Fanconi
anemia (FANCA, FACA, FAL, FA, FAA, FAAPYS, FAAPS), FLI34064,
FANCEB, FANCC, FACC, BRCAZ, FANCDI, FANCDZ, FANCD,
FACD, FAD, FANCE, FACE, FANCF, XRC(C9, FANCG, BRIP,
BACHI, FANCI, PHFO, FANCL, FANCM, KIAA1596);
Hemophagoeytic lymphohistiocyvtosis disorders (PRF1, HPLHZ,
UNCI3D, MUNC1E3-4, HPLH3, HLH3, FHL3); Hemophilia A (F8, FEC,
HEMA);, Hemophilia B (F9, HEMB), Hemorrhagic disorders (P, ATT,
FSY, Leukocyde deficiencies and disorders (ITGB2, CD18, LCAMB,
LAD, EIF2BI, EIF2BA, EIFZB2, EIFZE3, EIF2B3, LYWM, CACH,
CLE, EIF2B4); Sickle cell anemia (HBB); Thalassemia (HBAZ, HBB,
HBD, LCRB, HBA L)

Cell dysregulation
and oncology
discases and disorders

B-ccl non-Hodgkin lymphoma (BCL7A, BCL7), Leukemia (TALIL,
TCLS, SCL, TALZ, FLT3, NBST, NBS, ZNFN1AL IK1, LYFI,
HOXD4, HOX4B, BCR, CML, PHL, ALL, ARNT, KRASZ, RASK?2,
GMPS, AF10, ARHGEF12, LARG, KIAAQ3R82, CALM, CLTH,
CEBPA, CEBP, CHIC2, BTL, FLT3, KIT, PBT, LPP, NPMI, NUP214,
DOS40E, CAN, CAIN, RUNX1, CBFAZ, AMLI, WHSCILI, NSD3,
FLT3, AF1Q, NPMI, NUMAL, ZNF145, PLZF, PML, MYL, STAT3BE,
AFL0, CALM, CLTH, ARL1L, ARLTSI, P2RX7, P2X7, BCR, CML,
PHL, ALL, GRAF, NF1, VRNF, WSS, NFNS, PTPN1, PTPZC, SHP2Z,

NS, BCLZ, COND, PRADI, BCLI, TCRA, GATAL, GF1, ERYFI,

192




WO 2015/089419

PCT/US2014/070057

NFEL, ABL1, NQOI, DIA4, NMORY, NUPZ14, D9S4A6E, CAN, CAIN).

nflammation and
imune related
discascs and disorders

AIDS (KIR3DLL, NKAT3, NKB1, AMB1I, KIR3DSI, IFNG, CXCL12,
SDEF1), Autoimmune lymphoproliferative syndrome (TNFRSF6, APTI,
FAS, CD93, ALPSIA); Combined immunodeficiency, (IL2RG,
SCIBX1, SCIDX, IMD4), HIV-1 (CCL3, SCYAS, DITS136E, TCP228},
HIV susceptibility orwnfection (1110, CSIF, CMKBR2Z, CCRZ,
CMKBRS, CCCKRS (CCR3)); Immunodeficiencies (CD3E, CD3G,
ANCDA, AID, HIGMZ, TNFRSFS, CD406, UNG, DGU, HIGM4,
TNFSF3, CD40LG, HIGMLI, IGM, FOXP3, IPEX, AlID, XPID, PIDX,
TNFRSF14B, TACH; Inflammation (1L-10, IL-1 (1L-1a, 1L-1b}, IL-13,
HL-17 (JL-17a (CTLAK), 1L-17b, IL-17¢, 1L-17d, IL-17f), 1123, Cx3crl,
ptpn22, TNFa, NOD2/CARDIS for IBD, IL-6, 1L-12 {(IL-123, 1L-12b),
CTLA4, Cx3cll ) Severe combined immuneodeficiencies (SCIDs)(JAKS3,
JAKL, DCLREIC, ARTEMIS, SCIDA, RAGL, RAGZ, ADA, PTPRC,
CD4s LCA, LR, CD3D, T3D, ILZRG, SCIDX1, SCIDX, IMD4),

Metabolic, fiver,
kidney and protein
diseases and disorders

Amyloid ncuropathy (TTR, PALB); Amyloidosis (APOAT, APP, AAA,
CVAPR, ADI, GSN, FGA, LYZ, TTR, PALB}; Cirrhosis (KRT18, KRTY,
CIRHIA, NAIC, TEX292, KIAATGRR); Cystic fibrosis ({CFTR, ABCC7,
CF, MRP7); Glycogen storage discases (SLCZA2, GLUT2, G6PC,
GOPT, GOPT1, GAA, LAMP2, LAMPB, AGL, GDE, GBE1, GYSZ,
PYGL, PFKM); Hepatic adenoma, 142330 (TCF1, HNF1A, MODY3),
Hepatic failure, early onset, and neurologic disorder (SCODH, SCO1,
Hepatic lipase deficiency (LIPC), Hepatoblastorna, cancer and
carcinornas {CTNNB1, PDGFRL, PDGRL, PRLUTS, AXINI, AXIN,
CTNNBI, TP33, P53, LFST, IGF2R, MPRI, MET, CASPS, MCHS;
Medullary cystic kadney disease (UMOD, HNFJ, FIHN, MCKD2,
ADMCKD2); Phenylketonuria (PAR, PKUL, QDPR, DHPR, PTS);
Polycystic kidney and hepatic disease {FCYT, PKHD1, ARPKD, PKDI,
PKD2, PKD4, PKDTS, PREKCSH, GI9PI, PCLD, SEC63),

Muscular / Skeletal
diseases and disorders

Becker muscular dystrophy (DMD, BMD, MYF6), Duchenne Muscular
Dystrophy (DMD, BMD); Emery-Dreifuss muscular dystrophy (LMNA,
EMNT, EMD2, FPLD, CMDUTA, HGPS, LOMDIB, LMNA, LMNI,
EMD2, FPLD, CMD1A); Facioscapulohureral muscular dystrophy
(FSHMDTA, FSHEP1A), Muscular dystrophy (FKRP, MBCIC,
LOMP2I, LAMAZ, LAMM, LARGE, KIAA0609, MDCID, FCMD,
TTID, MYOT, CAPN3, CANP3, DYSF, LGMD2B, SGCG, LGMD2C,
DMDAL, SCG3, SGCA, ADL, DAG2, LGMDZD, DMDAZ, SGCB,
LGMDZE, SGCD, SGD, LGMB2F, CMB1L, TCAP, LGMD2G,
CMDIN, TRIM32, HT2A, LGMD2ZH, FKRP, MDCIC, LGMD2E, TTN,
CMDIG, TMD, LOMD2E POMTI, CAV3, LOMBDIC, SEPNT, SELN,
RSMB1, PLECH, PLTN, EBS1); Osteopetrosis (LRPS, BMND1, LRP7,
LR3, OPPG, VBCHZ, CLON7, CLC7, OPTAZ, OSTMI, GL, TCIRGH,

TIRCT, OC116, OPTB1 ) Muscular atrophy (VAPB, VAPC, ALSE,
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SMNT, SMAT, SMA2, SMA3, SMA4, BSCLZ, SPG17, GARS, SMADI,
CMT2D, HEXB, IGHMBP2, SMUBP2, CATF1, SMARD1).

Neurological and
neuronal diseases and
disorders

ALS (SOD, ALS2, STEX, FUS, TARDBP, VEGF (VEGF-a, VEGF-b,
VEGF-c); Alzheimer discase (APP, AAA, CVAP, AD1, APOE, ADZ,
PSENZ, A, STM2, APBB2, FE6SL, NOS3, PLAU, URK, ACE,
DCPL, ACEL MPO, PACIPE, PAXIPIL, PTIP, AZM, BLMH, BMH,
PSENI, AD3y; Autism (Mecp2, BZRAPT, MDGAZ, SemalSA, Neurexin
I, GLOT, MECPZ, RTT, PPMX, MRX 16, MRX79, NLGN3, NLGN4,
KIAAL1260, AUTSX2); Fragile X Syndrome (FMR2, FXR1, FXR2,
mGLURS); Huntington’s disease and disease like disorders (HD, IT15,
PRNP, PRIP, JPH3, JP3, HDL2, TBP, SCA17); Parkinson discase
(NR4AZ, NURRI, NOT, TINUR, SNCAIP, TBP, SCA17, SNCA,
NACP, PARKI, PARK4, DI, PARK7, LRRKZ2, PARKE, PINKT,
PARKS, UCHLI, PARKS, SNCA, NACP, PARK], PARK4, PRKN,
PARKZ, PDJ, DBH, NDUFV2}; Rett syndrome (MECP2Z, RTT, PPMX,
MRX16, MRX79, CDKLS, STK9, MECP2, RTT, PPMX, MRX16,
MRX79, x-Synuclein, DI-1); Schizophrenia (Neuregulinl (Nrgl}), Erb4
(receptor for Neuregulin}, Complexinl (Cplx 1), Tphl Tryptophan
hydroxylase, Tpb2, Tryptophan hydroxylase 2, Neurexin 1, GSK3,
GSK3a, GSK3b, 5-HTT (Sle6ad), COMT, DRD (Drdla), SLC6AS,
DAOA, DINBPE, Dao (Dacl)); Secretase Related Disorders (APH-1
{alpha and beta), Presenilin (Psenl), vicastrin, (Ncstn), PEN-2, Nosl,
Parpl, Natl, Nat2}; Trinucleotide Repeat Disorders (HTT (Huntington’s
Dy, SBMA/SMAXT/AR {(Kennedy's Dx), FXN/X2ZS (Friedrich’s
Ataxia), ATX3 (Machado- Joseph’s Dx), ATXNI and ATXN2
{spinocerchellar ataxias), DMPK {myotonic dystrophy), Atrophin-1 and
Atnl (DRPLA Dx), CBP (Creb-BP -~ global instability), VLBLR
(Alzheimer’s), Atxn7, Atxmil).

Occular discases and
disorders

Age-related macular degeneration {Abcr, Cel2, Ce2, ep (ceruloplasmin),
Timp3, cathepsinD, Vidlr, Cer); Cataract (CRYAA, CRYAL CRYBRB2,
CRYB2, PITX3, BFSP2, CP49, CP47, CRYAA, CRYAL, PAXG, ANZ,
MGDA, CRYBAIL, CRYBI, CRYGC, CRYG3, CCL, LIM2, MP19,
CRYGD, CRYG4, BFSPZ, CP49, CP47, HSF4, CTM, HSF4, CTM,
MIP, AQPO, CRYARB, CRYAZ, CTPP2, CRYBBI, CRYGD, CRYG4,
CRYBB2, CRYBZ, CRYGC, CRYG3, CCL, CRYAA, CRYAL, GIAE,
CX50, CAEL GIA3, CX46, CZP3, CAE3, COMI, CAM, KRITl),
Corneal clouding and dystrophy (APOAL, TGFBI, CSD2, CDGGH,
CSD, BIGH3, CDGZ, TACSTD2, TROPZ, M1S1, VSX1, RINX, PPCD,
PPD, KTCN, COL8AZ, FECD, PPCD2, PIPSKS, CFD): Cornea plana
congenital (KERA, CNAZ); Glaucoma (MYOC, TIGR, GLCIA, JOAG,
GPOA, OPTN, GLCIE, FIP2, HYPL, NRP, CYPIBIL, GLC3A, OPAL,
NTG, NPG, CYPIBIE, GLC3A); Leber congenital amaurosis (CRB1,
RP12, CRX, CORD2, CRD, RPGRIPL, LCAs, CORDY, RPE6S, RP20,

AIPLY, LCA4, GUCY2D, GUC2D, LCAY, CORD6, RDHI12, LCA3);
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Macular dystrophy (ELOVL4, ADMD, STGD2, STGD3, RDS, RP7,
PRPH2, PRPH, AVMD, AOFMD, VMD2).

Table C:

CELLULAR GENES
FUNCTION

PI3K/AKT Signaling PRICCE; ITGAM, ITGAS; IRAKI; PREKAAZ; EIF2AKZ;

PTEN. EIFAT: PRKCY: GRK6, MAPK1: TSC1, PLE 1,

AKTZ; IKBKEB; PIK3CA; CDKR; CDK\"ER‘ NFKBZ; BCL2;

PIK3CE; PPP2RIA; MAPKS, BCLZET; MAPK3; TSCZ;

ITGATL KRAS; EIF4EBPT, RHA PRx( 1 NOS3,

PRKAAL MAPKS; CDKZ; PRPZCA; PIMI; ITGHY;

YWHAYZ; ILK TPS3; RAF, KBKG, Rj;LB, DYRKI1A;

CDENIA; ITGBL; MAPZ KZ,JAKi' AKTIL JAKZ; PIK3R 1,

CHUK,; PDPK1; PPP2RAC; CTNNBI; MAPZK L; NFKBI;

PAK3; ITGR3; CONDI; GSK3A; FRAPL; SFEN; ITGAZ;

TTK: CSNKIAL BRAF; GSK3B; AKT3; FOXO1; SGK;

HSPOOAATL;, RPS6KBI

ERK/MAPK Signaling PRKCE; ITGAM; ITGAS; HSPBI; IRAK T, PRKAAZ,

EIF2AKZ; RACH RAPIA; TLNI; EIF4E; }:Lixl, GREO;

MAPK 1, RACZ; PLKI; AKT2; PIK3CA; CDKS; CREBI;

PRKCT, PTKZ; FOS; RPS6KA4:; PIKSCR, PPPIRIA;

PIK3C3; MAPKS; MAPK3: ITGAL ETS1; KRAS; MYCN;

EIF4EBPL; PPARG; PRKCD; PRKAAT; MAPKSY; SR(C;

CDIK2: PPP2CA; PIMI; PIK3C2A; ITGRT: YWHAZ;

PPPLCC; KSR, PXN; RAFL FYN; DYRKIA; ITGBI;

MAPIK?: PAK4, PIK3R 1, STAT3: PPPIRSC: MAP2K I,

PAKS; ITGB3; ESRL ITGA2; MYC; TTE; CSNKIAL,

(‘i\Ki' BRAF, ATF4; PRKCA; SRF; STATI, SGK

Glucocorticoid Receptor RACT; TAF4E; ER300; SMAD2; TRAFS; PCAF; ELK;

Signaling MIAPKI; SMAD3: AKT2; IKBKB; NCOR2; UBE2L;

PIK3CA; CREBI; FOS; HSPAS; NFKB2; BCLZ:

MAP3K 14; STAT3B; PIK3CB; PIK3C3; MAPKS; BCL2LL:

MAPK3; TSC22D3; MAPK10; NRIPL, KRAS; MAPK13;

RELA; STAT5A; MAPK9; NOSZA: PRX1; NR3Cl:

PIK3C2A; CDENIC; TRAFZ: SERPINEL; NCOA3;

MAPK 14, TNF; RAF1; IKBKG: MAP3K7; CREBBP,;

CDENIA; MAPZKZ; JAKT; ILE; NCOA2; AKT]; JAKZ;

PIK3RL, CHUK, STAT3; MAPZK; NFRKBIL; TGFBRI,

ESR1; SM ADd, CEBPB; JUN; AR; AKT3, CCLZ MMPI;

STATE; ILO; HSPOOAATL

Axonal Guidance PRECE; ITGAM,; ROCK1; ITGAS; CXCR4; ADAMI1Z;
Signaling

{GFL RACT RAPTA; EIF4E; PRKCZ; NRPL; NTRKZ,
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ARHGEF7; SMO; ROCK2;, MAPK], POF; RACZ;

PTENITL; GNAS, AKTZ; PIK3CA; ERBBEZ; PRKCE PTKZ;

CFLL; GNAQ; PIK3CB; CXCLI2; PIK3C3; WNTLH

PRKDI, GNBZLI; ABLI; MAPK3; ITGA1; KRAS; RHOA:

PRKCD; PIK3C2A; ITGB7; GLI2; PXN; VASP; RAF1;

FYN; ITGB1; MAP2K2: PAK4: ADAMIT; AKT1: PIK3R1;

GLIL WNTSA; ADAMIO; MAPZK; PAKS; ITGB3;

CDCA2: VEGFA; ITGAZ; EPHAS; CRKL; RNDI; GSK3B;

AKT3; PRKCA

Ephrin Receptor PREKCE: ITGAM,; ROCK L ITGAS;, CXCR4: IRAKT;
Signaling

PRICAAZ; EIFZAKZ; RACL; RAPIA; GRKS; ROCKZ;

MAPK T PGE, RACZ: PTPNIT; GNAS; PEKL; AKT2;

DOK1: CDKR: CREB1L: PTK2; CFL1; GNAQ: MAP3K 14,

CXCL12; MAPKS: GNB2ILT; ABLT, MAPK2, ITGATL,

KRAS; RHOA; PREKCD; PREAAT MAPKSY, SRC; CDKZ;

PIML; ITGB7; PXN; RAFL FYN; DYRKIA; ITGBI;

MAPZK2; PAK4; AKTI; JAK2; STAT3; ADAMIO;

MAP2K 1, PAKS; ITGB3; CBDC42; VEGFA; ITGAZ;

EPHAE; TTK; CSNKIAL; CREKL; BRAF; PTPN13: ATF4;

AKT3; SGK

Actin Cytoskeleton ACTNA: PREKCE; ITGAM; ROCK 1 ITGAS: IRAKT:
Signahng PREKAAZ, FIFZAK?2; RACT; INS;, ARHGEF7, GRKS;

ROCKZ; MAPK1: RAC2: PLK1, AKT2; PIK3CA; CDKS;

PTKZ; CFLL; PIK3CB; MYH9; DIAPHI, PIK3C3; MAPKX;

F2R, MAPK3, SLOSATL; ITGAT; KRAS; RHOA; PRKCD;

PRKAA L MAPKO; CDKZ; PIM1; PIK3(C2A; ITGB7;

PPPICC; PXN; VIL2, RAF1; GSN; DYRKIA; ITGB1;

MAPIK?, PAK4, PIPSKIA; PIK3R1; MAP2K: PAK3:

ITGBR3; CDCAZ; APC; ITGAZ; TTK; CSNEKIAL; CRKL;

BRAF; VAV3; SGK

Huntington’s Dhsease PRICE; IGF1; EP300; RCORYL, PRKCY; HDACY, TGMZ,

Signaling MAPK L, CAPNST, AKTZ; EGER; NCOR2Z; SPI;, CAPNZ;

PIK3CA; HDACS; CREBIL; PREKCT, HSPAS; REST,

ONAQ; PIKICB; PIK3C3, MAPKSE: IGFIR; PRKDI;

GNB2LL; BCL2L1; CAPNI; MAPKS, CASPS; ADACT,

ADACTA; PRKCD: HDACI L, MAPKS; HDACS; PIK3CZA;

HDAC3: TP53: CASP9: CREBBP:; AKT!; PIK3R1;

PDPK1; CASPL; APAF1; FRAPL, CASPZ; JUN; BAS

ATF4, AKT3; PREKCA,; CLTC,; SGK;, HDACS; CASP3

Apoptosis Signaling PREKCE; ROCKL; BibD; IRAKT PRKAAZ; EIFZAKZ; BAKI;

BIRC4, GRK6: MAPK 1, CAPNST; PLK1; AKT2; IKBKB;

CAPNZ; CDER; FAS; NFKB2; BCLZ; MAP3K 14; MAPKE;

BCLZLL CAPNIL MAPK]; CASPX; KRAS; RELA,

PREKCD; PREAAT, MAPKY; CDK2; PIM1; TP33; TNF,
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RAFL; IKBKG, RELB; CASPY; DYRKIA; MAPZK?2;

CHUK; APAFT; MAPZK L NFRKBI1; PAK3; LMNA; CASP2;

BIRCZ; TTK; CSNKIAL BRAF; BAX; PRKCA; SGK;

CASP3; BIRC3; PARPI

B Cell Receptor
Signaling

RACT PTEN; LYN; ELKI; MAPK; RACZ; PTPN1;

AKTZ, IKBREB; PIK3CA; CREBI; SYK; NFKB2; CAMKZA,;

MAPIK 14; PIK3CH; PIK3C3; MAPKS: BCL2L1; ABLI;

MAPK3; ETS1; KRAS: MAPK I3, RELA; PTPNG; MAPKS;

EGR1: PIK3(2A; BTK; MAPK 14; RAF1; IKBKG; RELB;

MAPIKT7, MAPOK2: AKTI; PIK3R1; CHUK: MAP2K 1,

NFKBIE CDC4AZ; GSK3A; FRAPL BCLS; BCLIEG; JUN;

ONK3B; ATH4;, AKT3; VAVI; RPS6KB I

Leukocyte Extravasation

ACTN4A, CD44; PRKCE; ITGAM: ROCK1; CXCR4; CYBA,

Signaling

RACT; RAPIA; PRKCZ; ROCKZ; RACY; PTPNLL,

MMP14; PHCCA; PRECE PTKZ; PIK3CB;, CXCLIZ;

PIK3C3; MAPKS; PRKD1; ABLT; MAPKI0; CYBB;

MAPK3; RHOA; PRKCD; MAPKY; SRC: PIK3CZA; BTK;

MAPK 14; NOX1; PXN; VIL2; VASP; ITGB1; MAP2K2;

CTNNDI; PIKAR 1, CTNNBI: CLDN1; CDC42; F11R; TR,

CRKL: VAV3, CTTN; PRKCA; MMP1; MMP9

PRI N ol
Integrin Signaling

ACTNA ITCGAM; ROCK L ITGAS; RACT; PTEN; RAPLA;

TINT, ARHGEFT: MAPKI: RACY: CAPNST, AKT2,

CAPNZ; PIKICA; PTKZ: PIK3CRB; PIK3C3; MAPKE;

CAVL; CAPNI; ABLE MAPK3 ITGA L KRAS; RHOA;

SRC; PIK3CZA; ITGB7; PPRICC, ILK; PXN; VASP;

RAFI; FYN; ITGB1; MAP2KZ, PAK4; AKT1; PIK3R1;

TNKZ; MAP2K; PAKZ: ITGR3; CDC42; RND3; ITGA?;

CRKL; BRAF; GSK3B; AKT3

Acute Phase Response

RAK1: SOD2; MYDSS; TRAF6; ELK1: MAPKI; PTPNII;

Signaling

AKT2: IKBKE; PIK3CA: FOS; NFKB2, MAP3K 14,

PIK3CB; MAPKSE; RIPK]: MAPK3; 1LoST; KRAS;

MAPK13; IL6R; RELA: SOCST; MAPKS: FTL; NR3C1;

TRAFZ; SERPINEL; MAPK 14; TNF; RAFL; PDK1;

HCBKG; RELB; MAP3SKT, MAP2ZKZ, AKTI; JAKZ; PIK3R1;

CHUK; STAT3; MAPZK1; NFKB1; FRAP1; CEBPB; JUN;

AKT3; ILIRE ILG

PTEN Signaling

TTGAM; ITOAS, RACT; PTEN; PRKCZ; BCLZE1L;

MAPK T, RAC?2; AKTZ; EQGFR; IKBKB; CBL; PIK3CA;

CDKNIR: PTK?; NFKR?; BCL2: PIK3CHE; BC1211:

MAPKS; ITGAT; KRAS; ITGR7; 1LK; PDGEFRB; INSR,

RAF1: IKBKG, CASPY, CDKNI1A: ITGB1: MAP2KZ,

AKTL PIK3R T CHUK; PDGFRA; PDPK 1, MAPIK

INFRBE ITGB3, CDC4Z, CONDI; GSK3A; ITGAZ,

GSK3B; AKT3; FOXO1; CASP3; RPS6KBE]
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p33 Signaling PTEN; EP300; BBC3; PCAF, FASK; BRCAL GADDASA;

BIRCS; AKTZ; PIK3CA; CHEKT; TPS3INPI; BCLZ,;

PIKGCB, PIK3( 3, MAPKS,; THBS1, ATR, BCL2L1; E2F 1,

PMAIPL; CHEKZ; TNFRSFI10B; TP73; RB1;, HDACY;

CDEZ; PIK3CZA; MAPK14; TP53; LRDD; CDKNI1A;

HIPKZ; AKTL; PIK3R1; RRM2B; APAFL; CTNNBI;

SIRT1: CCND1; PRKDC: ATM; SFN: CDKN2A; JUN;

SNAT2: GSK3B: BAX: AKT3

Aryl Hydrocarbon HSPBI; EP300; FASN,; TGM2; RXRA; MAPK 1; NQOI,
Receptor
Signaling NCQORZ; SP1;, ARNT, CDKNIB; FOS; CHEKI,

SMARCA4; NFKB2; MAPKE;, ALDHIATL ATR; E2F1;

MAPK3; NRIPT;, CHEKZ: RELA; TP73; GSTPI; RB1;

SRC; CDE2; AHR; NFEZLZ NCOA3Z; TPS3; TNE,

COKNTA; NCOAZ: APAFT; NFKBT, CONDT, ATM; ESR1;

CDKNZA; MYC; JUN: ESR2; BAX: IL6; CYPIBI,

HSPOGAAT
X enobiotic Metabolism  [PRKCE; EP300; PRKCZ; RXRA; MAPKI; NQOI;
Signaling NCOR2Z; PIK3CA; ARNT,; PRKCE NFKB2; CAMKZA;

PIKACE; PPP2R 1A, PIK3C3; MAPKS; PRKDI,

ALDHIAL MAPKR: NRIP1; KRAS: MAPK3; PREKCD;

ONTPL, MAPKY: NOS2A; ABCBL, AHR; PPP2CA; FTL;

NFEZLZ; PIK3CZA; PPARGCIA; MAPK14; TNE; RAFT;

CREBBP; MAP2KZ; PIK3R1; PPP2RSC; MAPIK],

NFKBL KEAPL; PRKCA; EIF2AKS; 1L6;, CYPIBIL,

HSPOJAAT

SAPK/INK Signaling  |PRKCE; IRAK1; PRKAAY; EIF2AK2; RACT; ELK1;

GRIC6, MAPK 1, GADDA4SA; RACZ, PLK1, AKT2; PIK3CA;

FADD: CDKR; PIK3CE; PIK3C3; MAPKR:; RIPK1;

GNB2LI IRST; MAPKS;, MAPK10; DAXD KRAS;

PRKCD: PRKAAL; MAPKY: CDK2; PIM1: PIK3C2A;

TRAFZ, TP33; LCK: MAPIKT, DYRKIA; MAPIK?Z:

PIK3R1; MAPZK1: PAK3: CDC42; JUN: TTK: CSNK1Al:

CRKL; BRAF; SGK.

PPAY/RXR Signaling PRKAAZ; EP300; INS; SMADZ; TRAF6; PPARA; FASN;

RXRA; MAPK1: SMAD3; GNAS; IKBKB; NCOR2;

ABCAT; GNAQ;, NFKB2; MAP3K14; STATSB; MAPKSE;

IRST; MAPK3; KRAS; RELA: PRKAAL; PPARGCIA,

NCOA3J; MAPK14; INSR; RAF1; IKBKG; RELB; MAP3K7,

CREBBP; MAP2K?; JAK?; CHUK; MAP2K1: NFKRI:

TGFBRIE, SMAD4; JUN; ILIRY, PRKCA; ILo;, HSPOOAAT;

ADIPOQ

NE-KB Signaling IRAK T BEIFZAKD; EP300; INS; MYDES; PRECY; TRAFS;

TBK L ARKT2; EGEFR; IKBKEB; PIK3CA; BTRC, NFKB2,

M f&P&KM PIK3CB; PIK3C3; MAPKY; REPKI,} DAC2,
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KRAS; RELA; PIK3C2A; TRAFZ; TLR4; PDGFRB; TNF,

INSR; LCK; IKBKG; RELB; MAP3K7; CREBBP; AKT1;

PIK3R1; CHUK; PDGFRA; NFKBI; TLR2; BCLIG;

GSR38; AKT3; TNFAIP3; ILIR]

Neuregulin Signaling FRBBS, PRKCE; ITGAM; ITGAS; PTEN,; PRKCZ; ELKI,;

MAPK L PTPN; AKTZ; EGFR; ERBR2; PREKCE

CDENIB; STATSB; PRKDI; MAPK3; ITGAL KRAS;

PRKCD: STATSA: SRC; ITGB7, RAF1; ITOR1: MAP2KZ;

ADAMIT; AKTI; PIK3R1; PDPK1; MAP2K 1 ITGRBS;

FREG, FRAPI, PSENI: ITGAZ, MYC: NRG1; CRKL:

AKT3; PRKCA; HSPOOAATL, RPS6KB]

Wit & Beta catenin (344, EP300; LRP6, DVLE3;, CSNKI1E; GIAL, SMO;
Signaling AKTZ; PINT, CDBHI, BTRC, GNAGQ; MARK?2; PPP2RIA;

WNT11; SRC: DKK 1; PPP2CA; SOX6; SFRPZ; ILK,

LEFL; SOX9:; TP53; MAP3KT; CREBBP; TCF7LZ; AKTI;

PPPIRSC; WNTSA: LRP5; CTNNBI: TGFBRI; CCNDI;

GoK3A; DVLL APC, COKNZA; MYC; CoNK 1AL, G3K38:;

AKT3: SOX2

Insulin Receptor PTEN; INS; EIF4E; PTPNIL; PREKCY;, MAPK1; TSC1;
Signaling

PTPN11; AKT2; CBL; PIK3CA: PRKCE PIK3CE; PIK3C3:

MAPKS; IRST MAPK3, TSC2, KRAS; EIFAEBPI;

SLC2A4G; PIKICIA; PPRPICC; INSR; RAFL FYN;

MAPIKZ; JAKT AKTL JAKY; PIK3R1; PDPK T MAPZK

GSK3A: FRAPL, CRKL; GSK3B:; AKT3; FOXOT; SOK,

RESO6KEBI

1L-6 Signaling HSPBI, TRAF6, MAPKAPK?; ELK1; MAPK!; PTPNI11;

HKBKB; FOS; NFKBZ, MAP3K 14; MAPKS; MAPK3;

MAPK 10; IL6ST: KRAS; MAPK13; IL6R: RELA: SOCSI;

MAPKS; ABCBI; TRAFZ;, MAPK14; TNF; RAF1; IKBKG:

RELRB; MAP3K7; MAP2K2: 1L8; JAK?2; CHUK, STAT3;

MAPZE L, NFKBI; CEBPB; JUN; ILI1R]1; SRE; 1o

Hepatic Cholestasis PREKCE:; IRAKE; INS: MYDKE: PRKCY; TRAF6; PPARA;

RXRA; IKBKEB; PRECE NFKB2; MAP3K 14; MAPKS;

PRKD; MAPKID; RELA; PRKCD; MAPKO; ABCBI,

TRAF2; TLR4; TNF; INSR; IKBK{(; RELB; MAP3K7; ILS;

CHUK; NR1H2; TJP2; NFKBI: FSR1; SREBF1; FGER4;

JUN; ILIRT; PRKCA; IO

IGF-1 Signaling IGFL; PRKCZ; ELKL; MAPK L, PTPNIL; NEDD4; AKT2;

PIK3CA: PRKCE PTR2; FOS; PIK3CB; PIK3C3: MAPKS;

IGHIR; IRS1; MAPK3; IGFBP7, KRAS; PIK3CZA,

Y WHAZ PXN; RAFL CASPO; MAPIKZ: AKTL PHIK3R]T,

PDPK L MAPIKT; IGFBPZ; SEN; JUN; CYR61; AKTS;

FOXO1; SRF; CTGF; RPS6KB]

NRF2-mediated PRKCE; EP300; SOD2; PRKCZ; MAPKI; SOSTMI;
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Orxidative

Stress Response

NOO1: PIK3CA; PRKCE FOS; PIK3CB; PIK3C3; MAPKSK;

PRKD; MAPK3; KRAS; PRKCD: GSTP1; MAPKS: FTL;

NFE2L2; PIK3CZA; MAPK 14, RAFT; MAP3KT; CREBBP;

MAP2K 2, AKT1; PIK3R1; MAP2K 1, PPIB; JUN; KEAPI,

GaK3B; ATF4; PRKCA; EIFZAK3; HSPOOAATL

Hepatic Fibrosis/Hepatic

EDNI; IGF1: KDR, FLT1: SMAD?; FGFR1; MET: PGF;

Stellate Cell Activation

SMAD3: EGFR; FAS: CSF1; NFKB2: BCL2, MYHY;

IGFIR; IL6R; RELA: TLR4: PDGFRB: TNF: RELR: 1L

PDGEFRA; NFKBL TGFBRI: SMAD4; VEGFA; BAX;

ILIRE, CCLZ; HOF, MMPL; STATI IL6;, CTGEF, MMPS

PPAR Signaling

EP300; INS; TRAF6S, PPARA; RXRA; MAPK1; IKBKH;

NCORZ; FOS; NFKR2, MAP3K 14; STATSB; MAPKS;

NRIPH KRAS, PPARG; RELA; STATSA; TRAFZ;

PPARGCIA; PDGFREB; TNF; INSR; RAF]; IKBKG;

RELB; MAP3K7: CREBBP; MAP2KZ; CHUK: PDGFRA;

MAPIKI; NFKBI; JUN: ILIR1; HSPOOAAT

F¢ Epsilon RI Signaling

PRKCE. RACT: PRKCZ: LYN: MAPK 1: RAC2: PTPN11:

AKTZ; PIK3CA; SYEK; PRKCE PIK3CB; PIK3C3; MAPKS;

PREDI; MAPK3; MAPK IO KRAS, MAPK I3, PRKCD;

MAPKS, PIKIC2A; BTK:; MAPK14; TNF, RAFL, FYN;

MAPZK2; AKTE PHCGRE; PDPKI; MAPZK; AKT3;

VAV PRKCA

G-Protein Coupled

PRKCE; RAP1A; RGS16; MAPKI; GNAS; AKT2: IKBKB;

Recoptor Signaling

PIK3CA; CREBI: GNAQ; NFKB2; CAMK2A; PIK3CR;

PHCICS; MAPK3; KRAS; RELA; SRC; PIK3IC2A; RAFL;

IKBRG; RELB; FYN; MAP2K2; AKTE; PIK3R T, CHUK;

PDPK 1 STAT3; MAPZIKCEH NFKBL BRAF, ATE4, AKTS;

PRKCA

Inositol Phosphate

PRKCE; IRAKT; PRKAAZ; EIF2ZAKZ; PTEN; GRKS;

Metabolism

MAPK I, PLK1, AKT2; PIK3CA; CDKE; PIK3CB; PIK3C3;

MAPKS; MAPK3; PRKCD; PRKAA 1, MAPKY; CDR2;

PIMI; PIK3C2A; DYRKIA; MAP2K2; PIPSK1A; PIKAR1:

MAPIK 1 PAKG, ATM: TTK; CSNK1AT: BRAF,; SGK

PDGEF Signaling

EIFZAKZ; ELK1; ABL2: MAPKL; PIK3CA; FOS; PIK3CH;

PIK3C3: MAPKS; CAVI: ABL1; MAPK3; KRAS; SRC;

PIKICIA; PDOEFREB; RAF]: MAPZ2KY; JAKL; JAKY;

PIK3R1; PDGEFRA; STATS; SPHK 1, MAPZK]; MYC;

JUN; CREKL, PRECA; SRF; STATI; SPHK?2

VEGF Signaling

ACTNA; ROCKT; KDR; FLT1; ROCKZ2, MAPK1; PGF;

AKT2; PIK3CA; ARNT, PTK2; BCLZ; PIK3CB; PIK3C3;

BCL2L1; MAPKS; KRAS: HIF1A; NOS3; PIK3C2A; PXN;

RAF1; MAPZK2; ELAVLI; AKTI1; PIK3R1; MAP2K1; SEN;

VEGFA:; AKT3: FOXO1; PRKCA

Natural Killer Cell

PRECE; RACT: PRKCZ; MAPK1; RACZ; PTPNI1;
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Signaling

KIRZDL3; AKTZ: PIK3CA; SYK; PRKCE PIK3CB;

PIK3C3; PREKDI; MAPK3; KRAS; PREKCD; PTPNG;

PIKIC2A; LCK; RAFL FYN; MAPZKZ; PAK4; AKTI;

PIK3R1, MAP2K1; PAKS; AKTS; VAV3; PRKCA

Cell Cycle: GI/S

HDAC4: SMAD3; SUV3I9HI; HDACS; CDKNIB; BTRC;

Checkpoint Regulation

ATR: ABL1: E2F1; HDAC?: HDACTA; RBI; HDAC (1

HDACY: CDKZ: E2F2: HDACS: TP53: CDENTA; CCND1

F2F4: ATM: RBL2; SMAD4: CDKNZA: MYC: NRG1:

GRK3B; RBLI HDACS

T Cell Receptor
Signaling

RACT ELK1; MAPKY; IKBKEB; CBL; PIK3CA; FOS;

INFR B2, PIK3CB; PIK3C3; MAPKSR; MAPK3; KRAS;

RELA; PIK3C2A: BTK: LCK; RAF1: IKBKG; RELB; FYN;

MAPIKZ; PHCIRT; CHUK; MAPRZICH NFKB ITK; BOLIG;

JUN; VAV3

Death Receptor Signaling

CRADD; HSPBI; BID; BIRC4; TBK1; HKBKB; FADD;

FAS; NFKB2; BCLZ; MAP3K 14, MAPKY; RIPK1; CASPS;

DAXX, TNFRSF10B; RELA; TRAF2; TNF; IKBKG; RELB;

CASPO: CHUK APAFI;, NFKBI; CASP2; BIRC?2; CASP3;

BIRC3

FGE Signaling

RACT: FGFR1: MET,; MAPKAPK?, MAPK1: PTPN11;

AKTZ; PIK3CA; CREBIL; PIK3CH; PIK3C3; MAPKSE;

MAPK3;, MAPK13; PTENG; PIK3ICZA; MAPK14; RAFT;

AKTY; PIK3RY; STAT3 MAPZK; FGFR4; CRKL;, ATF4,

AKTS; PRKCA; HGF

GM-CSF Signaling

LYN: ELK1; MAPK1; PTPN11; AKT2: PIK3CA: CAMKZA:

STATSE; PIK3CB; PIK3C3; GNB2LI1; BCL2L1; MAPK3;

ETSE KRAS; RUNXT; PIMI; PIKICIA; RAFL MAPZK?Z,

AKTL JAKD; PIK3R1; STATI; MAPRK T, CONDL, AKT3,

STATI

Amyotrophic Lateral

BID; IGKFL;, RACT, BIRCY, PGF, CAPNST, CAPNZ,

Sclerosis Signaling

PIK3CA; BCL2; PIK3CE: PIK3C3; BCL2L1; CAPNT;

PIK3CIA: TP53. CASPY: PIK3R1:. RABSA; CASPI:

APATFL VEGFA; BIRCZ;, BAX; AKT3; CASP3; BIRC3

JAK/Stat Signaling

PTPNL MAPK L, PTPNTL AKT2; PIK3CA; STATSB;

PIKICH; PIK3C3; MAPK3; KRAS; SOCS1; STAT3A;

PTPNG, PIK3U2A; RAFL; CDKNIA; MAP2K?2; JAKI;

AKTL JAKD; PIK3R 1 STATI; MAP2K L, FRAPL; AKT3;

STATI

Nicotinate and
Nicotinamide

PRKCE; IRAKL; PREKAAZ; EIFZAKZ; GRK6; MAPK T,

Metabolism

PLI1; AKT2: CDK8; MAPKS; MAPK3:; PRKCD: PRKAAL;

PREF1; MAPKO: CDKZ; PIM1: DYRKIA: MAP2K?Z;

MAPIK 1 PAKS; NTSE; TTK; CSNK1AL; BRAF; SGK
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Chemokine Signaling

CXCR4; ROCK2; MAPK; PTKZ; FOS; CFLL; GNA(),

CAMEKZA; CXCLIZ; MAPKS; MAPK3; KRAS; MAPK 13,

RHOA; CCR3; SRC; PPPICC; MAPK 14, NOX1; RAFI,

MAP2ZK2; MAPZK; JUN; CCL2; PRKCA

{L-2 Signaling

ELK L MAPK; PTPNL AKT2; PIK3CA; SYK; FOS;

STATSH; PIK3CR; PIK3C3; MAPKR: MAPK3; KRAS;

SOCSIT; STATSA; PIK3C2A: LCK: RAF1; MAP2K2:

JAK L AKTE PIK3R T, MAPZKT; JUN; AKT3

Synaptic Long Term

PRKCE; IGF1: PRKCZ: PRDX6: LYN: MAPK1: GNAS:

Dicpression

PRKCT GNAG; PPPIRTA; IGFIR; PRKD1; MAPK3;

KRAS: GRN, PREKCD; NOS3; NOSZA: PPPICA,

YWHAZ, RAFL, MAP2KZ; PRPZRSC; MAPZKI, PRKCA

Estrogen Receptor

TAF4B; EP300; CARMI; PCAF; MAPKI; NCORZ;

Signaling

SMARCA4: MAPK3; NRIPI: KRAS; SRC; NR3C 1,

HDAC3: PPARGC LA: RBM9; NCOA3; RAF1; CREBRP,

MAPZK 2 NCOAZ: MAP2K 1, PREKDC: ESR1; ESR?

