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DELIVERY, USE AND THERAPEUTIC APPLICATIONS OF
THE CRISPR-CAS SYSTEMS AND COMPOSITIONS FOR
HBVY AND VIRAL DISEASES AND BISORDERS

RELATED APPLICATIONS AND INCORPORATION BY REFERENCE

{6001} This application claims priority from US provisional application 61/915,301, filed
December 12, 2013 and US provisional application 62/010,329, filed June 10, 2014,
[8002] The foregoing application(s), and all docoments cited therein or during its or their
prosecution {“apply cited documents™) and all documents cited or referenced in the appin cited
documents, and all documenis cited or referenced hercin (“herein cited documents”), and all
documents cited or referenced in herein cited documents, together with any manufacturer’s
mstructions, 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 mmvention. More specifically, all
referenced docuoments are incorporated by reference to the same extent as if each individual
document was specifically and individually indicated to be incorporated by reference.
FIELD OF THE INVENTION

{8003} The present invention generally relates to the delivery, engineering, optimization and
therapeutic applications of systems, 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
thereot,

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

18004] This jovention was made with government support under the NIH Pioneer Award
(1DPIMHI{0706} awarded by the National Institutes of Health. The government has certain
rights in the ivention. The project described was supported by award Number T32GMO07753
frora the National Institute of General Medical Sciences.
BACKGROUND OF THE INVENTION

[6005] Recent advances in genome sequencing techniques and analysis methods have
significantly aceelerated the ability to catalog and map genetic factors associated with a diverse
range of biological functions and discases. Precise genome targeting technologies are needed to

enable systematic reverse engineering of causal genetic variations by allowing selective
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pertirbation of individual genetic elements, as well as to advance synthetic biology,
biotechnological, and wmedical applications. Although genome-editing techniques such as
designer zinc fingers, transcription activator-like effectors (TALEs), or homing meganucleases
are available for producing targeted genome perturbations, there remains a need for new genome
engineering technologies that are affordable, easy to set up, scalable, and amenable to targeting
multiple positions within the cukaryotic genome.

SUMMARY OF THE INVENTION
[6606] The CRISPR-Cas system does not require the generation of customized proteins o
target specific sequences but rather 8 single Cas enzyme can be programmed by a short RNA
molecule to recognize a specific DNA target. Adding the CRISPR-Cas system to the repertoire
of genome sequencing technmiques and analysis methods may significantly simplify the
methodology and accelerate the ability to catalog and map genetic factors associated with a
diverse range of hiological functions and discases. To utilize the CRISPR-Cas system effectively
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 imvention.
(60071 There exists a pressing need for alternative and robust systems and techuniques for
nucleic sequence targeting with a wide array of applications, Aspocts of this invention address
this need and provide related advantages, particularly in relation to treatment of viral infections
which persist due to integration of a virus 1uto a host’s genome and/or by maintenance of an
episomal form {e.g. hepatitis B virus, HBY, which maintains extraordinary persistence in the
nucleus of human hepatocytes by means of a long-lived episomal double-stranded DNA form
called covalent closed circular DNA, or cccDNA). Applicants have shown that it is possible to
directly cleave and reduce the abundance of this episomal forro of the virus (cceDDNAL a dsDNA
structure that arises during the propagation of HBVY in the cell nucleus and can remain
permanently present in infected subjects).
HHELRY An exemplary CRISPR complex comprises a CRISPR cnzyme complexed with a
guide sequence hybridized or hybridizable to a target sequence within the target polynucieotide.
The guide sequence is linked to a tracr mate sequence, which in turn hybridizes to a tracr
seguence.
HHEBY In owe aspect, the jnvention provides methods for using one or more clements of a

CRISPR-Cas systemn. The CRISPR complex of the invention provides an effective means for
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moditving a target polynucleotide. The CRISPR complex of the invention has a wide variety of
utilities including modifving (e.g., deleting, inserting, translocating, mactivating, activating) a
target polynucieotide in a multiplicity of cell types in varicus tissues and organs. As such the
CRISPR complex of the invention has a broad spectrum of applications in, e.g., gene or genome
editing, gene therapy, drug discovery, drug screening, discase diagnosis, and prognosis.

60104 Aspects of the nvention relate to CasY cozyrues baving improved targeting
specificity in a CRISPR-Cas? systemn having guide RNAs having optimal activity, smaller in
tength than wild-type Cas® enzymes and nucleic acid molecules coding therefor, and chimeric
Cas9 enzymes, as well as methods of improving the target specificity of a Cas9 enzyme or of
designing & CRISPR-Cas9 system comprising designing or preparing guide RNAs baving
optimal activity and/or selecting or preparing a Cas® enzyme having a smaller size or length than
wild-type Cas9 whereby packaging a nucleic acid coding therefor into a delivery vector is more
advanced as there is less coding therefor 1o the delivery vector than for wild-type Cas9, and/or
generating chimeric CasY enzymes.

HHIZRY Also provided are uses of the present sequences, vectors, enzymes or systems, in
medicine. Also provided arc uses of the same in gene or genome editing.

[6612] In an additional aspect of the invention, a CasY enzyme may comprise one of more
mutations and may be used as a generic DNA binding protein with or without fusion to a
functional domain. The muotations may be artificially introduced mutations or gain- or loss-of-
function mutations. The mutations may include but are vot Hmited to mutations in one of the
catalytic domains (D10 and HE40) in the RuvC and HNH catalytic domains, respectively,
Further mutations have been characterized. In one aspect of the invention, the transcriptional
activation domain may be VP64, In other aspects of the invention, the transcriptional repressor
domain may be KRAB or SID4X. OGther aspects of the invention relate to the mmtated Cas9
enzyme being fused to domains which include but are not limited to a {ranscriptional activator,
repressor, a recombinase, a transposase, 3 histone remodeler, a demethylase, a DNA
methyltransferase, a cryptochrome, a light inducible/controllable domain or a cheoucally
inducible/controliable domain.

16013] In a further embodiment, the invention provides for methods to generaie mutant
tractRMNA and direct repeat sequences or moutant chimeric guide sequences that allow for
enhancing performance of these RNAs in cells.  Aspects of the invention alse provide for

selection of said sequences.
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[3314] Aspects of the invention also provide for methods of simplifying the cloning and
delivery of components of the CRISPR coraplex. fn the preferred embodiment of the invention, a
suitable promoter, such as the U6 promoter, is amplified with a DNA oligo and added onto the
guide RNA. The resulting PCR product can then be transfecied into cells to drive expression of
the guide RNA, Aspects of the invention also relate to the guide RNA being transcribed in vitro
or ordered from a synthesis company and directly transfocted.

[B315] In one aspect, the invention provides for methods to improve activity by using a more
active polymerase. In a preferred embodiment, the expression of guide RNAs under the control
of the T7 promoter 15 driven by the cxpression of the T7 polyrocrase in the celll In an
advantageous embodiment, the cell is a cukaryotic celll In a preferred embodiment the
cukaryotic cell is a human cell. In a more preferred embodiment the human cell 1s a patient
specific cell, e.g., a cell removed from a patient that may be moditied and/or expanded into a cell
population or a modified cell population, for instance, for re-administration to the patient..

[3316] In onec aspect, the invention provides for methods of reducing the toxicity of Cas
enzymes. In certain aspects, the Cas enzyme is any Cas® as described herein, for instance any
naturally-occurring bacterial Cas9 as well as any chiraacras, mutants, homologs or orthologs. In
one aspect, the Cas enzyme is 8 nickase. In a preferred embodiment, the Cas9 is delivered mnto
the cell in the form of mRNA. This allows for the transient expression of the enzyme thereby
reducing toxicity. In another embodiment, the Cas9 is delivered into the cell in the nucleotide
construct that encodes and expresses the Cas9 enzyme. fn another preferred embodiment, the
invention also provides for methods of expressing Cas® under the control of an inducible
promoter, and the constructs used therein.

(8017} In another aspect, the invention provides for methods of improving the in vive
applications of the CRISPR-Cas system. In the preferred embodiment, the Cas enzyme is
wildtype Cas9 or any of the modified versions described herein, imcluding any naturally-
occurring bacterial Cas9 as well as any chimaeras, mutants, homologs or orthologs. . In some
methods of the invention the CRISPR enzyme comprises one or more muutations in one of the
catalytic domains. In one aspect, the Cas enzyme 15 3 nickase. An advantageous aspect of the
invention provides for the selection of Cas9 homologs that are casily packaged into viral vectors
for delivery. Cas9 orthologs typically share the general organization of 3-4 RuvC domains aud 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.
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[B018] The catalytic residue in the 5 RuvC domain is identified through homology
comparison of the Cash of mterest with other Cas9 orthologs (from 5. pyogencs type [ CRISPR
tocus, S. thermophilus CRISPR locus 1, S. thermophilus CRISPR locus 3, and Franciscilla
novicida type H CRISPR locus), and the conserved Asp residue (D10) is mutated to alanine to
convert CasY iute 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-
complementary-strand nicking enzyme. In some embodiments, both sets of mutations may be
made, to convert Cast into a non-cutting enzyme.

16319] In sorae embodiments, the CRISPR cozyme 15 a type © or [H CRISPR enzyme,
preferably g type 11 CRISPR enzyme. This type H CRISPR enzyme may be any Cas enzyme. A
preferred Cas enzyme may be identified as Cas9 as this can refer to the general class of enzymes
that share homeology to the biggest nuclease with multiple miclease domains from the type H
CRISPR system. Most preferably, the Cas9 enzyme is from, or is derived from, spCas9 or
salas®, By derived, Applicants mean that the derived enzyme is largely based, in the sense of
having a high degree of sequence homology with, a wildtype enzyme, but that it has been
mutated (modified} in sorae way as described herein

[6G28] 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 residue
nurnberings used herein refer to the CasY enzyme from the type 11 CRISPR locus in
Streprococcus pyogenes, However, it will be appreciated that this invention includes many more
(Cas9s from other species of microbes, such as SpCas9, SaCas®, St1Cas® and so forth, Further
examples are provided herein. The skilled person will be able to determine appropriate
corresponding residaes in Cas9 enzymes other than SpCas9 by comparison of the relevant amino
acid sequences. Thus, where a specific amino acid replacoment is referred to using the SpCast
numbering, then, unless the context makes it apparent this is not intended to refer to other Cas9
enzymes, the disclosure is intended to encompass corresponding modifications in other Cas9
CuZYImes,

16621 An example of a codon optimized sequence, in this instance optimized for humans
(i.e. being optimized for expression in humans) is provided herein, see the SaCas® human codon
optimized sequence.  Whilst this 18 preferved, it will be appreciated that other examples are
possible and codon optimization for a host species 1s known,

16622} in further embodiments, the invention provides for methoeds of enhancing the function

of Cas9 by generating chimeric Cas9 proteins. Chimeric Cas9 proteins chimeric Cas9s may be

(o]
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new Cas9 containing fragments from more than one naturally occurring Cas9. These methods
may comprise fusing N-terminal fragments of oune Cas9 homolog with C-terminal fragments of
another Casy homolog. These methods also allow for the selection of new properties displayed
by the chimeric Cas9 proteins.
18023} I will be appreciated that in the present methods, where the orgamism is an animal or
a plant, the modification may occur ex vivo or in vitro, for instance n a cell culture and n somoe
instances not iz vivo. In other embodiments, it may occur in vive.
[8324) In one aspect, the invention provides a method of moditying an organism or a non-
human organisro by manipulation of a target sequence in a genomic locus of interest (e.g. an
integrated viral sequence) comprising:
delivering a non-paturally occurring or engineered composition comprising:
Ay - I a CRISPR-Cas system chimeric RNA (chiRNA) polymucleotide sequence,
wherein the polynucleotide sequence comprises:
{a) a gude sequence capable of hybridizing to a target sequence in a
cukaryotic cell,
{b) a tracr mate sequence, and
{(c) a tracr sequence, and
IL a polynucleotide sequence encoding a CRISPR enzyme comprising at least one or
more miclear localization sequences,

wherein (a), (b) and (¢) arc arranged in a §7 10 3° orientation,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and the guide

sequence directs sequence-specific binding ot a CRISPR complex to the target sequence, and

wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide
sequence that is hybridized or hybridizable to the target sequence, and (2} the tracr mate
sequence that is hybridized or hybridizable to the tracr sequence and the polynucieotide sequence
encoding a CRISPR enzyme is DNA or RNA,

or

(By L polymucleotides comprising:
{a) a gude sequence capable of hybridizing to a tfarget sequence in a
eukaryotic cell, and
(b} at least one or more tracr mate SEQUENCEs,

IL a polymucleotide sequence encoding a CRISPR enzyme, and
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. a polynucieotide sequence comprising a tracr sequence,
wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and the guide
sequence directs sequence-gpecific binding of 2 CRISPR complex to the target sequence, and

wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide
sequence that is hybridized or hybridizable to the target sequence, and (2) the tracr mate
sequence that is hybridized or hybridizable to the tracr sequence, and the polynucleotide
sequence encoding a CRISPR enzyme is DNA or RNAL

[8625] Any or all of the polynucleotide sequence encoding a CRISPR enzyme, guide
sequence, fracr mate sequence or tracr sequence, may be RNA. The polyoucleotides encoding
the sequence encoding a CRISPR enzyme, the guide sequence, tracr mate sequence of tracr
sequence may be RNA and may be delivered via liposomes, panoparticles, exosomes,
microvesicles, or 4 gene-gon.

{8026} It will be appreciated that where reference is made to a polynucleotide, which is RNA
and 18 said to ‘comprise’ a feature such a tracr mate sequence, the RNA sequence inchudes the
feature. Where the polynucieotide is PNA and is said to comprise a feature such a tracr mate
sequence, the DNA sequence is or can be transcribed into the RNA including the feature at issue.
Where the feature is a protein, such as the CRISPR enzyme, the DNA or RNA sequence referre
to is, or can be, translated (and in the case of DNA transcribed first).

(80271 Accordingly, 1o certain embodiments the wnvention provides a method of moditving
an organismg, ¢.g., mammal including human or a non-human mammal or organism by
manipuiation of a target sequence in a genomic locus of interest comprising delivering a non-
naturally occuarring or engineered composition comprising a viral or plasmid vector system
comprising one or more viral or plasmid vectors operably encoding a composition for expression
thereof, wherein the composition comprises: (A) a non-naturally occwrring or engincered
composition comprising a vector system comprising one or more vectors comprising 1 a first
regulatory element operably linked to a CRISPR-Cas system 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 (¢)
a tracr sequence, and IL a second regulatory clement operably linked o an enzyme-coding
sequence encoding a CRISPR euzyme comprising at least one or more nuclear localization
sequences (or optionally at least one or more nuclear localization sequences as some
embodiments can involve no NLS), wherein (), (b} and (¢} arc arranged in a & {0 37 orientation,
wherein components T and I are located on the same or different vectors of the systers, wherein

when transcribed, the tracr mate sequence hybridizes to the tracr sequence and the guide
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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 hybridized or hybridizable to the target sequence, and (2) the tracr mate
sequence that is hybridized or hybridizable to the tracr sequence, or (B) a non-naturally
occurring or enginecred composition comprising a vector system comprising one or more vectors
comprising 1L a first regulatory clement operably hinked to (a) a guide sequence capable of
hybridizing to 8 target sequence in a cukaryotic cell, and (b) at least one or more tracr mate
sequences, IL a second regulatory element operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, and Ul a thud regolatory clement operably linked to a tracr
sequence, wherein components 1, [ and H1 are located on the same or different vectors of the
system, 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 cuzyme complexed with (1)
the guide sequence that is hybridized or hybridizable to the target sequence, and (2) the tracr
mate sequence that is hybridized or hybridizable to the tracr sequence. In some embodiments,
compounents I, H and T are located on the same vector. In other embodiments, components [ and
It are located on the same vector, while component I is located on another vector. In other
embediments, components I and Il are located on the same vector, while component i is
located ou another vector. Tn other embodiments, components 1 and T are located on the same
vector, while component I is located on another vector. In other embodiments, cach of
components §, U and {1 is located on different vectors. The invention also provides a viral or
plasmid vector system as described herein.

{3328 Preferably, the vector is a viral vector, such as a lenti- or baculo- or preferably adeno-
viral/adeno-associated viral vectors, bwt other means of delivery are known (such as veast
systems, microvesicles, gene guns/means of attaching vectors to gold nanoparticles) and are
provided. In some embodiments, one or more of the viral or plasmid vectors may be delivered
via liposomes, nanoparticics, exosomes, microvesicles, or a gene-gun.

LHEPAY By mapipulation of a target sequence, Applicants also mean the epigenctic
manipulation of a target sequence. This may be of the chromatin state of a target sequence, such
as by modification of the methylation state of the target sequence (Le. addition or removal of
methylation or methylation patterns or CpG islands), histone modification, increasing or

reducing accessibility to the target sequence, or by promoting 3D folding. In relation to treatment
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of viral infections, however, excision of integrated viral genome sequences 1s the manipulation
of primary futerest.

{8030} It will be appreciated that where reference is made to a method of modifving an
organism or mammal including human or a non-human mammal or organism by manipulation of
a target sequence in a genomic locus of interest, this may apply to the organism {or mamumnal) as
a whole or just a single cell or population of cells from that organism. o the casc of hurnans, for
instance, Applicants cavisage, /nfer afia, a single ccll or a population of cells and these may
preferably be modified ex vivo and then re-introduced. In this case, a biopsy or other tissue or
biclogical fluid sample may be wvecessary. Stem cells are also particularly preferred in this
regard. But, of course, iz vivo embodiments are also envisaged.

{6631} In certain embodiments the invention provides a method of treating or inhibiting a
condition caused by the presence of an integrated viral sequence in a genomic locus of mterest in
a subject (e.g., mamyoal or human) or a non-hursan subject {e.g., mammal) in need thercof
comprising modifying the subject or a non-human subject by manipulation of a target sequence
in the integrated viral sequence and wherein the condition is susceptible to treatment or
inhibition by wmaunipulation of the target sequence compwising providing  treatroend
comprising: delivering a non-naturally occurring or engineered composition comprising an AAY
or lentivirys vector system comprising one or more AAV or lentivirus vectors operably encoding
a composition for expression thercof, wherein the target sequence is manipulated by the
composition when expressed, wherein the composition comprises: (A) a non-naturally occurring
or engincered composition comprising a vector systom Comprising one of more vectors
comprising 1. a first regulatory element operably linked to a CRISPR-Cas systern 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 (¢} a tracr sequence, and 1. a second regulatory element 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 sorae
embodiments can involve no NLS, ite., there can be zero NLSs but advantageously there is
greater than zero NLSs, such as one or more or advantageously two or more NLSs, and thus the
nvention comprehends embodiments wherein there 15 G, 1, 2, 3, or more NLSs) wherein (a), (b}
and (c) are arranged in a 5 to 37 oricntation, wherein components | and I are located on the
same or different vectors of the system, wherein when transcribed, the tracr mate sequence

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 CRISPR complex comprises the
CRISPR enzyme complexed with (1) the guide sequence that is hybridized or hybridizable to the
target sequence, and (2) the tracr mate sequence that is hybridized or hybridizable to the tracr
sequence, or (B) a non-naturally occurring or engineered composition comprising a vector
systern comprising one or more vectors comprising 1. a first regulatory element operably linked
10 {a) a guide sequence capable of hybridizing to a target sequence in a cukaryotic cell, and (b) at
feast one or more tracr mate sequences, U a second regulatory clement operably linked to an
enzyme-coding sequence encoding a CRISPR enzyme, and Tl a third regulatory element
operably linked to a tracr sequence, wherein components 1, U and I are located on the saroe or
different vectors of the system, wherein when transcribed, the fracr 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
cnzyme coroplexed with (1) the guide sequeonce that 18 hybridized or hybridizable to the target
sequence, and {2} the tracr mate sequence that 18 hybridized or hybridizable to the tracr sequence.
in some embodiments, components |, {1 and 1§ are located on the same vector. In other
cmbodiments, components | and 11 are located on the same vector, while component HI is
located on another vector. In other embodiments, components  and HI are located on the same
vector, while component 11 is located on another vector. In other embodiments, components I
and IH are located on the same vector, while component 1 is located on another vector. In other
embodiments, cach of coraponents 1, H and IH is located on different vectors. The fuvention also
provides a viral {c.g. AAV or lentivirus) vector system as described hercin. Delivery therefore
can be via a vector, such as a viral vector, e.g., a recombinant viral vector delivery system; and,
this system can be an AAV or lentivirus or derived from an AAV or a lentivirus {e.g., 4
recombinant AAV or lentivirus that expresses that which is foreign, heterclogous or that which is
not homologous or native to the virns may make some consider the virus “derived from™ is
parent virus). In some methods of the invention the vival vector 1s a lentivirus-derived vector. In
some methods of the invention the viral vector is an Agrobacterium Ti or Ri plasmid for use in
plants.

160321 The organism or subject is a cukaryote (including mammal including human) or a
non-human cukaryoie or 8 non-human animal or a non-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 mvention the organism or subiect is a plant. In

some methods of the inveuntion 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 a mouse or a rat), an ungulate, or a
primate. fn some methods of the jnvention the organisra or subject is a plant or algae, including
microalgae, or is a fungus. In some methods of the invention the viral vector is an AAV or a
tentiviras, and can be part of a vector system as described herein. In some methods of the
invention the CRISPR enzyme 1s a Cas9. In some methods of the invention the expression of the
guide sequence is under the control of the T7 promoter and is driven by the expression of T7
polymerase. In some methods of the invention the expression of the guide sequence is under the
control of a U6 promoter. In some methods of the wnvention the CRISPR enzyme comprises one
or roore nutations in one of the catalytic domains. In sorae methods of the invention the CRISPR.
enzyme is a Cas9 nickase.

{6633} The invention in some embodiments comprehends a method of delivering a CRISPR
enzyme comprising delivering to a cell a nucleic acid molecule, e.g, DNA, RNA, mRNA
cucoding the CRISPR enzyme. [o some of these ructhods the CRISPR enzyme s a Cas9. This
allows for the tramsient expression of the enzyme thereby reducing toxicity. In another
embodiment, the Cas® is delivered inte the cell in the nuclectide construct that encodes and
expresses the Cas9 enzyme.

{8034} The invention also provides methods of preparing the vector systems of the invention,
in particular the viral vector systems as described herein. The mvention in some embodiments
comprehends a wmethod of preparing the AAV of the invention comprising transfecting
plasmid(s) containing or consisting essentially of nucleic acid molecule(s) coding for the AAV
into AAV-infected cells, and supplying AAV rep and/or cap obligatory for replication and
packaging of the AAV. Tn some embodiments the AAV rep and/or cap obligatory for replication
and packaging of the AAV are supplied by transfecting the cells with helper plasmid(s) or helper
virus{es). In some embodiments the helper virus is a poxvirus, adenovirus, herpesvirus or
baculovirus. In some embodiments the poxvirus is a vaccinia virus, In some embodiments the
cells are mammalian cells. And in some embodiments the cells are insect cells and the helper
virus 18 baculovirus. In other embodiments, the virus is a lentivirus.

{B335] In plants, viral pathogens are often host-specific, but this is not always the case. For
instance, citrus tristeza viras infects only a few species in the Cirrus genus, whereas cucumber
mosaic virus infects over 1000 species in 85 plant families. Plants have existing and induced
defenses to resist most pathogens, but the invention offers new ways to clear viral infections

from plants.
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{3336} The invention further comprehends a composition of the invention or a CRISPR
enzyme thereof (including or alternatively mRNA encoding the CRISPR cnzyme) for use in
medicine or in therapy. In some embodiments the invention comprehends a composition
according to the invention or 3 CRISPR enzyme thereof (including or alternatively a mucleic acid
molecule, e.g, mRNA encoding the CRISPR enzyme) for use in a method according to the
imvention. In some embodiments the invention provides for the use of a composition of the
invention or a CRISPR enzyme thercof {including or alternatively mRNA encoding the CRISPR
eNZYIe) in ex vive gene or genome editing. In certain embodiments the invention comprehends
use of a composttion of the invention or a CRISPR enzymae thereof (Guchuding or alternatively
mRINA encoding the CRISPR cnzyme) in the manufacture of 3 medicament for ex vivo gene or
genome editing or for use in a method according of the mvention. The invention thus also
envisions a CRISPR-Cas Complex or a component thereof of any of any description heremn for
use in delivery to and/or a method of treating tissue, or tissue countaining cells having a viral
mfection, such as Hepatitis B Virus; or in preparing or formulating a medicament or
pharmaceutical composition for such treatment.

[B8437] The mvention coraprehends in some embodiments a coraposition of the invention or a
CRISPR enzyme thereof (inchuding or alternatively mRNA encoding the CRISPR enzymge),
wherein the target sequence is flanked at its 37 end by 3 §* motif termed a proto-spacer adjacent
motif or PAM, especially where the Cas9 1s (or is derived from) 8. pvogenes or §. aureus Cas9.
For example, a suitable PAM 18 5-NRG or 5-NNGRR (where N is any Nucleotide} for SpCas9
or Sallas® enzymes (or derived enzymes), respectively, as mentioned below. For S, pyrogenes
(as9 or dertved enzymes, a suitable PAM 1s 5-NRG.

{038} It will be appreciated that SpCas® or SaCas® are those from or derived from &
pyogenes ot S. aureus CasY.

[8639] Apects of the invention comprehend tmproving the specificity of a CRISPR enzyme,
e.g. Cas®, mediated gene targeting and reducing the hikelihood of off-target modification by the
CRISPR enzyme, e.g. Cas9. The invention in some embodiments comprehends a method of
modifving an organsm or a non-human organism by miniroizing off-target modifications by
manipulation of a first and a second target sequence on opposite strands of a DNA duplex ma
genomic locus of interest in a cell comprising delivering a non-naturally occurring or engineered
composition comprising:

LHER I a first CRISPR-Cas system chimeric RNA (chiRNA} polynuciectide sequence,

wherein the first polynucleotide sequence comprises:
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(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,
{6041} IE. a second CRISPR-Cas system chiRNA polynucleotide sequence, wherein the
second polynucieotide sequence comprises:

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

(b} a second tracr mate sequence, and

(¢} a second tracr sequence, and
[0042] [H. a polynucleotide sequence encoding a CRISPR enzyroe comprising at least one or
more nuclear localization sequences and comprising one or more mutations, wherein (a), (b} and
{cyarg arranged in a 5° to 37 orientation, wherein when transcribed, the first and the second fracr
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 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 hybridized or
hybridizable to the fivst target sequence, and (2) the first tracr mate sequence that is hybridized or
hybridizable to the first tracr sequence, wherein the second CRISPR complex comprises the
CRISPR enzyme complexed with (1) the second guide sequence that is hybridized or
hybridizable to the second target sequence, and (2) the second tracr mate sequence that is
hybridized or hybridizable to the second tracr sequence, wherein the polynucicotide sequence
encoding 3 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 organism or the non-human organism by minimizing off-
target modifications. In one aspect, the first nick and the second nick in the DNA is offset
relative to each other by at least one base pair of the duplex. In one aspect, the first nick and the
second nick are offset relative to cach other so that the resulting DNA break has a 37 overhang.
In one aspet, the first nick and the second nick are offset relative to cach other so that the
resulting DNA break has a 57 overhang.  In one aspect, the first nick and the second nick are
positioned relative to cach other such that the overbang s at least 1 nucleotide (ot), at least 10 ut,
at least 15 nt, at lcast 26 nt, at least 30 nt, at least 30 ot or more that at least 50 nt. Additional

aspects of the invention comprising the resulting offset double nicked DNA strand can be
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appreciated by one skilled in the art, and exemplary uses of the double nick system are provided
heremn.

{8043} I some methods of the invention 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, is/are RNA, Tu further embodiments of the
mvention the polynucleotides encoding the sequence encoding the CRISPR cozyroe, 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 liposomes, nanoparticles, exosomes,
microvesicles, or a gene-gun. In certain ernbodiroents of the invention, the fust and second tracr
mate sequence share 100Y% identity and/or the first and second tracr scquence share 100%
identity. In some embodiments, the polymucleotides may be comprised within a vector system
comprising one or more vectors, In preferred embodiments of the invention the CRISPR enzyme
is a Cas9 enzyme, ¢.g. SpCash, Tn an aspect of the nvention the CRISPR enzyme comprises one
or more mutations in a catalytic domain, wherein the one or more mutations are selected from
the group consisting of DIGA, E762A, HZ40A, NBS4A, NRG3A and DOR6A. In a highly
preferred embodiment the CRISPR enzyme has the DI0A mutation. In preferred embodiments,
the first CRISPR enzyme has one or more mmtations such that the enzyme is a complementary
strand nicking enzyme, and the second CRISPR enzyme has one or more mutations such that the
enzyme is a non-complementary strand nicking enzyroe. Alternatively the first enzyme may be a
non-complementary strand nicking enzyme, and the second enzyme may be a complementary
strand nicking enzyme.

[8844] With respect to mutations of the CRISPR enzyme, when the enzyme 1s not SpCasy,
mutations may be made at any or all residaes corresponding to positions 18, 762, 340, 854, 863
and/or 986 of SpCash (which may be ascertained for instance by standard sequence comparison
tools). In particular, any or all of the following mmutations are preferred in SpCas®: DIGA,
E762A, HE40A, NBS4A, N363A and/or DOB6A; as well as conservative substitation for any of
the replacerent amino acids is also covisaged. In an aspect the jnvention provides as to any or
cach or all embodiments herein-discussed wherein the CRISPR enzyme 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 D10, E762, HE40, NE54, N2363, or DUES6 according 1o Splash
protein, .., DI0A, E762A, HA40A, NRS4A, N863A and/or DYBOA as to SpCas, or N3EO
according to Sallas®, e.g., NSB0A as to SaCas9, or any corresponding mutation{s) in a Cas9 of

an ortholog to Sp or Sa, or the CRISPR enzyme comprises at least one mutation wherein at least
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HB40 or N863A as to Sp Cas® or NIEOA as to Sa Cas9 is matated; ¢.g., wherein the CRISPR
enzyme comprises H840A, or DI0A aud HR40A, or D10A and NE63A, according to SpClash
protein, or any corresponding mmtation{s) in a CasY of an ortholog to Sp protein or Sa protein.
[80645] 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 resulis in a §7 overhang. In
embodiments of the invention the 5° 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 nvention the §
overhang is at least 26 base pairs, preferably at least 30 base pairs or more preferably 34-50 base
pairs.
[60646] The invention in some embodiments comprehends a method of modifying an
organism or a non-hurpan organism by minimizing off-target modifications by manipuolation of a
first and a second target sequence on opposite strands of a DNA duplex in a genomic locus of
interest in a cell comprising delivering a non-naturally occurring or enginecered composition
COMPIISING a Vector sysiem comprising one of more vectors comprising
[0047] L. a first regulatory clement operably linked to

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

{bb) at least one or more tracr mate sequences,
[3048] IL a second regulatory element operably linked to

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

(b} at least onc or more tracr mate sequences,
[3849] I a third regulatory clement operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, and
[B050] IV, a fourth regulatory clement operably linked to a tracr sequence,
16051 ] wherein components I, I, TH and IV are located on the same or different vectors of
the system, when transcribed, the tracr mate sequence hyvbridizes to the tracr sequence and the
first and the second guide sequence direct sequence-specific binding of a first and a second
CRISPR complex to the tirst and second target sequences respectively, wherein the first CRISPR
complex comprises the CRISPR enzyme complexed with (1) the first guide sequence that is
hybridized or hybridizable to the first target sequence, and (2) the tracr mate sequence that is
hybridized or hybridizable to the tracr sequence, wherein the second CRISPR complex
comprises the CRISPR enzyme complexed with (1) the second guide sequence that is hybridized

or hybridizable to the second target sequence, aud (2} the tracr mate sequence that is hybridized
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or hybridizable to the tracr sequence, wherein the polynucieotide sequence encoding a CRISPR
enzyme s 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
modifving the organism or the non-liman organism by minimizing off-target modifications.
(60521 The invention also provides a vector systern as described herein. The systom may
comprise one, two, three or four different vectors. Components [, 11, 1 and IV may thus be
tocated on one, two, three or four different vectors, and all combinations for possible locations of
the components are herein envisaged, for example: components [, {1, T and IV can be located on
the same vector; components I, I, I and IV can cach be located on different vectors;
components {, {1, [T { and IV may be located on a total of two or three different vectors, with ali
combinations of locations envisaged, etc.

{6053] In some methods of the invention 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, 19/are RNA. In further embodiments of the
mvention the first and second tracr roate sequence share 100% identity and/or the first and
second tracr sequence share 100% identity. In preferred embodiments of the invention the
CRISPR enzyme is a CasY enzyme, e.g. SpCas9. 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 selected from the group consisting of DI0A, E762A, HR40A, NE834A, NEG3A and
DORGA. In a highly preferred embodiment the CRISPR enzyme has the RDI0A mutation. In
preferved embodiments, the first CRISPR enzyme has one or more mutations such that the
enzyme is a complementary strand nicking enzyme, and the second CRISPR enzyme has one or
more mmtations such that the enzyme is 3 non-complementary strand nicking enzyme.
Alterpatively the first enzyme may be a non-complementary strand nicking enzyme, and the
second enzyme may be a complementary strand nicking enzyme. In a further ernbodiroent of the
mmvention, one or more of the viral vectors are delivered via liposomes, nanoparticles, exosomes,
microvesicles, or a gene-gun,

[60354] In preferred methods of the invention the first guide sequence directing cleavage of
one strand of the DNA duplex ncar the first target sequence and the second guide sequence
directing cleavage of other strand near the second target sequence results in a 5° overbang. In
embodiments of the invention the 57 overhang is at most 200 base pairs, preferably at most 1060

base pairs, or more preferably at most 50 base pairs. In embodiments of the invention the 5
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overhang is at least 26 base pairs, preferably at least 30 base pairs or more preferably 34-50 base
pairs.

HHIRRY The invention in some embodiments comprehends a method of modifying a genomic
locus of interest by minimizing off-target modifications by introducing inte a cell containing
and expressing a double stranded DNA molecule encoding a gene product of interest an
cngineered, nou-naturally occurring CRISPR-Cas system coraprising a Cas protein having one or
more mutations and two guide RNAs 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 cach of the first strand and the second strand of the DNA
malecule 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.

16656] In preferred methods of the invention the Cas protein nicking each of the first strand
and the second strand of the DNA molecule encoding the gene product results ina 5° overhang.
In embodiments of the invention the §° 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 &
overhang is at least 26 base pairs, preferably at least 30 base pairs or more preferably 34-50 base
pairs.

[8657] Embodiments of the invention 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 is codon optimized for expression in a cukaryotic cell, preferably a manunalian cell
or 3 human cell. As explained in more detail below, codon usage can even be optimized for
expression in particular cell types e.g. for hiver cells. In further embodiments of the invention the
Cas protein s a type I CRISPR-Cas protein, e.g a Cas9 protein. In a highly preferred
embodiment the Cas protein is a Cas9 protein, e.g. Splash, In aspects of the invention the Cas
protein has one or more mutations selected from the group consisting of DI10A, E762A, H840A,
NES4A, NRO3A and DORGA. In a highly preferred embodiment the Cas protein has the DIGA
mutation.

1B658] Aspects of the invention relate to the expression of the gene product being decreased
or a template polynmucieotide being further introduced into the DNA molecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 57 overbangs to
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 1s a

protein.

—
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HHESY The invention also comprehends an engineered, non-naturally occurring CRISPR-Cas
system coroprising 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 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 molecule
eucoding the gene product, whereby expression of the gene product is aliered; and, wherein the
Cas protein and the two guide RNAs do not naturally occur together,
{8060} In aspects of the invention the guide RNAs may comprise a guide sequence fused to a
tract roate sequence and 4 tracr sequence. In an embodiment of the invention the Cas protein s a
type 1L CRISPR-Cas protein. In an aspect of the invention the Cas protein is codon optimized for
expression in a ecukaryotic cell, preferably a mammalian cell or a luman cell. In further
embodiments of the invention the Cas protein is a type II CRISPR-Cas protein, e.g a Cas9
protein. To a highly preferred embodiment the Cas protein is a Cash protein, ¢.g. SpCasf. In
aspects of the invention the Cas protein has one or more mutations selected from the group
consisting of DI0A, E762A, HB40A, NRS4A, NEG3A and D98OA. In a mighly preferred
crubodiment the Cas protein has the DI10A mutation.
8061} Aspects of the invention relate to the cxpression of the gene product being decreased
or a template polynucleotide being further introduced into the DNA molecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 5§ overhangs to
reanncal and lgate 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.
{8862} The mvention also comprehends an enginecered, non-naturally occurring vector
SYSICm: COMprising One Or Mmore vectors Comprising:

a) a first regulatory element operably linked to each 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 element operably linked to a Cas protein,

wherein components {a) and (b} are located on same or different vectors of the system, wherehy
the guide RNAg 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.
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{83063} In aspects of the invention the guide RNAs may comprise a guide sequence fused to a
tract roate sequence and a tracr sequence. In an embodiment of the invention the Cas protein b a
type 1L CRISPR-Cas protein. In an aspect of the invention the Cas protein is codon optimized for
expression in a eukaryotic cell, preferably a mammalian cell or a human cell. In further
embodiments of the invention the Cas protein is a type II CRISPR-Cas protein, e.g a Cas9
protein. To a highly preferred embodiment the Cas protein is a Cash protein, ¢.g. SpCasf. In
aspects of the invention the Cas protein has one or more mutations selected from the group
consisting of DI0A, E762A, H240A, WNBS4A, NRG3A and D9E6A. Tn a ghly preferred
crubodiment the Cas protein has the DI10A mutation.

[8064] Aspects of the invention relate to the cxpression of the gene product being decreased
or a template polynucleotide being further introduced into the DNA molecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 5§ overhangs to
reanncal and lgate 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. In preferred embodiments of the invention the vectors of the system are viral vectors. In
a further embodiment, the vectors of the system are delivered via liposomes, nanoparticles,
eXO80mes, microvesicles, or a genc-gun.

[8665] In one aspect, the invention provides a method of modifying a target polynucleotide
in a eukaryotic cell. Tn some embodiments, the method comprises allowing a CRISPR complex
1o bind to the target polymucleotide to effect cleavage of said target polynucleotide therchy
modifying the target polynucleotide, wherein the CRISPR complex comprises a CRISPR
enzyme complexed with a guide sequence hybnidized or hybridizable to a target sequence within
said target polynucleotide, wherein said guide sequence is linked to a tracr mate sequence which
in turn hybridizes to a tracr sequence. In some embodiments, said cleavage comprises 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 coraprises repairing said cleaved target polynucleotide by
homologous recombination with an exogenous template polymucieotide, wherein said repair
results in a mutation comprising an insertion, deletion, or substitution of one or more mucleotides
of said target polynucleotide. v some embodiments, said routation results in one or more amino
acid changes in a protein cxpressed from a gene comprising the target sequence. In some
embodiments, the method further comprises delivering one or more vectors to said cukaryotic

cell, wherein the one or more vectors drive expression of one or more of: the CRISPR enzyme,
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the guide sequence linked to the tracr mate sequence, and the tracr sequence. In some
crubodiments, said vectors are delivered to the eukaryotic cell in a subject.  In some
cmbodiments, said modifying takes place in said cukaryotic cell in a cell culture. In some
embodiments, the method further comprises isolating said eukaryotic cell from a subject prior to
said moditying. In some embodiments, the method further comprises returning said eukaryotic
cell and/or cells derived therefrom to said subject.

[3366] In onc aspect, the invention provides a method of modifying expression of a
polymicleotide in a eukaryotic cell. In some embodiments, the method comprises allowing a
CRISPR complex to bind to the polynucleotide such that said binding rosulis in increased or
decreased expression of said polynucieotide; wherein the CRISPR complex comprises g CRISPR
enzyme complexed with a guide sequence hybridized or hybridizable to a target sequence within
said polynucleotide, wherein said goide sequence is Hnked to a tracr mate sequence which n turn
hybridizes to a tracr sequence. In some embodiments, the method further coroprises delivering
one or more vectors to said eukaryotic cells, wherein the one or more vectors drive expression of
one or more of: the CRISPR enzyme, the guide sequence linked to the tracr mate sequence, and
the tracr sequence.

186671 In one aspect, the invention provides for methods of modifying a target
polynucleotide in a cukaryotic cell. In some embodiments, the method comprises allowing a
CRISPR complex to bind to the target polynucleotide to effect cleavage of said target
polyouciootide thereby modifying the target polynucleotide, wherein the CRISPR complex
comprises a CRISPR enzyme complexed with a guide sequence hybridized or hybridizable to a
target sequence within said target polynucleotide, wherein said guide sequence is linked to a
tracy mate sequence which in tarn hybridizes to a tracr sequence.

[80668] I other embodiments, this invention provides a method of modifying expression of a
polynucieotide in a cukaryotic cell. The method comprises decreasing expression of a target
polyoucleotide by using a CRISPR complex that binds to the polynucleotide.

16369 Where desired, to effect the modification of the expression in a cell, one or more
vectors comprising a tracr sequence, a guide sequence linked to the tracr mate sequence, a
sequence encoding a CRISPR enzyme is delivered to a cell. In some methods, the one or more
vectors comprises a regulatory element operably Hoked to an enzyroe-coding sequence encoding
said CRISPR enzyme comprising a nuclear localization sequence; and a regulatory clement
operably linked to a tracr mate sequence and one or more insertion sites for inserting a guide

sequence apstream of the tracr mate sequence. When expressed, the guide sequence directs
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sequence-specific binding of a 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
hybridized or hybridizable to the target sequence, and (2) the tracr mate scquence that is
hybridized or hybridizable to the tracr sequence.

i In some methods, a target polynuclectide can be inactivated to effect the modification
of the expression in a cell. For example, upon the binding of 2 CRISPR conplex to a target
sequence in 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 inactivated such
that the protein or microRNA is not produced.

{6671} In certain embodiments, the CRISPR enzyme comprises one or more mutations
selected from the group consisting of DA, E7624A, HE40A, NRS4A, NEG3A or DOROA and/or
the one or more vtations 15 1o a RuvCl or HNH domain of the CRISPR enzyme or is a
mutation as otherwise as discussed herein. In some embodiments, the CRISPR enzyme has one
or more mutations in a catalytic domain, wherein when transcribed, the tracr mate sequence
hybridizes to the fracr sequence and the guide sequence directs sequence-specific binding of a
CRISPR complex to the target sequence, and wherein the enzyme further comprises a functional
domain. In some embodiments, the functional domain is a transcriptional activation domain,
preferably VP64, Tn some embodiments, the functional domain is a transcription repression
doroain, preferably KRAB. In some ernbodiraents, the transcription repression domain is SID, or
concaterners of SID (eg SID4X). In some embodiments, the functional domain is an epigenctic
moditying domain, such that an epigenetic modifying enzyme is provided. In some
embodiments, the functional domain is an activation domain, which may be the P65 activation
domain. Thus, in some embodiments a mutated Cas9 cnzyrme may be fused to a protein domain
or functional domain.

[6672] In some embodiments, the CRISPR enzyme 1s 8 type T or [T CRISPR enzyme, but is
preferably a type [T CRISPR enzyvme. This type HE CRISPR enzyme may be any Cas enzyme. A
Cas enzyme may be identified as Cas9 as this can refer to the general class of enzymes that share
homology to the biggest puclease with multiple nuclease domains from the type 1T CRISPR
system.  Most preferably, the Cas9 enzyme is from, or 15 derived from, spCas9 or saCas9, By
derived, Applicants mean that the derived enzyme is largely based, in the sense of having a high
degree of sequence homology with, a wildtype enzyme, but that it has been mutated (modified)

in some way as described herein.
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{8673} It will be appreciated that the terms Cas and CRISPR enzyme are generally used
heremn interchangeably, unless otherwise apparent.  As roentioned above, many of the residue
numberings used herein refer to the Cas9 enzyme from the type I CRISPR locus i
Streptococcus pyogenes. However, it will be appreciated that this invention includes many more
Caa¥s from other species of micrebes, such as SpCas®, SaCa8, St1Cash and so forth,

16074 An exarople of a codon optimized sequence, in this instance optimized for humans
(i.2. being optimized for expression in humans} is provided herein, sec the SaCas9 human codon
optimized sequence.  Whilst this 18 preferved, it will be appreciated that other examples are
possible and codon optimization for a bost species 15 known.

[8G75] Preferably, delivery is in the form of a vector which may be a 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 yeast systems, microvesicles, gene guns/means of attaching vectors
1o gold navoparticles) and are provided. A vector may mean not only a viral or yeast syster (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 ultimately provide a processed RNA) a promoter), but also
direct delivery of nucleic acids into 2 host cell. While in herein mcthods the vector may be a viral
vector and this is advantageously an AAV, other viral vectors as herein discussed can be
employed, such as lentiviras. For example, baculovirases may be used for expression in insect
cells. These insect cells may, in tum be usetul for producing large quantities of further vectors,
such as AAV or lentivirus vectors adapted for delivery of the present invention, Also envisaged
is a method of delivering the present CRISPR enzyme comprising delivering to a cell mRNA
encoding the CRISPR enzyme. It will be appreciated that in certain embodiments the CRISPR
enzyme 1§ truncated, and/or comprised of less thaun one thousand amino acids or less than four
thousand amino acids, and/or is a nuclease or nickase, and/or is codon-optimized, and/or
comprises one or more mutations, and/or comprises a chimeric CRISPR enzyme, and/or the
other options as herein discussed. AAV and lentiviral vectors are preferred.

16076 In certain embodiments, the target sequence s flanked or followed, at s 3" end, by a
PAM suitable for the CRISPR cnzyme, typically a Cas and in particular a Cas9.

168771 For example, a suitable PAM is S"NRG or 5-NNGRR for Splas% or SaCast
enzymes {or derived enzymes), respectively.

{6678} The invention also relates to 3 method of modifying a cell of a eukaryotic organism
by manipulating at least one target viral nucleic acid within the cell, the method comprising

mtroducing into the cell an exogenous composition capable of forming a Chistered Regularly
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Interspersed Short Palindromic Repeats (CRISPR)- CRISPR-associated {Cas) (CRISPR-Cas)
complesx, the coraposition comprising:
(A} CRISPR-Cas system polymucleotide sequences comprising:
(i) a guide sequence, which when transcribed s capable of hybridizing to
a sequence of the at least one target viral nucleic acid to be
manipulated;
(iiy  atrans-activating CRISPR RNA (tracr) mate sequence, which is linked
to the guide sequence; and
(i}  a tracr sequence, wherein when transcribed all or a portion of the tracr
sequence is capable of hybridizing to the tracr mate sequence; and
(B)  a CRISPR/Cas enzyme or a polynucieotide encoding a CRISPR/Cas enzyme,
wherein when the CRISPR/Cas system polynucleotide sequences are present as RNA within the

cell and the CRISPR/Cas enzyme is present as a protein within the cell:

(1) the tracr mate sequence is hybridized to the tracr sequence or portion
thereof;
(i1}  the CRISPR/Cas system polynucleotide sequences are associated with
the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and
{11y  the guide sequence hybridizes to a sequence of the at least one target
viral nucleic acid thercby directing sequence-specific binding of the
CRISPR/Cas complex to the at least one sequence of the target viral
nucieic acid, whereupon said sequence of said target viral nucleic acid
is manipulated by the CRISPR/Cas enzyme of the complex.
18G79] The invention also relates to an exogenous composition which, when mtroduced into
a cell of a ecukaryotic organism, is capable of forming at least one Clustered Regularly
Interspersed Short Palindromic Repeats {CRISPR)- CRISPR-associated (Cas) (CRISPR-Cas)
complex, wherein the complex is capable of moditying the cell by manipulating of at least one
target viral nucleic acid within the cell, the composition comprising:
{(A)y Clustered Regularly Interspersed Short Palindromic Repeais (CRISPR}-
CRISPR associated (Cas) (CRISPR-Cas) system polynucieotide sequences
comprising:
(i) a guide sequence, which when transeribed s capable of hybridizing to
a sequence of the at least one target viral nucleic acid to be

manipulated;
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(i1} a trans-activating CRISPR RMA {(tracr) mate sequence, which is linked
to the guide sequence; and
(i1} 8 tracr sequence, wherein when transcribed all or a portion of the tracr
sequence is capable of hybridizing with the tracr mate sequence; and
(B)  a CRISPR/Cas enzyme or a polynucleotide encoding a CRISPR/Cas enzyme,
wherein when the CRISPR/Cas system polynucleotide sequences are present as RNA within the
cell and the CRISPR/Cas enzyme is present as 3 protein within the cell:
{1 the tracr mate sequence is hybridized to the tracr sequence or portion
thereof,
{11y  the CRISPR/Cas system polynucleotide sequences are associated with
the CRISPR/Cas enzyme, 30 forming a CRISPR/Cas complex; and
(1) the guide sequence hybridizes 10 a sequence of the at least one target
viral nucleic acid thereby directing sequence-specific binding of the
CRISPR/Cas complex to the at least one sequence of the target viral
nucleic acid, whereapon said sequence of said target viral nucleie acid
is manipulated by the CRISPR/Cas enzyme of the complex.
Hi The invention also relates to a Clustered Regularly Interspersed Short Palindromic
Repeats (CRISPR)- CRISPR-associated (Cas) (CRISPR-Cas) complex which, when introdaced
mto a cell of a eukaryotic organism, is capable of modifving the cell by manipulating a target
viral macleic acid within the cell, the complex comprising:
(A)  CRISPR-Cas system RNA polynucleotide sequences comprising:
(1) a guide sequence, which is capable of hybridizing to a sequence of the
target viral nucleic acid 1o be manipulated;
{11} a trans-activating CRISPR RNA {tracr) mate sequence, which is linked
to the guide sequence; and
(i1} a tracr sequence, wherein all or a portion of the tracr sequence is
capable of hybridizing with the tracr mate sequence; and
(B}  a CRISPR/Cas enzyme,
wherein when the CRISPR/Cas system RNA polynucleotide sequences and the CRISPR/Cas
enzyme are present within the cell:
{1} the tracr mate sequence is hybridized to the tracr sequence or portion

thereof:
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(iiy  the CRISPR/Cas system polynucleotide sequences are associated with
the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and
(i1}  the guide sequence hybridizes to a sequence of the target viral nucleic
acid thereby directing sequence-specific binding of the CRISPR/Cas
complex to the sequence of the target viral nucleic acid, whereupon
satd sequence of said target viral mucleic acid 15 manipulated by the
CRISPR/Cas enzyme of the complex.
{HE S Y The invention also relates to a8 Clustered Regularly Interspersed Short Palindromic
Repeats (CRISPR)- CRISPR-associated (Cas) (CRISPR-Cas) system  chimeric RNA
polymucleotide molecule (chiRNA) which, when introduced into a cell of a cukaryotic organism,
is capable of associating with a CRISPR/Cas enzyme so forming a CRISPR-Cas complex,
wherein the CRISPR-Cas complex is capable of modifying the cell by manipulating a target viral
nucleie acid within the cell; the chiRNA comprising:
(i) a guide sequence, which is capable of hybridizing to 2 sequence of the target
viral nucleic acid to be manipulated;
(it} a trans-activating CRISPR RMA (tracr) mate sequence, which is linked to the
guide sequence; and
(i)  a tracr sequence, wherein all or a portion of the tracr sequence is capable of
hybridizing with the tracr mate sequence; and
wherein when the chiRNA and the CRISPR/Cas enzyme are present within the cells
a) the tracr mate sequence hybridizes to the tracr sequence or portion thereof]
) the chiRNA associates with the CRISPR/Cas enzyme, so forming the
CRISPR/Cas coraplex; and

the guide sequence hybridizes to 8 sequence of the target viral nucleic acid

0,

thereby directing sequence-specific binding of the CRISPR/Cas complex to
the sequence of the target viral nucleic acid whereupon said sequence of said
target viral nucleic acid 5 mamnipulated by the CRISPR/Cas enzyme of the
complex.
[6682] The nvention also relates to a DMNA polymicleotide molecule comprising sequences
encoding a Clustered Regularly Interspersed Short Palindromic Repeats {(CRISPR)- CRISPR-
associated (Cas) {(CRISPR-Cas) system chimeric RNA polynucleotide molecule (chiRNA),
wherein upon introduction of said chiRNA into a cell of a eukaryotic organism said chiRNA i

capable of associating with a CRISPR/Cas enzyme so forming a CRISPR-Cas complex, wherein

2
N
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the CRISPR-Cas complex is capable of modifying the cell by manipulating a target viral nucleic
acid within the cell; the chiRNA comprising:
(1) a guide sequence, which is capable of hybridizing to a sequence of the target
viral nucleic acid to be manipulated;
{11) a trans-activating CRISPR RNA (tracr) mate sequence, which is hinked to the
guide sequence; and
(iii}  a tracr sequence, wherein all or a portion of the tracr sequence is capable of
hybridizing with the tracr mate sequence; and
wherein when the chiRNA and the CRISPR/Cas enzyme are present within the cell:
a) the tracr mate sequence hybridizes to the tracr sequence or portion thercot]
b) the chiRNA associates with the CRISPR/Cas enzyme, so forming the
CRISPR/Cas complex; and
9 the guide sequence hybridizes to a sequence of the target viral nucleic acid
thercby directing sequence-specific binding of the CRISPR/Cas complex to
the sequence of the target viral mucleic acid whereupon said sequence of said
target viral nucleic acid is manipulated by the CRISPR/Cas enzyroe of the
complex.
[B083] In embodiments described herein the guide sequence as described herein, which is
capable of hybridizing to a sequence of a target nucleic acid to be manipulated, and the fracr
mate sequence, as described herein, may preferably be linked in a tandem arrangement, whercin
the tracr mate sequence comprises a region of sense sequence. The tracr sequence, as described
herein, may comprise a region of antisense sequence which is capable of hybridizing with the
region of sense sequence of the tracr mate sequence.
16084} Pretferably, when the tracr mate sequence (linked to the guide sequence) and the tracr
sequence are present within the cell, the region of antisense sequence is hybridized to the region
of seuse sequence thereby forming a dual RNA molecule; and wherein when said dual RNA
molecule binds withio the cell to the CRISPR/Cas enzyme so forming a CRISPR-Cas complex,
the guide scquence hybridizes to a sequence of the target nucleic acid thereby directing
sequence-specific binding of the CRISPR/Cas complex to the target mucleic acid, whereupon
manipilation of said sequence of said target nucleic acid is effected by the CRISPR/Cas enzyme

of the complex.

bl
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[B085] As described herein certain embodiments may optionally comprise a chimeric single

guide RNA molecule (sgRNA). Such sgRNA molecules may preferably comprise, in a tandem

arrangement:
L a guide sequence, as described herein, which is capable of hybridizing to a
sequence of the target macleic acid to be manipulated;
iL a tracr mate sequence, as described herein, comprising a region of sense
sequence;
L a linker sequence; and
V. a tracr sequence, as described herein, comprising a region of antisense

sequence which 18 positioned adijacent the linker sequence and which is

capable of hybridizing with the region of sense sequence thereby forming a

stern-1oop.
6086} In such cases the linker may be a polyoucleotide linker, optionally comprising
GAAA. Other linkers, such as those described herein, are envisaged. Preferably, in any such
cases when the sgRNA molecule is present within the cell, the region of antisense sequence is
hybridized to the region of sense sequence thereby forroing the stem-loop; and wherein when
said sgRNA molecule binds within the cell to the CRISPR/Cas enzyme so forming a CRISPR-
Cas complex, the guide sequence hybridizes (0 a sequence of the target nucleic acid thereby
directing sequence-specitic binding of the CRISPR/Cas complex to the target mucleic acid,
whercupon manipulation of said sequence of said target nucleic acid s effected by the
CRISPR/Cas enzyme of the complex.
{8087} In the embodiments described herein the guide sequence, the trans-activating
CRISPR RNA {tracr) mate sequence and the tracr sequence may be non-coding sequences.
When transcribed, the tracr mate sequence may not be capable of hybridizing to a sequence of
the at least one target viral nucleic acid to be manipulated, in contrast to the guide sequence.
{6083} As described herein, various manipulations of target viral nucleic acids may be
performed by the CRISPR/Cas complexes described herein, Preferred manipulations of target
viral nucleic acids include cleavage of viral DNA, as described in more detail herein.
[3389] In certain methods, compositions, complexes, chiRNAs or DNA polynuclestide
molecules described herein, manipulation of at least one target viral mucleie acid within the cell
is performed. However, as will be apparent, multiplexing methods are described and
exemplified wherein mmiltiple target viral nucleic acid sequences are manipulated by

CRISPR/Cas complexes targeting different sequences of the target viral nucleic acid.

]
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13090] In the methods, compositions, complexes, chiRNAs or DNA polynuclestides
described herein an “cxogenous composition” s an enginecred or non-naturally occurring
composition,

{6691} As noted herein, the target sequence may be flanked or followed, at its 3” end, by a
protospacer adjacent motif (PAM) suitable for recognition by the CRISPR enzyme of the
complex, typically a Cas enzyme and more typically a Cas9 enzyme. For cxample, a suitable
PAM 8 5-NRG or 5-NNGRR for SpCas9 or SaCas9 enzymes (or derived enzymes),
respectively. Gther PAMSs, such as are described herein, may be recognized in association with
the target sequence depending upon the specific CRISPR enzyme used.

16G92] The CRISPR/Cas enzyme of the exogenous composition may be provided as a
polymucleotide sequence which comprises either {3} RNA or (b) DNA wherein the
polvoucleotide sequence is operably linked to a regulatory element capable of directing
expression of RNA encoding the CRISPR/Cas enzyme.

003 Any of the CRISPR/Cas system polymucleotide sequences of the exogenous
composition may comprise either (a) RNA or (b) DNA wherein the polynucleotide sequences are
operably linked 1o ouwe or more regulatory clerments capable of directing expression of
CRISPR/Cas system RNA polynucicotide sequences.

8094} Each of the CRISPR/Cas system polynucleotide sequences of the exogenous
composition may consist of RNA and wherein the CRISPR/Cas system polynucleotide
sequences may comprise a chimeric RNA polynucleotide molecule comprising the guide
sequence, the tracr mate sequence and the tracr sequence.

HHBS Each of the CRISPR/Cas system polymucleotide sequences of the exogenous
composition may be provided as DNA polymucleotide sequences further comprising at least one
regulatory clement operably linked to polynucleotide sequences encoding CRISPR/Cas system
RNMNA polynucleotide sequences and capable of directing expression thereof, and wherein the
CRISPR/Cas systemn RNA polynocleotide sequences may comprise a chimeric RNA
polyoucieotide (chiRNA)Y molecule comprising the guide sequence, the tracr mate sequence and
the tracr sequence.

13096} In the above-described methods, compositions, complexes, chiRNA or DNA
polynucicotide molecules each of the guide sequence, the iracr mate sequences and the tracr
sequence may be arranged in 2 87 to 37 orientation; or cach of the guide sequence, the tracr mate

-~

sequences and the tracr sequence may be arranged ina 37 to 537 orientation.
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30397} In the methods or compositions described herein (a) the CRISPR/Cas system
polymucleotide sequences or polynucleotide sequences encoding the CRISPR/Cas systern
polynucicotide sequences and/or (b) polynucleotide sequences encoding the CRISPR/Cas
enzyme may be comprised in one or more recombinant viral vectors. The polynucleotide
sequences of {a) may be located on the same or different recombinant viral vector as
polynucleotide sequences of (b).

[B0O8] The chiRNAs or the DNA polynucleotide molecules described herein may be
comprised in a recombinant viral vector.

[8099] In the methods, compositions, complexes, chiRNAs or DNA polynucleotides
described herein which utilize viral vectors, the viral vector may be a retroviral vector, optionally
a lentiviral vector, a baculoviral vector, a herpes simplex virus vector, an adenoviral vector, an
adenoassociated viral (AAV) vector such as AAVE vector, or a poxvirus such as a vaccinia virus.
[3104] In the methods described herein {a) the CRISPR/Cas sysiem polynucleotide
sequences or polynucleotide sequences cncoding the CRISPR/Cas system polynucieotide
sequences and/or (b) polynucleotide sequences encoding the URISPR/Cas enzyme may be
delivered to the cell of the organista via liposomes, nanoparticles, exosomes, microvesicles or a
gene-guan.

{6101} in the methods, compositions, complexes, chiRNAs or DNA polynucleotide
molecules described herein the tracr sequence may be 30 or more nucleotides in length, 40 or
more nucleotides 1o length, or 50 or more nucleotides n length.

3102 In the methods, compositions, complexes, chiRNAs or DNA polynucieotide
molecules described herein hybridization between the tracr sequence and the tracy mate sequence
may produce a transcript having secondary structure, preferably a hairpin. The tracr sequence
may comprise one of more regions capable of forming secondary structure, preferably a hairpin.
The tracr sequence may comprise one or more hairpins, two or more hairpins, three or more
hairpins, four or more hairping, five or more hairpins, or at most five hairpins.

{8143} In some embodiments i may be preforred in a CRISPR complex that the tracr
sequence has one or more hairpins and 18 30 or more mucleotides in length, 40 or more
nucleotides in length, or 5¢ or more nucleotides in length; the guide sequence is between 10 to
30 nucleotides in length, the CRISPR/Cas enzyme 5 a Type 1 Cas9 ecnzymoe.

[8104] As described herein, preferred CRISPR/Cas enzymes are Type I CRISPR/Cas
enzymes, preferably Type I Cas9 CRISPR/Cas enzymes or biologically active fragments or

derivatives thereof.
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HHEEY] In the methods, compositions, comploxes, chiRNAs or DNA polynucieotide
molecules deseribed herein, the guide sequence may be 10 to 30 nucleotides in length.

[6106] In any of the methods, compositions, complexes, chiRNAs or DNA polynucleotide
molecules described herein the CRISPR/Cas enzyme may be a Cas9 enzyme of Sireptococcus
pvogenes or a Cash enzyme of Streprococcus aureus, ov a biologically active fragment or
derivative thercof. Described herein are specific NLS sequences which may be applied to the
CRISPR/Cas enzymes.