Protein Ublquitination

TRAFG, SMURF1; BIRC4; BRCAT: UCHLI; NEDDA4;

Pathway

CBL; UBEZL BTRC; HSPAS, USP7, USP1G; FBXWT:

USPOX: STUBL, USP22; B2M; BIRCZ; PARK?, USPS;

USPL; VHL: HSP90AATL; BIRCS

{L-10 Signaling

TRAFGS:; CCR1; ELK1; IKBKE; SP1; FOS; NFKB2:

MAP3K 14; MAPKS; MAPK 13; RELA; MAPK14; TNF;

[KBKG; RELB; MAP3KT; JAK1; CHUK; STAT3: NFKBI;

JUN; ILIR1; 116

VDR/RXR Activation

PRICE; EP300; PRKCZ; RXRA; GADD43A; HES;

NCORZ; SP1; PRKCL, CDKNIB; PRKDI; PRKCD:

RUNXZ; KLF4, YY1 NCOA3 CDENIA; NCOA2; SPPL;

L RPS; CEBPB; FOXO1: PRKCA

TGF-beta Signaling

EP300; SMADZ, SMURFIL; MAPK T, SMAD3; SMADI,

FOS: MAPKR:; MAPKS: KRAS; MAPKY; RUNXZ:

SERPINEL RAFT; MAP3K7; CREBBP; MAP2KZ;

MAP2K L TGEFBRE; SMAD4, JUN; SMADS

Toll-like Receptor
Signaling

IRAK L EIF2AK?; MYDS8; TRAF6; PPARA; BLK1:

HCBKB; FOS; NFRBZ, MAP3K 14; MAPKS; MAPK13;

RELA; TLR4; MAPK14; IKBKG; RELB; MAP3KT: CHUK,

INFKBI; TLR2; JUN

38 MAPK Signaling

HSPBI; IRAK;, TRAFS, MAPKAPK?Z, ELKI; FADD:; FAS;

CREBIL; DDIT3; RPS6K A4, DAXOG MAPK 13, TRAFZ;

MAPK 14, TNF, MAP3K7: TGFBR1, MYC: ATF4; ILIR1

SRE; STATI

Neurotrophin/ TRE
Signaling

NTREKZ: MAPKL; PTPNIL PIK3CA; CREBI; FOS;

PHCICE: PIK3C3; MAPKS; MAPK3: KRAS; PIK3ICZA;

RAFE MAP2KZ: AKTI; PIK3R1; PDPK; MAP2KT,
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CDCAZ; JUN; ATF4

FXR/RXR Activation

INS; PPARA; FASN; RXRA; AKTZ; SDCH, MAPKS;

APOB; MAPK G, PPARG; MTTP; MAPKS, PPARGCIA;

TNF; CREBBP; AKT1; SREBF1; FGFR4; AKT3; FOXO!1

Synaptic Long Term

PRKCE; RAPIA; EP300; PRKCZ; MAPK1; CREBI;

Potentiation

PRECT GNAQ; CAMEZA; PREKD; MAPK3; KRAS;

PRKCD; PPPICC; RAF1: CREBBP; MAP2K2; MAP2K 1,

ATE4; PRKCA

Calcium Signaling

RAPIA: EP300; HDACA: MAPK 1 HDACS: CREBL

CAMICZA, MYHY; MAPES,; HDAC2: HDACTA; HDAC1;

HDACS, HDACS, CREBBP;, CALR; CAMKKZ;, ATF4;

HDACS

EGF Signaling

ELKI; MAPKL; EGER; PIK3CA; FOS; PIK3ICB; PIK3(3;

MAPKS; MAPK3; PIK3C2A; RAFL; JAK1; PIK3R1;

STAT3: MAPZK; JUN; PRKCA; SRF; STATI

Hypoxia Signaling in the

EDN1; PTEN, EP300; NQO1; UBE2L, CREBI; ARNT,

Cardiovascular System

HIFTA; SLO2A4: NOS3: TPS3: LDHA, AKT1: ATM:

VEGEFA; JUN; ATF4; VHL, HSP90AAL

1.PS/IL-1 Mediated
Tnhibition

[RAK 1, MYDSS: TRAFG: PPARA, RXRA: ABCAL

of RXR Function

MAPKE, ALDHIATL GSTPI MAPKY; ABCBIL; TRAF2;

TLR4: TNF: MAP3K7: NR1H2; SREBF1; JUN: IL1R1

LXR/RXR Activation

FASN: RXRA: NCOR2: ABCA1; NFKB2; IRF3; RELA;

NOSZA; TLR4; TNE, RELB; LDLR; NRIHZ; NFKB1;

SREBFL; ILIRT, CCL2; 1L6; MMPY

Amyloid Processing

PRKCE; CSNKIE; MAPKY; CAPNST; AKTZ, CAPNZ;

CAPNI, MAPK3; MAPK13; MAPT; MAPK14: AKTI;

PSENT; CSNKIAL; GSK3B; AKT3; APP

{L-4 Signaling

AKT2; PIK3CA; PIK3CRB; PIK3(C3; IRS1; KRAS; SOCS1;

PTPNG, NR3CT; PIK3C2A; JAKL; AKTI; JAKZ; PIK3AR I,

FRAPI, AKT3: RPS6KR!

Cell Cycle: G2/M DNA

EP300; PCAY: BRCAL GADD43A; PLK]; BTRC,

Damage Checkpoiot

CHEK1: ATR; CHEK?, YWHAZ, TP53; CDKNI1A,

Regulation

PREDC; ATM,; SFN; CDENZA

Nitric Oxide Signaling in
the

KDR; FLTE PGF, AKT2; PIK3CA; PIK3CRB,; PIK3C3;

Cardiovascular System

CAV1; PRKCD: NOS3: PIK3C2A: AKT1; PIK3R1,

VEGEA; AKT3: HSPOOAATL

Purine Metabolism

NME?, SMARCA4: MYHO; RRM?; ADAR; FIF2AKA,

PRM2; ENTPDI, RADST; RRM2ZE, TIP2, RADSIC,

NTSE; POLD1; NME

cAMP-mediated

RAPIA; MAPK1; GNAS; CREB1, CAMK2A; MAPK3;

Signaling
SRC: RAFL, MAPZKZ, STAT3: MAPZK L BRAF, ATF4
Mitochondrial SO MAPKE; CASPE:, MAPK IS, MAPKS:, CASPY;
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Drysfunction

PARKT, PSENT; PARKZ; APP; CASP3

Notch Signaling

HEST; JAGIE, NUMB; NOTCH4; ADAM1I7; NOTCHZ;

PSENT; NOTCH3, NOTCHI; DLL4

Endoplasmic Reticulum

HSPAS; MAPKS; XBP1, TRAF2; ATF6, CASPS; ATF4,

Stress Pathway

EIF2AKS; CASP3

Pyrimidine Mctabolism

NMED; AICDA; RRM2: EIF2AK4: ENTPDI; RRM2B;

NTSE; POLDI; NME]

Parkinson’s Signaling

UCHLI; MAPKS: MAPK13: MAPK 14; CASPY; PARKT

PARKD; CASP3

Cardiac & Beta
Adrenergic

GNAS; GNAQ; PPP2RIA; GNB2L1; PPRICA; PPPIC(C,

Signaling

PPPIRSC

Glycolysis/Gluconeogene
18

HK?2, GCK: GPLL ALDHIAL; PKM?2; LDHA, HK ]

Interferon Signaling

IRF1; SOCST; JAKL: JAKZ; IFITMI: STATI; IFIT3

Sonic Hedgehog

ARRBZ, SMO: GLIZ2: DYRKIA: GLIT: OSK3B; DYRK 1B

Signaling

Giyeerophospholipid PLDI; GRN, GPAM; YWHAZY, SPHK 1, SPHK2
Metabolism

Phospholipid PRDXG; PLDT, GRN;, YWHAZ,; SPHK; SPHK2
Degradation

Tryptophan Metabolism

SIAHZ; PRMTS; NEDD4; ALDHIAL CYPIBI; SIAHI

Lysine Degradation

SUV3ISHIL, EHMTZ; NSD; SETD7; PPPIRSC

Nucleotide Excision
Repair

ERCCS; ERCC4; XPA; XPC; ERCCH

Pathway

Starch and Sucrose

UCHLL HK2; GCK; GPI; HK

Metabolism

Anunosugars Metabolist

NQOT; HK2; GCK; HK

Arachidonic Acid

PRDX6; GRMN; YWHAZ; CYPIBI

Metabolism

Circadian Rhythm
Signaling

COSNICTE; CREBI, ATF4, NRID1

Coagulation System

BDKRBI; F2R; SERPINE]; F3

Dioparoine Receptor

PPPIRIA; PPP2CA; PPPICC; PPP2RAC

Signaling

Glutathione Metabolism

HDHZ, GSTPI; ANBEP; IDHI

Glycerplipid Metabolism

ALDHIAL GPAM; SPHKI; SPHK?2

{ inoleic Acid
NMetabolism

PRDX6; GRN; YWHAZ; CYPIBI

Methionine Metabolism

DNMTI; DNMT3B; AHCY; DNMT3A

Pyruvate Metabolism

GLOT; ALDHIAL PKMZ; LDHA

Arginine and Proline

ALDHIAL NOS3; NOSZA

Metabolism
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Ficosanoid Signaling

PRDX6; GRN; YWHAZ

Fructose and Mannose

HKZ; GCK; HK

Metabolism

Galactose Metabolism

HKZ; GCK; HK 1

Stilbene, Coumarine and

PRDX6; PRDX1; TYR

Lignin Biosynthesis

Antigen Presentation

CALR: BIM

Pathway

Biosynthesis of Steroids

NQO1; DHCR7

Butanoate Metabolism

ALDHIAL NLGNI

Citrate Cyele

IDH2; 1DHI

Fatty Acid Metabolism

ALDHIAL CYPIBI

Giycerophospholipid

PRDXG, CHKA

Metabolism

Histidine Metabolism

PRMTS; ALDHIAL

Inositol Metabolism

EROIL; APEX1

Metabolism of
Xenobiotics

GSTPL CYPIBI

by Cytochrome pd50

Methane Metabolism

PRDX6; PRDX1

Phenylalanine
Metabolism

PRDX6; PRDXI

Propanocate Metabolism

ALDHIAL LDHA

Selencaming Acid

PRMTS; AHCY

Metabolism

Sphingolipid Metabolism

SPHK L SPHK?

Armnophosphonate PRMTS
Metabolisra

Androgen and Estrogen [PRMTS
Metabolism

Ascorbate and Aldarate  JALDHIAL
Metabolism

Bile Acid Biogynthesis [ALDHIAL
Cysteine Metabolism LDHA
Fatty Acid Biosynthesis  [FASN
Glutamate Receptor GNBZL
Signaling

NREFZ-mediated PRDX1
Oxidative

Stress Response

Pentose Phosphate GPE
Pathway

Pentose and Glucuronate [UCHLI
Interconversions

Retinol Metabolism ALDHIAL
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Riboflavin Metabolism  [TYR
Tyrosine Metabolism PRMTS, TYR
Ubiguinone Biosynthesis PRMTS
Valine, Leucine and ALIDHIAL
{soleucine Degradation
Glyeine, Serine and CHKA
Threonine Mctabolism
Lysine Degradation ALDHIAL

Pain/Taste TRPMS; TRPAL
Pain TRPM7. TRPCH, TRPCG, TRPCE: Curl: cor2; Grk2;

Trpal; Pome; Cgrp; Crf, Pka; Era; Ni2b; TRPMS; Prkaca;
Prkach; Prkarla; PrkarZa

Mitochondrial Function [AIF, Cvt(C; SMAC (Diablo); Aifm-1; Aifin-2
Developmental BMP-4; Chordin (Chrd), Noggin (Nog), WNT {Wnt2;
Newrology

WatZb, Wntla, Wntd, WntSa, Wntd;, Wnt7h, Wnt8h;
WntSa, WntSh; Wntlla; Wntllb; Wntl6); beta-catenin;
Dkk-1; Frizzled related proteins; Otx-2; Gbx2; FGF-8;
Reelin; Dabl; unc-86 (Poudf! or Brnda); Numb; Reln

{3433} Embodiments of the invention also relate to methods and compositions related to
knocking out genes, aroplifying genes and repatring particular mutations associated with DNA
repeat instability and neurological disorders (Robert DL Wells, Tetsuo Ashizawa, Genetic
Instabilitics and Neurological Dhsecases, Sccond Hdition, Academic Press, Oct 13, 2011 —
Medical). Specific aspects of tandem repeat sequences have been found to be responsible for
more than twenty human discases (New insights into repeat instability: role of RNA-DNA
hybrids. Mclvor El, Polak U, Napicrala M. RNA Biol. 2010 Sep-Oct;7(53:551-8). The CRISPR-
Cas systemy may be harnessed to correct these defects of genomic instability.

13434] A further aspect of the invention relates to utilizing the CRISPR-Cas systern for
correcting defects in the EMP2A and EMP2B genes that have been identified to be associated
with Lafora discase. Lafora disease is an autosomal recessive condition which is characterized by
progressive myocloous epilepsy which may start as epileptic scizures in adolescence. A few
cascs of the discase may be caused by mutations in genes yet to be identified. The discase causes
setzures, wuscle spasms, difficulty walking, dementia, and eventually death. There s currently
no therapy that has proven effective against disease progression. Other genctic abnormalities

associated with epilepsy may also be targeted by the CRISPR-Cas system and the underlying
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genetics is further described in Genetics of Epilepsy and Genetic Epilepsies, edited by Giuliano
Avanzini, Jeffrey L. Noebels, Mariani Foundation Pacdiatric Neurology:20; 2009).

{8435] The methods of US Patent Publication No. 20110158957 assigned to Sangamo
BioSciences, Inc. involved i ivactivating T cell receptor (TCR) genes may also be modified to
the CRISPR Cas system of the present invention. In another example, the methods of US Patent
Publication No. 20100311124 assigned to Sangamo BioScicnces, Inc. and US Patent Publication
No. 20110225664 assigned to Cellectis, which are both tvolved in inactivating glutamine
synthetase gene expression genes may also be modified to the CRISPR Cas system of the present
invention.

{#436] Scveral further aspects of the invention relate to correcting defects associated with a wide
range of genetic discases which are further described ou the website of the National Institutes of
Health under the topic subsection Genetic Disorders (website at
health.nith.gov/topic/GeneticDisorders). The genetic brain discases may include but arc not
limited to Adrenoleukodystrophy, Agenesis of the Corpus Callosum, Aicardi Syndrome, Alpers'
Discase, Alzheimer's Discase, Barth Syndrome, Batten Discase, CADASIL, Cerebellar
Degeneration, Fabry's Discase, Gerstmann-Straussler-Scheinker Discase, Huntington's Disease
and other Triplet Repeat Disorders, Leigh's Dhsease, Lesch-Nyhan Syndrome, Menkes Dhisease,
Mitochondrial Myopathies and NINDS Colpocephaly. These disecases are further described on
the website of the National Institutes of Health under the subsection Genetic Brain Disorders.
18437} In some embodiments, the condition roay be neoplasia. In some eroboditents, where the
condition is neoplasia, the genes to be targeted are any of those listed in Table A {(in this case
PTEN and so forth)., In some embodiments, the condition may be Age-related Macular
Degeneration. In some embodiments, the condition may be a Schizophrenic Disorder. In some
embodiments, the condition may be a Trinucleotide Repeat Disorder. In some embodiments, the
condition may be Fragile X Syndrome. Tn some embodiments, the condition may be a Secretase
Related Disorder. In some embodiments, the condition may be a Prion - related disorder. In
sormae embodiments, the condition may be ALS. In some erabodiments, the condition may be a
drug addiction. In some cmbodiments, the condition may be Autism. In some embodiments, the
condition may be Alzheimer’s Disease.  In somc cmbodiments, the condition may be

inflammation. In some embodiments, the condition may be Parkinson’s Disecase.
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{#438] For example, US Patent Publication No. 20110023145, describes use of zinc finger
nucleases to genetically modify cells, animals and proteins associated with autism spectrurg
disorders (ASD). Autism spectrum disorders {ASDs) are a group of disorders characterized by
qualitative wmpairroent i social interaction and communication, and restricted repetitive and
stereotyped patterns of behavior, interests, and activities. The three disorders, autism, Asperger
syndrorae (A5} and pervasive developmental disorder-not otherwise specificd (PDD-NOS) are a
contimuum of the same disorder with varying degrees of severity, associated intellectual
functioning and medical conditions. ASDs are predominantly genetically determined disorders
with a heritability of around 90%.

{#439] US Patent Publication No. 20110023145 comprises editing of any chromosomal
sequences that encode proteins associated with ASD which may be applied to the CRISPR Cas
systern of the present invention. The proteins associated with ASD are typically selected based
on an experiraental association of the protein associated with ASD to an incidence or indication
of an ASD. For example, the production rate or circulating concentration of a protetn associated
with ASD may be clevated or depressed in a population having an ASD relative to a population
lacking the ASD. Dnifferences in protein levels may be assessed using proteomic techniques
including but not limited to Western blot, immunchistochemical staining, enzyme linked
imrounosorbent assay (ELISA), and mass spectrometry. Aliernatively, the proteins associated
with ASD may be identified by obtaining gene expression profiles of the genes encoding the
proteins using genomic technigues wcluding but not himited to DNA woicroarray analysis, serial
analysis of gene expression (SAGE), and guantitative real-time polymerase chain reaction (G-
PCR).

{(#448] Non limiting examples of disease states or disorders that may be associated with proteins
associated with ASD include autism, Asperger svndrome (AS), pervasive developmental
disorder-not  otherwise specified (PDD-NOS), Rett's  syndroroe, tuberous  sclerosis,
phenylketonuria, Smith-Lemii-Opitz syndrome and fragile X syndrome. By way of non-limiting
example, proteins associated with ASD include but are not livoited to the following proteius:
ATPIOC aminophospholipid- MET MET receptor transporting ATPase tyrosine kinase
{ATP10C) BZRAPI MGLURS (GRMS5) Metabotropic glutamate receptor 5 (MGLURS) CDH1O
Cadherin-180 MGLURS (GRM6) Metabotropic glutamate receptor 6 (MGLURS) CDHY
Cadherin-9 NLGNI Neuroligin-1 CNTN4 Contactin-4 NLGNZ Neuroligin-2 CNTNAPZ
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Contactin-associated SEMASA  Neuroligin-3  protein-like 2 (CNTNAP2y DHCR7 7-
dehydrocholesterol NLGN4X Neuroligin-4 X- reductase (DHCRT) hinked DOC2A Double C2-
like domain- NLGN4Y Neuroligin-4 Y- containing protein alpha linked DPP6 Dipeptidyl
NLGNS Neuroligin-S amnopeptidase-like protein 6 EN2 eugraled 2 (EN2) NRCAM Neuronal
cell adheston molecule (NRCAM)Y MDGA2 fragile X mental retardation NRXNT Neurexin-1 |
{(MDGAZ) FMR2Z (AFF2) AF4/FMR2 faraily raember 2 OR4AM2 Olfactory receptor (AFF2) 4M2
FOXP2 Forkhead box protein P2 OR4N4 Olfactory receptor (FOXP2)Y 4N4 FXRI1 Fragile X
mental OXTR oxvtocin receptor retardation, sutosomal (OXTR) homolog 1 (FXR1) FXR2
Fragile X mental PAH phenvlalanine retardation, autosomal hydroxylase (PAH) homolog 2
{FXRZ) GABRAT Gamma-aminobutyric acid PTEN Phosphatase and receptor subunit alpha-1
tensin homologue (GABRAL) (PTEN) GABRAS GABAA {garmma.-arnobutyric PTPRZ]
Receptor-type acid) receptor alpha 5 tyrosine-protein subunit (GABRAS) phosphatase zeta
(PTPRZ1} GABRB1 Gamma-aminobutyric acid RELN Reelin receptor subunit beta-1
{GABRBI) GABRB3 GABAA (gamma.-aminobutyric RPL1G 608 ribosomal acid) receptor
Jbeta.d subunit protein L10 (GABRB3) GABRG! Gamma-aminobutyric acid SEMASA
Semaphorin-5A receptor subunit gammma-1 (SEMASA)Y {(GABRGI) HIRIP3 HIRA-interacting
protein 3 SEZ6L2 seizure related 6 homolog (mousc)- like 2 HOXAT Homeobox protein Hox-
A1 SHANKSI SH3 and multiple (HOXA 1) ankyrin repeat domaius 3 (SHANK3) [L6 Interleukin-
& SHBZRAPI SH3 and multiple ankyrin repeat domains 3 {(SHBZRAP1) LAMBI Laminin
subunit beta-1 SLU6A4 Serotonin (LAMBI) transporier (SERT) MAPK3 Mitogen-activated
protein TASZR1 Taste receptor kinase 3 type 2 member 1 TAS2R1 MAZ Myc-associated zing
finger TSC1 Tubcrous sclerosis protein protein 1 MDGAZ MAM domam containing TSC2
Tuberous sclerosis glycosylphosphatidyhinositol protein 2 anchor 2 (MDGAZ) MECP2 Methyl
CpG binding UBE3A Ubiquitin protein protein 2 (MECP2) ligase E3A (UBE3A) MECP2
roethyl CpQ binding WNTZ Wingless-type protein 2 (MECP2) MMTV integration site family,
member 2 (WNT2)

{#441] The 1dentity of the protetn associated with ASD whose chromosomal sequence is edited
can and will vary. In preferred cmbodiments, the proteins associated with ASD whose
chromosomal sequence is edited may be the benzodiazapine receptor (peripheral) associated
protein | {BZRAPI) encoded by the BZRAPI gene, the AF4/FMR2Z family member 2 protein
{AFF2) encoded by the AFF2 gene (also termed MFR2), the fragile X mental retardation
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autosomal homolog 1 protein (FXR1} encoded by the FXRI gene, the fragile X mental
retardation autosoral homolog 2 protein (FXR2) encoded by the FXR2 gene, the MAM domain
containing glycosylphosphatidylinositol anchor 2 protein (MDGAZ2) encoded by the MDGAZ
gene, the wmethyl CpG binding protein 2 (MECP2) encoded by the MECP2 geune, the
metabotropic ghitamate receptor 5 (MGLURS) encoded by the MOLURS-1 gene {also termed
GRMS}, the neurcxin 1 protein encoded by the NRXNI gene, or the semaphorin-5A protein
(SEMAS3A}Y encoded by the SEMASA gene. In an exemplary embodiment, the genctically
maodified animal is a rat, and the edited chromosomal sequence encoding the protein associated
with ASD is as listed below: BZRAPT bevzodiazapine receptor XM_002727789, (peripheral)
associated XM 213427, protein 1 (BZRAPT) XM 002724533, XM 001081125 AFF2Z (FMR2)
AF4/FMR2 family member 2 XM 219832, (AFF2) XM 001054673 FXR1 Fragile X mental
NM 001012179 retardation, autosomal homwolog 1 (FXR1) FXR2 Fragile X  mental
NM 001100647 retardation, autosomal homolog 2 (FXR2) MDGA2 MAM domain contaming
NM 199269 glycosylphosphatidylinositol anchor 2 (MDGAZ) MECP2 Methyl CpG binding
NM 022673 protein 2 (MECP2) MGLURS Metabotropic glutamate NM 017012 (GRMS)
receptor 5 (MGLURS) NRXNT Neurexin-T NM_(21767 SEMASA Semaphorin-5A (SEMASA)
NM 001107659

{8442} Exeroplary aniroals or cells may comprise one, two, three, four, five, six, seven, eight, or
ning or more inactivated chromosomal sequences encoding a protein associated with ASD, and
zero, one, two, three, four, five, six, seven, eight, nine or more chromosomally integrated
sequences encoding proteins associated with ASD. The edited or integrated chromosomal
sequence may be modified to encode an altered protein associated with ASD. Non-limiting
examples of mutations in proteins associated with ASD include the L18( mutation in neurexin |
where the leucine at position 18 1s replaced with a glutamine, the R451C mutation in neuroligin
3 where the arginine at position 451 is replaced with a cysteine, the RR7W mutation in neuroligin
4 where the arginine at position 87 18 replaced with a tryptophan, and the 425V mutation in
serotonn transporter where the wsoleucine at posttion 425 1s replaced with a valine. A nomber of
other mutations and chromosomal rearrangements in ASD-related chromosomal sequences have
been associated with ASD and are known 1n the art. Sce, for cxample, Freitag et al. (2010) Eur.
Chiid. Adolesc. Psychiatry 19:169-178, and Bucan et al. (2009) PLoS Genetics 3: 1000536, the

disclosure of which is incorporated by reference herein in its entirety.
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{(#443] Examples of proteins associated with Parkinson’s discase inchade but are not limited to a-
synuclein, DJ-1, LRRKZ2, PINK1, Parkin, UCHL1, Synphilin-1, and NURRT,

{8444| Exampics of addiction-related proteins may include ABAT for example.

{445} Exaroples of inflanmation-related proteins may wnchude the wonocyte cheroatiractant
protein-1 {(MCP1} encoded by the Cer2 gene, the C-C chemokine receptor type 5 {CCRS)
encoded by the CerS gene, the IgG receptor HB (FCGR2b, also termed CD32) encoded by the
Fegr2b gene, or the Fo epsilon R1g (FCER1g) protein encoded by the Feerlg gene, for example.
{8446} Exaropics of cardiovascular discases associated proteins may inchude IL1B (interleukin 1,
beta), XDH (xanthine dehydrogenase), TP33 (tursor protein pS3), PTGIS (prostaglandin 12
{prostacyclin} synthase), MB (myogiobiny, IL4 (interleukin 4), ANGPT! {angiopoictin 1},
ABCGR (ATP-binding cassette, sub-family G (WHITE), raember B}, or CTSK (cathepsin K, for
example.

10447} For cxample, US Patent Publication No. 20110023153, describes use of zinc finger
nucleases to genetically modify cells, animals and proteins associated with Alzheimer’s Disease.
Once modified cells and animals may be further tested using known racthods to study the cffects
of the targeted mutations on the development and/or progression of AD using measures
commonly used in the study of AD — such as, without limitation, learning and memory, anxiety,
depression, addiction, and sensory motor functions as well as assays that rocasure behavioral,
functional, pathological, metaboloic and biochemical function.

{8448} The present disclosure comprises editing of any chromosomal sequences that eucode
proteins associated with AD. The AD-related proteins are typically selected based on ap
experimental association of the AD-related protein to an AD disorder. For cxample, the
production rate or circulating concentration of an AD-related protein may be elevated or
depressed in a population having an AD disorder rclative to a population lacking the AD
disorder. Differcoces in protein levels may be assessed vsing proteomic techniques including but
not limited to Western blot, immunchistochemical staining, enzyme linked immunosorbent assay
(ELISA), and wass spectrowetry. Alternatively, the AD-related proteins roay be identified by
obtaining gene expression profiles of the genes encoding the proteins using genomic techniques
mcluding but not himited to DNA microarray analysis, scrial analysis of genc expression

(SAGH), and quantitative real-time polymerase chain reaction {(3-PCR}.
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{(#449] Examples of Alzheimer’s disease associated proteins may inchude the very low density
lipoprotein receptor protein (VLDLR) encoded by the VLDLR gene, the ubiguitin-like modifier
activating enzyme 1 (UBA1) encoded by the UBAT gene, or the NEDDE-activating enzyme El
catalytic subunit protein (UBELC) encoded by the UBA3 gene, for example.

{#458] By way of non-limiting example, proteins associated with A} inchuade but are not limited
to the proteins listed as follows: Chromosomal Sequence Encoded Protein ALASZ Delta-
aminolevulinate synthase 2 (ALAS2) ABCAT ATP-binding cassette transporter {ABCAL} ACE
Angiotensin I-converting cnzyme {(ACE)Y APOE Apolipoprotein E precursor (APOE) APP
amyloid precursor protein (APP)Y AQP1 aquaponin 1 protein (AQP1) BINT Myc box-dependent-
interacting protein | or bridging integrator 1 protein (BINT) BDNF brain-derived neurotrophic
factor (BDNFy BTNLR Butyrophilin-like protemn 8 (BTNLE) CIORF49 chromosome 1 open
reading frame 49 CDH4 Cadherin-4 CHRNB2 Neuronal acetylcholine receptor subunit beta-2
CKLFSF2 CKLUF-like MARVEL transmembrane domain- containing protein 2 {(CKLFSF2)
CLECA4E C-type lectin domain family 4, member ¢ (CLEC4E) CLU clusterin protein (also
known as apoplipoprotein Jy CR1 Erythrocyte complemaent receptor 1 (CRI, also known as
CD35, C3b/C4b receptor and immune adherence receptor) CRIL Erythrocyte complement
receptor 1 {(CRIL) CSF3R gramulocyte colony-stimulating factor 3 receptor {CSF3R) CST3
Cystatin C or cystatin 3 CYP2ZC Cytochrome P450 2C DAPKIT Death-associated protein kinase |
{DAPK1) ESR1 Estrogen receptor 1 FCAR Fe fragment of IgA receptor (FCAR, also known as
(D89 FCGR3B Fe fragment of 1gG, low affinity [, receptor (FCGR3B or CD16b) FFAZ Free
fatty acid receptor 2 (FFAZ2Z) FGA Fibrinogen (Factor ) GAB2 GRB2-associated-binding protein
2 (GAB2) GAB2 GRB2-associated-binding protein 2 (GAB2) GALP Galanin-like peptide
GAPDHS Glyceraldehyde-3-phosphate  dehydrogenase, spermatogenic (GAPDHS) OMPB
GMBP HP Haptoglobin (HP) HTR7 S-hydroxytryptamine (serotonin) receptor 7 (adenylate
cyclase~-coupled) IDE Insulin degrading enzyme 127 IF127 IFI6 Interferon, alpha-inducible
protein 6 (IF16) IFIT2 Interferon-induced protein with tetratricopeptide repeats 2 (IFFT2} IL1RN
interieukin-1 receptor antagonist (IL-1RA) ILERA Iunterleukin & veceptor, alpba (ILERA or
CDI81) ILSRB Interleukin & receptor, beta (ILSRB)Y JAGT Jagged 1 (JAGT) KCNI1S Potassium
mwardly-rectifying channel, subfamily I, member 15 (KCNJ15) LRP6 Low-density hpoprotein
receptor-related protein 6 (LRP6) MAPT microtubule-associated protein tau (MAPT) MARKA4
MAP/microtubule affintty-regulating kinase 4 (MARK4) MPHOSPH! M-phase phosphoprotein
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I MTHFR 5,10-methylenctetrahydrofolate reductase MX2 Interferon-induced GTP-binding
protetn Mx2 NBN Nibrin, alse koown as NBN NCSTN Nicasirin NIACR2 Niacin receptor 2
(NIACRZ, also known as GPR109B) NMNAT3 nicotinamide nucleotide adenylyltransferase 3
NTM MNeurotrimin {or HNT) ORM1 Orosrmucord 1 (ORM1) or Alpha-T-acid glycoprotein 1
P2RY13 P2Y purinoceptor 13 (PZRY13) PBEF! Nicotinamide phosphoribosyltransferase
{(NAmPRTase or Nampt) also known as pre-B-cell colony-enhancing factor 1 (PBEF1) or
visfatin PCK1 Phosphoenolpyruvate carboxykinase PICALM phosphatidylinositel binding
clathrin assembly protein (PICALM) PLAU Urckinase-type plasminogen activator (PLAU)
PLXNCT Plexin C1 (PLXNCI) PRNP Prion protein PSENT presentlin 1 protein {(PSENI)
PSENZ presenilin 2 protein (PSEN2) PTPRA protein tyrosine phosphatase receptor type A
protein {PTPRA)Y RALGPS2 Ral GEF with PH domain and SH3 binding motif 2 (RALGPS2)
RGSL2 regulator of G-protein signaling like 2 (RGSL2) SELENBP! Selenium binding protein 1
(SELNBP1) SLC25A37 Mitoferrin-1 SORL1 sortilin-related receptor L{DLR class) A repeats-
containing protein (SORL1) TF Transferrin TFAM Mitochondrial transcription factor A TNF
Turnor necrosis factor TNFRSF10C Tumor necrosis factor receptor superfamily member 10C
{(TNFRSF10C) TNFSFI0 Tumor necrosis factor receptor superfamily, (TRAIL) member 10a
(TNFSF10y UBA1 ubiquitin-like modifier activating enzyme | (UBAly UBA3 NEDDS-
activating enzyme El catalytic subunit protewn (UBEIC) UBB ubiquitin B protein (UBB)
UBQLNT Ubiguilin-1 UCHLI ubiquitin carboxyl-terminal esterase L1 protein (UCHLT)
UCHLS3 ubiquitin carboxyl-terminal hydrolase isozyme L3 protein (UCHL3) VLDLR very low
density lipoprotein receptor protein (VEDLR)

{8451} In excroplary embodiments, the proteins associated with AD whose chromosomal
sequence is edited may be the very low density Hpoprotein receptor protein (VLDELR) encoded
by the VLDLR gene, the ubiguitin-like modifier activating enzyme 1 (UBA1) encoded by the
UBAT gene, the NEDDR-activating enzyme El catalytic subunit protein (UBEIC) encoded by
the UUBA3 gene, the aquaporin 1 protein (AQP1} encoded by the AQPI gene, the ubiquitin
carboxyl-terminal esterase L1 protein (UCHLI) encoded by the UCHLI geve, the ubiquitin
carboxyl-terminal hydrolase isozyme L3 protein (UCHL3) encoded by the UCHL3 gene, the
ubiquitin B protein {UBB) encoded by the UBB gene, the microtubule-associated protein tau
(MAPT) encoded by the MAPT gene, the protein tyrosine phosphatase receptor type A protein

{(PTPRA) encoded by the PTPRA gene, the phosphatidylinositol binding clathrin assembly
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protein {(PICALM) encoded by the PICALM gene, the clusterin protein {(also known as
apoplipoprotein J) encoded by the CLU gene, the presenilin 1 protein encoded by the PSENT
gene, the presenilin 2 protein encoded by the PSEN2 gene, the sortilin-reiated receptor L(BLR
class) A repeats-containing protein {SORL1) protein encoded by the SORLI gene, the amyloid
precursor protein {APP) encoded by the APP gene, the Apolipoprotein E precursor (APOE}
cucoded by the APOE gene, or the brain-derived ncurotrophic factor (BDNF) encoded by the
BDNF gene. In an exemplary embodiment, the genetically modified animal is a rat, and the
edited chromosomal scquence cncoding the protein associated with AD is as as follows: APP
amyloid precursor protein (APP) NM 019288 AQP1 aquaporin 1 protein (AQP1) NM 012778
BDNF Brain-derived ncurotrophic factor NM_ 012513 CLU clusterin protein {(also known as
NM_ 053021 apoplipoprotein J) MAPT microtubule-associated protein NM_ 017212 tan (MAPT)
PICALM phosphatidylinositol binding WNM_ 053554 clathrin assembly protein (PICALM)
PSENI presenilin 1 protein (PSENID) NM 019163 PSEN2 presenilin 2 protein (PSEN2)
NM 031087 PTPRA protein tyrosine phosphatase WM 012763 recepior type A protein
(PTPRA) SORLI sortilin-related receptor L{DLR NM 053519, class) A repeats-containing
XM 001065506, protein (SORL1) XM 217115 UBAL ubiquitin-like modifier activating
NM 001014080 enzyme 1 (UBA1) UBA3 NEDDS-activating enzyme E1 NM 057205 catalytic
subunit protein (UBEIC) UBB ubiquitin B protein (UBB) NM 138895 UCHLT ubiquitin
carboxyl-terminal NM 017237 esterase L1 protein (UCHL1)} UCHL3 ubiquitin carboxyl-
terminal NM 001110165 hydrolase wsozyrae L3 protein (UCHL3) VLDLR very low density
lipoprotein NM_013155 receptor protein { VLDLR)

10452] The animal or cell may comprise 1, 2, 3,4, 5,6, 7,8, 9,10, 11, 12, 13, 14, 15 or more
disrupted chromosomal sequences encoding a protein associated with AD and zero, 1, 2, 3, 4, 3,
6,7,8,9, 10, 11, 12, 13, 14, 15 or more chromosomally imtegrated sequences encoding 4 protein
associated with AD.

{8453} The edited or integrated chromosomal sequence may be modified to encode an altered
protein associated with AD. A vurober of mutations 10 AD-related chromosomal sequences have
been associated with AD. For instance, the V7171 {(i.e. valine at position 717 is changed to
isoleucine) missense mutation in APP causes familial AD. Multiple mutations in the presenihin-1
protein, such as H163R (i.e. histidine at position 163 is changed to arginine), A246F (i.e. alanine

at position 246 is changed to ghutamate), L286V (i.c. leucine at position 286 1s changed to
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valine} and C410Y {(L.e. cysteine at position 410 is changed to tyrosine} cause familial
Alzheimer's type 3. Mutations in the presenilin-2 protein, such as N141 T (i.e. asparagine at
position 141 is changed to iscleucine}, MZ39V (ic. methionine at position 239 is changed to
valine), and D439A (i.e. aspartatc at position 439 is chavged io alanine) cause famihal
Alzheimer's type 4. (ther associations of genetic variants in AD-associated genes and disease are
known in the art. See, for example, Waring ct al. (2008) Arch. Neurol. 65:329-334, the
disclosure of which is incorporated by reference herein in s entirety.

{8454] Exaropics of profeins  asssociated  Autisn Spectrum Disorder may  include  the
benzodiazapine receptor (peripheraly associated protein 1 (BZRAPL) encoded by the BZRAPT
gene, the AF4/FMR2 family member 2 protein {AFF2) encoded by the AFF2 gene {also termed
MFER2), the fragile X mental retardation astosomal homolog 1 protein (FXR1) encoded by the
FXRIT gene, or the fragile X mental retardation autosomal homolog 2 protein (FXR2) encoded by
the FXR2 gene, for example.

{(#455] Examples of proteins associated Macular Diegeneration may include the ATP-binding
cassette, sub-family A (ABC1) member 4 protein (ABCA4) encoded by the ABCR gene, the
apolipoprotein E protein (APOE) encoded by the APOE gene, or the chemokine (C-C motif)
Ligand 2 protein (CCL2) encoded by the CCL2Z gene, for example.

{8456} Exaroples of proteins associated Schizophrenia may ioclude NRGI, ErbB4, CPLX],
TPHI, TPH2, NRXNI, GSK3A, BDNF, DISC1, GSK38, and combinations thereof.

{84571 Examples of proteins wvolved 1u tumor suppression may nclude ATM (ataxia
telangicctasia mutated), ATR (ataxia telangicctasia and Rad3 related), EGFR (eptdermal growth
factor receptor), ERBB2 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 2), ERBB3
{v-erb-b2 erythroblastic leukemia viral oncogene homolog 3}, ERBB4 (v-erb-b2 erythroblastic
icukenia viral oncogene homolog 4), Notch 1, Notch2, Netch 3, or Notch 4, for example.

{8458] Examples of proteins associated with a secretase disorder may include PSENEN
{presenilin enhancer 2 homolog {C. clegans)), CTSB {cathepsin B), PSENI (presenilin 1), APP
{amyloid beta {(A4) precursor proteiny, APHIB {anterior pharynx defective 1 homolog B (C.
clegans)), PSENZ (presenilin 2 (Alzheimer discase 4)), or BACE!L (beta-sitc APP-cleaving
cnzyme 1), for example.

{3459] For example, US Patent Publication No. 20110023146, describes use of zinc finger

nucleases to genetically modify cells, anmimals and proteins associated with secretasc-associated
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disorders. Secretases are cssential for processing pre-proteins into their biologically active forms.
Defects 1o various components of the secretase pathways contribute to many disorders,
particularty those with hallmark amyloidogenesis or amyloid plaques, such as Alzheimer's
discase (AD).

{64681 A secretase disorder and the proteins associated with these disorders are a diverse set of
proteins that cffect susceptibility for numercus disorders, the presence of the disorder, the
severity of the disorder, or any combination thercof. The present disclosure comprises editing of
any chromosomal sequences that cncode proteins associated with a sccrctase disorder. The
proteins associated with a secretase disorder are typically selected based on an experimental
association of the sccretase--related proteins with the development of a secretase disorder. For
example, the production rate or circulating concentration of a protein associated with a secretase
disorder may be clevated or depressed in a population with a secrctase disorder relative to a
population without a sceretase disorder. Dafferences in protein levels may be assessed using
proteomic techniques including but not Hmited to Western blot, immunohistochemical staining,
cnzyme hinked immunosorbent assay (ELISA), and mass spectrometry. Alternatively, the protein
associated with a secretase disorder may be identified by obtaining gene expression profiles of
the genes encoding the proteins using genomic techniques including but not Hmited to DNA
microarray analysis, serial analysis of gene expression (SAGE), and quantitative real-time
polymerase chain reaction (Q-PCR).