(6107} In any of the methods, compositions, complexes, chiRNAs or DPNA polynucleotide
molecules described herein the CRISPR/Cas enzyme may turther comprise one or more nuclear
localization sequences {(NLSs) capable of driving the accumulation of the CRISPR/Cas enzyme
to a detectible amount in the nucleus of the cell of the organism. The CRISPR/Cas enzyme may
comprise two or more NLSs, three or more NLSs, four or more NLSs, five or more NESs, six or
more NLSs, seven or more NLSs, eight or more NLSs, nine or more NLSs, or ten or more NESs.
The CRISPR/Cas enzyme may comyprise at least one NLS at or near the amino-terminus of the
CRISPR/Cas enzyme and/or at least one NLS at or near the carboxy-terminus the CRISPR/Cas
CRZYME.

{B108] In any of the methods, compositions, complexes, chiRNAs or DNA polynucleotide
molecules described herein when present as RNA within the cell the guide sequence may be
capable of hybridizing to a sequence of a target viral nucleic acid which is an episomal nucleic
acid roolecule which is not ndtegrated jute the genome of the orgavism and wherein said
manipulation is a manipulation of the episomal viral nucleic acid molecule, preferably wherein
the episomal nucleic acid molecule s a double-stranded DNA polymucleotide molecale. The
double-stranded DNA polynucleotide way be an episomal viral wmueleic acid which is a
covalently closed circular DNA (cccDNA). Where the target viral nucleic acid is a hepatitis B
virus (HBV) nmucleic acid, the double-stranded DNA polynucleotide may preferably be an
episomal viral nucleic acid which is a cccDNA.

(3109 In any of the methods, compositions, complexes, chiRNAg or DNA polvoucieotide
molecules described herein the CRISPR/Cas complex may be capable of reducing the amount of
episomal viral nucleic acid molecule in a cell of the organism compared to the amount of
episoroal viral nucleie acid molecule in a cell of the organism in the absence of providing the

complex.
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HHELY In any of the methods, compositions, complexes, chiRNAs or DNA polynuclestide
molecules described hercin the CRISPR/Cas complex may be capable of manipulating the
episomal nucleic acid molecule to promote degradation of the episomal nucleic acid molecule.
{HERY in any of the methods, compositions, complexes, chiRNAs or DNA polynuclectide
molecules described herein, when present as RNA within in the cell the guide sequence may be
capable of hybridizing 10 a sequence of the target viral nucleic acid which is infegrated into the
genome of the organism and wherein said manipulation is a manipulation of the integrated target
nucleic acid.

18112] In any of the methods, compositions, complexes, chiRNAs or DNA polynucleotide
molecules described hercin, when formed within the cell the CRISPR/Cas complex may be
capable of manipulating the integrated nucleic acid to promote excision of all or part of the target
viral nucleie acid from the genome of the organism.

(6113} Any of the compositions, complexes, chiRNAs or DNA polynucleotide molecules
described herein may be used in the manipulation of at least one target viral nucleic acid within
the cell of a eukaryotic organism as described herein. Such a use may be in vitro and ex vive.
[B114] In any of the methods, compositions, complexes, chiRNAs, DNA polynucleotide
molecules or uses described herein at least one target viral nucleic acid may be comprised in a
double-stranded DNA molecule polynucleotide cceDNA and/or viral DNA integrated into the
genome of the organism, in which case the manipulation of the at least one target viral nacleic
acid by the CRISPR-Cas coroplex comprises cleavage of viral ceclDDNA and/or integrated viral
NA. The cicavage may comprise one or more double-strand break(s) introduced into the viral
cceDNA and/or integrated viral DNA, optionally at least two double-strand break(s). The
cleavage may comprise one or more single-strand break(s) introdaced into the viral cceDNA
and/or integrated viral DNA, optionally at least two single-strand break(s).

[6115] in any of the methods, compositions, complexes, chiRNAs, DNA polynucieotide
molecules or uses described herein, cone or more double-strand breask(s) and/or one or more
single-strand break(s) may lead 1o the formation of one or more jnsertion and deletion rautations
(INDELs) in the target viral cceDNA sequences and/or target integrated viral DNA sequenees,
The presence of INDELs may be assessed by SURVEYOR assay as described herein.

[B116] In any of the methods, compositions, complexes, chiRNAs, DNA polynucleotide
molecules or uses described herein, cleavage of the viral cceDNA sequences or viral DNA

sequences integrated in the genome of the organism may lead to excision of viral polynucleotide



WO 2015/089465 PCT/US2014/070135

sequences from the cccDNA thereby reducing viral infection or excision of viral DNA sequences
from the genome of the orgavism thereby reducing viral infection
6187} In methods or compositions or other embodiments of the invention which promote
the formation of double-strand breaks the composition may comprise components of at least two
types of CRISPR/Cas comoplex, wherein each type of complex comprises a guide sequence
capable of hybridizing to different sequences of the target nucleic acid, wherein said cleavage is
cleavage of first and second strands of the viral DNA vig at least two double-strand breaks
wtroduced into the viral cccDNA and/or into or adjacent viral DNA mntegrated iute the genome
of the organisrg;
wherein a first double-strand break is introduced at a first position of the DNA by
manipulating a first target sequence and a second double-strand break is
imtroduced at a second position of the DNA by manipulating a second target
sCquUence;
wherein upon introduction of first and second double-strand breaks viral sequences
between first and second double-strand breaks are excised from cccDNA
and/or from the genomic DNA of the organism.
I61§8] In methods or compositions or other embodiments of the invention which promote
the formation of single-strand breaks, the composition may comprise components of at least four
types of CRISPR/Cas coroplex, wherein each type of complex comprises a guide sequence
capable of hybridizing to different sequences of the target nucleic acid, wherein said cleavage is
via at least two pairs of single-strand breaks introduced into the viral cccDNA and/or introduced
o or adjacent viral DNA integrated into the genome of the organism;
wherein to introduce a first pair of single-strand breaks a first single-strand break 1
introduced into a first strand of DNA by manipulating a first target sequence
to create a first nick and a second single-strand break is introduced into the
opposite strand of DNA by manipulating a second target sequence (o create a
second nick;
wherein to introduce a second pair of single-strand breaks a third single-strand break
is introduced into said first strand of DNA by manipulating a third target
sequence to create a third nick and a fourth single-strand break is introduced
into said opposite strand of DNA by manipulating a fourth target sequence to

create a fourth nick;
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wherein upon introduction of first and second pairs of single-strand breaks viral
sequences between first and secoud pairs of single-strand breaks are excised
from cecDNA and/or from the genomic DNA of the organism.
(6119 The first and second nicks may be offset relative to cach other by at least one base
patr of the duplex creating a first overhang, and wherein third and fourth nicks are offset relative
to cach other by at least one base pair of the duplex creating a sccond overhang. Following
excision of viral sequences the ends of the cleaved first strand of BNA may be ligated together
and the ends of the cleaved second strand of DNA may be higated together thus reforming
unbroken first and secound strands,
16120} In methods or compositions or other embodiments of the invention which promote
the formation of single-strand breaks the single-strand break(s) may be introduced into DNA by
a nickase enzyme which 13 a mwodified Cas9 enzyme comprising a substitution leading to
catalyiic inactivation of the HNH nuclease domain or the RuvC nuclease domain of Cash;
optionally wherein the substitution is at position D210 of SpCas9, preferably a D10A substitution
or substitution of a residue corresponding to position DIJ in a SpCas@-related enzyme, or
wherein the substitution is at position HB40 of SpCas9, preferably a HRB40A substitution or
substitution of a residue corresponding to position H840 in a SpCas9-related enzyme.
(6124} in any of the methods, compositions, complexes, chiRNAs, DNA polynucieotide
molecules or uses described herein, target viral nucleic acid may be cceDNA and/or viral DNA
mntegrated into the genome of the organisto and whercin said manipulation comprises insertion of
one or more nucleotides into or adjacent viral ceccDNA sequences or into or adjacent integrated
viral DNA sequences, deletion of one or more nacleotides of viral cccDNA or of integrated viral
DNA, translocation of viral cocPPNA sequences or of integrated viral DNA sequences, repression
of transcription of viral cccDDNA sequences or of integrated viral DNA sequences, and/or
inactivation of viral cccDNA sequences or of integrated viral DNA sequences. Repression of
transcription of viral cccDNA sequences and/or integrated viral DNA sequences may be effected
by the action of a CRISPR-Cas system comprising & CRISPR enzyme fused to one or more
transcriptional repressor domains, optionally wherein the one or more transcriptional repressor
domains comprises KRAB, SID and/or SID4X, preferably wherein the CRISPR enzyme 15 a
Cas9 enzyroe. The manipulation may comprise activation of genes carried by viral cocDNA, e.g.
by the action of a CRISPR-Cas system comprising a deactivated CRISPR enzyme fused to one
or more transcriptional activation domains such as VP64, preferably the viral cccDNA is HBY

and activation results in increased activity of APOBEC3A and/or APOBEC3EB, and or other viral
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interferon-stimulated genes (ISGs), thereby leading to a reduction i HBY cceDNAL
Manipulation of nucleotide sequences of viral cecDNA or jutegrated viral DNA may lead to
disruption of one or more viral open reading frames, disruption of viral mRNA expression and/or
inhibition of the production of functional virions.

[6122] In any of the methods, compositions, complexes, chiRNAs, DNA polynucieotide
molecules or uses described herein, manipulation of said viral cceDNA may lead 1o a reduction
in the level of one or more of viral reDINA, viral cccDNA and viral ssD2NA compared to the level
i the absence of the CRISPR/Cas complex.

{8123] In any of the methods, compositions, complexes, chiRNAs, DNA polynucleotide
molecules or uses described herein, the effect of said manipulation may cormprise inhibiting the
production of new virions.

[6124] In any of the methods, compositions, complexes, chiRNAs, DNA polynucieotide
molecules or uses described herein, the effect of said modifying reay comprise removing viral
sequences from said organism thereby reducing viral infection.

[3125] In any of the methods and compositions described herein, the described composition
may further comprises componeunts of one or more additional CRISPR/Cas complexes, or
compounents required for the assembly of one or more additional CRISPR/Cas complexes,
wherein each type of complex comprises a different guide sequence capable hybridizing to a
different sequence of the target nucleic acid within the cell. Thus, any of the methods and
compositions described herein may be additionally characierized by one or more additional
CRISPR/Cas complexes cach of which one or more additional CRISPR/Cas complexes may be
characterized as described herein.

[3126] In any of the methods, compositions, complexes, chiRMNAs, DNA polynucleotide
maodecules or uses described herein, the target viral nucleic acid may be a hepatitis B virus
(HBV) nucleic acid. Where the target viral nucleic acid is a hepatitis B virus (HBV) nucleic
acid, the cell of the organism is a cell capable of being infected by HBV. The cell may be a cell
which expresses the sodium taurocholate cotransporting polypeptide (NTCP). The cell may be a
hepatocyte, preferably a primary hepatocyte, more preferably a human hepatocyte or 3 human
primary hepatocyte, a HepG2.2.15 or a HepG2Z-hNTCP cell.

(8127} When the target viral nucleic acid is a hepatitis B vivus (HBV) nucleic acid the guide
sequence may be capable of hybridizing with target viral nucleic acids of HBY ORF §, ORF C,
ORF P, or ORF X, preferably ORF C, optionally wherein the sequence of the guide sequence

comprises 3-gggcgeaccteictitacg-3', S-cetetgocgatceatactg-3' or 5 -taaagaatitggagctacig-3°.
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{128} In the methods, compositions, complexes, chiRNAs, DNA polynucleotide molecules
or uses described herein, the target viral vucleic acid roay be a huran papilomavivas (HPV)
nucleic acid, an Epstein Barr virus (EBV) nucleic acid, a herpes siraplex virus {HSV) nucleic
acid, or a variceiia zoster virus {VZV) nucleic acid.

[6129] In any of the methods, compositions, complexes, chiRNAs, DNA polymucleotide
molecules or uses described herein, said manipulation may be performed in vifro or ex vivo.
13130 Any of the compositions, complexes, chiRNAs or DNA polynucleotide molecules
described herein may be described for use as 8 medicament.

(8131} Any of the compositions, complexes, chiRNAs or DNA polymucleotide molecules
described herein may be described for use in the treatment of a viral infection. Such a treatment
may be of a viral infection wherein target viral sequences are comprised in an episomal nucleic
acid molecule which is not integrated into the genome of the organisry, such as a covalently
closed circular DNA (cccDNA). The viral infection may caused by hepatitis B virus (HBV),
human papiliomavirus (HPV), Epstein Barr virus (EBVY), herpes simplex virus (HSV) or
varicella zoster virus (VZV)

(8132} Any of the compositions, complexes, chiRNAs or DNA polymucleotide molecules
described herein may be described for use as a medicament or for use in the treatment of a viral
infection wherein the organism is a mammal such as a human.

[6133] Any of the corgpositions, complexes, chiRNAs or DNA polynacleotide molecules
described herein may be desceribed for use in the manufacture of 2 medicament.

13134 Any of the compositions, complexes, chiRNAs or DNA polynuclentide molecules
described herein may be described for use n the manufacture of a medicament for the treatment
of a viral infection. Suoch 8 treatment may be of a viral infection wherein target viral sequences
are comprised in an episomal nucleic acid molecule which is not integrated into the genome of
the organism, such as a covalently closed circular DNA (cccDNA). The viral infection may be
caused by hepatitis B virus (HBV) or the viral infection may be caused by human papillomavirus
(HPV), Epstein Barr virus (EBV), herpes simplex vitus (H3V), or varicella zoster vivus (VZV)
In any such uses the organism may be a mammal such as a human.

[3135] The invention also relates to a method of modifying a cell, of 3 cukaryotic organism
by manipulating at least one target viral nucleic acid within the cell, the method comprising
introducing into the cell an exogenous composition capable of forming a Chustered Regularly
Interspersed Short Palindromic Repeats {CRISPR})- CRISPR-associated (Cas) (CRISPR-Cas)

complex, the composition comprising:
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(Ay  CRISPR-Cas system polynucleotide sequences comprising:

(1) a guide sequence, which when transcribed 1s capable of hybridizing to
g sequence of the at lecast omne target viral nucleic acid to be
manipulated;

{11} a trans-activating CRISPR RNA {tracr) mate sequence, which is linked
to the guide sequence; and

(iii}  a tracr sequence, wherein when transcribed all or a portion of the tracr
sequence is capable of hybridizing to the tracr mate sequence; and

(B)  a CRISPR/Cas enzyroe or a polyoucieotide encoding a CRISPR/Cas enzyme,

wherein when the CRISPR/Cas system polyoucieotide sequences are prescut as RNA within the
cell and the CRISPR/Cas enzyme is present as a protein within the cell:

(1) the tracr mate sequence s hybridized to the tracr sequence or portion
thereof;
(iiy  the CRISPR/Cas system polynucleotide sequences are associated with
the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and
(i1}  the guide sequence hybridizes to a sequence of the at least one target
viral nucleic acid thereby directing sequence-specific binding of the
CRISPR/Cas complex 1o the at least one sequence of the target viral
nucleic acid, whereupon said sequence of said target viral nucleic acid
is manipulated by the CRISPR/Cas enzyme of the complex.
{3136} In relation to such a method the cell may be a cell which cxpresses the sodium
taurgcholate cotransporting polypeptide (NTCP), preferably the cell may be a hepatocyte; the
tract sequence has oue or more hairpins and is 30 or more nucleotides in length, 40 or more
nucleotides in length, or 50 or more nucleotides in length; the gunide sequence is between 18 to
30 nucleotides in length, the CRISPR/Cas enzyme 15 a Type I Cas9 enzyme; the target viral
nucleic acid is corprised in an HBVY episomal nucleic acid which is not integrated into the
genome of the organism and is an HBY double-stranded covalently closed circular DNA
{cccDNA)Y. Such a method may be additionally characterized, as appropriate, in accordance with
any of the further and particular features as described herein.
{6137] The invention also relates 10 an exogenous composition which, when introduced into
a cell of a cukaryotic organism, is capable of forming at least one Clustered Regularly

Interspersed Short Palindromic Repeats {CRISPR)- CRISPR-associated (Cas) (CRISPR-Cas)
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complex, wherein the complex is capable of modifying the cell by manipulating at least one

target viral nucleic acid within the cell, the composition comprising:

(A} Chustered Regularly Interspersed Short Palindromic Repeats (CRISPR)-

CRISPR associated (Cas) {CRISPR-Cas) system polymucleotide sequences

comprising:
(1) a guide sequence, which when transcribed is capable of hybridizing to

(i)

(iii)

a sequence of the at least one target viral pucleic acid to be
manipulated;

a trans-activating CRISPR RNA {(tracr) mate sequence, which s linked
to the guide sequence; and

a tracr sequence, wherein when transcribed all or a portion of the tracr

sequence 1s capable of hybridizing with the tracr mate sequence; and

(B)  a CRISPR/Cas enzyme or a polynucleotide encoding a CRISPR/Cas enzyme,

wherein when the CRISPR/Cas system polynucleotide sequences are present as RNA within the
cell and the CRISPR/Cas enzyme 15 present as a protein within the cell:

{1

{i)

(111}

the tracr mate sequence is hybridized to the tracr sequence or portion
thereof,

the CRISPR/Cas systern polynucleotide sequences are associated with
the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and

the guide sequence hybridizes to a sequence of the at least one target
viral nucleic acid thereby directing sequence-specific binding of the
CRISPR/Cas complex to the at least one sequence of the target viral
nucieic acid, whercupon said sequence of said target viral nucleie acid

is manipulated by the CRISPR/Cas enzyme of the complex.

[3138] In relation to such a composition the cell may be a cell which expresses the sodium

taurocholate cotransporting polypeptide (NTCP), preferably the cell may be a hepatocyte; the

tracr sequence has one or more hairpins and is 30 or more nucleotides in length, 40 or more

nucleotides in length, or 5¢ or more nucleotides in length; the guide sequence is between 10 to

30 mucleotides in length, the CRISPR/Cas enryme is a Type I Cast enryme; the target viral
& o ,p }’ o

nucleic acid 18 comprised in an HBY episomal nucleic acid which 18 not integrated into the
| P g

genome of the organism and is an HBY double-stranded covalently closed circular DNA

{cecDNA)Y. Such a composition may be additionally characterized, as appropriate, in accordance

with any of the further and particular features as described herein.
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[3139] The invention also relates to a Clustered Regularly Interspersed Short Palindromic
Repeats (CRISPR)- CRISPR-associated (Cas) (CRISPR-Cas) complex which, when introduced
into a cell of a cukaryotic organism, 18 capable of modifving the cell by manipulating a target
viral nucleic acid within the cell, the complex comprising:
(&)  CRISPR-Cas system RNA polynucleotide sequences comprising:
(1) a guide sequence, which s capable of hybridizing to a sequence of the
target viral nucleic acid to be manipulated;
{i1) a trans-activating CRISPR RMA {tracr) mate sequence, which is hinked
to the guide sequence; and
(i1} @ tracr sequence, wherein all or a portion of the tracr sequence is
capable of hybridizing with the tracr mate sequence; and
{BY  a CRISPR/Cas enzyme,
wherein when the CRISPR/Cas system RNA polvnucleotide sequences and the CRISPR/Cas
enzyme are present within the cell:
(1) the tracr mate sequence is hybridized to the tracr sequence or portion
thereof,
{11}  the CRISPR/Cas system polynucleotide sequences are associated with
the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and
(1) the guide sequence hybridizes to a sequence of the target viral nucleie
acid thereby directing sequence-specific binding of the CRISPR/Cas
complex to the sequence of the target viral nucleic acid, whercupon
said sequence of said target viral nucleic acid i1s manipulated by the
CRISPR/Cas enzyme of the complex.
8140} In relation to such a complex the cell may be a cell which expresses the sodium
tanrocholate cotransporting polypeptide (NTCP), preferably the cell may be a hepatocyte; the
fracy sequence has one or more hairpins and is 30 or more nucleotides in length, 40 or more
nucleotides in length, or 50 or more nucleotides in length; the guide sequence s between 10 to
30 nucleotides in length, the CRISPR/Cas enzyme is a2 Type H Cas® enzyme; the target viral
nucleic acid is comprised 1o an HBV episomal nucleic acid which is not integrated into the
genome of the organism and is an HBY double-stranded covalently closed curcular DNA
{cccDNA). Such a complex may be additionally characterized, as appropriate, in accordance

with any of the further and particular features as described herein.
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HHEY The invention also relates to a8 Clustered Regularly Interspersed Short Palindromic
Repeats (CRISPR)- CRISPR-associated (Cas) (CRISPR-Cas) system  chimeric RNA
polymucleotide molecule (chiRNA) which, when introduced into a cell of a cukaryotic organism,
is capable of associating with a CRISPR/Cas enzyme so forming a CRISPR-Cas complex,
wherein the CRISPR-Cas complex is capable of modifying the cell by manipulating a target viral
nucleie acid within the cell; the chiRNA comprising:
(i) a guide sequence, which is capable of hybridizing to a sequence of the target
viral nucleic acid to be manipulated;
(it} a trans-activating CRISPR RMA (tracr) mate sequence, which is linked to the
guide sequence; and
(i)  a tracr sequence, wherein all or a portion of the tracr sequence is capable of
hybridizing with the tracr mate sequence; and
wherein when the chiRNA and the CRISPR/Cas enzyme are present within the cells
a) the tracr mate sequence hybridizes to the tracr sequence or portion thereof]
b} the chiRNA associates with the CRISPR/Cas enzyme, so forming the
CRISPR/Cas coraplex; and

the guide sequence hybridizes to 8 sequence of the target viral nucleic acid

0,

thereby directing sequence-specific binding of the CRISPR/Cas complex to
the sequence of the target viral nucleic acid whereupon said sequence of said
target viral nucleic acid 5 mamnipulated by the CRISPR/Cas enzyme of the
complex.
16142} In relation to such a chiRNA, the cell may be a cell which expresses the sodium
taurocholate cotransporting polypeptide (NTCP), preferably the cell may be a hepatocyte; the
tracr sequence has one or more hairpins and is 30 or more nucleotides in length, 40 or more
nucleotides in length, or 30 or more nucleotides in length; the guide sequence is botween 10 to
30 nucleotides n length, the CRISPR/Cas enzyme is a Type I Cas9 enzyme; the target viral
nucleic acid s comprised in an HBV episomal nucleic acid which is not integrated into the
genome of the organism and is an HBY double-stranded covalently closed cucular DNA
{cccDNA)Y. Such a chiRNA may be additionally characterized, as appropriate, in accordance
with any of the further and particular featares as described herein.
163143] The invention also relates to a DNA polynuclectide molecule comprising sequences
encoding a Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR)- CRISPR-

associated {Cas) (CRISPR-Cas) system chimeric RNA polynucleotide wolecule (chiRNA),
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wherein upon introduction of said chiRNA into a cell of a eukaryotic organism said chiRNA i
capable of associating with a CRISPR/Cas enzyme s0 forming a CRISPR-Cas coroplex, wherein
the CRISPR-Cas complex is capable of modifying the cell by manipulating a target viral nucleic
acid within the cell; the chiRNA comprising:
(1} a guide sequence, which is capable of hybnidizing to a sequence of the target
viral nucleic acid to he manipulated;
(i1) a trans-activating CRISPR RNA (tracr) mate sequence, which is linked to the
guide sequence; and
(i)  a tracr sequence, wherein all or a portion of the tracr sequence 1s capable of
hybridizing with the tracr mate sequence; and
wherein when the chiRNA and the CRISPR/Cas cnzyme are present within the cell:
oy the tracr mate sequence hybridizes to the tracr sequence or portion thereof;
b) the chiRNA associates with the CRISPR/Cas enzyme, so forming the
CRISPR/Cas complex; and
¢} the guide sequence hybridizes 1o a sequence of the target viral nucleic acid
thereby divocting sequence-specific binding of the CRISPR/Cas complex to
the sequence of the target viral mucleic acid whereupon said sequence of said
target viral mucleic acid s manipulated by the CRISPR/Cas enzyme of the
complex.
[B144] In relation to such a DNA, the cell may be a cell which expresses the sodium
taurocholate cotransporting polypeptide (NTCP), preferably the cell may be a hepatocyte; the
tracr sequence has one or more hairpins and is 30 or more nucleotides in length, 40 or more
nucleotides in length, or 50 or more nucleotides in length; the guide sequence 5 between 10 to
30 nucleotides in fength, the CRISPR/Cas enzyme 5 & Type I Cas? enzyme; the target viral
nucleic acid is comprised in an HBV episomal nucleic acid which is not integrated into the
genoroe of the organism and s an HBV double-stranded covalently closed circular DNA
{cccDNA). Such a DNA may be additionally characterized, as appropriate, in accordance with
any of the further and particular features as described herein.
[8145] Certain methods, products and uses described herein may not be applied in situations
which result in the destruction of a human embryo and in sitoations which result in the
modification of the germ line genctic identity of humans. Methods, products and uses described
herein may be used for non-therapeutic purposes. Furthermore, any of the methods described

herein may be applied in vitro and ex vivo.
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3146} It will be appreciated that the invention described herein involves various components
which may display variations n their specific characteristics. It will be appreciated that any
combination of features described above and herein, as appropriate, are contemplated as 3 means
for implementing the invention.

[6147] Furthermore, it is an object of the invention to not encompass within the invention
any previously known product, process of making 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 rocthod of
using the product, which does not meet the written description and enablement requirements of
the USPTO (35 U.8.C. §112, first paragraph) or the EPO (Article 83 of the EPC), such that
Applicants reserve the right and hereby disclose a disclaimer of any such cubject matier.

{3148 It is noted that in this disclosure and particularly 1o the claims and/or paragraphs,
terms such as “comaprises”, “comprised”, “comprising” and the like can have the meaning
attributed to it in U.S. Patent law; e.g., they can mean “includes”, “included”, “inchiding”, and
the like; and that terms such as “consisting essentially of” and “consists essentially of” have the
meaning ascribed to them in U.S, Patent law, e.g., they asllow for elements 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 may be advantageous in the practice of the invention to be in compliance with
Art. S3(c)y EPC and Rule 28(h) and (¢) EPC. Nothing herein is intended as a promise.

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

the following Detatled Description,
BRIEF DESCRIPTION OF THE DRAWINGS

(61501 The novel features of the invention are set 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
crubodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:

(6151 Figure 1 shows a schematic model of the CRISPR systemn. The Cas9 nuclease from
Streptococcus pyogenes {yellow) is targeted to genomic DNA by a synthetic goide RNA
(sgRNA) consisting of a 20-nt guide sequence (bhue) and a scaffold (red). The guide sequence

base-pairs with the DNA target (blue), directly upstream of 3 requisite 57-NGG protospace
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adjacent motif (PAM; magenta), and Cas9 mediates a double-stranded break (DSB) ~3 bp
upstream of the PAM (ved triangle).

{8152} Figure 2A-F shows an exemplary CRISPR system, a possible mechanism of action,
an example adaptation for expression in cukaryotic cells, and results of tests assessing nuclear
localization and CRISPR activity.

i3153] Figure 3A-D shows results of an evaluation of SpCas® specificity for an example
farget.

(3154} Figure 4A-G show an exemplary vector system and results for its use in directing
homaologous recombination in cukaryotic cells,

[3155] Figure 5 provides a table of protospacer sequences and swmmarizes modification
efficiency resuits for protospacer targets designed based on exemplary S. pyogenes and S.
thermophilus CRISPR systems with corresponding PAMs against loci in human and mouse
genomes. Cells were transfected with Cas9 and cither pro-crRNA/tractRNA or chimeric RNA,
and analyzed 72 hours after transfection. Percent indels are calculated based on Surveyor assay
results from indicated cell Hnes (N=3 for all protospacer targets, errors are S.EM., N.D.
tndicates not detectable using the Surveyor assay, and N.T. indicates not tested in this study).
[6156] Figure OA-C shows a comparison of different tractRNA transcripts for Cas9-
mediated gene targeting.

(6157} Figure 7 shows a schematic of a surveyor nuclease assay for detection of double
strand break-induced micro-insertions and —deletions.

{3158 Figure B8A-B shows cxemplary bicistronic expression vectors for expression of
CRISPR system elements in eokaryotic cells.

[B159] Figure 9A-C shows histograms of distances between adjacent S. pyogenes SF370
tocus 1 PAM (NGG) (Figure 9A) and S. thermophilus EMD9 locus 2 PAM (NNAGAAW)
(Figure 9B) in the human genome; and distances for each PAM by chromosome (Chr) (Figure
aC).

G160 Figure 10A-D shows an cxemplary CRISPR system, an cxample adaptation for
expression in cukaryotic cells, and results of tests assessing CRISPR activity.

161} Figure 11A-C shows exemplary manipulations of a CRISPR system for targeting of
genoraie loct in mammalian cells,

{8162} Figure 12A-B shows the results of a Northern blot analysis of ctRNA processing in

mammalian cells.
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HHERY Figure 13A-B shows an exemplary selection of protospacers in the human PVALB
and mouse Th loct.

[6164] Figure 14 shows cxample protospacer and corresponding PAM sequence targets of
the 5. thermophilus CRISPR system in the human EMX1 locus.

[6165] Figure 15 provides a table of sequences for primers and probes used for Surveyor,
RFLP, gevomic sequencing, and Northern blot assays.

[3166] Figure 16A-C shows exemplary manipulation of a CRISPR system with chimeric
RNAs and results of SURVEYOR assays for system activity in eukaryotic cells.

18167] Figure 17A-B shows a graphical representation of the results of SURVEYOR assays
for CRISPR systom activity in eukaryotic cells.

[Bi68] Figure 18 shows an exemplary visualization of some S. pyogenes Cas9 target sites in
the human genome vsing the UCSC genome browser.

HHESY Figure 19A-D shows a circular depiction of the phylogenetic analysis revealing five
families of Cas9s, including three groups of large Cas%s (~1400 amino acids) and two of small
Cas9s (~1100 amino acids).

8170 Figure 20A-F shows the lincar depiction of the phylogenetic analysis revealing five
families of Cas%s, including three groups of large Cas9s (~1400 amino acids) and two of small
Cas9s {(~1100 amino acids).

(6171} Figure 21A-D shows genome editing via homologous recombination. {a) Schematic
of SpCas9 nickase, with DIOA wmutation in the RuvC 1 catalytic domain. (b) Scheratic
representing homologous recombination (HR) at the human EMX1 locus using either sense or
antisense single stranded oligonucleotides as repair templates. Red arrow above indicates sgRMNA
cleavage site; PCR primers for genotyping (Tables J and K) are indicated as arvows in right
panel. () Sequence of region modified by HR. d, SURVEYOR assay for wildtype {wt) and
nickase {(B10A) SpCasB-mediated indels at the EMX1 target 1 locus {(n=3). Arrows indicate
positions of expected fragroent sizes.

(61724 Figure 22A-B shows single vector designs for SpCas9.

{6173 Figure 23 shows a graph representing the fongth distribution of Cas9 orthologs.

{3174} Figure 24A-M shows sequences where the mmutation points are located within the
SpCas? gene.

[B175] Figure 254 shows the Conditional Cas9, RosaZ6 targeting vector map.

[6176] Figure 258 shows the Constitutive Cas9, Rosa26 targeting vector map.
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{81771 Figure 26 shows a schematic of the important elements in the Constitutive and
Conditional Cas9 constructs.

IB178] Figure 27 shows delivery and in vivo mouse brain Cas9 expression data.

[6179] Figure 2% shows RNA delivery of Cas9 and chimeric RNA into cells (A) Delivery of
a GFP reporter as either DNA or mRNA into Neuro-2A cells. (B) Delivery of Cas® and chimeric
RNA against the Icam? geoe as RNA results in cutting for one of two spacers tested. (C)
Delivery of Cas9 and chimeric RNA against the F7 gene as RNA results in cutting for one of two
spacers tested.

[3180] Figure 29 shows how DNA double-strand break (IDSB) 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 insertion/deletion (indel) muotations at the site of junction. Indel mutations occwrring
within the coding region of a gene can result in frame-shift and a premature stop codon, leading
to gene knockout. Alternatively, a repair template in the form of a plasmid or single-stranded
oligodeoxynucieotides (ssODN) can be supplied to leverage the homology-directed repair
(HDR) pathway, which allows high fidelity and precise editing.

RS Figure 30A-C shows anticipated results for HDR in HEK and HUESY cells. (3) Either
a targeting plasmid 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, Applicants introduced a Hindill site (ved bar) into the target locus, which was PCR-
amplified with primers that anneal outside of the region of homology. Digestion of the PCR
product with HindIIT reveals the occurrence of HDR events. (b) ssODNs, oriented in either the
sense or the antisense (s or a) direction relative to the locus of interest, can be used in
combination with Cas9 to achicve officient HDR-mediated editing at the target locus. A minimal
homology region of 40 bp, and preferably 90 bp, is recommended on either side of the
modification (red bar). (¢} Example of the eftect of ssODNs on HDR in the EMX1 locus is
shown using both wild-type Cas® and Cas9 nickase (D10A). Each ssODN contains homology
arms of 90 bp flanking a 12-bp insertion of two resiriction sites.

182} Figure 31A-C shows the repair strategy for Cystic Fibrosis delta FSU8 nutation.
{3183] Figure 32A-B (a) shows a schematic of the GAA repeat expansion in FXN intron i
and (b} shows a schematic of the strategy adopted to excisc the GAA expansion region using the

CRISPR/Cas system.
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{1184} Figure 33 shows a screen for efficient SpCas9 mediated targeting of Tetl-3 and
Duratl, 3a and 3b gene loci. Surveyor assay on DNA from transtected N2 A cells deroounstrates
efficicnt DNA cleavage by using different gRINAs.

[B185] Figure 34 shows a strategy of multiplex genome targeting using a 2-vector system in
an AAVY/2 delivery systern. Tetl-3 and Duomtl, 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 gRINA replacement strategy by subcloning. HA-tagged Splas? flanked by two
nuclear localization signals (NLS) is shown. Both vectors are delivered iuto the brain by
AAVI/2 virus ina 11 ratio.

{3186} Figure 35 shows verification of multiplex DNMT targeting vector #1 functionality
using Surveyor assay. N2A cells were co-transfected with the DNMT targeting vector #1 (+) and
the SpCas? encoding vector for testing SpCasY mediated cleavage of DNMTs genes family loci.
gRINA only (-} is negative control. Cells were harvested for DNA purification and dowunstream
processing 4% h after transfection.

{3187} Figure 36 shows guide RNA design for HBV targeting CRISPR constructs. Cleavage
sites were optimized for low homology to human genomic DNA and conservation (guides 13-24)
3188} Figure 37 shows a scheme for quantifying coccDNA in response to Cas9 treatrent, st
round of experiments.

[3189] Figure 38 shows gPCR results from Ist round of Hep(G2.2.15 experiments.

{3194 Figure 39 shows a Surveyor assay for nuclease activity. Indels form as the result of
imperfect NHEJ events due to repeated DSB formation from nuclease activity. For Cas? targeted
genomic foci indel formation at rates 103-30% are often observed and can approach 50%.

(8191} Figure 40 shows representative surveyor for Ist set of Hep(G2.2.15 experiments.
{6192} Figure 41 shows Hep(G2.2.15 HBV guantification scherme, an experimental design
maotivated by noise of initial data sets.

[B193] Figure 42 shows Hep(G2.2.15 results using sorting based normalization.

(6194} Figure 43 shows low levels of indels observed with guides targeting conserved HBV
sequences in 2nd round of HepG2.2.15 experiments.

[3195] Figure 44 shows Hep(G2 co-transfection experiments.

84196} Figure 45 shows HDD data for Cohort L

§197] Figure 46 shows HDD data for Cohort 2,

193] Figure 47 shows HDD data for Cohort 2.

§199] Figure 48 shows HDD data for Cobort 2.
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200} Figure 49 shows Cohort 2-liver analysis 9d post HDD,
[8201] Figure 50 shows Cohort 2-liver analysis 9d post HDD,
(8202} Figure 51 shows low/no indels formed during HDD experiments. Predicted band

sizes for guide 21 formation: 235 + 272 + 507 bp {undigesied PCR product).

[6203] Figure 52 shows HDD Cohort 3 Results: HBsAg,

16204 Figure 53 shows HDD Cohort 3 Results: Viremia,

13205] Figure 54 shows HDD Cohort 3 Results: HBVY in Liver

{8206} Figure 58 shows HED Cohort 3 Results: Luciferase normalized to GAPDH.

[8207) Figure 536 shows despite low/no indel formation, cffects on HBV are dependent on

Cas9 nuclease activity.

(6208} Figure 57A-B shows () schematic of HBV life cycle and putative anti-HBY effect of
CRISPR constructs; Cas9-mediated DSB formation should linearize the small, episomal
cceDNA repeatedly, potentially leading to indel formation (generating less-fit viral routants) or
even degradation. (b) (lefty HBV genome organization and location of target sequences for
several tested guide RNA constructs, (right) Table of all possible CRISPR target sites in cach
HBY ORF, including number of possible target sites in conserved genomic regions,

[8209] Figure 3¥A-D shows (a) guide RNAs targeting conserved regions target large
majority of patient-derived virus genomes. All whole-genome sequences from HBY isolates
were queried from GenBank to determine the conservation of 23 nt target sequence (20 nt spacer
+ 3 ut PAM) for 3 guides (6, 17, and 21), x-axis denotes number of allowed mismatches, and v-
axis denotes the percentage of sequenced isolates that fall within this number of mismatches to
native sgRMNA target site; (b) schematic for Hep(G2 transfection experimpents and (c-d); HepG2
cells co-transfected with 1.3x WT HBV and sgRNA/Cas®-2A-mCherry construct showing effect
on HRsAg (c)and HBV 3.5kb RNA {(d).

[6210] Figure S9A-C shows (a) Experimental schematic for hydrodynamic injection
experiments of (b-¢): L.3x WT HBV and sgRNA/Cas9-2A-mCherry are delivered to the Livers of
mmunodeticient NRG nuce via hydrodynamic injection, and (b) HBsAg and (¢) secreted HBV
titer are quantified in mouse blood at 2 and 4 days post injection. 21M: guide RNA with 5 bp
mismatch from g21. Data shown are from one representative experiment, and consistent across
multiple experiments. UT: ‘untargeted” guide RNA (no target sequence in HBV genomae). ¥p <
0.05 for selected comparison; **p < 0.01 for sclected comparison; **¥%p < (.001 for selected

comparison as assessed by two-tailed t-test.

46



WO 2015/089465 PCT/US2014/070135

3211} Figure 60A-B shows (a) the HBV lhife cycle within HepG2.2.15 cells. HepG2.2.15
cells contain genomically imtegrated linear 1.3x WT HBVY sequeunces, from which viral proteins
and cccDNA are constitutively produced via transcription followed by translation {proteins) or
reverse transcription and nuclear re-import (cccDNA). The persistent HBV production in this
systern enables assay of the long-term anti-HBV effects of CRISPR/Cas systerns targeting viral
DNA; and (b) schematic of lentiviral vector and experimental stratogy for sustained CRISPR
expression within Hep(G2.2.15 cells.

[8212] Figure 61A-B shows that HBV-targeting CRISPR reduces HBV DNA and cecDNA
dependent upon HBV-specific guide RNA and Cas? activity.

i6213] Figure 62A-C shows HBV products are reduced upon long-term CRISPR/Cas
expression. Stable lines of HepG2.2.15 cells expressing 3 different on-target guides with
nuclease-active or nuclease-dead Cas9, along with 3 non-HBYV targeting guides, were seeded at
consistent cell densitics (20,000 cells/cm?2) and allowed 1o secrete virions and virval proteins into
the supernatant, 72h later, supernatant was collected and (a) viral titer and (b) HBcAg (a secreted
protein produced from the C ORF, used clinically as a marker of active viral replication) were
quantified (¢). Total HBV RNA and 3.5kb RNA (cousisting of pregenomic RNA and the longest
translated HBY RNA species, which are difficult to distinguish) were quantified at 36 days post
transduction, with HBY RNA suppression continuing out to this late time point. (a-b) *p <0.05
vs, UT; #¥p < 0.01 vs. UT; ##%p < 0.001 vs. UT as assessed by one-way ANOVA followed by
Dunnett’s post-hoc test,

16214 Figure 63A-B shows that CRISPR constructs targeting HBVY cause large and
progressive reduction i {a) cceDNA and (b) total HBV DNA levels that is dependent on
successful targeting of viral DNA.

6215} Figure 04A-B shows HBV DNA and cccDNA reductions upon long-term
CRISPR/Cas expression are produced with multiple guides. (a) cccDNA reductions at 21 and 36
days post transduction across 3 guides {6, 17, and 21); large reductions are seen in each. {b)
Total HBYV DNA reductions at 21 and 36 days post transduction are also large across these 3
guide RNAs.

18216} Figure 65 shows Scuthern blot of HBY DNA.

8217} Figure 66 shows Southern blot of HBYV DNA.

6218} Figure 67 shows Surveyor assay to detect indel formation in total HBY DNA (top)
and episomal HBV DNA, enriched by treatment with plasmid-safe DNase (bottom); lentiviral

transduction enables high levels of cutting of HBV. Arrowheads depict surveyor digestion

i
~4



WO 2015/089465 PCT/US2014/070135

products resulting from indel formation. Expected PCR product sizes for g6, gl7 and ¢21 are
respectively 5399, 946 and 507 bp. Approximate sizes of surveyor digestion products tor g6, g7
and g21 are respectively: 429 + 170, 570 + 376, 275 + 232,

[6219] Figure 68 shows Immunotfivorescent imaging of HBV Core protein demonstrates
large reduction in Core staining upon targeting by g17 specifically against the Core ORF.

(62204 Figure 69 shows schematics tor de nove infection experiments. Hep-NTCP cells were
transduced with Cas9/gRNA constructs containing either gl7 or g1 7M (mutant of g17, resulting
it Sbp DNA bulge upon complexation to HBYV DNA target), and either WT or dead Cas9, and
then selected with puromycin to generate stable lines. (Left) These cells were seeded in coculture
with HepG2.2.15 cells, which produce infectious HBY virions that then infect the transduced
Hep-NTCP cells. After transient coculture, Hep(32.2.15 cells were killed by puromycin
selection, and Hep-NTCP cells were cultared for several days and then harvested to assay viral
parameters. (Right) These cells were mfected with HBVY virions derived from HBV+ patient
plasma, then cultured and harvested to assay viral parameters.

8221 Figure 70A-D shows HBsAg secretion {(a), ccoDNA copies (b), levels of HBVY 3.5kb
RNA relative to 5 bp mismatch control {¢), and titer of HBY DNA in culture mediom (d). The
data show that Cas%/gl7 reduce HBV infection in de novo infection context. 17M: 5 bp
mismatch control. 17B dead Cas® with ¢17. Data shown are from one representative
experiment, and consistent across experiments,

{32331 Figure 71A-C shows CRISPR/Cas-mediated disruption of HBV in patient-derived
virus model system. Hep-NTCP cells were infocted with HBY from infected patient serum upon
transduction of guide 17 and active or nuclease-dead Cas9. 9 days after infection, the cells were
harvested and viral products were guantified. Nuclease-active Cas9 caused decreases in HBV
3.5kb RNA {a), cecDNA (b)), and total DNA levels {(¢).

{6223} Figure 72 shows Surveyor assay performed on DNA untreated (left) or treated (right}
with plasmid-Safe DNase to remove non-episomal viral forms. Arrowheads indicate shorter
amplicons resulting from indel formation. The low levels of jndel formation in 17M hikely result
from inefficicnt cutting enabled by the 5 bp bulge between target DNA and gRNA, recently
appreciated in Lin, Y et al., (2014). (b-c) *p < 0.05 for selected comparison; *¥p < 0.01 for
selected comparison, as assessed by one-way ANOVA with Tukey post-hoc test.

13224] Figure 73 depicts a plot where the columns fabeled *D signify where Applicants used

a nucicase-deficient Cas9 as an internal control. The 29 dpt corresponds to 29 days post

48



WO 2015/089465 PCT/US2014/070135

transduction, where a single lentiviral vector encoding U6-sgRNA and EFS-hSpCas9-2A-Puro
was transduced into Hep(G2.2.15 cells followed by selection with puromycein,
{6225} The figures herein are for ilustrative purposes only and are not necessarily drawn to

scale.
DETAILED DESCRIPTION OF THE INVENTION

18226} With respect to general information on CRISPR-Cas Systems, components thereof,
and delivery of such components, including methods, materials, delivery vehicles, vectors,
particles, AAV, and making and using thereof, inchuding as to amounts and fornmtations, all
useful in the practice of the instant invention, reference is made 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 Al (U.S.
App. Ser. No. 14/213,991), US 2014-0273234 AT (U.S. App. Ser. No. 14/293,674), US2014-
0273232 At (U.S. App. Ser. No. 14/290,575), US 2014-0273231 (US. App. Ser. No.
14/259,4203, US 2014-0256046 AL (U.S. App. Ser. No. 14/226,274), US 2014-0248702 Al
(U.5. App. Ser. No. 14/258.458), US 2014-0242700 A1 (1.8, App. Ser. No. 14/222.830), US
2014-0242699 AL (U.S. App. Ser. No. 14/183,512), US 2014-0242664 A1 (1.S. App. Ser. No.
14/104,990), US 2014-0234972 Al (U.S. App. Ser. No. 14/183.471), US 2014-0227787 Al
(U.S. App. Ser. No. 14/256,912), US 2014-0189896 AT (U.S. App. Ser. No. 14/105,035), US
2014-0186958 (11.S. App. Ser. No. 14/105,017), US 2014-0186919 A1 (LS. App. Ser. No.
14/104,977), US 2014-0186343 Al (U5, App. Ser. No. 14/104,900), US 2014-0179770 Al
(U.S. App. Ser. No. 14/104,837) and US 2014-0179006 Al (U.S. App. Ser. No. 14/183,486), US
2014-0170753 (US App Ser No 14/183,429); European Patent Applications EP 2 771 46X
(EP13318570.7), EP 2 764 103 (EP13824232.6), and EP 2 784 162 (EP141703R3.5); and PCT
Patent  Publications WO 2014/093661 (PCT/US2013/074743), WO 2014/093694
(PCT/USZO13/4074790), WO 2014/093595  (PCT/US2013/074611), WO 2014/093718
(PCT/USZ013/474825), WO 2014/093709  (PCT/US2013/074812), WO 2014/093622
(PCT/US2013/074667), WO 2014/093635 (PCT/US2013/074691), WO 2014/093655
(PCT/US2013/074736), WO 2014/093712 (PCT/US2013/07481%),  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; 61/806,375; 61/814,263; 61/819,803
and 61/82%,130, filed on January 30, 2013; March 15, 2013; March 28, 2013; Apnl 20, 2013;

May 6, 2013 and May 2¥, 2013 respectively. Reference is also made to US provisional patent
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application 61/336,123, filed on June 17, 2013, Reference is additionally made to US provisional
patent applications 61/835,931, 61/835,936, 61/836,127, 61/836, 101, 61/836,080 and
61/835,973, cach filed June 17, 2013, Further reference is made to US provisional patent
applications 61/862,468 and 61/862,355 filed on August 5, 2013; 61/871,301 filed on August 28,
2013; 61/960,777 filed on September 25, 2013 and 61/961,980 filed on October 28, 2013,
Reference s wvet further made tor PCT Patent applications Nos: PCT/US2014/041803,
PCT/US2014/041800, PCT/US2014/041809, PCT/US2014/041804 and PCT/US2014/041806,
each filed June 10, 2014 &/1%/14; PCT/AIR2014/041808 filed June 11, 20G14; and
PCT/US2014/62558 filed October 28, 2014, and US Provisional Patent Applications Serial Nos.:
61/915,150, 61/915,301, 61/915,267 and 61/915,260, cach filed December 12, 2013; 61/757,972
and 61/768,959, filed on Jamuary 29, 2013 and Febroary 25, 2013; 61/835,936, 61/836,127,
61/836,101, 61/836,080, 61/335,973, and 61/835,931, filed June 17, 2013; 62/010,838 and
62/010,874, both filed June 11, 2014; 62/018,329 and 62/010,441, cach filed June 10, 20i4;
61/939,228 and 61/939.242, cach filed February 12, 2014; 61/980,012, filed April 15,2014,
62/038,35%, 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, Reference is also made to US
provisional patent applications Nos. 62/055,484, 62/055,460, and 62/055,487, filed September
25, 2014; US provisional patent application 61/980,012, filed April 15, 2014, and US provisional
patent application 61/939.242 filed February 12, 2014, Reference 1s made to PCT application
designating, inter alia, the Untted States, application No. PCT/UST4/412006, filed Junce 10, 2014,
Reference is made to US provisional patent application 61/930,214 filed on January 22, 2014,
Reference 15 made to US provisional patent applications 61/915,251; 61/915,260 and
61/915,267, each filed on Decemaber 12, 2013, Reterence 15 made to US provisional patent
application USSN 61/980,012 filed Aprii 15, 2014, Reference is made to PCT application
designating, inter alia, the United States, application No. PCT/US14/41806, filed June 1§, 2014
Retfercunce is made to US provisional patent application 61/930,214 filed on Jamuary 22, 2014,
Reference 18 made to US provisional patent applications 61915251, 61/915,260 and
61/915,267, each filed on December 12, 2013, Each of these patents, patent publications, and
applications, and all documents cited therein or during their prosecution (“appin cited
documents™y and all documents cited or referenced 1o 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 emploved in the practice of the invention. All
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documents (g.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 refercnce.
{6227} Also with respect to general information on CRISPR-Cas Systems, mention is made
of the following (also hereby incorporated herein by reference):
e Multiplex genome engineering using CRISPR/Cas syvstems. Cong, L., Ran,
F.A., Cox, D, Lin, S,, Barretio, R, Habib, N., Hsu, P.[D,, Wy, X., lang, W.,
Marraffiny, L.A., & Zhang, F. Science Feb 15;339(61211:819-23 (2013},
i RNA-guided editing of bacterial genomes using CRISPR-Cas systems. Jiang
W., Bikard 1., Cox D., Zhang ¥, Maraffini LA, Nat Biotechnol
Mar;31(3):233-9 (2013},
> One-Step Generation of Mice Carrying Mutations in Multiple Genes by
CRISPR/Cas-Mediared Genome Engineering., Wang H., Yang H., Shivalila
CS., Dawlaty MM., Cheng AW. Zhang F., Jaenisch R. Cell May
9:153(41910-8 (2013);
- Optical control of mammalion endogenous transcription and epigenetic
states. Konermann S, Brigham MD, Trevine AE, Hsu PD, Heidenreich M,
Cong L, Platt RI, Scott DA, Church GM, Zhang F. Nature. 2013 Aug
22;500(7463%:472-6. dot: 10,1038/ Nature1 2466, Epub 2013 Aug 23;
> Double Nicking by RNA-Guided CRISPR Cas¥ for Enhanced Genome Editing
Specificitv. Ran, FA., Hsu, PD., Lin, CV., Gootenberg, JS., Konermann, S.,
Trevino, AE., Scott, DA., noue, A., Matoba, 5., Zhang, Y., & Zhang, F. Cell
Aug 28, pit: SO092-R674(13)01015-5. (2013 );
- DINA targeting specificity of BNA-guided Cas9 nucleases. Hsu, P., Scott, D,
Weinstein, 1., Ran, FA,, Konermann, S., Agarwala, V., Li, Y., Fine, B., Wy,
X., Shalem, O., Cradick, T, Mamraffini, LA, Bao, G., & Zhang, F. Nz
Rintechnol dot:10.1038/nbt. 2647 (201 3);
- Genome engineering using the CRISPR-Cas9 system. Ran, FA., Hsu, PD,,

Wright, J., Agarwala, V., Scott, DA., Zhang, F. Nature Protocols

Nov;8(1132281-308. (2013
- Genome-Scale CRISPR-CasY Knockout Screening in Human Cells. Shalem,

0., Sanjana, NE., Hartenian, E., Shi, X, Scott, DA, Mikkelson, T., Heckl, D,
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Hbert, BL., Root, BE., Doench, JG., Zhang, F. Science Dec 12. (2013). [Epub
ahead of priunt};

- Crystal structure of cas9 in complex with guide RNA and targer DNA.
Nishimasy, H., Ran, FA,, Hsu, PD., Konermann, S., Shehata, S1, Dohmae, N,
Ishitani, R, Zhang, F., Nureli, Q. Cell Feb 27, (2014). 156(51:935-49;

e Genome-wide binding of the CRISPR endonuciease Cas9 in mammalian cells.
Wu X., Scott DA, Kriz Al,, Chiu AC., Hsu PD., Dadon DB, Cheng AW,
Trevino AE., Konermann 5., Chen S, Jaenisch R., Zhang F., Sharp PA. Nat
Biotechnol. (2014) Apr 20. dot 10.1038/nbt. 2389,

- CRISPR-Cas¥ Knockin Mice for Genome Editing and Cancer Modeling, Platt
et al., Cell 159(2): 440-455 (2014) DOL 10.1016/1.¢ell.2014.09.014,

- Development and Applications of CRISPR-Cas9 for Genome Engineering,
Hsu etal, Cell 157, 1262-1278 (June 5, 2014) (Hsu 2014),

- Genetic screens in human cells using the CRISPR/Cas9 system, Wang ¢t al,,
Science. 2014 January 3; 343(6166): 80-84. doi:10.1126/science. 124691,

- Rational design of highly active sgRNAs for CRISPR-Cas9-mediared gene
inactivation, Doench et al, Nature Biotechnology published online 3
September 2014; doi: 10.1038/nbt. 30206, and

- In vive intervogation of gene function in the mammalian brain using CRISPR-
Cas9, Swiech et al, Nature Biotechnology ; published online 19 October 2014;
doi: 10.1038/nbt. 30535,

each of which is incorporated herein by reference, and discussed briefly below:

(6228} Cong er af. engineered type H CRISPR/Cas systems for use in cukaryotic cells based
on both Streptococcus thermophilus Cas9 and also Streploccocus pyogenes Cas9 and
demonstrated that Cas9 nucleases can be directed by short RNAs to induce precise cleavage of
DNA in huoman and mouse cells. Their study further showed that Cas9 as converted mto a
nicking cuzyme can be used to facilitate homology-directed repair in cukaryotic cells with
minimal mutagenic activity, Additionally, their study domonstrated that multiple guide
sequences can be encoded into a single CRISPR array o enable simultancous editing of several
at endogenous genomic loci sites within the mammalian genowe, demonsirating easy
programumability and wide applicability of the RNA-guided nuclease technology. This ability to
use RNA to program sequence specific DNA cleavage in cells defined a new class of genome

engineering tools. These studies further showed that other CRISPR loci are likely to be
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transplantable into mammalian cells and can also mediate mammabian genome cleavage,
Importantly, it can be cnvisaged that several aspects of the CRISPR/Cas system can be further
improved to increase its efficiency and versatility.

(6229} Hang e/ al uvsed the clustered, regularly interspaced, short palindromic repeats
(CRISPR-associated Cas9 endonuclease complexed with dual-RNAs to introduce precise
mutations 1o the genomes of Streplococcus pneumoniae and Escherichia coli, The approach
relied on dual-RNA:Cas9-directed cleavage at the targeted genomnic site to kill unomutated celis
and circumvents the need for selectable markers or counter-selection systems. The study reported
reprogranuning dual-RNA:Cas? specificity by changing the sequence of short CRISPR RNA
{crRINA)Y to make single- and multinucleotide changes carried on editing templates. The study
showed that simultancous use of two crRNAs enabled multiplex mutagenesis. Furthermore,
when the approach was used in combination with recombineering, in S, puewmoniae, vearly
100% of cells that were recovered using the described approach contained the desired mutation,
and in £. cofi, 65% that were recovered contained the mutation.

[3236] Konermann ef ¢/ addressed the need in the art for versatile and robust technologies
that enable optical and chemical modulation of DNA-binding domains based CRISPR Cas®
enzyme and also Transcriptional Activator Like Effectors

{6231} (Cas9 nuclease from the microbial CRISPR-Cas system is targeted to specific genomic
loci by a 20 nt guide sequence, which can tolerate certain mismatches to the DNA target and
thereby promote undesived off-target mutagenesis. To address this, Ran ef ¢/ described an
approach that combined a Cas9 nickase mutant with paired guide RNAs to introduce targeted
double-strand breaks. Because individual nicks in the genorse are repaived with high fidelity,
simultancous nicking vig appropriately offset guide RNAs is required for double-stranded breaks
and extends the mumber of specifically recognized bases for target cleavage. The suthors
demonstrated that using paired nicking can reduce off-target activity by 50- to 1,500-fold in cell
lines and to facilitate gene knockout in mouse zygotes without sacrificing on-target cleavage
efficiency. This versatile strategy enables a wide variety of genorme editing applications that
require high specificity.

{8232} Hsu ef af. characterized SpCas9 targeting specificity in human cells to inform the
selection of target sites and avoid off-target effects. The study evaluated >700 guide RNA
variants and SpCas9-induced indel mmtation levels at >100 predicted genomic off-target loct in
2937 and 293FT celis. The authors reported that SpCas9 tolerates mismatches between guide

RMNA and target DNA at different positions in a sequence-dependent manner, sensitive to the
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number, position and distribution of mismatches. The authors further showed that SpCas9-
mediated cleavage is unaffocted by DNA methylation and that the dosage of SpCas9 and sgRNA
can be titrated to minimize off-target modification. Additionally, to facilitate mammalian
genome engineering applications, the authors reported providing 2 web-based software tool to
guide the selection and validation of target sequences as well as off-target analyses.

[3233] Ran er ¢l described a set of tools for Cas9-mediated genome editing via non-
homologous end joining (NHEI 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 nuckase
mutant with paired guide RNAs. The protocol provided by the authors experimentally derived
guidelines for the selection of target sites, evaluation of cleavage efficiency and analysis of off-
target activity. The studies showed that beginning with target design, gene modifications can be
achicved within as little as -2 weeks, and modified clonal cell lines can be dertved within 2-3
weeks.

{63234} Shalem ef @/. described a new way to interrogate gene function on a genome-wide
scale. Their studies showed that delivery of a genome-scale CRISPR-Cas® kuockout (GeCKO)
library targeted 18,080 genes with 64,751 unigue guide sequences enabled both negative and
positive selection screening in human cells. First, the authors showed vse of the GeCKO library
1o identity genes essential for cell viability in cancer and ploripotent stem cells. Next, in a
melanoma model, the authors screened for genes whose loss 15 nvolved in resistance to
venmurafenib, a therapeutic that inhibits mutant protein kinase BRAF. Their studics showed that
the highest-ranking candidates inclhuded previously validated genes NFI and MEDI2 as well as
novel hits NF2, CUL3, TADA2ZE, and TADAL The suthors 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 Cas9.

[6235] Nighimasu er ¢l reported the crystal structure of Streprococcus pyogenes Cas8 o
complox with sgRNA and its target DNA at 2.5 A® resolution. The structure revealed a bilobed
architecture composed of target recogrition and muclease lobes, accommodating the
sgRNA:DNA 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 complementary
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
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(PAM). This high-reschution 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.

[8236] Wu ef al. mapped genome-wide binding sites of a catalytically inactive Cas9 (dCas%)
from Streptococcus pvogenes loaded with single guide RNAs (3gRNAs) in mouse embryonic
stem cells (mESCs). The authors showed that cach of the four sgRNAs tested targets dCash to
between tens and thousands of genomic sites, frequently characterized by a S-nucleotide seed
region in the sgRNA and an NGG protospacer adjacent motit (PAM). Chromatin inaccessibility
decreases dCas8 binding to other sites with matching seed sequences; thus 70% of oft-target
sites are associated with genes. The authors showed that targeted sequencing of 295 dCas®
binding sites in mESCs transfected with catalytically active Cas? identified only one site omutated
above background levels. The aothors proposed a two-state model for Cast® binding and
cleavage, in which a sced match triggers binding but extensive pairing with target DNA s
required for cleavage.

{63237} Hsu 2014 1s a review article that discusses generally CRISPR-Cas9 history from
yogurt to genome editing, including genetic screening of cells, that 15 in the information, data
and findings of the applications in the fincage of this specification filed prior to June 5, 2014
The general teachings of Hsa 2014 do not invoelve the specific models, animals of the instant
specification.

{6238 Mention is alse made of Teat et al, “Dimeric CRISPR RNA-guided Foki nucleases
for highly specific genome editing,” Nature Biotechnology 32(6): 569-77 (2014) which is not
believed to be prior art to the fustant invention or application, but which may be considered in
the practice of the instant invention.

16239} In general, the CRISPR-Cas or CRISPR system is as used in the foregoing
documents, such as WO 2014/093622 (PCT/US2013/074667) and refers collectively to
transcripts and other elements involved in the expression of or directing the activity of CRISPR-
associated (“Cas™) genes, inchuding sequences encoding a Cas gene, a tracr (trans-activating
CRISPR) sequence {c.g tracrRNA or an active partial tracrRNA}), a tracr-ratc sequence
{encompassing 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” 1o the context
of an endogenous CRISPR system), or “RNA(s)” as that term is herein used {(e.g., RNA(g) to
guide Cas9, e.g. CRISPR RNA and transactivating (tracr) RNA or a single guide RNA (sgRNA)

{chimeric RNA)) or other sequences and transcripts from a CRISPR locus. Tun general, a
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CRISPR system is characterized by elements that promote the formation of a CRISPR complex
at the site of a target sequence {also referred to as a protospacer in the context of an endogenous
CRISPR systemn). In the context of formation of a CRISPR complex, “target sequence” 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 polymucleotide, such as DNA or RNA polynucieotides. In
some embodiments, a target sequence is located in the nucleus or cytoplasm of 3 cell. In some
embodiments, direct repeats may be identified /n silico by searching for repetitive motifs that
fulfill any or all of the following criteria: 1. found o a 2Kb window of genomic sequence
flanking the type {1 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 embodiments, all 3 criteria may be used.