{8461} By way of non-livatting example, proteins associated with a secretase disorder include
PSENEN {presenilin enbancer 2 homolog (C. elegans}), CTSB {cathepsin B), PSENT (presenilin
1), APP (aryloid beta (Ad) precursor protein), APHIB (anterior pharyox defective 1 homolog B
{C. clegans)), PSEN2 (presenilin 2 (Alrheimer disease 4}), BACE! (beta-site APP-cleaving
cozyme 1}, ITM2B (intcgral membranc protein 2B), CTSD (cathepsin D), NOTCH! (Notch
homolog 1, translocatioun-associated (Drosophilay), TNE (tumor necrosis factor (TNF
superfamily, member 23)), INS {nsulin), DYTI0 (dystonia 10}, ADAMI7 (ADAM
metallopeptidase domain 17), APOE (apolipoprotein E), ACE {angiotensin [ converting enzyme
{peptidyl-dipeptidase A} 1), STN ({statin), TP33 (tumor protein pS53), IL6 (interleukin 6
{(interferon, beta 2)), NGFR (nerve growth factor receptor (TNFR superfamily, member 16)),
ILIB (interleukin 1, beta), ACHE (acetylcholinesterase (Yt blood group)), CTNNBI {catenin

{cadherin-associated proten), beta 1, §8kDa), IGF1 (nsulin-like growth factor 1 {somatomedin
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Cy), IFNG (interferon, pamma), NRG1 (ncuregulin 1), CASP3 (caspase 3, apoptosis-related
cysteine peptidase), MAPKT (mitogen-activated protein kinase 1), CDHI (cadberin 1, type 1, E-
cadherin (cpithelial)), APBB1 (amyloid beta (A4) precursor protein-binding, family B, member 1
{Fe65y, HMGCR (3-hydroxy-3-methylglataryl-Coenzyme A reductase), CREB1 (cAMP
responsive element binding protein 1}, PTGS2 (prostaglandin-endoperoxide synthase 2
{prostaglandin G/H synthase and cyclooxygenase}), HEST (hairy and cnhancer of sphit 1,
{Drosophila)), CAT (ecatalase), TOFB1 (transforming growth factor, beta 13, ENO2 {enolase 2
{gamma, ncuronal)), ERBB4 (v-crb-a crythroblastic lcukernia viral oncogene horolog 4
{avian}), TRAPPCIO (trafficking protein particle complex 10), MAORB (mounocaroine oxidase B),
NGF (nerve growth factor (beta polypeptide)), MMPI2 (matrix metallopeptidase 12
{macrophage elastase)), JAGI (agged 1 (Alagille syndrome}), CD40LG (CD40 ligand), PPARG
{peroxisome proliferator-activated receptor gamma), FGF2 (fibroblast growth factor 2 (basic)),
IL3 (interleukin 3 (colony-stimulating tactor, multiple)), LRP1 (low density lipoprotein receptor-
related protein 1), NOTCH4 (Noteh homolog 4 (Drosophila)), MAPKER (mitogen-activated
protein kinase 8), PREP (prolyl endopeptidase), NOTCH3 (Netch homolog 3 (Drosophila)),
PRINP {prion protein), UTSG {cathepsin G), EGF {epidermal growth factor (beta-urogastrone}},
REN (renin}, CD44 (CD44 molecule (Indian blood group)), SELP (sclectin P (granule membrane
protein 140 kDa, astigen CB62)), GHR (growth hormouve receptor), ADCYAP (adecuylate
cyclase activating polypeptide 1 (pituitary)), INSR {insulin receptor), GFAP (ghal fibrillary
acidic proten), MMP3 (matrix metallopeptidase 3 (stromelysin 1, progelatinase)), MAPK10
{mitogen-activated protein kinase 10), SP1 (Spl trauscription factor), MYC {(v-myc
myelocytomatosis viral oncogene homolog {avian)), CTSE (cathepsin E), PPARA (peroxisome
profiferator-activated receptor alpha), JUN (Jun oncogene), TIMPI {TIMP metallopeptidase
mhibitor 1), ILS (mnterleukin § (colony-stinmlating factor, cosinophil)), ILIA (intericukin 1,
alpha), MMP9 (matrix metallopeptidase 9 (gelatinase B, 92 kDa gelatinase, 92 kDa type IV
collagenase)), HTR4 (S-hydroxytryptamine {serotonin) receptor 4), HSPGZ (heparan sulfate
proteoglycan 2}, KRAS (v-Ki-ras? Kirsten rat sarcoma viral oncogene homolog), CYCS
{cytochrome ¢, somatic), SMG1 (SMG1 homolog, phosphatidylinositel 3-kinase-related kinase
{C. elegans)y, ILIRI (interleukin 1 receptor, type 1), PROKI (prokineticin 1), MAPK3 (ruttogen-
activated protein kinase 3), NTRK1 (neurotrophic tyrosine kinase, receptor, type 1), IL13

(interlevkin 13}, MME (membrane metallo-endopeptidase), TKT (transketolase), CXCRZ
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{chemokine (C-X-C motif) receptor 2), IGFIR (insulin-itke growth factor 1 receptor), RARA
{retinoic acid receptor, alpha), CREBBP (CREB binding protein), PTGS! (prostaglandin-
endoperoxide synthase 1 {prostaglandin G/H synthase and cyclooxygenase)), GALT {(galactose-
I-phosphate uridviyltransferase), CHRMI {cholinergic receptor, muscarinic 1), ATXNI {ataxin
1), PAWR {PRKC, apoptosis, WT1, regulator), NOTCHZ (Notch homolog 2 (Drosophila)),
M6PR (rnannose-6-phosphate receptor (cation dependent)y, CYP46AT {cytochrome P4350, fanuly
46, subtamily A, polypeptide 1), CSNK1 Id {casein kinase 1, delta), MAPK14 (mitogen-
activated protein kinase 14), PRG2 (protecoglycan 2, bone marrow (natural killer cell activator,
eostnophil granule major basic protein)), PRKCA {protein kinase C, alpha), L1 CAM (L1 cell
adhesion mwolecule), CD40 (CD40 molecule, TNF receptor superfamily member 5), NR1I2
{ruclear receptor subfamily 1, group I, member 2), JAG2 (Gagged 2), CTNND1 {(catenin
{cadherin-associated protein), delta 1), CDHZ (cadherin 2, type 1, N-cadherin (ncuronal}},
CMAT (chyrmase 1, mast cell), SORTI (sortilin 1}, DLK1 (delta-like 1 homolog (Drosophula)),
THEM4 ({thipesterase superfamily member 4), JUP {(junction plakoglobin), CDd6 (CD46
rolecule, complement regulatory protein), CCL1HL (chemokine (C-C motif) hgand 11}, CAV3
{caveolin 3), RNASE3 (ribonuclease, RNase A family, 3 (cosinophil cationic protein)), HSPAE
{heat shock 70kDa protein 8), CASP9 {caspase 9, apoptosis-related cysteine peptidase), CYP3A4
{cytochrome P4S0, farmily 3, subfamily A, polypeptide 4), CCR3 {(chemokine {C-C motif)
receptor 3}, TFAPZA (transcription factor AP-2 alpha (activating enhancer binding protein 2
alpha)), SCP2 (sterol carrier protein 2}, CDK4 {cyclin-dependent kinase 4), HIFTA (hypoxia
inducible factor 1, alpha subunit (basic helix-loop-helix transcription factory), TCF7L2
{transcription factor 7-hike 2 (T-cell specific, HMG-box}), ILIR2 (interleukin | receptor, type 11,
B3GALTL (beta 1,3-galactosyltransferase-like), MDM2 (Mdm?2 p53 binding protein homolog
{mouse)), RELA {v-rel reticuloendotheliosis viral oncogene homolog A (avian)), CASP7
{caspase 7, apoptosis-related cysteine peptidase), IDE (usulin-degrading enzyme), FABP4 (fatty
acid binding protein 4, adipocyte), CASK {calcium/calmodulin-dependent serine protein kinase
(MAGUK. family)), ADCYAPIR] (adenylate cyclase activating polypeptide 1 (pituttary)
receptor type 1), ATF4 (activating transcription factor 4 (tax-responsive enhancer element B67)),
PDGFA (platelet-derived growth factor alpha polypeptide), C21 or £33 {chromosome 21 open
reading frame 33), SCGS {secretogranin V (782 protein)), RNF123 {ring finger protein 123},

NFKB1 (nuclear factor of kappa light polypeptide gene enhancer in B-cells 1), ERBB2 (v-erb-b2
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crythroblastic lcukemia viral oncogene homolog 2, neuro/ghioblastorna derived oncogene
homolog (avian)), CAV1 {(caveohn 1, caveolac protein, 22 kDa), MMP7 {(matax
metallopeptidase 7 {(matrilysin, uterine)), TGFA (transforming growth factor, alpha), RXRA
{retinoid X rveceptor, alpba), STX1A (syntaxin 1A (brain}), PSMC4 (proteasome (prosome,
macropain} 268 subunit, ATPase, 4), P2RY2Z (purinergic receptor P2Y, G-protein coupled, 2),
TNFRSF21 (tumor necrosis factor receptor superfaraily, mermber 21), DLGI (discs, large
homolog 1 (Drosophila)), NUMBL (numb homolog (Drosophila-like), SPN (sialophorin},
PLSCRI (phospholipid scramblase 1), UBQLNZ {ubiguilin 2), UBQLNI (ubiquilin 1), PCSK7
{proprotein convertase subtilisin/kexin type 7y, SPONIT {spondin 1, extracelhular matrix protein),
SILV {silver homolog {mouse}), QPCT (glutaminyl-peptide cyclotransferase), HESS (hairy and
cobancer of split S (Drosophila)), GCCL (GRIP and coiled-coil domain containing 1), and any
combination thercof.

10462] The genctically modified animal or cell may comprise 1,2, 3,4, 5,6, 7, 8, 9, 10 or more
disrupted chromosomal sequences encoding a protein associated with a secretase disorder and
zero, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more chroraosomally integrated sequences encoding a
disrupted protein associated with a secretase disorder.

{8463} Exampics of proteins associated with Amyotrophic Lateral Sclerosis may include SOD1
{superoxide dismutase 1), ALSZ (amyotrophic lateral sclevosis 23, FUS (fused in sarcorna),
TARDBP (TAR DNA binding protein), VAGFA (vascular endothelial growth factor A),
VAGFB (vascular endothehial growth factor B), and VAGFC {vascular endothehal growth factor
C}, and any combination thereof.

10464] For cxample, US Patent Publication No. 20110023144, describes use of zine finger
nucleases to genetically modify cells, animals and proteins assoctated with amyotrophyic lateral
sclerosis (ALS) discase. ALS is characterized by the gradual steady degeneration of certain nerve
cells 1o the brain cortex, brawn stern, and spimal cord involved in voluutary moverment,

18465] Motor neuron disorders and the proteins associated with these disorders are a diverse set
of proteins that etfect susceptibility for developing a wotor neuron disorder, the presence of the
motor neuron disorder, the severity of the motor neuron disorder or any combination thereof. The
present disclosure comprises editing of any chromesornal sequences that encode proteins
associated with ALS disease, a specific motor neuron disorder. The proteins associated with ALS

are typically sclected based on an experimental association of ALS--related proteins to ALS. For
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example, the production rate or circulating concentration of a protein associated with ALS may
be clevated or depressed in a population with ALS relative to a population without ALS.
Differences in protein levels may be assessed using proteomic techniques including but not
fiited to Western blot, immunohistochemical staining, enzyme hoked immunosorbent assay
{ELISA), and mass spectrometry. Alternatively, the proteins associated with ALS may be
identificd by obtaining gene expression profiles of the genes encoding the proteins using
genomic techniques including but not limited to DNA microarray analysis, serial analysis of
gene expression (SAGE), and guantitative real-time polymerase chain reaction ((Q-PCR).

[8466] By way of non-limiting example, proteins associated with ALS wnclude but are not
fimited to the following proteins: SODT superoxide dismutase 1, ALS3 amyotrophic lateral
soluble sclerosis 3 SETX senataxin ALSS amyotrophic lateral sclerosis 5 FUS fused 1o sarcorua
ALST amyotrophic lateral sclerosis 7 ALS2 amyotrophic lateral DPP6 Dipeptidyl-peptidase 6
sclerosis 2 NEFH ncurofilament, heavy PTGS1 prostaglandin- polypeptide endoperoxide
synthase T SLCIAZ solute carrter family | TNFRSFIOB tumor necrosis factor {ghal high
atfinity receptor superfarnily, ghutamate transporter), meraber 10b member 2 PRPH peripherin
HSP9GAATL heat shock protein 90 kDa alpha {cytosolic), class A member | GRIAZ glutamate
receptor, IFNG interferon, gamma ionotropic, AMPA 2 S100B S100 calcium binding FGF2
fibroblast growth factor 2 protein B AOX1 aldehyde oxidase 1 C8 citrate synthase TARDBP
TAR DNA binding protein TXN thioredoxin RAPH1 Ras association MAP3KS mitogen-
activated protein (RalGDS/AF-6) and kinase 5 pleckstrin homology domaius 1 NBEAL1
neurobeachin-like 1 GPX1 ghitathione peroxidase 1 CATL islet cell autoantigen RACT ras-
related C3 botulinum 1.69 kDa-like toxin substrate 1 MAPT microtubule-associated T'TPR2
inosttol 1,4,5- protein tau triphosphate receptor, type 2 ALSZCR4 amyotrophic lateral GLS
glutaminase sclerosis 2 (Juvenile) chromosome region, candidate 4 ALSZCRSE amyotrophic
lateral ONTFR ciliary newrotrophic factor sclerosis 2 (Juvenile) receptor chromosorae region,
candidate 8 ALS2CR11 amyotrophic lateral FOLHI1 folate hydrolase 1 sclerosis 2 (juvenile)
chromosome region, candidate 11 FAMI17B family with sequence PAHB prolyl 4-hydroxylase,
similarity 117, member B beta polypeptide ONTF ciliary neurotrophic factor SQSTMI
sequestosome 1| STRADB STE20-related kinase NAIP NLR family, apoptosis adaptor beta
inhibitory  protein  YWHAQ  tyrosine 3~  SLU33A1  solute  camier  family 33

monooxygenase/tryptoph (acetyl-CoA transporter), an S-monooxygenase momber 1 activation
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protein, theta polypeptide TRAK? trafficking protein, FIG. 4 FIG. 4 hompolog, SACT kinesin
binding 2 hipid phosphatase dorsain containing NIF3L1 NIF3 NGG1 interacting INA interoexin
neuronal factor 3-like 1 intermediate filament protein, alpha PARD3B par-3 partitioning COXEA
cytochrome ¢ oxidase defective 3 homolog B subumit VIHA CDKI1S cychin-dependent kinase
HECW1 HECT, €2 and WW 15 domain containing E3 ubiquitin protetn ligase 1 NOSIT nitric
oxide synthase 1 MET roet proto-oncogene SOD2 superoxide dismutase 2, HSPBI heat shock 27
kDa mitochondrial protein 1 NEFL ncurofilament, light UTSB cathepsin B polypeptide ANG
angiogenin, HSPAR heat shock 70 kDa ribonuclease, RNase A protein 8 fanuly, S VAPB VAMP
{vesicle- ESR1T estrogen receptor 1 associated membrane proteinj-associated protein B and C
SNCA synuclein, alpha HGF hepatocyte growth factor CAT catalase ACTB actin, beta NEFM
neurofilament, medivmn TH tyrosine hydroxylase polypeptide BCLZ B-cell CLE/lyraphoma 2
FAS Fas (TNF receptor superfamily, member 6) CASP3 caspase 3, apoptosis- CLU clusterin
related cysteine peptidase SMIN1 survival of motor ncuron G6PD glucose-6-phosphate 1,
telomeric dehydrogenase BAX BCUL2-associated X HSF1 heat shock transcription protein factor
I RNFI9A ring finger protein 19A JUN jun oncogene ALS2CRIZ amyotrophic lateral HSPAS
heat shock 70 kDa sclerosis 2 (juvenile) protein 5 chromosome region, candidate 12 MAPK 14
mitogen-activated protein 1L10 interleukin 10 kinase 14 APEX1 APEX nuclease TXNRDI
thioredoxin reductase 1 {multifunctional DNA repawr enzyme) 1 NOS2 nitric oxide synthase 2,
TIMP1 TIMP metallopeptidase inducible mnhibitor 1 CASP9 caspasc 9, apoptosis- XIAP X-
linked inhibitor of related cysteine apoptosis peptidase GLGI golgl glycoprotein 1 EPO
erythropoictin VEGFA vascular endothelial ELN clastin growth factor A GDNF ghal cell
derived NFEZL2 nuclear factor {orythroid- neurotrophic factor derived 2)-like 2 SLC6A3 solute
carrier family 6 HSPA4 heat shock 70 kDa (neurotransmitter protein 4 transporter, dopamine),
raember 3 APOE apolipoprotein E PSMBS proteasome (prosome, macropain) subunit, beta type,
8 DCTNT dynactin 1 TIMP3 TIMP roctallopeptidase inhubitor 3 KIFAP3 kinesin-associated
SLCIAT sohute carrier family 1 protein 3 (necuronal/epithelial high affinity glutamate transporter,
systera Xag), oember 1 SMN2 survival of motor neuron CONC cychn C 2, centromeric MPP4
membrane protein, STUBT STIP1 homology and U- palmitoylated 4 box containing protein 1
ALSZ amyloid beta (A4y PRDX6 peroxiredoxin © precursor protein SYP synaptophysin
CABINT  calcineurin  binding protein 1 CASP1  caspase I, apoptosis- GART

phosphoribosylglycinami related cysteine de formyliransterase, peptidase

221



WO 2015/089419 PCT/US2014/070057

phosphoribosylglycinami de synthetase, phosphoribosylaminoimi dazole synthetase CDKS
cyclin-dependent kinase 5 ATXN3 ataxin 3 RTN4 reticulon 4 C1QB compleraent component 1,
q subcomponent, B chain VEGFC nerve growth factor HTT huntingtin receptor PARKYT
Patkinson discase 7 XDH xaothine dehydrogenase GFAP ghal fbrilary acidic MAP2
microtubule-associated protein protein 2 CYCS cytochrome ¢, somatic FCGR3B Fe fragment of
1gG, low affinity Hib, CCS copper chaperone for UBLS ubiguitin-like 5 superoxide dismutase
MMPS matrix metallopeptidase SLLT18A3 sohute carvier family 18 9 ( (vesicular acetylcholine),
mernber 3 TRPM7 transient receptor HSPB2 heat shock 27 kDa potential cation channel, protein
2 subfaroly M, raember 7 AKTT v-akt mwrine thymoma DERLY Derl-lke dowain faraily, viral
oncogenc homolog | member 1 CCL2 chemokine (C--C motif) NGRN neugrin, neurite higand 2
outgrowth associated GSR glutathione reductase TPPP3 tubulin polymerization- promoting
protein family member 3 APAF1 apoptotic peptidase BTBD1¢ BTB (POZ) domain activating
factor 1 containing 10 GLUD glutamate CXCR4 chemokine (C--X--C motif) dehydrogenase 1
receptor 4 SLCTASZ sohute carrier famtly 1 FLTT fms-related tyrosine {ghal high affinity
glutamate transporter), member 3 kinase 1| PONI paraoxonase 1| AR androgen receptor LIF
leukemia ishibitory factor ERBB3 v-erb-b2 erythroblastic lcukemia viral oncogene homolog 3
LGALST lectin, galactoside- CD44 D44 molecule binding, soluble, 1 TP53 tumor protein p33
TLR3 toli-like receptor 3 GRIAT glutamate receptor, GAPDH glyceraldehyde-3- ionotropic,
AMPA 1 phosphate dehydrogenase GRIK 1 glutamate receptor, DES desmin ionotropic, kainate
I CHAT choline acetyltransferase FLT4 fins-related tyrosine kinase 4 CHMPZR chromatin
modifying BAGT BCL2-associated protein 2B athanogene MT3 metallothionein 3 CHRNA4
cholinergic receptor, mnicotinic, alpha 4 GSS  glutathione synthetase BAK!D BCL2-
antagonist/killer 1 KDR kinase insert domain GSTP1 glutathione S-transferase receptor {8 type
fH pt 1 receptor tyrosine kinase) OGGI B-oxoguanine DNA IL6 mterlcukin 6 (interferon,
glycosylase beta 2).

18467] The amimal or cell may comprise 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more disrupted
chromosomal sequences encoding a protein associated with ALS and zevo, 1,2, 3,4, 5,6, 7,8, 9,
10 or more chromosomally integrated sequences encoding the disrupted protein associated with
ALS. Preferred proteins associated with ALS include SOD1 (superoxide dismutase 1), ALS2
{amyotrophic lateral sclerosis 2}, FUS (fused in sarcoma), TARDBP (TAR DNA binding
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protein), VAGFA (vascular endothelial growth factor A), VAGFB (vascular endothelial growth
factor B}, and VAGFC (vascular endothehal growth factor C), and any combination thereof.
18468] Exampics of proteins associated with prion discases may include SOD1 (superoxide
dismutase 1), ALS2 (amyotrophic lateral sclerosis 23, FUS (fused in sarcoma), TARDBP (TAR
IDNA binding protein), VAGFA (vascular endothelial growth factor A), VAGFB (vascular
cndothelial growth factor B), and VAGFC (vascular endothehal growth factor ), and any
combination thereof.

{8469} Exaropics of proteins related to ncurodegencrative conditions in prion disorders may
include A2M (Alpha-2-Macroglobulin), AATF {Apoptosis antagonmzing transcription facior),
ACPP (Acid phosphatase prostate), ACTAZ2 (Actin alpha 2 smooth muscle aorta), ADAM22
{ADAM metallopeptidase domain), ADORAZ {(Adenosine A3 receptor), or ADRAID (Alpha-1D
adrenergic receptor for Alpha-1D adrenoreceptor), for example.

{8478} Exaropics of proteins associated with Inmunodeficioncy may include A2M [alpha-2-
macroglobulinl, AANAT [arylalkylamine N-acetyltransferase]; ABCAT [ATP-binding cassette,
sub-family A (ABC1), member 1], ABCAZ [ATP-binding cassctte, sub-famuly A {(ABC1),
member 21, or ABCA3 [ATP-binding cassette, sub-family A (ABC1), member 31; for example.
{8471} Exampics of proteins associated with Trinucleotide Repeat Disorders include AR
{androgen receptor), FMRI1 (fragie X wmeotal retardation 1), HTT (huntingtin), or DMPK
{dystrophia myotonica-protein kinase}, FXN {(frataxin}, ATXNZ (ataxin 2), for cxample.

184721 Examples of protemns associated with Neurotransmission Disorders include S8ST
{somatostating, NOST {nitric oxide synthase 1 {neuronal}), ADRAZA (adrenergic, alpha-ZA-,
receptor), ADRAZC (adrencrgic, alpha-2C-, receptor), TACRI (tachykinin receptor 1), or
HTR2c¢ (5-hydroxytryptamine (serotonin) receptor 2C), for example.

{3473} Examples of neurodevelopmental-associated sequences inchude AZBP1 [ataxin 2-binding
protein 1], AADAT [anunoadipate ammnotransferase], AANAT [arylalkylamine N-
acetyltransferase], ABAT {4-aminobutyrate aminotransferasc], ABCA1 [ATP-binding cassette,
sub-family A (ABC1), member 1], or ABCAI3 [ATP-binding cassette, sub-farmily A (ABC1),
member 13], for example.

18474} Further exaroplcs of preferred conditions treatable with the present system include may
be selected from: Aicardi-Gouticres Syndrome; Alexander Ddsecase; Allan-Herndon-Dudley

Syndrome; POLG-Related Disorders; Alpha-Mannosidosis (Type H and ), Alstrém Syndrome;
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Angelman; Syndrome; Ataxia-Telangiectasia;  Neuronal Ceroid-Lipofuscinoses;  Beta-
Thalasserma; Bilateral Optic Atrophy and (Infantile) Optic Awrophy Type 1, Retinoblastorna
{(bilateral); Canavan  Discase;  Cerebrooculofacioskeletal  Syndrome 1 [COFS1Y;
Cerebrotendinous Xanthoroatosis; Coroclia de Lange Syndrormue; MAPT-Related Disorders;
Genetic Prion Dhseases; Dravet Syndrome; Early-Unset Familial Alzheimer Disease; Friedreich
Ataxia [FRDAY;, Fryns Syndrome; Fucosidosis; Fukuyama Congenital Muscular Dystrophy;
Galactosialidosis; Gaucher Disease; Organic Acidemias; Hemophagocvtic Lymphohistiocytosis;
Hutchinson-Gilford Progeria Syndrorae; Mucolipidosis II; Infastile Free Sialic Acid Storage
Discase, PLAZG6-Associated Newrodegeneration; Jervell and  Lange-Nielsen Syndrome;
Junctional Epidermolysis  Bullosa; Huntington Disease; Krabbe Disease (Infantile);
Mitochondrial DNA-Associated Leigh Syndrome and NARP; Lesch-Nyhan Syndrome; LIST-
Assoctated Lissencephaly; Lowe Syndrome; Maple Syrup Urine Disease; MECP2 Duplication
Syndrome; ATP7A-Related Copper Transport Disorders; LAMAZ2-Related Muscular Dystrophy;
Arylsulfatase A Deficiency; Mucopolysaccharidosis Types §, 1T or IHf; Peroxisome Biogenesis
Disorders, Zellweger Syndrorae Spectrum; Newrodegeneration with Brain ron Accumulation
Disorders; Acid Sphingomyelinase Deficiency; Niemann-Pick Disease Type €; Glycine
Encephalopathy; ARX-Related Disorders; Urea Cycle Disorders; COL1A1/2-Related
Osteogenesis Imperfecta; Muochondrial DNA Deletion Syndromes; PLP1-Related Disorders;
Perry Syndrome; Phelan-McDermid Syndrome; Glycogen Storage Disecase Type U (Pompe
Discase) (Infantile); MAPT-Related Disorders; MECP2-Related Disorders; Rhizomelic
Chondrodysplasia Punctata Type 1; Roberts Syndrome; Sandhott Disease; Schindler Disease -
Type 1, Adcnosine Deaminase Deficiency; Smith-Lemli-Opitz Syndrome; Spinal Muscular
Atrophy, Infantile-Cuset Spinocerebellar Ataxia, Hexosaminidase A Deficiency; Thanatophoric
Dysplasia Type 1; Collagen Type Vi-Related Disorders; Usher Syndrome Type I, Congenital
Muscular Dystrophy; Wolf-Hirschhorn Syndrore; Lysosomal Acid Lipase Deficiency; and
Xeroderma Pigmentosum.

{8475] As will be apparent, it 1s envisaged that the present systern can be used to target any
polymucleotide sequence of interest. Some examples of conditions or discascs that might be
uschirlly treated using the present systern are included in the Tables above and exaroples of genes
currently assoctated with those conditions are also provided there. However, the genes

exemplified arc not exhaustive.
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{#476] For example, “wild type StCas®” refers to wild type Cas9 from S thermophilus, the
protein sequence of which is given in the SwissProt database under accession number G3ECRL
Similarly, S pyogenes Cas9 is included in SwissProt under accession mumber Q992W2.

{6477} The ability to use CRISPR-Cas systerns to perform efficient and cost effective gene
editing and manipulation will allow the rapid selection and comparison of single and and
roultiplexed genetic manipulations to transform such genomes for iraproved production and
enhanced traits. The CRISPR-cas system may be expressed in plants with a tobacco mosaic
virus-derived system or an Agrobacterium T1 or Ri plasroid. In this regard reference 1s made fo
US patents and publications: US Patent No. 6,603,061 - Agrobacteriurn-Mediated Plant
Transformation Method; US Patent No. 7,868,149 - Plant Genome Sequences and Uses Thereof
and US 2009/0100536 - Transgeunic Plants with Evhanced Agronomic Traits, all the contents and
disclosure of ecach of which arc herein incorporated by reference in their entirety. In the practice
of the invention, the contents and disclosure of Morrell et al “Crop genomics:advances and
applications” Nat Rev Genet. 2011 Dec 29;13(2):85-96 are also herein incorporated by reference

in their entirety.
EXAMPLES

{8478} The following examples are given for the purpose of illustrating various embodiments of
the invention and arc not meant to limit the present invention in any fashion. The present
examples, along with the methods described heretn are presently representative of preferred
embodiments, are exemplary, and are not intended as limitations on the scope of the invention.
Changes therein and other uses which are encompassed within the spirit of the invention as

defined by the scope of the claims will occur to those skilled in the art.
Example I: CRISPR Complex Activity in the Nucleus of a Eukaryotic Celi

18479} An example type H CRISPR system is the type I CRISPR locus from Streprococcus
pyogenes SFI70, which contains a claster of four genes Cas9, Casl, Cas2, and Csnl, as well as
two non-coding RNA clements, tractRNA and a characteristic array of repetitive sequences
{dircct repeats) interspaced by short stretches of non-repetitive sequences {spacers, about 30bp
cach). In this system, targeted DNA double-strand break (DSB) is generated in four sequential
steps (Fig. 2A).  Fust, two non-coding RNAs, the pre-orRNA array and tracrRNA, are

transcribed from the CRISPR locus. Second, tracrRNA hybridizes to the direct repeats of pre-
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crRNA, which is then processed into mature crRNAs containing individual spacer sequences.
Third, the mature crRNA:tracrRNA complex directs Cas9 to the DNA target cousisting of the
protospacer and the corresponding PAM via heteroduplex formation between the spacer region
of the ¢rRNA and the protospacer DNA. Finally, Cas9 wmediates cleavage of target DNA
upstream of PAM to create a DSB within the protospacer (Fig. 2A). This example describes an
example process for adapting this RNA-programmable nuclease systern to direct CRISPR

complex activity in the nuclei of eukaryotic cells.

Cell culture and transfection

{#488] Human cmbryonic kidney (HEK) cell line HEK 293FT (Life Technologies) was
raintained in Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (HyClone), 2mM GhitaMAX (Life Techneologics), 100U/mL penicillin, and
100pg/mL streptomycin at 37°C with 5% CO; incubation. Mouse ncuro2A (N2A) cell hine
{ATCC) was maintained with DMEM supplemented with 5% fetal bovine serum (HyClone),
2rmM GlutaMAX (Life Technologies), 100U/mL penicillin, and 100ug/ml streptomycin at 37°C
with 5% C0s.

{0481} HEK 293FT or N2A cells were sceded into 24-well plates (Corning) one day prior to
transfection at a density of 200,000 cells per well. Cells were transtected using Lipofectamine
2000 (Life Technologics) following the manufacturer’s recommended protocol. For cach well of

a 24-well plate a total of 800ug of plasmids were used.

Survevor assav and sequencing analysis for genome modification

{G482] HEK 293FT or NZA cells were transfected with plasmid DNA as described above. After
transfection, the cells were incubated at 37°C for 72 hours before genomic DNA extraction.
Genomic DNA was extracted using the QuickBExtract DNA extraction kit (Epicentre) following
the manufacturer’s protocol.  Briefly, cells were resuspended in QuickExtract solution and
incubated at 65°C for 15 wnutes and 98°C for 10 munutes. Exiracted genomic DNA was
immediately processed or stored at ~20°C.

{3483} The genomic region surrounding a CRISPR target site for cach gene was PCR amplified,
and products were purified using (Malluick Spin Column (Qiagen) following manufacturer’s
protocol. A total of 400ng of the puritied PCR products were mixed with 2ul 10X Tag

polymerase PCR buffer (Enzymatics) and ultrapure water to a final volume of 20ul, and
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subjected to a re-annealing process to cnable heteroduplex formation: 95°C for [0min, 95°C to
85°C ramping at — 2°C/s, 85°C to 25°C at — 0.25°C/s, and 25°C hold for 1 minute. After re-
annealing, products were treated with Surveyor nuclease and Surveyor enhancer S
{Transgenomics) following the manufacturer’s recoromended protocol, and analyzed on 4-20%
Novex TBE poly-acrvlamide gels (Life Technologies). Gels were stained with SYBR Gold
DNA stain {Life Technologies) for 30 minutes and imaged with a Gel Doc gel imaging system
{Bio-rad}. (Quantification was based on relative band intensities, as a measure of the fraction of
cleaved DNA. Fig. 7 provides a schermatic illustration of this Surveyor assay.

{3484} Restriction  fragment  length  polyrsorphism  assay  for detection of homologous
recombination.

[34858] HEK 293FT and N2A cells were transfected with plasrmid BDNA, and incubated at 37°C
for 72 hours before genomic DNA extraction as described above. The target genomic region was
PCR amplified using primers outside the homology arras of the homologous recombination (HR)
template. PCR producis were separated on a 1% agarose gel and extracted with MinElute
GelExtraction Kit (Qiagen). Purified products were digested with Hindll (Fermentas) and

analyzed on a 6% Novex TBE poly-acrylamide gel (Life Technologies).

RNA secondary structure prediction and analvsis

{(#486] RNA secondary structure prediction was performed using the online webserver RNAfold
developed at Institute for Theoretical Chemisiry at the Urnuversity of Vienna, using the centroid
structure prediction algorithm (see e.g. AR, Gruber et al,, 2008, Celi 106(1y: 23-24; and PA Carr

and GM Church, 2009, Nature Biotechnology 27(12): 1151-62).

RNA nurification

{34871 HEK 293FT cells were maintained and transfected as stated above. Cells were harvested
by trypsinization followed by washing in phosphate buffered saline (PBS). Total cell RNA was
extracted with TRI reageot (Sigma) following manufacturer’s protocol.  Extracted fotal RNA

was quantified using Naonodrop {Thermo Scientific) and normalized to same concentration.

Northern blot analysis of orRNA and tracrRNA expression in mammahian oclls

{#488] RNAs were mixed with cqual volumes of 2X loading bufter (Ambion), heated to 95°C

for 5 min, chilled on ice for T min, and then loaded onto 8% denaturing polyacrylamide gels



WO 2015/089419 PCT/US2014/070057

{SequaGel, National Diagnostics) after pre-running the gel for at least 30 minutes. The samples
were clectrophoresed for 1.5 hours at 40W himit.  Afierwards, the RNA was transferred to
Hybond N+ membrane (GE Healthcare) at 300 mA in a semi-dry transfer apparatus (Bio-rad) at
root temperature for 1.5 hours. The RNA was crossiinked to the membrane using autocrosshink
button on Stratagene UV Crosslinker the Stratalinker (Stratagenc). The membrane was pre-
hybridized in ULTRAhyb-Oligo Hybridization Buffor (Ambion) for 30 min with rotation at
42°C, and probes were then added and hybridized overnight. Probes were ordered from IDT and
labeled with [gamma-""P] ATP (Perkin Elmer) with T4 polynucleotide kinase (New England
Biolabs). The membrane was washed once with pre-warmed (42°C) 2xSSC, 0.5% SDS for |
min followed by two 30 minute washes at 42°C. The membrane was exposed to & phosphor
screen for one hour or overnight at room temperature and then scanned with a phosphorimager

{Typhoon).

Bacterial CRISPR svstem construction and evaluation

{(#489] CRISPR locus clements, including tractRNA, Cas?9, and leader were PCR amplified from
Streptocaccus pyogenes SF370 genomic DNA with flanking homology arms for Gibson
Asserably. Two Bsal type 1S sites were introduced in between two direct repeats to facilitate
easy insertion of spacers (Fig. 8). PCR products were cloned into EcoRV-digested pACYC184
downstream of the tet promoter using Gibson Assernbly Master Mix (NEB). Gther endogenous
CRISPR system clernents were ornttted, with the exception of the last 50bp of Csn2. Oligos
{Integrated DNA Technology) encoding spacers with coroplimentary overhangs were cloned into
the Bsal-digested vector pDCO00 (NEB) and then ligated with T7 ligase (Enzymatics) to
generate pCRISPR plasmids. Challenge plasmuds coutaining spacers with PAM

{(#498] cxpression in mammalian cells (expression constructs illustrated in Fig. 6A, with
functionality as determined by results of the Surveyor assay shown in Fig. 6B). Transeription
start sites are marked as +1, and transcription terminator and the sequence probed by northern
blot arc also indicated. Expression of processed tractRNA was also confirmed by Northern blot,
Fig. 6C shows results of a Northern blot analysis of total RNA extracted from 293FT cells
transfected with U6 cxpression constructs carrying long or short tracrRNA, as well as SpCas9
and DR-EMXI(1)-DR. Left and right panels are from 293FT cells transtected without or with

SpRNase I, respectively. U6 indicate loading control blotted with a probe targeting human U6
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snRNA. Transfection of the short tracrRNA expression construct led to abundant levels of the
processed form of tracrRNA (~7Sbp). Very low amounts of loog tracrRNA are detected on the
Northern blot.

{8491} To promote precise transcriptional indtiation, the RNA polymerase Hl-based U6 promote
was selected to drive the expression of tracrRNA (Fig. 2C). Sumilarly, a U6 promoter-based
construct was developed to express a pre-ctRNA array consisting of a single spacer flanked by
two direct repeats {DRs, also encompassed by the term “tracr-mate sequences’™;, Fig. 2C)y. The
initial spacer was designed to target a 33-base-pair (bp) target site {30-bp protospacer plus a 3-bp
CRISPR motif (PAM) sequence satistying the NGG recognition motif of Cas9) in the human
EMX{ locus (Fig. 20), a key gene in the development of the cerebral cortex.

18492} To test whether heterologous expression of the CRISPR systern (SpCas9, SpRNase i,
tractRINA, and pre-ctRNA) in mammalian cells can achicve targeted cleavage of mammalian
chromosomes, HEK 293FT cells were transfected with combinations of CRISPR components.
Since DSBs in mammalian nuclel are partially repaired by the non-homologous end joining
{(WNHEJ} pathway, which leads to the formation of indels, the Surveyor assay was used to detect
potential cleavage activity at the target EMX! locus {Fig. 7) (see e.g. Guschin ef af, 2010,
Methods Mol Biol 649: 247). Co-transfection of all four CRISPR components was able to
induce up to 5.0% cleavage m the protospacer (see Fig. 2D). Co-transfection of all CRISPR
components minus SpRINase [H also induced up to 4.7% indel in the protospacer; there may be
cndogenous marmalian RNases that are capable of assisting with crRNA maturation, such as for
example the related Dicer and Drosha enzymes. Removing any of the remaining three
components abolished the genome cleavage activity of the CRISPR system (Fig. 2D). Sanger
sequencing of amplicons containing the target locus verified the cleavage activity: in 43
sequenced clones, 5 mutated alleles (11.6%) were found. Similar experiments using a variety of
guide sequences produced indel percentages as high as 29% (see Figs. 3-6, 10, and 11). These
results define a three-component system for efficient CRISPR-mediated genome modification in
maralian cells. To optuvize the cleavage efficiency, Applicauts also tested whether different
isoforms of tracrRNA affected the cleavage cfficiency and found that, in this example system,
only the short {(89-bp) transcript form was able to mediate cleavage of the human ZMXT genomic

locus (Fig. 6B).
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{(#493] Fig. 12 provides an additional Northern blot analysis of crRNA processing in mammalian
cells. Fig. 12A illustrates a scheomatic showing the expression vector for a single spacer flanked
by two direct repeats {DR-EMXI1{1}-DR). The 30bp spacer targeting the human EMX1 locus
protospacer 1 (see Fig. 6) and the direct repeat sequences are shown in the sequence beneath Fig.
1ZA. The line indicates the region whose reverse-complement sequence was used to generate
Northern blot probes for EMXI(1) crRNA detection. Fig. 12B shows a Northern blot analysis of
total RNA extracted from 293FT cells transfected with U6 expression constructs carrying DR~
EMXI1(1)}-DR. Left and right panels are from 293FT cells transfected without or with SpRNase
I respectively. DR-EMX1{(1)}-DR was processed mto mature crRNAs only in the presence of
SpCasY and short tractRNA and was not dependent on the presence of SpRNase HI. The mature
ctRNA detected frovo transfected 293FT total RNA is ~33bp and 1s shorter than the 39-42bp
mature crRNA from S. pyogenes. These resuits demonstrate that a CRISPR system can be
transplanted into cukaryotic cells and reprograrmmmed to facilitate cleavage of endogenous
mammalian target polynucleotides.

{3494} Fig. 2 illustrates the bacterial CRISPR system described in this cxample. Fig. 2ZA
illustrates a schematic showing the CRISPR locus 1 from Strepfococcus pyogenes SF370 and a
proposed mechanism of CRISPR-mediated DNA cleavage by this system. Mature crRNA
processed from the ditect repeat-spacer array directs Cas9 fo genomic targets consisting of
complimentary protospacers and a protospacer-adjacent motif (PAM). Upon target-spacer base
pairing, Cas9 mediates a double-strand break 1o the farget DNA. Fig. 2B illustrates engineering
of 8. pvogenes Cas® {(SpCasS) and RNase HIE (SpRNase HI) with nuclear localization signals
(NLSs) to cnable iraport into the marmmalian nucleus. Fig. 2C illustrates mammalian expression
of SpCasS and SpRNase Ul driven by the coustitutive EFla promoter and traceRNA and pre-
crRNA array (DR-Spacer-DR) driven by the RNA Pold promoter U6 to promote precise
transcription initiation and termination. A protospacer from the human EMXT locus with a
satisfactory PAM sequence is used as the spacer in the pre-crRNA array. Fig. 2D illustrates
surveyor nuclease assay for SpCas@-mediated minor insertions and deletions.  SpCas9 was
expressed with and without SpRNase HE, tractRNA, and a pre-crRNA array carrying the EMXT -
target spacer. Fig. 2E illustrates a schematic representation of base pairing between target locus
and EMX/-targeting crRNA, as well as an example chromatogram showing a micro deletion

adjacent to the SpCas9 cleavage site.  Fig. 2F illustrates mutated alleles identified from
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sequencing analysis of 43 clonal amplicons showing a variety of micro inscrtions and deletions.
Dashes indicate deleted bases, and non-aligned or mismatched bases indicate insertions or
mutations. Scale bar = 10um.

[6495] To further sivophfy the three-component system, a chimeric crRNA-~tractRNA hybrid
design was adapted, where a mature ctRNA {comprising a guide sequence} may be fused to a
partial tractRNA via a stem-loop to mimic the natural ceRNA tracrRNA duplex. To increase ¢o-
delivery efficiency, a bicistronic expression vector was created to drive co-expression of a
chimeric RNA and SpCas9 in transfected cells. In parallel, the bicistronic vectors were used to
express a pre-erRNA (DR-guide sequence-DR)Y with SpCas9, to induce processing into crRNA
with a scparately expressed tracrRNA {(compare Fig. 11B top and bottom). Fig. 8 provides
schematic tllustrations of bicistronic expression vectors for pre-crRNA array (Figure 8A) or
chimeric crRNA (represented by the short line downstream of the guide sequence insertion site
and upstrcam of the EFla promoter in Fig. 8B) with hSpCas9, showing location of various
clements and the point of guide sequence insertion. The expanded sequence around the location
of the guide sequence inseriion site m Fig. 8B also shows a partial DR sequence
(GTTTAGAGCTA) and a partial tractRNA sequence
(TAGCAAGTTAAAATAAGGCTAGTCCGTTTTT). Guide sequences can be inserted between
Bbsl sites using annealed oligonucleotides. Sequence design for the oligonucleotides are shown
below the schematic illustrations in Fig. &, with appropriate ligation adapters indicated. WPRE
represents the Woodchuck hepatitis virus post-transcriptional regulatory eleroent. The efficiency
of chimeric RNA-mediated cleavage was tested by targeting the same £MX/ locus described
above. Using both Surveyor assay and Sanger sequencing of amplicons, Applicants confirmed
that the chimeric RNA design facilitates cleavage of human ZMXY locus with approximately a
4.7% modification rate (Fig. 3).

18496} Generalizability of CRISPR-roediated cleavage n eukaryotic cells was tested by targeting
additional genomic loci in both human and mouse cells by designing chimeric RNA targeting
multiple sites in the human ZMXT and PVALR, as well as the mouse 7h loci. Fig. 13 illustrates
the selection of some additional targeted protospacers in human PVALE (Fig. 13A) and mouse
Th (Fig. 13B) loct. Schematics of the gene loci and the location of three protospacers within the
last exon of each are provided. The underlined sequences inchude 30bp of protospacer sequence

and 3bp at the 37 end corresponding to the PAM sequences. Protospacers on the scuse and anti-
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sense strands are indicated above and below the DNA sequences, respectively. A modification
rate of 6.3% and 0.75% was achieved for the bursan PVALE and mouse Th loci respectively,
demonstrating the broad applicability of the CRISPR systemn in modifying different loci across
multiple organisms (Fig. 5). While cleavage was only detected with one out of three spacers for
each locus using the chimeric constructs, all target sequences were cleaved with efficiency of
indel production reaching 27% when using the co-expressed pre-crRNA arrangeraent (Figs. 6
and 13},

{8497} Fig. 11 provides a further iHustration that SpCas9 can be reprogrammed fo target multiple
genomic loct 1o maroroalian cells. Fig. 11A provides a schematic of the human EMXT locus
showing the location of five protospacers, indicated by the underlined sequences. Fig. 11B
provides a schematic of the pre-crBNA/irerRNA coroplex showing hybridization between the
direct repeat region of the pre-ctRINA and tracrRNA (top), and a schematic of a chimeric RNA
design comprising a 20bp guide sequence, and tracr mate and tracr sequences consisting of
partial direct repeat and tractRNA sequences hybridized in a hairpin structure (bottom). Results
of a Surveyor assay comparing the efficacy of Cas9-mediated cleavage at five protospacers in the
haman EMXT locus is illustrated m Fig. 1IC.  Each protospacer is targeted using either
processed pre-crRNA/tractRNA complex (crRNA) or chimeric RNA (chiRNA).

[#498] Since the secondary structure of RNA can be crucial for intermolecular interactions, a
structure prediction algorithm based on minimum free energy and Boltzmann-weighted structure
cosermble was used to compare the putative secondary structure of all guide sequences used in
the genome targeting experiment {see e.g. Gruber ef af, 2008, Nucleic Acids Research, 36:
W70). Aunalysis revealed that in most cases, the effective guide sequences in the chimeric
crRNA context were substantially free of secondary structure motifs, whereas the ineffective
guide sequences were more likely to form internal secondary structures that could prevent base
pairing with the target protospacer DNA. It is thus possible that variability in the spacer
secondary structure might impact the efficiency of CRISPR-mediated interference when using a
chimeric ¢rRNA.,

{#499] Further vector designs for SpCas® are shown in Fig. 19, which illustrates single
expression vectors incorporating a Ub promoter linked o an insertion stte for a guide oligo, and
a Cbh promoter linked to SpCas® coding sequence. The vector shown in Fig. 19b includes a

iractRINA coding scquence linked to an H1 promoter,
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{#508] In the bacterial assay, all spacers facilitated efficient CRISPR interference {Fig. 30).
These results suggest that there roay be additional factors affecting the efficiency of CRISPR
activity in mammalian cells.

{6301] To 1ovestigate the specificity of CRISPR-wediated cleavage, the effect of single-
nucleotide mutations in the guide sequence on protospacer cleavage in the mammalian genome
was analyzed using a scries of FMX/-targeting chimernic ¢rRNAs with single point mutations
(Fig. 3A). Fig. 3B illustrates results of a Surveyor nuclease assay comparing the cleavage
efficiency of Cas9 when paired with different mutant chimeric RNAs, Single-base misrateh up
to 12-bp 57 of the PAM substautially abrogated genomic cleavage by SpCas9, whereas spacers
with mutations at farther upstream positions retained activity against the original protospacer
target (Fig. 3B). In addition to the PAM, SpCas9 has single-base specificity within the last 12-
bp of the spacer. Furthermore, CRISPR is able to mediate genomic cleavage as efficiently as a
pair of TALE nucleases (TALEN) targeting the same EMXU protospacer. Fig. 3C provides g
schematic showing the design of TALENS targeting EAXY, and Fig. 3D shows a Surveyor gel
comparing the efficiency of TALEN and Cas9 (n=3}.

{85021 Having established a set of components for achieving CRISPR-mediated gene editing in
maminalian cells through the error-prone NHEJ mechanism, the ability of CRISPR to stimulate
homologous recombination (HR), a high fidelity gene repair pathway for waaking precise edits in
the genome, was tested. The wild type SpCas? is able to mediate site-specific DSBs, which can
be repaired through both NHEJ and HR. In addition, av aspartate-to-alanine substitution (D10A)
in the Ruv( [ catalytic domain of SpCas® was engincered to convert the nuclease into a nickase
{SpCasOn; iHustrated n Fig. 4A) (sec e.¢. Sapranausaks er al,, 2011, Nucleic Acids Resch, 39:
8275, Gasiunas et af., 2012, Proc. Natl, Acad. Sci. USA, 109:E2579), such that nicked genomic
DNA undergoes the high-fidelity homology-directed repatr (HDR). Surveyor assay confirmed
that SpCasOn does not generate indels at the EMXAT protospacer target. As llusirated in Fig. 48,
co-expression of EMX-targeting chimeric crRNA with SpCas9 produced indels in the target
sife, whereas co-expression with SpCasOn did not (n=3). Moreover, sequenciung of 327
amplicons did not detect any indels induced by SpCas9n. The same locus was selected to test
CRISPR-mediated HR by co-transfecting HEK 293FT cells with the chimeric RNA targeting
RN, bSpCTasY or hSpCasOn, as well as a HR template to introduce a pair of restriction sifes

(HindIl and NAhel) ncar the protospacer. Fig. 4C provides a schematic illustration of the HR
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strategy, with relative locations of recombination points and primer annealing sequences
{arrows). SpCas9 and SpCas9n indeed catalyzed integration of the HR template into the EALXT
locus. PCR amplification of the target region followed by restriction digest with HindHl
revealed cleavage products corresponding to expected fragment sizes {arrows n restriction
fragment length polymorphism gel analysis shown in Fig. 4D), with SpCas9 and SpCasSn
mediating simular levels of HR efficiencics.  Applicants further verified HR using Sanger
sequencing of genomic amplicons (Fig. 4E). These results demonstrate the utidity of CRISPR for
facilitating targeted gene insertion in the mammahan genome. Given the 14-bp (12-bp frora the
spacer and 2-bp from the PAM) target specificity of the wild type SpCas9, the availability of a
nickase can significantly reduce the likelihood of off-target modifications, since single strand
breaks are not substrates for the error-prone NHEJ pathway.

18303} Expression constructs pumicking the natural architecture of CRISPR loct with arrayed
spacers (Fig. 2A) were constructed o test the possibility of roultiplexed sequence targeting.
Using a single CRISPR array encoding a pair of EMX/- and PVALB-targeting spacers, efficient
cleavage at both loct was detected (Fig. 4F, showing both a schematic design of the ctRNA array
and a Surveyor blot showing efficient mediation of cleavage). Targeted deletion of larger
genomic regions through concurrent DSBs using spacers against two targets within £MX/
spaced by 119bp was also tested, and a 1.6% deletion efficacy (3 out of 182 amplicons; Fig. 4G)
was detected.  This demonstrates that the CRISPR systern can mediate multiplexed editing
within a single genome.

“~

Example 2: CRISPR system modifications and alternatives

{#584] The ability to use RNA to program sequence-specific DNA cleavage defines a new class
of genore enginecring tools for a variety of rescarch and industrial apphications. Several aspects
of the CRISPR systern can be further wmproved to increase the efficiency and vewsatility of
CRISPR targeting. Optimal Cas9 activity may depend on the availability of free Mg™" at levels
higher than that present n the wammalian mucleus (see e.g. Jinek er ¢f., 2012, Science, 337:816),
and the preference for an NGG motif immediately downstream of the protospacer restricts the
ability to target on average every 12-bp in the huraan genome (Fig. 9, evaluating both plus and
minus strands of human chromosomal sequences). Some of these constraints can be overcome
by exploring the diversity of CRISPR loct across the microbial metagenome (see ¢.g. Makarova

et al, 2011, Nat Rev Microbiol, 9:467). Other CRISPR loci may be transplanted into the
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mammalian cellular milicu by a process similar to that described in Example 1. For example,
Fig. 10 dlustrates adaptation of the Type II CRISPR system from CRISPR 1 of Streptococcus
thermophilus LMD-9 for heterologous cxpression in mammalian cells to achieve CRISPR-
mediated genome editing.  Fig. 10A provides a Schematic illustration of CRISPR 1 from &
thermophilus IMB-8. Figure 10B illustrates the design of an expression system for the 8
thermophifus CRISPR system.  Human codon-optimized A51Cas9 18 expressed using a
constitutive EFla promoter. Mature versions of tracrRNA and crRNA are expressed using the
U6 promoter to promote precise transcription mitiation. Sequences frorn the mature ¢crRNA and
tractRNA are illustrated. A single base ndicated by the lower case “a” in the crRNA sequence is
used o remove the polyl sequence, which serves as a RNA pollll transcriptional terminator.
Fig. 10C provides a schematic showing guide sequences targeting the human FMXT locus. Fig.
10D shows the results of hStCas%-mediated cleavage in the target locus using the Surveyor
assay. RNA guide spacers | and 2 induced 14% and 6.4%, respectively. Statistical analysis of
cleavage activity across biological replica at these two protospacer sites is also provided in Fig.
S. Fig. 14 provides a schematic of additional protospacer and corresponding PAM sequence
targets of the S thermophilus CRISPR system in the human EMXT locus. Two protospacer
sequences are highlighted and their corresponding PAM sequences satisfying NNAGAAW motif
are indicated by underlining 3 with respect to the corresponding highlighted sequence. Both

protospacers target the anti-sense strand.
Example 3: Cas¥ diversity

{8305] The CRISPR-Cas systern 1s an adaptive imroune mechanism against invading exogenous
DNA employed by diverse species across bacteria and archaca. The type 1T CRISPR-Cas9
systemt consists of a set of genes encoding proteins responsible for the “acquisition” of foreign
DNA into the CRISPR locus, as well as a set of genes encoding the “execution” of the DNA
cleavage mechanism; these inchide the DNA nuclease {Cas9), a non-coding transactivating cr-
RNA {tracrRNA), and an array of foreign DNA-derived spacers flanked by divect repeats
{ctRINAs). Upon maturation by Cas9, the tracRNA and crRNA duplex guide the Cas? nuclease
to a target DNA sequence specified by the spacer guide sequences, and mediates double-stranded
breaks in the DNA near a short sequence motif in the target DNA that is required for cleavage
and specific to cach CRISPR-Cas system. The type I CRISPR-Cas systems arce found

throughout the bacterial kingdom and highly diverse in in Cas® protein sequence and size,

23

¥4



WO 2015/089419 PCT/US2014/070057

tractRNA and crRNA direct repeat sequence, genome organization of these elements, and the
rotif requireraent for target cleavage. One species may have multiple distinet CRISPR-Cas
systerns.

{6306} Applicants evaluated 207 putative Cas9s from bacterial species identified based on
sequence homology to known Cas9s and structures orthologous to known subdomains, including
the HNH endonuclease domain and the RuvC endonuclease domains [information from the
Eugene Koonin and Kira Makarova]. Phylogenetic analysis based on the protein sequence
conscrvation of this sct revealed five farnilies of Cas9s, including three groups of large CasOs
{(~1400 amino acids) and two of small Cas9s (~1100 amino acids) (see Figs. 16 and 17A-F).
{¢5687] Further details of Cas9s and mutations of the Cas9 enzyme to convert into a nickase or
DNA binding protein and use of same with altered functionality can be found in U.S. application
Sertal Nos 61/836,101 and 61/835,936 {Attorney docket 44790.0%.2022 and 47%0.07.2022 and
Broad Reference BI-2013/004E and BI-2013/004F reospectively) incorporated herein by
reference.

Example 4: Cas9 orthologs

[8508] Applicants analyzed Cas9 orthologs to identify the relevant PAM sequences and the
corresponding chimeric guide RNA. Having an expanded set of PAMs provides broader
targeting across the genome and also significantly increases the nurnber of unique target sites and
provides potential for identifying novel Cas9s with increased levels of specificity in the genome.
{8509} The specificity of Cas9 orthologs can be evaluated by testing the ability of cach Cas9 to
tolerate mismatches between the guide RNA and its DNA target. For example, the specificity of
SpCasY has been characterized by testing the cffect of mutations in the guide RNA on cleavage
efficiency. Libraries of guide RNAs were made with single or multiple mismatches between the
guide sequence and the target DNA. Based on these findings, target sites for SpCas9 can be
selected based on the following guidelines:

18518} To maximize Splas9 specificity for editing a particular gene, one should choose a target
site within the locus of interest such that potential ‘off-target’ genomic sequences abide by the
following four constraints: First and foremost, they should not be followed by a PAM with either
S-NGG or NAG sequences. Sccond, their global sequence simtlarity to the target sequence

should be minmimized. Third, a maximal number of mismatches shouid lic within the PAM-
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proximal region of the off-target site. Finally, a maximal number of mismatches should be
counsecutive or spaced less than four bases apart.

18511} Similar methods can be used to evaluate the specificity of other Cas9 orthologs and to
establish criteria for the selection of specific target sites within the genomes of target species. As
mentioned previously phylogenetic analysis based on the protein sequence conservation of this
set revealed five families of Cas9s, ncluding three groups of large Cas9s (~1400 amino acids)
and two of small Cas%s (~1100 amino acidsy (see Figs. 16 and 17A-F). Further details on Cas
orthologs can be found m U.S. application Serial Nos 61/836,101 and 61/835,936 (Attorney
docket 44790.09.2022 and 4790.07.2022 and Broad Reference BI-2013/004E and BI-2013/004F
respectively) incorporated herein by reference.

Example 5: Methodological improvement to simplify cloning and defivery.

18512} Rather than encoding the U6-promoter and guide RNA on a plasmid, Applicants
amplified the U6 promoter with a DNA oligo to add on the guide RNA. The resulting PCR
product may be transfected into cells to drive expression of the guide RNA.

{3513} Example primer pawr that allows the gencration a PCR product consisting of Ut
promoter:guideRNA targeting human Emx1 locus:

18514} Forward Primer: AAACTCTAGAgagggcctatticcoatgatic

{6315} Reverse  Prumer  {(carrying the guide RNA, which s uoderdined):
acctetagAAAAAAAGCACCGACTCGUTGCCACTTTTTCAAGTTGATAACGGACTAGC
CTTATTTTAACTTGCTATGCTGTTTTOTTTICCAAAACAGCATAGUTCTAAAACCCC
TAGTCATTGOAGGTGACGGTGTTTCOTCCTTTCCA  aag

Example 6: Methodological improvement to improve activity:

{#516] Rather than use pol3 promoters, in particular RNA polymerase HI {e.g. U6 or HI
promoters), to express guide RNAs in cukaryotic cells, Applicants express the T7 polymerase in
cukaryotic cells to drive expression of guide RNAs using the T7 promoter.

18517} Onc example of this system may involve introduction of three pieces of DNA:

1. expression vector for Cas9

by

expression vector for T7 polymerase
3. expression vector containing guideRNA fused to the T7 promoter
Example 7: Methodological improvement to reduce toxicity of Cas9: Delivery of Cas¥ in the

form of mRNA.
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{#518] Delivery of Cas9 in the form of mRNA enables transient expression of Cas? in cells, o
reduce toxicity. For exarple, humanized SpCas9 roay be amplified using the following privaer
pair:

{6319] Forward Primer (to add ov T7 promoter for in  vilre  transcription):
TAATACGACTCACTATAGGAAGTGCGCCACCATOGCCCCAAAGAAGAAGCGG

{3528} Reverse Primer {to add on polyA tail):
GOTTTTTITTIITTTTTITITITTTTTITT I T PetettaCTTTETCTTITTTIGCCTGOCCG

{8321} Applicants transtect the Cas9 mRNA mto cells with either guide RNA in the form of
RNA or DNA cassettes to drive guide RNA expression in eukaryotic cells,

Example 8: Methodological improvement to reduce toxicity of Cas9: Use of an inducible

promoier

185221 Applicants transiently turn on Cas9 expression only when it is needed for carrying out
genome modification. Examples of inducible system include tetracycline mnducible promoters
{Tet-On or Tet-Off), small molecule two-hybrid transcription activations systems (FKBP, ABA,
ctey, or light inducible systems (Phytochrome, LOV domains, or eryptochrome).

Example 9: Improvement of the Cas¥ svstem for in vivo application

185231 Applicants conducted a Metagenomic scarch for a CasS with small molecular weight.
Most Cas9 homologs are fairly large. For exaruple the SpCas® is around 1368aa loug, which is
too large to be casily packaged into viral vectors for delivery. A graph representing the length
distribution of Cas9 homologs 1s generated from sequences deposited in GenBank (Fig, 20).
Some of the sequences may have been mis-annotated and therefore the exact frequency for cach
iength may not necessarily be accurate. Nevertheless 1t provides a ghimpse at distribution of Cas9
proteins and suggest that there are shorter Cas9 homologs.

16524] Through computational analysis, Applicants found that in the bacterial strain
Campviobacter, there are two Cas9 proteins with less than 1000 aminoe acids. The sequence for
one (Cas9 from Campylobacter jejuni is presented below. At this length, CiCas9 can be ecasily
packaged mto AAV, lentiviruses, Adenoviruses, and other viral vectors for robust delivery into
primary cells and in vivo in animal models. In a preferred embodiment of the invention, the CasS
protein from S aureus 1s used.

18828] >Campylobacter jejuni Cas® {CiCas9)
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{#526] MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLEALPRREAR
SARKRLARRKARLNHLKHLIANEFKLNYEDYQSFDESLAKAYKGSLISPYELRFRALN
ELLSKQDFARVILHIAKRRGYDDIKNSDDKEKGAILKAIKQNEEKLANYOQSVGEYLYK
EYFQRFEKENSKEFTNVRNKKESYERCIAQSFLKDELKLIFKKQREFGFSFSKKFEEEVL
SVAFYKRALKDFSHLVOGNCSFFTDEKRAPKNSPLAFMEVALTRIINLINNLENTEGIL
YTKDDLNALLNEVEENGTLTYKQTKKLLGLSDDYEFKGEKGTYFIEFKKYKEFIKAL
GEHNLSOQDDLINEIAKDITLIKDEIKLEKALAKYDLNONQIDSLSKLEFKDHLNISFKAL
KLVTPLMLEGKKYDEACUNELNLKVAINEDKKDFLPAFNETYYKDEVTINPVVLRAIKE
YRKVLNALLKKYGKVHKINIELAREVGKNHSQRAKIEKEQNENYKAKKDAELECEK
LGLKINSKNILKEREFKEQGKEFCAYSGEKIKISDLODEKMLEIDHIYPYSRSFDDSYMN
KVLVFTRKONQEKLNQTPFEAFGNDSAKWORIEVLAKNLPTKEKOKRILDENYKDKER
KNFKDRNENDTRYIARLVENYTKDYLDFEPLSDDENTIKINDTOKGSKVHVEAKSGM
LTSALRHTWGFSAKDRNNHLHHAIDAVIHAY ANNSIVEKAFSDFKKEQESNSAELYAK
KISELDYKNKREKFFEPFSGFROKVLDKIDEIFVSKPERKKPSGALHEETFRKEEEFY QS
YOGKEGVLKALELGKIRKVNGKIVKNGDMFRVDIFKHKKTNEKFYAVPIYTMBDFALK
VEPNKAVARSKKGEIKDWILMBENYEFCESLYKDSLILIQTKDMQEPEFVYYNAFTSS
TVSLIVSKHDNKFETLSKNQKILFKNANEKEVIAKSIGIQNLKVFEKYIVSALGEVTKA
EFRQREDFKEK.
{#527] The putative tractRNA clement for this CjCas9 is:
[0528] TATAATCTCATAAGAAATTTAAAAAGGGACTAAAATAAAGAGTTTGCG
GOACTCTOCGGGUTTACAATCCCCTAAAACCGUTTTTAAAATT
18329} The Direct Repeat sequence 1s:
{6530] ATTTTACCATAAAGAAATTTAAAAAGGGACTAAAAC
[6531]
1B532] WNNNNNNNNNNNNNNNNNNNGUUUUAGUCCCGAAAGGGACUAAAAU
AAAGAGUUUGCGGOACUCUGCOGGGGUUACAAUCCCCUAAAACCGCULUY

31} An cxample of a chimeric guideRNA for CiCas9 is:

Example 10: Cas9 optimization
{#533] For enhanced function or to develop new functions, Applicants generate chimeric Cas9
proteins by combining fragments from different Cas9 homologs. For example, two example

chimeric Cas9 proteins:
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{#534] For cxample, Applicants fused the N-term of St1Cas® (fragment from this protein is in
bold) with C-term of SpCas9 (fragment from this protein 1s vnderlined).

{8335] >StH{N)ISp(C)Cas9

[6336] MSDLVLGLDIGIGSVGVGHNEVTGEIHENSRIFPAAQAENNLVRRTN
ROGRRLARRKKHRRVRENRLFEESGLITDFTKISINENPYQLRVKGLETRDELSNEE
LFIALKNMVEKHRGISYLDDASDDGNSSVGDY AQIVKENSKQLETKTPGQIGLERY
QTYGQLRGDFIVEKDGKKHRLINVFPTSAYRSEALRILQTOQQEFNPQITDEFINR
YLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEFRAAK
ASYTAQEFNLINDLINNETVPTETKKLSKEQKNQINY VKNEKAMGPAKLFKYIAK
LLSCDVADIKGYRIDKSGKAEHTFEAYRKMEKTLETLDIEQMDRETLDKEAY VLT
LNTEREGIQEALEHEFADGSFSQKQVBELVQFRKANSSIFGKGWHNFSVELMME
LIPELYETSEEGMTILTRLGKQKTTSSSNKTKYIDEKELTEEIYNPVVAKSVROAIK
IVNAAIKEYGDFDNIVIEMARENQTTOKGOKNSRERMERIEEGIKELGSOILKEHPVE
NTOLONEKEYLYYLONGRDMYVDOELDINRLSDYDVDHIVPOSFLEDDSIDNKVET
RSDENRGKSDNVPSEEVVKKMKNYWROLINAKIITORKFDNETKAFRGGLSEL DK
AGFIKRQLVETROITKHVAQILDSRMNTRYDENDKLIREVEVITLEKSKLVSDFRKBFQ
FYKVREINNYHHAHDAYENAVYVGTALIKKYPKEESEFVYGDYKVYDVRKMIAKSEQ
EIGKATAKYFEY SNIMNFFRTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVREKY
LSMPOVNIVKKTEVOTGGFSKESH PKRNSDKILIARKKDWDPKKYGGEFDSPTVAYSY
LYVAKVEKGKSKEKLKSVERELLGITIMERSSFERKNPIDFLEAKGYKEVEKDLIKLPKYS
LEELENGRERMELASAGELOKONELALPSKYVNFLYLASHYEKLKGSPEDNEQKOLE
VEQHKHYLDEHEQISEFSKRVIEADANLDEVLSAYNKHRDKPIREQAENIHLFTETNG
CAPAAFKYFDTITIDRERYTISTKEVLDATLIHOSITGLYETRIDLSOLGGD

{6537] >Sp(MOStI{C)Cas9

{0538] MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGA
LLFDSGETAEATRLKRTARRRY TRRENRICYLQEIFSNEMAKVDDSFFHRLEESFLVE
EDEKKHERHPIFGNIVDEVAYHEKYPTIVHLRKKLVDSTDEKADLRLIYLALAHMIKFRG
HFLIEGDINPDNSDVDKIFIQLVOQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL
TAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAGIC
DOYADLFLAAKNLSDAILLSDILRYNTEITKAPLSASMIKRYDEHHQDLTLLKALVRO
QLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVELNREDLL
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RKQRTFDNGSIPHOIHLGELHAILRROQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGN
SREFAWMTRKSEETITPWNFEEVVDEKGASAQSFIERMTNFDENLPNEKVLPKHSLLYE
YFTVYNELTKVKYVTEGMREKPAFLSGEQKKAIVDLLFKTNRKVTIVKQLKEDYFKKIE
CFDSVEISGVEDRFNASLGTYHDLLKIKDKDFLDNEENEDILEDIVLTLTLFEDREMIE
ERLKTYAHLFDDKVMKQLERRRYTGWOGRLSRKLINGIRDEKQSGRTILDFLKSDGFAN
RNFMQOLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELY
KYMGORHKPENIVIEMARETNEDDEKKAIQRIQKANKDEKDAAMLEKAANQYNGKA
ELPHSVFHGHEKQLATKIRLWHQQGERCLYTGKTISIHDLINNSNQFEVDHILPLSE
TFDDSLANKVLVYATANQEKGQRTPYQALDSMDDAWSFRELKAFVRESKTLSNK
KKEYLLTEEDISKFDVREKFIERNLYDTRYASRVVLNALQEHFRAHKIDTRVSVYR
GOFTSQLRRHWGIEKTRDTYHHHAVDALIFAASSQLNEWKEKQKNTLVSYSEDQL
LBIETGELISDDEYRESVFRKAPYQHIVDTLKSKEFEDSILFSYQVDSKFNRKISDATE
YATROAKYGEDKADETYVLGKIKDIVTQDGYDAFMEKIVKKDKSKFEMYRHDPQT
FEKVIEPILENYPNRKQINERKGKEVPOCNPFLRYKEEHOYIRKYSKKONGPEIKSLKYY
DSKLGNHIDITPKDSHNNKYVLOSVSPWRADVYFNKTTGRYEILGLKYADLQFEKG
TCTYKISQEKYNDIKKKEGVDSDSEFKFTLYKNDLLLVKDTETKEQOQLFRFLSRT
MPKOKHYVELKPYDROKFEGGEALIKVLONVANSGOQUKKGLGKSNISIYRVRTD
VLGNQHIHKNEGDKPKLDF
{#539] The benefit of making chimeric Cas? include:

reduce toxicity

improve expression in eukaryotic cells

enhance specificity

reduce molecular weight of protein, make protein smaller by combining the smallest
domains from different Cas® homologs.

Altering the PAM sequence requirement
Example 11 Utilization of Cas¥ as a generic DNA binding protein
{8348} Applicants used Cas9 as a generic DNA binding protein by mutating the two catalytic
domains (D10 and H840) responsible for cleaving both strands of the DNA target. In order to
upregulate gene transcription at a target locus Applicants fused the transcriptional activation
domatn {VP64) to Cas9®. Applicants hypothesized that it would be important to see strong nuclear

ipcalization of the Cas9-VP64 fusion protein because transcription factor activation strength is g
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function of time spent at the target. Therefore, Applicants cloned a set of Cas9-VPo4-GFP
coustructs, transfected them into 293 cells and asscssed thewr localization under a fluorescent
microscope 12 hours post-transfection.

{8541} The same constructs were cloned as a 2A~GFP rather than a direct fusion in order to
functionally test the constructs without a bulky GFP present to interfere. Applicants elected to
target the Sox2 locus with the Cas9 transactivator because it could be useful for ccllular
reprogram and the locus has already been validated as a target for TALE-TF wmediated
transcriptional  activation. For the Sox2Z locus Applicants chose cight targets near the
transcriptional start site (TSS). Fach target was 20bp long with a neighboring NGG protospacer
adjacent motif (PAM). Each Cas0-VP64 construct was co-transfected with each PCR generated
chimeric crispr RNA {chiRNA)Y 1o 293 cells. 72 hours post transfection the transcriptional
activation was assessed using RT-gPCR.

{8342] To further optimize the transcriptional activator, Applicants titrated the ratio of chiRNA
{Sox2.1 and Sox2.5) to Cas9 (NLS-VP64-NLS-hSpCas3-NLS-VP64-NLS), transfected into 293
cells, and quantified using RT-gPCR. These results indicate that Cas9 can be used as a generic
DNA binding domain to upregulate gene transcription at a target locus.

1835431 Applicants designed a second generation of constructs. {Table below).

pLenti-EF 1a-GFP-2A-6xHis-NLS-VP64-NLS-hSpCsn1{(D10A,
HB40A-NLS
pLenti-EF1a-0OFP-2A-6xHis-NLS-VP64-NLS-hSpCUsn1{D10A,

H&40A)
plenti-EF a-GFP-2A-6xHis~-NLS-VPa4-NLS-NLS-hSpCsu {D10A,
HE40A)

pLenti-EF1a-OFP-2 A-6xHis-NLS-hSpCsnl{(D10A, HR40A)-NLS
pLenti-EF1a-GFP-2 A-6xHis-NLS-hSpCsnl(D10A, HB40A)
pLenti-EF1a-0FP-2 A-6xHis-NLS-NLS-hSpUsn 1 {(D10A, HR40A)

105441 Applicants use these constructs to assess iranscriptional activation (VP64 fused
constructs} and repression {Cas% only} by RT-gPCR. Applicants assess the cellular localization
of cach construct using anti-His antibody, nuclease activity using a Surveyor nucleasc assay, and
[INA binding affinity using a gel shift assay. In a preferred erbodiment of the invention, the gel

shift assay 18 an EMSA gel shift assay.
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Example 12: Cas9 wransgenic and knock in mice

{#345] To generate a mouse that cxpresses the Cas9 nuclease Applicants subrmait two general
strategies, transgenic and knock in. These strategies may be applied to generate any other model
organism of interest, for e.g. Rat. For cach of the general strategics Applicants made a
coustitutively active Cas9 and a Cas9 that s conditiovally expressed (Cre recombinase
dependent). The constitutively active Cas® muclease is expressed in the following context:
pCAG-NLS-Cas8-NLS-P2ZA-EGFP-WPRE-bGHpolyA. pCAG is the promoter, NLS is a nuclear
localization signal, PZA is the peptide cleavage sequence, EGFP is enhanced green fluorescent
protein, WPRE 1s the woodchuck hepatitis virus postiranscriptional regulatory element, and
bGHpolyA is the bovine growth hormone poly-A signal sequence (Figs. 22A-B).  The
conditional version has one additional stop cassette clerent, loxP-SV40 polvA x3-loxP, after the
promoter and before NLS-Cas3-NLS (ic. pCAG-loxP-SV40polyAx3-loxP-NLS-Cas9-NLS-
P2A-EGFP-WPRE-bGHpolyA). The important expression clements can be visualized as in Fig.
23. The coustitutive construct should be expressed in all cell types throughout development,
whereas, the conditional construct will only allow Cas® expression when the same cell is
expressing the Cre recombinase. This latter version will allow for tissue specific expression of
{Cas9 when Cre is under the expression of a tissue specific promoter. Moreover, Cas9 expression
could be induced n adult mice by putting Cre under the expression of an inducible promoter
such as the TET on or off system.

1854¢6] Validation of Cas9 constructs: Each plasmid was functionally validated in three ways: 1)
transient transfection in 293 cells followed by confumation of GFP expression; 2) transient
transfection in 293 cells followed by immunofiuorescence using an antibody recognizing the
PZA sequence; and 3) transient transfection followed by Surveyor nuclease assay. The 293 cells
may be 293FT or 293 T cells depending on the cells that are of interest. In a preferred
embodiment the cells are 293FT cells. The results of the Surveyor were run out on the top and
bottom row of the gel for the conditional and constitutive constructs, respectively. Fach was
tested in the presence and abscnce of chimeric RNA targeted to the hEMX1 locus (chimeric
RNA BEMX1.1}. The results indicate that the construct can successfully target the hBEMX1 locus
only in the presence of chimeric RNA {(and Cre in the conditional case). The gel was quantified
and the results are presented as average cutting efficiency and standard deviation for three

samples.
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{#547] Transgenic CasY mouse: To generate transgenic mice with constructs, Applicants inject
pure, hinear DNA mto the pronucleus of a zygote from a pseudo pregnant CB36 female.
Founders are identified, genotyped, and backcrossed to CBS7 mice. The constructs were
successfully cloned and verified by Sanger sequencing.

{6548] Knock in Cas® mouse: To generate Cas9 knock in mice Applicants farget the same
constitutive and conditional constructs o the Rosa26 locus. Applicants did this by cloning cach
into a8 Rosa26 targeting vector with the following elements: Rosal6 short homology arm —
constitutive/conditional Cas9 expression cassette — pPGK-Neo-RosaZ6 long homology arm —
pPGK-DTA. pPGK is the provoter for the positive selection marker Neo, which confers
resistance to neomycin, a 1 kb short arm, a 4.3 kb long arm, and a negative selection diphtheria
toxin (ITA) driven by PGKL

18549] The two constructs were clectroporated into R mESCs and allowed to grow for 2 days
before neomycin selection was applicd. Individual colonies that had survived by days 5-7 were
picked and grown in individual wells. 5-7 days later the colontes were harvested, half were
frozen and the other half were used for genotyping. Genotyping was done by genomic PCR,
where one primer annealed within the donor plasmid (AttpF) and the other outside of the short
homology arm (Rosa26-R) Of the 22 colonies harvested for the conditional case, 7 were positive
{Left). Of the 27 colovies harvested for the constitutive case, zero were positive (Right). It is
itkely that Cas9 causes some level of toxicity in the mESC and for this reason there were no
positive clones. To test this Applicants ntroduced a Cre expression plasmid into correctly
targeted conditional Cas® cells and found very low toxicity after many days in culture. The
reduced copy nurber of Cas9 in correctly targeted conditional Cas9 cells (1-2 copies per ccli) is
enough to allow stable expression and relatively no cytotoxicity. Moreover, this data indicates
that the Cas9 copy number determines toxicity. After clectroporation cach cell should get several
copies of Cas9 and this is likely why vo positive colouies were found in the case of the
constitutive Cas9 construct. This provides strong evidence that utilizing a conditional, Cre-
dependent strategy should show reduced toxicity. Applicants inject correctly targeted cells 1nto a
blastocyst and implant into a female mouse. Chimerics are identified and backerossed. Founders
are identified and genotyped.

[385¢] Utlity of the conditional Cas® mouse: Applicants have shown in 293 cells that the Cas9

conditional expression construct can be activated by co-expression with Cre. Apphcants also
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show that the correctly targeted R1 mESCs can have active Cas® when Cre is expressed. Because
Cas9 1 followed by the P2A peptide cleavage sequence and then EGFP Applicants identify
successful cxpression by observing EGFP. This same concept is what makes the conditional
Cas® mouse so useful. Applicants may cross thewr conditional Cas® mouse with a mouse that
ubiquitously expresses Cre (ACTB-Cre line) and may arrive at a mouse that expresses Cas% in
every cell. 1t should only take the dehivery of chimeric RNA to mnduce genome editing in
embryonic or adult mice. Interestingly, if the conditional Cas9 mouse is crossed with a mouse
expressing Cre under 4 tissue specific promoter, there should only be Cas9 i the tissues that also
express Cre. This approach roay be used to edit the genome in only precise tissues by delivering
chimeric RNA fo the same tissue.

Examplie [3: Cas¥ diversity and chimeric RNAs

{8351} The CRISPR-Cas system is an adaptive imumune mechanism against invading exogenous
DNA cmployed by diverse specics across bacteria and archaca. The type I CRISPR-Cas system
consists of a set of genes encoding proteins respousible for the “acquisition” of foreign DNA into
the CRISPR locus, as well as a sct of genes encoding the “exccution” of the DNA cleavage
mechanism; these include the DNA nuclease (Cas9), a non-coding transactivating cr-RNA
{(tractRINA), and an array of foreign DNA-derived spacers flanked by direct repeats {crRNAs).
Upon maturation by Cas9, the tracrRNA and orRNA duplex guide the Cas® nuclease to a target
DNA sequence specified by the spacer guide sequences, and mediates double-stranded breaks in
the DNA near a short sequence wotif 1o the target DNA that s required for cleavage and specific
to cach CRISPR-Cas systern. The type H CRISPR-Cas systems are found throughout the
bacterial kingdora and highly diverse in in Cas9 protein sequence and size, tractRNA and crRNA
direct repeat sequence, genome organization of these elements, and the motif requirement for
target cleavage. One specics may have multiple distinet CRISPR-Cas systems.,

185821 Applicants evaluated 207 putative Cas9s from bacterial species identified based on
sequence homology to known Cas%s and structures orthologous to known subdomains, including
the HNH endonuclease domain and the RuvC endonuclease domains [information from the
Fugene Koonin and Kira Makaroval. Phylogenetic analysis based on the protein sequence
conservation of this set revealed five families of Cas9s, including three groups of large Cas9s
{(~1400 amino acids) and two of small Cas%s (~1100 amino acids) (Figs. 16A-D and 17A-F).

{8353} Applicants have also optimized Cas® guide RNA using in virro methods.
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Example 14: Cas9 mutations

{#354] In this example, Applicants show that the following mutations can convert SpCas9 mnto a
nicking enzyme: DIOA, E762A, HR40A, NES4A, NKO3A, DOR6A.

{#555] Applicants provide sequences showing where the mutation points are located within the
SpCas® gene (Fig. 21A-M). Applicants also show that the unickases are still able to roediate
homologous recombination. Furthermore, Applicants show that SpCas9 with these mutations
{individually) do not induce double strand break.

{#556] Cas9 orthologs all share the general organization of 3-4 RuvC domains and a HNH
domain. The 5" most RuvC domain cleaves the non-complementary strand, and the HNH domain
cleaves the complementary strand. Al notations are in reference to the guide sequence.

{8357} The catalytic residue i the 5" RuvC domain 1s identified through homology comparison
of the Cas9 of interest with other Cas9 orthologs (from 8. pyogenes type H CRISPR locus, S.
thermophilus CRISPR locus 1, 8. thermophilug CRISPR locus 3, and Franciscilia novicida type
1T CRISPR locus), and the conserved Asp residue is mutated to alanime to convert Cas9 mto a
complementary-strand nicking enzyme. Similarly, the conserved His and Asn residues in the
HNH domains are mutated to Alanine to convert Cas? into a non-compleraentary-strand nicking

enzyme.
Example 15: Cas¥ Transcriptional Activation and Cas¥ Repressor

{8558] Cas9 Transcriptional Activation

{8359 A second generation of coustructs were designed and tested (Table 1), These coustructs
arc used to assess transcriptional activation (VP64 fused constructs) and repression {Cas9 only)
by RT-gPCR. Applicants assess the cellular localization of cach couvstract using anti-His
antibody, nuclease activity using a Surveyor nuclease assay, and DNA binding affinity using a
gel shift assay.

{#568] Cas Repressor

{3561} It has been shown previously that dCas9 can be used as g generic DNA binding domain
to repress gene expression. Applicants teport an umproved dCas9 design as well as dCas9 fusions
to the repressor domains KRAB and SiD4x. From the plasmid library created for modulating

transcription using Cas9 wn Table 1, the following repressor plasmids were functionally

246



WO 2015/089419 PCT/US2014/070057

characterized by qPCR: pXRPZ7, pXRPZ8, pXRPZ9, pXRP48, pXRP49, pXRP50, pXRP5,
pXRPS2, pXRPS3, pXRP36, pXRBSK, pXRPSY, pXRP61, and pXRP62.

18562} Fach dCas9 repressor plasmid was co-transfected with two guide RNAs targeted to the
coding strand of the beta-catenin gene. RNA was 1solated 72 bours after transtfection and gene
expression was quantified by RT-qPCR. The endogenous control gene was GAPDH. Two
validated shRNAs were used as positive countrols. Negative controls were certain plasmids
transfected without gRNA, these are denoted as “pXRP## control”. The plasmids pXRP2S,
pXRP29, pXRP4R, and pXRP49 could repress the beta-catenin gene when using the specified
targeting strategy. These plasmds correspond to dCas8 without a functional domain (pXRP2R
and pXRP28) and dCas? fused to SID4x {(pXRP48 and pXRP49).

18563} Further work iovestigates: repeating the above experiroent, targeting different geunes,
utilizing other gRNAs to determine the optimal targeting position, and multiplexed repression.

[8564] Tablc !