62401 In erobodiments of the invendion the terms guide sequence and guide RNA are used
interchangeably as in  foregoing cited documents such as WO 2014/093622
(PCT/USZ013/4074667). In general, a guide sequence is any polynucleotide sequence having
sufficient coraplementarity with a target polynucieotide sequence to hvbridize with the target
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 its
corresponding target sequence, when optimaﬂy aligned using a suttable alignment algorithm, is
about or more than about 50%, 60%, 73%., 80%, 83%, 90%, 95%, 87.5%, 99%, or more.
Optimal alignment may be determined with the use of any suitable algorithm for aligning
sequences, non-limiting example of which include the Smith-Waterman algorithm, the
Needleman-Wunsch algorithm, algorithms based on the Barrows-Wheeler Transform (e.g. the
Burrows Wheeler Aligner), ClustalW, Clustal X, BLAT, Novealign (Novocratt Technologies;
available at wwwaovectaitcom), ELAND (THumina, San Diego, CA), SOAP (available at

soap.genomics.org.en), and Mag (available at mag.sowrceforge.net). In some embodiments, a
guide sequence is about or more than about 5, 10, 11, 12, 13, 14, 15, 16, 17, 1§, 19, 20, 21, 22,

3,24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nucleotides in length. In some

N3

embodiments, a guide sequence is less than about 75, 50, 45, 40, 35, 30, 25, 20, 15, 12, or fewer
nucleotides 1o fength. 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 a target sequence
may be assessed by any suitable assay. For exampie, the components of a CRISPR system

sufficient to form a CRISPR complex, including the gunde sequence to be tested, may be
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provided to a host cell having the corresponding target sequence, such as by transfection with
vectors encoding the coraponents of the CRISPR sequence, followed by an assessmoent of
preferential cleavage within the target sequence, such as by Surveyor assay as deseribed herein
Similarly, cleavage of a target polynuclestide sequence may be evaluated in a test tube by
providing the target sequence, components of a CRISPR complex, inchiding the guide sequence
1o 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 occur to those skilled in the art. A goide sequence
may be selected to target any target sequence. In some embodiments, the target sequence is a
sequence within a genome of a coll. Exemplary target sequences include those that are unique in
the target genome. For example, for the S. pyogenes Cas9, a unique target sequence in a genome
may include a Cas? target site of the form MMMMMMMMNNNNNMNNNNNNNXGG where
MNANNNMNNNNNNNNXGG (N s A, G, T, or C; and X can be anything) has a single occurrence
in the genome. A unique target sequence in a genome may inchude an S, pyogenes Cas? target
site of the form MMMMMMMMMNNNNNNNNNNNXGG where NNNNNNNNNNNXGG (N
8 A, G, T, or C; and X can be anything) has a single occurrence in the genome. For the 5.
thermophitus CRISPR1 Cas9, a unique target sequence in a genome may include a CasY target
site of the form MMMMMMMMNNNNNNNNNNNNXXAGAAW where
MNNNNMNNNNNNNNXXAGAAW (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 S
thermophitus CRISPRI Cas9 target site of the form
MMMMMMMMMNNNNNNMNNNNNXXAGAAW 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 genome.
For the S, pyogenes Cas9, a unique target sequence in a genome may include g Cas9 target site
of the form MMMMMMMMNNNNNNNNNNNNXGGXG where
MNNNNMNNNNNNNXGOGXG (N s A, G, T, or € and X can be anything) has a single
occurrence in the genome. A unique target sequence in a genome may include an S, pyogenes
Cas9 target site of the form MMMMMMMMMNNNNNNNNNNNXGGXG  where
WNNNNNNNNNNNXGGXG (Nis A, G, T, or C; and X can be anything) has a single occurrence
in the genome. In cach of these sequences "M may be A, G, T, or €, and need not be
considered in wdentifving a sequence as unigue. In some embodiments, a guide sequence is
selected to reduce the degree secondary structwre within the guide sequence. In some

embodiments, about or less than about 75%, 50%, 40%, 3054, 25%, 20%, 15%, 10%6, 5%, 1%, or
5 2 5 3 2 2 5
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fewer of the nucleotides of the guide sequence participate in self-complementary base pairing
when optimally folded. Optimal folding may be determained by any suitable polymucleotide
folding algorithm. Some programs are based on calculating the minimal Gibbs frec energy. An
example of ong such algorithm is mFold, as described by Zuker and Stiegler (Nucleic Acids Res.
9 (1981), 133-148). Another example folding algorithm is the online webserver RNAfold,
developed at Institute for Theoretical Cheonistry at the University of Vienna, using the centroid
structure prediction algorithm (sec ¢.g. AR, Gruber ¢t al., 2008, Cell 106(1): 23-24; and PA Carr
and GM Charch, 2809, Nature Biotechnology 27(12): 1151-62).

18241] In general, a tracr moate sequence juchides any sequence that has sufficient
complementarity with g tracr sequence to promote one or more off (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 coroplex at 8 target sequence, wherein the CRISPR complex
comprises the tracr mate sequence hybridized to the tracr sequence. In general, degree of
complementarity is 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 algorithro, and may further account for sccondary
structures, such as self-complementarity within oither the tracr sequence or fracr mate sequence.
In some embodiments, the degree of complementarity between the tracr sequence and tracr mate
sequence along the length of the shorter of the two when optimally aligned is about or more than
about 28%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 97.5%, 99%, or higher. In some
embodiments, the tracr sequence is about or more than about 5, 6, 7, ¥, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18§, 19, 20, 25, 30, 40, 50, or more nuclectides 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 secondary structure, such as a
hairpin.  In an embodiment of the invention, the transcript or transcribed polynucleotide
sequence has at least two or more hairpins. In preferred embodiments, the transeript has two,
three, four or five hairpins. In 2 further embodiment of the invention, the transcript has at most
five hairpins. In a hairpin 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 3° of the loop
corresponds o the tracr sequence Further non-Himiting examples of single polynucleotides
comprising a guide segquence, 2 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
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sequence, and the final poly-T seguence represents the trapscription terminator: (1)
NNMNNNNNNNNNNNNNNNNNNgtittgtactctcaagatitaGA A Atasatctigeagaagetacasagatas
ggetteatgecgaaaicaacaccctgicattitatggeagegtattticgttatttaa TTTTTT, {2
MNNNNMNNNMNNNMNNNMNNNgttttigtactctcaGA A Atgeagaagotacaaagataaggeticatgecg
aaatcaacaccctgicattttatggeagggtgttitegttatttaa TTTTTT; (3
MNNNNNNNNNNNNNNNNNNNNgttittgtactetcaGA A Atgeagaagetacaaagataaggetteatgecy
aaatcaacaccctgicattitatggeagoatet TTTTTT, (43
NNMNNNNMNNNNNMNNNMNMNNNMgttttagagetaGA A Atageaagtiaaaataaggctagtocgtiatcaactt
gasasagteecacegagtcggtecTTTTTT,
NNNNNNNNNNNNNNNNNNNNgitttagagetaGAAATAGeaagtiaasataaggetagicegtiatcasc
tiganaaagtg TTTTTTT; and {6)
MNNNIWNMNNNNMNNNNNNNNMNNNNgttitagagetagA AATAGeaagttaaaataaggetagiccgtiatca T

TN
wn
N

TTTTTT. Insome embodimaents, sequences (1)t (3) are used in combination with Cas9 from 8.
thermophilus CRISPRI. In some embodiments, sequences (4) to (6) are used in combination
with Cas9 from S. pyogenes. In some embodiments, the tracr sequence is a separate transcript
from a transcript comprising the tracy rate sequence.

6242] 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 musmatches); 2. presence of a predicted Rho-
independent transcriptional terminator in direction of transcription; and 3. stable haipin
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.

18243] In some embodiments, chimeric synthetic guide RNAs (sgRNAs) designs may
imcorporate at least 12 bp of duplex structure between the direct repeat and tracrRNA.

16244 For minimization of toxicity and off-target effect, it will be important to control the
concentration of CRISPR cnzyroe moRNA and guide RNA delivered. Optimal concentrations of
CRISPR enzyme mRNA and guide RNA can be determined by testing different concentrations
in a cellular or non-human cukaryote animal model and using deep sequencing the analyze the
extent of modification at potential off-target gevomic loci. For example, for the guide sequence
targeting 5-GAGTCCGAGCAGAAGAAGAA-Z in the EMX1I gene of the human genome,
deep sequencing can be used to assess the level of modification at the following two off-target

loct, T 5-CGAGTCCTAGCAGGAGAAGAA-Y and 2: ¥-CGAGTCTAAGCAGAAGAAGAA-
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37, The concentration that gives the highest level of on-target modification while minimizing the
tevel of off-target modification should be chosen for in vivo delivery, Aliernatively, to minimize
the level of toxicity and off-target effect, CRISPR enzyme pickase mRNA {(for example S.
pyogenes Cas9 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 follows. Guide sequences and
strategics 1o mimize toxicity and off-target effects can be as in WO 2014/093622
(PCT/USZG13/074667).

3245} The CRISPR system is derived advantageously from a type II CRISPR system. 1o
some embodiments, one or more cleraents of a CRISPR system 15 derived from a particular
organism comprising an endogenous CRISPR gystem, such as Streprococcus pyogenes. In
preferred embodiments of the invention, the CRISPR system is a type 11 CRISPR system and the
Cas enzyme is Cas9, which catalyzes DNA cleavage. Non-himiting examples of Cas proteins
include Casl, CasiB, Cas2, Cas3, Casd, Cas8, Cash, Cas7, Cas®, Casf {also known as Canl and
Csx12), CasiQ, COsyl, Cey2, Csy3, Csel, Cse2, Uscl, Csc2, CUsal, Csn2, TsmZ, Csm3, Csmd,
CasmS, Com6, Cmrl, Cmrd, Comrd, Cor3, Cmrt, Csbl, Ceb2, Csb3, Csx17, Csxlid, Csxi0,
Cex16, CsaX, Csx3, Csxl, Csx15, Cstl, Cs2, Csf3, Csfd, bomologues thereof, or modified
versions thercofl

[6246] In some embodiments, the unmodified CRISPR enzyme has DNA cleavage activity,
such as CasY. In some embodiments, the CRISPR enzyme divects 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, 18, 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 encodes a CRISPR enzyme that is routated 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 example, an aspartate-to-alanine
substitution (D10A) in the RuvC 1 catalytic domain of Cas9 from 5. pyogenes converts Cas9
from a nuclease that cleaves both strands to a nickase (cleaves a single strand). Other examples
of mutations that render Cas® a nickase inchude, without limitation, H840A, N854A, and NR63A.
As a further example, two or more catalytic domains of Cas® (RuvC I, RuvC I, and RuvC 1 or
the HNH domain) may be nwtated to produce a mutated Cas? substantially lacking all DNA
cleavage activity. In some embodiments, a DI0OA mutation is combined with one or more of

HR40A, WES4A, or NEO63A mutations to produce a CasY enzyme substantially lacking all DNA
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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%, 10%, 5%, 1%, 0.1%, 8.01%, 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
forro s nil or negligible as compared with the non-mutated forro. Where the enzyme s not
SpCasY, mutations may be made at any or all residues corresponding to positions 10, 762, 840,
854, 863 and/or 986 of SpCasY (which may be ascertained for instance by standard sequence
comparison tools). In particular, any or all of the following mutations are preferred in SpCas9:
DI10A, E762A, HE40A, NR54A, NE63A and/or DYB6A; as well as conservative substitution for
any of the replacement amino acids s also envisaged. The same {or conservative substitutions of
these mutations) at corresponding positions in other Cas9s are also preferred.  Particularly
preferred are D10 and H340 in SpCas¥. However, in other Cas9%s, residues corresponding o
SpCas9 D10 and HE40 are also preferred. Orthologs of SpCas? can be used in the practice of the
invention. A Cas enzyme may be identified Cas? as this can refer to the general class of enzymes
that share homology to the biggest nuclease with multiple nuclease domains from the type U
CRISPR systern.  Most preferably, the Cas® enzyme is from, or is derived from, spCas9 (S
pvogenes Cas®) or saCas9 (5. gurens Cas9), 5tCas9” refers to wild type Cas® from 5.
thermophilus, the protein sequence of which is given in the SwissProt database under accession
nurmnber G3ECRI. Smmilarly, S pyogenes Cas9 or spCas® is included in SwissProt under
accession rwroher Q99ZW2, By derived, Applicauts rocan that the derived enzyroe s largely
based, in the sense of having a high degree of sequence homology with, a wildtype enzyme, but
that it has been mutated (modified) in some way as described herein. It will be appreciated that
the terms Cas and CRISPR enzyme are gencrally used herein interchangeably, anless otherwise
apparcnt. As mentioned above, many of the residuc numberings used herein refer to the Cas®
enzyme from the type I CRISPR locus in Streptococcus pvogenes. However, it will be
appreciated that this invention inclades many more Cas9s from other species of microbes, such
as apCas®, SaCa9, St1Cas9 and s0 forth, Enzymatic action by Cas® derived from Streprococcus
pvogenes 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 (exaroples include NGG/NRG or a PAM that can be determuined as
described hercin) following the 20 nucleotides of the target sequence. CRISPR activity through
Cas9 for site-specific DNA recognition and cleavage is defined by the guide sequence, the tracr

sequence that hybridizes i part to the guide sequence and the PAM sequence. More aspects of
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the CRISPR system are described in Karginov and Hannon, The CRISPR system: small RNA-
guided defence in bacteria and archaca, Mole Cell 2010, January 15; 37(i% 7. The type U
CRISPR locus from Streprococcus pvogenes SE370, which contains a cluster of tour genes Cas9,
Casl, Cas2, and Csnl, as well as two non-coding RNA elements, tracrRNA and a characteristic
array of repetitive sequences {direct vepeats) interspaced by short stretches of non-repetitive
sequences (spacers, about 30bp cach). In this system, targeted DNA double-strand break (DSB)
is gencrated in four sequential steps. First, two non-coding RNAs, the pre-crRNA array and
tracrRNA, are transcribed from the CRISPR locus. Second, tracrRMNA hybridizes to the divect
repeats of pre-ctRNA, which is then processed into mature crRNAs containing individual spacer
sequences. Third, the mature crRNAtractRNA complex directs Cas9 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, Cas® mediates cleavage of
target DNA upstream of PAM to create a DSB within the protospacer. A pre-crRNA array
consisting of a single spacer flanked by two direct repeats (DRs) is also encompassed by the

N

term “tracr-mate sequences” ). In certain embodiments, Cas9 may be constitutively present or
inducibly present or conditionally present or administered or delivered. Cas9 optiraization may
be used to enhance function or to develop new functions, one can generate chimeric Cas¥
proteins. And Cas% may be used as a generic DNA binding protein.

{6247} Typically, in the context of an endogenous 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, 58, 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 (e.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 a 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 15 operably linked to the guide sequence,

13248} An example of a codon optimized sequence, is in this instance a sequence optimized
for expression in a eukaryote, e.g., humans (i.e. being optimized for expression in humans), or
for another eukaryote, animal or mamumal as herein discussed; see, e.g., SaCas9 human codon
optimized sequence in WO 2014/093622 (PCT/US2013/074667). Whilst this is preferred, it will
be appreciated that other examples are possibie and codon optimization for a host species other

than haman, or for codon optimization for specific organs is known. In some embodiments, an
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enzyme coding sequence encoding a CRISPR enzyme is codon optimized for expression in
particular cells, such as eukaryotic cells. The eukarvotic cells may be those of or derived from a
particular organism, such as a manumal, inchuding but not limited to human, or non-human
cukaryote or animal or mammal as herein discussed, e.g., mouse, rat, rabbit, dog, livestock, or
non-miman mammal or primate. In some embodiments, processes for modifying the germ hine
genetic identity of human beings and/or processes for modifving the genetic identity of antmals
which arc likely to cause them suffering without any substantial medical benefit to man or
animal, and also animals resulting from such processes, may be excluded. Tn general, codon
optimization refers to a process of modifying a rucleie acid sequence for enhanced expression in
the host cells of interest by replacing at least one codon {¢.g. about or more than about 1, 2, 3, 4,
5, 10, 15, 20, 25, 30, or more codons) of the native sequence with codons that are more
frequently or most frequently used 1 the genes of that host cell while maintaining 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 transiation of messenger RNA (mRNA), which is in twrn believed to be
dependent on, among other things, the properties of the codons being translated and the
availability of particular transfor RNA (tRNA) molecules. The predominance of selected tRNAs
in a cell is generally a reflection of the codons used most frequently in peptide synthesis.

Accordingly, genes can be tailored for optimal gene expression in a given organismn based on

o

codon optimization. Codon usage tables are readily available, for example, at the “Codon Usage

Database”™ available at wwnw.kam ion/ and these tables can be adapted in a number of

ways. See Nakamura, Y., et 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 a particular sequence for expression in a particular host cell are also available,
such as Gene Forge (Aptagen: Jacobus, PA), are also available. In some embodiments, one or
more codons {e.g. 1, 2, 3,4, 5, 10, 18, 20, 25, 50, or more, or all codons) in a sequence encoding
a CRISPR enzyroe correspond to the most froquently used codon for a particular amivo acid.

13249 In some embodiments, a vector encodes & CRISPR enzyme comprising one or more
nuclear focalization sequences {(NLSs), such as about or more than about 1,2, 3,4, 5,6, 7, &, 9,
10, or more NLSs., In some embodiments, the CRISPR enzyme comprises about or more than
about 1,2, 3,4, 5,6, 7, 8,9, 10, or more NLSs at or near the amino-terminus, about or more than
about 1,2, 3, 4,5,6,7, &, 9, 18, 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-termings and zero ov at one or more



WO 2015/089465 PCT/US2014/070135

LS at the carboxy terminus). When more than one NLS is present, each may be selected
independently of the others, such that a single NLS roay 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 enzyme comprises at most & NLSs. In some
embodiments, an NLS 18 considered near the N- or C-terminus when the nearest amino acid of
the NLS 1s within about 1, 2, 3, 4, §, 10, 15, 28, 28, 30, 40, 530, 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 PKKEKRKY; the NLS from nucleoplasmin (e.g. the nucleoplasmin bipartite NLS with
the sequence KRPAATKKAGQAKKKK); the ¢c-myc NLS having the amino acid sequence
PAAKRVKLED or RORRNELKRSP; the hRNPAT M9 NLS having the sequence
NQSAINFGPMKGOGNFGGRSSGPYGGGGRQYFAKPRNQGGY, the sequence
RMRIZFENKGKDTAELRRRRVEVSVELRKAKKDEGQILKRRNY of the IBB domain from
importin-alpha; the sequences VSRKRPRP and PPKKARED of the myoma T protein; the
sequence POPKKKPL of human pS53; the sequence SALIKKKKKMAP of mouse c-abl IV; the
sequences DRLRR and PKOKKRK of the influenza virus NS1; the sequence RKLKKKIKKE of
the Hepatitis virus delta antigen; the sequence REKKKFLKRR of the mouse Mx1 protein; the
sequence KRKGDEVDGVBEVAKKKSKK of the human poly(ADP-ribose} polymerase; and
the sequence REKCLOQAGMNLEARKTKK of the steroid hormone receptors (human)
ghucocorticoid. In general, the one or more NLSs are of sutticient strength to drive accumulation
of the CRISPR enzyme in 3 detectable amount in the nucleus of a cukaryotic cell. In general,
strength of nuclear localization activity mway derive from the number of NLSs in the CRISPR
enzyme, the particular NLS(s) used, or a combination of these factors. Detection of
accumulation in the nucleus may be performed by any suitable technique. For cxample, 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 specitic for the nucleus such as DAPD. 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
may also be determined indurectly, 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
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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 more NLSs,

16258] Aspects of the invention relate to the cxpression of the gene product being decreased
or a template polynucleotide being further introduced into the DNA molecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 5§ overhangs to
reanncal and lgate or the activity or function of the gence product being altered or the expression
of the gene product being increased. In an embodiment of the invention, the gene product is a
proten. Only sgRNA pairs creating §° overhangs with less than 8bp overlap between the guide
sequences (offset 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, indicating that the relative positions of the guide pairs are the most important
parameters in predicting double nicking activity. Since Cas9n and Cas9HR40A nick opposite
strands of DNA, substitution of CasYn with Cas9HE40A with a given sgRNA pair should have
resulted in the inversion of the overhang type; but no indel formation is observed as with
Cas9HB40A ndicating that Cas9HB40A s a CRISPR enzyme substantially lacking all DNA
cleavage activity (which is when the DNA cleavage activity of the mutated enzyrae is about no
more than 25%, 10%, 5%, 1%, 0.1%, 8.01%, 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
forroation s observed as with Cas9HS40A i the cukaryotic systern in comtrast to the
biochemical or prokaryoetic systems). Nonetheless, 2 pair of sgRNAs that will generate a 57
overhang with Cas9n should in principle generate the corresponding 37 overhang instead, and
double nicking. Therefore, sgRNA pairs that lead to the generation of a 37 overbang with Cas9n
can be used with another mutated Cas9 to generate a 5 overhang, and double nicking.
Accordingly, in some embodiments, a recombination 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 polyoucleotide.  In some embodiments, a recombination
template 1s designed to serve as a template in homologous recombination, such as within or near
a target sequence nicked or cleaved by a CRISPR enzyme 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, 160, 156, 200, 500, 1000, or more nuclectides in length. In some embodiments,
the template polynucieotide is complementary to a portion of a polynucleotide comprising the

target sequence. When optimally aligned, a ternplate polynuclectide might overlap with one or
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more nucleotides of a target sequences {e.g. about or more than about 1, §, 10, 15, 20, or more
nucleotides). In some embodiments, when a teraplate sequence and a polynucleotide comprising
a target sequence are optimally aligned, the nearest nucleotide of the template polynucicotide is
within about 1, 5, 18, 1S, 20, 25, 58, 75, 106, 200, 300, 400, 500, 1000, 5000, 10000, or more
nucleotides from the target sequence.

{62511 In some embodiments, one or more vectors driving expression of one or more
cleraents of a CRISPR system are introduced into a host cell such that expression of the elements
of the CRISPR systern direct formation of a CRISPR complex at one or more target sites. For
example, a Cas enzyme, a guide sequence linked to a fracr-roate sequence, and a tracr sequence
could each be operably linked to separate regulatory elements on separate vectors, Or, RNA(s) of
the CRISPR System can be delivered to a transgenic Cas® animal or mammal, ¢.g., an animal or
maminal that constitutively or inducibly or conditionally expresses Cas9; or an amimal or
manmunal that is otherwise expressing Cas9 or has cells containing Cas9, such as by way of prior
administration thereto of a vector or vectors that code for and coxpress in vive (Casb,
Alternatively, two or more of the clements 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 systermn clements
that are combined in a single vector may be arranged in any suvitable orientation, such as one
elernent located 57 with respect to (upstream”™ of) or 37 with respect to (“downstream” 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 sccond clement, and oriented in the same or opposite
direction. In some embodiments, a single promoter drives expression of a transcript encoding 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. each in a different intron, two or more in at least one intron, or all ina
single intron).  In some ewmbodiments, the CRISPR enzyme, guide sequence, tracr mate
sequence, and tracr sequence are operably linked to and cxpressed from the same proraoter.
Delivery 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 2014/093622 (PCT/US2013/074667). In some embodiments, a vector comprises one
or more insertion sites, such as a restriction endonuciease 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, 4,5 6,7, 8,9, 10, or more insertion sites) are located upstream and/or downstream
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of one or more sequence clements of one or more vectors. In some embodiments, a vector
comprises an jnsertion site upstream of a tracr mate sequence, and optionally downstream of a
regulatory element operably linked to the tracr mate sequence, such that following insertion of a
guide sequence into the insertion site and upon expression the guide sequence divects sequence-
specific binding of a CRISPR complex to a target sequence in a eukaryotic cell. In some
embodiments, a vector comprises two or more inserfion sites, each iusertion site being located
between two tracr mate sequences so as to allow insertion of a guide sequence at each site. In
such an arrangement, the two or more guide sequences may comprise two or more copies 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 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, &, 9, 1{, 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. In some embodiments, a vector comprises a regulatory clement operably
linked to an enzyme-coding sequence encoding a CRISPR enzyme, such as a Cas protein.
CRISPR enzyme or CRISPR enzyme mRNA or CRISPR guide RNA or RNA(s) can be
delivered separately; and advantageously at least one of these is delivered via a panoparticle
complex. CRISPR enzyme mRNA ¢an be delivered prior to the guide RNA to give time for
CRISPR enzyme to be expressed. CRISPR enzyroe 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 {-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 RNA might be useful to achigve the most efficient levels of
genome modification.

162531 In oue aspect, the jnvention provides methods for using one or more clements of a
CRISPR systern.  The CRISPR complex of the invention provides an otffective mweans for
moditving a target polynucleotide. The CRISPR complex of the invention has a wide variety of
utility including moditying {o.g, deleting, inserting, translocating, ivactivating, 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, e.g., gene therapy, drug screening, disease

diagnosis, and prognosis. An exerplary CRISPR complex comprises a CRISPR enzyme
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complexed with a guide sequence hybridized to a target sequence within the target
polymucleotide. The guide sequence is linked fo a tracr roate sequence, which in turn hybridizes
to g tracr sequence. In one embodiment, this mvention provides a method of cleaving 3 target
polymucleotide. The method comprises modifyving a target polymucleotide using a CRISPR
complex that binds to the target polymicleotide and effect cleavage of said target polynucleotide.
Typically, the CRISPR complex of the mvention, when introduced into a cell, creates a break
{e.g., a single or a double strand break) in the genome seguence. For example, the method can
be used to cleave a disease gene in a cell. The break created by the CRISPR complex can be
repatred by a repair processes such as the error prone non-homologous end joining (NHEJD)
pathway or the high fidelity homslogy-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 example, an exogenous
polvoucleotide template coroprising a sequence to be iontegrated flanked by an upstream
sequence and a downgiream sequence is introduced into a cell. The upstream and downstream
sequences share sequence similarity with either side of the site of integration in the chromosome.,
Where desived, a donor polynucieotide can be DNA, ¢.g., a DNA plasnud, a bacterial artificial
chromosome (BAC), 3 yeast artificial chromosome (Y AC), a viral vector, a linear picce of DNA,
a PCR fragment, a naked nucleic acid, or a nucleic acid complexed with a delivery vehicle such
as a liposome or poloxamer. The exogenous polynucleotide ternplate comprises a sequence to be
mtegrated (e.g., a mutated gene). The sequence for integration may be a sequence cudogenous
or exogenous to the cell. Examples of a sequence to be integrated inchude polymucleotides
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 downstream
sequences in the exogenous polymicleotide template are selected to promote recombination
between the chromosomal seqoence of interest and the donor polynucleotide.  The upstream
sequence is a nucleic acid sequence that shares sequence similarity with the genome sequence
upstream of the targeted site for integration. Similarly, the downstream sequence 15 a nucleic
acid sequence that shares sequence similarity with the chromosomal sequence downstream of the
targeted site of integration. The upstream and downstream sequences in the coxogenous
polynucicotide template can have 75%, 80%, 85%, 90%, 95%, or 100% sequence identity with
the targeted genome sequence. Preferably, the upstream and downstream sequences in the

exogenous polynucleotide template have about 85%, 96%, 97%, 98%, 99%, or 100% scquence
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identity with the targeted genome sequence. In some methods, the upstream and downstream
sequences 1o the exogenous polynucleotide teraplate have about 99% or 100% sequence wdentity
with the targeted genome sequence. An upstream or downstream sequence may comprise from
about 20 bp to about 2500 bp, for example, about 50, 104, 200, 300, 400, 500, 600, 700, 300,
900, 1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1804, 1900, 2000, 2100, 2200, 2300,
2400, or 2500 bp. In some methods, the exemplary upstream or downstrearn sequence have
about 200 bp to about 2000 bp, about 600 bp to about 1000 by, or more particularly about 700 bp
to about 1000 bp. Tn some methods, the exogenous polymucleotide template may further
comprise a marker. Such a marker may make it casy to screen for targeted infogrations.
Examples of suitable markers include restriction sites, tluorescent proteins, or selectable
markers. The exogenous polynucleotide template of the invention can be constructed using
recombinant techniques (see, tor example, Sambrook et al., 2001 and Aasubel et al., 1996). Ina
method for modifying a target polyoucleotide by integrating an exogenous polyoucieotide
template, a double stranded break is introduced into the genome sequence by the CRISPR
complex, the break is repaired via homologous recombination an exogenous polynucleotide
template such that the teraplate 18 integrated into the genome. The presence of a double-stranded
break facilitates integration of the ternplate. In other embodiments, this invention provides a
method of modifying expression of a polynucleotide in a cukaryotic cell. The method comprises
fereasing or decreasing expression of a target polynuocleotide by using a CRISPR complex that
binds to the polyoucieotide. In some methods, a target polynucleotide can be nactivated to effect
the modification of the expression in 3 celll For cxample, upon the binding of a CRISPR
complex {0 a target sequence in 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, 3 protein or microRNA coding sequence may be
inactivated such that the protein or microRNA or pre-microRNA transcript is not produced. In
some methods, a control sequence can be mnactivated sach 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 nucleic acid sequence. Examples of g control
sequence inchide, a promoter, a transcription terminator, and an enhancer are control sequences.
The target polynucleotide of a CRISPR comoplex can be any polynucleotide endogenous or
exogenous to the eukarvotic cell. For example, the target polynucleotide can be a polynucieotide
residing in the nucleus of the eukaryotic cell. The target polynucieotide can be a sequence

coding & gene product (e, & protein) or a von-coding sequence {e.g., a regulatory
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polymacleotide or a3 junk DNA). Examples of target polynucleotides inchide a sequence
associated with a signaling biochemical pathway, ¢.g., a signaling biochemical pathway-
associated gene or polynucleotide. Examples of target polynucleotides include a discase
associated gene or polynucleotide. A “diseasc-associated” gene or polynucleotide refers to any
gene or polynuacleotide which is yielding transcription or translation products at an abnormal
level or in an abnormal form in cells derived from a disecase-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; 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 disease. A
discase-associated gene also refers to a gone possessing mutation{s) or genetic variation that is
directly responsible or is in linkage disequilibrium with a gene(s) that is responsibie for the
etiology of a disease. The transcribed or translated products may be known or vnknown, and
may be at a normal or abnormal level, The target polynucleotide of a CRISPR complex can be
any polynucieotide endogenous or exogenous to the cukaryotic cell. For example, the target
polynucieotide can be a polynuclestide residing in the mucleus of the cukaryotic cell. The target
polymucleotide can be a sequence coding a gene product (e.g., & protein) or a nou-coding
sequence (e.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 s, a short sequence recognized by the CRISPR comples. The precise
sequence and length requirements tor 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 skilled
person will be able to identify further PAM sequences for use with a given CRISPR enzyme. In
some embodiments, the method comprises allowing a CRISPR complex to bind to the target
polymucleotide to effect cleavage of said target polynucleotide thereby modifying the target
polvoucleotide, wherein the CRISPR complex comprises a CRISPR enzyme complexed with a
guide sequence hybridized to a target sequence within said target polynuciootide, wherein said
guide sequence is 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 polynucleotide in a
cukaryotic cell. Tn some embodiments, the method comprises allowing a CRISPR complex fo
bind to the polynucieotide such that said binding results in increased or decreased expression of
said polvnucleotide; wherein the CRISPR complex comprises a CRISPR enzyme complexed

with a guide sequence hybridized (o a target sequence within said polynucleotide, wherein said

70



WO 2015/089465 PCT/US2014/070135

guide sequence is linked to a tracr mate sequence which in turn hybridizes to a tracr sequence.
Simular considerations and conditions apply as above for methods of moditying a target
polymucleotide. 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 polynocleotide in a cukaryotic cell, which may be i vivo, ex vive or in viro. In some
embaodiments, the method comprises sarapling 4 cell or population of celis from a human or non-
human animal, and modifying the cell or cells. Culturing may occur at any stage ex vivo. The
cell or cells may even be re-introduced into the non-hursan animal or plant. For re-introduced
cells it 18 particularly preferred that the cells are stem cells,

{6253} Indeed, in any aspect of the invention, the CRISPR complex may comprise a CRISPFR
enzyme complexed with a guide sequence hybridized to a target sequence, wherein said guide
sequence may be linked to a tracr mate sequence which in torn may hybndize to a tracr
5CUCHCE,

13254] The invention relates to the engineering and optimization of systerns, methods and
compositions used for the control of gene expression involving sequence targeting, such as
genorae perturbation or gene-editing, that relate to the CRISPR-Cas system and cornponents
thercot. In advantageous embodiments, the Cas enzyme is Cas?. An advantage of the present
methods is that the CRISPR system minimizes or avoids off-target binding and its resulting side
effects. This is achieved using systems arranged to have a high degree of sequence specificity

for the target DNA.

[6255] {Cas9 optimization may be used to enhance function or to develop new functions, one
can generate chimeric Cas9 proteins, as demonstrated in the Examples. Chimeric Cas9 proteins
can be made by combining fragments from different Cas9 homologs. For exaraple, two example
chimeric CasY proteins from the Cas9s described herein, For example, Applicants fused the N-
term of St1Cas9 (fragment from this protein is in bold) with C-term of SpCas¥. The benefit of
making chimeric Cas%s include any or all oft reduced tfoxicity; improved expression in
cukaryotic celis; enhanced specificity; reduced molecular weight of protein, for example,
making the protein smaller by combining the smallest domains from different Cas® homologs;
and/or altering the PAM sequence requirement.

16256] The Cas® may be used as a generic DNA binding protein as demonstrated in the

Examples. Applicants used Cas® as a generic DNA binding protein by mutating the two
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catalytic domains (D10 and H84{0) responsible for cleaving both strands of the DNA target. In
order to upregulate gene transcription at a target locus Applicants fused a transcriptional
activation domain (VP64) to Cas®, Other transcriptional activation domains are known, As
shown in the Examples transcriptional activation is possible as well as gene repression using a
Cas9 repressor {DNA-binding domain) that binds to the target gene sequence, thus repressing s
activity.

132571 Cas9 and one or more guide RNA can be delivered using adeno associated virug
(AAV), lentivirus, adenovirus or other plasmid 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 plasmidsy and from clinical trials and publications regarding the clinical trials involving
fentivirns, AAV and adenovirus. For examples, for AAV, the route of administration,
forraulation and dose can be as in US Patent No. 8,454,972 and as in clinical trials nvolving
AAV. For Adenovirus, the route of administration, formulation and dose can be as in US Patent
No. 8,404,658 and as in clinical trials involving adenovirus, For plasmid delivery, the route of
administration, formulation and dose can be as in US Patent No 5,346,946 and as i clinical
studies involving plasmids, Doses may be based on or extrapolated to an average 70 kg
individual {e.g. a male adult human), and can be adjusted for patients, subjects, mammals of
different weight and species. Frequeucy of administration s within the ambit of the medical or
veterinary practitioner (©.g., physician, veterinarian), depending on usual factors including the
age, sex, gencral health, other conditions of the patient or subject and the particular condition or
symptoms being addressed.

3258} The viral vectors can be injected into the tissue of interest. For cell-type specific
genorme modification, the expression of Cas9 can be driven by a cell-type specific promoter. For
example, liver-specific expression might use the Albumin promoter whereas neuron-specific

expression (for viruses which may be latent in the brain) muight use the Synapsin I promoter,

Transgenc animals and plants

13259] Transgenic animals are also provided. Preferred examples inchude animals
comprising Cas9, in terms of polynucleotides encoding Cas9 or the protein itself. Mice, rats and
rabbits are preferred. To generate transgenic mice with the constructs, as exernplified herein one
may inject pure, lincar DNA into the pronucleus of a zygote from a pscudo pregnant fomale, e.g.

a {UB56 female. Founders may then be identified, genotvped, and backerossed to CBS7 mice,
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The constructs may then be cloned and optionally verified, for instance by Sanger sequencing.
Kunock outs are cnvisaged where for instance one or more genes are knocked out in a model.
However, are knocking are alse envisaged (alone or in combination). An example knockin Cas®
mouse was gencrated and this is exemplified, but Cas9 knockins are preferred. To generate a
Cas9 knock in mice one may target the same constitutive and conditional constructs to the
Rasa26 locus, as described herein (Figs. 25A-B and 26). Methods of US Patent Publication Nos.
201200172990 and 201 1026519¥ assigned to Sangamo BioSciences, Inc. directed to targeting the
Rosa locus may be modified to utilize the CRISPR Cas system of the present invention. Tn
another embodiment, the methods of US Patent Publication No. 20130236946 assigned to
Celiectis directed to targeting the Rosa locus may also be modified to utilize the CRISPR Cas
system of the present invention.

[6260] Utility of the conditional Cas9 mouse: Applicants have shown in 293 cells that the
Cas9 conditional expression construct can be activated by co-expression with Cre. Applicants
also show that the correctly targeted RI mESCs can have active Cas® when Cre is expressed.
Because Cas9 is followed by the PZA peptide cleavage sequence and then EGFP Applicants
wdentify successful expression by observing EGFP. Applicants have shown Cas9 activation in
mESCs. This same concept is what makes the conditional Cas9 mouse so useful. Applicants may
cross their conditional Cas9 mouse with a mouse that ubiquitously expresses Cre (ACTB-Cre
line) and may arrive at a mouse that expresses Cas9 in every cell. It should only take the delivery
of chimeric RNA to induce genome editing in crabryvonic or adult mice. Intorestingly, it the
conditional Cas® mouse is crossed with a mouse expressing Cre under 2 tissue specific promoter,
there should only be Cas? in the tissues that also express Cre. This approach may be used to edit

the genome in only precise tissues by delivering chimeric RNA to the same tissue.

Delivery cencrally

3261} Vector delivery, e.g., plasmid, viral delivery: The CRISPR enzyme, for instance a
(Cas9, and/or any of the present RNAs, for instance a guide RNA, can be delivered using any
suitable vector, ¢.g., plasmid or viral vectors, such as adeno associated virus (AAV), lentivirus,
adenovirus or other viral vector types, or combinations thereof. Cast and one or more guide
RMNAs can be packaged into one or more vectors, €.g., plasmid or viral vectors. In some
embodiments, the vector, e.g., plasmid or viral vector is delivered to the tissue of intercst by, for
example, an intramuscular injection, while other times the delivery is via intravewous,

transdermal, intranasal, oral, nmcosal, or other delivery methods. Such delivery may be cither
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via a single dose, or multiple doses. One skilled in the art understands that the actual dosage to
be delivered hercin may vary greatly depending upon a variety of factors, such as the vector
choice, the target cell, organism, or tissue, the general condition of the subject to be treated, the
degree of transformation/modification sought, the administration route, the admimstration mode,
the type of transformation/modification sought, etc.

162631 Such a dosage may further contain, for example, a carner {water, saline, cthanol,
glycerol, lactose, sucrose, calcium phosphate, gelatin, dextran, agar, pectin, peanut oil, sesame
oil, etc.), a diluent, a pharmaceuntically-acceptable carrier (e.g., phosphate-buffered saline), a
pharmoaceutically-acceptable excipient, and/or other corapounds known in the art. The dosage
may further contain one or more pharmaceutically acceptable salts such as, for example, a
mineral acid salt such as a hydrochloride, a hydrobromide, a phosphate, a sulfate, etc.; and the
salts of organic acids such as acetates, propionates, malonates, benzoates, etc.  Additionally,
auxiliary substances, such as wetting or emulsifying agents, pH buffering substances, gels or
gelling materials, flavorings, colorants, microspheres, polymers, suspension agents, ¢tc. may also
be present herein. In addition, one or more other conventional pharmaceutical ingredients, such
as preservatives, humectants, suspending agents, surtactants, antioxidants, anticaking agents,
fillers, chelating agents, coating agents, chemical stabilizers, etc. may also be present, especially
it the dosage form is a reconstitutable form. Suitable exemplary ingredients include
microcrystalline cellulose, carboxymethylcellulose sodium, polysorbate 80, phenviethy! alcohol,
chlorohutanol, potassium sorbate, sorbic acid, sulfur dioxide, propyl gallate, the parabens, ethyl
vanillin, glycerin, phenol, parachlorophenc!, gelatin, albumin and a combination thereof A
thorough discussion of pharmaceutically acceptable excipients is available in REMINGTON'S
PHARMACEUTICAL SCIENCES (Mack Pub. Co., NI 1981} which is incorporated by
reference herein.

16263} in an embodiment herein the delivery is via an adenovirus, which may be at a single
booster dose containing at least T x 10° particles (also referred to as particle units, pu) of
adenoviral vector. In an embodiment herein, the dose preferably is at least about 1 x 10°
particles (for example, about 1 x 10°-1 x 10" particles), more preferably at least about | x 107
particles, more preferably at least about 1 x 10 particles (e.g., about 1 x 10%1 x 10" particles or
about | x 10%-1 x 10" particles), and most preferably af least about 1 x 10° particles {e.g., about
t x 10°-1 x 10" particles or about 1 x 1071 x 10" particles), or even at least about 1 x 10Y
particles (e.g., about 1 x 10'%1 x 10" particles) of the adenoviral vector. Alternatively, the dose

. . 14 . - ‘ 13
comprises no more than about 1 x 10" particles, preferably no more than about 1 x 107
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particles, even more preferably no more than about 1 x 107 particles, even more preferably no
more than about 1 x 10" particles, and most proferably no more than about 1 x 10" particles
{e.g., no more than about 1 x 107 articles). Thus, the dose may contain a single dose of
adenoviral vector with, for example, about 1 x 10° particle units {pu), about 2 x 10° pu, about 4 x
10° pu, about 1 x 107 pu, about 2 x 107 pu, about 4 x 107 pu, about 1 x 10% py, about 2 x 10° pu,
about 4 x 1¢° pu, about I x 1 pu, about 2 X 1’ pu, about 4 x 10’ pu, about | x (oM pu, about 2
x 10" pu, about 4 x 10" pu, about 1 x 10" py, about 2 x 10" pu, about 4 x 10" pu, about 1 x
10 pu, about 2 x 10" pu, or about 4 x 10" pu of adenoviral vector.  See, for example, the
adenoviral vectors in ULS. Patent No. 8,454,972 B2 1o Nabel, et. al., granted on June 4, 2013;
incorporated by reference herein, and the dosages at col 29, lines 36-58 thereof. In an
embediment herein, the adenovirus is delivered via multiple doses.

{3264] In an embodiment herein, the delivery is via an AAV. A therapeutically effective
dosage for in vivo delivery of the AAV 1o a huran s believed to be in the range of from about
20 to about 50 mi of saline solution containing from about 1 x 10°% to about 1 x 10" functional
AAV/ml solution. The dosage may be adjusted to balance the therapeutic benefit against any side
cffects. Tu an ernbodiraent herein, the AAV dose is generally in the range of concentrations of
from about 1 x 10° to 1 x 107" genomes AAV, from about 1 x 10 to 1 x 10™ genomes AAV,

1%

from about 1 x 10" to about 1 x 10" genomes, or about 1 x 10" t0 about 1 x 10" genomes
AAV. A human dosage may be about 1 X o genomes AAV. Such concentrations may be
delivered in from about 0.001 mi to about 100 ml, about 0.05 to about 50 mi, or about 10 to
about 25 ml of a carrier solution. Other effective dosages can be readily established by one of
ordinary skill in the art through routine trials establishing dose response curves.  See, for
example, U.S. Patent No. 8,404,658 B2 to Hajjar, ¢t al., granted on March 26, 2013, at col. 27,
lines 45-60.

[6265] in an embodiment herein the delivery is via a plasmid. In such plasmid compositions,
the dosage should be a sufficient amount of plasmid to elicit a response. For instance, suitable
quantitics of plasmid DNA 1o plasmid compositions can be from about 0.1 to about 2 mg, or
from about 1 pg to gbout 10 pg per 70 kg individual, Plasmids of the invention will generally
comprise {1} a promoter; (i1} a sequence encoding a CRISPR enzyme, operably linked to said
promoter; (i1t a selectable marker; (iv) an origin of replication; and (v) a transcription terminator
downstream of and operably linked to (ii). The plasnuid can also encode the RNA components of

a CRISPR complex, but one or more of these may instead be encoded on a different vector.
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[3266] The doses hergin are based on an average 70 kg individual. The frequency of
administration is within the ambit of the medical or veterinary practitioner {e.g., physician,
veterinarian), or scientist skilled in the art. It is also noted that mice used in experiments are
typically about 20g and from mice experiments one can scale up to a 7¢ kg individual.

{62671 In some embodiments the RNA molecules of the invention are delivered in liposome
or lipofectin forroulations and the like and can be prepared by methods well known to those
skilled in the art. Such methods are described, for example, in U.8. Pat. Nos. 5,593,072,
5,589,466, and 5,580,859, which are herein incorporated by reference. Delivery systems aimed
specifically at the enhanced and improved delivery of siRNA into mammalian cclls have been
developed, (see, for example, Shen et al FEBS Let. 2003, 539:111-114; Xia et al., Nat. Biotech.
2002, 20:1006-1010; Reich et al, Mol Vision. 2003, ¢: 210-216; Sorensen et al,, J. Mol Biol.
2003, 327: 761-766; Lewis et al., Nat. Gen. 2002, 32: 147-108 and Simeont et al., NAR 2003,
31, 11 2717-2724) and may be applied 1o the present invention. siRNA has recently been
successfully used for inhibition of gene expression in primates (see for example. Tolentino et al.,
Retina 24(4):660 which may also be applied to the present invention.

[B3268] Indeed, RNA dehvery is a useful method of in vive delivery. It is possible to deliver
Cas9 and gRNA (and, for instance, HR repair template) into cells using liposomes or
nanoparticles.  Thus delivery of the CRISPR enzyme, such as a Cas9 and/or delivery of the
RMNAs of the ivention may be in RNA form and via microvesicles, liposomes or nanoparticles.
For example, Cas9 mRNA and gRNA can be packaged into liposomal particles for delivery in
vivo. Liposomal transfection reagents such as lipofectamine from Life Technologies and other
reagents on the market can effectively deliver RNA molecules into the liver.

(6269} Means of delivery of RNA also preferred inchide delivery of RNA via nanoparticles
(Cho, 8., Goldberg, M., Son, 8., Xu, 3., Yang, F., Mei, Y., Bogatyrev, S., Langer, R, and
Anderson, D, Lipid-like nanoparticles for small interfering RNA delivery to endothelial celis,
Advanced Functional Materials, 19: 3112-3118, 2010) or exosomes (Schroeder, A., Levins, €,
Cortez, C., Langer, R., and Anderson, D., Lipid-based nanotherapeutics for siRNA delivery,
Journal of Internal Medicine, 267: 9-21, 2010, PMID: 20059641). Indeed, exosomes have been
shown to be particularly useful in delivery siRNA, a system with some parallels to the CRISPR
system. For instance, Fl-Andaloussi §, et al. {(“Exosome-mediated delivery of siRNA in vitro
and in vive.” Nat Protoc. 2012 Dec;7(1232112-26. doi: 10.1038/0prot.2012.131. Epub 2012 Nov
15.) describe how exosomes are promising tools for drug delivery across different biological

barriers and can be hamessed for debivery of siRNA in vitro and in vivo. Their approach is to
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generate targeted exosomes through transfection of an expression vector, comprising an
exosomal protein fused with a peptide igand. The cxosomes are then purify and characterized
from transfected cell supernatant, then RNA is loaded into the exosomes. Delivery or
administration according to the invention can be performed with exosomes, in particular but not
himited to the brain. Vitamin E (o-tocopherol) may be conjugated with CRISPR Cas and
delivered to the brain along with hugh density hpoprotein (HDL), for example in a similar
manner as was done by Uno et al. (HUMAN GENE THERAPY 22:711-719 (June 201 1)) for
debivering short-interfering RNA (siRNA) to the brainn.  Mice were nfused via Osmotic
minipunips (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 abowt §.5mm posterior to the bregma at midline for infusion into the
dorsal third ventricle. Uno et al. foand that as hittle as 3 nmol of Toe-siRNA with HDL could
induce a target reduction in coraparable degree by the sarmne ICV infusion method. A similar
dosage of CRISPR Cas conjugated to g-tocopherol and co-administered with HDL targeted to
the brain may be contemplated for humans in the present invention, for example, about 3 nmol to
about 3 pmol of CRISPR Cas targeted to the brain may be contemplated. Zou ot all (HUMAN
GENE THERAPY 22:465-475 {Aprit 2011)) describes 3 method of lentiviral-mediated delivery
of short-hairpin RNAs targeting PKCy for in vivo gene silencing in the spinal cord of rats. Zou et
al. administered about 10 ul of a recombinant fentivirus having a titer of 1 x 10’ transducing
units (FUYml by an intrathecal catheter. A sirpilar dosage of CRISPR Cas expressed in a
fentiviral vector targeted to the brain may be contemplated for humans in the present invention,
tor example, about 10-50 ml of CRISPR Cas targeted to the brain in a lentivirus having a titer of
1 x 10" transducing units {TU)/ml may be contemplated.

[6278] I terms of local delivery to the brain, this can be achieved in various ways. For
instance, material can be delivered intrastriatally e.g. by injection. Injection can be performed
stereotactically via a craniotomy.

162711 Enhancing NHEJ or HR efficiency is also helptul for delivery, 1t is preferred that
WHEJ efficiency is enhanced by co-cxpressing end-processing enzymes such as Trex?2
{Dumitrache et al. Genetics. 2011 August; 188(4): 7877973, 1t is preferred that HR efficiency is
tncreased by transiently inhibiting NHEJ machineries such as Ku70 and KuR6., HR efficiency
can also be increased by co-expressing prokarvotic or cukaryotic homologous recombination

enzymes such as RecBCD, RecA.
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Packacing and Promoters senerally

(62721 Ways 0 package Cas9 coding nucleic acid molecules, e.g., DNA, into vectors, e.g.,
viral vectors, to mediate genome modification iz vive include:

To achieve NHE -mediated gene knockout:

Single virus vector:

Vector coutaining two OF ore SXPression cassetics:
Promoter-Cas9 coding nucleic acid molecule -terminator
Promoter-gRNA I-terminator
Promoter-gRNA2-terminator
Promoter-gRNA(N)-terminator (up to size limit of vector)

Double virus vector:

Vector 1 containing one expression cassetie for driving the expression of Cas9

Promoter-Cas9 coding nucleic acid molecule-terminator

Vector 2 containing one more expression cassettes for driving the expression
of one or more guideRNAs

Promoter-gRNA 1 -terminator

Promoter-gRNA(N)-terminator (up to size limit of vector)

To mediate homology-directed repair.

(6273} In addition to the single and double virus vector approaches deseribed above, au
additional vector s used to deliver a homology-divect repair template.

16274] The promoter used to drive Cas% coding nucleic acid molecule oxpression can
inchude:

AAV ITR caun serve as a prorgoter: this & advantageous for climinating the need for
an additional promoter clement (which can take up space in the vector). The
additional space freed up can be used to drive the expression of additional
elements (gRNA, etc.). Alse, ITR activity 1s relatively weaker, so can be used
to reduce potential toxicity due to over expression of Cas9.

For ubiquitous expression, can use promoters: CMV, CAG, CBh, PGK, SV4(,
Ferritin heavy or light chains, ete.

For brain or other CNS expression, can ase promoters: Synapsinf for all neurons,
CaMKlalpha for excitatory neurons, GADG7 or GADGS or VGAT for
GABAergic nearons, etc.

For Liver expression, can use Albumin promoter.
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For hung expression, can use SP-B.
For endothelial cells, can use ICAM.
For hematopoietic cells can use IFNbeta or CD45,
For Osteoblasts can use 0OG-2.

[6275] The promoter used to drive guide RNA can inchude:
Pol Hi promoters such as U6 or H

Use of Pol H promoter and intronic casseties to express gRNA

Adeno associaied virus (AAV)

16276] Cas9 and one or more guide RNA can be dehivered using adeno associated vivus
(AAV), lentivirus, adenovirus or other plasraid 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 AAVY) and 5,846,946 (formulations, doses for
DNA plasmids) and from clivical trials and publications regarding the chinical trials jovolving
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 trials involving
AAY. For Adenovirys, the roule of admimsiration, formulation and dose can be as in US Paient
No. 8,404,658 and as in chinical trials involving adenovitus, For plasmid delivery, the route of
administration, formulation and dose can be as in US Patent No 5,846,946 and as in clinical
studics involving plasmids. Doses may be based on or extrapolated to an average 70 kg
individual (e.g. a male adult human), and can be adjusted tor patients, subjects, mammals of
differcnt weight and species. Frequency of administration is within the arabit of the medical or
veterinary practitioner (e.g., physician, 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. The viral vectors can be injected into the tissue of interest, For cell-
type specific genome modification, the expression of CasY can be driven by a cell-type specific
promoter. For example, fiver-specific expression might use the Albumin promoter and neuron-
specific expression (e.g. for targeting CNS disorders) might use the Synapsin | promoter.
8277} In terms of in vive delivery, AAV is advantagecus over other viral vectors for a
couple of reasons:

Low toxicity {this may be due to the purification method not requiring ultra

centrifugation of ccll particles that can activate the imynune response)
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Low probability of causing insertional mutagenesis because it doesn’t integrate into

the host genome,
8278} AAV has g packaging Hmit of 4.5 or 4.75 Kb, This means that Cas9 as well as a
promeoter and transcription terminator have to be all fit into the same viral vector. Constructs
larger than 4.5 or 4.75 Kb will lead to significantly reduced virus production. SpCas9 is quite
large, the gene tiself 15 over 4.1 Kb, which makes it difficult for packing mio AAV. Therefore

embodiments of the invention inchude utilizing homologs of Cas9 that are shorter. For example:

Specigs {Cas9 Size
Corynebacter diphtheriae 3252
Eubacterium ventriosum 3321
Streptococcus pastcurianus 3390
Lactobacillus farciminis 3373
Sphaerochacta globus 3537
Azospirithim BS10 3504
Gluconacetobacter diazotrophicus 3150
Neisseria cinerea 3246
Roscburia intestinalis 34246
Parvibaculum lavamentivorans 311
Staphylococcus aurcus 3158
Nitratifractor salsuginis DSM 16511 3396
Campylobacter lari CF89-12 3009
Streptococcus thermophiins LMD-9 3396

8279 These species are therefore, in general, preferred Cas9 species,

[8288] Astc AAV, the AAV can be AAVE, AAV2, AAVS or any combination thereof. One
can select the AAV of the AAV with regard to the cells to be targeted; ¢.g., one can sclect AAY
serotypes I, 2, 5 or a hybrid capsid AAVE, AAVZ, AAVS or any combination thereof for
targeting brain or nearonal cells; and one can select AAV4 for targeting cardiac fissue. AAVE is
useful for delivery to the liver. The hercin promoters and vectors are preforred individually, A
tabufation of certain AAVY serotypes as to these cells (see Grimm, D, et al, J. Virol 82: 5887-

3911 (2008)) is as follows:

Cell Line AAV-HAAV-ZAAV-UAAV-4AAV-SIAAV-GIAAV-RIAAV-Y
Huh-7 3 W 25 0.0 3.1 10 3.7 0.0
HEK293 25 100 § 2.5 0.1 0.1 5 0.7 0.1
Hela 3 166 § 2.0 0.1 6.7 i 0.2 (3.1
Hep(2 3 0o | 167 1 03 17 5 0.3 | ND
HeplA 20 66+ 02 1.0 0.1 1 .2 G.0
D11 17 160 i1 0.2 0.1 17 0.1 ND
CHO 160 | 166 14 1.4 | 333 50 10 1.0
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COS 33 100 33 3.3 5.0 14 2.0 0.5
MeWo 10 100 20 0.3 6.7 10 1.0 0.2
MNIH3T3 10 100 | 29 29 0.3 10 0.3 | ND
AS40 14 160 20 ND | 0.5 10 0.5 0.1
HT1IRO 20 100 1{ 0.1 0.3 33 0.5 0.1
Monocytes FIEL ) 100 | ND | N | 125 | 1429 { ND | ND
Immature DO 25060 1 100 | ND | ND | 222 1 2857 1 ND | ND
Mature DC {2222 1 100 | ND | ND | 333 {3333 {1 ND | ND
Lentivirus
{6281} Lentiviruses are complex retroviruses that have the ability to infect and express their

genes in both mitotic and post-mitotic cells. The most commonly known lentivirus is the human
immunodeticiency virus (HIV), which uses the envelope glvcoproteins of other viruses to target
a broad range of cefl types.

8282} Lentiviruses may be prepared as follows. After cloning pCasESIO (which contains a
tentiviral transfer plasomid backbone), HEK29IFT at low passage {(p=35) were seeded in a T-75
flask to 50% confluence the day before transfection in DMEM with 10% fetal bovine serum and
without antibictics. After 20 hours, media was changed to OptiMEM (serum-free} media and
transfection was done 4 hours later. Cells were transfected with 10 ug of lentiviral transfer
plasmid (pCasESI0) and the following packaging plasmids: § pg of pMD2.G (VSV-g
pscudotype), and 7.5ug of psPAXZ {gag/polirev/iat). Transfection was done in dmb OptiMEM
with a cationic hipid delivery agent (50ull Lipotectarnine 2000 and [00ul Plus reagent). After 6
hours, the media was changed 1o antibiotic-free DMEM with 10% fetal bovine serum. These
methods use serum during cell culture, but serurn-free methods are preferred.

{6283} Lentivirus may be purnified as follows. Viral supernatanis were harvested after 48
hours, Supemnatants were first cleared of debris and filtered through a 0.45um low protein
binding (PVDF) filter. They were then spun in a uliracentrifuge for 2 hours at 24,000 rpm. Viral
peliets were resuspended in Sl of DMEM overnight at 4C. They were then aliquotted and
immediately frozen at -30°C.

{3284 In another embodiment, minimal non-primate lentiviral vectors based on the equine
infectious aneria virus (EIAV) are also contemplated, especially for ocular gene therapy {(see,
e.g., Balagaan, J Gene Med 2006; & 275 - 285). In another embodiment, RetinoStat®, an
equine infections anermia virus-based lentiviral gene therapy vector that expresses angiostatic
proteins endostatin and angiostatin that is delivered via a subretinal injection for the treatment of

the web form of age-related macular degeneration is also contemplated (see, e.g., Binley ¢t al,,
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HUMAN GENE THERAPY 23:980-991 (September 2012)) and this vector may be modified for
the CRISPR-Cas system of the present invention.

3285} I another embodiment, self-inactivating lentiviral vectors with an siRNA targeting a
common exon shared by HIV tat/rev, a nucleolar-localizing TAR decoy, and an anti-CCRS3-
specific hammerhead ribozyme (see, e.g., DiGiusto et al. (2010) Sci Transl Med 2:36va43) may
be used/and or adapted to the CRISPR-Cas systom of the present invention. A miniroum of 2.5 x
10° CD34+ cells per kilogram patient weight may be collected and prestimulated for 16 to 20
hours in X-VIVQO 15 mediimn (Lonza) containing 2 umol/L-glutamive, stem cell factor (100
ag/mal), Fit-3 hgand (FI-31) (100 ng/ml), and thrombopoietin (10 ng/md) (CeliGenix) at a
density of 2 x 10° cells/mi. Prestimulated cells may be transduced with lentiviral at a multiplicity
of infection of § for 16 to 24 hours in 75-cm” tissue culiure flasks coated with fibronectin (25
mg/em’) (RetroNectin, Takara Bio Inc.).

{6286} Lentiviral vectors have been disclosed as in the treatment for Parkinson’s Discase,
see, e.g., US Patent Publication No. 20120295960 and US Patent Nos. 7303910 and 7351545,
Lentiviral vectors have also been disclosed for the treatment of ocular diseases, see e.g., US
Patent Publication Nos. 20060281180, 20090007284, US20UI0117189; US20090017543;
US20070054961, US20100317109. Lentiviral vectors have also been disclosed for delivery to
the brain, see, ec.g., US Patent Publication Neos. US20110293571;, US20110293571,
US20040013648, US20070025970, US200901 11106 and US Patent No. UST7259015.

BINA delivery

{6287} RNA delivery: The CRISPR enzyme, for instance g Cas9, and/or any of the present
RMNAs, for instance a guide RNA, can also be delivered in the form of RNA. Cas9 mRNA can be
generated using in vigro transeription. For example, Cas® mRNA can be synthesized using a PCR
cassctic containing the following elements: T7 promoter-kozak sequence {GCCACC)-Cas9-3°
UTR from beta globin-polvA tail {a string of 120 or more adenines). The cassette can be used for
transcription by T7 polymerase. Guide RNAs can also be transcribed using in vitro transcription
from a cassette containing T7_promoter-GG-guide RNA sequence.

8288} To enhance expression and reduce possible toxicity, the CRISPR enzyme-coding
sequence and/or the guide RNA can be modified to include one or more modified nucleoside e.g.
psing pseudo-U or S-Methyi-C.

16289 mRNA delivery methods are especially promising for liver delivery currently,
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[3296] Much clinical work on RNA delivery has focused on RNAi1 or antisense, but these
systems can be adapted for delivery of RNA for vmplementing the present invention. References

below to RNAI ere. should be read accordingly.

Nanoparticles

(6291} CRISPR enzyme mRNA and guide RNA may be delivered sinmultancously using
nanoparticles or lipid envelopes. For exaraple, Su X, Fricke I, Kavanagh DG, Irvine DJ (“To
vitro and in vivo mRNA delivery using lipid-enveloped pH-responsive polymer nanoparticles”
Mol Pharm. 2011 Jun 6:8(3%.774-87. doi: 10.1021/mp100390w. Epub 2011 Apr 1) describes
biodegradable core-shell stroctured nanoparticles with a poly(B-amino ester) (PBAE) core
cuveloped 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
lipid surface layer was selected to minimize toxicity of the polycation core. Such are, therefore,
preferred for delivering RNA of the present invention.

16292} I one embodiment, nanoparticies based on sclf assembling bicadhesive polymers are
contemplated, which may be applied to oral delivery of peptides, intravenous delivery of
peptides and nasal delivery of peptides, all to the brain. Gther embodiments, such as oral
absorption and ocular delivery of hydrophobic drugs are also contemplated.  The molecular
envelope technology involves an engineered polymer envelope which is protected and delivered
to the site of the disease {see, ¢.g., Mazza, M. et al. ACSNano, 2013, 7(2): 1016-1026; Siew, A,,
et al, Mol Pharm, 2012, 9(1):14-28; Lalatsa, A, ctal. J Contr Rel, 2012, 161(2):523-36; Lalatsa,
A., et al, Mol Pharm, 2012, 9(6):1665-80; Lalatsa, A., ot al. Mol Pharm, 2012, 9(6):1764-74;
Garrett, N.L., et al. | Biophotonics, 2012, 5{(5-6):458-68; Garrett, N.L., ot al. J Raman Spect,
2012, 43(5):681-688; Ahmad, S., ¢t al. J Royal Soc Interface 2010, 7:S423-33; Uchegbu, LF.
Expert Opin Drug Deliv, 2006, 3(5%:629-40; Qu, X ¢t al. Bloroacromolecules, 2006, 7(12):3452-
9 and Uchegbu, LF, ot al. Int J Pharm, 2001. 224:185-199). Doses of about S mg/kg are
contemplated, with single or multiple doses, depending on the target tissue.

18293] I one embodiment, nanoparticles that can deliver RNA to a cancer cell to stop tumor
growth developed by Dan Anderson’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, ¢.g., Alabi et al,, Proc Natl Acad Sci U S AL 2013 Aug

6;110(321:126881-6; Zhang ot al., Adv Mater. 2013 Sep 6;25(33):4641-5; Jiang ct al., Nano Lett.
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2313 Mar 13;13(3):1059-64; Karagiannis et al, ACS Napo. 2012 Oct 23:6(10):8484-7;
Whitehead ot al,, ACS Nano. 2012 Aug 2R;6(8):6922-9 and Lee et al, Nat Nanotechnol, 2012
Jun 3;7(61389-93, US patent application 20110293703 relates to lipidoid compounds are also
particularly useful in the administration of polynucleotides, which may be applied to deliver the
CRISPR Cas system of the present invention. Tn one aspect, the aminocalcohol hpidoid
compounds are combined with an agent t0 be delivered to a cell or a subject to form
microparticles, nanoparticies, liposoraes, or micelles. The agent to be delivered by the particles,
tiposomes, or micelles may be in the form of a gas, liquid, or solid, and the agent may be a
polymucleotide, protein, peptide, or small molecule. The mivnoalcohol lipidoid cornpounds may
be combined with other aminoalcoho! lipidoid compounds, polymers (synthetic or natural},
surfactants, cholesterol, carbohydrates, proteins, lipids, etc. to form the particles. These particles
may then optionally be combined with a pharmaceutical excipient to form a pharmaceutical
compaosition. US Patent Publication No. 20110293703 also provides methods of preparing the
aminocalcohol lipidoid compounds. One or more equivalents of an amine are allowed to react
with one or more gquivalents of an epoxide-terminated compound under suitable conditions to
form an aminoalcchol lipidoid compound of the present fnvention. fo certain embodiments, all
the amino 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 aminoaleohol lipidoid compound. These primary or secondary amines
are left as is or may be reacted with another electrophile 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 1o a plurality of different aminoalcohol
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
mnchude one, two, three, or four epoxide-derived compound tails off the various anino moieties
of the molecule resulting in primary, secondary, and tertiary amines. In certain embodiments, ail
the amino 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 epoxide-
terminated compounds are used. The synthesis of the aminocalcohol lipidoid compounds is
performed with or without solvent, and the synthesis may be performed at higher temperatures

2

rapging from 30.-1080 C., preferably at approximately 50.-80 C. The prepared aminocalcohol
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lipidoid compounds may be optionally purified. For example, the mixture of aminoalcohol
lipidoid compounds may be purified to yield an armsinoalcohol hipidoid compound with a
particular number of epoxide-derived compound tails. Or the mixture may be purified to yicld a
particular stereo- or regioisomer. The aminoalcohol lipidoid compounds may also be alkylated
using an alkyl halide {e.g., methy! iodide) or other alkylating agent, and/or they may be acylated.
US Patent Publication No. 20110293703 also provides Hbraries of ammnoalcohol lipidoid
compounds prepared by the inventive methods. These aminoalcoho! lipidoid compounds may be
prepared and/or screened using high-throughput techniques involving liquid handlers, robots,
microtiter plates, coraputers, ete. In certain embodiments, the aminoalechol lipidoid corapounds
are screened for their ability to transfect polynucieotides or other agents {¢.g., proteins, peptides,
small molecules) into the cell. US Patent Publication No. 20130302401 relates to a class of
polvibeta-amino alcohols) (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 multilayer films for medical devices or implants), additives, materials,
excipients, non-biofouling agents, micropatterning agents, and cellular encapsulation agents.
When used as surface coatings, these PBAAs clicited different levels of inflaromation, both in
vitro and in vivo, depending on their chemical structures. The large chemical diversity of this
class of materials allowed uvs to identify polymer coatings that inhibit macrophage activation in
vitro. Furthermore, these costings reduce the recrpitment of inflammatory cells, and reduce
fibrosis, following the subcutancous implantation 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 siRMNA 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.

[6284] In another embodiment, lipid nanoparticles (LNPs) are contemplated. Tu particular, an
antitransthyretio smoall interfering RNA encapsulated in lipid nanoparticles (see, ¢.g., Coclho ot
al., N Engl J Med 2013;369:819-29) may be applied to the CRISPR Cas system of the present
invention. Doses of about (.01 to about 1 mg per kg of body weight administered intravenously
are contenplated. Medications to reduce the risk of infusion-related reactions are contemplated,
such as dexamethasone, acetampinophen, diphenhydramine or cetirizine, and ranitidine are
contemplated. Multiple doses of about 0.3 mg per kilogram every 4 weeks for five doses are also

conternplated. TNPs have been shown to be highly effective 1n delivering siRNAs to the liver

2]
N



WO 2015/089465 PCT/US2014/070135

{see, ¢.g., Tabernero et al., Cancer Dxiscovery, April 2013, Vol 3, No. 4, pages 363-470) and are
thercfore conteruplated for delivering RNA encoding CRISPR Cas to the liver. A dosage of
about four doses of 6 mg/kg of the LINP every two weeks may be contemplated. Tabernero et al.
demonstrated that tumor regression was observed after the first 2 cycles of LNPs dosed at 1.7
mg/kg, and by the end of 6 cycles the paticut had achieved a partial response with complete
regression of the lymph node metastasis and substantial shrivkage of the liver tumors, A
complete response was obtained after 40 doses in this patient, who has remained in remission
and completed treatment after receiving doses over 26 months. Two patients with RCC and
exirahepatic 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 doses) with stable disease. However, the charge of the LNP
must be taken into consideration. As cationic lipids combined with negatively charged lipids to
induce nonbilayer structures that facilitate intracellular delivery. Because charged LNPs are
rapidly cleared from circulation following intravenous injection, ionizable cationic lipids with
pKa values helow 7 were developed (see, ¢.g., Rosin et al, Molecular Therapy, vol. 19, no. 12,
pages 1286-2200, Dec. 2011). Negatively charged polymers such asiRNA may be loaded into
LNPs at low pH values {e.g, pH 4) where the ionizable lipids display a positive charge.
However, at physiological pH values, the LNPs exhibit a low surface charge compatible with
longer cuculation times. Four species of ionizable cationic lipids bhave been focused upon,
namely 1,2-dilineoyl-3-dimethylammoniun-propane  (DLinDAP),  1.2-dilinoleyloxy-3-N,N-
dimethylaminopropane  (DLinDMA),  1,2-dilinoleyloxy-keto-N MN-dimethyl-3-aminopropane
(DLmKDMA), and §,2-dilinoleyt-4-(2-dimethylaminoethyi)-[1,3]-dioxolane (DLinKC2-DMA),
It has been shown that LNP siRNA systemns containing these lipids exhibit remarkably different
gene silencing properties in hepatocytes in vivo, with potencies varying according to the series
DLinKC2-DMA>DLinKDMA>DLinDMA>>DLinDAP employing a Factor VI gene silencing
model {see, e.g., Rosin ¢t al, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011).
A dosage of 1 ug/ml levels may be contemplated, especially for a formmulation containing
DLinKC2-DMA.

[8295] Preparation of LNPs and CRISPR Cas encapsulation roay be used/and or adapted
from Rosin et al, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011). The cationic
tipids  1,2-dilineoyi-3-dimethylammonium-propane  {DLimnDAP), 1,2-dilinoleyloxy-3-N,N-

dimethylaminopropane  {DLinDMA),  1,2-dilinolevioxyketo-N N-dimethyl-3-aminopropane
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{DLinK-BDMA), 1,2-dilinoleyl-4-(2-dimethylaminogthyD)-{ 1,3 }-dioxolane {DLinKC2-DMA), (3-
o-[2"-(methoxypolyethyleneglycol 2000} succinoyl]-1,2-dirayristoyl-su-glycol (PEG-S-DMG),
and R-3-[{e-methoxy-poly(ethylene ghycol)2000) carbamoyl]-1,2-dimyristyloxlpropyi-3-amine
{(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 ju LNPs containing DLinDAP, DLinDMA, DLinK-DMA, and
DLinKC2-DMA ({cationic lipid:DSPC:CHOL: PEGS-DMG or PEG-C-DOMG at 40:10:40:10
molar ratios). When required, 0.2% SP-DIOCIR (Invitrogen, Burlington, Canada) may be
tncorporated 1o assess cellular uptake, intracellular delivery, and biodistribution. Encapsulation
may be performed by dissolving lipid  mixtures comprised  of  cationic
Hipid: DSPC cholesterol PEG-c-DOMG (40:10:40:10 molar ratio} in ethanol to a final lipid
concentration of 10 mamol/l. This ethano! solution of Hipid may be added drop-wise to S0 mmol/l
citrate, pH 4.0 1o form multilamellar vesicles to produce a final concentration of 30% cthanol
vol/vol Large unilamellar vesicles may be formed following extrusion of multilamellar vesicles
through two stacked 80 nm Nuclepore polycarbonate filters using the Extruder {Northern Lipids,
Vancouver, Canada). Focapsulation may be achieved by adding RNA dissolved at 2 mg/mal in 50
mmol/l citrate, pH 4.0 containing 30% ethano! vol/vol drop-wise to extruded preformed large
vnilamellar vesicles and incubation at 31 °C for 30 mimtes with constant mixing to a final
RMA/Mpid weight ratio of 0.06/1 wt/wi. Removal of ethanol and neutralization of formmlation
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 dypamic light scattering using a NICOMP 370 particle sizer, the
vesicle/intensity modes, and Gaussian fitting (Nicomp 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 removal of free siRNA using VivaPureD MiniH columns
{Sartorius Stedim Biotech) from samples collected betore and after dialysis. The encapsulated
RMNA may be extracied trom the cluted navoparticles and guantified at 260 nm. siRNA to lipud
ratic was determined by measurement of cholesterol content in vesicles using the Cholesterol E
enzymatic assay from Wako Chemicals USA (Richmond, VA). Preparation of large LNPs may
be used/and or adapted from Rosin et al, Molecular Therapy, vol. 19, no. 12, pages 1286-2200,
Dec. 2011, A lipid premix sohution {(20.4 mg/ml total lipid concentration) may be prepared in
ethanol containing DLinKC2-DMA, DSPC, and cholesterol at 50:18:38.5 molar ratios. Sodium

acetate may be added to the hipid premix at 8 molar ratio of 0.75:1 {sodium acetate:DLinKC2-
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DMA). The lipids may be subsequently hydrated by combining the mixture with 1.85 volumes of
citrate buffor (10 munoVl, pH 3.0) with vigorous stiring, resulting in spontancous liposome
formation in aqueous butfer containing 35% ethanol The liposome sohution may be incubated at
37 °C to allow for time-dependent increase in particle size. Aliquots may be removed at various
fimes during incubation to investigate changes in liposome size by dynamic light scatiering
{(Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK). Once the desired particle size is
achieved, an aqueous PEG lipid solution (stock = 10 mg/mi PEG-DMG in 35% {(volivol)
ethanel) may be added to the liposorse mixture to vield 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 empty liposomes at an siRNA to total
tipid ratio of approximately 1:10 (wtrwt), followed by incubation for 30 minutes at 37 °C to form
loaded LNPs. The mixture may be subsequently dialyzed overnight in PBS and filtered with a
0.45-pm syringe filter,

6206} Spherical Nucleic Acid (SNA™) constructs and other nanoparticles (particularly gold
nanoparticles) are also contemplate as a means to delivery CRISPR/Cas system to intended
targets.  Significant data show that AuraSense Therapeutics' Spherical Nucleic Acid (SNAT™)
constructs, based upon mucleic acid-functionalized gold nanoparticies, are superior to alternative
platforms based on multiple key success factors, such as: High in vivo stability: Pue to their
dense loading, a majority of cargo {DNA or siRNA) vemains bound to the constructs inside cells,
conforring nucleic acid stability and resistance to enzymatic degradation. Deliverability: For all
coll types studied (e.g., neurons, tumor cell lines, ¢tc.) the constructs demonstrate a transfection
efficiency of 99% with no seed for carriers or transfection agents. Therapeutic targeting: The
unique target binding affinity and specificity of the constructs sllow exquisite specificity for
matched target sequences (ic., limited off-target effects). Superior efficacy: The constructs
significantly outperform leading conventional transfection reagents (Lipofectamine 2000 and
Cytotectin). Low toxicity: The constructs can enter a variety of cultured cells, primary cells, and
fissues with no apparent toxicity. No sigoificant immune response: The constructs elictt minimal
changes in global gene expression as measured by whole-genome microarray studies and
cytokine-specific protein assays. Chemical tatlorability: Any number of single or combinatorial
agents {e.g., proteins, peptides, small molecules) can be used to tailor the surface of the
constructs. This platform for nucleic acid-based therapeutics may be applicable to numerous
discase states, inchuding inflammation and infectious disease, cancer, skin disorders and

cardiovascular disease. Citable literature includes: Cutler et al,. J. Am. Chem. Soc. 2011
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133:9254-9257, Hao et al,, Small. 2011 7:3158-3162, Zhang ¢t al, ACS Nano. 2011 5:6962-
6970, Cutler et al, J. Am. Chem. Soc. 2012 134:1376-1391, Young ot al,,. Nano Lett. 2012
12:3367-71, Zheng ot al, Proc. Nath Acad. Sci. USA. 2012 109:11975-80, Mirkin,
MNanomedicing 2012 7:635-638 Zhang ¢t al., J. Am. Chem. Soc. 2012 134:106488-1691,
Weintraub, Nature 2013 495:514-516, Choi et al, Proc. Natl Acad. Sci. USA. 2013
PIO(19).7625-7630, Jensen et al,, Sci Transh Med. 5, 209ral52 (2013) and Mirkin, ot al.,
Small, 10:186-192.

[8297] Self-assembling  panoparticles  with  siRNA  may be  comstructed  with
polyethviencimine (PED) that is PEGylated with an Arg-Gly-Asp (RGD) peptide ligand attached
at the distal end of the polyethylene glycol (PEG), for cxample, as a2 means to target tumor
neovasculature expressing integrins and used to deliver siRNA inhibiting vascular endothelial
growth factor receptor-2 (VEGF R2) expression and thercby tumor angiogenesis {see, ¢.g.,
Schiffelers et al., Nucleic Acids Research, 2004, Vol. 32, No. 19). Nanoplexes may be prepared
by mixing equal volumes of agueous solutions of cationic polymer and nucleic acid to give a net
molar excess of ionizable nitrogen (polymer) to phosphate (nucleic acid) over the range of 2 0 6.
The electrostatic interactions between cationic polymers and nucleic acid resulted in the
formation of polyplexes with average particle size distribution of about 100 am, hence referred
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 Schiffelers et al.

{6298] The vanoplexes of Bartlett et al. (PNAS, Septeraber 25, 2007, vol. 104, no. 39) may
also be applied to the present invention. The nanoplexes of Bartlett ot al. are prepared by mixing
equoal volumes of aqueouns solutions of cationic polymer and mucleic acid to give 8 net molar
excess of ionizable uttrogen (polymer) to phosphate (nucleic acid) over the range of 2 10 6. The
clectrostatic interactions between cationic polymers and nucleic acid resulted in the formation of
polvplexes with average particie 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-hydroxysuccintoide ester) (DOTA-
INHSester) was ordered from Macrocyclics (Dallas, TX). The amine modified RNA sense strand
with a 100-fold molar excess of DOTA-NHS-ester in carbonate buffer (pH 9) was added o a
microcentrifuge tube, The contents were reacted by stirring for 4 h at room teraperature. The
DOTA-RNAsense conjugate was cthanol-precipitated, resuspended in water, and annealed to the
anmoedified antisense strand to yield DOTA-sIRNA. All hquids were pretreated with Chelex-100

(Bio-Rad, Hercules, CA) to remove trace metal contaminants. Tf-targeted and nontargeted
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siRNA panoparticles 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 (.5
g/liter. One percent of the adamantane-PEG molecules on the surface of the targeted
nanoparticles were modified with T1 (adamantane-PEG-T{). The nanoparticles were suspended
in a 5% (wt/vol) glucose carrier solution for injection.

{33049 Davis et al. (Nature, Vol 464, 15 April 2010) conducts a siRNA clinical trial that uses
a targeted nanoparticle-delivery system {clinical trial registration number NCTO068906S5).
Patients with sohd cancers refractory to standard-of-care therapies are administered doses of
targeted nanoparticies on days 1, 3, 8 and 10 ot a 21-day cycle by a 30-miv intravenous infusion.
The nanoparticles consist of a synthetic delivery system containing: (1} a linear, cyclodextrin-
based polymer (CDP), (2) 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, (3) a
hydrophilic polyraer (polyethyiene glycol (PHEG) used to promote navoparticle stability in
biological fluids), and (4) siRNA designed to reduce the cxpression of the RRM?2 (sequence used
in the clinic was previcusly denoted siR2B+35). The TFR has long been known to be upregulated
in malignant cells, and RRM2 is an established anti-cancer target. These nanoparticles (clinical
version denoted as CALAA-(G1) have been shown to be well tolerated in multi-dosing studies in
non-human primates. Although a single patient with chronic myeloid leukaemia has been
administered siRNAby liposomal delivery, Davis et al.’s climical trial is the initial buman trial to
systermnically deliver siRNA with a targeted delivery system and to treat patients with solid
cancer. To ascertain whether the targeted delivery system can provide effective delivery of
functional siRNA to haman tumours, Davis et al. investigated biopsies from three patients from
three different dosing coborts; patients A, B and C, all of whom had metastatic melanoma and
received CALAA-OT doses of 18, 24 and 30 mg m” siRNA, respoctively. Similar doses may also
be contemplated for the CRISPR Cas system of the present invention. The delivery of the
invention may be achieved with nanoparticles containing a linear, cyclodextrin-based polymer
(CDP), a human transforrin protein (TF) targeting ligand displayed on the exterior of the
nanoparticle to engage TF receptors (FTFR) on the surface of the cancer cells and/or a hydrophilic
polymer (for example, polyvethyviene glycol (PEG) used to promote nanoparticle stability in

biclogical fluids).
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Fxosones

163004 Exosomes are endogenous nano-vesicles that transport RNAs and proteins which can
deliver short interfering (1RNA to the brain and other target organs. To reduce
immunogenicity, Alvarez-Erviti et al. (2011, Nat Biotechnol 29: 341) used self-derived dendritic
cells for exosome production. 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 clectroporation. Intravenously
injected RVG-targeted exosomes delivered GAPDH siRNA specifically to neurons, microglia,
oligodendrocytes in the brain, resulting in a specific gene knockdown. Pre-exposure to RVG
exosomes did not attenuate knockdown, and non-specific uptake in other tissues was not
observed. The therapeutic potential of exosome-mediated siRNA delivery was demonstrated by
the strong mRNA (6(%) and protein {(62%) knockdown of BACE], a therapeatic target in
Alzhetmer's disease. To obtain a pool of iramunologically inert exosomes, Alvarez-Erviti et al.
harvested bone marrow from inbred C57BL/6 mice with a homogenous major histocornpatibility
complex (MHC) haplotype. As immantire dendritic cells produce large quantities of exosomes
devoud of T-cell activators such as MHC-I1 and CI386, Alvarez-Erviti ef al. selected for dendnitic
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 exosomes produced were physically homogenous, with a size distribution peaking
at 80 nm v diameter as determined by navoparticle tracking analysis (NTA) and clectron
microscopy. Alvarez-Erviti et al. obtained 6-12 pg of exosomes {measured based on protein
concentration) per 10° cells. Next, Alvarez-Erviti et al. investigated the possibility of loading
modified exosomes with cxogenous cargoes using electroporation protocols adapted for
nanoscale applications. As electroporation for membrane particles at the nanometer scale is not
well-characterized, nonspecific CyS-labeled siRNA was used for the empirical optimization of
the electroporation protocol. The amount of encapsulated <IRNA was assaved after
uliracentrifugation and lysis of exosomes. Electroporation at 400 V and 125 uF resulted in the
greatest retention of siRNA and was used for all subsequent experiments. Alvarez-Erviti ¢t al.
administered 150 pg of cach BACE! siRNA cuncapsulated in 150 pg of RVG exosomes to
normal C57BL/6 mice and compared the knockdown efficiency to four controls: untreated mice,
mice injected with RVG exosomes only, mice injected with BACE! siRNA complexed to an in
vivo cationic liposome reagent and mice injected with BACET siRNA complexed to RVG-9R,

the RVG pep tide conjugated to 9 D-arginines that electrostatically binds to the siRNA. Cortical
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tissue samples were analyzed 3 d after administration and a significant protein knockdown (45%,
P < .05, versus 62%, P < 0.01) in both siRNA-RVG-9R-treated and siRNARVG exosome-
treated mice was observed, resulting from a significant decrease in BACEL mRNA levels (66%
[+ or -] 15%, P < .00 and 61% [+ or -] 13% respectively, P < 0.01). Moreover, Applicants
demonstrated a significant decrease {55%, P < .05) in the total [betal-amyloid 1-42 levels, a
main compoucent of the amyloid plagues in Alzheimer's pathology, in the RV G-exosome-treated
animals. The decrease observed was greater than the P-amyloid 1-40 decrease demonstrated in
normal mice after intraventricular injection of BACE!L inhibitors. Alvarez-Erviti et al. carvied oat
S-rapid aroplification of ¢cDNA ends (RACE) on BACE!L cleavage product, which provided
evidence of RNAi-mediated knockdown by the siRNA. Finally, Alvarez-Erviti et al. investigated
whether siRNA-RVG exosomes induced immune responses in vivo by assessing 1L-6, 1P-18,
TNFa and IFN-g serum concentrations, Following <iRNA-RV(G exosome  treatment,
nonsigoificant changes in all cytokines were registered similar to siRMNA-transfection reagent
treatment in contrast to siRNA-RVG-9R, which potently stimulated {L-6 sceretion, confirming
the immunologically inert profile of the exosome treatment. Given that exosomes encapsulate
only 20% of siRNA, delivery with RVG-exosome appears to he 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 immune stimulation. This experiment
demonstrated the therapeutic polential of RVG-exosome technology, which is potentially suited
for long-term silencing of genes related to neurodegenerative diseases. The exosome delivery
system of Alvarez-Erviti et al. may be applied to deliver the CRISPR-Cas system of the present
mnvention to therapeutic targets, cspecially neurodegenerative diseases. A dosage of about 180 to
[000 mg of CRISPR Cas encapsulated in about 100 to 1000 mg of RVG exosomes may be
contemplated for the present mvention.

16301} Fl-Andaloussi et al. (Nature Protocols 7,2112-2126(2012)) discloses how exosomes
derived from cultured cells can be hamessed for delivery of siRNA in vitro and v vivo, This
protocol first describes the generation of targeted exosomes through transfection of an
expression vector, comprising an cxosomal protein fused with a peptide ligand. Next, El-
Andaloussi et al. explain how to purify and characterize exosomes from transfected cell
supernatant, Next, El-Andaloussi et al. detal crucial steps for loading siRNA into exosomes.
Finally, El-Andaloussi et al. outline how to use exosomes to efficiently deliver siRNA in vitro
and in vivo in mouse brain. Examples of anticipated results in which exosome-mediated siRNA

delivery is evaluated by functional assays and imaging are also provided. The entire protocol
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takes ~3 weeks. Delivery or administration according to the invention may be performed using
exosomes produced from seif-derived dendritic cells.

163021 In another embodiment, the plasma exosomes of Wahlgren et al. (Nucleic Acids
Research, 2012, Vol 40, No. 17 ¢130) are contemplated. Exosomes are nano-sized vesicles (30—
90nm in size)} produced by many cell types, including dendritic cells (DC), B cells, T cells, mast
cells, epithelial cells and tumor cells. These vesicles are formed by inward budding of late
endosomes and are then released to the extracelular environment upon fusion with the plasma
membrane. Because exosomes naturally carry RNA between cells, this property might be useful
in gene therapy.

{6303} Exosomes from plasma are prepared by centrifugation of buffy coat at 900g for 20
min 1o isolate the plasma followed by harvesting cell supematants, centrifuging at 300g for 10
min to eliminate cells and at 16 500g for 30 min followed by filtration through a 8.22 mun filter.
Exosomes are pelieted by ultracentrifugation at 120 000g for70 min. Chemical transfection of
sIRNA iote exosomes is carried out according to the manmufacturer’s instructions in RNAJ
Human/Mouse Starter Kit (Quiagen, Hilden, Germany). siRNA is added to 100 mi PBS at a final
concentration of 2 mmol/mi 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
monocyies and Iymphocytes isolated from the peripheral blood of heaithy donors. Therefore, it
may be contemplated that exosomes contaiming CRISPR Cas may be introduced to monocytes
and lymphocytes of and autologously reintroduced into a human, Accordingly, delivery or

administration according to the invention may beperformed using plasma exosomes,

Liposomes’
18304 Delivery or administration according to the invention can be performed with
liposoraes, Liposoraes are spherical vesicle structures coraposed of a ani- or multilamellar lipid
bilayer surrounding internal agueous compartments and a relatively irapermeable outer lipophilic
phospholipid bilayer. Liposomes have gained considerable attention as drug delivery carriers
because they are biocompatible, nountoxic, can deliver both hydrophilic and hipophilic drug
molecules, protect their cargo from degradation by plasma enzymes, and transport their Joad
across biological membranes and the blood brain barnier (BBB) (see, ¢.g., Spuch and Navarro,

Journal of Drug  Delivery, wvol. 2011, Article ID 469679, 12 pages, 2011,
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doi:13.1155/2011/469679 for review). Liposomes can be made from several different types of
lipids; however, phospholipids are most comumonly used to generate liposoraes as drug carriers.
Although liposome formation is spontancous when 3 lipid film is mixed with an agueous
solution, it can also be expedited by applying force in the form of shaking by using a
homogenizer, sonicator, or an extrusion apparatus (see, .g., Spuch and Navarro, Journal of Drug
Delivery, vol. 2011, Ardticle 1D 469679, 12 pages, 2011, dot:10.1155/201 1/469679 for review),
Several other additives may be added to liposomes in order to modify their structure and
properties. For instance, either 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 carge. Further, liposomes are prepared from hydrogenated egg
phosphatidyicholine or egg phosphatidyicholine, cholesterol, and dicetyl phosphate, and their
mean vesicle sizes were adjusted to about 50 and 100 nm. (see, e.g., Spuch and Navarro, Journal
of Drug Delivery, vol, 2011, Article 1D 469679, 12 pages, 2011, dou10.1155/2011/469679 for
review}. A liposome formulation may be mainly comprised of natural phospholipids and lipids
such as 1,2-distearoryl-sn-glycero-3-phosphatidyl  choling (DSPC), sphingomyelin, egg
phosphatidyicholines and monosialoganghoside. Since this formulation s made uwp of
phospholipids only, liposomal formulations have encountered many challenges, one of the ones
being the instability in plasma. Several attempts to overcome these challenges have been made,
specifically in the manipulation of the lipid wembrane. One of these attempts focused on the
manipulation of cholesterol. Addition of cholestero to conventional formulations reduces rapid
release of the encapsulated bicactive compound into the plasma or 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine {(DOPE) ncreases the stability (sce, e.g., Spuch and Navarro, Joumal of
Drug Delivery, vol. 2011, Article 1D 469679, 12 pages, 2011, doi10.1155/2011/469679 for
review). In a particularly advantageous embodiment, Trojan Horse liposomes {(also known as

Molecular  Trojan are desirable and protocols may  be found at

At
H

V7 tong. These particles allow delivery of
a fransgene to the entive brain after an intravascular injection. Without being bound by limitation,
it is believed that neutral lipid particles with specific antibodies conjugated to surface allow
crossing of the blood brain barrier via endocytosis. Utilizing Trojan Horse Liposomes to deliver
the CRISPR family of nucleases to the brain via an intravascular injection, can allow whole brain
transgenic animals without the need for embryonic manipulation. About 1-5 g of DNA or RNA

may be contemplated for in vivo administration in liposomes.
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[3305] In another embodiment, the CRISPR Cas system may be administered in liposomes,
such as a stable nucleic-acid-lipid particle (SNALP) (sce, e.g., Morrissey ot al., Nature
Biotechnology, Vol 23, No. &, August 2005}, Daily intravenous injections of about 1, 3 or 5
mg/ke/day of a specific CRISPR Cas targeted in a SNALP are contemplated. The daily treatment
may be over about three days and then weekly for about five weeks. In another embodiment, a
spectfic CRISPR Cas encapsulated SNALP) administered by intravenous injection to at doses of
about 1 or 2.5 mygkg are also contemplated (see, ¢.g., Zimmerman et al., Nature Letters, Vol
441, 4 May 2006). The SNALP formolation may comtain  the lipids  3-N-
[(wmethoxypoly(ethylene glyeol) 2000) carbamoyl} -1 | 2-dimyristyloxy-propylamine (PEG-C-
DMA),  1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane  {(DLinDMA),  1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and cholesierol, in a 2:40:10:48 molar per cent ratio (see, ¢.g.,
Zimmerman et al., Nature Letters, Vol. 441, 4 May 2006},

16306] In another embodiment, stable nucleic-acid-lipid particles (SNALPs) have proven to
be effective delivery molecules to highly vascularized Hep(G2-derived liver tumors but not in
poorly vascalarized HCT-116 derived liver tumors (see, e.2., Li, Gene Therapy (2012) 19, 775~
7807, The SNALP liposomes may be prepared by forranlating D-Lin-DMA and PEG-C-DMA
with distearoyiphosphatidyicholine (DSPC), Cholesterol and siRNA using a 25:1 lipid/siRNA
ratio and a 48/40/10/2 molar ratio of CholesteroV/D-Lin-DMA/DSPC/PEG-C-DMA. The resulted
SNALP hiposomes are about 80100 nm in size.

(63071 In yet another embodiment, a SNALP may comprise synthetic cholesterol (Sigroa-
Aldrich, St Louis, MO, USA), dipalmitoviphosphatidyicholine (Avanti Polar Lipids, Alabaster,
AL, USA}, 3-M-[(w-methoxgy poly{ethylene glycoly2000)carbamoyl]-1,2-
dimyrestyvloxypropylamine, and cationic 1,2-dilinoleyloxy-3-N Ndimethylaminopropane (see,
e.g., Geisbert ¢t al., Lancet 2010; 375: 1896-905). A dosage of about 2 mg/ky total CRISPR Cas
per dose administered as, for example, a bolus intravenous infusion may be contemplated.

[6308] In yet another embodiment, a SNALP may comprise synthetic cholesterol (Sigma-
Aldrichy, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti Polar Lipids Inc.), PEG-
cDMA, and 1 2-dilinoleyloxy-3-(N;N-dimethylyaminopropane {DLinDMA) (see, e.g., Judge, 1.
Clin. Invest. 119:661-673 (2009)). Formulations used for in vivo studies may comprise a final
Lipid/RNA roass ratio of about 9: 1

16309] The safety profile of RNAIL nanomedicines has been reviewed by Barros and Gollob
of Alnylam Pharmaceuticais (sge, e.g., Advanced Drug Delivery Reviews 64 (20i2) 1730~

1737). The stable nacleic acid lipid particle (SNALP) is comprised of four different hipids — an
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tonizable hipid (DLinDMA) that i3 cationic at low pH, a neutral helper Hpid, cholesterol, and a
diffusible polyethylene glycol (PEG)-lipud. The particle 15 approximately 80 nm in diameter and
is charge-neutral at physiologic pH. During formulation, the ionizable lipid serves to condense
lipid with the anionic siRNA during particle formation. When positively charged under
mereasingly acidic endosomal conditions, the ionizable lipid also mediates the fusion of SNALP
with the endosomal membrane enabling release of 3iRNA into the cytoplasm. The PEG-lipid
stabilizes the particle and reduces aggregation during formulation, and subsequently provides a
neuntral hydrophilic exterior that improves pharmacokinetic properties.

18310 To date, two chinical programs have been initiated using SNALPsiRNA forroulations,
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 jejumurg and is essential for the assembly and secretion of VLDL and LDL. Seventeen
subjects received a single dose of SNALP-ApoB (dose escalation across 7 dose levels). There
was no evidence of hiver toxicity {anticipated as the potential dose-limiting toxicity based on
preclinical studies). One (of two) subjects at the highest dose experienced flu-like symptoms
consistent with iromune system stimulation, and the decision was made to conclude the trial.
Alnylam Pharmaceuticals has similarly advanced ALN-TTRO1, 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 have been described: familial
amyloidotic polyneuropathy (FAP) and familial amyloidotic cardiomyopathy (FAC) — both
caused by autosomal dominant mutations in TTR; and senile systemic amyloidosis (SSA) cause
by wildtype TTR. A placebo-controlled, single dose-escalation phase T trial of ALN-TTRO1 was
recently completed in patients with ATTR. ALN-TTRO! was administered as a 15-minute IV
infusion to 31 patients {23 with study drug and 8§ with placebo) within a dose range of 0.01 t0 1.0
mg/kg (based on siRNA) Treatmentwaswell tolerated with no significant increases in liver
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 continued on study. Minimal and transient
clevations of serum cytokines IL-6, IP-10 and 1L-1ra were noted in two patients at the highest
dose of T myg/kg (as anticipated from preclinical and NHP studies). Lowering of serem TTR, the
expected pharmacodynamics effect of ALN-TTROI, was observed at | mg/kg.

(8311} In yet another embodiment, a SNALP may be made by solubilizing a cationic lipid,
DSPC, cholesterol and PEG-lipid were solubilized in ethanol at a molar ratio of 40:10:40:10,

respectively (see, Semple et al., Nature Niotechnology, Volame 28 Number 2 February 20190, pp.
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172-177). The lipid mixture was added to an agqueous buffer (50 mM citrate, pH 4) with mixing
to a final ethanol and lipid concentration of 30% (vol/voly 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
(Morthern Lipids) until 2 vesicle diameter of 70-90 nm, as determined by dynamic light
scatiering analysis, was obtained. This generally required 1-3 passes. The siRNA (solubilized in
a 50 mM citrate, pH 4 agueous solution containing 30% cthanol) was added to the pre-
equilibrated (35 °C) vesicles at a rate of ~5 ml/min with mixing. After a final target siRNA/hipid
ratio of 0.06 (wi/wt) was reached, the mixture was incubated for a further 30 min at 35 °C 1o
allow vesicle reorganization and cncapsulation of the siRNA. The cthanol was then removed and
the external buffer replaced with PBS (155 mM Na(l, 3 mM NaZHPO4, 1| mM KH2P0O4, pH
7.5) by either dialysis or tangential flow diatiltration. SIRNA were encapsulated in SNALP asing
a controlled step-wise dilution method process. The lipid constituents of KC2-SNALP were
BLin-KC2-DMA (cationic lipid), dipalmitoylphosphatidylcholine (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 (1.2 um filter before use. Mean particle sizes were 75-85 am 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 (wit/wt), LNP-siRNA systems containing Factor VI siRNA were diluted
to the appropriate concentrations in sterile PBS immediately before use and the forroulations
were administered intravenously through the lateral taif vein in a total volume of 10 mUkg This

method may be extrapolated to the CRISPR Cas system of the present mvention.

Other Lipids
16313 Other cationic lipids, such as amino lipid 2,2-ddinoleyvi-4-dimethylaminoethyl-[1,3}-
dioxolane (DLin-KC2-DMA) may be utilized to cncapsulate CRISPR Cas similar to SiRNA
{see, e.g., Jayaraman, Angew. Chem. Int. Ed. 2012, 51, 8529 -8533). A preformed vesicle with
the  following  lpid  composiion  may  be  confomplated: arpmo  lipid,
distearoylphosphatidylcholine (DSPC), cholesterol and (R)-2,3-bis{octadecyloxy} propyi-1-
(methoxy poly(ethylene glyco)2000propyicarbamate  (PEG-lipid) in  the molar ratio
40/10/40/10, respectively, and a FVII siRNA/total lipid ratio of approximately 0.05 (w/w). To
cusure a narrow particle size distribution in the range of 70-90 nyo and a low polydispersity

index of 0.11 0.04 (n=36), the particles may be extruded up to three times through 80 nm
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membranes prior to 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 PHG-lipid (50/10/3%4.5/1.5) which may be further optimized to enhance in vivo

activity, Michael 58 D Kormenn et al. ("Hxpression of therapeutic proteins afier delivery of

~3

chemically modified mRNA i mice: Nature Biotechnology, Volume:29, Pages: [54-157
(2011)) describes the use of lipid envelopes to deliver RNA.  Use of lipid envelopes s also
preferred in the present invention.

[8313] In another embodiment, lipids may be formulated with the CRISPR Cas system of the
present invention to form liptd nanoparticles (LNPs). Lipids include, but are not limited to,
DLin-KCZ-DMA4, C12-200 and colipids disteroylphosphatidyl choline, cholesterol, and PEG-
DMG may be formulated with CRISPR Cas instead of siRNA (see, e.g., Novobraniseva,
Molecular Therapy—Nucleic Acids (2012) 1, e4; doi:10.103R8/mina.2011.3) using a spontaneous
vesicle formation procedure. The component molar ratio may be about 50/10/3R.5/1.5 (DLin-
KC2-DMA  or C12-200/disteroviphosphatidyl  choline/cholesterolV/PEG-DMG).  The  final
lipid:siRNA weight ratio may be ~12:1 and 9:1 in the case of DLin-KC2-DMA and C12-200
lipid nanoparticles (LNPs), respectively. The formulations may have mean particle diameters of
~&0 nm with >90% entrapment efficiency. A 3 mg/kg dose may be contermplated.

{6314} Tekmira has a portfolio of approximately 95 patent families, in the U.S. and abroad,
that are directed to various aspects of LNPs and LNP formulations (see, e.g., U.5. Pat. Nos.
7,982,027, 7,799,565; §,058,069; §,283,333; 7.901,708; 7.,745,651; 7,803,397, R8,101,741;
8,188,263; 7,915,399; 8,236,943 and 7.83¥,658 and EHuropean Pat. Nos .1766035; 1519714;
1781593 and 1664316}, all of which may be ased and/or adapted to the present invention,

[#315] The CRISPR Cas system may be delivered encapsulated in PLGA Microspheres such
as that further described in US published applications 20130252281 and 20130245107 and
20130244279 (assigned to Moderna Therapeutics) which relate to aspects of formulation of
compositions comprising modified nucleic acid molecules which may encode a protein, a protein
precursor, ot a partially or fully processed form of the protein or a protein precursor. The
formulation may have a molar ratio  S50:10:38.5:1.5-3.0  {cationic lipid:fusogenic
lipid:cholesterol: PEG liptd). The PEG lipid may be selected from, but is not limited to PEG-¢-
DOMG, PEG-DMG. The fusogenic lipid may be DSPC. See also, Schrurn et al., Delivery and
Formulation of Engineered Nucleic Acids, US published application 20120251618,

{6316} Nanomerics” technology addresses bioavailability challenges for a broad range of

therapeutics, including low molecular weight hydrophobic drgs, peptides, and nucleic acid
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based therapeutics {plasmid, siRNA, miRNA)Y. 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 eve. See, e.g., Mazza et al,, 2013, ACS
Nano. 2013 Feb 26;7(2):1016-26; Uchegbu and Siew, 2013, J Pharm Sci. 102(23305-10 and
Lalatsa et al., 2012, T Control Release. 2012 Juol 20;161{2):523-36. US Patent Publication No.
20050019923 describes cationic dendrimers for delivering bicactive molecules, such as
polyoucleotide molecules, peptides and polypeptides and/or pharmaccutical agents, to a
mammalian body. The dendrimers are suitable for targeting the delivery of the bicactive
molecules to, tor example, the tiver, spleen, lung, kidney or heart. Dendrimers are syunthetic 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 controlled and varied.
Dendrimers are synthesised from the repeated addition of building blocks to a multifunctional
core {divergent approach o synthesis), or towards a multifunctional core (convergent approach
to synthesis) and each addition of a 3-dimensional shel of building blocks leads to the formation
of a higher gencration of the dendrimers. Polypropylenimine dendrimers start from a
diaminobutane core to which s 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 in a doubling of the amino groups. Polypropylenimine dendrimers contain 1060%
protonable nitrogens and up 1o 64 terminal amine groups (generation 5, DAB 64). Protonable
groups are usually amine groups which are able to accept protons at veutral pH. The use of
dendrimers as gene delivery agents has largely focused on the use of the polyamidoamine. and
phosphorous containing compounds with a mixture of amine/amide or N--P{0O2)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
stadied as pH sensitive controlled release systems for drug delivery and for their encapsulation
of guest molecules when chemically modified by peripheral amino acid groups. The cytotoxicity
aund interaction of polypropylentmine dendrimers 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, contrary to earlier reports, cationic dendrimers, such as polypropylenimine
dendrimers, display suitable properties, such as specific targeting and low toxicity, for use in the
targeted delivery of bivactive molecules, such as genetic material. In addition, derivatives of the
cationic dendrimer also display suitable propertics for the targeted delivery of bioactive

molecules. See also, Bioactive Polymers, US published application 20080267903, which
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discloses "Various polymers, including cationic polyaming polymers and dendrimeric polymers,
are shown to posscss anti-proliferative activity, and roay thercfore be useful for freatment of
disorders characterised by undesivable cellular proliferation such as neoplasms and tumours,
inflammatory disorders {inclading autoimmune disorders), psoriasis and atherosclerosis. The
polyvmers may be ased alone as active agents, or as delivery vehicles for other therapeutic ageuts,
such as drug roolecules or nucleic acids for gene therapy. o such cascs, the polymers’ own

intrinsic anti-tumour activity may complement the activity of the agent to be delivered.”

Supercharpged proteins

63171 Supercharged proteins are a class of engineered or naturally occurring proteins with
unusually  high positive or negative unct theoretical charge. Both supernegatively and
superpositively charged proteins exhibit a romarkable ability to withstand thermally or
chemically induced aggregation. Superpositively charged proteins are also able to penetrate
maramalian cells. Associating cargo with these proteins, such as plasmid DNA, siRNA, or other
proteins, can cnable the functional delivery of these macromolecules into mammalian cells both
in vitro and in vivo. David Liw’s iab reported the creation and characterization of supercharged
proteins in 2007 (Lawrence et al,, 2007, Journal of the American Chemical Society 129, 10110
10112). The nonviral delivery of siRNA and plasmid DNA ioto mamumalian cells are valuable
both for rescarch and therapeutic applications (Akinc ¢t al, 2010, Nat. Biotech. 26, 561-569),
Purified +36 GFP protein {or other superpositively charged protein) is mixed with siRMNAs in the
appropriate serum-free media and altowed to complex prior addition to cells. Inclusion of serum
at this stage inhibits formation of the supercharged protein-siRNA complexes and reduces the
effectiveness of the treatment. The following protocol has been found to be effective for a
variety of cell lines (McNaughton et al,, 2009, Proc. Natl, Acad. Sci. USA 106, 6111-6116).
However, pilot experimends varying the dose of protein and RNA, ¢.g., siRNA or CRISPR RNA
can be performed to optimize the procedure for specific cell lines.
(1 One day before treatment, plate 1 x 10° cells per well in a 48-well plate.
(2) On the day of treatment, dilute purified +36 GFP protein in serumiree media
to a final conceniration 200nM. Add siRNA or CRISPR RNA to a final
concentration of 50nM. Vortex to mix and incubate at room temperature for

10min.

~
(98]
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During incubation, aspivate media from celis and wash once with PBS.
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Following incubation of +36 GFP and siRNA or CRISPR RNA, add the
protein-siRNA or CRISPR RNA complexes to cells,

Incubate cells with complexes at 37 C for 4h.

Following incubation, aspirate the media and wash three times with 20 U/mL
heparin PBS. Incubate cells with serum-containing media for a further 48h or
longer depending upon the assay for knockdown.

Analyze cells by imuunobiot, gPCR, phenotypic assay, or other appropriate

method.

{8318} David Liw’s lab bas further found +36 GFP to be an coffective plasoud delivery

reagent in a range of cells. As plasmid DNA is a larger cargo than siRNA, proportionately more

+36 GFP protein is required to effectively complex plasmids. For effective plasmid delivery

Applicants have developed a variant of +36 GFP bearing a C-terminal HAZ peptide tag, a known

endosome-disrupting peptide derived from the influenza virus hemagglutinin protein. The

following protocol has been effective in a variety of cells, but as above it 18 advised that plasmid

DNA and supercharged protein doses be optimized for specific cell lines and delivery

applications.
(b
(2)

N
L4
v

o~
N

One day before treatment, plate 1 x 10° per well in a 48-well plate.

On the day of treatment, dilute purified p36 GFP protein in serumfree media
to a final concentration 2 mM. Add Img of plasmid DNA. Vortex to mix and
incubate at room temperature for 10min

Pruring incubation, aspirate media from cells and wash once with PBS.
Following incubation of p36 GFP and plasmid DNA, gently add the protein-
DNA complexes to cells,

Incubate cells with complexes at 37 C for 4h.

Following incubation, aspirate the media and wash with PBS. Incubate cells in
serum-containing mwedia and incubate for a further 24-48h.

Analyze plasmid delivery {(e.g., by plasmid-driven gene expression) as

appropriate.

13319} See also, e.g., McNaughion et al., Proc. Nail. Acad. Sci. USA 106, 6111-6116 (2609);

Cronican ¢t al.,, ACS Chemical Biology 5, 747-752 (2010); Cronican ¢t al., Chemustry & Biology

I8, 833-838 (2011); Thompson et al., Methods in Enzymology 503, 293-319 (2012); Thompson,

D.B,, et al, Chemistry & Biology 19 (7), 831-843 (2012). The methods of the super charged
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proteins may be used and/or adapted for delivery of the CRISPR Cas system of the present

mvention.

Imiplantable devices

13328 In another embodiment, implantable devices are also contemplated for delivery of the
CRISPR Cas system. For exarnple, US Patent Pablication 20110195123 discloses an implantable
medical device which elutes a drag locally and in prolonged period is provided, including several
types of such a device, the treatment modes of implementation and methods of implantation. The
device comprising of polymeric substrate, such as a matrix for example, that is vsed as the
device body, and drugs, and in some cases additional scaffolding materials, such as metals or
additional polymers, and materials to enhance visibility and imaging. The selection of drug is
based on the advantageous of releasing drug locally and i prolonged period, where drug is
released directly to the extracelinlar matrix (ECM) of the diseased area such as tumor,
inflanuoation, degeneration or for syraptornatic objectives, or to injured smooth muscle cells, or
for prevention. One kind of drug s the gene silencing drugs based on RNA interference (RNA1,
including but not limited to si RNA, sh RNA, or antisense RNA/DNA, ribozyme and nucleoside
analogs. Therefore, this system may be used/and or adapted to the CRISPR Cas system of the
present invention. The modes of vmplantation in some embodiments are existing truplantation
procedures that are developed and used today for other treatmeonts, including brachytherapy and
needie biopsy. In sach cases the dimensions of the new implant described in this mvention are
similar to the original implant. Typically a fow devices are voplanted during the same treatment
procedure. As described i US Patent Publication 20110195123, there is provided a drug

delivery implantable or insertable system, including systems applicable to a cavity such as the

7y

abdominal cavity and/or any other type of administration in which the drug delivery system i
not anchored or attached, comprising a biostable and/or degradable and/or bicabsorbable
polymeric substrate, which may for example optionally be a matrix. It shouid be noted that the
term "insertion” also includes implantation. The drug delivery system is preferably implemented
as a "Loder” as described in US Patent Publication 20110195123, The polymer or plurality of
polymers are biocompatible, incorporating an agent and/or plurality of agents, enabling the
release of agent at a controlled rate, wherein the total volume of the polymeric substrate, such as

a matrix for example,

in some embodiments is optionally and preferably no greater than a
maxirnum volume that permits a therapeutic level of the agent to be reached. As a nou-limiting

example, such a volume is preferably within the range of 0.1 m’ to 1000 mm’, as required by the
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volame for the agent load. The Loder may optionally be larger, for example when incorporated
with a device whose size i determined by functionality, for example and without Hottation, a
knee joint, an intra-uterine or cervical ring and the like. The drug delivery system (for delivering
the composition) is designed in some embodiments to preferably employ degradable polymers,
wherein the main release mechanism 18 bulk erosion; or in some embodiments, non degradable,
or slowly degraded polymers ave used, wherein the main release mechanism is diffusion rathe

than bulk erosion, so that the outer part functions as membrane, and iis internal part functions ag
a drug reservoir, which practically is not affected by the surroundings for an extended period (for
example from about a week to about a foew months). Combinations of different polymers with
differcnt release mechanisms may also optionally be used. The concentration gradient at the
surface is preferably maintained effectively constant during a significant period of the total drug
releasing period, and therefore the diffusion rate is effectively constant (termed "zero mode”
diffusion). By the term "constant™ it is meant a diffusion rate that is preferably maintained above
the lower threshold of therapeutic effectiveness, but which may still optionally feature an nitial
burst and/or fluctuate, for example increasing and decreasing to a certain degree. The diffusion
rate 15 preferably so maintained for a prolonged period, and it can be considered constant to a
certain level to optimize the therapeutically effective period, for example the effective silencing
period. The drug delivery system optionally and preferably is designed to shield the nucleotide
based therapeutic agent from degradation, whether chemical in nature or due to attack from
cnzymes and other factors 1o the body of the subject. The drug delivery system as described in
US Patent Publication 20110195123 is optionally associated with sensing and/or activation
apphances that are operated at and/or after iroplantation of the device, by non and/or minimally
invasive methods of activation and/or acceleration/deceleration, for exarmple optionally inclading
but not limited to thermal heating and cooling, laser beams, and ultrasonic, including focused
ultrasound and/or RF {radiofrequency) methods or devices, According to some embodiments of
US Patent Publication 20110195123, the site for local delivery may optionally include target
sites characterized by bigh abnormal proliferation of cells, and suppressed apoptosis, including
tumors, active and or chronic inflammation and infection inchuding autoimmune discases states,
degenerating tissue inchuding muscle and nervous tissue, chronic pain, degenerative sites, and
tocation of bone fractures and other wound locations for enhancement of regenceration of tissue,
and injured cardiac, smooth and striated nuscle. The site for implantation of the composition, or
target site, preferably features a radius, arca and/or volume that is sufficiently small for targeted

local delivery. For example, the target site optionally has a diameter in a range of from about 0.1
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mm to about S cm. The location of the target site is preferably selected for maximum therapeutic
efficacy. For example, the composition of the drag delivery system {(optionally with a device for
implantation as described above) is optionally and preferably implanted within or in the
proximity of a tumor environment, or the blood supply associated thereof. For example the
composition {optionally with the device) 1s optionally implanted within or in the proximity to
pancreas, prostate, breast, hiver, via the nipple, within the vascular systern and so forth. The
target location is optionally sclected from the group consisting of (as non-limiting examples
only, as optionally any site within the body may be suitable for iroplanting a Loder): 1. brain at
degenerative sites like in Parkinson or Alzheimer disease at the basal ganglia, white and gray
matter; 2. spine as in the case of amyotrophic lateral sclerosis (ALS); 3. uterine cervix to prevent
HPYVY infection; 4. active and chronic inflamatory joints; S. dermis as in the case of psoriasis; 6.
sympathetic and sensoric nervous sites for analgesic effect; 7. Intra osseous implantation; 8.
acute and chronic infection sites; 9. Intra vaginal; 10, Inner car--auditory system, labyrinth of the
inmer gar, vestibular system; 11. Intra tracheal; 12. Intra-cardiac; coronary, epicardiac; 13,
urinary bladder; 14. biliary system; 15, parenchymal tissue including and not limited to the
kidney, liver, spleen; 16. lymph nodes; 17, salivary glands; 18, dental gums; {9, Intra-articular
(into joints); 20. Intra-ocular; 21. Brain tissue; 22. Brain ventricles; 23, Cavities, including
abdominal cavity (for example but without limitation, for ovary cancer); 24. Intra csophageal and
25. Tatra rectal. Optionally insertion of the system (for example a device containing the
compaosition} s associated with injection of material to the ECM at the target site and the vicinity
of that site to affect local pH and/or temperature and/or other biclogical factors affecting the
diffusion of the drug and/or drug kinetics in the ECM, of the target site and the vicinity of such a
site. Optionally, according to some embodirnents, the release of said agent could be associated
with sensing and/or activation appliances that arc operated prior and/or at and/or after insertion,
by non  and/or minimally invasive and/or else methods of activation andior
acceleration/deceleration, including laser beam, radiation, thermal heating and cooling, and
ultrasonie, including focused ulirasound and/or RF (radiofrequency) mcthods or devices, and
chemical activators. According to other embodiments of US Patent Publication 20110195123,
the drug preferably comprises a gene silencing biglogical RNAI drug, for example for localized
cancer cases in breast, pancreas, brain, kiduey, bladder, lung, and prostate as described below.
Although examplificid with RNAiL, many drugs other than siRNA are applicable to be

encapsulated in Loder, and can be used in association with this invention, as long as such drags
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can be encapsulated with the Loder substrate, such as a matrix for example, and this system may
be used and/or adapted to deliver the CRISPR Cas system of the present invention.

(8321} The method of insertion, such as imaplantation, may optionally already be used for
other types of tissue implantation and/or for insertions and/or for sampling tissues, optionally
without modifications, or alternatively optionally only with non-major modifications in such
methods, Such methods optionally include but are not hmited to brachytherapy roethods, biopsy,
endoscopy with and/or without ultrasound, such as ERCP, stereotactic methods into the brain
tissue, Laparoscopy, inclading implantation with a laparoscope into joints, abdominal organs, the

bladder wall and body cavities.

CRISPR enzvioe mBNA and cuide RNA

{8322} CRISPR enzyme mRMNA and guide RNA might also be delivered separately. CRISPR
enzyme mRNA can be delivered prior to the guide RNA to give time for CRISPR enzyme to be
expressed. CRISPR enzymoe mRNA might be administered 1-12 hours (preferably arcund 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 admunistered 1-12 howrs (preferably around 2-6 howurs) after the nitial administration of
CRISPR enzyme mRNA + guide RNA. Additional administrations of CRISPR enzymae mRNA
and/or guide RNA might be useful to achieve the most officient lovels of genome modification,
For minimization of toxicity and off-target effect, 1t will be important to control the
concentration of CRISPR enzyme mRNA and guide RNA delivered. Optimoal concenirations of
CRISPR enzyme mRNA and guide RNA can be determined by testing different concentrations
in a celludar or animal model and using deep sequencing the analyze the extent of modification at
potential off-target genomic loci. For example, for the guide scquence targeting 57-
GAGTCCGAGCAGAAGAAGAA-3 m the EMXI gene of the human genome, deep
sequencing can be used to assess the level of modification at the following two off-target loci, 1
S-GAGTCCTAGCAGGAGAAGAA-Y and 2. 57-CAGTCTAAGCAGAAGAAGAA-S . The
concentration that gives the highest level of on-target modification while minimizing the level of
off-target modification should be chosen for in vive delivery. Alterpatively, to minimize the
tevel of toxicity and off-target effect, CRISPR enzyme nickase mRNA (for exampie 8. pyogenes
Cas® with the DIQA mutation) can be delivered with a pair of goide RNAs targeting a site of

interest. The two guide RNAs need to be spaced as follows. Guide sequences in red (single
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underline) and blue {double underline) respectively (these examples are based on the PAM

requirement for Strepfococcus pyogenes Cas9).

COverhang fength Cuide RNA design (guide sequence and PAM color coded)
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{8323} Further interrogation of the system have given Applicants evidence of the 5
overhang (see, g, Ran ot al, Cell. 2013 Sep 12;154(63:1380-% and US Provisional Patent
Application Serial No. 61/871,301 filed August 28, 2013). Applicants bave further identified
parameters that relate to efficient cleavage by the CasY nickase mutant when combined with two
guide RNAs and these parameters include but are not limited to the length of the 57 overhang. In
embodiments of the invention the 5° 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 57
overhang is at least 26 base pairs, preferably at least 30 base pairs or more preferably 34-50 base
pairs or 1-34 base pairs. In other preferred methods of the invention the first guide sequence
divecting cleavage of one strand of the DNA duplex near the first target sequence and the second
guide sequence directing cleavage of other strand near the second target sequence results in a

.

blunt cut or a 37 gverhang. In embodiments of the invention the 37 overhang is at most 158, 100
or 25 base pairs or at least 15, 10 or 1 base pairs. Tn preferred ernbodiments the 3° overhang is 1-
100 basepairs,

8324} Aspects of the invention relate to the cxpression of the gene product being decreased
or a temmplate polynucleotide being farther introduced into the DNA molecule encoding the gene
product or an intervening sequence being excised precisely by allowing the two 57 overhangs to
reanneal 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. sgRNA 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.
Importantly, each 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 Cas9n and Cas9HR40A wvick opposite
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strands of DNA, substitution of Cas9n with CasPHE40A with a given sgRNA pair should result
in the mversion of the overhang type. For exaruple, a pair of sgRNAs that will generate a §°
overhang with Cas9n should in principle generate the corresponding 3° overhang instead.

2

Theretore, sgRNA pairs that lead to the generation of a 3” overhang with Cas9n might be used
with CasOHR40A to generate a 57 overhang. Applicants tested CasOHE40A with a set of sgRNA
pairs designed to generate both 57 and 37 overhangs (offset range from —278 to +58 bp), but were
unable to observe indel formation, indicating that mutation Cas9HB40A may substantially reduce
Cas9 nuclease activity, thereby making sgRNA paiving as to mutant Cas9HE40A as to double
nicking of interest.

Liver, proprotein convertase subtilisin kexin 9 (PCSKS)

[325] Bailey et al. (J Mol Med (Berl). 1999 Jan;77(1):244-9) discloses insulin delivery by
ex-vive somatic cell gene therapy involves the removal of non-B-cell somatic cells {e.g
fibroblasts) from a diabetic patient, aud genetically altering them in vitro to produce and scercie
insulin, The cells can be grown in culture and returned to the donor as a source of insulin
replacement. Cells modified in this way could be evaluated before implantation, and reserve
stocks could be cryvopreserved. By using the patient's own cells, the procedure should obviate the
need for imumunosuppression and overcore the problem of tissue supply, while avoiding a
recurrence of cell destruction. Ex-vive somatic cell gene therapy requires an accessible and
robust cell type that is amenable to multiple transfections and subject to controlled proliferation.
Special problerns associated with the use of non-B-cell somatic cells include the processing of
proinsulin to insulin, and the conferment of semsitivity to glucose-stimulated proinsulin
bissynthesis and regulated insulin release. Preliminary studies using fibroblasts, pituitary cells,
kidney (COS) cells and ovanan (CHO) cells suggest that these challenges could be met, and that
ex-vive somatic cell gene therapy offers a feasible approach to insulin replacement therapy. The
system of Bailey et al. may be used/and or adapted to the CRISPR Cas system of the present
invention for delivery to the liver.

8326} The roethods of Sato et al. (Nature Biotechnology Volurse 26 Number 4 April 2008,
Pages 431-442) may be applied to the CRISPR Cas system of the present invention for delivery
to the liver. Sato et al. found that treatments with the siRNA-bearing vitamin A-coupled
hiposomes abmost completely resolved Hver fibrosis and prolonged survival in rats with
otherwise lethal dimethylnitrosamine-induced liver cirthosis in a dose- and duration-dependent

manner,  Cationic  liposomes  (Lipotrust)  containing 0,0’ -ditetradecanoyi-N-(a-



WO 2015/089465 PCT/US2014/070135

trimethylammonioacetyl) dicthanolamine chioride (DC-6-14) as a cationic lipid, cholesterol and
dicleoviphosphatidylethanolamine at a molar ratio of 4:3:3 (which has shown high transfection
cfficicncy under serumcontaining conditions for in vitro and in vivo gene delivery) were
purchased from Hokkaido System Science. The liposomes were manufactured using a freeze-
dried empty liposomes method and prepared at a concentration of 1 mM (DC-16-4) by addition
of double-distitied water (DDW) to the Iyophilized lipid nuxtare 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 DC-16-4) by vortexing in a 1.5 mi tube at 25
1C. To prepare VA-coupled Hiposomes carrying siRNAgp46 (VA-lip-siRNAgp46), a solution of
siRNAgp46 (320 pmol/ml in DDW) was added to the retinol-coupled liposome solution with
stirring at 25 C. The ratio of siRNA to DC-16-4 was 11115 (moVmol) and the siRNA to
Liposome ratio (wt/wt) was [l Any free vitamin A or siRNA that was not taken up by
liposomes were separated from liposomal preparations using a  micropartifion  systom
(VIVASPIN 2 concentrator 30,000 MWCO PES, VIVASCIENCE). The liposonal suspension
was added to the filters and centrifuged at 1,500g for S min 3 times at 25 1C. Fractions were
collected and the material trapped in the filter was reconstituted with PBS to achieve the desured
dose for i vitro or in vivo use. Three injections of 0.75 mg/kg siRNA were given every other
day to rats. The system of Sato ¢t al. may be used/and or adapted to the CRISPR Cas system of
the present inveuntion for delivery to the tiver by delivering about 0.5 to 1 mg/kg of CRISPR Cas
RNA iu the liposores as described by Sato et al. to humauos.