PXRPO24-pLlent2-EF 1 a-VP64-NLS-FLAG-Linker-dCasS-NLS-gluc-2 A-GFP-WPRE
PXRPOZ5-pLenti2-EF1a-VPo4-NLS-GGGGS; Linker-dCas9-NELS-gLuc-2 A-GFP-WPRE
pXRPO26-plenti2-EF1a-VPA4-NLS-EAAAK ; Linker-dCas®-NLS-gLuc-2 A-GFP-WPRE
pXRPO27-plenti2-EF 1a-NLS-FLAG-Linker-dCasz9-NLS-gbuc-2 A-GFP-WFPRE
pXRPO28-plenti2-EF la-NLS-GGGGS; Linker-dCas®-NLS-gluc-2A-GFP-WPRE
pXEPU29-pLenti2-EF 1a-NLS-EAAAK Linker-dCas9-NLS-gLluc-2 A-GFP-WPRE
pXRPO30-pLenti2-pSVAD-VPA4-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRPO3 [-plent2-pPGK-VP64-NLS-FLAG-Linker-dCas9-NLS-gluc-2 A-GFP-WPRE
PXRPO32-pLenti2-LTR-VP64-NLS-FLAG-Linker-dCas9-NLS-gLuc-2 A-GFP-WPRE
pXRPO33-pLenti2-pSV40-VP64-NLS-GGGGS, Linker-dCas®-NLS-gLuc-2 A-GFP-WPRE
pXRPO34-pLenti2-pPGE-VPE4-NLS-GOOGS s Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRPO3S-pLenti2-LTR-VP64-NLS-GGGGS; Linker-dCas9-NLS-gluc-2 A-GFP-WPRE
pARPO36-pLenti2-pSVA0-VP4-NLS-EAAAK ;Linker-dCas®-NLS-gLuc-2 A-GFP-WPRE
pXRPO37-pLlenti2 -pPGK-VPEA-NLS-EAAAK  Linker-dCas9-NLS-gluc-2A-GFP-WPRE
pXRPO3E-pLenti2 - UTR-VP64-NLS-EAAAK Linker-dCas®-NLS-gluc-2 A-GFP-WPRE
PXRPO4E-pLenti2-EF la~-51D4x-NLS-FLAG-Linker-dCas9-NLS-gLuc-2 A-GFP-WPRE
pXRPO4G-pLenti2-EF1a-SID4X-NLS-GGGGS Linker-dCas9-NLS -gLuc-Z A-GFP-WPRE
pXRPOSO-pLenti2-EF1a-SID4X-NLS-EAAAK; Linker-dCas9-NLS-gluc-2 A-GFP-WEPRE
pXRPUST-pLenti2-EF 1a-KRAB-NLS-FLAG-Linker-dCas9-NLS-gluc-2 A-GFP-WPRE
pARPOS2-pLenti2-EF1a-KRAB-NLS-GGGG S, Linker-dCas9-MLS-ghuc-2 A-GFP-WPRE
pXRPOS3-pLlenti2-EF 1a-KRAB-NLS-EAA AR, Linker-dCas®-NLS-glLuc-2A-GFP-WPRE
pXRPOS4-plent2-EFa-dCas9-Linker- FLAG-NLS-VP64-gluc- 2 A-GFP-WPRE
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pXEPUSS-pLenti2-HF la-dCas9-Linker-FLAG-NLS-SIDY X-gLuc-2 A-GFP-WPRE

pXRPOS6-pLenti2-EFla-dCas9-Linker-FLAG-NLS-KRAB-gluc-2 A-GFP-WPRE

pXRPOS7-pLlenti2-EF1a-dCas9-GGGGES;-NLS-VPad-gLuc-2 A-GFP-WPRE

pXRPOSE-pLenti? -EF1a-dCas9-GGGGGS;-NLS-SID4 X gl uc-2A-GFP-WPRE

pXRPOSS-pLenti2-EF1a-dCas9-GGGGGES;-NLS-KRAB-gLuc-Z A-GFP-WPRE

pXRPO6G-pLenti2-EF 1a-dCas¥-EAAAK-NLS- VP& 4-gluc-ZA-GFP-WPRE

pXRPU61-plenti2-EF la-dCas®-EAAAK-NLS-SID4X-gluc-2 A-GFP-WPRE

pXEPO6Z-pLlenti2-FF 1a-dCasS-EAAAKG-NLS-KRAB-gLuc-2 A-GFP-WPRE

pXRPO24-plent2-EF1a-VP64-NLS-FLAG-Linker-Cas?-NLS-gluc-2 A-GFP-WPRHE

PXRPOZS-plenti?-EF1a-VP64-NLS-GGGG S, Linker-Casg-NLS-gluc-2 A-GFP-WPRE

pXRPO26-pLlenti2-EF 1a-VP64-NLS-EAAAK Linker-Cas9-NLS-gluc-2 A-GFP-WFPRE

pXRPO27-pLlenti2-EF 1a-NLS-FLAG-Linker-Cas9-NLS-gLuc-Z A-GFP-WPRE

pXRPOZE-pLenti2-EF1a-NLS-GGGGS; Linker-Cas$-NLS-gLluc-2A-GFP-WPRE

pXEPU29-pLenti2-HF 1a-NLS-EAAAK ;Linker-Cas9-NLS-ghue-2 A-GFP-WPRE

pXRPU30-pLentiZ-pSV40-VPo4-NLS-FLAG-Linker-Cas®-NLS-gLuc-2A-GFP-WPRE

pXRPO31-pLlentiZ-pPGE-VPO4-NLS-FLAG-Linker-Cas9-NLS-gluc-2 A-GFP-WPRE

pXRPO3Z-pLenti2-LTR-VP64-NLS-FLAG-Linker-Cas9-NLS-gluc-2 A-GFP-WPRE

pXRPO33-pLenti2-pSV40-VPE4-NLS-GGEGS, Linker-CasS-NELS-ghuc-2A-GFP-WPRE

pXRPO34-pLenti2-pPGI-VPO4-NLS-GGGGS;Linker-Cas9-NLS-gLuc-2 A-GFP-WPRE

pXRPO35-pLenti2-LTR-VP64-NLS-GGGGS; Linker-Cas$-NLS-gLuc-2 A-GFP-WPRE

PXRPO36-pLenti2-pSV4A0-VP64-NLI-FEAAAK; Linker-Cas9-MNLS-gLuc-2A-GFP-WPRE

PXRPO37-pLenti2-pPGR-VP64-NLS-EAAAK; Linker-Cas9-NLS-gluc-2A-GFP-WPRE

X

pXRPO3E-pLenti2 - UTR-VP64-NLS-EAAAK Linker-Cas9-NLS -gluc-2A-GFP-WPRE

PXRPO4E-pLenti? -EF1a-S104x - NLS-FLAG-Linker-Cas9-NLS-gluc-2 A-GFP-WPRE

pARPO4Y-pLenti2-BF1a-SIMX-NLS-GUGGS, Linker-Cas-NLS-gLuc-Z A-GFP-WPRTE

pXRPOSO-pLenti2-EF1a-SID4X-NLS-EAAAK  Linker-Cas9-NLS-gLuc- 2 A-GFP-WPRE

pXRPOSI-pLenti2-EF1a-KRAB-NLS-FLAG-Linker-Cas9-NLS-gluc-2 A-GFP-WPRE

pXRPOS2-pLenti2-EF 1a-KRAB-NLS-GGGGS;:Linker-Cas9-NLS-gLuc-2 A-GFP-WPRE

pXRPUS3-pLenti2-HF 1a-KRAB-NLS-EAAAK; Linker-Cas9-NLS-gluc-2 A-GFP-WPRE

pXREPO34-plenti?-EF la-Cas9-Linker-FLAG-NLS-VP64-olue-2 A-GFP-WPRE

pXRPO55-plenti2-EF1a-Cas9-Linker-FLAG-NLS-SID4X-glLuc-2A-GFP-WPRE

pXRPO56-plenti2-EF12-Cas9-Linker-FLAG-NLS-KRAB-gbuc-2 A-GFP-WPRE

pXRPOST-pLenti2-EF1a-Cas-GGGGGES;-NLS-VPO4-gLuc-2 A-GFP-WPRE

pXRPOS8-pLenti2-EF1a-Cag-GGGGGS;-NLS-51D4X -ghuc-2A-GFP-WPRE

PXRPOSS-pLenti2-EF1a-Cagd-GGGGGES;-NLS-KRAB-gLuc-2 A-GFP-WPRE

PXRPO60-pLenti2-EF1a-Cag?-EAAAK-NLS-VP64-gLuc-2 A-GFP-WPRE

pXRPOG-plenti2-BF 1a-Cag®-EAAAK-NLS-SID4X-gluc-2A-GFP-WPRE

pXRPO62-pLlenti2-EF1a-Cas®-EAAAK-NLS-KRABR-gluc-2 A-GFP-WPRE
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Example 16: Targeted deletion of genes involved in cholesterol biosynthesis, fatty acid

biosynthesis, and other metabolic disorders, genes encoding mis-folded proteins involved in
amyloid and other diseases, oncogenes leading to cellular transformation, latent viral genes, and
genes leading to dominant-negative disorders, amongst other disorders.

{#565] Applicants demonstrate gene delivery of a CRISPR-Cas system in the liver, brain, ocular,
eptthelial, hematopoetic, or avother tissue of a subject or a patient in need thereof, suffering from
metabolic  disorders, amyloidosis and protein-aggregation  related  discases, cellular
transformation arising from genetic mutations and translocations, domwinant negative effects of
gene mutations, latent viral infections, and other related symptoms, using either viral or
nanoparticle delivery systern,

[3566] Study Design: Subjocts or patients in need thercof suffering from metabolic disorders,
amyloidosis and protein aggregation related disease which include but arc not hirotted to hurnan,
non-primate human, canine, feline, bovine, equine, other domestic animals and related marmals,
The CRISPR-Cas system is guided by a chimeric guide RNA and targets a specific site of the
human genomic loct to be cleaved. After cleavage and von-homologous end-joining mediated
repair, frame-shift mutation results in knock out of genes.

{8367} Applicants sclect guide-RNAs targeting genes involved m above-mentioned disorders to
be specific to endogenous loci with minimal off-target activity. Two or more guide RNAs may
be encoded mnte g single CRISPR array to induce simultancous double-stranded breaks in DNA
leading to micro-deletions of affected genes or chromosomal regions.

18368] Identification and design of gene targets

{8369} For cach candidate discase gene, Applicants select DNA sequences of interest inclade
protein-coding cxons, sequences including and flanking known dominant negative mutation
sites, sequences including and flanking pathological repetitive sequences. For gene-knockout
approaches, carly coding exons closest to the start codon offer best options for achieving
complete knockout and minimize possibility of truncated protein products retaining partial
function.

[3578] Applicants analyze sequences of interest for all possible targetable 20-bp sequences
immediately 37 to a NGG motit (for SpCas9 system) or a NNAGAAW (for St1Cas9 systern).
Applicants choose sequences for unique, singic RNA-guided Cas9 recognition in the genome to
mirndrmze off-target effects based ou computational algorithm to determine specificity.

{#571] Cloning of guide sequences into a delivery system
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(#4572} Guide sequences are synthesized as double-stranded 23-24 bp oligonucleotides. After 5°-
phosphorylation treatment of oligos and annealing to form duplexes, oligos are ligated into
suitable vector depending on the delivery method:

[#573] Virus-based delivery methods

{6574] AAV-based vectors (PX260, 330, 334, 335} have been described elsewhere

{B575] Lentiviral-based vectors use a similar cloning strategy of directly ligating guide
sequences into a single vector carrying a U6 promoter-driven chimeric RNA scaffold and a EFla
promoter-driven Cas9 or Cas9 nickase.

[8576] Virus production is described elsewhere.

{#577] Nanoparticie-based RNA delivery methods

{B578] 1. Guide sequences are synthesized as an oligonucleotide duplex encodimg T7
promoter—guide sequence—chimeric RNA. A T7 promoter 18 added 57 of Cas9 by PCR
method.

{65791 2. T7-driven Cas9 and guide-chimeric RNAs are transcribed in vitro, and Cas9
B NA i3 further capped and A-tailed using commercial kits. RNA products are purified per kit
instructions.

18388 Hydrodynamic tail vein delivery methods (for mouse)

{6381} Guide sequences are cloned into AAY plasmids as described above and elsewhere in this
application.

{8882} /n vitro validation on cell lines

{3883} Transfection

[6384] 1. DNA plasmid transfection

{#585] Plasmids carrying guide sequences are transfected into human embryonic kidney
(HEK293T) or human cmbryonic stemn (hES) cells, other relevant cell types using hipid-,
chemical~, or clectroporation-based methods. For a 24-well transfection of HEKZ93T cells
{(~260,000 cells), 500ng of total DNA is transfected into each single well using Lipofectamine
2000, For a 12-well transtection of hES cells, Tag of total DNA s transfected into a single well
using Fugene HD.

[0586] 2. RNA transfection
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{¢587] Purified RNA described above is used for transfection into HEK293T cells. 1-2ug of
RNA may be transfected imto ~260,000 using Lipofectamine 2000 per manufacturer’s
instruction. RNA delivery of Cas9 and chimeric RNA is shown in Fig. 24.

[#588] Assay of indel formation in vitro

{4589} Cells are harvested 72-hours post-transfection and assayed for indel formation as an
mdication of double-stranded breaks.

{8598} Briefly, genomic region around target sequence is PCR amplified {(~400-600 bp amplicon
size} using high-fidelity polymerase. Products are purified, normalized 1o equal concentration,
and slowly anvealed from 95°C to 4°C to allow formation of DNA heteroduplexes. Post
annecaling, the Cel-l enzyme is used to cleave heteroduplexes, and resulting products are
separated on a polvacrylamide gel and indel efficiency calculated.

18391} In vivo proof of principle in animal

18392] Delivery mechanisms

{6593] AAYV or Lentivirus production is described elsewhere.

{04594} Nanoparticle formulation: RNA mixed into nanoparticic formulation

{38958] Hydrodynamic tail vein injections with DNA plasmids in mice are conducted using a
commercial kit

[8396] Cas9 and guoide sequences are dehivered as virus, nanoparticle-coated RNA wmixture, or
DNA plasmids, and injected into subject animals. A parallel set of control animals is injected
with sterile saline, Cas9 and GFP, or guide sequence and GFP alone.

{3897] Three weeks after injection, animals are tested for amelioration of symptoms and
sacrificed. Relevant organ systems analyzed for indel formation. Phenotypic assays include
bloed levels of HDL, LDL, lipids,

13598] Assay for indel formation

[3599] DNA 1s exiracted from tissue using commercial kus; indel assay will be performed as
described for in vitro demonstration.

{8608} Therapeutic applications of the CRISPR-Cas system are amenable for achicving tissue-
specific and temporally controlled targeted deletion of candidate discase genes. Fxamples
mclude genes involved in cholesterol and fatty acid mctabolism, amyloid discascs, dominant
negative diseases, latent viral infections, among other disorders.

{8601} Exaropics of'a single guide-RNA to introduce targeted indels at a gene locus
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Mechanis
Disease GENE  5PACER PAM m
GCCAAATTG
Hyperchole HMG- GACGACCCT
sterolemia CR CG CGoG Kunockout
CGAGGAGAC
Hyperchole CCCCGTTTC
sterolentia SQLE GG TGG Knockout
CCCGOCGCC
Hyperlipid DGAT  GCCGTGGCT
emia i CG AGG Knockout
TGAGCTCTA
BCR- CGAGATCCA
Leukemia ABL CA AGG Knockouwt

18682} Exarples of

locus

Disease

Hyperlipid
emia

Hyperlipid
crnia

Hyperlipid
cmia

Mechanis
GENE  SPACER PAM m
CTCAAAATT
PLIN2  CATACCGGTY Microdele
guidel TG TGO tion
CGTTAAACA
PLINZ  ACAACCGGA Microdele
guide? T TGG  tion
TTCACCCCG
SREBP COGCGUTGA Microdele
guidel AT ggg tion
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Example [7: Targeted integration of repair jor genes carrving disease-causing mutations;

reconstitution of enzyme deficiencies and other related diseases.
18603 Study design
L Identification and design of gene targets
e Described in Example 20
. Cloning of guide sequences and repair templates into a delivery system
e Described above in Exarople 20

e Applicants clone DNA repair teriplates to include homology arms with diseased
allele as well a wild-type repair template

1. In vitro validation on cell lines

a. Transfection is described above in Example 20; Cas9, gnide RNAs, and repair
template are co-trausfected 1uto relevant cell types.

b. Assay for vepair in vitro
i, Applicants harvest cells 72-hours post-transfection and assay for repair
ii. Briefly, Applicants amplify genomic region around repair template
PCR usimg high-fidelity polyroerase. Applicants sequence products for
decreased incidence of mutant allele.
IV.  Jnvive proof of principle in aniraal
a. Delivery mechanisms are described hercin,
b.  Assay for repair in vivo

1. Applicants perform the repair assay as described in the in vivo
dernonstration.

V. Therapeutic applications

The CRISPR-Cas system 18 amenable for achieving tissue-specific and temporally

controlled targeted deletion of candidate discase genes. Examples include genes
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involved in cholesterol and fatty acid metabolism, amyloid discases, dominant
negative diseases, latent viral infections, amoug other disorders.
18604 Exampic of one single missense mutation with repair template:

Disease GENE SPACER PAM
Familial amyloid polyneuropathy TTR AGCCTTTCTGAACACATGCA CGG
Mechanism  References

Transthyretin woutations in health and disease (Joao et al. Hurman Mutation,

30M repair - Volume 5, Issue 3, pages 191196, 1995}

V3ioM

allele  CCTGCCATCAATGTGGUCATGCATGTGTTCAGAAAGGCT
WT

allele CCTGCCATCAATGTGGUCGTGCATGTGTTCAGAAAGGCT

Example 18: Therapeutic application of the CRISPR-Cas svstem in Glaucoma, Amyioidosis, and
Huntington's disease
13605] Glaucoma: Applicants design gnide RNAS to target the first exon of the mycilin (MYOC)

gene. Applicants use adenovirus vectors (Ad3) to package both Cas9 as well as a guide RNA
targeting the MYOC gene. Applicants inject adenoviral vectors mto the trabecular meshwork
where cells have been wmplicated in the pathophysiology of glaucoroa. Applicants initially test
this out in mouse medels carrying the mutated MYOC gene to sce whether they improve visual
acuity and decrease pressure i the eves. Therapeutic application in humans employ a suvilar
strategy.

[8606] Amyloidosis: Applicants design guide RNAS to target the first exon of the transthyretin
{TTR) gene in the liver. Applicants use AAVE to package Cas?® as well as guide RNA targeting
the first cxon of the TTR gene. AAVE has been shown to have cfficient targeting of the hver and
will be administered intravenously. Cas9 can be driven either using liver specific promoters such
as the albumin promoter, or using a constitutive promoter. A pold promoter drives the guide
RNA.

{¢607] Alternatively, Applicants utilize hydrodynamic delivery of plasmid DNA to knockont the
TTR gene. Applicants deliver a plasmid encoding Cas9 and the guideRNA targeting Exonl of
TTR.

{8608] As a further alternative approach, Applicants admunister a combination of RNA (mRNA
for Cas9, and gutde RNA). RNA can be packaged using liposomes such as Invivofectamine from

Life Technologics and delivered iniravenously. To reduce RNA-induced tramunogenicity,
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increase the level of Cas% cxpression and guide RNA stability, Applicants modify the Cas9
mBNA using 5 capping. Applicants also incorporate modified RNA nucleotides into Cas9
mRNA and guide RNA to increase their stability and reduce immunogenicity (e.g. activation of
TLR). To increase efficiency, Applicants administer mualtiple doses of the virus, DNA, or RNA.
{#609] Huntington’s Disecase: Applicants design guide RNA based on allele specific mutations in
the HTT gene of patients. For example, 1o a patient whe is heterozygous for HTT with expanded
CAG repeat, Applicants identify nucleotide sequences unique to the mutant HT'T allele and use it
to design guideRNA. Applicants ensure that the mutant base 18 located within the last 9 bp of the
guide RNA {which Applicants have ascertained has the ability to discoiminate between single
DINA base mismatches between the target size and the guide RNA).

{8618] Applicants package the mutant HTT allele specific guide RNA and Cas® o AAVY and
deliver inte the striatum of Huntington's patients. Virus is injected into the striatum
stereotactically via a craniotorny. AAVY 1s known to transduce neurons efficiently. Applicants
drive Cas® using a neuron specific promoter such as human Synapsin L

Example 19: Therapeutic application of the CRISPR-Cas systerm in HIV

{8611} Chronic viral infection is a source of significant morbidity and mortality. While there
exists for many of these viruses conventional antiviral therapies that effectively target various
aspects of viral replication, current therapeutic modalities are usually non-curative in nature due
to “viral latency.” By its nature, viral latency is characterized by a dormant phase in the viral life
cycle without active viral production. During this period, the virus is largely able to evade both
immune surveillance and conventional therapeutics allowing for it to establish long-standing
viral reservoirs within the host from which subscquent re-activation can permit continued
propagation and transmission of virus. Key to viral latency is the ability to stably maintain the
viral genome, accomplished cither through episomal or proviral latency, which stores the viral
genome 1o the cytoplasm or integrates it nto the host genome, respectively. In the absence of
effective vaccinations which would prevent primary infection, chronic viral infections
characterized by latent reservoirs aund episodes of lytic activity can have significant
consequences: human papilloma virus (HPV) can result in cervical cancer, hepatitis C virus
{HCV) predisposes o hepatocellular carcinorna, and human immmunodeficiency virus eventually
destroys the host immune system resulting in susceptibility to opportunistic infections. As such,

these infections require life-long use of currently available antiviral therapeutics.  Further
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complicating matters is the high mutability of many of these viral genomes which lead to the
evolution of resistant strains for which there exists no effective therapy.

18612} The CRISPR-Cas system is a bacterial adaptive immune system able to induce double-
stranded DNA breaks (DSB) wn a multiplex-able, sequence-specific roanner and has been
recently re-constituted within mammalian cell systems. It has been shown that targeting DNA
with onc or numerous guide-RMNAs can result in both indels and delctions of the intervening
sequences, respectively. As such, this new techunology represents a means by which targeted and
multiplexed DNA mutagenesis can be accorplished within g single cell with high cfficiency and
specificity. Cousequently, delivery of the CRISPR-Cas sysiern directed against viral DNA
sequences could allow for targeted disruption and deletion of latent viral genomes cven in the
absence of ongoing viral production.

million mdividuals infected and an annual incidence of 2.6 million infections. The use of the
multimodal highly active antiretroviral therapy (HAART), which simultaneously targets multiple
aspects of viral replication, has allowed HIV infection to be largely managed as a chronic, not
terminal, iliness. Without treatment, progression of HIV to AIDS occurs usually within 9-10
years resulting in depletion of the host immune system and occurrence of opportunistic
infections usually leading to death soon thercafier. Secondary to vival latency, discoutinuation of
HAART invariably leads to viral rebound. Moreover, even temporary disruptions in therapy can
select for resistant strains of HIV uncontroilable by available mecans. Additionally, the costs of
HAART therapy are significant: within the UJS $10,000-15,0000 per person per year. As such,
treatment approaches directly targeting the HIV genome rather than the process of viral
replication represents a means by which eradication of latent reservoirs could allow for a curative
therapeutic option.

18614} Developruent and delivery of an HIV-1 targeted CRISPR-Cas system represents a unique
approach differentiable from cxisting means of targeted DNA mutagenesis, i.e. ZFN and
TALENSs, with numerous therapeutic implications. Targeted disruption and deletion of the HIV-1
genome by CRISPR-mediated DSB and indels in conjunction with HAART could allow for
simultaneous prevention of active viral production as well as depletion of latent viral reservoirs

within the host,
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{#615] Once integrated within the host immune system, the CRISPR-Cas system allows for
generation of a HIV-1 resistant sub-population that, even in the absence of complete viral
eradication, could allow for maintenance and re-constitution of host immune activity. This could
potentially preveunt pumary infection by disruption of the wviral genome preventing viral
production and integration, representing a means to “vaccination”. Multiplexed nature of the
CRISPR-Cas system allows targeting of multiple aspects of the genome simuliancously within
individual cells.

[8616] As 1 HAART, viral escape by mutagenesis is minimized by requiring acquisition of
multiple adaptive mutations concurrently. Multiple strains of HIV-1 can be targeted
simultaneously which minimizes the chance of super-infection and prevents subsequent creation
of new recornbinants strains. Nucleotide, rather than protein, mediated sequence-specificity of
the CRISPR-Cas system allows for rapid generation of therapeutics without need for
signtficantly altering delivery racchanism.

{#617] In order to accomplish this, Applicants generate CRISPR-Cas guide RNAs that target the
vast majority of the HIV-1 genome while taking into account HIV-1 strain variants for maximal
coverage and effectiveness. Sequence analyses of genomic conservation between HIV-1
subtypes and variants should allow for targeting of flanking conserved regions of the genome
with the aivos of deleting indervening viral sequences or induction of frame-shift mutations which
would disrupt viral gene functions.

18618] Applicants accomplish delivery of the CRISPR-Cas system by conventional adenoviral or
lentiviral-mediated infection of the host immune system. Depending on approach, host immune
cells could be a) isolated, transduced with CRISPR-Cas, selected, and re-introduced in to the
host or b) transduced in vivo by systemic delivery of the CRISPR-Cas system. The first approach
allows for generation of a resistant immune population whereas the second is more hikely to

target latent viral reservoirs within the host,

Examples of potential HIV-1 targeted spacers adapted from Mcintyre ef af, which generated

CACTGCTTAAGCCTCGCTCGAGS
TCACCAGCAATATTCGCTCGAGG
CACCAGCAATATTCCOGCTCGAGG
TAGCAACAGACATACGCTCGAGS
GOGCAGTAGTAATACGUTCOAGG
CCAATTCCCATACATTATTIGTAC
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Example 20: Targeted correction of deltaF 3508 or other mutations in cystic fibrosis

[3619] An aspect of the 1nvention provides for a pharmaceutical composttion that may comprise
an CRISPR-Cas gene therapy particle and a biocompatible pharmaceutical carrier. According to
another aspect, a method of gene therapy for the treatment of a subject having a mutation i the
CFTR gene comprises administering a therapeutically effective amount of a CRISPR-Cas gene
therapy particle to the cells of a subject.

8628} This Example demonstrates gene transfer or gene delivery of a CRISPR-Cas system in
airways of subjoct or a patient in need thereof, suffering from cystic fibrosis or from cystic
fibrosis related symptoms, using adeno-associated virus {AAV) particles.

{#621] Study Design: Subjects or patients in need there of! Human, non-primate human, canine,
feline, bovine, equine and other domestic animals, related. This study tests efficacy of gene
transfer of a CRISPR-Cas systemn by a AAV vector. Applicants determine transgene levels
sufficient for gene cxpression and wutilize a CRISPR-Cas system comprising a Cas9 cnzyme to
target deltaFS0R or other CFTR-inducing mutations.

13622} The treated subjects reccive pharmaceutically ctfective amount of acrosolized AAV
vector system per fung endobronchially delivered while spontancously breathing. The control
subjects receive equivalent amount of a pseudotyped AAY vector systern with an internal control
gene. The vector sysiern may be delivered along with a pharmaceutically acceptable or
biocompatible pharmacecutical carrier. Three weeks or an appropriate time interval following
vector adwinistration, treated subjects are tested for ameclioration of cystic fibrosis related
Symptoms.

{8623} Applicants use an adenovirus or an AAV particle.

{#624] Applicants clone the following gene constructs, cach operably linked to one or more
regulatory sequences {Cbh or EFla promoter for Cas9, U6 or HI promoter for chimeric guide
RNA}, into one or more adevovitus or AAV vectors or any other compatible vector: A
CFTRdeltaS08 targeting chimeric guide RNA (Fig. 27B), a repair template for deltaF508
mutation {Fig. 27C) and a codon optimized Cas9 enzyme with optionally one or more nuclear
iocalization signal or sequence{s) (NLS{s}}, c.g., two (2) NLSs.

{0625] Identification of Cas9 target site

{3626] Applicants analyzed the human CFTR genomic locus and identified the Cas9 target site

(Fig. 27A). (PAM may contain a NGG or a NNAGAAW motif).
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{#627} Gene Repair Strategy
186281 Applicants introduce an adenovirus/AAV vector systern comprising a Cas9 {or Cas9
nickase} and the guide RNA along with a adenovirus/AAV vector system comprising the
homology repair template contatning the FSOR residue into the subject via one of the methods of
delivery discussed earlier. The CRISPR-Cas system is guided by the CFTRdelta 508 chimeric
guide RNA and targets a specific site of the CFTR genornie locus to be nicked or cleaved. After

cleavage, the repair template is inserted into the cleavage site via homelogous recombination

correcting the deletion that results in cystic fibrosis or causes cystic fibrosis related symptoms.

Example 21: Use of Cas¥ to target a variety of disease types

{#629] Discases that involve mutations in protein coding sequence:

14638} Dominant disorders may be targeted by inactivating the dominant negative alicle.
Applicants use Cas9 to target a unique sequence in the dominant negative allele and introduce a
mutation via NHEJ. The NHEJ-induced indel may be able to introduce a frame-shift mutation in
the dominant negative allele and eliminate the dominant negative protein. This may work if the
gene is haplo-sufficient (e.g. MY OC mutation induced glaucoma and Huntington’s diseasc).
18631} Recessive disorders may be targeted by repairing the disease mutation in both alleles. For
dividing cells, Applicants use Cas® to introduce double strand breaks near the mutation site and
inerease the rate of homologous recombination using an exogenous recombination teraplate. For
dividing cells, this may be achieved using multiplexed nickase activity to catalyze the
replaceracnt of the mutant sequence in both alleles via NHEI-mediated ligation of an cxogenous
DNA fragment carrying compleroentary overhangs.

186321 Applicants also use Cas9 to introduce protective mutations {e.g. inactivation of CCRS to
prevent HIV ionfection, nactivation of PCSKS for cholesterol reduction, or mtroduction of the
AG6T3T into APP to reduce the likelihood of Alzheimer’s discase).

{8633] Diseases that invelve non-coding sequences

186341 Applicants use Cas9 to disrupt non-coding sequences in the promoter region, to alter

transcription factor binding sites and alter enhancer or repressor elements. For example, Cas9
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may be used to excise out the KIf! enhancer EHS1 in hematopeictic stem cells to reduce
BCL11a levels and reactivate fotal globin gene expression in differentiated erythrocytes

18635] Applicants alse use Cas9 to distupt functional motifs 1n the 57 or 37 untranslated regions.
For example, for the treatroent of myotonic dystrophy, Cas® way be used to reroove CTG repeat
expanstons in the DMPK gene.

Example 22: Multiplexed Nickase

{86361 Aspects of optimization and the teachings of Cas9 detailed in this application may also be
used to generate Cas9 nickases. Apphicants use Cas® nickases in combination with patrs of guide
RNAs to generate DNA double strand breaks with defined overbangs. When two pairs of goide
RINAs are used, it is possible to excise an intervening DNA fragment. If an exogenous piece of
DNA is cleaved by the two pairs of guide RNAs to generate compatible overhangs with the
genomic DNA, then the exogenous DNA fragment may be ligated into the genomic DNA to
replace the excised fragment. For example, this may be used to remove trinucleotide repeat
expanston in the huntintin (HTT) gene to treat Huntington’s Disease.

{3637} It an cxogenous DNA that bears fewer nuraber of CAG repeats 1s provided, then it may
be able to generate a fragment of DNA that bears the same overbangs and can be ligated into the

HTT genomic locus and replace the excised fragment.

HTT locus with

fragment
excised by .. COGTOCOGGGOUHOAGACTHOCATGG GOOCCGGCTGTGGUTGAGGAGL. .
Cas9 nickase .. GECACGGUCCGCCCTTNGC THKGCCOHWCCGACACGACTOCTCG, .

and two pairs of
guide RNAs

e

exogenous DNA

fragment with fewer

number of CAG repeats

also cleaved by Cas? CGACCOTGGAAA. .. . reduced nunber of CAG repeats..... CCCOETIGCCANTT
nicakse and the GATACOGOTGGGACCTTE. ... GGG

two pairs of guide

RNAs

{#638] The higation of the cxogenous DNA fragment into the genome docs not require
homologous recombination machineries and therefore this method may be used in post-mitotic
cells such as neurons.

Example 23: Delivery of CRISFR System

18639] While an aspect of the invention is delivery of the CRISPR complex via one or more
nanoparticle complex(es) or delivery of at least one component of the CRISPR complex, e.g.,

RNA thereof, via at least one nanoparticle complex, other delivery systems can be used in
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conjunction with the nanoparticle delivery of the system; c.g., to deliver Cas9 or have it
expressed. Cas9 and its chivaeric guide RNA, or combination of tracrRNA and crRNA, can be
delivered either as DNA or RNA. Delivery of Cas® and guide RNA both as RNA (normal or
containing base or backbone modifications) molecules can be used to reduce the amount of time
that Cas% protein persist in the cell. This may reduce the level of off-target cleavage activity in
the target cell Since delivery of Cas® as mRNA takes time to be translated into protein, it might
be advantageous to deliver the guide RNA several hours following the delivery of Cas® mRNA,
to maximize the level of guide RNA available for interaction with Cas9 protein,

{3648} In situations where guide RNA amouunt is Hmiting, U moay be desirable to introduce Cas9®
as mMRNA and guide RNA in the form of a DNA expression cassette with a promoter driving the
expression of the guide RNA. This way the arsount of guide RNA available will be amplified via
transcription.

{8641} A vaniety of delivery systeras can be introduced to introduce Cas9 (DNA or RNA) and
guide RNA (DNA or RNA) into the host cell. These include the use of liposomes, viral vectors,
clectroporation, nanoparticles | nanowires (Shalek et al., Nano Letters, 2012}, exosomes.
Molecular trojan horses liposomes (Pardridge et al, Cold Spring Harb Protoc; 2010,
dot:10.1101/pdb.prot5407) may be used to deliver Cas? and guide RNA across the blood brain
barrier.

Example 24: CRISPR-Cas for rapid, multiplex genome editing

186421 Aspects of the nvention relate to protocols and methods by which efficiency and
specificity of gene modification may be tested within 3-4 days after target design, and modified
clonal cell lines may be derived within 2-3 weeks.

{#643] Programomable nucleases are powerful technologies for mediating genome alteration with
high precision. The RNA-guided Cas9 nuclease from the microbial CRISPR adaptive fromune
system can be used to facthitate efficient genome editing 1u cukaryotic cells by stmply specifying
a 20-nt targeting sequence in its guide RNA. Applicants describe a sct of protocols for applying
CasY to facilitate efficient genome editivg in maromalian cells and generate cell lines for
downstream functional studics. Beginning with target design, cfficient and specific gene
modification can be achicved within 3-4 days, and modificd clonal cell lines can be derived

within 2-3 weeks.
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{#644] The ability to engineer biological systems and organisms holds enormous potential for
applications across basic science, medicine, and biotechnology. Programmable sequence-specific
endonucleases that facilitate precise editing of endogenous genomic loci arc now cnabling
systeroatic jnterrogation of genetic elements and causal genetic variations 1n a broad range of
species, inchiding those that have not been genetically tractable previously. A mumber of genome
editing technologics have emerged in recent years, including zine finger nucleases (ZFNs),
trapscription activator-like effector nucleases (TALENs), and the RNA-gided CRISPR-Cas
nuclease systern. The first two technologies use a common strategy of tethering endonuclease
catalytic domains to raodular DNA-binding proteins for imducing targeted DNA double stranded
breaks {DSB) at specific genomic loci. By contrast, (as9 is a nucicase guided by small RNAs
through Watson-Crick base-pairing with target DNA, presenting a systern that 1s casy to design,
efficient, and well-suited for high-throughput and multiplexed gene editing for a variety of cell
types and organisms. Here Applicants describe a set of protocols for applying the recently
developed Cas9 nuclease to facilitate efficient genome editing in mammalian cells and generate
cell lines for downstream functional studics.

{8645} Like ZFNs and TALENs, (as9 promotes genome editing by stimulating DSB at the
target genomic loci. Upon cleavage by Cas9, the target locus undergoes one of two major
pathways for DNA damage repair, the ervor-prone non-homologous end joining (NHEJD) or the
high-fidelity homology directed repair (HDR) pathway. Both pathways may be utilized to
achieve the desired editing ouicome.

{8646] NHEJ: In the absence of a repair template, the NHEJ process re-ligates DSBs, which may
icave a scar n the form of indel routations. This process can be harnessed to achieve gene
knockowts, as indels occurring within 2 coding exon may lead to frameshift mutations and a
premature stop codon. Multiple DSBs may also be cxplotted to mediate larger delctions in the
genore,

18647} HDR: Homology directed repair is an alternate major DNA repair pathway to NHEL
Although HDR typically occurs at lower frequencies than NHEJ, it may be harnessed to generate
precise, defined medifications at a target locus in the presence of an exogenously mtroduced
repatr template. The repair teraplate may be either in the form of double stranded DNA, designed
similarly to conventional DNA targeting constructs with homology arms flanking the insertion

sequence, or single-stranded DNA oligonucleotides (ssODNs). The latter provides an effective
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and simple method for making small edits in the genome, such as the introduction of single
nucleotide routations for probing causal genetic variations. Unlike NHEJ, HDR is generally
active only in dividing cells and its efficiency varies depending on the cell type and state.

{3648} Overview of CRISPR: The CRISPR-Cas system, by countrast, is at mynimum a two-
component system consisting of the Cas9 nuclease and a short guide RNA. Re-targeting of Cas9
to different loci or simultancous editing of multiple genes siraply requires cloning a different 20-
bp oligonucleotide. Although specificity of the (Cas9 nuclease has yet to be thoroughly
clucidated, the simple Watson-Crick base-pairing of the CRISPR-Cas system 18 likely more
predictable than that of ZFN or TALEN domains.

{#649] The type U CRISPR-Cas (clustered regularly interspaced short palindromic repeats} is a
bacterial adaptive tmroune systern that uses Cas9, to cleave foreign genctic clements. Cas9 is
guided by a pair of non-coding RNAs, a variable crRNA and a required auxiliary tracrRNA. The
crRNA contains a 20-nt guide sequence determines specificity by locating the target DNA via
Watson~Crick base-pairing. In the native bacterial system, multiple crRNAs are co-transcribed to
dircct Cas9 against various targets. In the CRISPR-Cas system derived from Streptococcus
progenes, the target DNA must immediately precede a 57-NGG/NRG protospacer adjacent motif
(PAM), which can vary for other CRISPR systems.

[#658] CRISPR-Cas is recoustituted 1n mammalian cells through the heterologous expression of
human codon-optimized Cas9 and the requisitc RNA components. Furthermore, the crRNA and
tracrRINA can be fused to create a chimeric, synthetic guide RNA {(sgRNA). Cas9 can thus be re-
directed toward any target of interest by altering the 20-nt guide sequence within the sgRNA.
{8651] Given its case of implomentation and multiplex capability, Cas9 has been used fo
generate engineered cukaryotic cells carrying specific mutations via both NHEJ and HDR. In
addition, direet injection of sgRNA and moRNA cncoding Cas9 into erabryos has cnabled the
rapid generation of fransgenic mice with multiple moditied alleles; these results hold provaise for
editing organisms that are otherwise genetically intractable.

[8652] A mutant Cas9 carrying a disraption in one of its catalytic domains bas been engineered
to nick rather than cleave DNA, allowing for single-stranded breaks and preferential repair
through HDR, potentially amchorating unwanted indel mutations from off-target DSBs.
Additionally, a Cas® mutant with both DNA-cleaving catalytic residues mutated has been

adapted to cnable transcriptional regulation in £ coli, demonstrating the potential of
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functionalizing Cas9 for diverse applications. Certain aspects of the invention relate to the
coustruction and application of Cas9 for roultiplexed editing of human cells.

18653} Applicants have provided a human codon-optimized, nuclear localization sequence-
flanked Cas9 to facilitate cukaryotic gene editing. Applicanis describe cousiderations for
designing the 20-nt guide sequence, protocols for rapid construction and functional validation of
sgRINAs, and finally usc of the Cas? nuclease to mediate both NHEJ- and HDR-based genome
modifications in human embryonic kidney (HEK-293FT) and human stem cell (HUESY) lings.
This protocol can likewise be applied to other cell types and organisms.

[#654] Target selection for sgRNA: There are two maio considerations in the selection of the 20-
it guide sequence for gene targeting: 1) the target sequence should precede the 57-NGG PAM for
5. pyogenes Cas9, and 2) guide sequences should be chosen to minimize off-target activity.
Applicants provided an online Cas® targeting design tool that takes an input sequence of interest
and identifies suitable target sites. To cxperimentally assess off-target roodifications for cach
sgRNA, Applicants also provide computationally predicted off-target sites for cach intended
target, ranked according to Apphicants’ quantitative specificity analysis on the ctfects of base-
pairing mismatch identity, position, and distribution.

{8655} The detailed information on computationally predicted off-target sites is as follows:
[8656] Considerations for Off-target Cleavage Activities: Simtlar to other nucleases, Cas® can
cleave off-target DNA targets in the genome at reduced frequencics. The extent to which a given
guide sequence exhibit off-target activity depends on a corabination of factors wncluding enzyroe
concentration, thermodynamics of the specific guide sequence employed, and the abundance of
similar sequences i the target genome. For routine application of Cas9, it is important to
consider ways to minimize the degree of off-target cleavage and also to be able to detect the
presence of off-target cleavage.

[8687] Mindmizing off-target activity: For application 1o cell lines, Applicanis recomamend
following two steps to reduce the degree of off-target genome medification. First, using our
online CRISPR target selection tool, it 18 possible to computationally assess the likelihood of a
given puide sequence to have off-target sites. These analyses are performed through an
exhaustive scarch in the genome for off-target sequences that are similar sequences as the guide
sequence. Comprehensive experimental investigation of the effect of mismatching bases between

the sgRNA and its target DNA revealed that rotstoatch tolerance s 1) position dependent — the 8-

264



WO 2015/089419 PCT/US2014/070057

14 bp on the 3" ond of the guide sequence are less tolerant of mismatches than the 5 bases, 2)
quantity dependent — in general more than 3 mismaiches are not tolerated, 33 guide sequence
dependent — some guide sequences are less tolerant of mismatches than others, and 4)
concentration dependent — off-target cleavage 1s highly sensitive to the amount of transfected
IDNA. The Applicants’ target site analysis web tool (available at the website genome-
cugincering.org/tools) integrates these criteria to provide predictions for likely off-target sites in
the target genome. Second, Applicants recommend titrating the amount of Cas9 and sgRNA
expression plasmid to minimize off-target activity.

{8658} Detection of off-target activities: Using Applicants” CRISPR targeting web tool, if is
possibie to generate a list of most likely offarget sites as well as primers performing
SURVEYOR or sequencing analysis of those sites. For isogenic clones generated using Cas9,
Applicants strongly recommend sequencing these candidate off-target sites to check for any
undesired mutations. It 1s worth noting that there roay be off target modifications in sites that are
not included in the predicted candidate list and full genome sequence should be performed to
completely verify the absence of off-target sites. Furthermore, in multiplex assays where several
DSBs are induced within the same genome, there may be low rates of translocation events and
can be evaluated using a varicty of techniques such as deep sequencing.

{8659} The online tool provides the sequences for all ohligos and primers necessary for 1)
preparing the sgRNA constructs, 2) assaying target modification efficiency, and 3} assessing
cleavage at potential off-target sites. It is worth voting that becaunse the U6 RNA polymerase [
promoter used to express the sgRNA prefers a guanine {3} nucleotide as the first base of its
transcript, an exira G is appended at the 57 of the sgRNA where the 20-nt guide sequence does
not begin with G.

{3668] Approaches for sgRNA construction and delivery: Depending on the desired application,
sgRINAs may be delivered as either 1) PCR amplicous containing an expression cassette or 2)
sgRINA-expressing plasmids. PCR-based sgRNA delivery appends the custom sgRNA sequence
onto the reverse PCR privoer used to amplify a U6 promoter teroplate. The resulting amplicon
may be co-transfected with a plasmid containing Cas® (PX165). This method is optimal for rapid
screcning of multiple candidate sgRNAs, as cell transfections for functional testing can be
performed mere hours after obtaining the sgRNA-encoding primers. Because this simple method

obviates the need for plasmmid-based cloning and sequence verification, i 18 well suited for
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testing or co-transfecting a large number of sgRNAs for generating large knockout libraries or
other scale~-seusitive applications. Note that the sgRNA-encoding primers are over 100-bp,
compared to the ~20-bp oligos required for plasmid-based sgRNA delivery.

{8661} Construction of an expression plasraid for sgRNA 13 also simple and rapid, mvolving a
single cloning step with a patr of partially complementary oligonuclestides. After annealing the
oligo pairs, the resulting guide sequences may be inserted into a plasmid bearing both Cas9 and
an invariant scaffold bearing the remainder of the sgRNA sequence (PX330). The transfection
plasmids may also be modified to enable virus production for /s vive delivery.

{8662} In addition to PCR and plasmid-based delivery methods, both Cas9 and sgRNA can be
introduced into cells as RNA.

18663} Design of vepatr teraplate: Traditionally, targeted DNA woodifications have reqguired use
of plasmid-based donor repair templates that contain homology arms flanking the site of
alterationn. The homology arms on cach side can vary in length, but are typically longer than 560
bp. This method can be used to generate large modifications, inchuding insertion of reporter
genes such as fluorescent proteins or antibiotic resistance markers. The design and construction
of targeting plasmids has been described elsewhere.

18664] More recently, single-stranded DNA oligonucleotides (ssODNs) have been used in place
of targeting plasmids for short raodifications within a defined locus without cloning. To achieve
high HDR efficiencics, ssODNs contain flanking sequences of at least 40 bp on cach side that are
homologous to the target region, and can be oviented in cither the sense or antfisense direction
refative to the target locus.

18665] Functional testing

{#666] SURVEYOR nuclease assay: Applicants detected indel mutations either by the
SURVEYOR muclease assay {or PCR amplicon sequencing. Applicants online CRISPR target
design tool provides recommended privacrs for both approaches. However, SURVEYOR or
sequencing primers may also be designed manually to amplify the region of interest from
genomic DNA and to avoid non-specific arplicons using NCBI Primer-BLAST. SURVEYOR
primers should be designed to amplify 300-400 bp (for a 600-800 bp total amplicon) on either
side of the Cas? target for allowing clear visualization of cleavage bands by gel electrophoresis.
To prevent excessive primer dimer formation, SURVEYOR primers should be designed to be

typically under 25-nt long with mclting teraperatures of ~60°C. Applicants reccommend testing
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cach pair of candidate primers for specific PCR amplicons as well as for the absence of non-
specific cleavage during the SURVEYOR nuclease digestion process.
18667] Plasmid- or ssODN-mediated HDR: HDR can be detected via PCR-amplification and
sequencing of the modified region. PCR primers for this purpose should anneal outside the
region spanned by the homology arms to avoid false detection of residual repair teruplate (HDR
Fwd and Rev, Fig. 26). For ssODN-mediated HDR, SURVEYOR PCR primers can be used.
{8668} Detection of indels or HDR by sequencing: Applicants detected targeted genome
maodifications by either Sanger or nexi-generation deep sequencing {(NGS). For the former,
genomic DNA from modified region can be amplified using etther SURVEYOR or HDR
primers. Amplicons should be subcloned into a plasmid such as pUCI? for iransformation;
individual colonies can be sequenced to reveal clonal genotype.
18669 Applicants designed next-generation sequencing (NGS) primers for shorter amplicons,
typically i the 100-200 bp size range. For detecting NHEJT mutations, 1t 18 important to design
primers with at least 10-20 bp between the priming regions and the Cas9 target site to allow
detection of longer indels, Applicants provide guidelines for a two-step PCR method to attach
barcoded adapters for multiplex deep sequencing. Applicants recommend the Hhumina platform,
due to its generally low levels of false positive indels. Off-target analysis {described previously)
can then be performed through read alignwent programs such as ClustalW, Genelous, or simple
sequence analysis scripts.
[867¢] Materials and Reagents
{3671] sgRNA preparation:

UltraPure DNascRNase-free distilled water (Life Technologies, cat. no. 10977-023)

Herculase I fusion polymerase {Agilent Technologices, cat. no. 640679

CRITICAL. Standard Taq polymerase, which lacks 3°-537 exonuclease proofreading
activity, has lower fidelity and can lead to amplification errors. Herculase H is a high-hdelity
polymerase (equivalent fidelity to Pfu) that produces high yields of PCR product with minimal
optimization. Other high-fidelity polywerases may be substituted.

Herculase H reaction buffer (5x; Agilent Technologies, included with polymerase)

dNTP solution mix (25 mM ecach; Enzymatics, cat. no. N20SL)

MgCiZ (25mM; ThermoSecientific, cat. no. R0971)

GIAquick gel extraction kit (Quagen, cat. no. 28704)
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QIAprep spin miniprep kit (Qiagen, cat. no. 27106)

UltraPure TBE bufter (10X, Life Techuologics, cat. no. 15581-028)

SeaKem LE agarose {(Lonza, cat. no. 50004}

SYBR Safc DNA stain (10,000x; Life Techuologies, cat. no. 833102)

1-kb Plus DNA ladder (Life Technologies, cat. no. 18787-318}

Trackit CyanOrange loading buffer (Life Technologics, cat. no. 10482-028}

FastI¥gest Bbsl (Bpil) {Fermentas/ThermoSeientific, cat. no. FI31014)

Fermentas Tango Buffer (Ferrmentas/ThermoScientific, cat. no. BY5)

DlL-dithothreitol (DTT; Fermentas/ThermoScientific, cat. no. ROR62)

T7 DNA ligase (Enzymatics, cat. no. L60ZL)

Critical:Do not substitute the roore coramonly used T4 ligase. T7 ligase has 1,000-
fold higher activity on the sticky ends than on the blunt ends and higher overall activity than
commercially available concentrated T4 ligases.

T7 2X Rapid Ligation Buffer (included with T7 DNA ligase, Enzymatics, cat. no.
Lo60ZL)

T4 Polymucleotide Kinase (New England Biolabs, cat. no M02015)

T4 DNA Ligase Reaction Buffer (10X, New England Biolabs, cat. no BO2028)

Adenosine 5 -triphosphate (10 mM; New England Biolabs, cat. no. PO7565)

PlasmidSafe ATP-dependent DNase (Epicentre, cat. no. E3101K)

One Shot Stbi3 chemically competent Escherichia coli (E. coli) (Life Techuologies,
cat. no. £7373-03)

SOC mediurn (New England Biolabs, cat. no. B9020S)

LB medium (Sigma, cat. no. L3022

LB agar moedium (Sigma, cat. no. L2897}

Ampicillin, sterile filtered (100 mg mi—1; Sigrua, cat. no. AS354)

186721 Mammalian cell culiure:

HEKZ293FT cells (Life Technologies, cat. no. R700-07}

Dulbecco's minimum Eagle’s medium (BMEM, 1X, high glucose; Life Technologies,
cat. no. 10313-03%)

Dulbecco’s minimum Eagle’s mediom (DMEM, 1X, high ghicose, no phenol red;

Life Technologies, cat. no. 31053-028)
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Dalbecco’s phosphate-buffered saline (BPBS, 1X; Life Technologies, cat. no. 14190-

250)
Fetal bovine serum, qualified and heat inactivated (Life Technologies, cat. no. 10438-
034)
Opti-MEM 1 reduced-serum mediom (FBS; Life Technologies, cat. no. 110580213
Penicillin-streptomycin (100x; Life Technologics, cat. no. 15140-163)
TrypLE™ Express (1X, no Phenol Red; Life Technologies, cat. no. 12604-013)
Lipofectamine 2000 transtection reagent (Life Technologics, cat. no. 11668027
Amaxa SF Cell Line 4D-Nucleofector® X Kit S (32 RCT; Lonza, cat. no V4XC-
20323

HUES 9 cell line (HARVARD STEM CELL SCIENCE)

Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix {(Life
Technologics, cat. no. A1413201)

mTeSR1 medium (Stemcell Technologies, cat. no. (53858)

Accutase cell detachment solution (Stemecll Technologies, cat. no. 07920)

ROCK Inhibitor {Y-27632; Mulipore, cat. no. SCM{75)

Amaxa P3 Primary Cell 4D-Nucleofector® X Kit § (32 RCT; Lonza cat. no. V4XP-
30323
{#673] Genotyping analysis:

QuickExtract DNA extraction solution (Epicentre, cat. no. QE09050)

PCR primers for SURVEYOR, RFLP analysis, or sequencing (see Primer table)

Herculase H fusion polymcrase (Agilent Technologies, cat. no. 600679)

CRITICAL. As Surveyor assay is sensitive to single-base mismatches, it is
particularly important to use a high-fidelity polymerase. Other high-fidelity polymerases may be
substituted.

Herculase I reaction buffer (5x; Agilent Technologies, included with pelymerase)

dANTP solotion rmx {25 oM cach; Enzymatics, cat. no. N2035L)

QIAquick gel extraction kit (Qiagen, cat. no. 28704)

Taq Bufter (10x; Genscript, cat. no. B000S)

SURVEYOR mutation detection kit for standard gel electrophoresis {(Transgenomic,

cat. no. 706025)
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UlraPure TBE bufter (10x; Life Technologies, cat. no. 15581-028)
SeaKem LE agarose (Lonza, cat. no. 50004)
4-20% TBE Gels 1.0 mm, 15 Well {(Life Technologies, cat. no. EC62255B0X)
Novex® Hi-Density TBE Sample Buffer (53X Life Technologies, cat. no. LC667R)
SYBR Gold Nucleic Acid Gel Stain (10,000X; Life Technologies, cat. no. §5-11494)
I-kb Plus DNA ladder (Life Technologies, cat. no. 10787-018)
Tracklt CyanOrange loading buffer (Life Techuologies, cat. no. 104K2-028)
FastDigest Hindli (Fermentas/ThermoSceientific, cat. no. FDO504)

{8674} Equipment

Filtered sterile pipette tips {Corning}

Standard 1.3ml microcentrifuge tubes (Eppendorf, cat. no. 0030 125.150)
Axygen 96-well PCR plates (VWR, cat. no. PCR-96M2-HSC)

96-well  thermocycler with programmable temperature stepping  functionality
{Applied Biosystems Veriti, cat. no. 4375786),

Desktop microcentrifuges 5424, 5804 (Eppendorf)

Gel electrophoresis system (PowerPac basic power supply, Bio-Rad, cat. no. 164-
5050, and Sub-Cell GT System gel tray, Bio-Rad, cat. no. 170-4401)

Novex XCell SureLock Mini-Cell {(Life Technologies, cat. no. EI0601)

Dhgital gel imaging system (GelDoc EZ, Bio-Rad, cat. no. 170-8270, and blue sample
tray, Bio-Rad, cat. no, 170-8273)

Bhue light transilluminator and orange filter goggles {Safelmager 2.0; Invitrogen, cat.

no. G6600)
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Gel quantification software (Bio-Rad, ImageLab, included with GelDoc EZ,0r open-
source Imagel frovo the National Institutes of Health, available at the website rsbweb.uih.gov/iy/)
UV spectrophotometer (NanoDrop 2000c¢, Thermo Scientific)

{0675} Reagent Setup

{#676] Tris-borate EDTA (TBE) electrophoresis solution Dilute TBE buffer in distilled water to
1X working solution for casting agarose gels and for use as g buffer for gel clectrophoresis.
Buffer may be stored at room temperature (18 — 22 °C) for at least 1 year.

{G677] - ATP, 10 mM Divide 10 mM ATP into 50-ud aliguots and store at — 20 °C for up
to 1 year; avoid repeated freeze-thaw cycles.

{G678] - DTT, 10 mM Prepare 10 mM DTT solution in distilled water and store in 20-ul
aliguots at — 70 °C for up to 2 years; for cach reaction, use a new aliquet, as DTT is casily
oxidized.

{66791 - D10 culture medium For culture of HEK293FT cells, prepare DO culture
medium by supplementing DMEM with 1X GhutaMAX and 10% {vol/vol} fetal bovine serum.
As indicated m the protocol, this mediurmm can also be supplemented with 1X penicillin-
streptomycin . D10 medium can be made in advance and stored at 4 °C for up to 1 month,

{6680] - mTeSRT culture medium For culture of human embryonic stem cells, prepare
rTeSRT medium by supplementing the 5X supplement (inchuded with maTeSR 1 basal mediur},
and 100 ug/ml Normocin.

[06681] Procedure

{#682] Design of targeting components and use of the online tool » Timing 1d

{3683] 1| Input target genomic DNA sequence. Applicants provide an online Cas9 targeting
design tool that takes an input sequence of interest, identifies and ranks suitable target sites, and
computationally predicts off-target sites for cach intended target. Alernatively, one can
manually select guide sequence by identifying the 20-bp sequence directly upstream of any 57-
NGG.

18684} 2| Order necessary oligos and privaers as specified by the online tooll If the site is chosen
manually, the oligos and primers should be designed.

{#685] Preparation of sgRINA cxpression construct

{#686] 3| To generate the sgRNA cxpression construct, either the PCR- or plasmid-based

protocol can be used.
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(#4687} (A) via PCR anplification » Timing 2 h

{B688] (1) Apphicants prepare diluted U6 PCR teruplate. Apphicants recoromend using PX330 as
a PCR template, but any U6-containing plasmid may likewise be used as the PCR template.
Apphicants diluted teroplate with ddH,0 to a concentration of 10 ng/ul. Note that if a plasmid or
cassette already containing an Ub-driven sgRNA is used as a template, a gel extraction needs to
be performed to ensure that the product contains only the mntended sgRNA and no trace sgRNA
carryover from template.

10689} (11) Applicants prepared diluied PCR oligos. U6-Fwd and Ub-sgRNA-Rev primers are
diluted to a final concentration of 10 oM in ddHO (add 10 ul of 100 uM primer to 90 vl ddH0).
{#698] (111) Ub-sgRNA PCR reaction. Applicants set up the following reaction for cach U6-

sgRINA-Rev primer and mastermnx as needed:

Component: Amount {ul) Final concentration
Herculase 11 PCR buffer, 5X 10 1X

dANTE, 100mM (25mM cach) 8.5 I mM

Ut template (PX3303 i 0.2 ng/ul

Uo-Fwd primer i 3.2 uM
U6-sgRNA-Rev primer (variable) 1 0.2 uM

Herculase 1T Fusion polymerase 0.5

Distilled water 36

Total 50

13691] (iv) Applicants performed PCR reaction on the reactions from step (i) using the

following cycling conditions:

Cycle number Denature Anneal Extend

1 95°C, 21

2-31 95°C, 208 60°C,20s  72°C,20s
32 72°C, 3m

[8692] (v) After the reaction is comapleted, Applicants ran the product on a gel to verify
successtul, single-band amplification. Cast a 2% (wt/vol} agarose gel in 1X TBE buffer with 1X
SYBR Safe dye. Run 3 ul of the PCR product in the gel at 15 V em-1 for 20-30 ruin. Successtul
amiplicons should yield one single 370-bp product and the template should be invisible. it should

not be necessary to gel extract the PCR araplicon.
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{#693] (vi) Applicants purified the PCR product using the QfAguick PCR purnification kit
according to the manufacturer’s directions. Elute the DNA 1o 35 ul of Baffer EB or water.
Purified PCR products may be stored at 4°C or -20°C.

186941 (B) Cloning sgRNA into CasS-containing bicistronic expression vector » Timing 3 d
{8695} (1) Prepare the sgRNA oligo inserts. Applicaunts resuspended the top and bottom strands
of oligos for cach sgRNA design to a final concentration of 100 uM. Phosphorylate and anneal

the oligo as follows:

Ohigo 1 {100 uM) Tul
Ohigo 2 (160 uM) 1ul
T4 Ligation Buffer, 10X Tul
T4 PNK 1l
ddH,O 6ul
Total G ul

{#696] (11) Anncal in a thermocyceler using the following parameters:

{66971 37°C for 30 m

18698] 95°C for Sm

{8699} Ramp down to 25°C at 5°C perm

[6708] (1) Applicants diluted phosphorylated and annealed oligos 1:200 by add Tul of oligo to
199 ul room temperature ddH,QO.

107011 (1) Clone sgRN4 oligo into PX330. Applicants set up Golden Gate reaction for each

sgRINA. Applicants recommend also setting up a no-insert, PX330 only negative control.

PX330 (100 ng) xul
Dituted oligo duplex from step (i1) 2ul
Tango Butfer, 10X 2ul
DTT, 16mM 1l
ATP, 10mM il
FastDigest Bbsl Tal
T7 Ligase (.5 ul
ddH,O xul
Total 20 ul

10782 {v) Incubate the Golden Gate reaction for atotal of T hs
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(#4783} Cycle number Condition
10764] 1-6 37°Cfor 5 m, 21°C for 5 m
18785] (vi) Apphicants treated Golden Gate reaction with PlasmidSafe exonuclease to digest any

restdual linearized DNA. This step is optional but highly recommended.

Golden Gate reaction from step 4 ol

10X PlasmidSate Buffer 1.5ul

ATP, 10 M 1.5 ul
PlasmidSafe exonuclease Lul

{8786] Total 15 ul

(#4707} (vii) Applicants incubated the PlasmidSafe reaction at 37°C for 30 min, followed by
inactivation at 70°C for 30 nun. Pause point: after completion, the reaction may be frozen and
contimued later. The circular DNA should be stable for at least | week.,

10788] (viir) Transformation. Applicants transformed the PlasrmidSafe-treated plasraid into a
competent £ coli strain, according to the protocol supplied with the cells. Applicants
recommend Stbi3 for quick transformation. Bricfly, Applicants added Sul of the product from
step {vit) into 20ul of ice~cold chemically competent Sthi3 cells. This is then incubated on ice for
10 m, heat shocked at 42°C for 30 s, returned immediately to ice for 2 m, 100 ul of SOC medium
is added, and this is plated onto an LB plate containing 100 ug/ml ampicillin with tncobation
overnight at 37°C.

107691 (ix) Day 2: Applicants inspected plates for colony growth. Typucally, there are no
colontes on the negative control plates (ligation of Bbsl-digested PX330 only, no annealed
sgRINA oligo}, and tens to hundreds of colonies on the PX330-sgRNA cloning plates.

{6718] () From cach plate, Applicants picked 2-3 colonies to check correct insertion of sgRNA.
Applicants used a sterile pipette tip to inoculate a single colony mto a 3 wml culture of LB
roedium with 100 ug/ml ampicillin. Incubate and shake at 37°C overnight.

18711} (xi) Day 3. Applicants isolated plasmid DNA from overnight cultures using a QiAprep
Spin miruprep kit according to the manufacturer’s instructions.

{0712] (xit) Sequence validate CRISPR plasmid. Applicants verified the sequence of cach colony
by sequencing from the U6 promoter using the Us-Fwd primer. Optional: sequence the Cas9

gene using primers listed in the following Primer table.

| Primer | Sequence (5’ te 3") | Parpose

274



WO 2015/089419 PCT/US2014/070057
Araplify U6-
Ub-For OAGGGCCTATITTCCCATGATTCC sgRNA
Amplify U6-
AAAAAAAGCACCCACTCOGTGCCACTTTTTCAAGTTGA | sgRNA; N s
TAACGGACTAGCCTTATTTTAACTTGCTATTTCTAG FeVerse
CTCTAAAACNNNNNNNNNNNNNNNNNNNCCGOGTOTTTC | complement of
U6-Rev GTCCTTTCCACAAG target
sgRINA- Clone sgRNA
top CACCGNNNNNNNNNNNNNNNNNNEN mto PX330
SgRNA- Clone sgRNA
bottom AAACNNNNNNNNNNNNNNNNNNNC into PX330
AAAAAAAGCACCGACTCGOTGCCACTTITTTCAAGTTGA
U6- TAACGGACTAGCCTTATTTTAACTTGCTATTTCTAG
EMXI- CTCTAAAACCCCTAGTCATTGGAGGTGACCGOGTGTTTCG | Amplify Ué-
Rev TCCTTTCCACAAG EMX1 sgRNA
Clone EMX1
sgRNA mto
EMXi-top | CACCGTCACCTCCAATGACTAGGG PX330
Clone EMX1
EMXT- sgRNA into
bottorn AAACCCCTAGTCATTGGAGGTGAC PX330
CAGAAGAAGAAGGGCTCCCATCACATCAACCGGTGGCG
CATTGCCACGAAGCAGGCCAATGOGOAGGACATC
GATGTCACCTCCAATCACAAQCTTCGUTAGUGGTGGOCA | EMXI HDR
ACCACAAACCCACGAGGGLCAGAGTGCTGOTTGCTG {sense;
ssODN- CTOGCCAGGUCCCTGCGTGOGLCCAAGUTGGACTCTGG | insertion
sense CCACTCCCT underhined)
AGGGAGTGGCCAGAGTCCAGCTTOGOCCCACGCAGGEG
CCTGGCCAGCAGCAAGCAGCACTCTGCCCTCGTG
GOTTTGTOGTTGUCCACCGUTAGUAAGCTIGTCATTGGA | EMXT HDR
GOTGACATCCATGTCCTCCCCATTGGCCTGCTTCG {antiscnse;
ssODN- TGGCAATGCGCCACCGUTTGATGTGATGGGAGCCCTTC | msertion
antisense | TTCTTCTG anderlined)
EMX1
SURVEYOR
EMX1- assay PCR,
SURV-F CCATCCCCTTCTGTGAATGT sequencing
EMX1
SURVEYOR
EMX1- assay PCR,
SURV-R | GGAGATTGGAGACACGGAGA sequencing
EMX1RFLP
EMX1- analysis PCR,
HDR-F GGCTCCCTOGGOTTCAAAGTA sequencing
EMX1- AGAGGGGTCTGOATGTCGTAA EMX1 RFLP
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HDR-R analysis PCR,
sequencing

pUCHS
multiple
cloning site F
primer, for
Sanger
pUCIS-F | CGCCAGGGTTTTCCCAGTCACGAC sequencing

{#713] Applicants referenced the sequencing results against the PX330 cloning vector sequence
to check that the 20 bp guide sequence was inserted between the U6 promoter and the remainder
of the sgRNA scaffold. Details and sequence of the PX330 wap in GenBank vector map format
{(*.gb file) can be found at the website crispr.genome-enginecring.org,

{8714} (Optional) Design of ssODN template » Timing 3 d planning ahead

{6715} 3

Design and order ssODN. Either the sense or antisense ssOBN can be purchased
dircctly from supplier. Applicants recommend designing hornology arms of at least 40 bp on
cither side and 90 bp for optimal HDR efficiency. In Applicants’ experience, antisense oligos
have slightly higher modification efficiencics.

{6716} 4| Applicants resuspended and diluted ssODN ultramers to a final concentration of 10
uM. Do not combine or anneal the sense and antisense ssODNs. Store at -20°C.

0717] 5

Note for HDR applications, Applicants recommend cloning sgRNA into the PX330
plasmid.

{0718} Functional validation of sgRNAs: cell culture and transfections « Timing 3-4 &
{#719] The CRISPR-Cas system has been used in a8 number of mammalian cell lines. Conditions
rnay vary for cach cell line. The protocols below details transfection conditions for HEKZ39FT
cells. Note for ssCDN-mediated HDR transfections, the Amaxa SF Cell Line Nucleofector Kit i3
used for optimnal debivery of ssODNs. This is described n the next section.

10728] 7| HER2U3FT maintenance, Cells are mamtained according to the manufacturer’s
recommendations. Briefly, Applicants cultured cells in D10 medium (GlutaMax DMEM
supplemented with 10% Fetal Bovine Seruray, at 37°C and 5% CO2.

18721} 8| To passage, Applicants removed medmm and rinsed once by gently adding DPBS to
side of vessel, so as not to dislodge cells. Apphcants added 2 mi of TrypLE to a T75 flask and
incubated for 5 mw at 37°C. 10 mi of warm D10 medium is added to inactivate and transferred to a

50 rol Falcon tube. Applicants dissociated cells by triturating gently, and re-sceded new flasks as
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necessary. Applicants typically passage cells every 2-3 d at a split ratio of 1:4 or 18, never
allowing cells to reach more than 70% conflucucy. Cell lines are restarted upon reaching passage
number 15

18722] B| Prepare cells for transfection. Applicants plated well-dissociated cells onto 24-well
plates in D10 medium without antibiotics 16-24 h before transfection at a seeding density of 1.3
x 10° cells per well and a seeding volume of 500 ul. Scale up or down according to the
manufacturer’s manual as needed. It is suggested to not plate more cells than recommended
density as doing so may reduce transfection efficiency.

{6723} 10} On the day of transfection, cells are optimal at 70-90% confluency. Cells may be
transfected with Lipofectamine 2000 or Amaxa SF Cell Line Nucleofector Kit according fo the
manufacturers’ protocols.

18724} (A) For sgRINAs cloned into PX330, Applicants transfected 500 ng of sequence-verified
CRISPR plasmid; if transfecting roore than one plasmud, mix at equimolar ratio and no more than
500 ng total.

18725} (B) For sgRNA amplified by PCR, Applicants mixed the following:

PX165 (Cas9 only) 200 ng
sgRNA amplicon (cach) 480 ng
pUCI9 fill up total DNA {0 500 ng

{4726} Applicants recommend transfecting in technical triplicates for reliable quantification and
including traunsfection controls {e.g. GFP plasraid) to roonitor transfection efficiency. o addition,
PX330 cloning plasmid and/or sgRNA amplicon may be transfected alone as a negative control
for downstrearn functional assays.

{67271 11} Applicants added Lipofectamine complex to celis gently as HEK293FT cells may
10728} 12} Applicants checked cells 24 h after travsfection for ethciency by estimating the
fraction of fluorescent cells in the control (e.g., GFP) transfection using a fluorescence
microscope. Typically cells are more than 70% transfected.

{#729] 13| Applicants supplemented the culture medium with an additional 500 ul of warm D10
medinm., Add D10 very slowly to the side of the well and do not use cold medium, as cells can

detach gastly.
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{4738} 14| Cells arc incubated for a total of 48-72 h post-transfection before harvested for indel
avalysis. Indel efficiency does not increase voticeably after 48 h.

10731} (Optional) Co-transfection of CRISPR plasmids and ssODNs or targeting plasmids
for HR » Timing 3-4 &

{0732} 15| Linearize targeting plasmid. Targeting vector is Hinearized if possible by cutting once
at g restriction site n the vector backbone near one of the homology arms or at the distal end of
gither homology arm.

{8733} 16] Applicants ran a small amount of the lincarized plasmid alongside vneunt plasmid on a
(.8-1% agarose gel to check successtul linearization. Linearized plasmid should run above the
supercoiled plasmid.

10734} 17} Applicants purified lincarized plasroid with the QlAQuack PCR Purification kit
18735} 18] Prepare cells for transfection. Applicants cultured HEK293FT in T75 or T225 flasks.
Sufficient cell count before day of transfection is planned for. For the Amaxa strip-cuvette
format, 2 x 10° cells are used per transfection.

{#736] 19| Prepare plates for transtection. Applicants added 1 ml of warm D10 medium into cach
well of a 12 well plate. Plates are placed mto the incubator to keep medivm warm.

187371 20] Nucleofection. Applicants transfected HEKZ93FT cells according to the Amaxa SF
Cell Line Nucleofector 4D Kit manufacturer’s instructions, adapted 1u the steps below.

{#738] a. For ssODN and CRISPR cotransfection, pre-mix the following DNA in PCR tubes:
pCRISPR plasmid (Cas® + sgRNA) 500 ng

ssODN template (10uM} Tal

{#739] b. For HDR targeting plasmid and CRISPR cotransfection, pre-roix the following DNA in
PCR tubes:

CRISPR plasmid (Cas9 + sgRNA) 500 ng

Linearized targeting plasmid 500 ng

18748} For transfoction controls, see previous section. In addition, Applicants recommend
transfecting ssODN or targeting plasrd alone as a negative control.

{#741] 21} Dissociate to single cells. Applicants removed medium and rinsed once gently with
DPBS, taking care not to dislodge cells. 2 ml of TrypLE is added to a T75 flask and meubated
for 5 m at 37°C. 16 ml of warm D10 medium is added to inactivate and triturated gently in a 50

ml Falcon tube. It is recommended that cells are triturated gently and dissociated to single cells.
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Large cluraps will reduce transfection efficiency. Applicants took a 10 ul aliquot from the
suspension and diuted into 90 vl of D10 mediure for counting. Applicants counted cells and
calculated the number of celis and volume of suspension needed for transfection. Applicants
typically transfected 2 x 107 cells per coudition using the Amaxa Nucleocuvette strips, and
recommend calculating for 20% more cells than reguired to adjust for volume loss in subsequent
pipetting steps. The volume needed 18 transferred into a new Falcon tube.

137421 23| Applicants spun down the new tube at 200 x g for S m.

{0743} Applicants prepared the transfection solution by mixing the SF solution and Si
supplement as recoromended by Amaxa. For Amaxa sirip-cuvettes, a total of 20 ul of
supplemented SF solution is nceded per transfection. Likewise, Applicants recommend
calculating for 20% wore volume than requared.

18744} 25| Applicants removed medium completely from pelleted cells from step 23 and gently
resuspended in appropriate volume (20 ul per 2 x 107 cells) of S1-supplemented SF solution. Do
not feave cells in SF sohution for extended period of time.

18745} 26} 20 ul of resuspended cells i3 pipetted into cach DNA pre-muix from step 20. Pipetic
gently to mix and transfer to Nucleocuvette strip chamber. This s repeated for each transfection
condition.

{6746} Electroporate cells using the Nucleofector 4D program recommended by Awaxa, CM-
130.

107471 28] Applicants geotly and slowly pipetied 100 ol of warm D10 medmm mto each
Nuclepcuvette strip chamber, and transferred all volume into the pre-warmed plate from step 19
CRITICAL. Cells are very fragile at this stage and harsh pipetting can cause cell death. Incubate
for 24 h. At this point, transfection efficiency can be estimated from fraction of fluorescent celis
in positive fransfoction control. Nucleofection typically results in greater than 70-80%
transfection efficiency.  Apphcants slowly added 1 mi warm D10 mediom to cach well without
dislodging the cells. Incubate cells for a total of 72 h.

{0748} Human embryonic stem cell (HUES 9) culture and {ransfection » Timing 3-4 ¢
{#749] Maintaining hESC (HUESY) line. Applicants routinely maintain HUESY cell line i
fecder-tree conditions with mTesR1 medium. Apphicants prepared mTeSR1 medium by adding
the 5X supplement included with basal medium and 100 ug/ml Normocin. Applicants prepared a

10 mi aliquot of mTeSR 1 medium supplernented further with 10 uM Rock Inhibitor. Coat tissue

279



WO 2015/089419 PCT/US2014/070057

culture plate. Dilute cold GelTrex 1:100 in cold DMEM and coat the entire surface of a2 100 mm
tissue culture plate.

1875¢] Place plate in incubator for at least 30 m at 37°C. Thaw out a vial of cells at 37°Cina 15
mi Falcon tube, add S mi of mTeSR1 medivm, and pellet at 200 x g for 5 m.  Aspivate off
GelTrex coating and seed ~1 x 106 cells with 10 ml mTeSRT medium containing Rock Inhibitor.
Change to normal mTeSR1 medium 24 h after transfoction and re-feed daily. Passaging cells.
Re-feed cells with fresh mTeSR1 medivm daily and passage before reaching 70% confluency.
Aspirate off mTeSR1 medium and wash cclls once with DPBS. Dissociate cells by adding 2 mi
Accutase and incubating at 37°C for 3 — 5 m. Add 10 mil wTeSR1 medium to detached cells,
transfer to 15 ml Falcon tube and resuspend gently. Re-plate onto GelTrex-coated plates in
rTeSRT mediurn with 10 uM Rock Inhibitor. Change to normal mTeSR1 medium 24 b after
plating.

{8751} Transfection. Applicants recornmaend culturing cells for at least 1 week post-thaw before
transfecting using the Amaxa P3 Primary Cell 4-I Nucieofector Kit {(Lonza). Re-feed log-phase
growing cells with fresh medium 2 h before transfection.  Dissociate to single cells or small
clusters of no more than 10 cells with accutase and gentle resuspension. Count the number of
cells needed for nucleofection and spin down at 200 x g for 5 m.  Remove medium completely
and resuspend in recommended volume of S1-supplemeuted P3 nucleofection solution. Gently
plate clectroporated cells into coated plates in presence of 1X Rock Inhibitor.

107821 Check transfection success and re~feed daily with regular mTeSR 1 mediurs beginning 24
h after nucleofection. Typically, Applicants observe greater than 70% transfection efficiency
with Amaxa Nucleofection.  Harvest DNAL 48-72 b post transfection, dissociate cells using
accutase and inactivate by adding 5 x volume of mTeSR1. Spin cells down at 200 x g for 5 m.
Pelicted cells can be directed processed for DNA extraction with QuickExtract solution. It s
recommended to not mechanically dissociate cells without accutase. It 18 recommended to not
spin cells down without inactivating accutase or above the recommended speed; doing so may
cause cells to lyse.

{#753] Isolation of clonal cell lines by FACS. Timing + 2-3 h hands-on; 2-3 weeks expansion
18754} Clounal isolation may be perforraed 24 h post-transtection by FACS or by serial dilution.
10758] 54| Prepare FACS buffer. Cells that do not need sorting using colored fluorescence may

be sorted n regular D10 medium supplemented with 1X pemicillin/streptinorycin. ¥ colored
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fluorescence sorting is also required, a phenol-free DMEM or DPBS is substituted for normal
DMEM. Suopplement with 1X penicithn/streptinomycin and filter through a .22 am Steriflip
filter.

18756] 55| Prepare 96 well plates. Apphicants added 100 ul of D10 media supplemented with 1X
penicillin/streptinomycin per well and prepared the number of plates as needed for the desired
number of clones.

187871 56| Prepare cells jor FACS. Applicants dissociated cells by aspirating the medium
completely and adding 100 ul TrypLE per well of a 24-well plate. Incubate for 5 m and add 400
ul warm D10 media.

{#758] 57] Resuspended cells are transferred into a 15 mi Falcon tube and gently writurated 20
times. Recommended to check under the microscope to cusure dissociation to single cells.

18759} 58! Spin down celis at 200 x g for 5 minutes.

16768} 59| Applicants aspirated the media, and resuspended the cells in 200 ul of FACS media.
{8761} 60] Cells are filtered through a 35 um mesh filter into iabeled FACS tubes. Applicants
recommend using the BD Falcon 12 x 75 mum Tube with Cell Strainer cap. Place cells on ice
until sorting.

18762} 61| Applicants sorted single celis into 96-well plates prepared from step 55. Applicants
recommend that in one stogle designated well on cach plate, sort 100 cells as a positive control.
{#763} NOTE. The remainder of the cells may be kept and used for genotyping at the population
level to gauge overall modification efficiency.

{8764 62} Applicants returned cells into the incubator and allowed them to expand for 2-3
weeks. 100 ul of warm D10 medivm 18 added 5 d post sorting. Change 100 ul of medium every
3-5 d as necessary.

18765} 63| Colonies are inspected for “clonal” appearance 1 week post sorting: rounded colonics
radiating from a central point. Mark oft wells that are cmpty or way have been seeded with
doublets or multiplets.

[6766] 64 When cells are more than 60% contluent, Applicants prepared a set of replica plates
for passaging. 100 ul of D10 medium is added to each well in the replica plates. Applicants
dissociated cells directly by pipetting up and down vigorously 20 times, 20% of the resuspended
volume was plated into the prepared replica plates to keep the clonal lines. Change the medium

every 2-3 d thercatter and passage accordingly.
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{#767} 65| Usc the remainder 80% of cells for DNA isolation and genotyping.

{#768] Optional: Iselation of clonal cell lines by dilution. Timing » 2-3 b hands-on; 2-3
weeks expansion

[6769] 66] Apphicants dissociated cells from 24-well plates as described above, Make sure fo
dissociate to single cells. A cell strainer can be used to prevent clumping of cells.

{9778} 67| The nmumber of cells are counted in cach condition. Serially dilute cach condition in
D1¢ medium to a final concentration of 8.5 cells per 100 ul. For each 96 well plate, Applicants
recommend diluting to a final count of 60 cells in 12 mi of D10, Accurate count of cell number is
recommended for appropriate clonal dilation. Cells may be recounted at an intermediate serial
dilution stage to ensure accuracy.

18771} 68 Multichaunel pipette was used to pipette 100 ul of diluted cells to cach well of a 96
well plate.

{8772} NOTE. The remainder of the cells may be kept and used for genotyping at the population
level to gauge overall modification effictency.

187731 69 Applicants mspected colonics for “clonal” appearance ~1 week post plating: rounded
colontes radiating from a central point. Mark off wells that may have seeded with doublets or
muitiplets.

{6774} 70} Applicants returned cells to the meubator and allowed them to expand for 2-3 weeks.
Re-feed cells as needed as detailed in previous section,

{§775] SURVEYOR assay for CRISPR cleavage efficiency. Timing 56 h

10776] 71| Harvest cells jor DNA. Dissociate cells and spin down at 200 x g for 5 m. NOTE.
Replica plate at this stage as needed to keep transfected cell lines.

(#4777} 72| Aspirate the supernatant completely.

18778} Before assaying cleavage efficiency of transfected cells, Applicants recornmend testing
cach new SURVEYOR prirvoer on negative (untransfected) control samples through the step of
SURVEYOR nuclease digestion using the protocol described below. Occasionally, even single-
band clean SURVEYOR PCR products can vield non-specific SURVEYOR nuclease cleavage
bands and potentially interfere with accurate indel analysis.

{97791 73| Applicants used QuickExtract DNA  exiraction solution according to  the
manufacturer’s instructions. Applicants typically used 50 ul of the solution for cach well of a 24

well plate and 10 ul for a 96 well plate.
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{¢788] 74| Applicants normalized extracted DNA to a final concentration of 100-200 ng/ul with
ddH20. Pause point: Extracted DNA may be stored at -20°C for several months.
10781} 75| Ser up the SURVEYOR PCR. Master mix the following using SURVEYOR primers

provided by Applicants ouline/coraputer algorithm tool:

Component: Amount (ul} Final concentration
Herculase I PCR buffer, SX 10 1X

dANTP, 160mM (25mM each) 1 1 mM
SURVEYOR Fwd primer (10uM)} 1 0.2 uM
SURVEYOR Rev primer (10uM) i 0.2 uM

Herculase H Fusion polymerase i

MgCh (25mM} 2 I'mM

Distilled water 33

Total 49 {for cach reaction)

{#782] 70] Applicants added 100-200 ng of normalized genomic DNA template from step 74 for
cach reaction.
{37831 77 PCR reaction was performed using the following cycling conditions, for no more than

30 amplification cycles:

Cyele nuraber Denature Anneal Extend

1 85°C, 2 min

2-31 95°C,20s  60°C, 208 72°C,30s
32 72°C, 3 min

{6784] 78] Applicants ran 2-5 ul of PCR product on a 1% gel to check for single-band product.
Although these PCR conditions are designed to work with most pairs of SURVEYOR primers,
some primers may need additional optimization by adjusting the template concentration, MgCly
concentration, and/or the anvealing temperature.

10785] 79| Applicants purified the PCR reactions using the QIAQuick PCR purification kit and
normalized eluant to 20 ng/ul. Pause point: Purified PCR product may be stored at -20°C.

{4786] 80| DNA heteroduplex formation. The anncaling reaction was set up as follows:

{#787] Tag PCR butter, 10X 2ul
{3788] Normalized DNA (28 ng/ul) 1Rul
[878%] Total volume 20 ul
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{#798] 81| Anneal the reaction using the following conditions:

Cyele number Condition

1 85°C, 10 nm

2 95°C-85°C, ~2°C/s

3 85°C, I min

4 85°C-75°C, -0.3°C/s
5 75°C, T min

6 75°C-65°C, -0.3°C/s
7 63°C, 1 min

& 65°C-55°C, -0.3°C/s
g 55°C, T min

19 55°C-45°C, -0.3°C/s
11 45°C, | min

12 45°C-35°C, ~(3.3°C/s
13 35°C, I min

14 35°0-25°C, -0.3°C/s
15 25°C, I min

16791] R2) SURVEYOR nucilease S digestion. Applhcants prepared master-mix and added the
following components on ice to annealed heteroduplexes from step 81 for a total final volume of

25 ul:

Component Amount (ul} Final Concentration
MgCh solution, 0.15M 2.5 15mM

ddH, O 0.5

SURVEYOR nuclease 8 1 IX
SURVEYOR enhancer S i 1X

Total 5

[6792] R3] Vortex well and spin down. Incubate the reaction at 42°C for 1 h

{#793] 84| Optional: 2 ul of the Stop Solution from the SURVEYOR kit may be added. Pause
point. The digested product may be stored at -20°C for analysis at & later time.

107941 85| Visualize the SURVEYOR reaction. SURVEYOR nuclease digestion products may be

visualized on a 2% agarose gel. For better resolution, products may be run on g 4-20% gradient
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Polyacrylamide TBE gel. Applicants loaded 10 ul of product with the recommended loading
buffer and ran the gel according to voanufacturer’s instructions. Typically, Applicants run until
the bromopheno! blue dye has migrated to the bottom of the gel. Inchude DNA ladder and
negative controls on the same gel.

{#795] Ro| Applicants stained the gel with 1X SYBR Gold dye diluted in TBE. The gel was
gently rocked for 15 m.

18796 87! Applicants imaged the gel using a quantitative imaging system without overexposing
the bands. The negative controls should have only one band corresponding to the size of the PCR
product, but may have occasionally non-specific cleavage bands of other sizes. These will not
interfere with analysis if they are different in size from target cleavage bands. The sum of target
cleavage baud sizes, provided by Applicants online/coraputer algorithr tool, should be equal to
the size of the PCR product.

18797] 88| Estimate the cleavage intensity. Applicants quantified the integrated infensity of cach
band using Imagel or other gel quantification software.

1#798] 89| For cach lane, Applicants calculated the fraction of the PCR product cleaved (.0
using the following formula: £, = (6 + ¢} /{a + b + ), where a is the integrated intensity of the
undigested PCR product and b and ¢ are the integrated intensitics of cach cleavage product. 9¢]
Cleavage efficicucy way be estimated using the following formaula, based ou the binowmal
probability distribution of duplex formation:

[0799] 911 indel (%) = 100 x (1 — (1 = frue)

{0860} Sanger sequencing for assessing CRISPR cleavage efficiency. Timing ¢ 3 d

{8801} Initial steps arc wdentical to Steps 71-79 of the SURVEYOQOR assay. Note: SURVEYOR
primers may be used for Sanger sequencing if appropriate restriction sites are appended to the
Forward and Reverse primacrs. For cloning into the recomumended pUCH? backboune, EcoRI may
be used for the Fwd primer and HindiH for the Rev primer.

18802 92| Amplicon digestion. Set up the digestion reaction as follows:

Component Amount (ul}
Fast Digest buffer, 10X 3

FastDhgest EcoRI i

FastDigest HindHi 1
Normalized DNA (20 ng/ul} 16
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ddH,0 15

Total volume 30

1886831 93| pUC19 backbone digestion. Set up the digestion reaction as follows:

{8804} Component Amount (ul)
Fast Digest buffer, 10X 3

FastDigest EcoRl i

FastDigest HindH] 1

FastAP Alkaline Phosphatase 1

pUCTY vector (200 ng/ul) 5

ddH,O 260

Total volume 30

10865] 94| Applicants purified the digestion reactions using the QIAQuick PCR purification kit.
Pause peint: Purified PCR product may be stored at -20°C.
{#806] 95 Applicants ligated the digested pUCI9 backbone and Sanger amplicons at a 1:3

vector:insert ratio as follows:

{8807} Component Amount (ul)

Digested pUC19 x {50 ng}

Digested insert % {1:3 vectorinsert molar ratio)
T7 ligase i

2X Rapid Ligation Buffer 10

ddH,O X

Total volume 20

{6808} 90 Transformation. Applicants transformed the PlasmidSafe-treated plasmid into a
competent £, colfi strain, according to the protocol supplied with the cells. Apphicants
recommend Sthi3 for quick transformation. Briefly, 5ul of the product from step 95 is added into
20ul of ice-cold chemically competent Sthi3 cells, incubated on ice for 10 m, heat shocked at
42°C for 30 s, returned tmmediately to 1ce for 2 ro, 100 ul of SOC mediuro 1s added, and plated
orto an LB plate containing 100 ug/mi ampicillin. This is incubated overnight at 37°C.