(63271 The methods of Rozema et al. (PNAS, August 7, 2007, vol. 104, no. 32) for a vehicle
tor the delivery of siRNA to hepatocytes both in vitro and v vivo, which Rozema et al. have
named 3iRNA Dynamic PolyConjugates may also be applied to the present invention. Key
features of the Dynamic Poly-Conjugate technology include a membranc-active polymer, the
ability to reversibly mask the activity of this polymer until it reaches the acidic environment of
endosomes, and the ability to target this modified polymer and its siRNA cargo specifically to
hepatocyies 1o vive after sirople, low-pressure v, jection.  SATA-modified siRNAs are
symthesized by reaction of 5° aminemodified siRNA with 1 weight equivalents {wt ogy of
Nsuccimimidyl-S-acetylthicacetate (SATA) reagent (Pierce) and 0.36 wt eq of NaHC(O; in water
at 4°C for 16 h. The modified siRNAs are then precipitated by the addition of 9 vol of ethanol
and incubation at 83°C for 2 h. The precipitate is resuspended in 1X siRNA buffer (Dharmacon)
and quantified by measuring absorbance at the 260-nm wavelength, PBAVE (30 mg/ml in

SmMTAPS, pH 9) 1s modified by addition of 1.5 wt % SMPT (Pierce). After a 1-h incubation,
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(1.8 mg of SMPT-PBAVE was added to 400 ul of isotonic ghicose solution containing 5 mM
TAPS (pH 9). To this solution was added 50 pg of SATA-modificd 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 myg of Hepes free base
followed by a mixture of 3.7 mg of CDM-NAGand 1.9mg of CDM-PEG. The sohution is then
incubated for at least 1 h at roorn temperature before yection. COM-PEG and CDM-NAG are
synthesized from the acid chloride generated by using oxalyl chloride. To the acid chloride i
added 1.1 molar equivalents polyethylene glycol mounomethyl ether (molecunlar weight average
of 450) to generate CDM-PEG or (aminocthoxy)ethoxy-2-(acetylamino)-2-deoxy-5-D-
glucopyranoside to gencrate CDM-NAG. The final product is purified by using reverse-phase
HPLC with a 8.1% TFA water/aceionitrile gradient. About 25 to 50 pg of siRNA was delivered
to mice. The system of Rozema et al. may be applied to the CRISPR Cas systemn of the present
mvention for delivery to the Hiver, for example by envisioning a dosage of about 50 to about 200
mg of CRISPR Cas for delivery to 3 human.
Brain

1328] Delivery options for the brain include encapsulation of CRISPR enzyme and guide
RNA in the form of either DNA or RNA muto liposoraes and conjugating to molecular Trojan
horses for trans-blood brain barrier (BBB) delivery. Molecular Trojan horses have been shown to
be ettective 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-
Jun;6(3):747-51. dot: 101021/ mpROGIS4) describes how delivery of short interforing RNA
(5iIRNA) to cells in culture, and in vivo, 13 possible with combined use of a receptor-specific
monoclonal antibody (mAb) and avidin-biotin technology. The authors also report that because
the bond between the targeting mAb and the siRNA is stable with avidin-biotin technology, and
RNAi effects at Jistant sites such as brain are observed in vive following an intravenous
administration of the targeted siRNA.

(8329 Zhang et al. (Mol Ther. 2003 Jan;7{1):11-8.)) describe how expression plasmids
encoding reporters such as luciferase were encapsulated in the interior of an "artificial virus”
comprised of an 85 am pegylated ioununoliposome, which was targeted to the rhesus monkey

brain in vivo with a2 monoclonal antibody (MAb) to the human insulin receptor (HiR). The
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HIRMAD cnables the liposome carrying the exogenous gene to undergo transcytosis across the
blood-brain barricr and endocytosis across the neuronal plasma membrane following intravenous
injection. The level of luciferase gene expression in the brain was 50-fold higher in the rhesus
monkey as compared to the rat. Widespread neuronal expression of the beta-galactosidase gene
in primate brain was demonstrated by both histochemistry and confocal microscopy. The authors
indicate that this approach muakes foasible reversible adult transgenics 1n 24 hours, Accordingly,
the use of immunoliposome is preferred. These may be used in conjunction with antibodies to
target specific tissues or cell surface proteins. Gther means of delivery or RNA are also
preferred, such as via nanoparticles {(Cho, K., Goldberg, M., Son, 8., Xu, Q., Yang, F.,, Mei, Y.,
Bogatyrev, S., Langer, R, and Anderson, D., Lipid-like nanoparticles for small interfering RNA
delivery to endothelial cells, Advanced Functional Materials, 19: 3112-3118, 2810) or exosomes
(Schroeder, A., Levins, ., Cortez, €., Langer, R, and Anderson, D., Lipid-based
nanotherapeutics for siRNA delivery, Joumal of fnternal Medicine, 267: 9-21, 2010, PMID:
200596413,

6330} Indeed, exosomes have been shown to be particularly useful in delivery siRNA, a
system with some parallels to the CRISPR system.  For instance, El-Aundaloussi §, et al
{(“Exosome-mediated delivery of siRNA in vitro and in vive.” Nat Protoc. 2012 Dee;7(1212112-
26. doi: 10.1038/nprot.2012.131, Epub 2012 Nov 15} describe how exosomes are promising
tools for drug delivery across different biological barriers and can be harnessed for delivery of
siRNA 10 vitro and in vivo. Their approach is o generate targeted exosomes through transfoction
of an exprossion vector, comprising an exosomal protein fused with a peptide ligand. The
exosomes are then purify and characterized from transtected cell supernatant, then siRNA is
toaded into the exosomes. Delivery or admunistration according to the invention caun be
performed with exosomes, in particular but not lmited to the brain, 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 simitlar manner as was done by Uno et al. (HUMAN GENE
THERAPY 22:711-719 (June 201 1)) for delivering short-interfering RNA (siIRNA) to the brain.
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
Braiu Infusion Kit 3 (Alzet). A brain-infusion cannula was placed about 0,50y posterior 1o the
bregma at midline for infusion into the dorsal third ventricle. Uno ¢t al. found that as little as 3
nmol of Toc-siRNA with HBL could induce a target reduction in comparable degree by the same

ICV mnfusion method. A similar dosage of CRISPR Cas conjugated to a-tocopherol and co-
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administered with HDL targeted to the brain may be contemplated for humans in the present
tnvention, for example, about 3 ruvol to about 3 ymol of CRISPR Cas targeted to the brain may
beconteraplated.

(8331} Zou et al. (HUMAN GENE THERAPY 22:465-475 (April 2011)) describes a
method of lentiviral-mediated delivery of short-hairpin RNAs targeting PKCy for in vivo gene
silencing in the spinal cord of rats. Zou et al. administered about 10 ul of a recombinant
fentivirus having a titer of 1 x 10 transducing units (TUYmi by an intrathecal catheter. A similar
dosage of CRISPR Cas expressed in a lentiviral vector targeted to the brain may be contemplated
for hurnans 1o the present invention, for example, about 10-50 md of CRISPR Cas targeted to the
brain in a lentivirus having a titer of 1 x 10 transducing units (TU)/m! may be contemplated.
16332} in terms of local delivery to the brain, this can be achieved in various ways, For
instance, material can be delivered ntrastriatally 2.g by imjection. Injection can be performed

stereotactically via a cranyotomy.

Tarested deletion, therapeutic anplications

{6333} Targeted deletion of viral genes or other viral clements is preferred.  Examples are
exemplified in Example 18, Preferred are, therefore, latent viral genes. As exemplified here,
Apphicants prefer gene delivery of a CRISPR-Cas systern to the liver, brain, ocular, epithelial,
hematopoetic, or another tissue of a subjoct or a patient in need thercof, suffering from latent
viral infections, using either viral or nonviral {e.g. nanoparticle) delivery system.

18334] Therapeutic applications of the CRISPR-Cas systern include treatment of viral
infections, such as HBV infection.

[8335] Chropic administration of protein therapeutics may elicit unacceptable immumne
responses to the specific protein. The immunogenicity of protein drugs can be ascribed to a few
mmunodonunant helper T tyraphocyie {(HTL) epitopes. Reducing the MHC binding affinity of
these HTL epitopes contained within these proteins can generate drugs with lower
immunogenicity (Tangri S, et al. (“Rationally engineered therapeutic proteins with reduced
tmmunogenicity” J Tromunol. 2005 Mar 15;174(6):3187-96.) 1o the present jnvention, the
immunogenicity of the CRISPR enzyme in particular may be reduced following the approach
first set out in Tangri et al with respect to crythropoietin and subsequently developed.
Accordingly, directed evolution or rational design may be used to reduce the immunogenicity of

the CRISPR enzyme (for instance a Cas9) in the host species (human or other species).

(o]
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3336] Applicants used 3 guideRNAs of interest and able to visualize efficient DNA
cleavage in vivo occurring only in a sroall subset of cells, Essentially, what Apphicants have
shown here 1s targeted in vivo 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 moltiple guide sequences (e, separate tfargets) can be used
simultancously (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.

{8337} A suitable example of a protocol for producing AAV, a preferred vector of the
tnvention is provided 1o the Exaroples.

{3338} The present invention also contemplates delivering the CRISPR-Cas system to the
blood. The plasma exosomes of Wahigren et al. (Nucleic Acids Research, 2012, Vol. 40, No. 17
¢130) were previously described and may be utilized to deliver the CRISPR Cas system to the

blood.
Heart

[3339] The present invention also contemplates delivering the CRISPR-Cas system to the
heart. For the heart, a myocardium tropic adena-associated virus (AAVM) is preforred, in
particular AAYM41 which showed preferential gene transfer in the heart (see, ¢.g., Lin-Yanga ot
al., PNAS, March 14, 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. See

)

Iso, e.g., Eulalio et al. (2012) Nature 492 376 and Somasuntharar et al. (2013} Biomaterials

.
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Kidnevs

[6340] The present invention also contemplates delivering the CRISPR-Cas system to the
kidney. Delivery strategics to induce cellular uptake of the therapeutic nucleic acid include
physical force or vector systems such as viral-, lipid- or complex- based delivery, or
nanocasriers. 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 genc therapeutic viral and non-viral carriers have been applied already to target
posttranscriptional events in different animal kidney disgase models in vive (Usaba Révész and

Péter Hamar (2011). Delivery Methods to Target RNAs i the Kiduey, Gene Therapy
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18341 The present mvention also contemplates delivering the CRISPR-Cas system to oncor
both hungs. Although AAV-2-based vectors were originally proposed for CFTR delivery to CF
airways, other serotypes such as AAV-1, AAV-5, AAV-6, and AAV-9 exhibit improved gene
transfer efficiency in a variety of models of the lung epithelium (sece, ¢.g., Li et al.,, Molecular
Therapy, vol. 17 no. 12, 2067-2077 Dec 2009). AAV-1 was demonstrated to be ~100-fold more
efficient than AAV-2 and AAV-S at transducing human airway epithelial cells in vitro,5
although AAV-1 transduced murine tracheal aivway epithelia in vivo with an efficiency equal to
that of AAV-5. Other studies have shown that AAV-5 is 50-fold more efficient than AAV-2Z at
gene delivery to human airway epithelivm (HAE) in vitro and significantly more efficient in the
mouse hing airway epithelium in vivo, AAV-6 has also been shown to be more efficient than
AAV-2 in human aivway epithehial cells i vitro and nwrine arways in vivo.§ The more recent
isolate, AAV-9, was shown to display greater gene transfer efficiency than AAV-S in murine
nasal and alveolar epithelia 1n vivo with gene expression detected for over 9 months suggesting
AAV may enable long-term gene expression 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 immune consequences. CF and non-
CF HAE cultures may be inoculated on the apical surface with 100 ul of AAV vectors for hours
(see, e.g., Li et al,, Molecular Therapy, vol. 17 no. 12, 2067-2077 Dec 2009). The MOI may vary

2 s ; . . .
from 1 x 107 to 4 x 107 vector genomes/cell, depending on virug concentration and purposes of
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the experiments. The above cited vectors are contemplated for the delivery and/or administration
of the mvention.

18342} Zamora ¢t al. (Am J Respir Crit Care Med Vol 183, pp 531-53¥, 2011) reported an
example of the application of an RNA interference therapeutic to the treatment of human
infectious discase and alse a randomized trial of an antiviral drug in respiratory syncytial virus
(RSV)-infected hung transplant recipicnts. Zarpora et al. performed a randomized, double-blind,
placebocontrolied trial in LTX recipients with RSV respiratory tract infection. Pationts were
permitted to recetve standard of care for RSV, Acerosolized ALN-RSVOL (0.6 mg/kg) or placebo
was administered daily for 3 days. This study demonstrates that an RNAJ therapeutic targeting
RSV can be safely administered to LTX recipients with RSV infection. Three daily doses of
ALN-RSV(1 did not result in any exacerbation of respiratory tract symptoms or impairment of
hing function and did not exhibit any systemic promnflammatory effects, such as induction of
cytokines or CRP. Pharmacokinctics showed ounly low, tramsiont systemic exposure after
inhalation, consistent with preclinical animal data showing that ALN-RSVO1, administered
intravenously or by inhalation, s rapidly cleared from the circulation through
exonucicasemediated digestion and renal excretion. The method of Zamora et al. may be applied
to the CRISPR Cas system of the present invention and an aerosolized CRISPR Cas, for example

with a dosage of 0.6 mg/kg, may be contemplated for the present invention.

Muscles

18343] The present invention alse contemplates delivering the CRISPR-Cas system to

muscle(s).
Skin

[3344] The present invention also contemplates delivering the CRISPR-Cas system to the
skin. Hickersoun et al. (Molecular Therapy—Nucleic Acids (2013 2, ¢129) relates to a motorized
micronecdic 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 etfort has been imvested in a variety of
skin delivery technologies with imited success. Tn a clinical study in which skin was treated with
siRNA, the exquisite pain associated with the hypodermic needle injection prechuded enrollment
of additional patients in the trial, highlighting the need for improved, more “patient-friendly”
(1.¢., little or no pain) dehivery approaches. Microncedles represent an officient way to deliver

large charged cargos inchuding siRNAs across the primary barrier, the stratum corneum, and are
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generally regarded as less painful than conventional hypodermic needles. Motorized “stamp
type” microneedie devices, including the motorized ricroncedle array (MMNA) device used by
Hickerson gt 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 (it} limited testing in which pearly
all volanteers found use of the device to be much less paintul than a flushot, saggesting siRNA
delivery using this device will result 1o rouch less pain than was experienced in the previous
clinical trial using hypodermic needle injections. The MMNA device {marketed as Triple-M or
Tri-M by Bomtech Flectromie Co, Seounl, South Korea) was adapted for delivery of siRNA to
mouse and human skin, sd-siRNA solution (up to 300 ul of 0.1 mg/mi RNA)Y was introduced into
the chamber of the disposable Tri-M needle cartridge (Bomtech), which was set to a depth of 0.1
mm. For treating human skin, deidentified skin (obtained immediately following surgical
procedurcs) was manually stretched and pinned to a cork platform before treatment. All
mntradermal injections were perforraed using an insulin 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 invention, for example, at a dosage of up to 300 ul of 8.1 mg/ml

CRISPR Cas to the skin.

Latent and chronic viral infoctions

{61345} The present invention may also be applied to treat latent or chronic viral infections,
Viral latency is the abiity of a pathogenic virus to remain latent or dormant within a cell during
the tysogenic part of s life cyele. Latent infection is distinct from chrovnic infection in which a
virus continues to replicate and proliferate. Instead, proliferation of the virus ceases but the viral
genome is not eradicated, and so it can reactivate and again result in production of viral progeny
(Iytic part of the hife cycle) without requiring reinfection of the host. Thus the imvention provides
the use of a CRISPR-Cas system to inactivate a virus within a eukaryotic cell, and in particular a
latent form of the virss. For instance, the CRISPR-Cas system can be used to excise an
integrated provirus from a cell’s genome and/or to inactivate a latent virus which is present in
episornal form (e.g. to cleave a cecDNA formy).

[8346] Thus the invention provides a CRISPR-Cas systermn comprising one or more vectors
for delivery to a eukaryotic cell, wherein the vector(s) encode(s): (1) a CRISPR enzyme; (i) a
guide RMA capable of hybridizing to a target sequence in a viral genome within the cell; and
(itl); a tracr mate sequence; and (iv) a tracr sequence, wherein, when expressed within the cell,

the guide RNA directs sequence-specific binding of a CRISPR complex to the target sequence,
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and the CRISPR complex comprises (a) the tracr mate sequence hybridised to the tracr sequence
and (b} a CRISPR enzyme bound to the guide RNA, such that the guide RNA can hybridise to its
target sequence in the viral genome.

16347} Further characteristics of the vector(s), the encoded enzyme, the guide sequences, efc.
are disclosed elsewhere herein. For instance, the guide sequeuces can be part of a chiRNA
sequence which provides the guide, tracr mate and tracr sequences within a single RNA, such
that the system can encode (i) a CRISPR enzyme; (i1} a chiRNA comprising a sequence capable
of hybridizing to a target sequence in a viral genome, a tracr mate sequence, and a fracr
sequence. Simiarly, the enzyme can include one or more NLS, efe.

{8348} Latent viruses can exist in cpisomal form or integrated proviral form, and the
invention can be used to treat both types. The invention is particularly useful with DNA viruses,
and especially virases with a double-stranded DNA genome. Examples of pathogenic DNA
vituses which have an episomal latent form herpes suoplex virus (HSVY 1 and 2, human
papiliomavirus (HPV) of any type, Epstein Barr virus (EBVY), and varicella zoster virus {(VZV).
The invention can be used to treat infections with any of these viruses. Some plant viruses also
exhibit a latent form and the mvention can be used to climminate these as well, CRISPR systems
of the invention can be targeted to ccll types which maintain a latent virus e.g. B cells or
epithelial cells for EBV, neurons for HSV and VZV, epithelial cells for HPV, liver cells for
HBY, eic. Genomic sequences for viruses are widely available, and guide sequences for
targeting the viral genome can thus be designed without difficulty. Where a viras has various
sequence variants {e.g. different subtypes of HBV) it is useful to design guide sequences to target
regions of the genome which are conserved, thereby providing broad activity. It is preferred to
use guide RNAs against more than one site in the viral genome. A key advantage of CRISPR
technology when compared to ZFNs or TALENs is the relative case by which multiple
sequences can be targeted. Targeting multiple sites in a viral genome offers two main
advantages. Firstly, it reduces the possibility that a viral strain might escape {e.g. by mutation),
and helps to ensurc that at least one target is present in any subject’s unmique ensemble of
genomes and variants or quasispecics. Secondly, because episomeal forms are generally small
and circudar (~3-4kb), targeting multiple sites with different guides may allow fragmentation of
the episome into multiple picces that canvot casily be repaired by NHE]. Thus, for example, a
CRISPR system can target multiple genes or ORFs within a viral genome. As well as targeting
latent viruses, CRISPR systems can be used to target chronic viral infections by viruses whose

hife cycles inchide a dsDNA form which can be bound by CRISPR complexes. In these
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embodiments the CRISPR system can be used in conjunction with an antiviral compound, such

as tenofovir (HBV), entecavir (HBV), aciclovir (HSV, VZV), et

Hepatitis viruses

13349 The present mvention may also be applied to treat hepatitis B virus (HBV). Thus the
wnvention provides the use of a CRISPR-Cas system to inactivate HBV within a mammalian cell,
and in particular a latent form of HBV. For instance, the CRISPR-Cas system can be used to
excise integrated HBV provirus from a cell’s genome (a rare occurrence) and/or to inactivate
tatent HBVY which is present in covalently closed circular BNA {cccDNA) form. HBV genomic
sequences are widely available, and guide sequences for targeting the HBV genome can thus be
designed without difficulty. HBV exists in several serological subtypes (e.g. adw, ayw, ady, adr),
which differ by >&% in primary sequence, and it is useful to design guide sequences to target
regions of the genome which are conserved between multiple subtypes. Applicants have
designed 24 guide RNAs to target the HBV genome. These mclude targets which are highly
conserved within the HRBY genome; and the location of 9 of these guide sequences is mapped
against the HBY genome (See Figures 36, 37). It is preferred to use guide RNAs against more
than one site in the HBV genome. For instance, it 15 usefol to provide guide sequences which
recognise two or more oft ORF 5, which encodes the surface antigen; ORF C, which encodes
core proein; ORF P, which encodes the polymerase; ORF X, which encodes HBX protein; the
Enhl eunhancer regulatory element; and/or the Enhll enhancer regulatory element. CRISPR
systems for treating HBV are wdeally delivered to liver cells, and in particular to hepatocytes.
Thus an AAVE vector may be uscful.. Similarly, expression of the components of the CRISPR
system are ideally under the transcriptional control of a liver-specific or hepatocyte-specific
promoter,

(63501 The CRISPR system can be used in conjunction with an anti-HBY compound such as
tenofovir or entecavir, As Cas9 targeting to cecDNA is likely at least partially dependent on the
cceDNA structure, co-treatment with epigenetic modifiers (for example Class 1 and Class 11
HDAC inhibitors trichostatin A (TSA), valproate, and nicotinamide (NAM), and Type |
interferons ) may be usetud for increasing CasY occupancy on HBVY cccDNA. For treating HBY
in practice, the CRISPR Cas systern must avoid the shorticomings of RNAIL such as the risk of
oversaturating endogenous small RNA pathways, by for example, optimizing dose and sequence
(see, ¢.g., Grinun ot al,, Nature vol. 441, 26 May 2006). For exaraple, low doscs, such as about

1-10 x 10" particles per human are contemplated. In another embodiment, the CRISPR Cas
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system directed against HBY may be administered in liposomes, such as a stable nucleic-acid-
lipid particle (SNALP) (see, ¢.g., Morrissey ¢t al., Nature Biotechnology, Vol. 23, No. &, August
20053, Daily intravenous injections of about 1, 3 or 5 mg'kg/day of CRISPR Cas targeted to
HBV RNA in a SNALP are contemplated. The daily treatment may be over about three days and
then weekly for about five weeks. In aunother embodirnent, the system of Chen et al. {Gene
Therapy (2007) 14, 11-19) may be used/and or adapted for the CRISPR Cas systom of the
present invention. Chen et al. use a double-stranded adencassociated virus 8-pseudotyvped vector
(dsAAV2/R) to defiver shRNA. A single administration of dsAAV2/R vector {1 x 10" vector
genoraes per mouse), carrying HBV-specific shRNA, effectively suppressed the steady level of
HBV protein, mRNA and replicative DNA in liver of HBV transgenic mice, leading to up to 2-3
logie decrease in HBV load in the circulation. Significant HBV suppression sustained for at least
120 days after vector administration. 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 may be cloned into an AAV vector, such as 3 dsAAVZ/E 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 ervbodimsent, the rmethod of Wooddell et al.
{(Molecular Therapy vol. 21 no. 5, 973-9¢5 May 2013} may be used/and or adapted to the
CRISPR Cas system of the present invention. Woodell et al. show that simple coinjection of a
hepatocyte-targeted, N-acetylgalactosamine-conjugated mehttin-like peptide (NAG-MLP) with a
hiver-tropic cholesterol-conjugated siRINA (chol-siRNA) targeting coagulation factor VII (F7)
results in efficient F7 knockdown in mice and nonhuman primates without changes in clinical
chemistry or induction of ¢ytokines. Using transient and transgemic mouse models of HBV
mnfection, Wooddell et al. show that a single coinjection of NAG-MLP with potent chol-siRNAs
targeting conserved HBY sequences resulted in multilog repression of viral RNA, proteins, and
viral DNA with long duration of effect. Intraveinous coinjections, for example, of about 6 mg/kg
of NAG-MLP and 6 mg/kg of HBV specitic CRISPR Cas may be envisioned for the present
invention. In the alternative, about 3 mg/kg of NAG-MLP and 3 mg/'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.

18351} The present invention may also he applied to treat hepatitis C virus (HCV). The
methods of Roelvinki et al. (Molecular Therapy vol. 20 no. 9, 1737-1749 Sep 2012) may be

applied to the CRISPR Cas system. For exampie, an AAY vector such as AAVE may be a
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contemplated vector and for example a dosage of about 1.25 x 10" to 1.25 = 10" vector
genoraes per kilogram body weight (vg/kg) may be contenmplated.
16352} It will be readily apparent that a host of other viruses can be treated in a similar

fashion.

Nucleic acids, amino acids and proteins

[{33583] The mvention uses nucleic acids to bind target DNA sequences. This is advantageous
as nucleic acids are nmuch easier and cheaper to produce than proteins, and the specificity can be
varied according to the length of the stretch where homology is sought.  Complex 3-D
positioning of multiple fingers, for example is not required. The terms “polynuclectide”,
“gucleotide”, “mucleotide  sequence”, “nucleic acid” and “oligonucleotide” are used
interchangeably. They refer to a polymeric form of nucleotides of any length, either
deoxyribonucleotides or ribonuclectides, or analogs thereof. Polynucleotides may have any
three dimensional structure, and may perforr any function, known or unkunown. The following
are non-limiting examples of polynucleotides: coding or non-coding regions of a gene or gene
fragment, loci (locus) defined from linkage analysis, exons, introns, messenger RNA (mRNA),
transfer RNA, ribosomal RNA, short interfering RNA (siIRNA), short-hairpin RNA (shRNA),
micro-RNA  (ouRNA),  ribozymes, ¢DNA, recombinant  polymucleotides,  branched
polyoucleotides, plasmids, vectors, isolated DNA of any sequence, isolated RNA of any
sequence, nucleic acid probes, and primers. The term also encompasses nucleic-acid-hike
structures with synthetic backbones, see, e.g., Eckatein, 1991; Baserga et al, 1992; Milligan,
1993 WO 97/0321 1, WO 96/39154; Mata, 1997; Strauss-Soukup, 1997; and Samstag, 1996, A
polvnucleotide may comprise one or more modified nucleotides, such as methvlated nucleotides
and micleotide analogs. I present, modifications to the nucleotide structure may be imoparted
before or after assembly of the polymer. The sequence of nucleotides may be interrupted by
non-nucleotide components. A polynuciestide may be further modified after polymerization,
such as by conjugation with a labeling component.

[8354] As used herein the term “wild type” is a terro of the art understood by skilled persons
and means the typical form of an organism, strain, gene or characteristic as if occurs in nature as
distingunished from mutant or variant forms.

[3355] As used herein the term “variant” should be taken to mean the exhibition of qualities

that have a paticrn that deviates from what occurs in pature,
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{3356} The terms “non-naturally occurring” or “engineered” are used interchangeably and
tndicate the jovolvement 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
substantially free from at ieast one other component with which they are naturally associated in
nature and as found in nature.

133571 “Corplementarity” refers to the ability of a nucleic acid to formo 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 residoes in a nucleic
acid molecule which can form hvdrogen bonds {e.g., Watson-Crick base pmrmu‘p with a second
nucleic acid sequence (e.2., 5, 6, 7, &, 9, 10 out of 10 being 50%, 60%, 70%, 80%, 90%, and
100% complementary). “Perfectly complementary” means that all the contiguous residues of a
nucleic acid sequence will hydrogen bond with the same number of contiguous residues in a
second nucleic acid sequence. “Substantially complementary” as used herein refers to a degree
of complementarity that is at least 60%, 065%, 70%, 75%, R0%, &3%, 90%, 95%., 97%, 94%,
99%, or 100% over a region of 8, §, 10, 11, 12, 13, 14, 15 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,

30, 35, 40, 45, 50, or more nucleotides, or refers fo two nucleic acids that hybridize under
stringent conditions.

13358] 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 sequence, and substantially does not hybridize 1o non-target sequences.  Stringent
conditions are generally sequence-dependent, and vary depending on 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 Techniques 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
made to a polynucleotide sequence, then complementary or partially compleroentary 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
tow-stringency hybridization conditions are selected: about 20 to 25° C lower than the thermal
melting point {Ty ). The Ty is the temperatuire at which 50% of specific target sequence
hybridizes to a perfectly complementary probe in solution at a defined ionic strength and pH.

Generally, 1n order to require at Jeast about 5% nucleotide complementarity of hybridized or
Y, Y ¥
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hybridizable sequences, highly stringent washing conditions are selected to be about 5 to 15° C
tower than the Ty . In order to require at least about 70% nucleotide complementarnity of
hybridized or hybridizable sequences, moderately-stringent washing conditions are selected to be
about 15 to 30° C lower than the T, . Highly permissive (very low stringency} washing
conditions may be as low as 50° C below the Ty, allowing a high level of mus-matching between
hybridized or hybridizable sequences. Those skilied in the art will recognize that other physical
and chemical parameters in the hybridization and wash stages can also be altered to affect the
outcome of a detectable hybridization signal from a specific level of homology between target
and probe sequences.  Preferred highly stringent conditions comprise incubation i 50%
formamide, 5X85C, and 1% SDS at 42° C, or incubation in 5xS8SC and 1% SDS at 65° C, with
wash in 0.2xS8C and 0.1% SDS at 65° .

[3359] “Hybridization” refers to & reaction in which one or more polynucleotides react to
forra a complex that is stabilized via hydrogen bonding between the bases of the wucleotide
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 roulft stranded complex, a single self-
hybridizing strand, or any combination of these. A hybridization reaction may constitute a step
in a more extensive process, such as the initiation of PCR, or the cleavage of a polynucleotide by
an enzyme. A sequence capable of hybridizing with a given sequence is referred to as the
“compleraent” of the given sequence.

8360} As used herein, the term “genomic locus” or “locus” (plural loct) s the specific
tocation 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 sequences are adjacent to coding and/or transcribed
sequences. Accordingly, a gene includes, but is not necessardy Hmtted to, promoter sequences,
terminators, translational regulatory sequences such as ribosome binding sites and internal
ribosome entry sites, enhancers, silencers, insulators, boundary elements, replication origins,
matrix attachment sites and locus control regions.

13361] As used herein, “expression of a genomic locus” or “gene expregsion” is the process
by which information from 3 gene is used in the synthesis of a functional gene product. The

products of gene expression are often proteins, but in non-protein coding genes such as rRNA
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genes or tRNA genes, the product is functional RNA. The process of gene expression is used by
all known lite - cukaryotes (including roulticeliular organisms), prokaryotes (bacteria and
archaca) and viruses to generate functional products to survive. As used herein "expression” of 2
gene or nucleic acid encompasses not only cellular gene expression, but also the transcription
and translation of nucleic acid(s) in cloning systems and in any other context. 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 s 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 inciude splicing of the mRNA in
a cukaryotic cell.

[8362] The terms “polypeptide”, “peptide” and “protein” are vsed interchangeably herein to
refer to polymers of amino acids of any length. The polymer may be linear or branched, it may
comprise modified amino acids, and #t may be interrupted by non amino acids. The terms also
encompass an amino acid polymer that has been modified; for example, disulfide bond
formation, glycosylation, lipidation, acetvlation, phosphorylation, or any other manipulation,
such as conjugation with a labeling component. As used herein the term “amino acid” inchudes
natural and/or unnatural or synthetic amino acids, including glycine and both the D or L optical
isomers, and amino acid analogs and peptidomimetics,

13363] As used herein, the term “domain” or “protein dorsain” refers to a part of a protein
sequence that may exist and function independently of the rest of the protein chain.

{3364} As described in aspects of the invention, sequence identity is related o sequence
homology. Homology comparisons may be conducted by eve, or more asually, with the aid of
readily available scquence comparison programs. These commercially available computer
programs may calculate percent (%) homology between two or more sequences and may also
calculate the sequence identity shared by two or more amino acid or nucleic acid sequences. In
some preforred erobodimuents, the capping region of the dTALEs described herein have
sequences that are at least 95% identical or share identity to the capping region amino acid
sequences provided hergin,

18365] Sequence homologies may be geoerated by any of a number of coraputer programs
known in the art, for example BLAST or FASTA, ctc. A suitable computer program for carrying
out such an alignment is the GCG Wisconsin Bestfit package (University of Wisconsin, U.S.A;

Devereux etal, 1984, Nucleic Acids Research 12:387). Exaroples of other software than may
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perform sequence comparisons include, but are not limited to, the BLAST package (see Ausubel
¢t 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 offline and
online searching {sec Ausubel ot al., 1999 ibid, pages 7-58 to 7-60). However it is preferred to
use the GCG Bestfit program.

[3360] Percentage (%) sequence homology may be calculated over contiguous sequences,
i.e., one sequence is aligned with the other sequence and cach amine acid or nucleotide in one
sequence 1s divectly compared with the corresponding aminoe acid or nucleotide in the other
sequence, oue residuc at a time. This is called an “ungapped” alignment. Typically, such
ungapped alignments are performed only over a relatively short number of residues.

16367} Although this is a very simple and consistent method, it fails to take info
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 m % homology when a global alignment is performed.
Consequently, 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.

[3368] However, these more complex methods assign “gap penalties” to each gap that occurs
in the aligruoent so that, for the same wumber of identical amine acids, a sequence alignment
with as few gaps as possible - reflecting higher relatedness between the two compared sequences
- may achieve a higher score than one with many gaps. “Affinity gap costs” are typically used
that charge a relatively high cost for the existence of a gap and a smaller penalty for each
subsequent residue in the gap. This 5 the most commonly used gap scoring system. High gap
penalties may, of course, produce optimized alignments with fewer gaps. Most alignment
programs allow the gap penalties to be modified. However, it s preferred to use the default
values when using such software for sequence comparisons. For example, when using the GCG
Wisconsin Bestfit package the default gap penalty for amino acid sequences is -12 for g gap and
-4 for each extension.

18369] Calculation of maximurn % homology therefore first requires the production of an
optimal alignment, taking into consideration gap penalties. A suitable computer program for
carryving out such an alignment is the GCG Wisconsin Bestfit package (Devereux et al., 1984

Nuc. Acids Research 12 p3&7). Examples of other software than may perform sequence
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comparisons include, but are not limited to, the BLAST package (see Ausubel et al,, 1999 Shorr
Protocols in Molecular Binlogy, 4" Bd. - Chapter 18), FASTA (Alischul ot al., 1990 J. Mol
Bigi. 403-410) and the GENEWORKS suite of comparison tools. Both BLAST and FASTA are
available for offline and online searching {see Ausubel et al,, 1999, Short Protocols in Molecudar
Bivlogy, pages 7-58 to 7-60). However, for some applications, it is preferred to use the GCG
Bestfit program. A new tool, called BLAST 2 Sequences s also available for comparing protein
and nucleotide sequences (sce FEMS Microbiol Letr. 1999 1742 247-50; FEMS Microbiol
Lett. 1999 177(1 ). 187-8 and the website of the National Center for Biotechnology mformation at
the website of the National Institutes for Health).

[6378] 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. Instead, a scaled
similarity score matrix is gencrally ased that assigns scores to cach pair-wise comparison based
on chemical similarity or evolutionary distance. An example of such a roatrix commonly used is
the BLOSUMG62 matrix - the default matrix for the BLAST suite of programs. GCG Wisconsin
programs generaliv use either the public default values or a custom symbol comparison table, if
supplied (see user manual for further details). For some applications, it is preferred to use the
public default values for the GCG package, or in the case of other software, the default matrix,
such as BLOSUM®62.

{6371} Alternatively, percentage homologies may be calculated using the multiple alignment
feature in DNASIS™ (Hitachi Software), 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 comparison and generates a namerical resolt,
18372} The sequences may also have deletions, insertions or substitutions of amino acid
residues which produce a silent change and result in a functionally equivalent substance.
Deliberate amino acid substitations may be mwade on the basis of similarity in amino acid
properties (such as polarity, charge, solubility, hydrophobicity, hydrophilicity, and/or the
amphipathic nature of the residucs) and it is therefore useful to group amino acids together in
functional groups. Amine acids may be grouped together based on the propertics of their side
chains alone. However, 1t 15 more wsefud 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 Venn diagram (Livingstone C.D. and Barton G.J. (1993) “Protein sequence

alignments: a strategy for the hicrarchical analysis of residue conservation” Compur. Appl.
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Biosci. 91 745-756) (Taylor W.R. {1986) “The classification of amino acid conservation” /.
Theor. Riol. 119; 205-218). Counservative 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 1LV

Polar WYHRKREDCSTNQ | Charged HKRED

Positively {HKR

charged

MNegatively | ED

charged

Small VCAGSPTND Tiny AGS

63731 Embodiments of the invention include sequences (both polynucleotide or
polypeptide) which may comprise homologous substitution (substitution and replacement are
both used herein to mean the interchange of an existing amino acid residue or nucleotide, with an
alternative residue or nucleotide) that may occur ie., like-for-like substitution in the case of
amino acids such as basic for basic, acidic for acidic, polar for polar, cic. Non-homologous
substitution may also occur .o, from one class of residue to another or alternatively involving
the inclusion of unnatural amince acids such as ornithine (hercinafier referred to as 7)),
diaminobutyric acid omithine (heremnafter referred to as B), norleucine omithine (hereinafter
referred to as O), pyrivialanine, thienylalanine, naphthylalanine and phenyigiyeine.

{8374} Variant aming acid sequences may include suitable spacer groups that may be
inserted between any two amine acid residues of the sequence including alkyl groups such as
methyl, ethyl or propyl groups in addition to aming acid spacers such as glycine or B-alanine
residues. A further form of variation, which involves the presence of one or more amino acid
residues in peptoid form, may be well understood by those skilled in the art. For the avoidance of
doubt, “the peptoid form” is vsed to refer to variant amino acid residues wherein the a-carbon
substituent group is on the residug’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

{1992 89(20), 9367-9371 and Horwell DC, Trends Biotechnol. {1995} 13(4), 132-134.
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{8375] The practice of the present invention employvs, unless otherwise indicated,
conventional techniques  of immunology, biochemistry, chenustry, molecular  bhiology,
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 (1939); CURRENT PROTOCOLS IN MOLECULAR BIOLOGY (F. M.
Ausubel, et al. eds., (1987)); the series METHODS IN ENZYMOLOGY {Academic Press, Inc.):
PCR 2: A PRACTICAL APPROACH (M.}, MacPherson, B.D. Hames and G.R. Taylor eds.
(1995)), Harlow and Laue, eds. {(1988) ANTIBODIES, A LABORATORY MANUAL, and

5

ANIMAL CELL CULTURE {R.L Freshney, ed. (198735,

Yegtors
{3376} In one aspect, the invention provides for vectors that are used in the engineering and
optimization of CRISPR-Cas systems. A used herein, a “vector” is a tool that allows or facilitates
the transter of an eotity from one environroent to another. It is a rephicon, such as a plasroud,
phage, or cosmid, into which another DNA segment may be inserted so as to bring about the
replication of the inserted segment. Generally, a vector is capable of replication when associated
with the proper control elements. In general, the term “vector” refers to a nucleic acid molecule
capable 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); nucieic acid molecules that comprise DNA, RNA, or both; and other varietics of
polymucleotides known in the art. One type of vector is a “plasmid,” which refers to a circular
double stranded DNA loop into which additional DNA segments can be inserted, such as by
standard molecular cloning techmiques. Another type of vector is a viral vector, wherein virally-
derived DNA or RNA sequences are present in the vector for packaging into a virus {o.g
retroviruses, replication defective retroviruses, adenoviruses, replication defective adenoviruses,
and adenoc-associated viruses (AAVs)). Viral vectors aise inchude polynucleotides carried by a
viras for transfection into a host cell. Certain vectors are capable of autonorous replication in a
host cell into which they are introduced {(c.g. bacterial vectors having a bacterial origin of
replication and episomal mammalian vectors). Other vectors (e.g., non-episomal mammalian
vectors) are integrated inte the genome of a host cell upon introduction into the host cell, and
thereby are rephicated along with the host gevome. Moreover, certain vectors are capable of

dirccting the expression of genes to which they are operatively-linked. Such vectors are referred
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to herein as “expression vectors.” Common expression vectors of utility in recombinant DNA
technigues are often in the form of plasmids.

{63771 Recombinant expression vectors can comprise a mucleic acid of the invention in a
form suitable for expression of the nucleic acid in a 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 15 operatively-linked to the nucleic acid sequence
to be expressed. Within a recombinant expression vector, “operably linked” is intended to mean
that the nucleotide sequence of interest is linked to the regulatory element(s} in a manner that
allows for expression of the nucleotide sequence (e.g. in an i vitro transcription/translation
system or i & host cell when the vector is introduced into the host cell). With regards to
recombination and cloning methods, mention is made of U.S. patent application 10/815,730,
published September 2, 2004 as US 2004-0171136 Al, the contents of which are herein
incorporated by reference in their enturety.

13378 Aspects of the invention relate to bicistronic vectors for chimeric RNA and Cas®,
Bicistronic expression vectors for chimeric RNA and Cas® are preferred. In general and
particularly in this embodiment Cas9 is preferably driven by the CBh promoter. The chimeric
RNA may preferably be driven by a U6 promoter. Ideally the two arc combined. The chimeric
guide RNA typically consists of a 20bp guide sequence (Ns) and this may be joined to the tracr
sequence {ranning from the first "1 of the lower strand to the end of the transcript). The tracr
sequence may be truncated at various positions as indicated. The guide and tracr sequences are
separated by the tracr-mate sequence, which may be GUUUUAGAGCUA. This may be
tollowed by the loop sequence GAAA as shown. Both of these are preferred examples.
Applicants have demonstrated Cas9-mediated indels at the human FMXT and PVALE loci by
SURVEYOR assays. ChiRNAs are indicated by their “+n” 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
{(sgRMNA). The loop is preferably GAAA, but it is not Hyutted to this sequence or indeed to heing
only 4bp in fength, Indeed, preferred loop forming sequences for use in hairpin structures are
four nucleotides in length, and most preferably have the sequence GAAA. However, longer or
shorter loop sequences may be used, as may aliemative sequences. The sequences preferably
include a nucleotide triplet (for example, AAA), and an additional nuclectide {for example C or

(). Examples of loop forming sequences inchude CAAA and AAAG.
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16379 The term “regulatory ¢lement” is intended to inchude promoters, enhancers, inlernal
ribosomal entry sites (IRES), and other expression control elements (e.g. transcription
termination signals, such as polyadenylation signals and poly-U sequences). Such regulatory
clements are described, for cxample, in Goeddel, GENE EXPRESSION TECHNOLOGY:
METHODS IN ENZYMOLOGY 185, Academic Press, San Ddego, Calif. (1990). Regulatory
clerpents include 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., tissuc-specific regulatory sequences). A tissue-specific promoter may direct expression
primarily 1o a desired tissue of interest, such as muscle, neuron, bone, skin, blood, specific
organs {c.g. liver, pancreas), or particular ccll types {(c.g. lymphocytes). Regulatory clements
may also direct expression in a temporal-dependent manner, such as in a cell-cycle dependent or
developmental stage-dependent manner, which may or may wot also be tissue or cell-type
specific. In some embodiments, a vector comprises one or more pol i promoter {e.g. |, 2, 3, 4,
5, or more pol HI promoters), one or more pol I promaoters {e.g. 1, 2, 3, 4, 5, or more pol U
promoters), one or more pol I promoters (e.g. 1, 2, 3, 4, 5, or more pol I promoters), or
combinations thereof. Examples of pol I promoters include, but are not limited to, U6 and Hi
promoters. BExamples of pol U promoters include, but are not imited to, the retroviral Rous
sarcoma viras (RSV) LTR promoter {optionally with the RSV enhancer), the cytomegalovirus
(CMV) promoter (optionally with the CMV enhancer) [see, ¢.g., Boshart et al, Cell, 41:521-530
(1985)], the SV40 promoter, the dihydrofolate reductase proraoter, the P-actin promoter, the
phosphoglycerol kinase (PGK) promoter, and the EFla promoter. Also encorapassed by the
term “regulatory element” are enhancer elements, such as WPRE; CMV enhancers; the R-US
segment in LTR of HTLV-I (Mol. Cell. Biol., Vol. B(1), p. 466-472, 1988); SV40 enhancer; and
the infron sequence between exons 2 and 3 of rabbit $-globin (Proc. Natl., Acad. Sci. USA., Vol
TR(33, p. 1527-31, 1981}, 1t 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 cell to be transformed, the
level of expression desired, ete. A vector can be introduced into host cells to therchy produce
transcripts, proteins, or peptides, including fusion proteins or peptides, encoded by nucleic acids
as described herein {(e.g., clustered regularly interspersed short palindromic repeats (CRISPR)
transcripts, proteins, enzymes, mwutant forms thereof, fusion proteins thereof, ete.), With regards
to regulatory sequences, mention is made of ULS. patent application 10/491,026, the contents of

which are incorporated by reference herein in their entirety. With regards to promoters, mention
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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.

8380} Vectors can be designed for expression of CRISPR trapscripts {(¢.g. nucleic acid
transcripts, proteins, or enzymes) in prokaryotic or eukaryotic cells. For example, CRISPR
franscripts can be expressed in bacterial cells such as Escherichia coli, insect cells {using
baculovirus cxpression vectors), veast cells, or mamvyualian cells.  Suvitable host cells are
discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN
ENZYMOLOGY 185, Academic Press, San Diego, Calif. (1990).  Alternatively, the
recombinant expression vector can be transcribed and translated m vitro, for example using T7
promoter regulatory sequences and T7 polymerase (although any suitable DNA-dependent RNA
polymerase can be used, such as SP6, T3 or T7). Amplification by T7 RNA polymerase requires
the presence of suitable promoters in the RNA-coding DNA. Sequence requirernents for
polymerase binding sites are well known in the art. Various T7 RNA polyrucrase promoter
sequences are known, inchuding natural sequences and artificial ones. Different T7 RNA
polymerases can have different promoter sequence preferences, and mutant T7 RNA
polyracrases have been produced to match specific promoters (e.g. see US patents 5,122,457 and
5,385,834), but the skilled person can routinely obtain both T7 RNA polymerases and promoter
sequences, and can easily match any particular T7 RNA polymerase to its preferred promoter
sequence. The consensus 23 base-pair T7 DNA promoter is classically divided into two domains,
an upstrcam binding domain (-17 to -3, numbered relative to the start of transcription), and a
downstream  initiation  domain (4 to  +6). Onec strand of this 23mer s
SCTAATACGACTCACTATAGGGAGA-Y. The minimom sequence required for efhicient
transcription is the first 19mer of this 23mer.

(8381} Vectors may be introduced and propagated in a prokaryote or prokaryoetic cell. In
some embodiments, a prokaryote is vsed to amplify copies of a vector to be introduced into a
eukaryotic cell or as an intermediate vector in the prodaction of a vector to be introduced nto a
cukarvotic cell {e.g. amplifying a plasmid as part of a viral vector packaging system). In some
embodiments, a prokaryote is used to amplify copics of a vector and express one or more nucleic
acids, such as to provide a source of one or more proteins for delivery to 2 host cell or host
organistno. Expression of proteins in prokarvoetes is most often carried out in Escherichia coli
with vectors containing constitutive or inducible prometers directing the expression of either
fusion or non-fusion proteins. Fusion vectors add a number of amino acids to a protein encoded

therein, such as to the amino terminus of the recombinant protein. Such fusion vectors may
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serve one of more purposes, such as: {1} to increase expression of recombinant protein; (i) to
increase the solubility of the recombinant protein; and (Gi) to aid in the purification of the
recombinant protein by acting as a ligand in affinity purification. Often, in fusion expression
vectors, a proteolytic cleavage site is introduced at the junction of the fusion moiety and the
recombinant protein to enable separation of the recombinant protein from the fusion moicty
subsequent to purification of the fusion protein. Such enzymes, and their cognate recoguition
sequences, include Factor Xa, thrombin and enterokinase. Example fusion expression vectors
nclude pGEX (Pharmacia Biotech Inc; Sroith and Iohnson, 1988, Gene 67: 31-40), pMAL (New
England Biolabs, Beverly, Mass.) and pRITS (Pharmacia, Piscataway, N.J.) that fuse ghitathione
S-transterase (GST), maltose E binding protein, or protein A, respectively, to the target
recombinant protein.

63821 Examples of suitable inducible non-fusion E. coli expression vectors include pTre
{(Amrann ot al., (1988) Gene 69:301-315) and pET 11d (Studier ¢t al,, GENE EXPRESSION
TECHNGCLOGY: METHODS IN ENZYMOLOGY 185, Academic Press, San Dego, Califl
(1990) 60-89).

[B383] In some embodiments, & vector Is a yeast expression vector., Fxamples of vectors for
expression in veast Saccharomyces cerivisae inciude pYepSecl (Baldari, et al, 1987. EMBO J.
6. 229-234), pMFa (Kuijan and Herskowitz, 1982, Cell 30: 933-043), pIRYB8 (Schultz et al.,
TOR7. Gene S4: 113-123), pYESZ {(Invitrogen Corporation, San DHegoe, Calif), and picd
{(InVitrogen Corp, San Diego, Cahif)).

3384} In some embodiments, a vector drives protein cxpression in insect cells using
baculovirus expression vectors. Baculovirus vectors available for expression of proteins in
caltured insect cells {e.g., SF9 cells) include the pAc series {Smith, et al., 1983, Mol. Cell. Biol.
3:2156-2165) and the pVL series (Lucklow and Summers, 1989, Virology 170: 31-39),

[6385] In some embodiments, a vector is capable of driving expression of one or more
sequences 1n mamynalian cells using a mammalian expression vector. Examples of mammalian
expression vectors include pCDMR (Seed, 1987, Nature 329: 840) and pMT2PC (Kaufman, ot
al.,, 1987, EMBO J. 6: 187-195). When used in mammalian cells, the expression vector’s control
functions are typically provided by one or more regulatory elements. For example, commonly
used promoters are derived from polyorma, adenovirus 2, eytomegaloviras, simian virus 40, and
others disclosed herein and known in the art. For other suitable expression systems for both

prokaryotic and ecukarvotic cells see, e.g., Chapters 16 and 17 of Sambrock, et al,
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MOLECULAR CLONING: A LABORATORY MANUAL. Znd ed., Cold Spring Harbor
Laboratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NUY., 1989,

{6386] In some embodiments, the recombinant marmalian expression vector is capable of
directing expression of the nucleic acid preferentially in a particular cell type (e.g., tissue-
specific regulatory elements are used to express the nucleic acid). Tissue-specific regulatory
clerpents are known in the art. Non-limiting exaroples of suitable tissue-specific promoters
include the albumin promoter (liver-specific; Pinkert, et al., 1987, Genes Dev. 11 268-277),
tymphoid-specific promoters {(Calame and FHaton, 1988 Adv. Jmmunol 43 235-275), i
particular promoters of T cell receptors (Winoto and Baltimore, 1989, EMBO J 3 729-733) and
immunoglobuling (Baneiji, et al,, 1983, Cell 33: 720.740; Queen and Baltimore, 1983, Celi 33:
741-7438), neuron-specific promoters {€.g., the neurotfilament promoter; Byrne and Ruddle, 1989,
Proc. Natl Acad. Sci. USA 86: 5473-5477), pancreas-specific promoters (Edhund, et al., 1985
Science 230: 912-916), and roamwmary gland-specific promoters (e.g., milk whey promoter; U.S,
Pat. No. 4,873,316 and European Application Publication No. 264,166). Developmentally-
regulated promoters are also encompassed, e.g., the mmurine hox promoters (Kessel and Gruss,
1990, Science 249: 374-379) and the a-fetoprotein promoter (Campes and Tilghman, 1989
Genes Dey, 30 537-546). With regards to these prokaryotic and cukaryotic vectors, mention is
made of U.8. Patent 6,750,059, the contents of which are incorporated by reference herein in
their entirety. Other embodiments of the invention may relate to the ase of viral vectors, with
regards to which roention is made of U.S. Patent application 13/092,085, the contents of which
are incorporated by reference herein in their entirety. Tissuc-specific regulatory clements are
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.

Regulatory clements

387} In some embodiments, a regulatory element is operably linked to one or more
elements of a CRISPR system s0 as to drive expression of the one or more clements of the
CRISPR systen.  In general, CRISPRs (Clustered Regularly Interspaced Short Palindromic
Repeats), also known as SPHDRs {(SPacer Imterspersed Direct Repeats), constitute a family of
DNA loct that are usually specific to a particular bacterial species. The CRISPR locus comprises
a distinct class of interspersed short sequence repeats {SSRs) that were recognized in E. coh
{Ishino et al, I. Bacteriol, 169:5429-5433 [1987]; and Nakata ct al,, J. Bacteriol,, 171:3553-

3556 [1989]), and associated genes. Similar interspersed SSRy have been identified in Haloferax
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mediterranet, Streptococcus pyogenes, Anabaepa, and Mycobacterium  tuberculosis  (See,
Groenen et al., Mol Micrebiol, 10:1057-1065 [19931; Hoe et al,, Emerg. Infect. Dis., 5:254-263
[1999}; Mascpohi ct al, Biochim. Biophys. Acta 1307:26-30 [1996]; and Mojica ¢t al., Mol
Microbiol., 17:85-93 [19951). The CRISPR loci typically differ from other S8Rs by the structure
of the repeats, which have been termed short regularly spaced repeats (SRSRs) (Janssen et al,,
OMICS J. Integ. Biol, 6:23-33 [20021; and Mojica et al,, Mol. Microbiol., 36:244-246 [2000]).
In general, the repeats are short clements that occur in clusters that are regularly spaced by
unmigque intervening sequences with a substantially constant length (Mojica et al., [2008], supra).
Although the repeat sequences are highly conserved between straius, the mursber of interspersed
repeats and the sequences of the spacer regions typically differ from strain to strain (van Embden
et al., 1. Bacteriol, 182:2393-2401 [2000]). CRISPR loci have been identified in more than 40
prokaryotes (See e.g., Jansen et al., Mol Microbiol, 43:1565-1575 [2002]; and Mojica et al.,
[20051) ncluding, but vot limited to Acropyrum, Pyrobaculum, Sulfolobus, Archacoglobus,
Halocarcula, Methanobacterium, Methanococcus, Methanosarcina, Methanopyrus, Pyrococcus,
Picrophitus, Thermoplasma, Corynebacterium, Mycobacterium, Streptomyces, Aquifex,
Porphyromonas, Chlorobium, Thermus, Bactllus, Listeria, Staphvlococcus, Clostridium,
Thermoanacrobacter, Mycoplasma, Fusobacterium, Ararcus, Chromobacterium, Neisseria,
Nitrosomonas,  Desulfovibrio, Geobacter, Myxococcus,  Campyiobacter, Wolinella,
Acinetobacter, Erwinta, Escherichia, Legionella, Methylococcus, Pasteurclla, Photobacterium,
Salmonella, Xanthomonas, Yersinta, Treponema, and Thermotoga.

{3388} In general, “CRISPR system” refers collectively to trapscripts and other elements
nvolved in the expression of or directing the activity of CRISPR-associated (“Cas™) genes,
mcluding sequences encoding a Cas gene, a tracr (trans-activating CRISPR) sequence {e.g
tractRNA or an active partial tractRNA), a tracr-mate sequence {encompassing 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
system), or other sequences and transcripts from a CRISPR locus. In emboduments of the
mvention the termas guide sequence and guide RNA arc used interchangeably. In some
embodiments, one or more elements of a CRISPR system is dertved from a type L, type 1, or
type HE CRISPR system.  In some embodiments, one or more elernents of a CRISPR system is
derived from a particular organism comprising an ondogenous CRISPR system, such as
Streptococcus pyogenes. In general, a CRISPR system is characterized by clements that promote

the formation of a CRISPR complex at the site of a target sequence {also referred to as a
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protospacer in the context of an endogenous CRISPR system). In the context of formation of a
CRISPR complex, “target sequence” refers to a sequence to which a guide sequence 18 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
polvoucleotide, such as DMNA or RNA polymucleotides. In some embodiments, a target sequence
is located 1o the nucleus or cytoplasra of a cell.

3389 In some embodiments, direct repeats may be identified in sifice by searching for
repetitive motifs that folfill any or all of the following criteria: 1. found in a 2Kb window of
genoraie sequence flanking the type H 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 1 and 3. In some embodiments, all 3 criteria may be used. 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-independent transcriptional
terminator in direction of transcription; and 3. stable hairpin secondary structure between
tracrRMNA and direct repeat. In some embodiments, 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. In some
embodiments, chimeric synthetic guide RNAs (sgRNAs) designs may incorporate at least 12 bp
of duplex structure between the direct repeat and tractBNA. In preferred embodiments of the
invention, the CRISPR system is a type H CRISPR systern and the Cas enzyme is Cas9, which
catalyzes DNA cleavage. Enzymatic action by Cas9 derived from Streptococcus pyogenes or any
closely related Cas9 generates double stranded breaks at target site sequences which hybridize to
20 wnucleotides of the guide sequence and that have a protospacer-adjacent motif (PAM)
sequence {cxamples inchude NGG/NRG or a PAM that can be determined as described herein)
following the 20 nucleotides of the target sequence. CRISPR activity through Cas® 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 archaca, Moie Cell 2010, January 15; 37(1 % 7.

[3398] The type H CRISPR locus from Streptococcus pyogenes SF370, which contamns a
chaster of four genes Cag9, Casl, Cas2, and Csnl, as well as two non-coding RNA clements,
tractRINA and a characteristic array of repetitive sequences (direct repeats) interspaced by short

stretches of non-repetitive sequences (spacers, about 30bp cach). In this system, targeted DNA
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double-strand break {(DSB) is generated in four sequential steps (Fig. ZA). First, two non-coding
RNAs, the pre-ctRNA array and tracrRNA, are transcribed from the CRISPR locus. Second,
tractRMNA hybridizes to the direct repeats of pre-crRNA, which is then processed into mature
crRINAs containing individual spacer sequences. Third, the mature crRNA:tracrRNA complex
directs Cas9 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, Cas9 mediates cleavage of target DNA upstream of PAM 1o create 3 DSB within the
protospacer {Fig. 2A). Fig. 2B demonstrates the nuclear localization of the codon optimized
Cas9. To promote precise transcriptional tnitiation, the RNA polymerase [H-based U6 promoter
was selected to drive the expression of tractRNA (Fig. 2C). Similarly, a U6 promoter-based
construct was developed to express a pre-crRNA array consisting of a single spacer flanked by
two direct repeats (DRs, also encompassed by the terro “tracr-mate sequences”™; Fig, 2C). The
inttial 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 NGG recognition motif of Cas9) in the human
EMX1 locus (Fig. 20), a key gene in the development of the cerebral cortex.

18391} Typically, in the context of an endogenous CRISPR system, formation of a CRISPR
complex {comprising a guide sequence hybridized or hybridizable 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 comprise or consist of all
or a portion of a wild-type tracr sequence (c.g. about or more than about 20, 26, 32, 45, 4%, 34,
63, 67, 35, or more nucleotides of a wild-type tracr sequence), may also form part of a 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 is operably linked to the guide sequence. In some embodiments,
one or more vectors driving expression of one or more clements of a CRISPR system are
mtroduced into a host cell such that expression of the elements of the CRISPR system direct
forraation of a CRISPR complex at one or more target sites. For example, a Cas enzyme, a guide
sequence linked to a tracr-mate sequence, and 2 tracr sequence could each be operably linked to
separate regulatory elements on separate vectors. Aliernatively, 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 system not
included in the first vector. CRISPR system elements that are combined in a single vector may

be arranged in any suitable orientation, such as one element located 5 with respect to
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(“vpstream” of) or 3” with respect to {“downstream™ of} a second element. The coding sequence
of one clement moay 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 encoding a CRISPR enzyme and one or more of the
guide sequence, tracr mate sequence (optionally operably hinked to the guide sequence), and a
fracy sequence embedded within one or raore intron sequences (e.g. cach in a different intron,
wo Or more in at feast one intron, or all in 3 single intron). In some embodiments, the CRISPR
enzyme, guide sequence, tracr ynate sequence, and tracr sequence are operably hinked to and
expressed from the same promoter.

{8392] In some embodiments, a vector comprises one or more insgrtion sites, such as a
restriction endonuclease recognition sequence (also referred to as a “cloning site”). In some
embodiments, ong or more insertion sites {e.g. about or more than about 1,2, 3,4, 5, 6,7, 8, 9,
10, or more insertion sites) are located upstream and/or dowustream of one or miore sequence
clemaents of one or more vectors. In some embodiments, a vector coraprises an insertion site
upstream of a tracr mate sequence, and optionally downstream of a regulatory element operably
tinked to the tracr mate sequence, such that following insertion of a guide sequence into the
insertion site and upon expression the guide sequence directs sequence-specific binding of a
CRISPR complex o a target sequence in a eukaryotic cell.  In some embodiments, a vector
comprises two Or more insertion sites, each insertion site being located between two tracr mate
sequences so as to allow insertion of 4 guide sequence at each site. In such av arrangeroent, 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 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, §, 6, 7, 8, 9, 14, 15, 20, or more guide
sequences. In some embodiments, about or more than about 1,2, 3,4, 5, 6,7, 8, 9, 18, or more
such guide-sequence-containing vectors may be provided, and optionally delivered to a cell.
13393} In some embodiments, a vector comprises a regulatory element operably linked to an
enzyme-coding sequence encoding a CRISPR enzyme, such as a Cas protein.  Non-limiting
examples of Cas proteins include Casl, CaslB, Cas2, Cas3, Casd, Cas5, Cas6, Cas7, Casg, Cas)
{(also known as Csnl and Cex12), CasiQ, Csyl, Csy2, Csy3, Csel, Cse2, Cscl, Csc2, Csal,
Csn2, Csm?2, Csm3, Camd, Csms, Csm6, Crorl, Cmrl, Crrd, Cmrs, Corg, Csbl, Csb2, Tsh3,

Csx17, Cexl4, Csxil, Csxi6, CsaX, CUsx3, Csxl, Cexls, Csfl, Tsf2, Csfl, Csfd, homologues



WO 2015/089465 PCT/US2014/070135

thereof, or modified versions thereof In some embodiments, the unmodified CRISPR enzyme
has DNA cleavage activity, such as Cas9. In sorne ernbodiroents, the CRISPR enzyroe divects
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, 26, 25, 50, 100, 200, 500, or more base pairs from the first or last nucleotide of a target
sequence. In some embodiments, a vector encodes a CRISPR enzyme that is 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
example, an aspartate-to-alanine substitution {D10A} in the RuvC | catalytic domain of Cas¥
from S. pyogenes converts Cas9 from a nuclease that cleaves both strands to a nickase {cleaves a
single strand). Other examples of mmtations that render Cas9 a nickase include, without
fimitation, HR40A, NE54A, and N863A. As a further example, two or more catalytic domains of
Cas9 (RuvC [, RuvC 1L, and RuvC T or the HNH domain) may be mutated to produce a mutated
{as9 substantially lacking all DNA cleavage activity. In some embodiments, a DI10A mutation
s combined with one or more of HB40A, NRS4A, or NRGIA mutations to produce a Cash
enzyme substantially lacking all DNA cleavage activity, In some embodiments, a CRISPR
enzyme s considered to substantially lack all DNA cleavage activity when the DNA cleavage
activity of the mutated enzyme is less than about 25%, 109, 5%, 19, 0.1%, 0.01%, or lower
with respect to its non-routated form. Where the enzyme & not SpCas9, nwtations 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 comparison tools . In particular,
any or all of the following mutations are preferred in SpCas: DI0A, E762A, HR40A, NRS4A4A,
NEO3A and/or DYEGA; 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 in other Cas9s are also preferred.  Particularly preferred are D10 and
HR40 in SpCas? . However, in other Cas9s, residues correspounding to SpCas? D10 and H840
are also preferred.