138G9] 97| Day 2: Applicants mspected plates for colony growth. Typically, there are no colonies
on the negative control plates (figation of EcoRI-Hindll digested pUCIS only, no Sanger

amplicon msert), and tens to hundreds of colonies on the pUCT9-Sanger amplicon cloning plates.
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{#818] 98] Day 3. Applicants isolated plasmid DNA from overnight cultures using a QiAprep
Spin ratmprep kit according to the manufacturer’s instructions,

10811 99| Sanger sequencing. Applicants verified the sequence of cach colony by sequencing
from the pUCTY backbone using the pUCT9-For primaer. Apphicants referenced the sequencing
results against the expected genomic DNA sequence to check for the presence of Cas9-induced
WNHEJ mutations. % cditing efficiency = (# modified clones)/(# total clones). It is important to
pick a reasonable number of clones (>24) to generate accurate modification efficiencies.

{0812} Genotyping for microdeletion. Timing  2-3 d hands on; 2-3 weeks expansion

[B813] 100] Cells were transtected as described above with a pair of sgRNAs targeting the region
to be deleted.

[0814] 101} 24 h post-transfection, clonal lines are isolated by FACS or serial dilution as
described above.

{8815} 102] Cells are cxpanded for 2-3 weeks.

{#816] 103] Applicants harvested DNA from clonal lines as described above using 10 ul
QuickExtract solution and normalized genomic DNA with ddH,0 to a final concentration of 50-
186 ng/ul.

18817} 104] PCR Amplify the modified region. The PCR reaction is set up as follows:

Component: Amount (ul}  Final concentration
Herculase T PCR buffer, 5X 10 1X

dANTP, 100mM (25mM cach) 1 I mM

Out Fwd primer (10uM) 1 0.2 uM

Out Rev prirmer {(10uM)} 1 0.2 uM

Herculase H Fusion polymerase i

MgCI2 (25mM) 2 1 mM

ddH, O 32

Total 48 {for cach reaction}

{#818] Note: if deletion size is more than 1 kb, set up a parallel set of PCR reactions with fn-
Fwd and In-Rev primers to screen for the presence of the wt alicle.
{0819] 105] To screen for inversions, a PCR reaction is set up as follows:

Herculase H PCR buffer, 5X 10 1X

Component: Amount (ul}y Final concentration
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dNTP, 100mM (25mM cach) i I mM
Out Fwd or Out-Rev primer (10aM) i 0.2 uM
in Fwd or In-Rev primer (10uM) i 0.2 uM
Herculase H Fusion polymerase 1

MeCh (25mM) 2 1 mM
ddH,0 32

Total 48 {for cach reaction)

{8828] Note: primers are paired cither as Out-Fwd + In Fwd, or Qut-Rev + In-Rev,
{6821} 106] Applicants added 100-200 ng of normalized genomic DNA template from step 103
for cach reaction.

{8822} 107! PCR reaction was performed using the following cycling conditions:

Cycle number Denature Anneal Extend

i 35°C, 2 min

2-31 95°C, 208 o60°C,20s  T2°C,30s
32 72°C, 3m

88231 108 Applicants run 2-5 ul of PCR product on a 1-2% gel to check for product. Although
these PCR conditions are designed to work with most primers, some primers may need
additional optirnization by adjusting the teroplate couceniration, MgCl concentration, and/or the
anncaling temperature.

{0824] Genotyping for targeted modifications via HDR. Timing = 2-3 d, 2-3 h hands on
{B8258] 109 Applicants harvested DNA as described above using QuickExtract solution and
normalized genomic DNA with TE to a final concentration of 100-200 ng/ul.

{0826] 110 PCR Amplify the modified region. The PCR reaction is set up as follows:

Component: Amount (ul} Fmal concentration
Herculase H PCR buffer, X 10 1X

dNTP, 100 mM (25 mM ecach) i I mM
HDR Fwd primer (10 uM) i 0.2 uM
HDR Rev primer (10 uM) i (.2 uM
Herculase H Fusion polyracrase i

MgCh (25mM} 2 I mM
ddH-0 33
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Total 49 (for each reaction)
{88271 111} Applicants added 100-200 ng of genomic DNA template from step 109 for each

reaction and run the following program.

Cyele nuraber Denature Anneal Extend

1 85°C, 2 min

2-31 95°C,20s  60°C,20s  72°C, 30-60 s per kb
32 72°C, 3 min

{6828} 112| Applicants ran 5 ul of PCR product on a 0.8-1% gel to check for single-band
product. Primers may need additional optimsization by adjusting the template concentration,
MpCl, concentration, and/or the annealing temperature.

18829} 113} Applicauts punified the PCR reactions using the QIAQuick PCR purification kit.
16838} 114] In the HDR example, a Hindll1 restriction site is inserted into the EMX1 gene. These

are detected by a restriction digest of the PCR amplicon:

Component Amount (ul}
Purified PCR amphlicon (200-300ng) x

F.D. buffer, Green 1

Hindiif (.5

ddH20 X

Total 10

{8831 1. The DNA 1s digested for 10 m at 37°C:

{8832} 1. Applicants ran 10 ul of the digested product with loading dve on a 4-20% gradient
polyacrylamide TBE gel until the xylene cyanol band had nugrated to the bottom of the gel.
{#833] 111, Applicants stained the gel with 1X SYBR Gold dye while rocking for 15 m.

{8834} 1v. The cleavage products are imaged and quantified as described above i the
SURVEYOR assay section. HDR efficiency is estimoated by the formula: (b + ¢){a + b + ¢),
where a is the integrated intensity for the undigested HDR PCR product, and b and ¢ are the
integrated intensities for the HindHi-cut fragraeots.

{#835] 115} Alternatively, purified PCR amplicons from step 113 may be cloned and genotyped
using Sanger sequencing or NGS.

{10836] Deep seqguencing and off-target analysis * Timing 1 -2 d
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{#837] The online CRISPR target design tool generates candidate genomic off-target sites for
cach wdentified target site. Off-target analysis at these sites can be performed by SURVEYOR
nuclease assay, Sanger sequencing, or next-generation deep sequencing. Given the likelithood of
low or undetectable modification rates at wany of these sites, Applicants recommend deep
sequencing with the Hlumina Miseq platform for high sensitivity and accuracy. Protocols will
vary with scquencing platform; here, Apphicants briefly describe a fusion PCR method for
attaching sequencing adapters.

{0838} 116] Design deep sequencing primers. Next-generation sequencing (NGS) primacrs are
designed for shorter amplicons, typically in the 100-200 bp size range. Privaers voay be roanually
designed using NCBI Primer-Blast or generated with online CRISPR target design tools (website
at genome-engineering.org/tools).

188391 117! Harvest genomic DNA from Cas9-targeted celis. Normalize QuickExtract genomic
DNA to 100-200 ng/ul with ddH20.

{6848} 118! Initia! library preparation PCR. Using the NGS primers from step 116, prepare the

inttial library preparation PCR

{BR41]

Component: Amount (ul} Final concentration
Herculase H PCR buffer, 5X 10 1IX

dNTP, 100mM (25mM cach) i I mM
NGS Fwd pamer (10uM) 1 3.2 uM
NGS Rev primer (10uM) 1 0.2 uM
Herculase H Fusion polymerase i

MeCl2 (25mM) 2 I mM
ddH20 33

Total 49 {for cach reaction)

188421 119 Add 100-200 ng of normalized genomic DNA template for cach reaction.
{6843} 120 Perform PCR reaction using the following cycling conditions, for vo more than 20

amplification cycles:

Cyele number Denature Anneal Extend
i 895°C, 2 min
2-21 95°C,20s  60°C,20s 72°C, 158
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22 72°C, 3 min

{0844} 121 Run 2-5 ul of PCR product on a 1% gel to check for single-band product. As with all
genomic DNA PCRs, NGS primers may require additional optimization by adjusting the
teroplate concentration, MgCl; councentration, and/or the annealing teraperature.

{#845] 122 Purify the PCR reactions using the QIAQuick PCR purification kit and normalize
cluant to 20 ng/ul. Pause peint: Purified PCR product may be stored at -20°C.

{8846} 1231 Nextera XT DNA Sample Preparation Kit. Following the manufacturer’s protocol,
generate Miseq sequencing-ready libraries with unique barcodes for cach sample.

16847} 124) 4nalyze sequencing data. Off-target analysis way be performoed through read
alignment programs such as ClustalW, Gengeious, or simple sequence analysis scripts.

{3848} Timing

{8849} Steps 1 — 2 Design and synthesis of sgRNA oligos and ssODNs: 1-5 d, variable
depending on supphier

{#838] Steps 3 — 5 Construction of CRISPR plasmid or PCR expression cassette: Zhto 3 d
{3851] Steps 6 — 53 Transfection into cell Iines: 3 d (I h hands-on time)

[BRS2 Steps 54 — 70 Optional derivation of clonal lines: 1-3 weeks, variable depending on cell
type

[#853] Steps 71 — 91 Functional validation of NHEJ via SURVEYOR: 5-6 h

{#854] Steps 92 — 124 Genotyping via Sanger or next-gen deep sequencing: 2-3 d (3-4 h hands
on time)

{3855] Addressing Situations Concerning Herein Examples

Sttuation Solution

No amplification of o .
arap Titrate Ub-template concentration

sgRNA
SURVEYOR or HDR PCR | Titrate MgC12; normalize and titrate template
dirty or no amplification concentration; aunealing temp gradient; redesign primers

Unequal amplification of
alleles in microdeletion
PCRs

Set up separate PCRs to detect wildtype and deletion
alleles; Redesign primers with similar sized amplicons

Increase Bbsi; increase Golden Gate reaction cycle
number, cut PX330 scparately with Antarctic Phosphate
treatment

Colonies ou negative
control plate

No sgRNA sequences or Screen additional colonies
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Low lipofectamine
transfection efficiency

Check celi health and density; titrate DNA; add GFP
transfection control

Low nucleofection
transfection efficiency

Check cell health and density; titrate DNA; suspend to
single cell

Clamps or no cells after
FACS

Filter cells before FACS; dissociate to single cells;
resuspend 1n appropriate density

Cluraps or no cells in serial
dilution

ceount cells; dissociate to single cells and filter through
strainer; check serial dilution

High SURVEYOR
background on negative
sample

Redesign primers to prime from different locations

Dirty SURVEYOR result
on gel

Parify PCR product; reduce input DNA; reduce 42°C
ncubation to 30 m

No SURVEYOR cleavage

Purity and normalize PCR product; re-anncal with TagB
buffer; Redesign sgRNAs; sequence verify Cas9 on px330
backboue

Samples do not sivk in
TBE acrylamide gel

Supplement with MgCl12 {0 a final concentration of 15mM
or add loading buffer containing glycero!

Example 25: NLSs

188386 Cas9 Transcriptional Modulator: Applicants set out to turn the Cas9/gRNA CRISPR
systern into a generalized BNA binding systern in which functions beyond DNA cleavage can be
executed. For instance, by fusing functional domain{s} onto a catalytically inactive Cas9
Applicants have moparted novel functions, such as tfrauscriphonal activation/repression,
methylation/demethylation, or chromatin modifications. To accomplish this goal Applicants
made a catalytically nactive Cas9 mutant by changing two residues cssential for nuclease
activity, 110 and HR40, to alanine. By mutating these two residues the nuclease activity of Cas9
is abolished while maintaining the ability to bind target DNA. The functional domains
Applicants decided to focus on to test Applicants’ hypothesis are the transcriptional activator
VP64 and the transcriptional repressors SID and KRAB.

{857} CRISPR-Cas may be casily multiplexed to facilitate simultancous modification of several
genes and mediate chromosomal microdeletions at high efficiencies. Applicants used two
sgRNAs to demonstrate simultancous targeting of the human GRINZS and DYRKIA4 loci at

efficiencies of up to 68% in HEK293FT cells. Likewise, a pair of sgRNAs may be used to
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mediate microdeletions, such as cxcision of an cxon, which can be genotyped by PCR on a
clonal level. Note that the precise location of exon junctions can vary. Applicants also
demonstrated the use of ssODNs and targeting vector to mediate HDR with both wildtype and
nickase mutant of Cas9® in HEK 293FT and HUESY cells (Fig. 26). Note that Applicants have not
been able to detect HDR in HUESYS cells using the Cas9 nickase, which may be due to low
typical, there is some variability in the cleavage efficiency of a given sgRNA, and on rare
occasions cortain sgRINAs may not work for reasons yet unknown. Applicants recomumnend
designing two sgRNAs for cach locus, and testing their efficiencies in the intended cell type.
{#858] Cas9 Nuclear localization: Applicants hypothesized that the most effective CasS
transcriptional modulator would be strongly localized to the nucleus where 1t would have s
greatest influence on transcription. Moreover, any residual CasS in the cytoplasm could have
unwanted ctfects. Applicants determined that wild-type Cas9 docs not localize nto the nucleus
without including multiple nuclear localization signals (NLSs) {although a CRISPR system need
not have one or more NLSs but advantageously has at zero or least one or more NLS(s)).
Because multiple NLS sequences were required it was reasoned that it is difficult to get Cas9
into the nucleus and any additional domain that is fused to Cas9 could disrupt the nuclear
localization, Therefore, Applicanis roade four Cas9-VP64-GFP fusion coustructs with different
NLES  sequences  (pXRP02-  pLlentiZ-EF1a-NLS-hSpCsnl{10A,840A»-NLS-VP64-EGFP,
pXRPO4~-  plentiZ-EF1a~-NLS-hSpCsnl{10A R40A}-NLS-VP64-2A-EGFP-NLS,  pXRP06-
pLenti2-EF1a-NLS-EGFP-VP64-NLS-hSpCsn1{10A R40A)-NLS, pXRP0E- pLenti2-EFia-
NES-VP64-NLS-hSpCsn1{10A 840A-NLS-VP64-EGFP-NLS). These constructs were cloned
into a lenti backbone under the expression of the human EF1a promoter. The WPRE clement was
also added for more robust protein expression. Each construct was transfected mto HEK 293FT
cells wsing Lipofectame 2000 and tmaged 24 hours post-transfection. The best nuclear
localization is obtained when the fusion proteinsg have NLS sequences on both the N- and C-term
of the fusion protein. The highest observed nuclear localization occurred tn the coustract with
four NLS clements.

{3859} To more robustly understand the influence of NLS clements on Cas9 Apphicants made 16
Cas9-GFP fusions by adding the same alpha importin NLS sequence on either the N- or C-term

ipoking at zero to three tanderm repeats. Each construct was transfected into HEK 293FT cells
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using Lipofectame 2000 and imaged 24 hours post-transfection. Notably, the number of NLS
clemeunts does not divectly correlate with the extent of nuclear locahization. Adding an NLS on
the C-term has a greater influence on nuclear localization than adding on the N-term.

{6868} Cas9 Transcriptional Activator: Applicants functionally tested the Cas9-VP64 protein by
targeting the Sox2 locus and quantifying transcriptional activation by RT-gPCR. Eight BNA
target sites were chosen to span the promoter of Sox2. Each construct was transfected into HEK
293FT cells using Lipofectame 2000 and 72 hours post-transfection total RNA was extracted
from the cells. 1 ug of RNA was reverse transcribed into ¢DNA {gScript Superraix) in a 40 ul
reaction. 2 ul of reaction product was added into a single 20 ul TagMan assay gPCR reaction,
Each cxperiment was performed in biological and technical triplicates. No RT control and no
template conirol reactions showed no aroplification. Constructs that do not show strong nuclear
localization, pXRP0OZ and pXRP0O4, result in no activation. For the construct that did show strong
nuclear localization, pXRPOS, moderatc activation was observed. Statistically significant
activation was observed in the case of guide RNAs Sox2.4 and Sox2.5.

Example 26: In Vive Mouse Data

{3861] This cxample demonstrates that CRISPR complex delived in vivo functions as intended.
{3862} Material and reagents

Herculase H fusion polyrocrase (Agilent Technologies, cat. vo. 6006793

10x NEBuffer 4 (NEB, cat. No. B70045)

Bsal HF (NEB, cat. No. R35355)

T7 DNA ligase (Enzymatics, cat. no. L602ZL)

Fast Digest bufter, 10X {ThermoScientific, cat. No. Bo4)

FastDigest Notl {(ThermoScientific, cat. No. FD059%4)

FastAP Alkaline Phosphatase (ThermoScientific, cat. No. EF0651)

Lipofectamine2000 (Life Technologies, cat. No. 11668-019)

Trypsin {Life Technologies, cat. No. 15400054}

Forceps #4 (Sigma, cat. No. Z168777-1EA)

Forceps #5 (Sigma, cat. No. F6521-1EA)

10x Hank’s Balanced Salt Selution (Sigma, cat. No. H4641-500ML)

Penicillin/Streptomyein solution (Life Technologies, cat. No. P4333)

Neurobasal (Life Technologics, cat. No. 21103049)
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B27 Supplement (Life Technologies, cat. No. 17504044)

L~glutamiune (Life Technologies, cat. No. 25030081)

Glutamate {Sigma, cat. No. RES3063G-AT)

B-mercaptoethanol (Sigma, cat. No. M6250-100ML)

HA rabbit antibody (Cell Signaling, cat. No. 37248}

LIVE/DEAD® Cell Imaging Kit (Life Technologics, cat. No. R37601)

308G World Precision Instrument syringe (World Precision Instruments, cat. No. NANOFIL)
Stereotaxic apparatus (Kopt Instruments)

UltraMicroPump3 (World Precision Instrurnents, cat. No. UMP3-4)

Sucrose {Sigma, cat. No. 87903)

Calciom chloride {Sigma, cat. No. C1016)

Magnesium acetate (Sigma, cat. No. M0631)

Tris-HCI (Sigma, cat. no T5941)

EDTA (Sigma, cat. No. E675K)

WNP-40 (Sigma, cat. No. NP40)

Phenyimethanesuifony! fluoride (Sigma, cat. No. 78830}

Magnesium chioride (Sigma, cat. No. M8266)

Potassium chloride (Sigma, cat. No. P9333)

B -glycerophosphate (Sigma, cat. No. G9422)

Glyeerol (Sigma, cat. No. G9012)

Vybrant® DyveCycle™ Ruby Stain {Life technologies, cat. No. 84942}

FACS Aria Flu-gct-cell sorter (Koch Institute of MIT, Cambridge US)

DINAgasy Blood & Tissue Kit {(Jiagen, cat. No. 69504)

[0863] Procedure

10864] Constructing gRNA multiplexes for use in vive in the brain

Applicants designed and PCR amplified single gRNAs targeting mouse TET and DNMT family
members (as described herein) Targeting efficiency was assessed in N2a cell line (Fig. 28). To
obtain simultancous modification of scveral genes in vivo, efficient gRNA was multiplexed in
AAV-packaging vector (Fig. 29} To factlitate further analysis of system ctficiency applicants
added to the system expression cassette consistent of GFP-KASH domain fusion protein under

control of human Synapsin I promoter (Fig. 29). This modification allows for further analysis of
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system cfficiency in neurcnal population (nore detail procedure in section Sorting nuclei and in
vivo resulis).

18865] All 4 parts of the system were PCR amplified using Herculase H Fusion polymerase
using following primers:

A

t 76 Fw:

€]

Jgagggtctogtecttgoggecgcgoctagogagggcctatttececatgattc
ist gRNA Rv:
ctegotecteggtAAAARAGgeaccgactcogglgecactittticaagtigataacyggactage
cttattttaacttgetaTTTCtagotetaaaacNNNNNNNNNNNNNNNNNNNNGGTGTTTC
GTCCTTTCCAC
Znd U6 Fwe

gagggtetcTTTaccggtgagoggectattteocecatgattee

2nd gRNA Rv:

gc cttattttaacttgetalTICragetctaaaacNNNNNNNNNNNNNNNNNNNNGGTGTTTC
GTICCTTTCCA

3rd U Fw:

O
Y]

agoggteteTTTgagetecgagggectattteceatgatte

ctocggtotecocgtAAAAAAgCaccgactcggtgecacttittcaagtigataacggact
ay ccecttattttaacttgetaTTTCtagetctaaaacNNNNNNNNNNNNNNNNNNNNGGTGETTT
CGTCCTITCC

- e . . - T
hSyn GFP-kash Fw: gagggtctcTTacgocgtgtgtictagac
35 N g e ANTOTS PR Ty
h3Syn GFP-kash By
- P O ACGGARGGCAGC AGTGGT T CACGCCTGTAATCCCAGCAATTTGR
C "\,ngi,ci dO’Q aCAGGGAAGGGAGCAGTGETTCACGCCTGTAATCCCA ATTTC

GA GGUCAAGGTGGGTAGATCACCTGAGATTAGGAGTTGC

(NNNNNNNNNNNNNNNNNNNN 1s a reverse complitaent targeted genomic sequence)

18866} Applicants used Golden Gate strategy to assemble all parts {1:1 molecular ratio) of the
systern in a single step reaction:

1% U6 _gRNA 18 ng

2" U6 gRNA 18 ng
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3 U6 gRNA 18 ng

Syn (GFP-kash 106 ng

10x NEBuffer 4 1.0l

10x BSA 1o

10 mM ATP 1.0l

Bsal HF 075 ul

T7 ligase 0.25 ul

ddH,O ol

Cyele number Condition

1-50 37°Cfor5m, 21°Cfor5m

{8887} Golden Gate reaction product was PCR aroplified using Herculase 11 fusion polymerase

and following primers:

Fw 5 cotgtecttgeggeegegetagegaggyac
Ry 5" cacgcggcogcaaggacagggaagagagcadg

{#868] PCR product was cloned into AAV backbone, between TR sequences using Notl
restriction sites:

PCR product digestion:

Fast Digest buffer, 10X 3l

FastDigest Notl T

DNA Iug
ddH,O up to 30

1086%9] AAY backbone digestion:

Fast Digest buffer, 10X 3l
FastDigest Notk Iud
FastAP Alkaline Phosphatase Tl
AAV backbone bug
ddth@ up to 30 ul

{6878} After 20 min incubation in 37°C samples were purified using (JAQuick PCR
purification kit. Standardized saraples were ligated at a 1.3 vectoransert ratio as follows:
Digested pUC19 3¢ ng

Digested insert 1:3 vectoramsert molar ratio
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T7 ligase Iud
2X Rapid Ligation Buffer 5ul
ddH,O up to 16wl

{6871} After transformation of bacieria with ligation reaction product, apphicants confirmed
obtained clones with Sanger sequencing.

{3872} Positive DNA clones were tested in N2a cells after co-transfection with Cas9 construct
(Figs. 31 and 32).

{0873} Design of new Cas¥ constructs for vector delivery, e.g., veduced size to accommodate
packaging of AAV or other vectors (such as plasmids that can be delivered via nanoparticle
complex{es)

[8874] AAV delivery sysiern despite its unique featares has packing hmttation — to successfully
deliver expressing cassette in vivo it has to be in size < then 4.7 kb. To decrease the size of
SpCas9 expressing cassette and facilitate delivery applicants tested several alteration: different
promoters, shorter polyA signal and finally a smaller version of Cas® from Staphylococcus
aureus {5aCas9) (Figs. 33 and 34). All tested promoters were previously tested and published to
be active in neurons, including mouse MecpZ (Gray et al., 2011}, rat Map/b and truncated rat
Map!h (Liu and Fischer, 1996). Alternative synthetic polyA sequence was previously shown to
be functional as well (Levitt et al,, 1989; Gray et al,, 2011). All cloned coustructs were expressed
in NZ2a cells after transfection with Lipofectamine 2000, and tested with Western blotting method
{Fig. 35).

1OBTS] Testing AAV mudtiplex sysiem in primary neurons

{8876} To counfirm functionality of developed system in ncurons, Applicants usc primary
neuronal cultures ir virro. Mouse cortical neurons was prepared according to the protocol
published previously by Banker and Goslin (Banker and Goshin, 1988},

{8877} Neuronal cells are obtaived from cmbryonic day 16, Embryos are extracted from the
euthanized pregnant female and decapitated, and the heads are placed i ice-cold HBSS. The
brains are then extracted from the skulls with forceps (#4 and #S) and transferred to another
change of ice-cold HBSS. Further steps are performed with the aid of a stereoscopic microscope
in a Petri dish filled with ice-cold HBSS and #5 forceps. The hemispheres are separated from
cach other and the brainstem and cleared of meninges. The hippocampt are then very carefully

dissected and placed 1 a 15 ml conical tube filled with 1ce-cold HBSS. Cortices that remain atter
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hippocampal dissection can be used for further cell isolation using an analogous protocol after
removing the brain stears residuals and olfactory bulbs. Isolated hippocampi are washed three
tirnes with 10 mi ice-cold HBSS and dissociated by 15 min incubation with trypsin in HBSS (4
mi HBSS with the addition of 10 pd 2.5% trypsin per hippocarnpus) at 37°C. After trypsinization,
the hippocampi are very carefully washed three times to remove any traces of trypsin with HBSS
preheated to 37°C and dissociated in warm HBSS. Applicants usually dissociate cells obtained
from 10-12 embryos in 1 ml HBSS using | mi pipette tips and dilute dissociated cells up to 4 mi.
Cells are plated at a density of 250 cells/mam?2 and cultured at 37°C and 5% COZ for up to 3
week

{#878] HBSS

435 vol H20

50 mi 10x Hank’s Balanced Salt Solution

16.5mal 03M HEPES pH 7.3

5 ml penicillin-streptomycin solution

Filter (0.2 pum) and store 4°C

{3879] Neuron Plating Medium (100 mi)

97 ml Neurobasal

2 mi B27 Supplement

I mi penicillin-streptomycin solution

250 pl glutamioe

125 pl glutamate

[3888] Ncurons arc transduced with concentrated AAVI/Z virus or AAV ] virus from filtered
medium of HEK293FT cells, between 4-7 days in culture and keep for at least one week in
culture after transduction to allow for delivered gene expression.

10881} AAV-driven expression of the system

10882} Applicants confirmed cxpression of SpCas® and SaCas9 in neuronal cultures after AAV
debivery using Western blot method (Fig. 37). One week after transduction neurons were
collected in NuPage SDS lpading buffer with B-mercaptocthanol to denaturate proteins in 95°C
for 5 min. Samples were separated on SDS PAGE gel and transferred on PVDF membrane for

W protein detection. Cas? proteins were detected with HA antibody.
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{(#883] Expression of Syn-GFP-kash from gRNA multiplex AAV was confirmed with fluorescent
roicroscopy (Fig. 45).

{0884 Toxicity

{6885} To assess the toxicity of AAV with CRISPR systern Apphcants tested overall
morphology of neurons one week after virus transduction (Fig. 40}, Additionally, Applicants
tested potential toxicity of designed systern with the LIVE/DEAD® Cell Irnaging Kit, which
allows to distinguish live and dead cells in culture. It is based on the presence of intracellular
esterase activity {(as determined by the enzymatic conversion of the non-fluorescent calcein AM
to the ntensely green floorescent caleein). Ou the other hawd, the red, cell~imperrocant
component of the Kit enters cells with damaged membranes only and bind to DNA generating
fluorescence 1 dead cells. Both flovrophores can be casily visualized in hving cells with
fluorescent microscopy. AAV-driven cxpression of Cas9 proteins and mmltiplex gRNA
constructs in the primary cortical neurons was well tolerated and not toxic (Figs. 3% and 39),
what indicates that designed AAYV system is suitable for in vivo tests.

{8886} Virus production

{38871 Concentrated virus was produced according to the methods deseribed in McClure et al,
2011, Supernatant virus production occurred in HEK293FT cells.

{0888} Brain surgeries

{(#889] For viral vector injections 10-15 week old male C57BL/6N mice were anesthetized with
a Ketamime/Xylazine cocktail (Ketamine dose of 100 mg/kg and Xylazine dose of 10 mg/kg) by
intraperitoneal injection. Intraperitonial administration of Buprenex was used as a pre~emptive
analgesic (I mg/ke). Animaals were immobilized in a Kopf stercotaxic apparatus using intra-aural
positioning studs and tooth bar to maintain an immobile skull. Using a hand-held drill, a hole (1-
Zrorn) at -3.0 i posterior to Bregma and 3.5 mum lateral for injection in the CAl region of the
hippocampus was made. Using 30G World Preciston Tustrument syringe at a depth of 2.5 mum,
the solution of AAV viral particles in a total volume of 1 ul was injected. The injection was
monttored by a *World Precision Instrurncuts UltraMicroPump3’ jnjection purop at a flow rate of
0.5 ul/min to prevent tissue damage. When the injection was complete, the injection needle was
rernoved slowly, at a rate of 0.5 mm/min. After injection, the skin was scaled with 6-0 Ethilon
sutures. Antmals were postoperatively hydrated with 1 mL lactated Ringer’s (subcutancous) and

housed in a temperature controlied (37°C) environment until achicving an ambulatory recovery.
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3 weeks after surgery animals were cuthanized by deep ancsthesia followed by tissue removal for
nuclei sorting or with 4% paraformaldehyde perfusion for immunochemisiry.

BR8] Sorting nuclel and in vive results

{#891] Applicants designed a method to specifically genetically tag the gRNA targeted neuronal
cell muclei with GFP for Fluorescent Activated Cell Sorting {(FACS) of the labeled cell nuclet
and downstream processing of DNA, RNA and nuclear proteins. To that purpose the applicants’
muitiplex targeting vector was designed to express both a fusion protein between GFP and the
mouse muclear membrane protein domain KASH (Starr DA, 2011, Current biology) and the 3
gRNAs to target specific gene loct of interest (Fig. 39). GFP-KASH was expressed under the
control of the human Synapsin promoter to specifically label neurons. The amino acid of the
fusion protein GFP-KASH was:
MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICT
TGKLPVPWPTLVTTLTYGVQUFSRYPDHMKQHDFFKSAMPEGY VQERTIFFKDDGN
YRKTRAEVKFEGOTLYNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQENGIK
VNFKIRHNIEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMY
LLEFVTAAGITLGOGMDELYKSGLRSREEEEETDSRMPHLDSPGSSQPRRSFLSRVIRAAL
PEGELILLLLELACLLPASEDDYSCTQANNFARSFYPMELRYTNGPPPT

[6892] Oue week afier AAV /2 mediated delivery into the brain a robust expression of GFP-
KASH was observed. For FACS and downstream processing of labeled nuclei, the hippocampi
were dissected 3 weeks after surgery and processed for cell nuclet punification using a gradient
centrifugation step. For that purpose the tissue was homogenized in 320 mM Sucrose, 5 mM
CaCl, 3 mM Mg(Ac)2, 10 mM Tris pH 7.8, 0.1 mM EDTA, 0.1% NP4¢, 0.1 mM
Phenyimethanesulfonyl fluoride (PMSF), 1 mM B-mercaptoethano! using 2ml Dounce
homogenizer (Sigroa) The homogenisate was ceontrifuged on a 25% to 29% Optiprep® gradient
according to the manufacture’s protocol for 30 min at 3.500 rpm at 4 °C. The nuclear pellet was

resuspended in 340 mM Sucrose, 2 mM MgC12, 25 mM KCL, 65 mM glycerophosphate, 5%
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glycerol, 0.1 oM PMSF, 1 mM B-mercaptocthanol and Vybra

was added to label cell nuclei (offers nes ton for DNA). The labeled

and purified nucler were sorted by FACS using an Aria Flu-act-cell sorter and BDFACS Diva
software. The sorted GFP+ and GFP- nuclel were finally used to purify genomic DNA using

DNAcasy Blood & Tissue Kit ((iagen) for Surveyor assay analysis of the targeted genomic
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regions. The same approach can be casily used to purify nuclear RNA or protein from targeted
cells for downsiream processing. Due to the 2-vector system (Fig. 39) the applicants using in
this approach cfficient Cas® mediated DNA cleavage was expected to occur only in a small
subset of celis i the brawn (cells which were co-infected with both the raultiplex targeting vector
and the Cas® encoding vector). The method described here enables the applicants to specifically
purify DNA, RNA and nuclear proteins from the ccll population expressing the 3 gRNAs of
interest and therefore are supposed to underge Cas® mediated DNA cleavage. By using this
method the applicants were able to visualize etficient DNA cleavage in vivo occurring only in a
srall subset of cells.

{(#893] Essentially, what Applicants have shown here is targeted in vivo cleavage. Furthermore,
Applicaunts used a multiple approach, with several different sequences targeted at the same time,
but independently. Presented system can be applied for studying brain pathologic conditions
{gene knock out, ¢.g. Parkinson disease) and also open a ficld for further development of genome
editing tools in the brain. By replacing nuclease activity with gene transcription regulators or
epigenctic regulators it will be possible to answer whole spectrum of scientific guestion about
role of gene regulation and epigenctic changes in the brain in sot only in the pathologic
conditions but alse in physiological process as learning and memory formation. Finally,
presented technology can be applied n more complex wammalian system as primates, what
allows to overcome current technology limitations.

10894 Example 27: A Cre-dependent CRISPR-Cas¥ knockin transgenic mouse jor efficient ex
vivo and in vive genome editing

{8895] CRISPR-Cas9 1s a powertul technology for genome editing and is being widely adopted
due to its efficiency and versatility. While Cas®-mediated genome editing applications are
compelling, applying them in vive and ex vivo is challenging, since commonly used delivery
systems are inefficient and livoit accessible cell types. To broaden the apphcation of Cas9
Applicants cstablished a Cre-dependent, Rosa26 Streptococcus pvogenes Cas® knockin mouse
and dernonstrate its utility in diverse applications, which imclude gene editing in vive in the brain
by AAV-mediated delivery of an sgRNA cxpression casscttes and iz vivo in endothelial cells by
nanoparticle-racdiated sgRNA delivery. Applicants also demonstrate efficient editing of key

regulators ex vive in hard to transfect/transduce primary immune cells resulting in an altered
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immune response. The ability to efficiently edit genes in diverse experimental systems ex vive
and in vivo in the conditional Cas9 mouse can be a valuable resource for many areas of biology.
18896] A major potential benefit of genome enginecring is the ability to directly perturb gene
function in vivo or wn primary cells ex vive (Xue, W, et al. Nature advance on, (2014), Yin, H. et
al. Nat. Biotechnol. 32, 5513 (2014); Heckl, D, et al. Nat. Biotechnol. advance on, (2014)).
However, before genetically perturbed cells can be investigated in many cell types in vive or in
primary celis ex vive genome modifications must first be made in the germline, which can then
be used to create a stable transgenic strain for experimentation. This process 18 time consuming
and technically challenging, which ncreases exponentially as the number and coroplexity of
genome modifications increases. Zinc finger nuclease (ZFN} and transcription activator-like
etfector nucicase (TALEN)-mediated genome engineecring, roainly by viral-mediated delivery,
have been used successfully to edit genes in vivo and ex vivo and are even being applied
therapeutically (Perez, E. E. ¢t al. Nat. Biotechnol. 26, 808-16 (2008); Miller, J. C. ¢t al. Nat,
Biotechuol. 29, 143-K (2011)). However, these technologies are mostly inefficient and require
the generation and validation of cutirely now protein constructs for cach desired target.

{8897} More recently the CRISPR {clustered regularly interspaced short palindromic repeat)-
associated endonuclease Cas9 from Streptococcus pyogenes (SpCas9, abbreviated as Cas9
throughout this paper) has been applied for ecditing maromalian genomes by efficiently
facilitating DNA double strand breaks (DSBs) (Cong, L. et al. Science (2013);
dot:10.1126/science. 1231143; Mali, P. et al. Science 339, 823-6 (2013)). Targeted DSBs provide
an effective means for knocking out genes via non-homologous end joining (NHEN-mediated
repair and for stimulating hornologous recombination through homology directed repair (HDR)
in the presence of a repair teraplate. The Cas® endonuclease is targeted to specific sequences by
cither a pair of orRNA and tracrRNA or a single guide RNA (3gRNA) (Deltcheva, E. ot al.
Nature 471, 602-7 (2011); Jinck, M. et al. Science 337, 816-21 (2012); Gasiunas, G. ¢t al. Proc.
Natl. Acad. Sci. U. 8. A, 109, E2579-86 (2012}). A significant advantage of Cas9 over ZFNs
and TALENSs is that targeting a new sequence only requires designing an sgRNA and not a new
protein. Morcover, Cas® can be combined with multiple sgRNAg to perturb multipie genes
simultancously (Cong, L. ot al. Scicnce (2013); dot:10.1126/science. 1231143; Mali, P. et al

Science 339, 8236 (2013); Xiao, A. et al. Nucleic Acids Res. 41, ¢141 (20133} or with a library

(43
<
(W%



WO 2015/089419 PCT/US2014/070057

of sgRNAs for functional genomic screens {(Shalem, O, et al. Science 343, 84-7 (2014); Sanjana,
N. E. et al. Nat. Methods 11, 7R3-784 (2014)).

18898] While Cas%-mediated genome editing applications are compelling, applying them in vive
and ex vivo s chalienging, mainly due to s large transgene size (4.1 kb). Comroonly used
delivery systems, such as viral vectors, have strict packaging limits and therefore as transgene
size mcreases the available options for delivery decreases (Kumar, M. ¢t al. Hum. Gene Ther, 12,
IR83-905 (2001)). Moreover, as transgene size increases the ability to generate high titer virus,
which 1s cssential for efficiently transducing cells in vive and ex vivo, 18 also significantly
redoced (Kumar, M. et al. Hum. Gene Ther. 12, 1893-505 (2001)). Couvseguently, Cas9-
containing viral vectors have a limited capacity for including additional genctic elements {(i.e.
sgRNAs, homolous recombination donor templates, fluorescent proteins, modulators, efc) in a
single vector and suffer from low titer, which together limit the flexibility of gene editing in a
range of cell types.

{(#899] To facilitate the broader application of Cas9, Applicants generated a Cre-dependent
Rosa26 3xFLAG tagged Cas9-P2ZA-EGFP knockin transgenic roouse (Fig. 46a), which removes
the significant Cas9 delivery burden and only requires the delivery of Cre and an sgRNA to
achicve gene editing. However, a significant concern was that Cas® expression, once induced,
may cause toxicity due to non-specific nuclease activity. Therefore, as a broad way to test this
Applicants generated a sub strain with constitutive Cas9 expression in all cells by crossing the
Cre-dependent Cas9® mouse to a beta~actin Cre driver strain {Lewandosks, M. et al. Cold Spring
Harb. Symp. Quant. Biol. 62, 139-68 (1997)). Resulting progenies of this cross were viable and
Cas? expression was observed at the whole-organ-level (Figures 46b and 49) as well as the
protein-level in whole-brain ysates (Fig. 46¢). This was not observed in the Cre-dependent Cas9
mice {(Figure 50} or wild-type controls (Fig, 46b,c and 49, 5§). Additionally, the constitutively
Cas9 expressing animals were fertile, had vormal litter sizes, presented po morphological
abnormalitics, and could be bred to homozygosity. At the cellular-level Applicants also found no
morphological abnormalities or upregulation 10 DNA damage and apoptosis markers (Figures 51
and 52). Taken together these data suggest that Cas9 expression 18 tightly controlied in Cre-
dependent CasY mice, and constitutive expression can be maintained without causing detectible

toxicity using several metrics.



WO 2015/089419 PCT/US2014/070057

(#9408} To determine whether the Cas9 transgene within the genome was functional Applicants
tested whether adeno-associated virus (AAV-mediated delivery of HA-tagged Cre and sgRNA
could mediate indel formation in the brain iz vivo. Applicants constructed an AAV-Ut-sgRNA-
Cre vector {AAV-3gRNA) (Fig., 46d) containing an sgRNA targeted to a highly expressed
neuronal-specific RNA-splicing factor, NeuN (sgNeuN} (Fig. 46e) and packaged the vector
using AAY scrotypes 1 and 2 (AAV/2), for dehivery by stereotactic injection mto the prefrontal
cortex of Cre-dependent Cas® mice {(Fig. 46f). Three weeks post injection Applicants acutely
dissected the mjected bramn region and used the tissue for downstream assays. Deep sequencing
of the NeuN locus showed indel forroation near the predicted cleavage site (¥Fig. 46¢); Cas9 was
functional and facilitating DSBs. Furthermore, in these same samples Applicants observed NeuN
protein depieted only 1o the injected region (Fig. 46g,h) and not in controls (non-njected and
LacZ-targeted sgRNA, termed sglacZ)y (Fig. 461). To quantify this effect Applicants performed
imrmunoblots and deep scquencing on tissue from three mice and found that NeuN protein
expression was reduced by unearly 80% (Fig. 46)}, whereas indels were found at the target site in
85% of sequencing reads (Fig, 46k).

{8901} While immunoblot and whole-tissue indel analysis provides a global view of genome
editing by Cas9, it does not capture the degree of modification at the single-cell-level. For
example, without wsolating single cells Applicants caunot identify whether ove or both alieles are
being edited within individual cells, which is important for understanding the genetic
heterogeneity of this strategy. However, due to thetr complex worphology, isolation of
individual intact neurons within the brain is challenging. To overcome this and facilitate single-
cell genetic analysis Apphicanis sot out to isolate individual neuronal nuclei, which has been
shown previously (Okada, 8. et al. §. Cell. Physiol. 226, 552-8 (2011}, Cytosolic expression of
EGFP, originating from the CasS-P2A-EGFP transgene, for iselating individual nuclei was
isufficient so Applicants generated a single vector (AAV-sgRNA-hSyn-Cre-P2ZA-EGFP-
KASH) and cxpressed sgRNA, Cre, and EGFP fused to the KASH (Klarsicht, ANC-1, Syne
Homology) nuclear transmembrane domain. For dowustream  analysis  Applicants used
fluorescence activated cell sorting (FACS) to isolate single EGFP positive nuclei. Sequencing of
167 single nucler showed that 84% (p=141) of transduced cclls have both alleles edited
{homozygous}, while only 9% (n=15) of nuclei had single allele modification and 7% (n=11)

remained ummodified (Fig, 461). Of the 15 heterozygous nuclei all of the modified alleles
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contained missense (mis) mutations, whereas 141 homorzypgous nuclel contained both missense
{ris} and sense {sen) mutations (Fig. 46m).

18902 Viral-mediated cxpression of Cas9 is efficient for targeting heterogencous cells within an
injected tssue and is useful for a range of applications. However, a large diversity of cellolar
subtypes play fundamental roles in biological processes and need to be perturbed individually,
which often cannot be done using viral-vectors. While tissue- and cell type-specific promoters
for heterologous expression do exist they are often large or not tightly controlled, leading to
reduced specificity {Lewandosk:, M. ¢t al. Cold Spring Harb., Symp. Quant. Biol, 62, 159-68
{19973}, A powerful way to achieve tissue- or cell type-specific expression is through the use of
Cre driver strains. Combining Cre-dependent Cas® mice with the wide variety of available Cre
driver strains would provide a powerful means to achieve Cas9 expression in specific cell types
and subsequent genome cditing in these cells in vivo. Therefore, Applicants crossed the Cre-
dependent Cas9 roouse with two Cre driver strains to determine if Applicants could achieve
neuronal subtype-specific Cas9 expression, namely the tyrosine hydroxylase (TH-IRES-Cre}
driver for dopaminergic neurons and the parvalburin (PV-Cre) driver for a subtype of inhibitory
interneurons. As predicted, Cas9 expression was restricted to TH or PV positive cells (Fig,
47a,b).