{3394} An aspartate-to-alanine substitution {(D10A) in the RuvC 1 catalyiic domain of
SpCas? was cugineered to convert the nuclease into a nickase (SpCasn) (see e.g. Sapranauskas
et al., 2011, Nucleic Acis Research, 39: 9275; Gasiunas et al,, 2012, Proc. Natl. Acad. Sci. USA,
109:E2579), such that nicked genomic DNA undergoes the high-fidelity homology-directed

repair (HDR). Sarveyor assay confirmed that SpCas9n does not generate indels at the EMX1
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protospacer target. Co-expression of EMX1-targeting chimeric crRNA (having the tracrfRNA
compounent as well) with SpCas? produced indels in the target site, whereas co-expression with
SpCastn did not (u=3). Morcover, sequencing of 327 amoplicons did not detect any indels
induced by SpCas9n. The same locus was selected to test CRISPR-mediated HR by co-
transtecting HEK 293FT cells with the chimeric RNA targeting EMX1, hSpCas® or hSpCas9n,
as well as a HR teraplate to iniroduce a pair of restriction sttes (Hindll and Nhel) vear the
protospacer.

[#3985] Preferred orthologs are described herein. A Cas enzyme may be identified Cas9 as
this can refor 1o the general class of enzymes that share homology to the biggest nuclease with
multiple nuclease domains from the type U CRISPR system. Most preferably, the Cas? enzyme
is from, or is derived from, spCas9 or saCas8®. By derived, Applicants mean that the derived
enzyme is largely based, in the sense of having a high degree of sequence homology with, a
wildtype cuzyme, but that it has been mutated (modified) in some way as described herein.
13396} It will be appreciated that the terms Cas and CRISPR enzyme are generally used
heretn interchangeably, unless otherwise apparent. As mentioned above, many of the residue
numberings used herein refor to the Cas9 ecozvme from the type I CRISPR locus in
Streptococcus pyvogenes. However, it will be appreciated that this invention includes many more

Cas¥s from other species of microbes, such as SpCas®, SaCaf, St1Cas and so forth.

Codon optimization

g

e
Lo
3

971 An example of a codon optimized sequence, in this instance optimized for humans
(i.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
possible and codon optimization for a host species is known. In some embodiments, an enzyme
coding sequence encoding a CRISPR enzyme 18 codon optimized for expression in particular
cells, such as eukaryotic cells. The eukaryotic cells may be those of or derived from a particular
organism, such as a mammal, including but not limited to human, mouse, rat, rabbit, dog, or non-
human mammal or primate. In some embodiments, processes for modifying the germ line
genetic identity of human beings and/or processes for modifying the genetic identity of animals
which are lbikely to cause them suffering without any substantial medical benefit to man or
animal, and also animals resulting from such processes, may be excluded.

6308} In general, codon optimization refers to a process of modifying a nucleic acid

sequence for enhanced expression in the host cells of interest by replacing at least one codon
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{e.g. about or more than sbout 1, 2, 3, 4, 5, 13, 15, 28, 25, 30, or more codons) of the native
sequence with codouns that are roore frequently or most frequently used in the genes of that host
cell while maintaining 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 (nRNA), which
is 1o turn believed to be dependent on, among other things, the properties of the codous being
translated and the availability of particular transfer RNA ({RNA) molecules. The predominance
of selected tRINAs in a cell s generally a reflection of the codons used most frequently in peptide
synthesis. Accordingly, genes cau be tailored for optiraal gone expression in 4 given organism
based on codon optimization. Codon usage tables are readily available, for example, at the
“Codon Usage Database” available at www karusa.orjp/codon/ (visited Jul. 9, 2002), and these
tables can be adapted in a number of ways. See Nakamura, Y., et al. “Codon vsage tabulated
frora the international DNA sequence databases: status for the year 20007 Nucl, Acids Res.
28:292 (2000). Computer algorithms for codon optimizing a particular sequence for expression
in a particular host cell are also available, such as Gene Forge {Aptagen; Jacobus, PA), are also
available. In some embodiments, one or more codons {e.g. 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or
more, or all codons) in a sequence encoding a CRISPR enzyme correspond to the most
frequently used codon for a particular amino acid.

63991 Codon usage can even be optimized for expression in particular cell types e.g for
brain cells. For instance, Plotkin ef al. (2004) PNAS US4 101:12588-91 reports on tissue-specific
codon usage and notes, for instance, that brain-specific genes show a characteristically different
codon usage than liver-specific genes. Thus a protein-coding sequence can be codon-optimised

tor expression in a target cell type of interest e g for expression in the fiver.

Nuclear localization sequences (NLSS)

{3406} In some embodiments, a vector encodes a CRISPR enzyme comprising one or more
nuclear focalization sequences {(NLSs), such as about or more than about 1,2, 3,4, 5,6, 7, &, 9,
10, or more NLSs., In some embodiments, the CRISPR enzyme comprises about or more than
about 1,2, 3,4, 5,6, 7, 8,9, 10, or more NLSs at or near the amino-terminus, about or more than
about 1,2, 3,4,5,6,7, &, 9, 18, or more NLSs at or near the carboxy-terminus, or a combination
of these (e.g. one or more NLS at the amino-terminus and one or more NLS at the carboxy
termuinus).  When more than one NLS is present, cach may be selected jndependently of the

others, such that g single NLS may be present in more than one copy and/or in combination with
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one of more other NLSs present in one or more copics. In a preferred embodiment of the
tnvention, the CRISPR cozyme comprises at most 6 NLSs. In some embodiments, 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
M- or C-terminns. Non-limiting examples of NLSs mchude an NLS sequence derived from: the
NLS of the SV40 virus large T-antigen, having the amino acid sequence PKKKRKYVY; the NLS
fromm  mucleoplasmin  {e.g.  the npucleoplasmin  bipartite NLS with the sequence
KRPAATKKAGQAKKKK); the c-miye NLS having the amino acid sequence PAAKRVEKLD or
RORRNELKRSP; the hRNPAT Mo NLS having the sequence
NOSSNFGPMEGGNFGGRESGPYGGGGRIYFAKPRNQGGEY; the sequence
RMRIZFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNY of the IBB domain from
importin-alpha; the sequences VSRKRPRP and PPEKKARED of the myoma T protein; the
sequence POPKKEKPL of human p33; the sequence SALTKKKKKMAP of mouse ¢c-abl 1V the
sequences DRLRR and PKOKKRK of the influenza virus NS1; the sequence RKLKKKIKKL of
the Hepatitis virus delta antigen; the sequence REKKKFLKRR of the mouse Mx1 protein; the
sequence KRKGDEVDGVDEVAKKKSKE of the human poly(ADP-ribose) polymerase; and
the sequence RKCLOAGMNLEARKTKEK of the steroid hormone receptors (human)
ghicocorticoid.

[3401] In general, the one or more MLSs are of sufficient strength to drive accumulation of
the CRISPR enzyme in a detectable amount in the mucleus 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
accundation in the nucleus may be performed by any suitable technique. For example, a
detectable marker may be fused to the CRISPR enzyme, such that focation 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 DAPLD. 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
imnunohistochemistry, Western blot, or enzyme activity assay. Accumulation in the nucleus
may also be determined indirectly, such as by an assay for the effect of CRISPR complex
formation (¢.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 control no exposed to the CRISPR enzyme or complex, or exposed to

a CRISPR enzyme lacking the one or more NLSs.
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Cruide segquence

134031 In general, a guide sequence is any polynucleotide sequence having sufficient
complementarity with a target polynucleotide sequence to hybridize with the target 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 its corresponding
target sequence, when optimally aligned using a suitable alignment algorithin, is about or more
than about 30%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%, or more. Optimal alignment
may be determined with the use of any suitable algorithm for aligning sequences, non-limiting
example of which include the Smith-Watermoan algorithm, the Needloman-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  (Jlamina, San  Diego, CA), SOAP ({available at
soap.genomics. org.cn), and Mag (available at mag.sourceforge.net). In sorme 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, 40, 45, 50, 75, or more nucleotides 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. The ability of a guide sequence 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 system sufficient to form a8 CRISPR complex, incloding 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,
foliowed by an assessment 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, components of a8 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 control guide sequence reactions. Other assays are possible, and will occur to those
skilled in the art,

{6403} 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 include those that are unique in the target genome. For example, for the 8. pyogernes
(Cas9, a unique target sequence in 8 genome may include a Cas9 target site of the form

MMMMMMMMNNNNNNNNNNNNXGG where WNNNNMNNNNNNXGG (Nis A, G, T, or

146
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{; and X can be anything) has a single cecurrence in the genome. A unigue target sequence in a
genorae  may  inchade  an 85 pyogenes  Casb  target  suie of  the  form
MMMMMMMMMNNNNNNNNNNNXGG where NINNNNNNNNNNXGG (Nis A, G, T, or
C; and X can be anything) has a single occurrence in the genome. For the 8 thermophilus
CRISPRI Cas9, a unique target sequence in a genome may include a Cas9 target site of the form
MMMMMMMMNMNNNNNNNNNNNXXAGAAW where NNNNMNNNNNNNNXXAGAAW
(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 1o a genome may inchide an S, thermopfiilus CRISPRI Cas? target site
of the form MMMMMMMMMNNNNNNNNNNNYXAGAAW where
NNNNNNNMNNNNXXAGAAW (N is A, G, T, or C; X can be anything; and Wis A or Tyhasa
single occurrence in the genome. For the S pvogenes Cas9, a unique target sequence in a
genome may include a (Cas9 target stte of the form
MMMMMMMMNMNNNNNNNNNNNXGGXG where NNNMNNNNMNNNNXGGXG (N s A,
G, T, or C; and X can be anything) has a single occwrrence in the genome. A unigue target
sequence in a genome may include an S pyogenes Cas® target site of the form
MMMMMMMMMNNNNNNMNNNNNXGGXG where NNNNNNNNMNNXGGXG (N is A, G,
T, or C; and X can be anything) has a single occurrence in the genome. In cach of these
sequences “M” may be A, G, T, or C, and need not be considered in identifying a sequence as
unigue. In some embodiments, 8 guwde seqoence s selected to reduce the degree secondary
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-complementary base pairing when optimally folded. Optimnal folding may be
determined by any suitable polynucleotide folding algorithm. Some programs are based on
calculating the minimal Gibbs free encrgy. An example 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 online webserver RNAfold, developed at Institute for Theoretical
Chemistry at the University of Vienna, using the centroid structure prediction algorithm {(see ¢.g.
AR, Gruber ef af., 2008, Celi 106(1) 23-24; and PA Carr and GM Church, 2009, Nature

Biotechnology 27(12y 1151-62).

Tracr mate sequence

{6404} In general, a4 tracr mate sequence inchlades any sequence that has sufficient

complomentarity with a tracr sequence to promote one or more of (1) excision of a guide
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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 coraplex
comprises the tracr mate sequence hybridized or hyvbridizable to the tracr sequence. In general,
degree of complementarity is 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 ahignment algorithro, and may further account for secondary
structures, such as self-complementarity within either the tracr sequence or tracr mate sequence.
In some embodiments, the degree of complementarity between the tracr sequence and tracr mate
sequence along the length of the shorter of the two when optimally aligned 1s 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 is about or more than about 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 25, 30, 40, 50, or more nucleotides in length. In some embodiments, the tracr
sequence and tracr mate sequence are countained within a single transcript, such that
hybridization between the two produces a transcript having a secondary structure, such as a
hairpin.  In an embodiment of the imvention, the transcript or transcribed polynucleotide
sequence has at least two or more hairpins. In preforred embodiments, the transcript has two,
three, four or five hairpins. In 8 further embodiment of the invention, the transcript has at most
five hairpins. In a hairpin structure the portion of the sequence 57 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 woun-lumiting examples of single polynucleotides
comprising a guide sequence, a fracr mate sequence, and a tracr sequence are as follows (listed
57 10 37), where “N” represents a base of a guide sequence, the first block of lower case letiers
represent the tracr mate sequence, and the second block of lower case letters represent the tracr
sequence, and the final poly-T sequence represents the transcription terminator: (1)
MNNNNMNNNNMNNNNMNNNNNMNNNNgtttttgtactcteaagatitaG A A Ataaatcttgeagaagetacaaagataa

gecticatgecgaaatcaacaccetgteattttatgocageatotiticgtiatitaa TTTTTT, {2}
MNNNNNNNNNNNNNNNNNNNNgttittgtactetcaGA A Atgeagaagetacaaagataaggetteatgecy

aagicaacacoctgicattitatggcagegtatticgttatttad T TTTTT, (33
NNNNNNNNNNNNNNNNNNNNgtttitgtactctcal A A Atgeagaagetacaaagataaggcticatgeey

aaatcaacacecigteatittatgeeageatet TTITTT, {4)
NNNNNNNNNNNNNNNNNNNNgtittagagetaGA A Atageaagliaasataaggetagicogttateasctt

gaaaaagtggcaccgagicggtecTTTTTT, {3
NNNWNMNNNNMNMNNNNMNNNMNNgtittagagetaGAAATAGcaagitaaaataaggetagicegitatcaac
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tigaaaaagtg TTITTTT; and (63
NINNNNNNNNNNNNNNNNNNNgtittagagotag AAATAGeaagitasaataagectagteegitatca T

TTTTTT. In some embodiments, sequences (1) to (3) are used in combination with Cas9 from S.
thermophiius CRISPRI. In some embodiments, sequences (4) to (6) arc used in combination
with Cas9 from 8. pvogenes. In some embodiments, the tracr sequence is a separate franscript

frorn a transcript comprising the tracr mate sequence.

Recombination template

[8405] In some embodiments, a recombination 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 polyoucleotide.  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 enzyme 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, 160, 156, 200, 500, 1000, or more nuclectides in length. In some embodiments,
the template polynucieotide is complementary to a portion of a polynucleotide comprising the
target sequence. When optimally aligned, a ternplate polynucleotide might overlap with one or
more nucleotides of a target sequences (e.g. about or more than about 1, 5, 10, 15, 20, or moore
nucleotides). In some embodiments, when a tomplate sequence and a polynucieotide comprising
a target sequence are optimally aligned, the nearest micleotide of the template polynucieotide is
within about |, §, 10, 15, 20, 25, 50, 75, 100, 200, 300, 400, 500, 1000, 5000, 10000, or more

nucleotides from the target sequence,

Fusion protein
[3406] In some embodiments, the CRISPR enzyme is part of a fusion protein comprising one
or more heterologous protein domains {c.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
domains. Examples of protein domains that moay be fused to a CRISPR enzyme mnchude, without
hiutation, epitope tags, reporter gene sequences, and protein domains having one or more of the
following activitics: methylase activity, demethylase activity, transcription activation activity,
trapscription repression activity, transcription release factor activity, histone modification
activity, RNA cleavage activity and nucleic acid binding activity, Non-hmiting examples of

epitope tags include histidine (His) tags, V5 tags, FLAG tags, influenza hemagghutinin (HA)
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tags, Myc tags, VSV-( tags, and thioredoxin {Trx) tags. Examples of reporter genes inchude, but
are not hmited to, glutathione-S-transterase  (GST), horseradish  peroxidase  (HRP),
chioramphenicol acetyltransferase (CAT) beta-galactosidase, beta-glucuronidase, luciferase,
green fluorescent protein (GFP), HeRed, DsRed, cvan fluorescent protein (CFP), yellow
fluorescent protein (YFP), and autofluorescent proteins inchiding blue flaorescent protein (BFP).
A CRISPR enzyme may be fused to a gene sequence encoding a protein or a fragment of a
protein that bind DNA molecules or bind other cellular molecules, including but not limited to
maltose binding protein {MBP), S-tag, Lex A DNA binding domain (DBD) fusions, GAL4 DNA
binding domain fusions, and herpes simplex virus (HSV) BP16 protein fusions.  Addutional
domains that may form part of a fusion protein comprising a CRISPR enzyme are described in
US20110059502, incorporated herein by reference. In some embodiments, a tagged CRISPR

enzyme 18 used to identify the location of a target sequence.

Inducible system

8407} In some embodiments, a CRISPR enzyme may form a component of an inducible
system. The inducible nature of the system would allow for spatictemporal control of gene
editing or gene expression using a form of encrgy. The form of energy may include but 15 not
himated to electromagnetic radiation, sound cnergy, chemical energy and thermal energy.
Examples of inducible system include tetracycline inducible promoters (Tet-On or Tet-Off),
small molecule two-hybrid transcription activations systems (FKBP, ABA, etc), or light
inducible systems (Phytochrome, LOV domains, or crypiochrome).In one crobodument, the
CRISPR enzyme 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
imchide a CRISPR enzyme, a light-responsive cytochrome heterodimer {(e.g. from Arabidopsis
thaliana), and a transcriptional activation/repression domain. Further examiples of inducible DNA
binding proteins and methods for their use are provided in US 61/736465 and US 61/721,2&3,
which is hereby incorporated by reference in its entirety (see also Konerman ef af. (2013} Nature

dot: 10.1038/nature12466).

Delivery
134081 In some aspects, the invention provides methods comprising delivering one or more
polymicleotides, such as or one or more vectors as described herein, one or more transcripts
thercof, and/or one or proteins transcribed therefrors, to a host cell.  In some aspects, the

invention further provides cells produced by such methods, and animals comprising or produced
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from such cells. In some embodiments, a CRISPR enzyme in combination with {and optionally
complexed with) a guide sequence is delivered to a cell. Conventional viral and non-viral based
gene transfer mothods can be used to introduce nucleic acids in mamomalian cells or target
tissues. Such methods can be used to administer nucleic acids 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 transcript of 2 vector described herein), naked mucleie acid,
and nucleic acid complexed with a delivery vehicle, such as a liposome. Viral vector delivery
systems mnclude DNA and RNA viruses, which have either 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 (1993); Mitani & Caskey, TIBTECH
11:162-166 (1993); Dilion, TIBTECH 11:167-175 (1993); Miller, Natare 357:455-460 (1992);
Van Brunt, Biotechnology 6(10):1149-1154 (198R); Vigne, Restorative MNewrology and
Neuroscience R:35-36 (1995); Kremer & Perricaudet, British Medical Bulletin 51{1)31-44
(19935); Haddada ¢t al., in Current Topics in Microbiclogy and Immunology Doerfler and BShm
{eds) (1995); and Yu et al.,, Gene Therapy 1:13-26 (1994,

[3409] Methods of non-viral delivery of nucleic acids melude Bipofection, microinjection,
biclistics, virosomes, Hposomes, inmunoliposomes, polyeation or lipidimucleic acid conjugates,
naked DNA, artificial virions, and agent-enhanced uptake of BNA. Lipofection is described in
c.g., U.S. Pat. Nos. 5,049,386, 4,946,787, and 4,897,355) and bpofection reagents are sold
commercially (e.g., Transfectam™ and Lipofectin™). Cationic and wvcutral lipids that are
suitable for efficient receptor-recognition lipofection of polynuciestides include those of Felgner,
WO 01/17424; WO 91/16024. Delivery can be to cells {e.g. in vitro or ex vivo administration)
or target tissues {(e.g. in vivo administration).

{3410 The preparation of lipidnucieic acid complexes, including targeted liposomes such as
immunoclipid complexes, is well known to one of skill in the art (see, e.g., Crystal, Science
270:404-410 (1995); Blacse et al, Cancer Gene Ther, 2:291-297 (1995); Behr et al,
Bioconjugate Chem. 5:382-389 (1994); Remy et al., Bioconjugate Chom. 5:647-654 (1994); Gao
et al., Gene Therapy 2:710-722 (1995); Ahmad ot al., Cancer Res. 52:4817-4820 (1992); U.S.
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}

8411} The use of RNA or DNA viral based systems for the delivery of nucleic acids take
advantage of highly evolved processes for targeting a virus to specific cells in the body and

trafficking the viral payload to the nucleus. Viral vectors can be administered directly to patients
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{(in vivo) or they can be used to treat cells in vitro, and the modified cells may optionally be
administered to patients (ex vivo), Conventional viral based systems could include retroviral,
tentivirus, adenoviral, adeno-associated and herpes simplex virus vectors for gene transfer.
Integration in the host genome is possibie with the retrovirus, lentivirus, and adeno-associated
vitus gene transfer methods, often resulting in Jong term expression of the inserted transgenc.
Additionally, high transduction efficiencies have becn observed in many different cell types and
target tissues.,

{8412} The tropism of a retrovirus can be altered 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 system 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 foreign sequence. The mindowurn 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 vitus (MuLV), gibbon ape leukemia virus (GalV), Simdan fmmuno
deficiency virus {SIV), human immune deficiency virus (HIV), and combinations thereof {(see,
c.g., Buchscher et al, J. Virol. 66:2731-2739 (1992); Johann et al, J. Virol. 66:1635-1640
{1992y, Sommmerfel ot al, Vircl 176:58-59 (1990); Wilson et al, J. Virol 63:2374-237§€
(19289); Miller et al., J. Virol. 65:2220-2224 (1991); WO94/26877).

3413 In another embodiment, Cocal vesiculovirus envelope pseudotyped retroviral vector
particles are conternplated (see, e.g., US Patent Publication No. 20120164118 assigned to the
Fred Hutchinson Cancer Research Center). Cocal virus is in the Vesiculovirus genus, and is a
causative agent of vesicular stomatitis in mammals. Cocal virus was originally isolated from
mites in Trinidad (Jonkers et al,, Am. 1. Vet Res. 25:236-242 {1964)), and infections have been
identificd n Trinidad, Brazil, and Argentina from insects, cattle, and horses. Many of the
vesiculoviruses that infoct mamunals have been isolated from vaturally infected arthropods,
suggesting that they are vector-bomne. Auntibodies to vesiculoviruses are common anong people
fiving in rural areas where the viruses are endemic and laboratory-acquired; infections in humans
usually result in intlucnza-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 distinct from, but most

closely related to, VSV-G Indiana strains among the vesiculoviruses. Jonkers et al., Am. J. Vet

o
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Res. 25:236-242 (1964} and Travassos da Rosa et al, Am. I Tropical Med. & Hygiene 33:959-
1006 (1984). The Cocal vesiculovirus envelope pseudotyped retroviral vector particles may
include for example, lentiviral, alpharctroviral, betaretroviral, gammaretroviral, deltaretroviral,
and epsilonretroviral vector particles that may comprise retroviral Gag, Pol, and/or one or more
accessory protein(s) and a Cocal vesiculovirus envelope protein. Within certain aspects of these
embaodiments, the Gag, Pol, and accessory proteins are lentiviral and/or gamamarctroviral,

{3414 In applications where transient cxpression is preferred, adenoviral based systems may
be used. Adenoviral based vectors ave capable of very high transduction etficiency in 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 quantities in a relatively simple system.

1841 5] Adeno-associated virus ("AAV™) vectors may alsoe be used to transduce cells with
target nucleic acids, ¢.g., in the in vitro production of nucleic acids and peptides, and for in vivo
and ex vivo gene therapy procedures {see . West et al,, Vivology 160:32-47 (1987); U.S. Pat.
WNo. 4,797,368; WO 93/24641; Kotin, Human Gene Therapy 5:793-801 (1994, Muzyczka, J.
Clin, Invest. 94:1351 (1994). Construction of recombinant AAY 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, et al, Mol Cell. Biol. 4:2072-2081 (19%4); Hermonat &
Muzyczka, PNAS 81:6466-06470 (1984); and Samuiski et al., J. Virol. 63:03822-382% (1989).
[3416] Packaging cells are typically used to form virus particles that are capable of infecting
a host cell. Such cells include 293 or PER.C6 cells, which package adenovirus, and w2 cells or
PA317 celis, 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 expression cassette for the
polymucleotide(s) to be expressed. The missing viral functions are typically supplied in trans by
the packaging cell Hne. For example, AAV vectors used in gene therapy typically only possess
ITR sequences from the AAV genome which are required for packaging and integration into the
host genome. Viral DNA is packaged in a cell line, which contains a helper plasmid encoding
the other AAV genes, namely rep and cap, but lacking ITR sequences. The cell line 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 plasmid. The helper plasmid is not packaged in
significant amounts due to a lack of ITR sequences. Contamination with adenovirus can be

reduced by, e.g., heat treatment to which adenovirus is more sensitive than AAV. Accordingly,
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AAV is considered an ideal candidate for use as a transducing vector. Such AAV transducing
vectors can comprise sufficient cis-acting functions to replicate in the prescuce of adenovirus or
herpesvirus or poxvirus {e.g., vaccinia virgs) helper functions provided in trans, Recombinant
AAV (rAAV) can be used to carry exogenous genes into cells of a variety 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 accomynodate up to 4300 bases of inserted
DNA.

(8417} There are a number of ways to produce rAAV, aud the fnvention provides rAAYV and
methods for preparing rAAV. For example, plasmid(s) containing or consisting esseuntially of
the desired viral construct are transfocted into AAV-infocted cells or into a packaging cell. In
addition, a second or additional helper plasmid is cotransfected into these cells to provide the
AAY rep and/or cap genes which are 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 rAAV construct. Two to Three days after
transfection, rAAYV is harvested. Traditionally rAAY s harvested from the cells along with
adenovirus. The contaminating adenovirus is then inactivated by heat treatment. In the jostant
invention, rAAV is advantageously harvested not from the cells themselves, but from cell
supernatant. Accordingly, in an initial aspect the invention provides for preparing rAAV, and in
addition to the foregoing, rAAV can be prepared by a method that comprises or consists
essentially of: infecting susceptible cells with a rAAV containing exogenous DNA including
DNA for expression, and helper virus (e.g., adenovirus, herpesvirus, poxvirus such as vaccinia
viras) wherein the rAAY lacks fumctioning cap and/or rep (and the helper virus (¢.g., adenovirus,
herpesvirus, poxviras sach as vaccinia virus) provides the cap and/or rev function that the rAAV
lacks); or infecting susceptible cells with a rAAVY containing exogenous DNA including DNA
for expression, wherein the recombinant lacks functioning cap and/or rep, and transfecting said
cells with a plasmid supplving cap and/or rep function that the rAAV lacks; or mfecting
susceptible cells with a rAAV containing exogenous 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 cap and/or rep and plasmids for inserting cxogenous DNA into the
recombinant so that the exogenous DNA is expressed by the recombinant and for supplyving rep
and/or cap functions whereby transfection resufts in an rAAV containing the exogenous DNA

including DNA for expression that lacks functioning cap and/or rep.
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[3418] The rAAV can be from an AAY as herein described, and advantageously can be an
tAAV], tAAVZ, AAVS or rAAV having hybrid or capsid which may comprise AAVI, AAV2,
AAVS or any combination thereof. One can select the AAV of the rA AV with regard to the cells
1o be targeted by the rAAV, e.g., one can select AAY serotypes 1, 2, 5 or a hybrid or capsid
AAVT, AAVZ AAVS or any corsbination therveof for targeting brain or neuronal cells; and one
can select AAV4 for targeting cardiac tissue. [v addition to 293 cells, other cells that can he used
in the practice of the invention and the relative infectivity of certain AAV serotypes in vitro 85 to

these cells (see Grimm, D. et al, I, Virol 82: §887-53911 (2008)) are as follows:

Cell Line AAV-HAAV-2IAAYV-SIAAYV-4AAY-BIAAV-BIAAV-8IAAV-O
Huh-7 13 (1060} 25 | 0.0 | 01 10 1 07 1 0.0
HEKZ293 25 1100 1 25 {1 0.1 | 04 5 0.7 1 GA
Hela 3 1001 201 01 67 1 0.2 1 GA
Hep(G2 3 100 11671 0.3 | 1.7 5 0.3 | ND
HeplA 20 11001 0.2 { 1.0 | 04 1 0.2 { 0.0
911 17 1100 1 11 0.2 1 04 17 1 0.1 1 ND
CHQ 100 {1 100} 14 | 1.4 | 333 | &0 10 1 1.0
COS 33 100 33 | 3.3 | 50 14 1 20 1 05
MeWo 10 {100 1 20 | 0.3 | 6.7 10 1 1.0 1 02
NiH3T3 10 11001 28 1 28 1 03 10 1 0.3 | ND
A549 14 11001 20 | ND | 05 10 105 1 01
HT1180 20 (100 10 1 01 1 03 F 33 1 05 | 04
Monocytes 11111 100 | ND | ND | 125 114201 ND | ND
immature DC{ 2500 ] 100 | ND | ND | 222 {28571 ND | ND
Mature DC 122221 100 | ND | ND | 333 {33331 ND | ND

{0419 The jnvention provides rAAYV that confaing or consists essentially of an exogenous
nucleic acid molecule encoding a CRISPR {Clustered Regularly Interspaced Short Palindromic
Repeats) system, e.g., a plurality of cassettes comprising or consisting a first cassetie comprising
or consisting essentially of a promoter, a nucleic acid molecule encoding 2 CRISPR -associated
(Cas) protein (putative nuclease or helicase proteins), e.g., Cas9 and a terminator, and a two, or
more, advantageously up to the packaging size limit of the vector, e.g., in total (including the
first cassette) five, casseties comprising or consisting essentially of a promoter, mucleic acid
molecule encoding guide RNA (gRNA) and a terminator (c.g., cach cassette schematically
represented  as  Promoter-gRNA-terminator, Promoter-gRNAZ2-terminator ... Promoter-
gRNA(N}-terminator (where N is a number that can be inserted that is at an upper limit of the
packaging size hmit of the vector), or two or more individual rAAVSs, cach containing one or

more than one cassette of a2 CRISPR system, e.g, a first rAAY containing the first cassette

o
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comprising or consisting essentially of a promoter, a nucleic acid molecule encoding Cas, ¢.g.,
Cas9 and a torminator, and a second rAAV containing a plurality, four, casseties comprising or
consisting essentially of a promoter, mucleic acid molecule encoding guide RNA (gRNA) and a
terminator {e.g., cach cassette schematically represented as Promoter-gRNA1-terminator,
Promoter-gRNA2-terminator ... Promoter-gRNA(N)-terminator {where N is a namber that can be
inserted that is at an upper limit of the packaging size himut of the vector). As rAAV is a DNA
virus, the nucleic acid molecules in the herein discussion concerning AAV or rAAY are
advantageously DNA. The promoter is in some embodiments advantageously human Synapsin |
promoter (hSyn).

[642¢] Additional methods for the delivery of mucleic acids to cells are known to those
skilled in the art. See, for example, US20030087817, incorporated herein by reference. In some
embodiments, a host cell is transiently or non-transiently transtected with one or more vectors
described herein. In some erbodiraents, a cell is transfected as it naturally occurs in a subjeoct.
In some embodiments, a cell that is transfected is taken from a subject. In some embodiments,
the cell is derived from cells taken from a subject, such as a cell line. A wide varniety of cell lines
for tissue culture are known in the art. Examples of cell lines include, but are not limited to,
C8161, CCRF-CEM, MOLT, miMCD-3, NHDF, Hels-83, Huhl, Huhd4, Huh?, HUVEC,
HASMC, HEKn, HEKa, MiaPaCell, Panci, PC-3, TFL, CTLL-2, CIR, Rat6, CV1, RPTE, A1Q,
T24, JR2, A375, ARH-77, Calul, SW4E0, SW620, SKOV3, SK-UT, CaCo2, P38RD], SEM-K2Z,
WEHI-231, HBS6, TIBSS, Jurkat, J45.01, LRMB, Bel-1, BC-3, IC21, DLD2, Raw264.7, NRK,
WNRK-52E, MRCS, MEF, Hep G2, HelLa B, Hela T4, COS, COS-1, COS-6, COS-M6A, BS-C-1
monkey kidney epithelial, BALB/ 373 mouse embryo fibroblast, 3T3 Swiss, 3T3-L1, 132-d5
human fetal fibroblasts; 10.1 mouse hbroblasts, 293-T, 3T3, 721, 9L, A2780, A2730ADR,
A2780cis, A172, A20, A253, A431, A-549, ALC, B16, B35, BCP-1 cells, BEAS-2B, bEnd.3,
BHK-21, BR 293, BxPC3, C3H-10T1/2, C6/36, Cal-27, CHO, CHG-7, CHO-IR, CHO-K1,
CHO-K2, CHO-T, CHO Dhir -/-, COR-L23, COR-L23/CPR, COR-L23/5010, COR-L23/R23,
COS-7, COV-434, CML T1, CMT, C126, D17, DHR2, DUI4S, DuCaP, EL4, EM2, EM3,
EMT6/ARY, EMTO/ARIOG, FM3, H1299, H69, HBS4, HBSS5, HCA2Z, HEK-293, Hels,
Hepalclc7, HL-60, HMEC, HT-29, Jurkat, IY cells, K562 cells, Ku812, KCL22, KG1, KYOL,
ENCap, Ma-Mel 1-48, MC-38, MCF-7, MCF-104, MDA-MB-231, MDA-MB-468, MDA-MB-
435, MDCK I, MDCK I, MOR/G.2R, MONG-MAC 6, MTD-1A, MyEnd, NCI-HO9/CPR,
NCI-HO9/LX 10, NCE-HOY/LX20, NCI-H69/LX4, NIH-3T3, NALM-1, NW-145, OPCN / OPCT
cell Hnes, Peer, PNT-1A / PNT 2, RenCa, RIN-5F, RMA/RMAS, Saos-2 cells, 5£-9, SkBr3, T2,
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T-47D, T84, THP1 cell ine, U373, U7, U937, V(aP, Vero cells, WM39, WT-49, X863, YAC-1,
Y AR, and transgenic varieties thereof. Cell lines are available from a varicty of sources known
to those with skill in the art (see, e.g., the American Type Culture Collection (ATCC)
(Manassus, Va3 In some embodiments, a cell transfecied with one or more vectors described
herein is used to establish a new cell line comprising one or more vector-dertved sequences. In
some emboduments, a ccll transicutly transtected with the comaponends of a CRISPR system as
described herein (such as by iransient transfection of one or more vectors, or transfection with
RNA), and modified through the activity of a CRISPR complex, is used to establish a new cell
line comprising cells containing the moditication but lacking any other exogenous sequence. o
some embodiments, cells transiently or non-transiently transfected with one or more vectors
described herein, or cell lines derived from such cells are used in assessing one or more test
compounds.

64211 In another embodiment, a fluid delivery device with an arvay of needles (see, e.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 flutd to a solid tissue roay comprise a phurality of
needles arranged in an array; a plurality of reservoirs, cach in fluid communication with a
respective one of the phurality of needles; and a plurality of actuators operatively coupled to
respective ones of the phurality of reservoirs and configured to control a fluid pressure within the
reservoir. In certain crobodumenis each of the plurality of actuators way comprise one of a
plurality of plungers, a first end of each of the plurality of plungers being received in g respective
one of the plurality of reservoirs, and in certain further embodiments the plangers of the plorality
of plungers are operatively coupled together at respective second ends so as to be simultaneously
depressable. Certain still further embodiments may comprise a plunger driver configured to
depress all of the plurality of plungers at a selectively variable rate. In other embodiments each
of the phirality of actuators may comprise one of a plurality of fhad transmission hines having
first and second ends, a first end of cach of the plurality of thuid transoussion lines being coupled
1o a respective one of the plurality of reservoirs. In other embodiments the device may comprise
a tluid pressure source, and cach of the plurality of actuators comprises a fhiid coupling between
the fluid pressure source and a respective oue of the plurality of reservoirs. In further
embodiments the fluid pressure source may comprise at least one of a compressor, a vacuum

accunmulator, a peristaltic pump, a master cylinder, a microfluidic pump, and a valve. In another
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embodiment, cach of the phurality of needles may comprise a plurality of ports distributed along

its length.

Modifving a target

134221 In one aspect, the invemtion provides for methods of modifying a target
polymicleotide in a eukaryotic cell, which may be in vive, ex vive or in vitro. In some
crbodiments, the raethod comprises sampling a cell or population of celis from a huran or non-
human animal, or a plant, and modifying the cell or cells. Culturing may occur at any stage ex
vivo. The cell or cells may even be re-introduced into the non-human animal or plant. For re-
mtroduced cells it is particularly preferred that the cells are stern cells. Tn some embodiments,
the roethod coraprises allowing a CRISPR complex to bind to the target polynucleotide to offect
cleavage of said target polymucieotide thereby modifying the target polynucieotide, wherein the
CRISPR complex comprises a CRISPR enzyme complexed with a guide sequence hybridized or
hybridizable to a target sequence within said target polynucleotide, wherein said guide sequence
is linked to a tracr mate sequence which in turn hybridizes to a tracr sequence.

{8423} In one aspect, the invention provides a method of modifying expression of a
polvoucleotide in a eukarvotic 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 complex comprises a CRISPR
enzyme complexed with a guide sequence hybnidized or hybridizable to a target sequence within
said polynucleotide, wherein said guide sequence 15 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. Tndeed, in any aspect of the wnvention,
the CRISPR cormplex may comprise a CRISPR ecnzyme complexed with a guide sequence
hybridized or hybridizable to a target sequence, wherein said guide sequence may be linked to a
tracr mate sequence which in turn may hybridize to a tracr sequence. Similar considerations and
conditions apply as above for methods of moduying a target polynucleotide.

{34241 In one aspect, the invention provides kits containing any one or more of the eloments
disclosed in the above methods and compositions. Elements may be provided mdividually or in
combinations, and may be provided o any suitable container, such as a vial, a boitle, or a tube.

In some embodiments, the kit includes instructions in one or more languages, for cxample in
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more than one language. In some embodiments, a kit comprises one or more reagents foruse ina
process utilizing one or muore of the clements described herein. Reagents may be provided 1n any
suitable container. For example, a kit may provide one or more reaction or storage buffers
Reagents may be provided in 8 form that is usable in a particular assay, or in a form that requires
addition of one or more other components before use {e.g. in concentrate or lyophilized form). A
buffer can be any buffer, including but not limited to a sodium carbounate buffer, a sodium
bicarbonate buffer, a boratc buffer, a Tris buffer, 3 MOPS buffer, a HEPES buffer, and
combinations thereof. In some embodiments, the butfer is alkaline. In some embodiments, the
bufter has a pH from about 7 to about 10, In some embodiments, the kit coraprises one or more
oligonuclestides 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 polyoucieotides described herein, The kit

may advantageously allows to provide all elements of the systems of the invention.

CRISPR complex

[3425] In owe aspect, the invention provides methods for using one or more clements of a
CRISPR systern.  The CRISPR complex of the invention provides an eoffective means for
modifying a target polynucleotide. The CRISPR complex of the invention has a wide variety of
utility including modifying (e.g., deleting, imnserting, translocating, inactivating) a target
polymucleotide v a multiplicity of cell types.  An cxemplary CRISPR complex comprisces a
CRISPR enzyme complexed with a guide sequence hybridized or hybridizable to a target
sequence within the target polynucleotide. The guide sequence is linked to a tracr mate
sequence, which in torn hybridizes to a tracr sequence. Tn one embodiment, this invention
provides a method of cleaving a target polynucicotide.  The method comprises modifying a
target polynuclestide using a CRISPR complex that binds to the target polynuciectide and effect
cleavage of said target polynucieotide. Typically, the CRISPR complex of the invention, when
introduced into 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 an integrated viral gene in a cell. The
break created by the CRISPR complex can be repaired by a repair processes such as the error
prone non-homologous end joining (NHEI) pathway or the high fidelity homology-directed
repair (HDR) (Fig. 29). During these repair process, an exogenous polynucleotide teruplate can

be introduced into the genome sequence. In some methods, the HDR process i used modify
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genome sequence. For example, an exogenous polynucleotide template comprising a sequence
t0 be integrated flanked by an upstream sequence and a downstream sequence is infroduced nto
a cell. The upstream and downstream sequences share sequence similarity with either side of the
site of integration in the chromosome, Where desired, a donor polynucleotide can be DNA, ¢.g.,
a DNA plasimid, 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 lposome or poloxamer. The exogenous
polymicleotide template comprises a sequence to be integrated {(e.g., a mutated gene). The
sequence for integration may be a sequence endogenous or exogenous 1o the cell. Examples of a
sequence to be integrated include polynucleotides encoding a protein or 3 non-coding RNA (e.g.,
a microRNA). Thus, the sequence for integration may be operably linked to an appropriate
control sequence or sequences.  Alernatively, the sequence to be integrated may provide a
regulatory function. The upstream and downstream sequences in the exogenous polynucleotide
template are selected to promote recombination between the chromosomal sequence of interest
and the donor polynucleotide. The upstream sequence is 8 nucleic acid sequence that shares
sequence similarity with the genome scquence upstream of the targeted site for integration.
Similarly, the downstream sequence is 2 nucleic acid sequence that shares sequence similarity
with the chromosomal sequence downstream of the targeted site of integration. The upstream
and downstream sequences in the exogenous polynucleotide ternplate can have 75%, 80%, 85%,
0%, 95%, or 100% sequence identity with the fargeted genorme sequence.  Preferably, the
upstream and downstream sequences in the exogenous polynucleotide template have about 95%,
96%, 97%, 98%, 99%, or 100% sequence identity with the targeted genome sequence. In some
methods, the upstream and downstream sequences in the exogenouns polynucleotide template
have about 99% or 1009 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 58,
100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1604, 1700,
1300, 1900, 2000, 2100, 2200, 2300, 2400, or 2500 bp. In some methods, the exemplary
upstream or downstream sequence have about 200 bp to about 2000 bp, about 600 bp to about
L300 bp, or more particularly about 700 bp to about 1000 bp. In some methods, the exogenous
polynucicotide template may further comprise a marker. Such a marker may make it casy fo
screen for targeted integrations. Examples of suitable markers include restriction sites,
fluorescent proteins, or selectable markers. The exogenous polynucleotide template of the

invention can be constructed using recombinant techniques {see, for example, Sambrook et al,,

160



WO 2015/089465 PCT/US2014/070135

2001 and Ausubel et al,, 1996). In an exemplary method for modifving a target polynucleotide
by integrating an exogenous polynucleotide template, a double stranded break is introduced o
the genome sequence by the CRISPR complex, the break is repaired via homologous
recombination an exogenous polynucleotide template such that the template is integrated into the
genome. The presence of a double-stranded break facilitates integration of the template.

3426 In other embodiments, this invention provides a method of modifving expression of a
polyoucleotide in a cukaryotic cell. The method comprises decreasing expression of a target
polymicleotide by using a CRISPR complex that binds to the polynucieotide. In some methods, a
target polynucleotide can be inactivated to etfect the modification of the expression ina cell. For
example, upon the binding of a CRISPR comaplex to a target sequence in a cell, the target
polymucleotide is inactivated such that the sequence is not transcribed, the coded protein or RNA
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 muicroRNA
is not produced. In some methods, 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 nucleic acid sequence.
Examples of a control sequence include, a promoter, a transcription terminator, and an enhancer
are control sequences. The inactivated target sequence may inchide a deletion mutation (ie.,
deletion of one or more nuclectides), an insertion mutation {(i.e., insertion of one or more
nucleotides), or a nounseunse mutation (1.e., substitution of a single nucleotide for anothe
nucleotide such that a stop codon is introduced). In some methods, the inactivation of a target
sequence results in “knock-out” of the target sequence.

[B8427] The term “wild type StCash” refers to wild type Cas9 from S thermophilus, the
protein sequence of which is given in the SwissProt database under accession mumber G3ECRI.

Similarly, S pyogenes Cas9 is included in SwissProt under accession number Q99Z2W2,

Preclinical translation

[3428] To switch to a CRISPR/Cas systern compatible with clinically-tested liver-directed
gene delivery, Applicants may switch from using SpCas® to the smaller SaCas9.
8429 A first step is to redesign and produce sgRNA sequences compatible with the SaCas®
P 8 p g q P
PAM. Then, the sgRNAs are cloned into a viral vector {likely lentiviral for initial in vitro cell
Iine studies) and these new guides are screened for thewr ability to cleave cceDDNA in de novo
E & o

infections. These experiments use the HepGZ-hNTCP knockin cell lnes and HBVY virions
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purified from Hep(32.2.15 cells. The screen is performed either with guides in individual wells
side-by-side, or using a pooled format in which lentivirus is produced with a pool of all possible
sgRNA sequences against HBV, and then deep sequencing identifes regions of the HBY genome
most susceptible to cleavage by SaCas9.

{6430} Once a smaller list of 3-10 guides i3 chosen, more targeted experiments are
performed in both in vitro and 1o vivo models of HBV infection in primary human hepatocytes
{sec c.g., Schlomai et al, (2014) Proceedings of the National Academy of Sciences, 111{33)
[2193-1219R; Bissig et al., (2014) Journal of Clinical Investigation, 120(3): 924-930; Legrand N
et al. (2009) Cell Host & Microbe, 6(1): 5-9). These experiroents can also utilize targeting with
multiple sgRNAs simuitancously to induce cocDNA fragmentation). Additional possibilities
include using other delivery systems (perhaps nonviral) as herein described.

84311 Rationale for choosing appropriate sgRNAs for anti-HBV CRISPR/Cas9 systems:
The process 13 a nultistep one in which several parameters should be optimized: efficacy of the
sgRIMNA sequence, targeting to an accessible part of cccDNA, conservation of the target sequence
across viral genotypes, and minimization of target sequence homology to the human genome.
These criteria should be general criteria across all episomal viruses, although the specifics may
differ (for example, HBV cccDNA secems to be most accessible to cleavage in the ORF for Core,
and it s possible that latent HSV may be most accessible in the region encoding latency-
associated transcript LAT). The general workflow 1s as follows:

s Use CRISPR design tool to identify all possible sgRNAs for the virus of
mterest (for targeting dsDNA forms, such as HBV, look at targets on both
positive and negative strands), based on the PAM for the Cas9 of interest (e.g.
SpCast), Salas9)

. Use available efficacy prediction tools {e.g. Doench et al. 2014, Nat Biotech
for SpCasY) to predict on-target efficacy of the sgRNAs for initial
priovitization

. Perform some combination of luerature search and pilot experiroents using
sgRMNAs targeting diverse regions of the viral genome, followed by assessing
cleavage efficiency at these sites, to determine which parts of viral genome
are most efficiently cleaved by Cas9. Prioritize sgRNAs that hit these regiouns.

. From this downselected list of sgRNAs, further prioritize by how strongly
conserved the target sequences are across viral genotypes. This can be done

by performing primer BLAST against the full set of viral whole genome
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sequences deposited in GenBank. For example, for HBV there are a little over

5000 whole genoroe sequences from different strains and patient isolates.

Ideal conservation across these sequences is 90+%.

® Finally, further downselect by choosing sgRNAs that have low homology to

the human genome- typically this will not be a problem for viral genomes,

stnce they are geoerally divergent from hursan genomic sequences (perhaps

endogenous retroviruse regions are an exception, but these are predominantly

nontunctional)

’ Efficacy in vitro and in vivo, as well as selectivity and minimizatrion of off-

target effects, can then be determined experimentally in the proper model

systems.

64321 Below exhaustive list of possible sgRNAs for both SaCas9 and SpCas9. In these

tables, the colurans correspond to the sgRNA target DNA sequence (target sequence + PAM),

the strand on which the target sequence and PAM are found (cccDNA is double-stranded), the

nucleotide of the circular HBV genome at which the target sequence starts (HBV cecDNA i

3182 bp total), whether the sgRNA targets the Core ORF (which Applicants have found to be

maost capable of cleavage by Cas9), and finally whether or not the sgRNA is very close {(+/-

500t} on the HBV genome to where Applicants” most effective sgRNA (g17) targets.

10433} SaCash sgRNAs

20nt guide + 5 nt PAM
CACCAAACTCTGCAAGATCCCAGAG
AAACTCTGCAAGATCCCAGAGTGAG
ACTCTGCAAGATCCCAGAGTGAGAG
CCCTGCTGGTGGLTCCAGTTCAGGA
CCTGCTGGTGGCTCCAGTTCAGGAG
CYCCCTTATCGTCAATCTTCTCGAG
CCCTTATCGTCAATCTTCTCGAGGA
ATCGTCAATCTTCTCGAGGATTGGG
TCGTCAATCTTCTCGAGGATTGGGE
CGTCAATCTTCTCGAGGATTGGGGA
CGAGGATTGGGGACCCTGCGLTGAA
TTGGGGACCCTGCGCTGAACATGGA
TGGGGACCCTGCGUTGAACATGGAG
GGGACCCTGCGLTGAACATGGAGAA
GAACATGGAGAACATCACATCAGGA
GAACATCACATCAGGATTCCTAGGA
GACCCCTTCTCGTGTTACAGGCGGG

nt

Start
16
20

22
57

58
110
112
117
118
118
131
137
138
140
153
162
185

Sense

Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
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20nt guide + 5 nt PAM
ACCCCTTCTCGTGTTACAGGUGGGE
GCGGGGTTTTTCTTGTTGACAAGAA
CAAGAATCCTCACAATACCGCAGAG
CCGCAGAGTCTAGACTCGTGGTGGA
GTGGACTTCTCTCAATTTTCTAGGG
TGGACTTCTCTCAATTITCTAGGGG
GGACTTCTCTCAATTTTCTAGGGGG
GACTTCTCTCAATTTTCTAGGGGGA
ACTTCTCTCAATTTTCTAGGGGGAA
CCAACTTGTCCTGGTTATCGUTGGA
TCATCTTCTTGTTGGTTCTTCTGGA
GCCCGTITGTCCTCTAATYCCAGGA
CAGGATCCTCAACCACCAGCALGGEG
AGGATCCTCAACCACCAGCALCGGGA
ACCACCAGCACGGGACCATGCCGAA
AACCTGCATGACTACTGCTCAAGGA
ACCTGCATGACTACTGCTCAAGGAA
CCTGTTGUTGTACCAAACCTTCGGA
TTGCTGTACCAAACCTTCGGACGGA
TGCTGTACCAAACCTTCGGACGGAA
TGTATTCCCATCCCATCATCCTGGE
CATCCCATCATCCTGGGCTTTCGGA
ATCCCATCATCCTGGGCTTICGGAA
TGGGCITTCGGAAAATTCCTATGGE
GGGCTTTCGGAAAATTCCTATGGGA
GGCTTTCGGAAAATTCCTATGGGAG
TTCGGAAAATTCCTATGGGAGTGGG
GCCATTTGTTCAGTGGTTCGTAGGS
ACTGTTTGGCTTTCAGTTATATGGA
GTTATATGGATGATGTGGTATTGGG
TTATATGGATGATGTGGTATTGGGG
TATATGGATGATGTGGTATTIGGGGG
GGCCAAGTCTGTACAGCATCTTGAG
TTACCAATTTTICTTTTGTCTTIGGG
ATTTAAACCCTAACAAAACAAAGAG
AACCCTAACAAAACAAAGAGATGGE
ACCCTAACAAAACAAAGAGATGGGG
CAAAGAGATGGGGTTACTCTCTGAA
GGGGTTACTCTCTGAATTTTATGGG
GAATTTTATGGGTTATGTCATTGGA
AATTTTATGGGTTATGTCATTGGAA
GGGTTATGTCATTGGAAGTTATGGG
AAGTTATGGGTCCTTGCCACAAGAA
ACACATCATACAAAAAATCAAAGAA

nt
Start
186
205
224
241
261
262
263
264
265
355
428
468
488
489
499
522
523
563
567
568
601
609
610
622
623
624
6528
68&7
721
736
737
738
761
&02
832
337
338
850
&59
&72
873
331
396
820

Sense

Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
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20nt guide + 5 nt PAM
CAAAAAATCAAAGAATGTTTTAGAA
CCTATTAACAGGCCTATTGATTGGA
CTATTAACAGGCCTATTGATTGGAA
ATTGATTGGAAAGTATGTCAACGAA
GGAAAGTATGTCAACGAATTGTGGG
GTCAACGAATTGTGGGTCTTTTGGG
CCTTTCTGTGTAAACAATACCTGAA
GCTGACGCAACCCCCACTGGCTGGEE
CTGACGCAACCCCCACTGGUTGGGEE
CCACTGGCTGGGGUTTGGTCATGGE
CATGGGCCATCAGCGLGTGCGTGGA
ATGGGCCATCAGCGUGTGCGTGGAA
CTCCTCTGCCGATCCATACTGLGGA
TCCTCTGLCGATCCATACTGCGGAA
TTETTTTGCTCGCAGCAGGTCTGGA
TGTTTTGCTCGCAGCAGGTCTGGAG
CAGGTCTGGAGCAAACATTATCGEGG
AGGTCTGGAGCAAACATTATCGGGA
CTGCTAGGUTGTGCTGUCAALTGGA
TGCTGCCAACTGGATCCTGCGLGEE
GCTGCCAACTGGATCCTGCGLGGEGA
TTGTTTACGTCCCGTCGGCGCTGAA
TCCCGTCGGCGLTGAATCCTGCGGA
AATCCTGCGGACGACCCTTCTCGGE
ATCCTGCGGACGACCCTTCTCGGGE
ACGACCCTTCTCGGGGTCGCTTGGE
CGACCCTTCTCGGGGTCGCTTGGEGA
GTCTGCCGTTCCGACCGACCACGGG
TCTGCCGTTCCGACCGACCACGGGEE
CGGGGCGCACCTCTCTTTACGCGGA
CGTCTGTGCCTTCTCATCTGCCGGA
GCTTCACCTCTGCACGTCGCATGGA
CTTCACCTCTGCACGTCGCATGGAG
CACGTCGCATGGAGACCACCGTGAA
GAGACCACCGTGAACGCCCACCGAA
TGTTGCCCAAGGTCTTACATAAGAG
TTGCCCAAGGTCTTACATAAGAGGA
GGTCTTACATAAGAGGACTCTTGGA
TGCAATGTCAACGACCGACCTTGAG
AAAGACTGTTTGTTTAAAGALCTGGE
AAGACTGTTTGTTTAAAGACTGGGA
AGACTGTITGTTTAAAGACTGGGAG
ACTGTTTGTITAAAGACTGGGAGGA
CTGTTTGTTTAAAGACTGGGAGGAG

nt
Start

930

960

961

975

882

991
1117
1188
1189
1201
1220
1221
1255
1256
1292
1293
1307
1308
1380
1391
1352
1423
1432
1446
1447
1456
1457
1501
1502
1522
1552
15%0
1581
1602
1613
1638
1640
1648
1678
1712
1713
1714
1716
1717

Sense

Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
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20nt guide + 5 nt PAM
TGTTTAAAGACTGGGAGGAGTTGGG
GTTTAAAGACTGGGAGGAGTTGGGG
TTTAAAGACTGGGAGGAGTTGGGGE
TTAAAGACTGGGAGGAGTTGGGGGA
TAAAGACTGGGAGGAGTTGGGGGAG

AAGACTGGGAGGAGTTGGGGGAGGA
AGACTGGGAGGAGTTGGGGGAGGAG

TAGATTAAAGGTCTTTGTACTAGGA
AGATTAAAGGTCTTTGTACTAGGAG
TCAAGCCTCCAAGOTGTGLOTTGGG
AAGCTETGLOTTGOGTGGLTTTGGG
AGCTGTGCCTTGGETGGECTTTGGGE
GCCTTGGGTGGOTTTGGGGECATGGA
CATGGACATCGACCCTTATAAAGAA
CATCGACCCTTATAAAGAATTTGGA
ATCGACCCTTATARAGAATTTGGAG
ATAAAGAATTTGGAGCTACTGTGGA
TAAAGAATTTGGAGCTACTGTGGAG
TCTGACTTCTTTCCTICAGTACGAG
GATACCGCCTCAGCTCTGTATCGGEG
ATACCGCCTCAGCTCTGTATCGGGA
TACCGCCTCAGCTCTGTATCGGGAA
AGCTCTGTATCGGGAAGCCOTTAGAG
TCGGGAAGCCTTAGAGTCTCCTGAG
CTCAGGCAAGCAATTCTTTICCTGGG
TCAGGCAAGCAATTCTTTGCTGGGS
CAGGCAAGCAATTCTTITGCTGGGGG
AGGCAAGCAATTCTTTGCTGGGGEG
GGCAAGCAATTCTITGCTGGGGGGA
GCAAGCAATTCITTGITGGGGGGAA
GAACTAATGACTCTAGCTACCTGGG
TAATGACTCTAGCTACCTGGGTGGS
CTACCTGGGTCGGTGTTAATITGGA
TACCTGGGTGGOTGTTAATTTGGAA
AATTTGGAAGATCCAGCATCTAGAG
TCAGTTATGTCAACACTAATATGGG
TCACATTTCTTGTCTCACTTTTGGA
CACATTICTTGTCTCACTTTTGGAA
ATTTCTTGTCTCACTTITGGAAGAG
TICTIGTCTCACTTTTGGAAGAGAA
TTITGGAAGAGAAACCGTTATAGAG
TATAGAGTATTTGGTGTCTTTCGGA
ATAGAGTATTTGGTGTCITTCGGAG
TATTTGGTGTCTTTCGGAGTGTGGA

nt
Start
1722
1723
1724
1725
1726
1728
1729
1756
1757
1866
1876
1877
1883
1802
1808
1809
1818
1820
1963
1896
1897
1958
2007
2016
2065
2066
2067
2068
2068
2070
2092
2096
2108
2109
2125
2159
2211
2212
2215
2217
2229
2247
2248
2254

Sense

Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
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20nt guide + 5 nt PAM
CCCCTATCCTATCAACACTTCCGGA
CCCTATCCTATCAACACTTCCGGAA
GAAACTACTGTTGTTAGACGACGAG
AGACGACGAGGCAGGTCCCCTAGAA
CGACGAGGCAGGTCCCCTAGAAGAA
CGAGGCAGGTCCCCTAGAAGAAGAA
AGAACTCCCTCGCCTCGCAGATGAA
AGGTCTCAATCGCCGCGTCGCAGAA
CGTCGCAGAAGATCTCAATCTCGGG
GTCGCAGAAGATCTCAATCTCGGGA
TCGCAGAAGATCTCAATCTCGGGAA
AACCTCAATGTTAGTATTCCTTGGA
GTATTCCTTGGACTCATAAGGTGGE
TATTCCTTGGACTCATAAGGTGGGS
ATTCCTTGGACTCATAAGGTGGGGA
TTCCTTGGACTCATAAGGTGGGGAA
GTACCTGTCTTTAATCCTCATTIGGA
TACCTGTCTTYAATCCTCATTGGAA
CCAAGACATTATCAAAAAATGTGAA
TGTAGGCCCACTTACAGTTAATGAG
TAGGCCCACTTACAGTTAATGAGAA
CCACTTACAGTTAATGAGAAAAGAA
AGGTTACCAAATATTTACCATTGGA
CCAAATATTTACCATTGGATAAGGG
GGGTATTAAACCTTATTATCCAGAA
AGACACTATTTACACACTCTATGGA
GACACTATTTACACACTCTATGGAA
ATTTACACACTCTATGGAAGGCGES
GGAAGGCGGGTATATTATATAAGAG
AAGGCGGGTATATTATATAAGAGAG
GGUGGGTATATTATATAAGAGAGAA
AACACATAGCGCCTCATTITGTGGG
TTITGTGGGTCACCATATTCTTGGG
TTTGTGGGTCACCATATTCTTGGGA
TTGTGGGTCACCATATTCTITGGGAA
TTGGGAACAAGATCTACAGCATGGG
TGGGAACAAGATCTACAGCATGGEGG
ACAAGATCTACAGCATGGGGCAGAA
ATCTTTCCACCAGCAATCCTCTGGG
TCTTTCCACCAGCAATCCTCTGGGA
GATTCTTYCCCGACCACCAGTTGGA
CACCAGTTGGATCCAGCCTTCAGAG
GCAAACACAGCAAATCCAGATTGGG
CAAACACAGCAAATCCAGATTGGGA

nt
Start
2312
2313
2335
2350
2353
2356
2377
2401
2416
2417
2418
2441
2454
2455
2456
2457
2507
2508
2563
2593
2595
2600
2661
2667
26839
2741
2743
2748
2763
2765
2767
2794
2810
2811
2812
2830
2831
2836
2860
2861
2884
2398
2822
2823

Sense

Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Paositive
Positive
Positive
Positive
Positive
Positive
Positive
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Core? G177
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



WO 2015/089465

20nt guide + 5 nt PAM
ATTGGGACTTCAATCCCAACAAGGA
CTGGUCAGACGCCAACAAGGTAGGA
TGGCCAGACGCCAACAAGGTAGGAG
AGACGCCAACAAGGTAGGAGCTGGA
GACGCCAACAAGGTAGGAGCTGGAG
CAAGGTAGGAGCTGGAGCATTCGGG
TAGGAGCTGGAGCATTCGGGELTGGG
GCTGGGTTTCACCCCACCGCACGGA
CYTGGGTTTCACCCCACCGCACGGAG
CCCCACCGCACGGAGGCCTTTTGGE
CCCACCGCACGGAGGCCTTITGGGG
CCGCACGGAGGLCTTTTGGGGTGGA
CGCACGGAGGCCTTITGGGGTGGAG
TGGGGTGGAGCCCTCAGGCTCAGGS
TGCCTCCACCAATCGCCAGACAGGA
GCCTCCACCAATCGCCAGACAGGAA
CTACCCCGCTGTCTCCACCTTTGAG
ACCCCGCYGTCTCCACCTTTGAGAA
GAAAGGTTGTGGAATTT
GTGAAAGGTTGTGGAATTC
TITGGTGAAAGGTTGTGGAATTA
AGGATGAGTGTTTCTCAAAGGTGGA
GGATGAGTGTTTCTCAAAGGTGGAG
GTTTCTCAAAGGTGGAGACAGCGGE
TTTCTCAAAGGTGGAGACAGLGGGE
GCCTTCCTETCTGGLGATTGGTGGA
CCTTCCTGTCTGGCGATTGGTGGAG
TETCTGGUGATTGGTGGAGGCAGGA
GTCTGGCGATTGGTGGAGGCAGGAG
GCGATTGGTGGAGGCAGGAGGCGGA
GGCAAAGTTTGTAGTATGCLCTGAG
GTTTGTAGTATGCCCTGAGCCTGAG
TTGTAGTATGCCCTGAGCCTGAGGS
CCCCAAAAGGCCTCCGTGLGGTGGES
CCCAAMAAGGCCTCCGTGLGGETGEEE
AAAGGUCTCCGTGLGGTGGGGETGAA
GLGGTGGGGTGAAACCCAGCCIGAA
CGTCTGGCCAGGTGTCCTTGTTIGGEG
GTCTGGCCAGGTGTCCTTGTTGGGA
GCCAGGTGTCCTTGTIGGGATTGAA
GTTGGGATTGAAGTCCCAATCTGGA
CTGGATTTGCTGTGTITGCTCTGAA
TGCTGTGTTTGCTCTGAAGGCTGGA
AGGCTGGATCCAACTGGTGGTCGEG

nt
Start

2841
2569
2570
2875
2876
2884
2988
3008
3009
3019
3020
3024
3025
3040
3098
3099
3130
3132
3167
3165
3161
16
17
25
26
57
58
64
&5
70
101
107
109
139
140
144
156
204
205
210
223
243
250
267

Sensea
Positive
Positive
Positive
Pasitive
Pasitive
Pasitive
Positive
Positive
Positive
Pasitive
Pasitive
Pasitive
Positive
Positive
Positive
Pasitive
Pasitive
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
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20nt guide + 5 nt PAM
GGUTGGATCCAACTGGTGGTCGGGA
GCTGGATCCAACTGGTGGTCGGGAA
GATCCAACTGGTGGTUGGGAAAGAA
TGGTGGTCGGGAAAGAATCCCAGAG
GTGGTCCGGAAAGAATCCCAGAGGA
AGAATCCCAGAGGATTGCTGGTGGA
GAATCCCAGAGGATTGCTGGTGGAA
ATGCTGTAGATCTTGTTCCCAAGAA
AGAATATGGTGACCCACAAAATGAG
TATAATATACCCGCCTTCCATAGAG
GTGTGTAAATAGTGTCTAGTTTGGA
TGTGTAAATAGTGTCTAGTTTGGAA
GTAATGATTAACTAGATGTTCTGGA
TGGTAAATATTTGGTAACCTTTGGA
TCTTTTCTCATTAACTGTAAGTGGG
GTCTTGGTGTAAATGTATATTAGGA
TCTTGGTGTAAATGTATATTAGGAA
GGAAAAGATGGTGTTTTCCAATGAG
AAAAGATGGTGTTTTCCAATGAGGA
AGGATTAAAGACAGGTACAGTAGAA
ATTAAAGACAGGTACAGTAGAAGAA
CCAGTAAAGTTCCCCACCTTATGAG
GTTCCCCACCTTATGAGTCCAAGGA
TTCCCCACCTTATGAGTCCAAGGAA
GAGTCCAAGGAATACTAACATTGAG
GAATACTAACATTGAGGTTCCCGAG
TAACATTGAGGTTCCCGAGATTGAG
GATCTTCTGCGACGCGGIGATTIGAG
GGCGATTGAGACCTICGTCTGLGAG
TTGAGACCTTCGTCTGCGAGGCGAG
GAGACCTTCGTCTGCGAGGLGAGGG
AGACCTTCGTCTGCGAGGCGAGGGA
GACCTTCGTCTGCGAGGUGAGGGAG
AGGCGAGGGAGTTCTTCTTICTAGGG
GGUGAGGGAGTTCTTCITCTAGGGG
GCGAGGGAGTTCTTCTTCTAGGGGA
TCGTCTAACAACAGTAGTTTCCGGA
CGTCTAACAACAGTAGTTICCGGAA
GTAGTTTCCGGAAGTGTTGATAGGA
TTCCGGAAGTGTTGATAGGATAGGS
TCCGGAAGTGTTGATAGGATAGGGG
GGCATTTGGTGGTCTATAAGCTGGA
GCATTTGGTGGTCTATAAGCTGGAG
ATTTGGTGGTCTATAAGCTGGAGGA

nt

Start
268
269
273
281
283
284

295
332
353
402
426
427
4572
503
560
614
615
636
638
658
662

701
702
715
724
730
754
769
774
776
777
778
792
793
794
828
829
841
846
847
870
871
873

Sensea

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
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Core?