{6903} While the morphology of Cas® expressing neurons were vo different than wild-type
controls, neurons are particularly sensitive to transgene expression and thus may have abnormal
physiological properties. Therefore, to epsure that constitutive Cas9 expression does not
adversely affect cellular health and physiology Applicants used a panel of electrophysiological
measurements to check the basal function of Cas9 expressing neurons. Applicants performed
whole-cell patch clamp recordings in CAl pyramidal neurons from acute hippocampal shices to
examine firing threshold (Fig. 47¢,d) and rheobase current (Fig. 47¢) and found no significant
changes between control and coustitutively Cas® expressing mice (Supplementary Table 2). In
addition, there was no significant change in input resistance {Fig. 47f) whole cell capacitance
{Fig. 47g) or membrane resting potential (Fig. 47h). Taken fogether these data suggest that
fundamental propertics of neurons, a particularly sensitive cell type, arc not altered by the
heterologous cxpression of Cas9.

10984] Cell type-specificity achieved through the use of a Cre driver is valuable but only

possible when a cell type-specific promoter has been identified. Indeed, without a specific
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promoter genetic perturbation in specific cells is challenging. Therefore, to determine if
Applicants could achieve cell type specificity without performing a genetic cross or viral
delivery Applicants set out to test whether Applicants could combine constitutively expressing
CasY mice with other targeting voethods for /i vivo sgRNA dehivery.

{#905] Applicants adapted an endothelial-specific nanoparticle {(Dahblman, J. E. et al. Nat
Nanotechnol. 9, 648-655 (2014)), 7C1, which was developed to mediate small interfering RNA
(siRNA) delivery specifically to endothelial cells in vive. 7C1, like most nanoparticles, was
optimized to deliver specific cargo, such as siRNAs, which are over five times smoaller than
sgRNAs. To determine if 7C1 could be formulated with sgRNA Applicants combined 7CI
nanoparticles with sgRNA and observed multilamellar structures (Fig. 48b) (Dahlman, J. E. et al.
Nat. Nanotechnol. 9, 648635 (2014)). Surprisingly, the larger size of sgRNAs compared to
siRNAs did not significantly influence nanoparticle formulation. Then to test the possibility of
nanoparticle-mediated delivery of sgRNAs in vive, Applicants designed 20 unique sgRNAs
targeting the ondothelial-specific gene intercellular adhesion wolecule 2 (ICAM2). After
determining the two roost potent sgRNAs 1 an in vitro cleavage assay in the mouse-derived N2a
cell Hine (Figure 53), the two most potent sgRNAs, named sgiCAM2Z-1 and sgiCAMZ-28, were
then formulated together with 7C1  nanoparticles {(7C1isgiCAMZ-1+20). These were
subsequently administered to constitutively Cas® expressing muce at 1.5 mg/kg via tail vein
injection on days 0, 3, 7, 10, and 13,

[8806] To test the Cas9-mediated genome editing efficiency wn targeted endothelial cells, the
mice were sacrificed on day 21 and pulmonary and cardiovascular endothelial cells {CD317 and
CD457) were isolated using FACS. For mice treated with sgfCAM2-1+20 Applicants observed
indel formation at both target sites in both pulmonary and cardiovascular endothelial cells (Fig.
48¢c,d.e) but not m controls. Counsisient with these resulis Applicants also observed reduced
levels of ICAM?2 protein expression in pulmovary (60%) (Fig. 480 and cardiovascular (70%)
(Fig. 48g) cndothelial cells. As a gross measure of general health (Dahbman, 1. E. et al. Nat.
Nauvotechnol. 9, 648-635 (2014)), Applicants also tracked the weights of injected animals over
the course of Applicants’ study and saw no significant change (Fig. 48h). These data broadly
dermonstrate that delivery vehicles optimized for siRNA delivery can also be utilized for sgRNA
delivery to constitutively Cas® expressing mice to enable non-viral cell type-specific genome

editing, which opens up new cell types for editing by Cas9 i vivo.
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{#947] To determine if Applicants could broaden the utility of Cas9 even further Applicants set
out to genetically modify primary cells, which are particalarly challenging to transfect and
transduce. Primary immune cells are often not accessible for genetic manipulation due to
delivery challenges, short viability terms in colture, or both. For example, innate immune
dendritic cells (DCs) specialize in pathogen detection and initiation of appropriate immune
responsces by rapid cytokine and antigen prescntation to adaptive wnroune cells (Mellman, I &
Steinman, R. M. Cell 106, 255-8 (20013}, Since existing cell Hines do not mimic DC biclogy
well, many studies are performed with primary cells derived ex vivo from precursors isolated
from the bone marrow (BMDOCs), which retain many critical characteristics of BCs in vivo
{Amit, L. et al. Science 326, 257-63 (2009); Chevrier, N. et al. Cell 147, 853-67 (2011} Garber,
M. et al. Mol. Celi 47, 810-22 (2012); Shalek, A. K. et al. Nature 498, 236-40 (2013)). Short
hatrpin RNA (shRNA}-mediated genetic perturbations, mainly by lentiviral delivery, have been
used successfully and in a highly muitiplexed fashion to perturb gene expression and dissect
regulatory and signaling pathways of DCs (Amit, L et al. Science 326, 25763 (2009); Chevrier,
N. et al. Cell 147, 853-67 (2011)). However, knockdown is often inefficient and requires
extensive validation due to potential off-target effects.

16908] While genome cditing approaches arc compelling, applying them to BMDCs is
challenging, since BMDCs are difficult to transfect and can be kept in culture for only a few
days. Indeed, introducing CasS to the cells was a significant technical hurdle; lentiviral vectors
countaining Cas9 arc necessarily large resulting in low viral titers that critically reduce the
applicability of this approach. Many other primary cells, especially immune cells, are
comparably or more challenging (Shalek, A. K. ot al. Nano Lett. 12, 6498-504 (2012)).
Applicants thus reasoned that counstitutive expression of Cas® in cells dertved from the
constitutively Cas9 expressing mouse may facilitate such applications, since all that will be
required for gene editing is additional transduction of sgRNA, which can be efficiently packaged
in lentivirus.

[6909] In this work Applicants introduce Cre-dependent and constitutively Cas9 expressing
mice, which further the reach of CasS-mediated genome editing to include specific cell types in
vivo and ex vivo. Applicants have demoustrated that Cas9 mice can be used to modify genes in
the brain, restrict Cas® expression to cellular subtypes, specifically edit endothelial cells by

nanoparticle-mediated sgRNA dehivery, and also edit genes in primsary immune cells leading to
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an altered immune response. Each of these applications broadens the utility of Cas9 and address
significant challenges facing its in vive and ex vivo application. The flexibility for inducing Cas9
expression and delivering sgRNAs was demonstrated using a wide variety of targeting methods
including AAV and lentiviral transduction, nanoparticle-mediated delivery, and geuetic crosses
with Cre~driver lines. The example applications demonstrated here enable a broader spectrum of
biological experiments nvolving these Cas? transgenic mouse lines.

{0918¢] Erhics Statement. All experimental protocols were approved by the CAC (Committes on
Arniraal Care) of MIT and were in compliance with the Guidelines for the Care and Use of
Laboratory Animals (Eighth edition, National Research Council of the National Academues).
{0911} Generation of the Cre-dependent Cas9 mouse. Cre-dependent Cas9 knockin mice were
generated by bomologous recornbination in R1 embryonic stem cells and implanted in CS7TBLG/}
blastocysts using standard procedures as described previously Heyer, M. P. ¢t al. in Genomics
211-248 (John Wiley & Somns, Ltd, 2010}, dou:10.1002/9780470711675.¢h10. Briefly, a codon
optimized 3xFLAG-NLS-SpCasO-NLS-PZA-EGFP expression cassette was cloned into the AiS
Roas26 targeting vector Madisen, L. ¢t al. Nat. Neurosci. 13, 13340 (2010) and further verified
by sequencing. Lincarized targeting vector was clectroporated into R1 embryonic stem cells
followed by G418 and DTA selection for a week. Targeted single ES cell colonies were screened
by PCR with prumers amphifying both recombinant arms. PCR products were sequenced to
further validate correct insertion. Correctly targeted colonies were injected into C57BLG/S
blastocysts for generating chimeric muce. High percentage male chimeric mice were mated with
C57 BLO/A female mice (Jackson laboratory) to establish germline-transmitted founders.
Genotypes of Cas® mice were deterrained by araplifying a 4.5 kb product from purified mouse
tail  DNA  (Forward oprimerr  GQCAGCCTCTGTTCCACATACAC;,  Reverse  primer:
ACCATTCTCAGTGGCTCAACAA).

18812] DNA vectors and sgRNA design. The AAV vectors used for siercotaxic injection inio the
mouse brain were cloned between AAVY serotype 2 ITRs and also included the human U6
promoter for noncoding sgRNA iranscription, the ubiguoitous Cbh promoter, HA-tagged Cre
recombinase for recombination of loxP-SV4QpolyA-LoxP, WPRE, and human growth hormone
polyA sequence. For muclet sorting a sirnilar plasroid was cloned between AAV serotype 2 ITRs
and also included the human U6 promoter for noncoding sgRNA transcription, the ubiquitous

hSyn promoter, HA-tagged Cre recombinase for recombination of loxP-SV40polyA-LoxP, P2A,
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EGFP-KASH fusion for nuclei labeling, WPRE, and human growth hormone polyA sequence.
SgRNAs were designed using the CRISPRtoo] (crispraoit.edu) to munimize poteotial off-target
effects. SgRNA sequences and genomic primers are listed i supplemental Table 81, sgRNAs
were validated in vitro by transient cotransfected (Lipofectanmune 2000, Life Technologies) mto
the N2a mouse cell line with a plasmid constitutively expressing Cas9. Genomic DNA was
harvested 72 hours post transfection.

10913] 44VI2 production. HEKZ93FT cells were transfected with the plasmid of interest,
pAAVY  plasmid, pAAVZ plasmid,  helper  plasrmd pDF6, and  PEI Max
{Polyscicnces, Inc. 24765-2y in Dulbecco’s Modified Eagle Mediumn (DMEM from Life
Technologies, 10569-010). 72 hours post transfection, the cell culture media was discarded. Then
the cells were rinsed and pelicied via low speed centrifugation. Afterwards, the viruses were
applied to HiTrap heparin columns (GE Biosciences 17-0406-01) and washed with a series of
salt solutions with increasing molaritics. During the final stages, the cluates from the heparin
columns were concentrated using Amicon ultra-15  centrifugal filter units  (Millipore
UFC910024). Tuering of viral particles was cxecuted by quantitative PCR using custom Cre-
targeted Tagman probes (Life Technologies).

18914] Stereotactic injection of AAV. Before beginning surgery, pre-operative, operation, and
post-operative arcas were defined. Applicants ensured that all tools had been autoclaved and that
reagents were sterile. Applicants administered a mixture of ketamine (100mg/ke) and xylazine
{(10mg/kg) intraperiioneally for ancsthesia. Anesthesia levels were monttored by absence of
corneal reflex, absence of foot withdrawal following pressure to the footpad, and by absence of
startle  from tail pinch. Applicants also  administered  buprenorphine HCU (0.Img/kge)
intraperitoneally as a pre~-emptive analgesic.

13915} Once subject mice were in deep anesthesia, they were immobilized in a Kopf stereotaxic
apparatus using intra-aural positioning studs and a tooth bar to immobilize the skull. Heat is
provided for warmth by a standard heating pad. Then Applicants proceeded with the approved
craniotoroy procedures. Applicants drilled a hole on the surface of the skull at 1.94 mun anterior
to Bregma and 0.39 mm lateral for injection into the prefrontal cortex. Using a 33 G Nanofil
needle and World Precision Instrument Nanofil syringe at a depth of -2.95 mm, Applicants
injected 1 ul. AAV into the right hemisphere of the brain. Injection rates were monitored by the

World Precision Instruments UltraMicroPump3. After injection, Applicants closed the incision
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sitc with 6-0 Ethilon sutures (Ethicon by Johnson & Johnson). Animal were postoperatively
hydrated with 1 ml lactated Ringer’s solution {subcutancous) and housed in a temperature
controlled {37°C) environment until achieving ambulatory recovery. To relieve post-operative
pain, Meloxicarn {1-2 mg/kg) was also administered subcutancously directly after surgery.

{8916} Electrophvsiology. Data acquisition and analysis were performed with experimenter
blinded to mice genotype as described in previous report (Han, K. et al. Nature 503, 72-7 (2013 );
Peca, J. et al. (2011} Nature, 472(7344), 437-42). Shices were prepared from 8-10 week old
iittermate-paired adult wild-type and homozygous constitutively Cas9 expressing mice. Mice
were deeply anesthetized by intra-peritoneal 1njection of avertin {1.25%, v/v} and transcardially
perfused with carbogenated (95% 02, 5% CO2) ice-cold cutting solution that contained {in mM):
30 NaCl, 194 sucrose, 4.5 KCl, 10 glucose, 26 NaHCO,, 1.2 NaH,PQy, 0.2 CaCl, and 8 MgCh,.
Acute coronal brain slices containing typical CA1 layer of media hippocampus were sliced using
vibratome (leica VT 12005) in a chamber filled with tce-cold sucrose based cutting solution. 300
pm slices were cut in sucrose cutting solution and then transferred to recovery chamber at 32°C
for 12 romutes i ACSF. The ACSF contained (in M) 119 NaCl, 2.3 KCL 11 glucose, 26.2
NaHCO;, 1 NaH,POy, 2.5 Call, and 1.3 MgSOs.  After recovery, shices were transferred to
ACSF at room temperatare (25 °C) for a least 1 hour before recording. Whole-cell recordings of
CAT pyrammdal neurons were wade under a DIC upright microscope (BXSTWI, Olyropus, Japan)
using MultiClamp 700A amplifier (Molecular Device, USA). Recording clectrodes with
resistance of 3—4 ME£Y were pulled from glass capillary (King Precision Glass, glass type 8250)
using Flaming/Brown micropipette puller {model P-97, Sutter Instrument, USA}, and filled with
internal solution contaning (in raM}y: 131 K-gluconate, 17.5 KCL 1 MgCh, 1.1 EGTA, 10
HEPES, 9 NaCl, 2 ATP, 0.2 GTP, 19 phosphocreatine at pH 7.2 and osmolarity 280-290
mOsm/L. Scries resistance typically ranging between 10~20 ML, was monttored and not
compensated during the recording. Sigoals were sampled at frequencies of 10K Hz and filtered at
2K Hz using pClamp software (Clampex 10.2, Molecular Device) via a Digidata-1440A
interface {Molecular Device). Data were presented as mean = 5. E.M. Statistical significance was
tested using unpaired two-tailed Student’s t-test,

10917] Genomic DNA extraction, captured sequencing, and indel analysis. Genornic DNA was
extracted from both cells and tissue using Quick Extract DNA extraction selution {Epicentre)

following the recommended protocol. Treated cells and tissues were used as a template for PCR
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for both captured sequencing and SURVEYOR nuclease assay using high fidelity polymerases
{Thermo Scientific) as has been previously described (Hsu, P. D, et al. Nat. Biotechnol. 31, 827-
32 (2013)). Low cyele, first round PCR was performed to amplify the target site. Second round
PCR was performed to add genenie adapters, which were then used for a third round of PCR. for
sample barcoding. Samples were pooled in equal amounts and purified using (iaQuick PCR
Cleanup {Quagen), quantificed using (ubit (Life Technologics) and sequenced on a MiSeq
(Hlumina). Indel analysis was performed using custom scripts as previousiy described Hsu, P. D,
et al. Nat. Biotechnol. 31, §27-32 (2013). Data were presented as mean £ S.E.M. Statistical
significance was tested using vnpaired two-tailed Student’s {-test.
{0918} SURVEYOR nuclease assay. PCR amplicons of target sites were purified and used as an
foput to the SURVEYOR nuclease assay (Transgenomics). The wanufacturer’s recoromended
protocol was followed. SURVEYOR muclease assay-treated products were run on a 4-12% PA-
TBE gel (Lifc Technologics), stained with Sybr Gold (Life Technologies) and imaged on a gel
imager {Bio-Rad). Indel percent was quantified using relative band intensities.
18919] Western blot analysis. Protein lysates were quantified using the BCA Protein Assay Kit
{(Picrce} and equally loaded onto a 4-20% Tris-HCL Criterion Gel (Bio-Rad). Proteins were
transferred onte PVDF membrane (Bio-Rad), blocked selution (5% BLOT-CuickBlocker (G-
Biosciences) in TBS-T {trisp buffered saline with 0.1% Tween-20)) and stained overnight at 4°C
on an orbital shaker using the following primary antibodies: anti-FLAG (1:1000, Sigma Aldrich,
F1804;, HRP conjugated auti-Gapdh (1:3000, Cell Sigoaling Technology, 3683), anti-beta-
tubulin {1:1000, Cell Signaling Technology, 21283, and anti-HA (1:1000, Cell Signaling
Technology, 3724 and 2367). Mombrancs were washed three times with TBS-T and stained with
secondary antibodies for 1 hour at room temperature. Applicants used HRP-conjugated
secondary antibodies (1:10000, Cell Signaling Technology, 7074 and 7076). Stained membranes
were washed three times in TBS-T and then developed using SuperSignal West Fewpto
Substrate (Pierce) and imaged on a gel imager {Bio-Rad)
18928] fmmunostaining and imaging. Mice were given a lethal dose of Ketamine/Xylazine in
preparation for brain tissuc oollection. Mice were transcardially perfused with 0.9% saline
followed by 4% paraformaldehyde using a penistaltic pump (Gilson). The collected brain tissue
was fixed overnight and transferred to phosphate buffered saline the following day. Tissue

sectioning was performed on a vibratome {Leica VTI0008) at a thickness of 40 ur. Sections
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were rinsed three times in phosphate buffered saline (PBS) with 0.1% Triton X-100 (PBS-Tx}.
Sections were blocked with 5% normal goat serum (NGS) (Cell Signaling Technology) in PBS-
Tx for one hour. Sections were incubated with primary antibodies diluted in PBS-Tx with 5%
NGS overnight at 4°C ou an orbital shaker. The following is a hst of primary antibodies that
were utilized: anti~cleaved caspase 3 (CC3) (1:1000, Cell Signaling Technology, 9664), anti-
vH2ZAX (1:10600, Millipore, 05-636) anti-NeuN (1:800, Cell Signaling Technology, 12943), anti-
GFP (1:1600, Nacalai Tesque, GFOO0R), anti-parvalbumin (1:1000, Sigma Aldrich, P30RE) and
anti-tyrosine hydroxylase {1:1000, hurmunostar, 22941). The following day, sections are washed
three times in PBS-Tx. The sections are then incubated in PBS-Tx with the appropriate
AlexaFhuor®405, 488, 568 and/or 647 secondary antibody (1:400, Life Technologics) for three
hours at room temperature on an orbital shaker. After the incubation, sections are rinsed with
PBES-Tx three times and then mounted onto superfrost microscope slides (VWR). The sections
are then coverslipped with VECTASHIELD HardSet Mounting Medium with DAPI (VECTOR
Laboratories) and visualized under a confocal microscope (Zeiss LSM 710, Ax10 Imager??2, Zen
2012 Software).

10921] Purification and FACS of single neuronal nuclei. For labeling neuronal nuclet Applicants
generated an AAV-UG-sgRNA-hSyn-Cre-P2A-EGFP-KASH vector. Three weeks post-injection
Applicants perforroed acute dissection of the mjection site wn the prefroutal cortex. Tissue was
gently homogenized in 2 ml ice-cold homogenization buffer (HB) (320 mM Sucrose, 5 mM
Call, 3 mM Mg{Ac), 10 mM Tris pH7.8, 0.1 M EDTA, 0.1 % NP40, 0.1 mM PMSF, 1 mM
beta~mercaptoethanol} using 2 ml Dounce homogenizer (Sigma Aldrich}; 25 times with pestle A,
followed by 25 times with pestle B. An additional 3 mi of HB was added and the mixtore was
put on ice for 5 min. Gradient centrifugation was performed using 5 ml 50% OptiPrep™ density
gradicnt mediur (Sigma Aldrich) containing 5 M CaCl, 3 mM Mg{Ac),, 10 mM Tris pH 7.8,
8.1 mM PMSF, 1 mM beta-mercaptoethavol. The nuclei-containing woisture was gently added on
the top of a 29% iso-osmolar OptiPrep solution in a conical 30 mi centrifuge tube (Beckman
Coulter, SW28 rotor). Samples were centrifuged at 10100xg (7,500 rpm) for 30 min at 4°C. The
supernatant was removed and the nuclei pellet was gently resuspended in 65 mM beta-
glycerophosphate (pH 73, 2 mM MgCl, 25 raM K1, 340 mM sucrose and 5% glvecrol. Intact

nuclel were labeled with Vybrant DyeCycle™ Ruby Stain (Life Technologies) and sorted using a
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BD FACSAria I EGFP nuclei were sorted into individual wells of a 96 well-plate containing 5
wl of GQuickExtract DNA Extraction Solution (Epicentre).

189221 7C! nanoparticle formulation. 7C1 nanoparticles were synthesized, purified, formulated,
and characterized in procedures adapted frova Dahlman, J. E. et al. Nat. Nanotechnol. 9, 648-655
{2014}, Specifically, 7C1 was synthesized by muixing C15 epoxide-ternnated lipids to low
rolecular weight (MW=600} polyethyleneiraine (PED for 48 hours i 100% EtOH. 7C1 was
then purified on a silica column, before pure 7C1 was mixed with CH4PEGZ000 and sgRNAs in
a microfluidic channcl to form particles. Particle size was characterized by dynaric light
scattering after diloting particles 1 PBS to a conceutration of 0.01 mghul, as previously
described, while particle internal structure was imaged with cryoTEM.

10923] Lung and heart endothelial cell isolation. Mice were injected intravenously with 1.3
myg/kp total sgRNA on day 0, 3, 7, 10, and 13. Eight days after the final injection, pulmonary and
cardiovascular endothehal cells were isolated as adapted from Dahlman, I E. et al. Nat
Nanotechnol. 9, 648655 (2014}, More specifically, mice were immediately perfused with sterile
1X PBS mmmediately following sacrifice, before lungs and hearts were digested m 1X PBS,
DNAse, Collagenase 1, and Collagenase X1 for 30 minutes at 37°C. Digested tissue was passed
through a 70 um cell strainer to generate a single cell suspension. Following RBC lysis, cells
were stained with anti-ICAM2 {(clone 3C4), anti-CD31 {clone 390} and anti-EPCAM {clone
(38.8) (all from Bislegend, San Diego, USA) at 1:300 dilution in flow cytometry staining buffer
{PBS contaiming 0.5% BSA aund 2 mM EDTA) for 20 mun. at 4°C. Antibodies were washed away
by centrifugation at 350 g at 4°C. Cells were then stained with propidium iodide (Sigma) and
sorted using BD FACSAra 111 CD31" cells (~100,000) were sorted into individual tubes
containing 100 pl of RNeasy lysis bufter (Qiagen) and stored at -R0°C till further analysis.
ICAM2 protein expression data was also collected during sorting and analyzed using Flowlo
{Tree Star foc.).

189241 Mouse dendritic cells. 6-8 week old constitutively Cas9 expressing fomale mice were
used for all DC experiments. Bone marrow cells were collected frora femora and tibtae and
plated at concentration of 2x 10°/ml on non-treated tissue culture dishes in RPMI medium (Gibeo,
Carisbad, CA, Invitrogen, Carlsbad, CA), supplemented with 10% FBS {(Invitrogen), L-
ghtamine (Cellgro), penicillin/streptomyecin {Cellgro), MEM non-essential amino  acids

(Cellgro), HEPES(Cellgro}, sodium pyruavate{Cellgro) , - mercapiocthanol {Gibeo), and GM-

3i4



WO 2015/089419 PCT/US2014/070057

CSF (20 ng/ml; Peprotech). At day 2, cclls were infected with lentiviruses encoding guide
RNAs. Cells were expanded in the presence of GM-CSF. At day 7, infected cells were selected
by adding puromyein (Invitrogen) at 5 pug/mb. At day 9 100 ng/mi LPS {(Invivogen} was added
30 min prior to protein analysis (Fig. 46¢) or 3 hours prior to mRNA expression profiling (Fig,
46¢,e). Flow cytometry for GFP detection was performed with BD Accuri 6. Western blot was
done using anti—-Myd88 (R&D Systems AF3109) and anti-actin {(Abcam, ab6276) antibodies.

{0928] Nanostring nCounter expression measurement. DUs were processed and analyzed as
previously described (Amit, L. ot al. Science 326, 257-63. Briefly, 5x10° cells were lysed in TCL
buffer {Qiagen) supplemented with B-mercaptocthanol. 5% of the lysate was hybridized for 16
hours with a previously described Nanostring Gene Expression CodeSet (Geiss, G. K. ¢t al. Nat.
Biotechnol. 26, 317-25 (200R)) and loaded mnto the nCounter Prep Station followed by
quantification using the nCounter Digital Analyrzer. Counts were normalized using control genes
as previously described Amit, L et al. Science 326, 257-63 (2009) and fold changes were
calculated relative to cells transduced with sgRNA targeting GFP and non-targeted controls.
Heat maps were created using GENE-E (ht
18926] Supplementary Table St

et

List of oligos used in this Example

Olige Seguence {(3'-3

sgiNeuN GO T sgBRNA AAV/sterestactic injection
sgiCAM2-1 GCTTACCTGGGCTGTAGAAC sgBRNA in vitro validation and 7C 1/svstenuic injection
sgiCAM2-2 CTTATCCTOUTCTACAGCCO sgBRNA in vitro validation
sglCAM2-3 AGATGTCTTCTTTITGCTTGC sgRNA i vitro validation
spiCAM2-4 GTCTCCAGGCCGCCCATGIC SgRINA in vitro validation
spICAM2-5 CATGTCTGGGGLTGCGCAGT sgRNA in vitro validation
sgICAM2-6 AGCCCCAGACATGGGCGGEC sgRNA in vitro validstion
splCAM2-7 TTITATTCGTGGGCGTCTCC sgRNA in vitro validation
gl AM2-8 GCTTTCCOCGAACACGTGAAA sgRNA in vitro validation
sglCAM2-9 CTTTTGCCATTTCACGTGTT sgRNA in vitro validation
sglCAM2-10 GCAGCCGCCTCGGGTGTTIG sgRNA in vitro validation
splCAM2-11 CAGCCGCCTCGGETGTITGT sgRNA in vitro validation
sglCAM2-12 AGGGOACACCOCTGCACTCAA sgRNA in vitro validation
sgICAM2-13 GAGCTGGATCTACGGCCCCA sgRINA in vitro validation
sglCAM2-14 GCOOATCGATATACCCACCAT sgRNA in vitro validation
sglCAM2-15 TGGATCTACGGCCOCATGOT sgRINA in vitro validation
sgiCAMZ-16 TCACACGGGACGTGCCCGAA 5gRNA in vitro validation
sglCAMZ-17 CGOQGACGTGCCCGAAAGGCT sgRNA in vitro validation
sglCAMZ-18 GGACGTGCCCGAAAGGCTCG 5gRNA in vitro validation
sgliCAMZ-19 GGOGACGTGCCOCGAAAGGCTC 5gRNA in vitro validation
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sgiCAMZ-20 AAGACGGACAGGCACCTACG sgRNA in vitro validation and 7C1/systernic injection

sglacZ, TGCGAATACGCCCACGCGAT sgRNA AAV/sterectactic and 7C | /system injections (control)

sgMydS8R-1 COCTTGGTCGUGCTTAACGT seRNA Lenti/DC infection

sgMyd88-2 CCCACGTTAAGCGCGACCAA sgRNA Lenti/DC infection
CTCCAGCGTGTATCGGTGCA sgRNA Lenti/DC infection
GGATGATCTCTCGGAACTGT saRNA Lenti/DC infection
CGTCGCCGTCCAGCTCGACC sgRNA Lentt/DC infection (indel analysis/wastern/nanostring comtrol)
CAGGGTCAGCTTGCCGTAGG sgRNA Lentt/DC infection (indel analysis/wastern/nanostring comtrol)
TGTTCGCATTATCCGAACCAT sgRNA Lenti/DC infection (indel analysis/westerm control}
CGCGATCGTAATCACCCGAGT sgRNA Lentt/DC infection (indel analysis/weastern control)
CTCAGTTCCAGTACGGCTCCA sgBRNA Lentt/DC infection {nanostring control}
GCTTCAAGTGGGAGCGCGTGA sgBRNA Lentt/DC infection (nanostring control}
ACGTCTATATCATGGCCGACA sgBRNA Lentt/DC infection {nanostring control}
CCCGACCACATGAAGCAGCAC sgBRNA Lentt/DC infection {nanostring control}
CAGCAGCCCAAACGACTACAT Primer AAV/sterestactic injection
CTAAGGAATCTCGGUTGGAGGT Primer AAV/sterestactic injection

[CAM?2 exonl-F TCACTGGCACAGAGGAGATTGY Primer in vitro validation (SURVEYOR assay}

[CAM?2 exonl-R TGGAGTCTCCCATITACCCACT Primer in vitro validation (SURVEYOR assay}

ICAM?2 exon2-F GACCCAGGAGAAGTCACTGAGC Primer in vitro validation (SURVEYOR assay)

ICAM?2 exon2-R TGOTAATAGAGAGCCCCAAGGA Primer in vitro validation (SURVEYOR assay)

ICAM?2 exon3-F CACGCTCACTTCCTCTTTCTCA Primer in vitro validation (SURVEYOR assay)

ICAM?2 exon3-R CCTAGGAGTGAGGCTCGTGAGT Primer in vitro validation (SURVEYOR assay)

ICAM?2 exond-F TGGCTTAGAACATAGGCCACCT Primer in vitre validation (SURVEYOR assay}

[CAM? exond-R TACCTTCCCTGGCATAGGTGTT Primer in vitro validation (SURVEYOR assay}

[CAM2-Targetl-F TAGACTCCACAGACCCCACAGA Primer T Usystemie injection (nde! analysis)

[CAM2-Targefl-R AGGAGTATTAGTACTTCCCACCCTAA Primer T Usystemne wjection (inde! analysis)

ICAM2-Target2-F COTGGTGGTGTCAATACTGCT Primer TC Usystemic injection (indel analysis)

ICAM2-Target2-R TGAAGGTGCCATGTTGAGTTC Primer T Usystemic injection (indel analysis)

Mvd88-F TGCCATG TCTGCGGGAGA Primer Lenti/DC infection (indel analysis)

Mvd88-R GGCGGAGGAGATGGGUTTCGAG Primer Lenti/DC infection (indel analysis)

A20-F COAGAGAGAACCCCAGAAGAC Primer Lentt/DC infection (indel analvsis)

A20-R AGAAGTGTCCAGGCTTCCCT Primer uil/DC infection (indel analysis)

shMyd88 GCGACTGATTCCTATTAAATA shRNA /B infection (nanostring control)

shA20 AGCTATCACTCATGGATATAA shRNA /DC infection {nanosiring control)

16927} Supplementary Table 82 | Electrophysiological properties of wild-type and constitutively

(as9 expressing neurons

Parameter Wild-type {ast
Rheobase current (pA) 2136+ 1664 210.0+£ 2299
{nput resistance {(ME2) 107.7 7773 110.8 £ 10.47
Whole-cell capacitance {pF) 23 11,78 23561612
Membrane resting potential (mV) ~73.62 = 1.381 <72.83 4+ 1.468

10928} Example  28: Particle-mediated  delivery of CRISPR-Cas9 components  into

hematopoietic stem cells (HSCs)
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{4929} Applicants have demonstrated that Cas® can be delivered to cells via particles. In this
fnstance, in that many nucleic therapeutics may requare the delivery of both the one or more
sgRINA and the CasS nuclease concurrently, we demonstrated the ability to deliver in this

fashion.

10930] The sgRNA was pre-complexed with the Cas9 protein, before formulating the cntire
complex in a particle. Twenty different particle formulations were generated and tested for
CRISPR-CasY delivery efficiency into cells. Each formulation was made with a different molar
ratio of four components known to promote delivery of mucleic acids into celis: 1,2-divleoyl-3-
trincthylammonium-propane  {(DOTAP),  1,2-ditetradecanoyl-sn-glycero-3-phosphocholine
{DMPC), polyethylene glycol (PEG), and cholesterol (e.g. DOTAP : DMPC : PEG : Cholesterol
Molar Ratios; Formulation number 1 = DOTAP 100, DMPC 0§, PEG 8, Cholesterol §;
Formulation number 2 = DOTAP 90, DMPC 0, PEG 10, Cholesterol §; Formulation number 3 =
DOTAP 90, DMPC 8, PEG 5, Cholestero! 5).

10931 Particles were formed using an efficient, multistep process. First, Cas9 protein and
sgRINA targeting the gene EMXI or the control gene LacZ were mixed together at a 1:1 molar
ratio at room termperature for 30 minutes in sterile, nuclease free 1X PBS. Separately, DOTAP,
DMPC, PEG, and cholesterol were dissolved in 100% cthanol. The two solutions were mixed
together o forrmn particles containing the CasS-sgRNA complexes. After the particles were
formed, HSCs in 96 well plates were transfected with 15ug Cas9 protein per well. Three days
after transfection, HSCs were harvested, and the number of insertions and deletions (indels) at

the EMX1 locus were quantified.

{#932] While preferred embodiments of the present invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substitutions will now occur to those
skilied in the art without departing from the mvention. It should be understood that various
alternatives to the embodiments of the invention described herein may be eraployed in practicing

the invention.
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WHAT IS CLAIMED Is:

1. A composition comprising a delivery particle formulation coraprising a CRISPR-Cas
systern RNA polynuclestide sequence, wherein the polynucleotide sequence comprises:

{(a} a guide sequence capable of hybridizing to a target sequence in a cukaryotic cell,

(b} a tracr mate sequence, and

(¢} a tracr sequence

wherein {a), (b} and {¢} are arranged in a 57 to 37 orientation,

wherein when transcribed, the tracr mate sequence hybridizes fo the tracr sequence and
the guide scquence directs sequence-specific binding of a CRISPR coraplex to the target
sequence.

2. The composition of claim | further comprising a polynucleotide sequence encoding a
CRISPR enzyme, optionally comprising at least one or more nuclear localization sequences,
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide
sequence that 1s hybridized to the target sequence, and (2) the tracr wate sequence that is
hybridized to the tracr sequence and the polymucleotide sequence encoding a CRISPR enzyme 18
DNA or RNAL

3. The composition of claim 2, wherein the polynucleotide sequence is comprised within
a vector Systern comprising one or more vectors.

4. The composition of claim 2, wherein the CRISPR enzyme is a Cas 9.

5. The composition of claim 1, wherein the guide sequence, tracr mate sequence or fracr
sequence 1s/are RNA and comprised within a vector system comprising 0u¢ or raore vectors

6. The composition of claim 1, whercin the delivery particle formulation comprises
liposomes, nanoparticles, exosomes, microvesicles, or a gene gun.

7. The composition of claim 6, wherein the dehivery particles are less than 500 nm in
diameter.

8. The composition of claim 6, wherein the delivery particles are less than 250 nm in
diameter.

9. The composition of claim 6, wherein the delivery particles are less than 100 nm
diameter.

10. The composition of claim 6, wherein the delivery particles are about 35 v to about

60 nm in diameter.
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i1, The composition of claim 6 wherein the delivery particie formulation is a
nanoparticle formulation.

12. The composition of claim 11, wherein the nanoparticle formulation comprises a lipid-
based nanoparticle.

13. The composition of claim 12, wherein the lipid-based nanoparticle comprises an
epoxide-modified lipid polyrmer.

14. The composition of claim 1 comprising two or more of (a), (b}, and/or ().

15. The composition of claimn 1, wherein the target scquence is an endothelial target
sequence.

16. The composition of claim [, wherein the target sequence is a lung or skin target
sequence.

17. The composition of claim 1, wherein the target sequence is a cardiac or muscle target

18, The composition of claim 1, wherein the delivery particle formulation is provided as a
pharrnaceutical composition.

19. The composttion of claim 2, wherein the delivery particle formulation is provided as a
pharmaccutical composition.

20. The composition of claim I8 further comprising phatmaceutically acceptable
excipients and or carriers for ex vive and/or in vive administration.

21. The composition of claim 19 further coroprising pharmaceutically accepiable
excipients and or carriers for ex vive and/or in vive administration.

22. A composition coruprising a delivery particle formulation comprising:

I. polynucleotides comprising:

{a} a guide sequence capable of hybridizing to a target sequence in a cukaryotic cell, and

{b) at least oue or more tracr mate sequences,

I1. a polynucleotide sequence encoding a CRISPR enzyme, and

HI. a polynucleotide sequence coraprising a tracr sequence,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and
the guide scquence directs sequence-specific binding of a CRISPR coraplex to the target

SCQUCHCC,
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wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that is hybridized to the farget sequence, and (2) the tracr mate sequence that is
hybridized to the tracr sequence, and the polynucleotide sequence encoding a CRISPR enzyme is
DINA or RNA, and

wherein the delivery particles are less than 250 nm in diameter.

23. The composition of clairn 22, wherein the deliver particle 15 a formulation comprises
a liposome, a nanoparticle, an exosome, a microvesicle, or a gene gun.

24. The composition of clairn 22, wherein the target sequence 1s an cndothelial target
sequence.

25. A method of modifying an organism or a non-human organism by manipulation of a
target sequence W oa geooric locus of interest comprising adronistering a  composition
comprising administering a delivery particle formulation comprising a CRISPR-Cas system
RNA polynucleotide sequence, wherein the polynucleotide sequence comprises:

{a} a guide sequence capable of hybridizing to a target sequence in a eukaryotic cell,

{b) a tracr mate sequence, and

(<) a tracr sequence

wherein {a}, (b} and {c} arc arranged in a 5’ to 3” orientation,

wherein when trauscribed, the tracr mate sequence hybnidizes to the tracr sequence and
the guide scquence directs sequence-specific binding of a CRISPR complex to the target
sequence.

26. The method of claim 25, further comprising administering a polynucieotide sequence
encoding a CRISPR enzyme, optionally comprising at least one or more muclear localization
sequences, wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1}
the guide sequence that 18 hybridized to the target sequence, and (2) the tracr mate sequence that
18 hybridized to the tracr sequence and the polynucleotide sequence encoding a CRISPR enzyme
is DNA or RNA.

27. The method of claiva 26, wherein the the CRISPR enzyme is a Cas9,

28. The method of claim 26, wherein the polynucieotide or enzyme coding sequence
cucoding the CRISPR cnzyme 18 delivered to the cell by delivering mRNA cncoding the

CRISPR enzyme to the cell.
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29, The method of claim 25, wherein the delivery particle formulation comprises a
liposome, a nanoparticle, an exosome, a microvesicle, or a gene gun.

30. The method of claim 29, wherein the delivery particles are less than 250 nm in
diameter.

31. The method of claim 29, wherein the delivery particles are less than 160 nm in
diameter.

32. The method of claim 29, wherein the delivery particles are about 35 um to about 60
nm in digmeter.

33, The rocthod of claim 29, wherein the delivery particle formulation is a nanoparticle
formulation.

34. The method of claira 33, wherein the nanoparticle formulation comprises a hipid-
based nanoparticle.

35, The method of claim 34, wherein the lipid-based nanoparticle comprises an epoxide-
meodified lipid polymer.

36. The method of claim 26, wherein the method 18 carried out in vitro, ex vive, and/or in
VIVO.

37. The method of claims 26, wherein the organism or subject is a eukaryote,

38, The method of any of claim 26, wherein the organism or subject 1s a wmammal or a
non-human mammal.

39, The method of claum 26, wherein the modification comprises functional gene

silencing.

40. The method of clair 39, wherein the functional gene silencing comprises a reduction

in mRNA and/or protein levels of a targeted gene.

41. The method of claim 40, wherein the targeted gene is expressed in endothelial cells.

42, The method of claim 40, wherein the targeted geve 18 expressed in lung or skin.

43. The method of claim 40, wherein the targeted gene 18 expressed in heart or muscle.

44. The method of claim 40, wherein the functional gene silencing provides a therapeutic

encfit.

45. A method of modifying an organism or & non-human organism by manipulation of a

target sequence in a genomic locus of interest comprising administering a composition

comprising a delivery particle formulation comprising:
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I. polyrucleotides comprising:

{a} a guide sequence capable of hybridizing to a target sequence in a eukaryotic cell, and
(b} at lcast one or more tracr mate sequences,

H. a polynucieotide sequence encoding a CRISPR cozyme, and

1. a polynucleotide sequence comprising a tracr sequence,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and

the guide sequence directs seguence-specific binding of a CRISPR complex to the target

wherein the CRISPR complex comprises the CRISPR. enzyme complexed with (1) the
guide sequence that is hybridized to the target sequence, and {2) the tracr mate sequence that is
hybridized to the tracr sequence, and the polynucleotide sequence encoding a CRISPR enzyme is
DNA or RNA, and

wherein the delivery particles are less than 230 nm in diamcter.

46. The method of claim 45, wherein the delivery particle formulation comprises a
fiposome, a nanoparticle, an exosomes, a microvesicle, or a gene gun,

47. The method of claim 45, wheretn the target sequence is an cndothelial target
sequence.

48, A method of preparing an sgRNA-and-Cas8 protein coutaining  particle
comprising admixing an sgRNA and Cas9 protein mixture with a mixture comprising or
cousisting cssentially of or consisting of surfactant, phospholipid, biodegradable polymer,

lipoprotein and alcohol.

49, An sgRNA-and-Cas9 protein containing particle from the method of claim 48,
50. Use of the particle of claim 49 in a method of modifying a genomic locus of

interest, or an organisto or a non-human organism by manipulation of a target sequence in a
genomic locus of interest, comprising contacting a cell containing the genomic locus of interest
with the particle wherein the sgRNA targets the genomic locus of interest; or a method of
modifying a genomic locus of juterest, or avn organism or a von-human organisto by
manipulation of a target sequence in a genomic locus of interest, comprising contacting a cell
containing the genomic locus of interest with the particle wherein the sgRNA targets the

genomic focus of interest.