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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nt Close to
20nt guide + 5 nt PAM Start  Sense Core? (177
TITGGTGGTCTATAAGCTGGAGGAG 874 Negative Yes
GGTCTATAAGCTGGAGGAGTGCGAA 830 Negstive Yes
GAGGAGTGCGAATCCACACTCCGAA 893 Negative Yes
TAACGGTTTCTCTTCCAAAAGTGAG 935 Negative Yes
TTCTCTTCCAAAAGTGAGACAAGAA 942 HNegative Yes

CCAAAAGTGAGACAAGAAATGTGAA 948 Negative Yes
GACAAGAAATGTGAAACCACAAGAG 958 Negative Yes
TGTGAAACCACAAGAGTTGCOTGAA 968 Negative Yes
GACTACTAGGTCTCTAGATGCYGGA 1023 Negative Yes
TTAACACCCACCCAGGTAGCTAGAG 1057 Negative Yes
GTCATTAGTTCCCCCCAGCAAAGAA 1081 Negative Yes
CCCAGCAAAGAATTGETTGCCTGAG 1084 Negative Yes
GCTTGCCTGAGTGCAGTATGGTGAG 1108 Negative Yes
CCTGAGTGCAGTATGGTGAGGTGAA 1113 Negative Yes
ATGGTGAGGTGAACAATGCTCAGGA 1125 Negative Yes
TGOTGAGGTGAACAATGCTCAGGAG 1126 Negative Yes
GACTCTAAGGCTTCCCGATACAGAG 1150 Negative Yes
TAAGGCTTCCCGATACAGAGCTGAG 1155 Negative Yes
TACAGAGCTGAGGCGGTATCTAGAA 1168 Negstive Yes
GGTATCTAGAAGATCTCGTACTGAA 1182 Negative Yes
ATCTAGAAGATCTCGTACTGAAGGA 1185 Negative Yes
TCTAGAAGATCTCGTACTGAAGGAA 1186 Negative Yes
GAAGATCTCGTACTGAAGGAAAGAA 1180 Negative VYes
TCGTACTGAAGGAAAGAAGTCAGAA 1197 Negative Yes
AAAGAAGTCAGAAGGCAAARAACGAG 1208 Negstive Yes

AGAAGTCAGAAGGCAAAAACGAGAG 1211 Negative Yes Yes
AGTAGCTCCAAATTICTTTATAAGGG 1245 Negative Yes Yes
AAAGCCACCCAAGGCACAGITTGGA 1286 Negative Yes Yes
AAGCCACCCAAGGCACAGCTTGGAG 1287 Negative Yes Yes
CCAAGGCACAGCTTGGAGGITTGAA 1284 Negstive Yes Yes
CAGCTTGGAGGCTTGAACAGTAGGA 1302 Negative Yes Yes
GGAGGCTTGAACAGTAGGACATGAA 1308 Negative Yes Yes

TTGAACAGTAGGACATGAACAAGAG 1314 Negative Yes
ATGAACAAGAGATGATTAGGCAGAG 1328 Negative Yes
CAAGAGATGATTAGGCAGAGGTGAA 1333 Negative Yes
AGTCTTTAAACAAACAGTITTTGAA 1450 Negative
AAGGTCGGTCGTTGACATTGCAGAG 1484 Negative
GGTCGGTCGTTGACATTGCAGAGAG 1486 Negative
GTTGACATTGCAGAGAGTCCAAGAG 1494 Negative
GAGTCCTCTTATGTAAGACCTTGGG 1516 Negative
AAGACCTTGGGCAACATICGGTGEG 1530 Negative
GGTGGETCTCCATGLGACGTGCAGAG 1562 Negative
TCTCCATGCGACGTGCAGAGGTGAA 1567 Negative
ATGCGACGTGCAGAGGTGAAGLGAA 1572 Negative

176
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20nt guide + 5 nt PAM
AAGTGCACACGGTCCGGCAGATGAG
GTGCACACGGTCCGGTAGATGAGAA
CGGCAGATGAGAAGGCACAGACGGG
GGCAGATGAGAAGGUACAGACGGGG
GCAGATGAGAAGGCACAGACGGGGA
CAGATGAGAAGGCACAGACGGGGAG
ACAGACGGGGAGTCCGCGTAAAGAG
AGACGGGGAGTCCGUGTAAAGAGAG
GAGGTGCGCCCCETGGTCGGTCGGA
AGGTGCGCCCCETGGTCGGTCGGAA
GTGGTCGGTCGGAACGGCAGACGGA
TGGTCGGETCGGAACGGCAGACGGAG
GTCGGTCGGAALGGCAGACGGAGAA
GGTCGGAACGGCAGACGGAGAAGGE
GTCGGAACGGCAGACGGAGAAGGGE
TCGGAACGGCAGACGGAGAAGGGGA
AACGGCAGACGGAGAAGGGGACGAG
CGGUAGACGGAGAAGGGGACGAGAG
GCAGACGGAGAAGGGGACGAGAGAG
CGAGAGAGTCCCAAGCGACCCCGAG
AGAGAGTCCCAAGCGATCCCGAGAA
GAGTCCCAAGCGACCCCGAGAAGGG
ACCCCOAGAAGGGTCGTCCGLAGGA
GTCCGCAGGATTCAGCGCCGACGGE
TCCGCAGGATTCAGCGCCGACGGGA
GCGCCGACGGGACGTAAACAAAGGA
TAAACAAAGGACGTCCCGUGCAGGA
GGCAGCACAGCCTAGCAGCCATGGA
CATGGATACGATGTATATITGCGGG
ATGGATACGATGTATATTTGCGGGA
TGGATACGATGTATATITGCGGGAG
GATACGATGTATATTTGCGGGAGAG
TACGATGTATATTTGCGGGAGAGGA
ATATTTGCGGGAGAGGACAACAGAG
ATGTTTGCTCCAGACCTGCTGCGAG
CTGCGAGCAAAACAAGCGGCTAGGA
TGLGAGCAAAACAAGCGGCTAGGAG
GCGGCTAGGAGTTCCGCAGTATGGA
AGTTCCGCAGTATGGATCGGCAGASG
TTCCGCAGTATGGATCGGCAGAGGA
TCCGCAGTATGGATCGGCAGAGGAG
AGTATGGATCGGLAGAGGAGCCGAA
CCATGACCAAGUCCCAGCCAGTGGEG
CATGACCAAGCCCCAGCCAGTGGGE

nt
Start
1595
1597
1609
1610
1611
1612
1625
1627
1649
1650
1661
1662
1664
1667
1668
1669
1673
1675
1677
1694
1696
1699
1711
1726
1727
1740
1754
1786
1805
1806
1807
1809
1811
1818
1859
1877
1878
1892
1801
1803
1804
1909
1859
1860

e

Sensea

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
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Close to
G177
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20nt guide + 5 nt PAM
ATGACCAAGCCCCAGCCAGTGGGGEE
TGGCACAGACCTGGCCGTTGLIGGE
GACCTGGLCGTTGCCGGGLAACGGEG
ACCTGGCCGTTGCCGGGCAACGGGE
AGGTTCAGGTATTGTTTACACAGAA
CAGAAAGGCCTTGTAAGTTGGLGAG
GAAAGGCCTTGTAAGTTGGCGAGAA
CCTTGTAAGTTGGCGAGAAAGTGAA
AAAGTGAAAGCCTGUTTAGATTGAA
TAGATTGAATACATGCATACAAGGG
TGCATACAAGGGCATTAACGCAGGA
AGGATAACCACATTGTGTAAATGGG
GGATAACCACATTGTGTAAATGGGG
CCAATCAATAGGCCTGTTAATAGGA
CAATCAATAGGCCTGTTAATAGGAA
GTATGATGTGTTCTTGTGGCAAGGA
ATGACATAACCCATAAAATTCAGAG
GACATAACCCATAAAATTCAGAGAG
ACCCCATCTCTTTGTTTTGTTAGGG
AAATGTATACCCAAAGACAAAAGAA
AMATTGGTAACAGCGGTAAAAAGGG
AATTGGTAACAGUGGTAAAAAGGGA
ATACCACATCATCCATATAACTGAA
ATATAACTGAAAGCCAAACAGTGGG
TATAACTGAAAGCCAAACAGTGGGG
ATAACTGAAAGCCAAACAGTGGGGEG
TAACTGAAAGCCAAACAGTGGGGGA
AACTGAAAGCCAAACAGTGGGGGAA
AAACAGTGGGGGAAMAGCLCTACGAA
GGGGAAAGCCCTACGAACCACTGAA
GAACAAATGGCACTAGTAAACTGAG
ATGGCACTAGTAAACTGAGCCAGGA
TGGCACTAGTAAACTGAGCCAGGAG
GCACTAGTAAACTGAGCCAGGAGAA
AGTAAACTGAGCCAGGAGAAACGHEG
ACTGAGCCAGGAGAAALGGGCTGAG
CGGGCTGAGGCCCACTICCATAGGA
GGGCTGAGGLCCACTCCCATAGGAA
CCCACTCCCATAGGAATTTTCCGAA
ATAGGAATTTTCCGAAAGCCCAGGA
TITTCCGAAAGCCCAGGATGATGGE
TTTCCGAAAGUCCAGGATGATGGGA
CGAAAGCCCAGGATGATGGGATGGG
GAAAGCCCAGGATGATGGGATGGGA

nt
Start
1861
2003
2010
2011
2038
2059
2061
2067
2084
2100
2113
2134
2135
2200
2201
2253
2291
2293
2320
2348
2372
2373
2427
2441
2442
2443
2444
2445
2456
2464
2486
24492
2493
2495
2500
2505
2521
2532
2531
2540
2547
25438
2552
2553

e
2

Sensea

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
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G177



WO 2015/089465

20nt guide + 5 nt PAM
AAAGCCCAGGATGATGGGATGGGAA
AATACAGGTGCAATTTCCGTCCGAA
CCGAAGGTTTGGTACAGCAACAGGA
CGAAGGTTTGGTACAGCAACAGGAG
AAGGTTTGGTACAGCAACAGGAGGG
AGGTTTGGTACAGCAACAGGAGGGA
ACAGCAACAGGAGGGATACATAGAG
GAGGGATACATAGAGGTTCCTTGAG
GCATGGTCCCGTGCTGETGGTTGAG
ATGGTCCCGTGCTGGTGGTTGAGGA
CGTGCTGGTGGTTGAGGATCCTGGA
GTGCTGGTGGTTGAGGATCCTGGAA
GTGGTTGAGGATCCTGGAATTAGAG
GGTTGAGGATCCTGGAATTAGAGGA
ATCCTGGAATTAGAGGACAAACGGEG
GGCAACATACCTTGATAGTCCAGAA
AACATACCTTGATAGTCCAGAAGAA
GATAGTCCAGAAGAACTAACAAGAA
CCAGAAGAACCAACAAGAAGATGAG
AAGAAGATGAGGCATAGCAGCAGGA
AGATGAGGCATAGCAGCAGGATGAA
TGAGGCATAGCAGCAGGATGAAGAG
AGGCATAGCAGCAGGATGAAGAGGA
GGUATAGCAGCAGGATGAAGAGGAA
CAGACACATCCAGCGATAACCAGGA
CCAGCGATAACCAGGACAAGTTGGA
CAGCGATAACCAGGACAAGTTGGAG
GCGATAACCAGGACAAGTTGGAGGA
AACCAGGACAAGTTGGAGGACAGGA
ACCAGGACAAGTTGGAGGACAGGAG
AGTTGGAGGACAGGAGGTTGGTGAG
GACAGGAGGTTGGTGAGTGATTGGA
ACAGGAGGTTGGTGAGTGATTGGAG
GGTTGGTGAGTGATTGGAGGTTGGG
GTTGGTGAGTGATTGGAGGTTGGGG
TTGGTGAGTGATTGGAGGTTGGGGA
GTGATTGGAGGTTGGGGACTGCGAA
AGACACACGGTAGTTCCCCCTAGAA
CGGTAGTTCCCCCTAGAAAATTGAG
GTAGTTCCCCCTAGAAAATTGAGAG
AGTTCCCCCTAGAAAATTGAGAGAA
AAAATTGAGAGAAGTCCACCACGAG
AGTCTAGACTCTGCGGTATTGTGAG
TCTAGACTCTGCGGTATTGTGAGGA

nt
Start
2554
2577
2597
2598
2600
2601
2610
2620
2664
2666
2673
2674
2680
2682
2690
2713
2716
2726
2732
2746
2750
2753
2755
2756
2796
2805
2806
2808
2813
2814
2823
2831
2832
2838
2838
2840
2847
2881
2888
2890
2892
2504
2827
2829

Sensea

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
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Close to
G177
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TTGTGAGGATTCTTGTCAACAAGAA
AGAAAAACCCCGCUTGTAACACGAG
AAAAACCCCGCCTGTAACACGAGAA
AACCCCGCCTGTAACACGAGAAGGG
ACCCCGCCTGTAACACGAGAAGGEG
TGTAACACGAGAAGGGGTCCTAGGA
GTAACACGAGAAGGGGTCCTAGGAA
GATGTTCTCCATGTTCAGCGCAGGG
CAGCGCAGGGTCCCCAATCCTCGAG
GLGCAGGGTCCCCAATTCTCGAGAA
TCCTCGAGAAGATTGACGATAAGGS
CCTCGAGAAGATTGACGATAAGGGA
CTCGAGAAGATTGACGATAAGGGAG
CGAGAAGATTGACGATAAGGGAGAG
CGATAAGGGAGAGGCAGTAGTCGGA
GATAAGGGAGAGGCAGTAGTCGGAA
GGGAGAGGCAGTAGTCGGAACAGGG
CGGAACAGGGTTTACTGCTCCTGAA
CAGGGTTTACTGCTCCTGAACTGGA
AGGGTTTACTGCTCCTGAACTGGAG
TCCTGAACTGGAGCCACCAGCAGGE
CCTGAACTGGAGCCACCAGCAGGGA
CTGAACTGGAGUCACCAGCAGGGAA
GGAAATACAGGCCTCTCACTCTGGG
GAAATACAGGCCTCTCACTCTGGGA

[3434] SpCasy sgRMNAs

20nt guide + 3 nt PAM
AACCTTTCACCAAACTCTGCAAG
CACCAAACTCTGCAAGATCCCAG
CCAAACTCTGCAAGATCCCAGAG
ACTCTGCAAGATCCCAGAGTGAG
TCTGCAAGATCCCAGAGTGAGAG
CYGCAAGATCCCAGAGTGAGAGS
AGAGGCCTGTATTTCCCTGCTGG
GGCCTGTATTTCCCTGCTGGTGG
TATTTCCCTGCTGGTGGCTCCAG
CCCTGCTGGTGGUTCCAGTTCAG
CCTGCTGGTGGCTCCAGTTCAGG
TGCTGGTGGCTCCAGTTCAGGAG
TGGTGGCTCCAGTTCAGGAGCAG
CCCTTATCGTCAATCTTCTCGAG
CCTTATCGTCAATCTTCTCGAGS

nt
Start
2845
2566
2568
2971
2872
2880
2881
3015
3030
3032
3047
3048
3049
3051
3063
3064
3069
3084
3089
3090
3102
3103
3104
3125
3126

nt
Start

PCT/US2014/070135

Close to
Sense Core? (177
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Nagative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

Close to

Sense Core? G177

7 Positive
14  Positive
16  Positive
20 Positive
22 Positive
23 Positive
41 Positive
44 Positive
50 Positive
55 Positive
56 Positive
58 Positive
6l Positive

110 Positive
111 Positive
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nt Close 1o
20nt guide + 3 nt PAM Start  Sensa Core? G177
TCGTCAATCTTCTCGAGGATTGG 116 Positive
CGTCAATCTTCTCGAGGATTGGE 117 Positive
GTCAATCTTCTCGAGGATTGGGE 118 Positive
TGGGGACCCTGCGUTGAACATGE 136 Positive
GGGACCCTGCGCTGAACATGGAG 138 Positive
GAACATGGAGAACATCACATCAG 151 Positive
AACATGGAGAACATCACATCAGG 152 Positive
GAACATCACATCAGGATTCCTAG 160 Positive
AACATCACATCAGGATTCCTAGG 161 Positive
TAGGACCCCTTCTCGTGTTACAG 180  Positive
AGGACCCCTTCTCGTGTTACAGG 181 Positive
ACCCCTTCTCGTGTTACAGGUGE 184 Positive
CCCCTTCTCGTGTTACAGGLGGE 185 Positive
CCCTTCTCGTGTTACAGGLGGGE 186 Positive
GLGGGGTTTTTCTTGTTGACAAG 203 Positive
CAAGAATCCTCACAATACCGCAG 222  Positive
AGAATCCTCACAATACCGCAGAG 224 Positive
CCTCACAATACCGCAGAGTCTAG 229 Positive
TACCGCAGAGTCTAGACTCGTGE 237 Positive
CGCAGAGTCTAGACTCGTGGTGG 240 Positive
GTGGACTTCTCTCAATTTTCTAG 259 Positive
TGGACTTCTCTCAATTTTCTAGS 260 Positive
GGACTTCTCTCAATTTTCTAGGG 261  Positive
GACTTCTCTCAATTTTCTAGGGG 262 Positive
ACTTCTCTCAATTTTCTAGGGGG 263 Positive
GGGGGAACTACCGTGTGTCTTGG 281 Positive
TGTGTCTTGGCCAAAATTCGLAG 294  Positive
TCCTGTCCTCCAACTTGTCCTGS 344 Positive
CAACTTGTCCTGGTTATCGCTGG 354 Positive
GTTATCGCTGGATGTGTCTGCGE 366 Positive
GCTATGCCTCATCTICTTIGTTGG 418 Positive
CATCTTCTYGTTGGTTCTTCTGG 427 Positive
GTTGGTTCTTCTGGACTATCAAG 436 Positive
TTGGTTCTTCTGGACTATCAAGG 437  Positive
GCCCGTITGTCCTCTAATTICCAG 466 Positive
CCCGTTTGTCCTCTAATTCCAGE 467 Positive
ATTCCAGGATCCTCAACCACCAG 482 Positive
AGGATCCTCAACCACCAGCALGG 487 Positive
GGATCCTCAACCACCAGCACGGS 488 Positive
AACCTGCATGACTACTGCTCAAG 520 Positive
ACCTGCATGACTACTGCTCAAGG 521 Positive
CTGTTGCTGTACCAAACCTTIGS 562 Positive
TGCTGTACCAAACCTTCGGACGEG 566 Positive

GTATTCCCATCCCATCATCOTGG 600  Positive

3
(o]
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20nt guide + 3 nt PAM
TATTCCCATCCCATCATCCTGGG
ATCCCATCATCCTGGGCTTTCGG
GGGCTTTCGGAAAATTCCTATGG
GGCTTTCGGAAAATTCCTATGGE
CTTTCGGAAAATTCCTATGGGAG
TCGGAAAATTCCTATGGGAGTGG
CGGAAAATTCCTATGGGAGTGGG
ATTCCTATGGGAGTGGGCCTCAG
GGGCCTCAGCCCETTICTCCTGG
TCAGCCCOTTTCTCCTGGOTCAG
TTTCTCCTGGUTCAGTTTACTAG
GTTTACTAGTGCCATTITGTTCAG
TACTAGTGCCATTTGTTCAGTGE
GCCATTTGTTCAGTGGTTCGTAG
CCATTTGTTCAGTGGTTICGTAGE
CATTTGTTCAGTGGTTCGTAGGG
TAGGGCTTTCCCCCACTGTITGE
TYCCCCCACTGTTTGGCTTTCAG
CTGTTTGGCTTTCAGTTATATGG
TTTCAGTTATATGGATGATGTGG
TTATATGGATGATGTGGTATTGG
TATATGGATGATGTGGTATTGGG
ATATGGATGATGTGGTATTGGGE
TATGGATGATGTGGTATIGGGEGE
ATGATGTGGTATTGGGGGCCAAG
TATTGGGGGCCAAGTCTGTACAG
CCAAGTCTGTACAGCATCTTGAG
TACCAATTITCYTTTGTCTTTGG
ACCAATTTTCTITIGTCTITGGG
ATTTAAACCCTAACAAAACAAAG
TTAAACCCTAACAAAACAAAGAG
ACCCTAACAAAACAAAGAGATGG
CCCTAACAAAACAAAGAGATGGG
CCTAACAAAACAAAGAGATGGGGE
GGGTTACTCTCTGAATTTTATGG
GGTTACTCTCTGAATTTTATGGG
AATTTTATGGGTTATGTCATTGG
TITATGGGTTATGTCATTGGAAG
GGTTATGTCATTGGAAGTTATGG
GTTATGTCATTGGAAGTTATGGS
AAGTTATGGGTCCTTGLCACAAG
ACACATCATACAAAAAATCAAAG
CAAAAAATCAAAGAATGTTTTAG
TTTAGAAAACTTCCTATTAACAG

nt
Start
601
608
621
6522
624
627
628
634
6548
6553
661
675
678
685
686
687
705
712
720
729
735
736
737
738
743
752
761
801
802
830
832
836
837
838
858
859
871
874
880
881
884
918
928
946

Sensa

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Close to
Core? G177
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20nt guide + 3 nt PAM
TTAGAAAACTTCCTATTAACAGG
CTATTAACAGGCCTATTGATTGG
TAACAGGCCTATTGATTGGAAAG
GAAAGTATGTCAACGAATTGTGG
AAAGTATGTCAACGAATTGTGGE
TCAACGAATTGTGGGTCTITTIGS
CAACGAATTGTGGGTCTTITGGG
GCTGCCCCATTTACACAATGTGG
TGTATGCATGTATTCAATCTAAG
ATGCATGTATTCAATCTAAGCAG
TGCATGTATTCAATCTAAGCAGG
TCACTTTCTCGCCAACTTACAAG
CACTTTCTCGCCAACTTACAAGG
TGAACCTTTACCCCGTTGCCCGE
TTTACCCCETTGCCCGGLAALGES
CCCCGTTGCCCGGCAACGGLCAG
CCCGTTGCCCGGCAACGGLCAGS
GCAACGGCCAGGTCTGTGLCAAG
TTTGCTGACGCAACCCCCACTGG
CTGACGCAACCCCCACTGGITGG
TGACGCAACCCCCACTGGITGEG
GACGCAACCCCCACTGGCTGEGE
AACCCCCACTGGCTGGGGLTTGG
CACTGGCTGGGGCTTGGTCATGG
ACTGGCTGGGGCTTGGTCATGGE
GGGGCTTGGTCATGGGCCATCAG
ATGGGCCATCAGCGCUGTGCGTGE
GCGCGTGUGTGGAACCTTITICGG
TCCTCTGCCGATCCATACTGCGE
GATCCATACTGCGGAACTCCTAG
CTAGCCGCTTGTTTIGCTCGCAG
GCCGCITGTITTGUTCGCAGCAG
CCGCTTGTTTTGCTCGCAGCAGS
TGTTTTGCTCGCAGCAGGTCTGG
TITTGCTCGCAGCAGGTCTGGAG
AGGTCTGGAGCAAACATTATCGG
GGTCTGGAGCAAACATTATCGGG
GCAAATATACATCGTATCCATGG
TACATCGTATCCATGGCTGCTAG
ACATCGTATCCATGGCTGCTAGG
TGCTAGGCTGTGCTGCCAACTGEG
GCTGCCAACTGGATCCTGCGLGE
CTGCCAACTGGATCCTGUGCGGE
GTCCTTTGTTTACGTCCCGTCGG

nt
Start

947

959

963

981

982

990

991
1018
1061
1064
1065
1091
1092
1136
1142
1146
1147
1158
1183
1187
1188
1189
1194
1200
1201
1208
1219
1230
1254
1263
1282
1285
1286
1291
1293
1306
1307
1355
1362
1363
1379
1390
1391
1416

Sensa

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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20nt guide + 3 nt PAM
CCCGTCGGUGITGAATCCTGUGE
ATCCTGCGGACGACCCTTCTCGG
TCCTGCGGACGACCCTTCTCGGS
CCTGLGGACGACCCTTCTCGGGE
CGACCCTTCTCGGGGTCGLTTGG
GACCCTTCTCGGGGTCGCTTGGE
TCTGCCGTTCCGACCGACCACGE
CTGCCOTTCCGACCGACCACGES
TGCCGTTCCGACCGACCALGGGE
GGGGLGCACCTCTCTTTACGLGG
GTCTGTGCCTTCTCATCTGCCGE
CTTCACCTCTGCACGTCGLATGG
TCACCTCYGCACGTCGLATGGAG
ACGCCCACCGAATGTTGCCCAAG
CGCCCACCGAATGTTGLCCAAGG
TGTTGCCCAAGGTCTTACATAAG
TTGCCCAAGGTCTTACATAAGAG
TGCCCAAGGTCTTACATAAGAGG
GTCTTACATAAGAGGACTCTTGG
CAATGTCAACGACCGACCTTGAG
AATGTCAACGACCGACCTTGAGG
CGACCTTGAGGCATACTTCAAAG
CTTCAAAGACTGTTTGTTTAAAG
AAGACTGTTTGTTTARAGACTGG
AGACTGTITGTTTAAAGACTGGG
ACTGTTTGTTTAAAGACTGGGAG
CYGTTTGTTTAAAGACTGGGAGG
GTITGTTTAAAGACTGGGAGGAG
GTTTAAAGACTGGGAGGAGTTGS
TTTAAAGACTGGGAGGAGTTGGG
TTAAAGACTGGGAGGAGTIGGGG
TAAAGACTGGGAGGAGTTGGGGE
AAGACTGGGAGGAGTTGGGGGAG
AGACTGGGAGGAGTTGGGGGAGS
ACTGGGAGGAGTTGGGGGAGGAG
GAGGAGTTGGGGGAGGAGATTAG
TGGGGGAGGAGATTAGATTAAAG
GGGGGAGGAGATTAGATTAAAGG
TAGATTAAAGGTCTTTGTACTAG
AGATTAAAGGTCTTTGTACTAGG
ATTAAAGGTCTTTGTACTAGGAG
TTAAAGGTCTTTGTACTAGGAGG
GTCTTTGTACTAGGAGGCTGTAG
TCTTTGTACTAGGAGGCTGTAGG

nt
Start
1431
1445
1446
1447
1455
1456
1500
1501
1502
1521
1551
1589
1591
1624
1625
1636
1638
1639
1647
1678
1679
1691
1706
1711
1712
1714
1715
1717
1721
1722
1723
1724
1726
1727
1729
1734
1741
17432
1754
1755
1757
1758
1764
1765

Sensa

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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nt Close 1o
20nt guide + 3 nt PAM Start  Sensa Core? G177
AGGAGGCTGTAGGCATAAATTGG 1775  Positive
GCATAAATTGGTCTGCGCALCAG 1787 Positive
TTGTTCATGTCCTACTGTTCAAG 1846 Positive  Yas
GTCCTACTGTTCAAGCCTCCAAG 1854 Positive  Yes
CAAGCCTCCAAGCTGTGCCTTGG 1865 Positive  Yes
AAGCCTCCAAGCTGTGCCTIGGE 1866 Positive  Yes
CCTCCAAGCTGTGCCTTGGGTGE 1869 Positive  Yes
AGCTGTGCCTTGGGTGGLTTTGG 1875 Positive  Yes Yes
GCTGTGCCTTIGGGTGGELTITGGS 1876 Positive  Yeas Yes
CYGTGCCTITGGGETGGLTTTGGGE 1877 Positive  Yes Yes
CCTTGGGTGGCTTTGGGGCATGS 1882 Positive VYes Yes
CATGGACATCGACCCITATAAAG 1900 Positive  Yes Yes
ATCGACCCTTATAAAGAATTTGG 1907 Positive  Yes Yes
CGACCCTTATAAAGAATTTGGAG 1909 Positive  Yas Yas
TAAAGAATTTGGAGCTACTGTGG 1918 Positive  Yeas Yes
AAGAATTTGGAGCTACTGTGGAG 1920 Positive  Yes Yes

GCCTTCTGACTTCTTTCCTTCAG 1857 Positive  Yes Yes
TGACTTCITICCTTCAGTACGAG 1963 Positive  Yes Yes
TCCTTCAGTACGAGATCTTCTAG 1972 Positive  Yas
AGATCTTCTAGATACCGCCTCAS 1884 Positive  Yes
ATACCGCOTCAGCTCTGTATCGS 1995 Positive  Yes
TACCGCCTCAGCTCTGTATCGGS 1896 Positive  Yes

CGCCTCAGCTCTGTATCGGGAAG 1898 Positive  Yes
AGCTCTGTATCGGGAAGCCITAG 2005 Positive  Yes
CTCTGTATCGGGAAGCCTTAGAG 2007 Positive  Yas
GGGAAGCCTTAGAGTCTCCOTGAG 2016 Positive  Yes
TCACCTCACCATACTGCACTCAG 2045 Positive  VYes
CACCTCACCATACTGCACTCAGG 2046 Positive  Yes
TCACCATACTGCACTCAGGCAAG 2050 Positive  Yes
TCAGGCAAGCAATTCTITGCTGG 2064 Positive  Yas
CAGGCAAGCAATTCTTTGCTGGE 2065 Positive  Yes
AGGCAAGCAATTCTTTGCTGGGE 2066 Positive  Yes
GGCAAGCAATTCTITGLTGGGEG 2067 Positive  Yes
GCAAGCAATTCTTIGCTGGGGGE 2068 Positive  Yes
CTGGGGGGAACTAATGACTCTAG 2083 Positive  Yes
AACTAATGACTCTAGCTACCTGG 2091 Positive  Yas
ACTAATGACTCTAGCTACCTGGG 2092 Positive  Yes
AATGACTCTAGCTACCTGGGTGE 2085 Positive  VYes
ATGACTCTAGCTACCTGGGTGRG 2086 Positive  Yes
TACCTGGGTGGGTGTTAATTTGG 2107 Positive  Yes
CTGGGTGGGTGTTAATTTIGGAAG 2110 Positive  Yes
GGGTGTTAATTTGGAAGATCCAG 2116 Positive Yas
AATTTGGAAGATCCAGCATCTAG 2123 Positive  Yes
TITGGAAGATCCAGCATCTAGAG 2125 Positive  Yes



WO 2015/089465

20nt guide + 3 nt PAM
AGATCCAGCATCTAGAGACCTAG
TCCAGCATCTAGAGACCTAGTAG
GCATCTAGAGACCTAGTAGTCAG
CAGTTATGTCAACACTAATATGG
AGTTATGTCAACACTAATATGGG
TCAACACTAATATGGGCCTAAAG
ACTAATATGGGCCTAAAGTTCAG
CTAATATGGGCCTAAAGTTCAGG
TAAAGTTCAGGCAACTCTTGTGE
CACATTTCTTGYCTCACTTITGG
ATTTCTTGTCTCACTTTITGGAAG
TTCTTGTCTCACTTTTGGAAGAG
TITTGGAAGAGAAACCGTTATAG
TTGGAAGAGAAACCGTTATAGAG
AGAAACCGTTATAGAGTATITGG
ATAGAGTATTTGGTGTCTTTCGG
AGAGTATTTGGTGTCTTTCGGAG
ATTTGGTGTCTTTCGGAGTGTYGG
AGTGTGGATTCGCACTCCTCCAG
ATTCGCACTCCTCCAGCTTATAG
CCCTATCCTATCAACACTICCGG
CTTCCGGAAACTACTGTTGTTAG
AACTACTGTTGTTAGACGACGAG
ACTACTGTTGTTAGACGALCGAGG
ACTGTTGTTAGACGACGAGGTAG
CTGTTGTTAGACGACGAGGCAGS
AGACGACGAGGCAGGTCCCCTAG
CGACGAGGCAGGTCCCCTAGAASG
CGAGGCAGGTCCCCTAGAAGAAG
AGAAGAACTCCCTCGUCTCGLAG
ACTCCCTCGUCTCGCAGACGAAG
CTCCCTCGCCTCGCAGACGAAGG
AGGTCTCAATCGCCGLGTIGLAG
TCTCAATCGCCGCGTCGCAGAAG
GTCGCAGAAGATCTCAATCTCGG
TCGCAGAAGATCTCAATCTCGGG
AATCTCGGGAACCTCAATGTTAG
ACCTCAATGTTAGTATTCCTTGG
TTAGTATTCCTTGGACTCATAAG
TAGTATTCCTTGGACTCATAAGG
TATTCCTTGGACTCATAAGGTGG
ATTCCTTGGACTCATAAGGTGGG
TTCCTIGGACTCATAAGGTGGGG
CATAAGGTGGGGAACTTTACTGG

nt
Start
2131
2134
2138
2158
2159
2166
2171
2172
2184
2210
2213
2215
2227
2229
2236
2246
2248
2253
2269
2276
2311
2327
2335
2336
2339
2340
2348
2351
2354
2372
2378
2379
2399
2402
2415
2416
2430
2440
2449
2450
2453
2454
2455
2466

Sensa

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yas
Yas
Yas
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TACCTGTCTTTAATCCTCATIGE
TCCTAATATACATTTACACCAAG
ACATTATCAAAAAATGTGAACAG
CAAAAAATGTGAACAGTTTGTAG
AAAAAATGTGAACAGTTTGTAGG
ACAGTTTGTAGGCCCACTTACAG
TAGGCCCACTTACAGTTAATGAG
CCACTTACAGTTAATGAGAAAAG
CTTACAGTTAATGAGAAAAGAAG
TTGCAATTGATTATGCCTGCTAG
TGCAATTGATTATGCCTGLTAGS
TGCCTGCTAGGTTTTATCCAAAG
GCCTGCTAGGTTTTATCCAAMAGG
GGTTACCAAATATTTACCATTGS
CCAMATATTTACCATTGGATAAG
CAAATATTTACCATTGGATAAGG
AAATATTTACCATTGGATAAGGG
GGGTATTAAACCTTATTATCCAG
ACCTTATTATCCAGAACATCTAG
GTTAATCATTACTTCCAAACTAG
GACACTATTTACACACTCTATGG
ACTATTTACACACTCTATGGAAG
CTATTTACACACTCTATGGAAGG
TTTACACACTCTATGGAAGGLGG
TTACACACTCTATGGAAGGCGGE
GGAAGGCGGGTATATTATATAAG
AAGGCGGGETATATTATATAAGAG
GGCGGGTATATTATATAAGAGAG
TATAAGAGAGAAACAACACATAG
ACACATAGCGCCTCATTTTGTGG
CACATAGCGCCTCATTITIGTGGG
TTTGTGGGTCACCATATICTTGG
TTGTGGGTCACCATATTCTTGGG
GTCACCATATTCTTGGGAACAAG
ATTCTTGGGAACAAGATCTACAG
TGGGAACAAGATCTACAGCATGS
GGGAACAAGATCTACAGCATGGES
GGAACAAGATCTACAGCATGGGE
ACAAGATCTACAGCATGGGGCAG
ATGGGGCAGAATCTTTCCACCAG
TCTTTCCACCAGCAATCCTCYGG
CTTTCCACCAGCAATCCTCTGGG
TGGGATTCYTTCCCGACCACCAG
ATTCTTTCCCGACCACCAGTTIGEG

nt
Start
2506
2543
2566
2573
2574
2585
2593
2598
2601
2625
2626
2638
2639
2660
2665
2666
2667
2687
2696
2718
2740
2743
2744
2747
2748
2761
2763
2765
2778
2793
2794
2809
2810
2816
2824
2829
2830
2831
2834
2848
2859
2860
2879
2883

Sensa

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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TCCCGACCACCAGTTGGATCCAG
CACCAGTTGGATCCAGCCTTCAG
CCAGTTGGATCCAGCCTTCAGAG
TCCAGCCTTCAGAGCAAACACAG
CAGAGCAAACACAGCAAATCCAG
CAAACACAGCAAATCCAGATTGEG
AAACACAGCAAATCCAGATTGGG
ATTGGGACTTCAATCCCAACAAG
TTGGGACTTCAATCCCAACAAGEG
TCAATCCCAACAAGGACALCTGG
TCCCAACAAGGACACCTGGCCAG
ACACCTGGCCAGACGCCAACAAG
CACCTGGCCAGACGUCAACAAGE
CTGGLCAGACGCCAACAAGGTAG
TGGLCAGACGCCAACAAGGTAGG
GCCAGACGCCAACAAGGTAGGAG
GACGCCAACAAGGTAGGAGCTGS
CGCCAACAAGGTAGGAGCTGGAG
AAGGTAGGAGCTGGAGCATTCGG
AGGTAGGAGCTGGAGCATTCGGE
AGGAGCTGGAGCATTCGGGCTGE
GGAGCTGGAGCATTCGGGCTGGE
CTGGGTTTCACCCCACCGCACGG
GGGTTTCACCCCACCGCACGGAG
GGTTTCACCCCACCGLACGGAGS
CCCACCGCACGGAGGCCTITTGG
CCACCGCACGGAGGCCTTITGGG
CACCGCACGGAGGCCTTTITGEGE
CGCACGGAGGCCTTITGGGGTGE
CACGGAGGCCTTTTGGGGTGGAG
GCCTTTTGGGGTGGAGCCCTCAG
CCTTTTGGGGTGGAGCCCTCAGS
TGGGGTGGAGCCCTCAGGCTCAG
GGGGETGGAGCCCTCAGGCTCAGS
GGGTGGAGCCCTCAGGCTCAGGG
GGGCATACTACAAACTTTGCCAG
CTCCTGCCTCCACCAATCGUCAG
TGCCTCCACCAATCGCCAGACAG
GCCTCCACCAATCGCCAGACAGG
TCCACCAATCGCCAGACAGGAAG
CCACCAATCGCCAGACAGGAAGG
CCAATCGCCAGACAGGAAGGCAG
ACCCCGCTGTCYCCACCTTTGAG
CTTTGAGAAACACTCATCCTCAG

nt
Start
2889
2896
2898
2907
2916
2921
2922
2939
2940
2948
2952
2963
2964
2967
2968
2870
2874
2976
2983
2984
2988
2989
3007
3009
3010
3018
3019
3020
3023
3025
3032
3033
3038
3039
3040
3060
3092
3096
3097
3100
3101
3104
3130
3146

Sensa

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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TTTGAGAAACACTCATCCTCAGG
ACACTCATCCTCAGGCCATGLAG
CTCATCCTCAGGUCATGCAGTGS
TTGTGGAATTC
GAAAGGTTGTGGAATTC
TCAAAGGTTGTGGAATTG
CCACTGCATGGLCTGAGGATGAG
CTGAGGATGAGTGTTTCTCAAAG
TGAGGATGAGTGTTTCTCAAAGS
GGATGAGTGTTTCTCAAAGGTGG
ATGAGTGTTTCTCAAAGGTGGAG
GTGTTTCTCAAAGGTGGAGACAG
TTTCTCAAAGGTGGAGACAGCGE
TTCTCAAAGGTGGAGACAGCGGG
TCTCAAAGGTGGAGACAGCGGGEG
CAAAGGTGGAGACAGCGGGGTAG
AAAGGTGGAGACAGCGGGGTAGS
GGGTAGGCTGCCTTCCTGTCTGG
CTGCCTTCCTGTCTGGCGATTGS
CCTTCCTGTCTGGCGATTIGGTGG
TTCCTGTCTGGLGATTGGTGGAG
TCCTGTCTGGUGATTGGTGGAGG
TETCTGGUGATTGGTGGAGGCAG
GTCTGGCGATTGGTGGAGGCAGG
CTGGLGATTGGTGGAGGCAGGAG
TGGLGATTGGTGGAGGCAGGAGG
CGATTGGTGGAGGCAGGAGGLGE
GAGGCAGGAGGCGGATTTGCIGG
AGGAGGCGGATTIGCTGGCAAAG
GGATTTGCTGGCAAAGTTTGTAG
CAAAGTTTGTAGTATGCCCTGAG
TTGTAGTATGCCCTGAGCITGAG
TGTAGTATGCCCTGAGCCTGAGG
GTAGTATGCCCTGAGCCTGAGGG
GCCTGAGGGCTCCACCCCAAAAG
CCTGAGGGUTCCACCCCAAAAGG
CACCCCAAAAGGCCTCCGTGLGS
CCCAAAAGGCCTCCGTGLGETGG
CCAAAAGGCCTCCGTGLGGTGEE
CAAAAGGCCTCCGTGLGGTGRGE
CCGTGCGGTGGGEGETGAAACTCAG
GAAACCCAGCCCGAATGCTCCAG
TGCTCCAGCTCCTACCTTGTTIGG
GCTCCTACCTTIGTTGGLGTCTGG

nt

Start
3147
3155
3158
3173
3167
3166
-1
i1
12
15
17
21
24
25
26
29
30
46
53
56
58
59
62
63
65
66
659
78
83
a0
101
107
108
109
123
124
135
138
139
140
150
164
179
186

Sense
Positive
Positive
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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CTACCYTGTTGGCGTCTGGLCAG
TACCTTGTTGGCGTCTGGCCAGS
GTCTGGCCAGGTGTCCTTIGTIGS
TCTGGCCAGGTGTCCTTGTTGGG
AGGTGTCCTTGTTGGGATTGAAG
TTGGGATTGAAGTCCCAATCTGG
GATTTGCTGTGTTTGCTCTGAAG
ATTTGCTGTGTTTGCTCTGAAGS
GCTGTGTTTGCTCTGAAGGCTGE
CYTCTGAAGGCTGGATCCAACTGG
TGAAGGCTGGATCCAACTGGTGG
GGCTGGATCCAACTGGTGGTCGE
GCTGGATCCAACTGGTGGTCGGE
GATCCAACTGGTGGTCGGGAAAG
TGGTGGTUGGGAAAGAATCCCAG
GTGGTCCGGAAAGAATCCCAGAG
TGGTCGGGAAAGAATCCCAGAGG
AAAGAATCCCAGAGGATTGLTGE
GAATCCCAGAGGATTGLTGGTGE
CCCAGAGGATTGCTGGTGGAAAG
AAAGATTCTGCCCCATGCTGTAG
ATGCTGTAGATCTTGTICCCAAG
AGATCTTGTTCCCAAGAATATGG
AATATGGTGACCCACAAAATGAG
ATATGGTGACCCACAAAATGAGG
TATAATATACCCGCCTTCCATAG
TAATATACCCGCCTTCCATAGAG
CCTTCCATAGAGTGTGTAAATAG
TAGAGTGTGTAAATAGTGTCTAG
TGTGTAAATAGTGTCTAGTTTGG
GTAAATAGTGTCTAGTTITGGAAG
GTTTGGAAGTAATGATTAALTAG
TAATGATTAACTAGATGTTCTGG
AACTAGATGTTCTGGATAATAAG
ACTAGATGTTCTGGATAATAAGG
GGTTTAATACCCTTATCCAATGG
CTTATCCAATGGTAAATATTTGG
GGTAAATATTIGGTAACCTTTGG
GGTAACCTTTGGATAAAACCTAG
AACCTTTGGATAAAACCTAGCAG
ACCTTTGGATAAAACCTAGCAGG
CTTCTTTTCTCATTAACTGTAAG
CTTTTCTCATTAACTGTAAGTGG
TTITCTCATTAACTGTAAGTGGS

nt
Start
180
191
203
204
211
222
244
245
249
259
262
266
267
271
279
281
282
290
293
297
316
330
337
353
354
400
402
413
420
425
428
442
451
459
460
481
492
502
513
516
517
556

559

560

Sense

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

154

Close to
Core? G177

PCT/US2014/070135



WO 2015/089465 PCT/US2014/070135

nt Close 1o
20nt guide + 3 nt PAM Start  Sensa Core? G177
CACATTYTTTGATAATGTCTTGG 596 Negative
GTCTTGGTGTAAATGTATATTAG 612 Negative
TCTTGGTGTAAATGTATATTAGG 613 Negative
GTGTAAATGTATATTAGGAAAAG 518 Negative
AAATGTATATTAGGAAAAGATGG 6522 Negative
AAAAGATGGTGTTTITCCAATGAG 636 MNegative
AAAGATGGTGTTTTCCAATGAGG 637 Negative
GTGTTTTCCAATGAGGATTAAAG 644 Negative
TTTCCAATGAGGATTAAAGACAG 648 Negative
TTCCAATGAGGATTAAAGACAGG 6549 Negative
ATGAGGATTAAAGACAGGTACAG 654 MNegative
AGGATTAAAGACAGGTACAGTAG 657 Negative
ATTAAAGACAGGTACAGTAGAAG 660 Negative
ACAGGTACAGTAGAAGAATAAAG 667 Negative
TACAGTAGAAGAATAAAGACCAG 672 Negative
TAGAAGAATAAAGACCAGTAAAG 677 MNegative
AGTAAAGTTCCCCACCTTATGAG 692 MNegative
GTTCCCCACCTTATGAGTCCAAG 699 Negative
TTCCCCACCTTATGAGTCCAAGS 700 Negative
GTCCAAGGAATACTAACATTGAG 715 Negative
TCCAAGGAATACTAACATTGAGG 716 Negative
ATACTAACATTGAGGTTCCCGAG 724  MNegative
ACATTGAGGTTCCCGAGATTGAG 730 MNegative Yes
GATTGAGATCTTCTGCGACGLGE 746 Negative Yes
TCTTCTGCGACGCGGCGATTGAG 754 Negative Yes
CGATTGAGACCTTCGTCTIGCGAG 769 Negative Yes
GATTGAGACCTTCGTCTGLGAGG 770 Negative Yes
GAGACCTTCGTCTGCGAGGLGAG 774 MNegative Yes
AGACCTTCGTCTGCGAGGCGAGG 775 MNegative Yes
GACCTTCGTCTGLGAGGCGAGGG 776 Negative Yes
CCTTCGTCTGUGAGGCGAGGGAG 778 Negative Yes
AGGCGAGGGAGTTCITCTICTAG 790 Negative Yes
GGCGAGGGAGTTCTTCTTCTAGG 791 MNegative Yes
GCGAGGGAGTTCTTCTTCTAGGG 792 MNegative Yes
CGAGGGAGTTCTITCTTCTAGGGG 793 Negative Yes
CCTGCCTCGTCGTCTAACAACAG 817 Negative Yes
GCCTCGTCGTCTAACAACAGTAG 820 Negative Yes
CGTCTAACAACAGTAGTTICCGG 837 Negative Yes
CTAACAACAGTAGTTTCCGGAAG 830 MNegative Yes
GTAGTTTCCGGAAGTGTTGATAG 839 MNegative Yes
TAGTTTCCGGAAGTGTTGATAGG 840 Negative Yes
TTCCGGAAGTGTTGATAGGATAG 344 Negative Yes
TCCGGAAGTGTTGATAGGATAGS 345 Negative Yes

CCGGAAGTGTTCATAGGATAGGG 846 [MNegative Yes

13

(o]
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CGGAAGTGTTGATAGGATAGGGG
GTTGATAGGATAGGGGCATTTGE
GATAGGATAGGGGCATTITGGTGS
AGGGGCATTTGGTGGTCTATAAG
GCATTTGGTGGTCTATAAGCTGS
ATTTGGTGGTCTATAAGCTGGAG
TITGGTGGTCTATAAGCTGGAGG
TGGTGGTCTATAAGCTGGAGGAG
AGTGCGAATCCACACTCCGAAAG
AGACACCAAATACTCTATAALGG
TATAACGGTTTCTCTTCCAAAAG
ACGGTTTCTCTTCCAAAAGTGAG
TTCTCTTCCAAAAGTGAGACAAG
GACAAGAAATGTGAAACCACAAG
CAAGAAATGTGAAACCACAAGAG
CACAAGAGTTGCCTGAACTTTAG
ACAAGAGTTGCCTGAACTTTAGS
CCTGAACTTTAGGCCCATATTAG
GTGTTGACATAACTGACTACTAG
TGTTGACATAACTGACTACTAGG
ATAACTGACTACTAGGTCTICTAG
ACTACTAGGTCTCTAGATGCTGG
CTTCCAAATTAACACCCACCCAG
TTCCAAATTAACACCCACCCAGE
CAAATTAACACCCACCCAGGTAG
TTAACACCCACCCAGGTAGCTAG
AACACCCACCCAGGTAGCTAGAG
ACCCAGGTAGCTAGAGTCATTAG
CTAGAGTCATTAGTTCCCCCCAG
GTCATTAGTTCCCCCCAGCAAAG
CAGCAAAGAATTGCTTGCCTGAG
AAGAATTGCTTGCCTGAGTGLAG
TTGCTTGCCTGAGTGCAGTATGG
TTGCCTGAGTGCAGTATGGTGAG
TGCCTGAGTGCAGTATGGTGAGG
ATGGTGAGGTGAACAATGCTCAG
TGGTGAGGTGAACAATGLTCAGG
GTGAGGTGAACAATGUTCAGGAG
AACAATGCTCAGGAGACTCTAAG
ACAATGCTCAGGAGACTCTAAGG
GACTCTAAGGUTTCCCGATACAG
CTCTAAGGCTTCCCGATACAGAG
AGGCTTCCCGATACAGAGCTGAG
GGCTTCCCGATACAGAGCTGAGG

nt
Start
847
854
857
865
869
871
872
874
895
916
931
935
940
957
959
974
975
985
1007
1008
1015
1022
1047
1048
1051
1055
1057
1064
1074
1079
1094
1099
1104
1108
1109
1123
1124
1126
1134
1135
1148
1150
1155
1156

Sense

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yas
Yas
Yas
Yes
Yes
Yes
Yas
Yas
Yas
Yes
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TTCCCGATACAGAGCTGAGGLGEG 1159 Negative Yes
TACAGAGCTGAGGCGGTATCTAG 1166 Negative Yes
AGAGCTGAGGCGGTATCTAGAASG 1169 Negative Yeas
ATCTAGAAGATCTCGTACTGAAG 1183 Negative VYes
TCTAGAAGATCTCGTACTGAAGE 1184 MNegative VYes
GAAGATCTCGTACTGAAGGAAAG 1188 MNegative Yes
GATCTCGTACTGAAGGAAAGAAG 1191 Negative Yes
TCGTACTGAAGGAAAGAAGTCAG 1195 Negative Yes
TACTGAAGGAAAGAAGTCAGAAG 1198 Negative VYes
ACTGAAGGAAAGAAGTCAGAAGG 1199 Negative VYes
AGAAGTCAGAAGGTAAAAACGAG 1209 MNegative VYes
AAGTCAGAAGGCAAAAACGAGAG 1211 Negative Yes
CAAAAACGAGAGTAACTCCACAG 1222 Negative Yes Yes
AAACGAGAGTAACTCCACAGTAG 1225 Negative Yeas Yas

AGTAGCTCCAAATTCTTTATAAG 1243 Negative Yes Yes
GTAGCTCCAAATTCTITATAAGG 1244 Negative Yes Yes
TAGCTCCAAATTCTTTATAAGGG 1245 Negative Yes Yes

GGGTCGATGTCCATGCCCCAAAG 1265 Negative Yes Yes
TCCATGCCCCAAAGCCACCCAAG 1274 Negative Yeas Yes
CCATGCCCCAAAGCCACCCAAGS 1275 Negative Yes Yes
CCCCAAAGCCACCCAAGGCACAG 1280 Negative Yes Yes
AAGCCACCCAAGGCACAGCTTIGS 1285 MNegative Yes Yes
GCCACCCAAGGCACAGCTTGGAG 1287 MNegative Yes Yes
CCACCCAAGGUACAGCTTGGAGE 1288 Negative Yes Yes
GCACAGCTTGGAGGCTTGAACAG 1297 Negative Yeas Yes
CAGCTTGGAGGCTTGAACAGTAG 1300 Negative Yes Yes
AGCTTGGAGGUTTGAACAGTAGG 1301 Negative Yes Yes
TTGAACAGTAGGACATGAACAAG 1312 Negative Yes Yes
GAACAGTAGGACATGAACAAGAG 1314 Negative Yes
GGACATGAACAAGAGATGATTAG 1322 Negative Yeas
GACATGAACAAGAGATGATTAGG 1323 Negative Yes
ATGAACAAGAGATGATTAGGCAG 1326 Negative Yes
GAACAAGAGATGATTAGGCAGAG 1328 MNegative Yes
AACAAGAGATGATTAGGCAGAGG 1325 MNegative Yes
ATGATTAGGCAGAGGTGAAAAAG 1337 Negative Yes
GCAGAGGTGAAAAAGTIGCATGG 1345 Negative
GTGAAAAAGTTGCATGGTGCTGS 1351 Negative
AGTTGCATGGTGOTGGTGCGLAG 1358 Negative

CGCAGACCAATTTATGCCTACAG 1376 Negative
AATTTATGCCTACAGCCTCCTAG 1384 Negative
GCCTACAGCCTCCTAGTACAAAG 1381 Negative
TCTCCTCCCCCAACTCOTCCCAG 1427 Negative
CCTCCCAGTCTTTAAACAAACAG 1447 Negative
CTTTAAACAAACAGTCTTTGAAG 1451 Negative
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20nt guide + 3 nt PAM
CAGTCTTTGAAGTATGCCTCAAG
AGTCTTTGAAGTATGCCTCAAGS
TTTGAAGTATGCCTCAAGGTCGG
AAGGTCGGTCGTTGACATTGCAG
GGTCGGTCGTTGACATTGCAGAG
TCGGTCGTTGACATTGCAGAGAG
GTTGACATTGCAGAGAGTCCAAG
TGACATTGCAGAGAGTCCAAGAG
GTCCAAGAGTCCTCTTATGTAAG
AGTCCTCTTATGTAAGACCTTGG
GTCCTCTTATGTAAGACCTTGGG
GTAAGACCTTGGGCAACATTCGG
AGACCTTGGGCAACATICGGTGE
GACCTTGGGCAACATTCGGTGGEG
CAACATICGGTGGGLGTTCACGS
CATTCGGTGGGUGTTCACGGTGS
GGTGGTCTCCATGCGACGTGCAG
TGETCTCCATGLGACGTGCAGAG
GGTCTCCATGCGACGTGCAGAGS
CCATGCGACGTGCAGAGGTGAAS
CGACGTGCAGAGGTGAAGLGAAG
GAGGTGAAGCGAAGTGCACACGG
GAAGCGAAGTGCACALGGTCLGG
GCGAAGTGCACACGGTCCGGCAG
GTGCACACGGTCCGGTAGATGAG
CACACGGTCCGGCAGATGAGAAG
ACACGGTCCGGCAGATGAGAAGE
GTCCGGCAGATGAGAAGGCACAS
GGCAGATGAGAAGGCACAGACGS
GCAGATGAGAAGGCACAGALGGG
CAGATGAGAAGGCACAGACGEGG
GATGAGAAGGCACAGACGGGGAG
ACAGACGGGGAGTCCGUGTAAAG
AGACGGGGAGTCCGCGTAAAGAG
ACGGGGAGTCCGLGTAAAGAGAG
CGGGGAGTCCGCGTAAAGAGAGG
GTAAAGAGAGGTGCGCCCCETGE
AGAGAGGTGCGCCCCETGEGTCGE
AGGTGCGCCCCGTGETCGETIGS
CGCCCCGTGETCGGETCEGAALGS
CCCGTEGTCGGTCGGAACGGCAG
TGGTCGGTCGGAACGGLAGACGEG
GTCGGTCGGAACGGCAGACGGAG
GGTCGGAACGGLAGACGGAGAAG

nt
Start
1462
1463
1467
1482
1484
1486
1492
1494
1508
1515
1516
1526
1529
1530
1539
1542
1560
1562
1563
1568
1573
1582
1587
1590
1595
1598
1599
1604
1608
1609
1610
1612
1623
1625
1627
1628
1640
1644
1648
1653
1656
1660
1662
1665

Sense

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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20nt guide + 3 nt PAM
GTCGGAACGGCAGACGGAGAAGE
TCGGAACGGCAGACGGAGAAGGE
CGGAACGGCAGACGGAGAAGGGG
CGGCAGACGGAGAAGGGGACGAG
GCAGACGGAGAAGGGGACGAGAG
AGACGGAGAAGGGGACGAGAGAG
GAAGGGGACGAGAGAGTCCCAAG
AGAGAGTCCCAAGCGACTCCGAG
GAGTCCCAAGCGACCCUGAGAAG
AGTCCCAAGCGACCCCGAGAAGS
GTCCCAAGCGACCICGAGAAGGG
ACCCCOAGAAGGGTCGTCCGCAG
CCCCGAGAAGGGTCGTCCGCAGS
GAAGGGTCGTCCGCAGGATTCAG
TCCGCAGGATTCAGCGCCGALGG
CCGCAGGATTCAGCGLCGACGGS
GCGCCGACGGGACGTAAACAAAG
CGCCGACGGGACGTAAACAAAGG
TAAACAAAGGACGTCCCGCGCAG
AAACAAAGGACGTCCCGCGCAGS
AGGACGTCCCGCGCAGGATCCAG
CGTCCCGCGCAGGATCCAGTTGG
CCCGUGCAGGATCCAGTTIGGCAG
GCAGGATCCAGTTGGLAGCACAG
ATCCAGTTGGCAGCACAGCCTAG
CAGTTGGCAGCACAGCCTAGCAG
GCAGCACAGCCTAGCAGCCATGG
ATGGATACGATGTATATTTGLGG
TGGATACGATGTATATTTGCGGG
GATACGATGTATATTTGCGGGAG
TACGATGTATATTITGCGGGAGAG
ACGATGTATATTTGCGGGAGAGG
ATATTTGCGGGAGAGGACAACAG
ATTTGCGGGAGAGGACAACAGAG
GGAGAGGATAACAGAGTTATCAG
AGTCCCGATAATGTTTGCTCCAG
GTTTGCTCCAGACCTGITGCGAG
AGACCTGCTGCGAGCAAAALAAG
CCTGCTGCGAGCAAAACAAGLGE
CTGCGAGCAAAACAAGCGGCTAG
TGCGAGTAAAACAAGCGGCTAGG
CGAGCAAAACAAGCGGCTAGGAG
ACAAGCGGCTAGGAGTTCCGCAG
CGGCTAGGAGTTCCGCAGTATGG

nt
Start
1666
1667
1668
1673
1675
1677
1684
1694
1697
1698
1699
1709
1710
1716
1725
1726
1738
1739
1752
1753
1759
1763
1766
1771
1776
1779
1785
1804
1805
1807
1809
1810
1817
1819
1826
1847
1859
1868
1871
1875
1876
1878
1886
1891

Sense
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Negative
Negative
Negative
Negative
Negative
Negative
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20nt guide + 3 nt PAM
AGGAGTTCCGCAGTATGGATCGG
AGTTCCGCAGTATGGATCGGCAG
TTCCGCAGTATGGATCGGCAGAG
TCCGCAGTATGGATCGGCAGAGS
CGCAGTATGGATCGGCAGAGGAG
GGATCGGCAGAGGAGCCGAALASG
GATCGGCAGAGGAGCCGAAAAGG
AGGTTCCACGCACGCGCTGATGEG
CGCGCTGATGGCCCATGACCAAG
GATGGCCCATGACCAAGCCCCAG
GCCCATGACCAAGCCCCAGLCAG
CATGACCAAGCCCCAGCCAGTGG
ATGACCAAGCCCCAGCCAGTGGEG
TGACCAAGCCCCAGCCAGTGGGE
GACCAAGCCCCAGCCAGTGGGGE
CCAGCCAGTGGGGGTTGCGTCAG
GGGTTGCGTCAGCAAACACTTGS
GCGTCAGCAAACACTTGGCACAG
GCAAACACTTGGCACAGACCTGG
GGCACAGACCTGGCCGTTGICGS
GCACAGACCTGGCCGTTGLLGGE
ACCTGGCCGTTGCCGGGCAACGG
CCTGGCCOTTGULGGGCAACGES
CTGGLCGTTGLCGGGCAALGGGE
CGTTGCCGGGCAACGGGGTAAAG
GTTGCUGGGCAATLGGGGTAAAGS
CGGGCAACGGGGTAAAGGTTCAG
GGGCAACGGGGTAAAGGTTCAGG
AGGTTCAGGTATTGTTTACACAG
TCAGGTATTGTTTACACAGAAAG
CAGGTATTGTTTACACAGAAAGS
TTTACACAGAAAGGCCTTGTAAG
CACAGAAAGGCCTTGTAAGTTGG
GAAAGGCCTTGTAAGTTGGCGAG
GGUCTTGTAAGTTGGCGAGAAAG
GTAAGTTGGCGAGAAAGTGAAAG
CGAGAAAGTGAAAGCITGCTTAG
TAGATTGAATACATGCATACAAG
AGATTGAATACATGCATACAAGG
GATTGAATACATGCATACAAGGS
TGCATACAAGGGCATTAACGCAG
GCATACAAGGGCATTAACGCAGG
GGATAACCACATTGTGTAAATGG
GATAACCACATTGTGTAAATGGG

nt
Start
1896
1899
1901
1902
1504
1812
1913
1933
1945
1951
1955
1958
1959
1960
1961
1570
1881
1986
1992
2002
2003
2009
2010
2011
2016
2017
2022
2023
2037
2041
2042
2051
2055
2059
2063
2069
2078
2098
2099
2100
2111
2112
2133
2134

Sense

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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20nt guide + 3 nt PAM
ATAACCACATTGTGTAAATGGGG
ACCACATTGTGTAAATGGGGLAG
AATGGGGCAGCAAAACCCAAAAG
TTGACATACTTTCCAATCAATAG
TGACATACTTITCCAATCAATAGG
CCAATCAATAGGCCTGTTAATAG
CAATCAATAGGCCTGTTAATAGG
TCAATAGGCCTGTTAATAGGAAG
TTITGTATGATGTGTTCTTGTGG
GTATGATGTGTTCTTGTGGCAAG
TATGATGTGTTCTTGTGGCAAGG
ATGACATAACCCATAAAATTCAG
GACATAACCCATAAAATTCAGAG
CATAACCCATAAAATTCAGAGAG
ACCCCATCTCTTIGTTYTGTTAG
CCCCATCTCTITGTTTTGTTAGG
CCCATCTCTTIGTTTIGTTAGGG
AGGGTTTAAATGTATACCCAAAG
AAATGTATACCCAAAGACAAAAG
ACCCAAAGACAAAAGAAAATTGE
AGACAAAAGAAAATTGGTAACAG
CAAAAGAAAATTGGTAACAGCGS
AAATTGGTAACAGCGGTAAAAAG
AATTGGTAACAGCGGTARAAAGG
ATTGGTAACAGCGGTAAAAAGGE
ACAGCGGTAAAAAGGGACTCAAG
AAGGGACTCAAGATGCTGTACAG
CTCAAGATGCTGTACAGACTTGS
CACATCATCCATATAACTGAAAG
CCATATAACTGAAAGCCAAACAG
TATAACTGAAAGCCAAACAGTGG
ATAACTGAAAGCCAAACAGTGGE
TAACTGAAAGCCAAACAGTGGGE
AACTGAAAGCCAAACAGTGGGES
GAAAGCCAAACAGTGGGGGAAAG
CCTACGAACCACTGAACAAATGG
AACCACTGAACAAATGGCACTAG
ACAAATGGCACTAGTAAACTGAG
ATGGCACTAGTAAACTGAGCCAG
TGGCACTAGTAAACTGAGCCAGS
GCACTAGTAAACTGAGCCAGGAG
GTAAACTGAGCCAGGAGAAACGG
TAAACTGAGCCAGGAGAAACGGG
TGAGCCAGGAGAAACGGGCTGAG

nt
Start

2135
2138
2151
2186
2187
2198
2199
2202
2347
2251
2252
2289
2291
2293
2318
2318
2320
2338
2346
2354
2360
2363
2370
2371
2372
2379
2350
2396
2429
2437
2440
2441
2447
2443
2447
2471
2477
2486
2450
2491
2493
2499
2500
2505

Sense
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Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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20nt guide + 3 nt PAM
GAGCCAGGAGAAALGGGCTGAGG
CGGGCTGAGGCCCACTCCCATAG
GGGCTGAGGCCCACTCCCATAGG
CYCCCATAGGAATTTTCCGAAAG
ATAGGAATTTTCCGAAAGCCCAG
TAGGAATTTITCCGAAAGCCCAGG
TTTCCGAAAGCCCAGGATGATGG
TTCCGAAAGCCCAGGATGATGGE
GAAAGCCCAGGATGATGGGATGG
AAMAGCCCAGGATGATGGGATGGEG
AGGATGATGGGATGGGAATACAG
GGATGATGGGATGGGAATACAGG
ACAGGTGCAATTTCCGTCCGAAG
CAGGTGCAATTTCCGTCCGAAGS
GCAATTTCCGTCCGAAGGTTTGG
TTCCGTCCGAAGGTTTGGTACAG
CCGAAGGTTTGGTACAGCAACAG
CGAAGGTTTGGTACAGCAACAGG
AAGGTTTGGTACAGCAACAGGAG
AGGTTTGGTACAGCAACAGGAGS
GGTTTGGTACAGCAACAGGAGGG
ACAGCAACAGGAGGGATACATAG
AGCAACAGGAGGGATACATAGAG
GCAACAGGAGGGATACATAGAGE
GGGATACATAGAGGTTCCTTGAG
ATACATAGAGGTTCCTTGAGCAG
CATAGAGGTTCCTTGAGCAGTAG
TTCCTYGAGCAGTAGTCATGCAG
TCCTTGAGCAGTAGTCATGCAGS
GAGCAGTAGTCATGCAGGTTCGE
GTAGTCATGCAGGTTCGGCATGG
GGTTCGGCATGGETCCCGTGCTIGE
TCGGCATGGTCCCGTGCTGGTGG
ATGGTCCCGTGCTGGTGGTTGAG
TGETCCCGTGCTGGTGGTTGAGG
GTGCTGGTGGTTGAGGATCCTGS
GTGGTTGAGGATCCTGGAATTAG
GGTTGAGGATCCTGGAATTAGAG
GTTGAGGATCCTGGAATTAGAGG
TCCTGGAATTAGAGGACAAACGG
CCTGGAATTAGAGGACAAALGGE
AAACGGGCAACATACCTTGATAG
GGCAACATACCTTGATAGTCCAG
AACATACCTTGATAGTCCAGAAG

nt
Start
2506
2519
2520
2533
2538
2539
2546
2547
2551
2552
2559
2560
2578
2579
2584
2589
2595
2596
2598
2599
2600
2608
2610
2611
2620
2623
2626
2634
2635
2640
2645
2656
2659
2664
2665
2672
2678
2680
2681
2689
2690
2706
2711
2714

Sense
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Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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Negative
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Negative
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Negative
Negative
Negative
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Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
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20nt guide + 3 nt PAM
GATAGTCCAGAAGAACTAACAAG
AGTCCAGAAGAACCAACAAGAAG
AGAAGAACCAACAAGAAGATGAG
GAAGAACCAACAAGAAGATGAGG
ACCAACAAGAAGATGAGGCATAG
AACAAGAAGATGAGGCATAGCAG
AAGAAGATGAGGCATAGCAGCAG
AGAAGATGAGGCATAGCAGCAGS
TGAGGCATAGCAGCAGGATGAAG
AGGCATAGCAGCAGGATGAAGAG
GGCATAGCAGCAGGATGAAGAGG
ATAGCAGCAGGATGAAGAGGAAG
AGGAAGATGATAAAMALGCCGCAG
TAAAACGCCGCAGACACATCCAS
CAGACACATCCAGCGATAACCAG
AGACACATCCAGCGATAACCAGS
CATCCAGCGATAACCAGGACAAG
CAGCGATAACCAGGACAAGTTGG
GCGATAACCAGGACAAGTTGGAG
CGATAACCAGGACAAGTTGGAGS
AACCAGGACAAGTTGGAGGACAG
ACCAGGACAAGTTGGAGGACAGG
CAGGACAAGTTGGAGGACAGGAG
AGGACAAGTTGGAGGACAGGAGG
CAAGTTGGAGGACAGGAGGTTGG
TTGGAGGACAGGAGGTTGGTGAG
ACAGGAGGTTGGTGAGTGATIGG
AGGAGGTTGGTGAGTGATTGGAG
GGAGGTTGGTGAGTGATTGGAGG
GTTGGTGAGTGATTGGAGGTTGG
TTGGTGAGTGATTGGAGGTTGGEG
TGGTGAGTGATTGGAGGTTGGGE
AGGTTGGGGACTGCGAATTTTIGG
GGGGACTGUGAATTITGGCCAAG
CGAATTTTGGCCAAGACACATGG
ATTTTGGCCAAGACACACGGTAG
AGACACACGGTAGTTCCCCCTAG
GTAGTTCCCCCTAGAAAATTGAG
AGTTCCCCCTAGAAAATTGAGAG
TCCCCCTAGAAAATTGAGAGAAG
AATTGAGAGAAGTCCACCACGAG
AGAGAAGTCCACCACGAGTCTAG
CACCACGAGTCTAGACTCTGCGG
TCTAGACTCTGCGGTATTGTGAG

nt
Start
2724
2727
2732
2733
2738
2741
2744
2745
2751
2753
2754
2757
2774
2784
2794
2795
2800
2804
2806
2807
2811
2812
2814
2815
2819
2823
2830
2832
2833
2837
2838
2839
2853
2858
2866
2869
2879
2888
2890
2893
2904
2909
2918
2927
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20nt guide + 3 nt PAM
CTAGACTCTGLCGGTATTGTGAGG
TTGTGAGGATTCTTGTCAACAAG
AAAAACCCCGCCTGTAACACGAG
AACCCCGCCTGTAACACGAGAAG
ACCCCGCCTGTAACACGAGAAGG
CCCCGCCTGTAACACGAGAAGGG
CCCGCCTGTAACACGAGAAGGGG
TGTAACACGAGAAGGGGTCCTAG
GTAACACGAGAAGGGGTCCTAGG
GATGTGATGTICTCCATGTTCAG
GATGTTCTCCATGTTCAGCGCAG
ATGTTCTCCATGTTCAGUGCAGS
TGTTCTCCATGTTCAGCGCAGGG
GCGCAGGGTCCCCAATCCTIGAG
CAGGGTCCCCAATCCTCGAGAAG
TCCTCGAGAAGATTGACGATAAG
CCTCGAGAAGATTGACGATAAGG
CTCGAGAAGATTGACGATAAGGG
CGAGAAGATTGACGATAAGGGAG
AGAAGATTGACGATAAGGGAGAG
GAAGATTGACGATAAGGGAGAGG
GATTGACGATAAGGGAGAGGCAG
TGACGATAAGGGAGAGGCAGTAG
GATAAGGGAGAGGCAGTAGTCGG
GGGAGAGGCAGTAGTCGGAACAG
GGAGAGGCAGTAGTUGGAACAGG
GAGAGGCAGTAGTCGGAACAGGE
AGGGTTTACTGCTCCTGAACTGG
GGTTTACTGCTCCTGAACTGGAG
TGCTCCTGAACTGGAGCCACCAG
TCCTGAACTGGAGCCACCAGCAS
CCTGAACTGGAGCCACCAGCAGS
CTGAACTGGAGCCACCAGCAGGS
GAGCCACCAGCAGGGAAATACAG
AGCCACCAGCAGGGAAATACAGG
GAAATACAGGCCTCTCACTCTGS
AAATACAGGCCTCTCACTCTGGS
CCTCTCACTCTGGGATCTTGCAG
TCTCACTCTGGGATCTTGCAGAG
CTCTGGGATCTTGCAGAGTTTGG
GATCTTGCAGAGTTTGGTGAAAG
ATCTTGCAGAGTITGGTGAAAGG
CAGAGTYTGGTGAAAGGTTGTGG

nt
Start
2928
2943
2966
2969
2870
2871
2972
2978
2979
3008
3013
3014
3015
3030
3033
3045
3046
3047
3049
3051
3052
3055
3058
3062
3067
3068
3069
3088
2080
3097
3100
3101
3102
3110
3111
3124
33125
3134
3136
3141
3147
3148
3154
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{3435} Preliminary next-gen sequencing was performed to identify the level of indel
formation at top predicted off-target sites (using the Hsu 2013 algorithm), and Applicants’
current data shows no indel formation at 3 separate off-target sites for egach of 3 separate
sgRNAs (g6, 17, 221} in the Hep(G2.2.15 model system.

[8436] In the plot as depicted n Figure 73, the columns Iabeled ‘D’ signify where Applicants
used a nuclease-deficient Cas? as an internal control. The 29 dpt corresponds to 29 days post
transduction, where g single lentiviral vector encoding U6-sgRNA and EFS-hSpCas9-2A-Puro
was transduced jnto HepG2.2.15 cells followed by selection with puromyein. The caveat is that
the read depth was lower thao ideal (~200-1000+ reads per target site), and that the on-target
indels determined in this experiment are somewhat {ower than what Applicants saw by Surveyor
assay-—however, it is promising that after stringent puromyein selection and constitutive
expression of Cas¥ and sgRNA for 29 days, still no mdels are detected at possible off-target
5ICS.

{04371 Additional anti-HBY CRISPR  strategics: Provious studies have shown that
CRISPR/Cas? systems can be used for transcriptional activation when nuclease-deficient Cas? is
fused to activator domains. Specifically regarding HBV, it was recently shown that specific
perturbations which upregulate APOBEC3A or APOBEC3B activity in HBV-infected
hepatocytes can lead to HBV cceDNA clearance by specific C-2U-2T editing of the HBV
genome feading to cccDNA degradation (Lucifors er ¢l Science 14 March 2014: Vol 343 no.
6176 pp. 1221-1228). Since the CRISPR-based activation systern can specifically upregulate
targeted geones, it is possible to target APOBEC3A, APOBEC3B, and/or other antiviral
wterferon-stimulated genes (ISGs) using this system in order to target HBV cccDNA for
degradation. While this is an indirect approach, the advantage here may be that the use of a
nuclease-competent Cas? 5 not required, potentially reducing the chance of deleterious off-

target effects.

EXAMPLES
[3438] The following examples are given for the purpose of Ulustrating various embodiments

of the invention and are not meant to limit the present invention in any fashion. The present
examples, along with the methods described herein 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 skitled in the art,

&
(o]
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Example 1: CRISPR Complex Activity in the Nucleus of a Eukarvotic Cell

13439 An cxample type H CRISPR system 18 the type I CRISPR locus from Streprococcus
pyogenes SF370, which contains a cluster of four genes Cas, 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 sequences {spacers, about 30bp
cach). Tn 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 o the direct repeats of pre-
crRNA, which is then processed inio mature crRNAs containing individual spacer sequences.
Third, the mature crRNAtractRNA complex directs Cas9 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 1o create a DSB within the protospacer (Fig. 2A). This example describes an
example process for adapting this RNA-programmable nuclease system to direct CRISPR
complex activity in the nuclei of eukaryotic cells.

{8440 Cell culture and transfection

134411 Human embryonic kidney (HEK) cell line HEK 293FT (Life Technologics) was
maintained in Dulbecco’s modified FEagle’s Medium (BMEM) supplemented with 10% fetal
bovine serum (HyClone), 2mM GhitaMAX (Life Technologies), 100U/mL pemcillin, and
100ug/mL streptorayein at 37°C with 5% CO; incubation. Mouse neuroZA {(NZA) cell line
(ATCC) was maintained with DMEM supplemented with 5% fetal bovine serum (HyClone),
2mM GlutaMAX (Life Technologies), 100U/mL penicillin, and 100ug/mLb streptomycin at 37°C
with 5% COs.

34421 HEK 293FT or N2A cells were seeded into 24-well plates (Corning) one day prior to
transfection at a density of 200,000 celis per well. Cells were transfected using Lipofectamine
2000 (Life Technologies) following the manufacturer’s recommended protocol. For each well of
a 24-well plate a total of 800ng of plasnuds were used.

8443} Surveyor assay and sequencing analysis for genome modification

[8444] HEK 293FT or N2A cells were transfected with plasmid BNA as described above.
Afier transfection, the cells were incubated at 37°C for 72 hours before genomic DNA extraction.
Genomic DNA was extracted using the QuickExtract DINA extraction kit (Epicentre) following

the mamufacturer’s protocol.  Briefly, cells were resuspended in QuickExtract solution and
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incubated at 65°C for 15 minutes and 98°C for 10 minutes. Extracted genomic DNA was
tmmediately processed or stored at —20°C.

8445} The genomic region surrounding a CRISPR target site for cach gene was PCR
amplified, and products were purified using QGuaQuick Spin Column (Qagen) foliowing
manufacturer’s protocol. A total of 400ng of the purified PCR products were mixed with 2ul
10X Taq polymcrase PCR buffer (Enzymatics) and ultrapure water to a final volume of 20ul,
and subjected to a re-annealing process to enable heteroduplex formation: 95°C for 10min, 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 munute. After re-
annealing, products were treated with Surveyor uuclease and Surveyor enhancer S
{Transgenonyics} following the manufacturer’s recommended protocol, and analyzed on 4-20%
MNovex TBE poly-acrylamide 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 intensitics, as a measure of the fraction of
cleaved DNA. Fig. 7 provides a schematic illustration of this Surveyor assay.

{3446} Restriction fragment length polymorphism assay for detection of homologous
recombination,

{0447] HEK 293FT and N2A cells were transfected with plasmid DNA, and incubated at
37°C for 72 hours before genomic DNA extraction as described above, The target genomic
region was PCR amplified osing primers outside the homology arms of the homologous
recombination (HR) teroplate. PCR products were separated on a 1% agarose gel and exiracted
with MinElute GelExtraction Kit (Qiagen). Purified products were digested with Hindll
{Fermentas) and analyzed on a 6% Novex TBE poly-acrylamide gel (Life Technologies).

[3448] RNA secondary structure prediction and analysis

[8449] RNA secondary structure prediction was performed using the online webserver
RMNAfold developed at Institute for Theoretical Chemistry at the University of Vienna, using the
centroid structure prediction algorithm (see e.g. AR, Gruber et al., 2008, Cell 106(1): 23-24; and
PA Carr and GM Church, 2009, Nature Biotechunology 27(12): 1151-62).

{04501 RMNA purification

134511 HEK 293FT cells were mainiained and transfected as stated above. Cells were
harvested by trypsinization followed by washing in phosphate buffered saline (PBS). Total coll
RNA was extracted with TRI reagent (Sigma) following manufacturer’s protocol. Extracted
total RNA was quantified using Naonodrop (Thermo Scientific) and pormalized to same

concentration.
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{34521 Northern blot analysis of crRNA and tracyRNA expression in mammalian cells

[3453] RNAs were mixed with equal voluraes of 2X loading buffer {Ambion}, heated to
95°C for 5 min, chilled on ice for 1 min, and then loaded onto 8% denaturing polyacrylanide
gels (SequaGel, National Diagnostics) after pre-running the gel for at least 30 mimites. The
samples were electrophoresed for 1.5 hours at 40W limit. Afterwards, the RNA was transferred
to Hybond N+ membrane (GE Healtheare) at 300 mA in a semi-dry transfer apparatus {Bio-rad)
at room temperature for 1.5 hours. The RNA was crosslinked to the membrane using
autocrossiink button on Stratagene UV Crosshinker the Stratalinker (Stratagene). The membrane
was pre-hybridized in ULTRAWyb-Oligo Hybridization Buffer (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) 2xSS8C,
(.5% SDS for T mun followed by two 30 minute washes at 42°C. The membrane was exposed to
a phosphor screen for one hour or overnight at room temperature and then scanned with a
phosphorimager (Typhoon).

134541 Bacterial CRISPR system construction and evaluation

[3455] CRISPR locus elements, inchuding tracrRNA, Cas9, and leader were PCR amplified
from Streptococcus pyogenes SF370 genomic DNA with flanking homology arms for Gibson
Assembly, Two Bsal type [IS sites were introduced in between two direct repeats to facilitaie
casy inscrtion of spacers (Fig. 8). PCR products were cloned into EcoRV-digested pACY (124
downstream of the tet promoter using Gibson Assembly Master Mix (NEB). Other endogenous
CRISPR systomn elements were ormptited, with the exception of the last 50bp of Csn2. Oligos
{Integrated DNA Technology) encoding spacers with complimentary overhangs were cloned into
the Bsal-digested vector pDCO00 (NEB) and then ligated with T7 ligase (Enzymatics) to
generate pCRISPR plasmids. Challenge plasmids containing spacers with PAM expression in
marmmalian cells {expression constructs illustrated in Fig. 6A, with functionality as determined
by results of the Surveyor assay shown in Fig. 6B). Transcription start sites are marked as +1,
and transcription terminator and the sequence probed by northern blot are also indicated.
Expression of processed tracrRNA 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
expression constructs carrving long or short tractRNA, as well as SpCas9 and DR-EMX1{1)}-DR.
Left and right panels are from 293FT cells transfected without or with SpRNase I, respectively.

U6 mdicate loading coutrol blotted with a probe targeting human US snRNA. Transtection of
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the short tracrRNA expression construct led to abundant levels of the processed form of
tractRMNA (~75bp). Very low amounts of long tracrRNA are detecied on the Northern blot.
{8456} To promote precise franscriptional initiation, the RNA polymerase lH-based U6
promoter was selected to drive the expression of tractRNA ({Fig. 2C). Similarly, a U6 promoter-
bagsed construct was developed to express a pre-crRNA array consisting of a single spacer
flanked by two direct repeats (DRs, also encorapassed by the term “tracr-mate sequences”; Fig.
2C). The mitial spacer was designed to target a 33-base-pair (bp) target site (30-bp protospacer
plus a 3-bp CRISPR motit (PAM) sequence satistying the NGG recognition motif of Cas®) in the
human EMX1 locus (Fig. 2C), a key gene in the development of the cerebral cortex.

{8457} To test whether heterologous expression of the CRISPR system (SpCas9, SpRNase
[H, tracrRNA, and pre-crRNA) in mammalian cells can achieve targeted cleavage of mammalian
chromosomes, HEK 293FT cells were transfected with combinations of CRISPR components.
Since DI8Bs in mamyualian nuclet are partially repaired by the non-homologous end joining
(NHED] pathway, which leads to the formation of indels, the Swrveyor assay was used to detect
potential cleavage activity at the target EMX1 locus (Fig. 7) (see e.g. Guschin et al, 2010,
Methods Mol Biol 649: 247). Co-transfection of all four CRISPR components was able to
induce up to 5.0% cleavage in the protospacer {see Fig. 2D} Co-transfoction of all CRISPR
components minus SpRMNase I also induced up to 4.7% indel in the protospacer, suggesting that
there may be endogenous mammalian RNases that are capable of assisting with orRNA
maturation, such as for exaruple the related Dicer and Drosha enzymes. Removing any of the
remaining three components abolished the genome cleavage activity of the CRISPR system (Fig.
2. Sanger sequencing of amplicons containing the target locus verified the cleavage activity:
i 43 sequenced clones, § mutated alleles (11.6%) were found. Similar experiments using a
varicty 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 mammalian cells. To optimize the cleavage efficiency, Applicants also tested
whether differcat isoforms of tractRNA affected the cleavage efficiency and found that, in this
example system, only the short (89-bp) transcript forma was able to mediate cleavage of the
human EMX1 genomic locus (Fig. 68).

[3458] Fig. 12 provides an additional Northern blot analysis of ¢crRNA processing 1o
mammalian cells. Fig. 12A illustrates a schematic showing the expression vector for a single
spacer flanked by two direct repeats {DR-EMX1{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
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beneath Fig. 12A. The line indicates the region whose reverse-complement sequence was used
to generate Northorn blot probes for EMX (1) crRNA detection. Fig. 12B shows a Northern blot
analysis of total RNA extracted from 293F7T cells transfected with U6 expression constructs
carrving DR-EMXI(1)-DR. Left and right panels are from 293FT cells transfected without or
with SpRNase 1I1 respectively, DR-EMXI{1)-DR was processed into mature crRNAs only in
the presence of SpCas? and short tracrRNA and was not dependent on the presence of SpRNase
[, The mature crRNA detected from transfocted 293FT total RNA is ~33bp and is shorter than
the 39-42bp mature crRNA from 8. pyogenes. These results demonstrate that a CRISPR system
can be transplanted 1uto cukaryotic cells and reprograramed 1o facilitate cleavage of endogenous
mammalian target polynucleotides.

[8459] Fig. 2 illustrates the bacterial CRISPR system described in this example. Fig. ZA
iffostrates a schematic showing the CRISPR locus 1 from Streprococcus pvogenes SF370 and a
proposed mechanista of CRISPR-mediated DNA cleavage by this system.  Mature crRNA
processed from the direct repeat-spacer array directs Cas9 t0 genomic targets consisting of
complimentary protospacers and a protospacer-adjacent motif (PAM). Upon target-spacer base
pairing, Cas9 roediates a double-sirand break in the target DNA. Fig. 2B illustrates engineering
of 8 pvogenes Cast (SpCas9) and RNase 1 (SpRNase 1) with nuclear localization signals
(NL3s) to enable import into the mammalian nacleus, Fig. 20 iifosirates mammalian expression
of SpCas9 and SpRNase III driven by the constitutive EFia promoter and tracrRNA and pre-
ctRNA array (DR-Spacer-DR) driven by the RNA Pol3 promoter U6 to promote precise
transcription initiation and termination. A protospacer from the human ZMXY locus with a
satisfactory PAM sequence is used as the spacer in the pre-crRNA array. Fig. 2D ithustrates
surveyor nuclease assay for SpCas%-mediated minor insertions and deletions.  SpCas® was
expressed with and without SpRNase [, tracrRNA, and a pre-crRNA array carrying the ZAXI-
target spacer. Fig. 2E illustrates a schematic representation of base pairing between target locus
and FMXI-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
sequencing analysis of 43 clonal amplicons showing a variety of micro insertions and deletions,
Dashes indicate deleted bases, and non-aligned or mismatched bases indicate insertions or
mutations. Scale bar = 10um.

[8468] To further simplify the three-component systom, a chimeric crRNA-tractRNA hybrid
design was adapted, where a mature crRNA {comprising a guide sequence) may be fused to 3

partial tractRNA via a stemn-loop to mimic the natural crRNAtracsRNA duplex. To increase co-
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delivery efficiency, a bicistronic expression vector was created to drive co-expression of a
chimeric RNA and SpCas?9 in transfected cells.  In parallel, the bicistronic vectors were used to
express a pre-crRNA (DR-guide sequence-DR) with SpCas9, to induce processing into crRNA
with a separately expressed tractRNA (compare Fig. 11B top and bottom). Fig. & provides
schematic illustrations of bicistronic expression vectors for pre-crRNA array (Figure 8A) or
chimeric orRNA (represented by the short tine downstream of the guide sequence insertion site
and upstreamn of the EFla promoter in Fig. 8B) with hSpCas9, showing location of various
elements and the point of guide sequence insertion. The expanded sequence around the tocation
of the guide sequence insertion site i Fig. 2B also shows a partial DR sequence
(GTTTAGAGCTA) and a partial tractRNA sequence
(TAGCAAGTTAAAATAAGGCTAGTCCGTTITT). Guide sequences can be inserted between
Bbsl sites using annealed oligonucleotides. Sequence design for the oligonucleotides are shown
below the schematic tllustrations in Fig. &, with appropriate ligation adapters indicated. WPRE
represents the Woodchuck hepatitis virus post-transcriptional regulatory clement. The cfficiency
of chimeric RNA-mediated cleavage was tested by targeting the same FMX7 locus described
above, Using both Surveyor assay and Sanger sequencing of aroplicons, Applicants confirmed
that the chimeric RNA design facilitates cleavage of human £MX! locus with approximately a
4.7% modification rate {Fig. 3).

[8461] Generalizability of CRISPR-mediated cleavage n eukaryotic cells was tested by
targeting additional genomic loct in both buman and mouse cells by designing chimeric RNA
targeting multiple sites in the human EMX{ and PVALS, as well as the mouse 7% loci. Fig. 13
Hlustrates the selection of some additional targeted protospacers in human PVALB (Fig. 134)
and mouse 77 {(Fig. 13B) loci. Schematics of the gene loct and the location of three protospacers
within the last exon of cach are provided. The underlined sequences include 30bp of protospacer
sequence and 3bp at the 37 end corresponding to the PAM sequences. Protospacers on the sense
and anti-sense strands are indicated above and below the DNA sequences, respectively. A
modification rate of 6.3% and 0.75% was achieved for the human PVALE and mouse Th loci
respectively, demonstrating the broad applicability of the CRISPR system in modifying different
foci across multiple organisms (Fig. 5). While cleavage was only detected with one out of three
spacers for cach locus using the chimeric counstructs, all target sequences were cleaved with
efficicncy of indel production reaching 27% when using the co-cxpressed pre-crRNA

arrangement (Figs. 6 and 13).
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{3462} Fig. 11 provides a further illustration that SpCas® can be reprogrammed to target
multiple genonuc loci in mammalian cells. Fig 1A provides a schematic of the human EMXY
locus showing the location of five protospacers, indicated by the underlined sequences. Fig. 11B
provides a schematic of the pre-ciRNA/trerRNA complex showing hybridization between the
direct repeat region of the pre-crRNA and tracrRNA {(top), and a schematic of a chimeric RNA
design comprising a 20bp guide sequence, and tracr mate and fracr sequences cousisting of
partial direct repeat and tractRNA sequences hybridized in a hairpin structure (bottom). Resulis
of a Surveyor assay comparing the efficacy of Cas9-mediated cleavage at five protospacers in
the human EMXT locus 15 illustrated 1o Fig. 11C. Each protospacer is targeted using either
processed pro-crRNA/tracrRNA complex (crRINA)Y or chimeric RNA {(chiRNA).

16463} Since the secondary structure of RNA can be crucial for intermolecular interactions, a
structare prediction algorithm based on minimuom free energy and Boltzmann-weighted structure
cusemble was used to compare the putative secondary structare of all guide sequences used in
the genome targeting experiment (sce e.g. Gruber er @l, 2008, Nucleic Acids Rescarch, 36
W70G). Analysis revealed that in most cases, the effective guide sequences in the chimeric
crRINA countext were substantially free of secondary structure motifs, whereas the ineffoctive
guide sequences were more likely to form internal secondary structures that could prevent base
pairing with the target protospacer DBNA. It is thus possible that variability in the spacer
secondary structure might impact the efficiency of CRISPR-mediated interference when using a
chimeric ctRNA.

3464} Further vector designs for SpCas9 are shown in Fig. 22, which illustrates single
expression vectors incorporating a U6 promoter linked o an insertion site for a guide oligo, and
a Cbhh promoter linked to SpCas9 coding sequence. The vector shown in Fig. 22b inchudes a
tractRMNA coding sequence linked to an Hi promoter.

[8465] in the bacterial assay, all spacers facilitated efficient CRISPR interference (Fig. 3C).
These results suggest that there may be additional factors affecting the efficiency of CRISPR
activity in manmoalian cels.

3466} To investigate the specificity of CRISPR-mediated cleavage, the effect of single-
nucleotide mutations in the guide sequence on protospacer cleavage in the mammalian genome
was analyzed using a series of EMX{-targeting chimeric orRNAs with single point mutations
(Fig. 3A). Fig. 3B illustrates results of 3 Surveyor nuclease assay comparing the cleavage
efficiency of Cas9 when paired with different mutant chimeric RNAs. Single-base mismatch up

t0 12-bp 5 of the PAM substantially abrogated genomic cleavage by SpCas9, whereas spacers
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with mutations at farther upstream positions retained activity against the original protospacer
target (Fig, 3B). o addition to the PAM, SpCas 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 EMXJ protospacer. Fig. 3C provides a
schematic showing the design of TALENs targeting MY, and Fig. 3D shows a Survevor gel
comparing the efficiency of TALEN and Cas9 (n=3).

134671 Having established a sct of components for achieving CRISPR-mediated gene editing
i mammalian cells through the error-prone NHEJ mechanism, the ability of CRISPR to
stimudate homologous recombination (HR), a high fidelity gene repair pathway for making
precise edits in the genome, was tested. The wild type SpCas9 is able to mediate site-specific
DSBs, which can be repaired through both NHET and HR. In addition, an aspartate-to-alanine
substitution (D10A) in the RuvC T catalyvtic domain of SpCas9 was engineered to convert the
nuclease mto a nickase (SpCasOn; illustrated in Fig. 44A) (see e.g. Sapranausaks ef al,, 2011,
Nueleic Acids Resch, 39: 9275; Gasiunas er @/, 2012, Proc. Natl. Acad. Sci. USA, 16%:E257%),
such that nicked genomic DNA undergoes the high-fidelity homology-directed repair (HDR).
Survevor assay confirmaed that SpCas9n does not generate indels at the EMXT protospacer target.
As ilustrated in Fig. 4B, co-expression of FAMX/-targeting chimeric crRNA with SpCas®
produced indels in the target site, whereas co-expression with SpCas9n did not (n=3). Moreover,
sequencing of 327 amplicons did not detect any indels induced by SpCas9n. The same locus was
selected to test CRISPR-mediated HR by co-transtecting HEK 293FT cells with the chimeric
RINA targeting EMX7, hSpCas9 or hSpCasYn, as well as a HR template to introduce a pair of
restriction sites (HindHl and Nhel) near the protospacer. Fig. 4C provides a schematic
tlustration of the HR strategy, with relative locations of recombination points and primer
annealing sequences (arrows). SpCas® and SpCas9n indeed catalyzed integration of the HR
template into the EMXT locus. PCR amplification of the target region followed by restriction
digest with HindH revealed cleavage products corresponding to expected fragment sizes {arrows
in restriction fragment longth polymorphism gel analysis shown 1u Fig. 4D), with SpCas9 and
SpCas9n mediating similar levels of HR cfficiencies. Applicants further verified HR using
Sanger sequencing of genomic amplicons (Fig. 4E). These results demonstrate the utility of
CRISPR for facilitating targeted geoe inserfion in the mammalian genome, Given the 14-bp (12-
bp from the spacer and 2-bp from the PAM) target specificity of the wild type SpCasY, 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.
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[3468] Expression constructs mimicking the natural architecture of CRISPR loci with
arrayed spacers (Fig. 2A) were constructed to test the possibility of roultiplexed sequence
targeting. Using a single CRISPR array encoding a pair of £MX/- and PV ALB-targeting spacers,
efficient cleavage at both loct was detected (Fig. 4F, showing both a schematic design of the
crRNA 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 EyXY
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 system can mediate multiplexed editing
within a single genore.

8469} Example 2: CRISPR system modifications and alternatives

{8478} The ability to use RNA to program sequence-specific DNA cleavage defines a new
class of genome engineering tools for a variety of research and industrial applications. Several
aspects of the CRISPR system can be further tmproved to increase the efficiency and versatility
of CRISPR targeting. Optimal Cas9 activity may depend on the availability of free Mg®™ at
fevels higher than that present in the mammalian mucleus (see e.g. Jinek ef g/, 2012, Science,
337:816), and the preference for an NGG motit inwnediately downsirears of the protospacer
restricts the ability to target on average every 12-bp in the human genome (Fig 9, evaluating
both plus and minus strands of human chromosomal sequences). Some of these constraints can
be overcome by explonng the diversity of CRISPR loci across the microbial metagenome (see
¢.g. Makarova ef al., 2011, Nat Rev Microbiol, 9:467). Other CRISPR loci may be transplanted
mto the mammalian cellular milieu by a process similar to that described in Example 1. For
example, Fig. 10 illustrates adaptation of the Type I CRISPR systermn from CRISPR 1 of
Streptococcus thermophilus TMD-9 for heterologouns expression in mammalian cells to achieve
CRISPR-mediated genome editing. Fig. 10A provides a Schematic illustration of CRISPR 1
from S. thermophilus LMD-9. Figure 10B illustrates the design of an expression system for the
S, thermophilus CRISPR system.  Homan codon-optimized 2S5:Cas9 s expressed using a
constitutive EFla promoter. Matyre versions of tracrRNA and ¢rRNA are expressed using the
U6 promoter to promote precise transcription initiation, Sequences from the mature ctRNA and
tracrRNA are illustrated. A single base indicated by the lower case “a” in the crRNA sequence
is used to remove the polyU sequence, which serves as a RNA pollll transcriptional terminator.
Fig. 10C provides a schematic showing guide sequences targeting the human ZMX7 focus. Fig.
10D shows the results of hStCas®-mediated cleavage in the target locus using the Surveyor

assay. RNA guide spacers 1 and 2 induced 14% and 6.4%, respectively.  Statistical analysis of
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cleavage activity across biclogical replica at these two protospacer sites is also provided in Fig,
5. Fig. 14 provides a schematic of additional protospacer and corresponding PAM sequence
targets of the S, thermophiius CRISPR system in the human ZA/X7 locus. Two protospacer
sequences are highlighted and their corresponding PAM sequences satisfying NNAGAAW motif
are indicated by anderlining 37 with respect to the correspounding highlighted sequence. Both
protospacers target the anti-sense strand.

184711 Example 3: Sample target sequence seiection algorithm

(8472} A software program is designed to identify candidate CRISPR target sequences on
both strands of an input DNA sequence based on destred guide sequence length and a CRISPR
maotif sequence (PAM) for a specified CRISPR cnzyme. For example, target sites for Cas9 from
S. pvogenes, with PAM sequences NGG, may be identified by searching for 57-N-NGG-3” both
on the npuot sequence and on the reverse-complement of the input.  Likewise, target sites for
Cas® of 8§ thermophilus CRISPRI, with PAM sequence NNAGAAW, may be identitied by
searching for 57-N-NNAGAAW-3" both on the input sequence and on the reverse-complement
of the input. Likewise, target sites for Cas¥ of 8 thermophifus CRISPR3, with PAM sequence
NGGNG, may be wdentified by searching for 57-Ni-NGGNG-3” both on the input sequence and
on the reverse-complement of the input. The value “x” in Ny may be fixed by the program or
specified by the user, such as 20,

{8473} Since multiple occurrences in the genome of the DNA target site may lead to
nonspecific genome editing, after wWdentifying all potential sites, the prograrn filiers out sequences
based on the number of times they appear in the relevant reference genome. For those CRISPR
enzymes for which sequence specificity s determined by a ‘seed’ sequence, such as the 11-12bp
57 from the PAM sequence, including the PAM sequence itself, the filtering step may be based
on the seed sequence. Thus, to avoid editing at additional genomic loct, results are filtered based
on the number of occurrences of the seed:PAM sequence in the relevant genome. The user may
be allowed to choose the length of the seed sequence. The user may alse be allowed to specify
the number of occurrences of the seed:PAM sequence in a genome for purposes of passing the
filter. The default is to screen for unigue sequences. Filtration level is altered by changing both
the fength of the seed sequence and the number of occurrences of the sequence in the genome.
The program may i addition or alternatively provide the sequence of a guide sequence
complementary to the reported target sequence(s) by providing the reverse complement of the
identified target sequence(s). An example visualization of some target sites in the human genome

is provided in Fig. 1§.
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{3474} Further details of methods and algorithms to optimize sequence selection can be
found in U.S. application Serial No. 61/064,798 {Attorney docket 44790.11.2022; Broad
Reference BI-2012/084); incorporated herein by refercnce.

{6475} Fxample 4: Evaluation of multiple chimeric ¢rRNA-tractRNA hybrids

(8476} This example describes results obtained for chimeric RNAs {(chiRMAs; comprising a
guide sequence, a tract mate sequence, and a tracr sequence in a single transcript) having tracr
sequences that incorporate different lengths of wild-type tractRNA sequence. Fig.16a illustrates
a schematic of a bicistronic expression vector for chimeric RNA and Cas9. CasY is driven by the
CBh promoter and the chimeric RNA is driven by a U6 promoter. The chimeric guide RNA
consists of a 20bp guide sequence (Ns) joined to the tracr sequence (running from the first “U”
of the lower strand to the end of the transcript), which is truncailed at various positions as
indicated.  The guide and tracr sequences are separated by the tracr-mate sequence
GUUUUAGAGCUA followed by the loop sequence GAAA. Results of SURVEYOR assays for
(Cas9-mediated indels at the human EMXT and PVALR loct are illustrated in Figs, 16b and 16¢,
respectively. Arrows indicate the expected SURVEYOR fragments. ChiRNAs are indicated by
their *+n” designation, and ctRNA refers to a hybrid RNA where guide and tracr sequences are
expressed as separate trapscripts. Quantification of these results, performed in triplicate, are
illustrated by histogram in Figs. 17a and 17h, corresponding to Figs. 16b and 16¢, respectively
(“N.D.” indicates no indels detected). Protospacer 1Ds and their corresponding genomic target,
protospacer sequence, PAM sequence, and strand location are provided in the following Table,
Guide sequences were designed to be complementary to the entire protospacer sequence in the
case of separate transcripts in the hybrid system, or only to the underlined portion in the case of

chimeric RNAs.

profospacer| genomic protospacer sequence {8 t¢ 3°) PAM istrand
Jik target
1 EMXT GGACATCOATGTCACCTCCAATGACTAGLG TGO +
2 EMXT WCATTGGAGGTGACATCGATETCCTCCCCAT TGO -
3 EMXT GGAAGGGCCTOAGTCUGAGLCAGAAGAAGAA | GGG +
4 FPVALS (GOTGOCCGAGACCOUCCOAGATTGOOTCTTC AGG +
5 FPVALS ATGCAGGAGGOTOOCCAGAGGGUUCCAGAT | TGG +

{84771 Farther details to optimize guide sequences can be found in U.S. application Serial
No. 61/836,127 {Artorney docket 44790.08.2022; Broad Reterence BI-2013/004G); iucorporated

herein by reference.
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[3478] Initially, three sites within the EMXI1 locus in human HEK 293FT cells were
targeted. Genorae modification efficiency of each chiRNA was assessed using the SURVEYOR
nuclease assay, which detects mutations resulting from DNA double-strand breaks (DSBs) and
their subsequent repair by the non-homologous end joining (NHEJ) DNA damage repair
pathway. Constructs designated chiRNA(+n) indicate that up to the +u nuclectide of wild-type
tracrRNA is meluded in the chumeric RNA construct, with values of 48, 34, 67, and 85 used for
n. Chimeric RNAs containing longer fragments of wild-type tractRNA (chiRNA{+67) and
chiRNA(+&5)) mediated DNA cleavage at all three EMX1 target sites, with chiRNA{(+35) i
particular demoustrating significantly higher levels of DNA cleavage than the corresponding
crRINA/tractRINA hybrids that expressed guide and tracr sequences in separate transcripts {Figs.
I6b and 17a). Two sites in the PYALB locus that yielded no detectable cleavage using the
hybrid system (guide sequence and tracr sequence expressed as separate transcripts) were also
targeted using chiRNAs.,  chiRNA(H67) and chiRNA(+RS) were able to mediate significant
cleavage at the two PVALB protospacers {Figs, 16¢ and 17b).

164791 For all five targets in the EMX1 and PVALB loci, 2 consistent increase in genome
maodification efficiency with increasing tracr sequence length was observed. Without wishing to
be bound by any theory, the secondary structure formed by the 37 end of the tractRNA may play
a role in enhancing the rate of CRISPR complex formation.

{64801 Example 5: Cas9 diversity

{34811 The CRISPR-Cas systern is an adaptive inwouoe mechanisio against invading
exogenous DNA emploved by diverse species across bacteria and archaca. The type I CRISPR-
Cas9 system consists of a set of genes encoding proteins responsible for the “acquisition” of
toreign DNA into the CRISPR locus, as well as a set of genes encoding the “execution” of the
DNA cleavage mechanism; these include the DNA nuclease (Cas?), a non-coding transactivating
cr-RINA {tractRNA}Y, and an array of foreign DWNA-derived spacers flanked by direct repeats
{crRNAs). Upon maturation by Cas9, the tracRNA aund ¢rRNA daplex guide the Cas® nuclease
1o a target DNA sequence specitied by the spacer guide sequences, and mcediates 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 H CRISPR-Cas systems are found
throughout the bacterial kingdom and highly diverse in i Cas9 protein sequence and size,
tractRMNA and crRNA direct repeat sequence, genome organization of these elements, and the
motif requirement for target cleavage. One species may have multiple distinct CRISPR-Cas

systems.
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3482} Applicants evaluated 207 putative Cas9s from bacterial species identified based on
sequence homology to known Casts and structures orthologous to known subdomains, including
the HNH endonuclease domain and the Ruv(C endonuclease domaing [information from the
Eugene Koonin and Kira Makarova]. Phylogenetic analysis based on the protein sequence
conservation of this set revealed five families of Cas9s, including three groups of large Cas9s
{(~1400 arvine acids) and two of sroall CasOs (~1100 amivo acids) (see Figs. 19 and 20A-F).
134831 Further details of Cas9s and mutations of the Cas9 cnzyme to convert into a nickase
or DNA binding protein and use of same with altered functionality can be found wm USRS,
application Serial Nos 61/836,101 and 61/835,936 (Atiorney docket 44790.09.2022 and
4790.07.2022 and Broad Reference BI-2013/004F and BI-2013/004F respectively) incorporated
herein by reference.

{6484} Example 6: Cas9 orthologs

3485] Applicants analyzed Cas9 orthologs to identify the relevant PAM sequences and the
corresponding chimeric guide RNA. Having an cxpanded set of PAMs provides broader
targeting across the genome and also significantly increases the mumber of unique target sites
and provides potential for identifying novel Cas9s with increased levels of specificity in the
genorme.

{8486} The specificity of Cas9 orthologs can be evaluated by testing the ability of each Cas®
10 tolerate mismatches between the guide RNA and its DNA target. For example, the specificity
of S5pCas9 has been characterized by testing the cffect of mutations in the guide RNA on
cleavage efficiency. Librarics 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:

3487} To maximize SpCas9 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
gither 8'-NGG or NAG sequences. Sccond, their global sequence similarity to the target
sequence should be minimized. Third, a maximal number of mismatches should lie within the
PAM-proximal region of the off-target site. Finally, a maximal number of mismatches should be
consecutive or spaced less than four bascs apart.

{8488} Similar methods can be used to evaluate the specificity of other Cas? 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
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set revealed five families of Cas9s, including three groups of large Cas9s (~1400 aminc acids)
and two of small Cas9s (~1100 amivo acids) (sec Figs. 19 and 20A-F). Further details on Cas
orthologs can be found in 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-2013/004F and BIL-2013/004F
respectively) incorporated herein by reference.

{3489 Example 7: Methodological improvement to simplify cloning and dehivery.

134901 Rather than encoding the Us-promoter and guide RNA on a plasmid, Applicanis
amplified the U6 promoter with a DNA oligo to add on the guide RNA. The resulting PCR
product may be transfected into celis to drive expression of the guide RNA.

8491} Example primer pair that aliows the generation a PCR product consisting of Ub-
promoter:guideRNA targeting human Emx1 locus:

[3492] Forward Primer: AAACTCTAGAgagggectatticoecatgatic

13493} Reverse Primer {carrying the guide RNA, which s underlined):
accictagAAAAAAAGCACCGACTCGGTGCCACTTTITICAAGTTGATAACGGACTAGC
CTTATTTTAACTTGCTATGCTGTTTTIGTTTCCAAAACAGCATAGCTCTAAAACCCC
TAGTCATTGGAGGTGACGGTGTTTCGTCCTTTCCA Caag

15494} Fxample 8: Methodological improvement to improve activity;

[8485] Rather than use pol3 promoters, in particolar RNA polymerase [H {e.g. U6 or Hi
promoters), to express guide RNAs in eukaryotic cells, Applicants express the T7 polymerase in
cukarvaotic cells to drive expression of guide RNAs using the T7 promaoter.

3496} One example of this system may invelve introduction of three pieces of DNA:

{34971 1. expression vector for Casy

{3498} 2. expression vector for T7 polymerase

{8499} 3. expression vector containing guideRNA fused to the T7 promoter

[6504] Example 9 Methodological improvement to reduce toxicity of Cas9: Delivery of

Cas9 in the form of mRNA,
(65011 Delivery of Cas9 in the form of mRNA enables transient expression of Cas9 in cells,

to reduce toxicity. For cxample, humanized SpCas9 may be amplified using the following primer

pair:

18502] Forward Primer (to add on T7 promoter for in vitro  transcription):
TAATACGACTCACTATAGGAAGTGCGCCACCATGGCCCCAAAGAAGAAGCGE
(8503} Reverse Primer (to add on polyA tail):

GOTTTTTTTTITITTTITTTTITETITTI T T TTucttaCTTTTTCTTTTTTGCCTGGLCG
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[3504] Applicants transfect the Cas% mRNA into cells with either guide RNA in the form of
RNA or DNA casseties 1o drive guide RNA expression in cukaryotic cells,

[8505] Example 10: Methodological improvement to reduce toxicity of Cas9: Use of an
inducible promoter

[3506] Applicants transiently turn on Cas9 expression only when it is needed for carrying out
genome modification. Examples of inducible system include tetracycline inducible promoters
{Tet-On or Tet-Off), small molecule two-hybrid transcription activations systems (FKBP, ABA,
ete), or light inducible systerus (Phytochrome, LOV domains, or eryptochrome).

185071 Example 11: Improvement of the Cas9 system for in vivo application

[BS08] Applicants conducted a Metagenomic search for a Cas9 with small molecular weight.
Most Cas9 homologs are fairly large. For example the SpCas9 is around 1368aa long, which is
100 large to be easily packaged nto viral vectors for delivery. A graph representing the length
distribution of Cas® homologs is generated from sequences deposited in GenBank (Fig. 23).
Some of the sequences may have been mis-annotated and therefore the exact frequency for cach
fength may not necessarily be accurate. Nevertheless it provides a glimpse at distribution of Cas9
proteins and suggest that there are shorter Cas® homologs.

[6509] Through computational analysis, Applicants found that in the bacterial stwain
Campylobacter, there are two Cas9 proteins with less thap 1000 amino acids. The sequence for
one Cas9 from Campylobacter jejuni s presented below. At this length, CiCas9 can be easily
packaged nto AAY, lentiviruses, Adenoviruses, and other viral vectors for robust delivery 1uto
primary colls and in vive in animal models, In a preferred embodiment of the invention, the Cas9
protein from 8. aureus is used.

(6510} >Campylobacter jejunt Cas9 (Cjlash)

(8511} MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLALPRRLAR
SARKRLARRKARINHLKHLIANEFKENYEDYQSFDESLAKAYKGSLISPYELRFRALN
ELLSKQDFARVILHIAKRRGYDDIKNSDDREKGAILKAIKONEEKLANYQSVGEYLYK
EYFOQKFKENSKEFTNVRNKKESYERCIAQSFLKDELKLIFKKQREFGFSFSKKFEEEVL
SVAFYKRALKDFSHLYGNCSFEFTDEKRAPKNSPLAFMEVALTRINLLNNLKNTEGIL
YTKDDENALINEVLEKNGTLTYKQTKKLLGLSDDYEFKGEKGTYFIEFKKYKEFIKAL
GEHNLSQDDINEIAKDITLIKDEIKLKKALAKYDLNGNQIDSLSKLEFKDHINISFKAL
KLYVTPLMLEGKKYDEACNELNLKVAINEDKKDFLPAFNETYYKDEVINPYVLRAIKE
YREVINALLKKYGKVHEINIELAREVGKNHSQRAKIEKEQNENYKAKKDAELECEK
LGLKINSKNILKERLFEKEQKEFCAYSGERIKISDLODEKMLEIDHIYPYSRSFDDSYMN
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KVLVFTRONQEKEINQTPFEAFGNDSAKWQOKIEVEAKNEPTKKOQERILDENYKDKEQ
KNFKDENENDTRYTARLVINYTKDYLDFLPLSDDENTKINDTOKGSKVHVEAKSGM
LTSALRHTWGFSAKDRNNHLUHHAIDAVIHAYANNSIVKAFSDFKKEQESNSAELY AK
KISELDYKNKRKFFEPFSGFROKVLDKIDEIFVSKPERKKPSGALHEETFRKEEEFY (S
YOGREGVLEALELGKIRKVNGKIVENGDMFRVDIFKHKKTNRKFYAVPIYTMDFALK
VIPMNKAVARSKKGEIKDWILMDENYEFCFSLYKDSLILIQTKDMQEPEFVY YNAFTSS
TVSLIVSKHDNKFETLSKNQKILFKNANEKEVIAKSIGIQNLEKVFEKYIVSALGEVTKA
EFRQREDFKK.

18512] The putative tractRNA element for this CjCas9 is:

[8513] TATAATCTCATAAGAAATITAAAAAGGGACTAAAATAAAGAGTTTGCG
GGACTCTGCGOGGTTACAATCCCCTAAAACCGCTTTTAAAATT

[3514] The Direct Repeat sequence is:

[6515] ATTTTACCATAAAGAAATTTAAAAAGGGACTAAAAC

[3510] An example of a chimeric guideRNA for CjCas® is:

[6#517] NNNNNNNNNNNNNNNNNNNNGUUUUAGUCCCGAAAGGCACUAAAAU

AAAGAGUUUGCGGCACUCUGCGGGOUUACAAUCCCCUAAAACCGCUUUU

[6518] Example 12: CasY optimization

(8519 For enhanced fonction or to develop new functions, Applicants generate chimeric
Cas9 proteins by combining fragments from different Cas9 homologs. For example, two
example chimeric Cas9 proteins:

{3528 For example, Applicants fused the N-term of St1Cas9 (fragment from this protein is
it bold) with C-term of SpCas® (fragment from this protein is underlined).

3321} >SS C)Cas

[8522] MSDLVLGLDIGIGSVGVGILNKVTGEITHKNSRIFPAAQAENNLVRRTN
ROGRREARRKKHRRYRINRLFEESGLITDFTKISINLNPYQLRVKGLTDELSNEE
LFTALKNMVEHRGISYLDDASDDGNSSVGDYAQIVKENSKQLETKTPGQIQLERY
OTYGQLRGDFTVEKDGKKHRLINVFPTSAYRSEALRILGTQOEFNPQITDEFINR
YLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEFRAAK
ASYTAQEFNLLNDLNNLTVPTETKKLSKEQRKNCQHNY VKNEKAMGPAKLFKYIAK
LLSCDVADIKGYRIDKSGKAEHTFEAYRKMKTLETLDIEOMDRETLDKLAY VLT
LNTEREGIQEALEHEFADGSFSQKQVDELVQFRKANSSIFGKGWHNFSVKLMME
LIPELYETSEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEEIYNPYVVAKSVRQAIK
IVNAAIKEYGDFDNIVIEMARENQTTORKGORNSRERMKRIEEGIKELGSQILKEHPVE
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NTOLONEKLYLYYLONGRDMY VDOELDINRLSDYDVDHIVPOSFLEDDSIDNKVLT
RSDEKNRGKSDNYPSEEVVEKMENY WROLLNAKLITORKFDNLTKAERGGLSELDK.
AGFIKROLVETROITKHVAQILDSRMNTKY DENDK LIREVK VITLEKSKLVSDFREDEQ
FYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY DVREKMIAKSEQ
EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRKY.
LSMPOVNIVKK TEVOTGORSKESILPKRNSDEK LIARKKDWDPKK VGGEDSPTVAYSY
LYVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVRKDLIKLPKYS
LFELENGRERMLASAGELOKONELALPSKY VNFLY LASHYEK LK GSPEDNEOKQLF
VEQHKHY LDEIEOISEFSKRVILADANLDE VLAAYNKHRDK PIREQAENIHLFTLTNL
GAPAAFKYEFDTTIDRKRY ISTKEVLDATLIHOSITGLY ETRIDLSOLGGD

[6523]  >Sp(N)StI{C)Casy

[0524] MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGA
LLFDAGETAEATRLKRTARRRYTRREKNRICYLORIFSNEMAKVDDSFFHRLEESFLVE
EDKKHERHPIFGNIVDEVAYHEK YPTIVHLRKKLVDSTDKADLRLIYLALAHMIKFRG
HFLIEGDLNPDONSDVDKLFIQLVOTYNQLFEENPINASGVDAKATLSARLSKSRRLENL
IAGLPGERKNGLEGNLIALSLGLTPNEK SNEDLAEDAKLQLSKDTY BDDLONLLAQIG
DOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRO
QLPEKYKEIFFDOSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKINREDLL
RKQRTFDNGSIPHOIHLGELHATLRRQEDFYPFLEDNREKIEKILTFRIPYYVGPLARGN
SRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYE
YFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNREVTVKQLKEDYFKKIE
CFDSVEISGVEDRFNASLOTYHDLLKIKDEDFLDNEENEDILEDIVL TLTLFEDREMIE
ERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDK QOSGK TILDFLESDGFAN
RNFMOLIHDDSLTFKEDIQKAQVSGOCDSLHEHIANLAGSPAIKKGILOTVEVVDELY
KVMGRHKPENIVIEMARETNEDDEKKAIOKIQKANKDEKDAAMLKAANOYNGKA
FLPHSVFHGHKOQLATKIRLWHOQGERCLY TGK TISTHDLINNSNQVFEVDHILPLSI
TFDDSLANKVLVYATANGEKGORTPYQALDSMDDAWSFRELKAFVRESKTLSNK
KKEYLLTEEDISKFDVREKFIERNLVDTRYASRVVLNALOEHFRAHKIDTKVSVVR
GOFTSOLRRAWGIEKTRDTYHHHAVDALITAASSOLNLWKKQKNTLVSYSEDQL
LDIETGELISDDEYKESVFKAPYOHFVD TLKSKEFEDSILFSYOVDSKFNRKISDATI
YATROAKVCKDKADETYVLGKIKDIYTODG Y DAFMKIVKKDKSKFLMYRHDPQT
FEKVIEPILENY PNKQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLKYY
DSKLGNHIDITPEDSNNKVVLOSVSPWRADVYFNKTTGKYEILGLKYADLOFEKG
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TOCTYRISQEKYNDIKKKEGVDSDSEFKFTLYKNDLLLVEDTETKEQQLFRFLSRYT
MPRKOKHBYVELKPYDKGKFEGGEALIKVLGNYANSGQCKEKGLGKSNISIYKVRTD
VLGNQHHKNEGDKPKLDF

8525 The benefit of making chimeric Cas9 inchude:

{
[6526] reduce toxicity
{
]

85271 tprove expression in eukaryotic celis
$528] enthance specificity
[3529] reduce molecular weight of protein, make protein smaller by combining the smallest

domains from ditferent Cas9 homologs.

[6538] Altering the PAM sequence requirement

{8531} Example 13: Utilization of Cas9 as a generic DNA binding protein

[3532] Applicants used Cas9 as a generic DNA binding protein by mutating the two catalytic
dorsains (D10 and HR40) respousible for cleaving both strands of the DNA target. In order to
upregulate gene transcription at a target locus Applicants fused the transcriptional activation
domain (VP64) to Cas®. Applicants hypothesized that it would be tmportant to see strong nuclear
tocalization of the Cas9-VP64 fusion protein because transcription factor activation strength is a
function of time spent at the target. Therefore, Applicants cloned a set of Cas9-VP64-GFP
constructs, transfected them into 293 celle and assessed their localization under a fluorescent
microscope 12 hours post-transfection.

{35331 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. Applicanis elected to
target the Sox2 locus with the Cas¥ transactivator because it could be useful for celiular
reprogram and the locus has already been validated as a target for TALE-TF mediated
transcriptional activation. For the Sox2 locus Applicants chose eight targets near the
transcriptional start site {TSS). Each target was 20bp long with a neighboring NGG protospacer
adjacent motif (PAM). Each Cas9-VP04 construct was co-transfected with each PCR generated
chimeric crispr RNA (ChiRNA) 1o 293 celis. 72 hours post transfection the transcriptional
activation was assessed using RT-gPCR.

{3534} To further optimize the transcriptional activator, Applicants titrated the ratio of
chiRNA (Sox2.1 and Sox2.5) to Cas9 (NLS-VP64-NLS-hSpCasd-NLS-VP64-NLS), transfected
into 293 cells, and guantified using RT-gPCR. These results indicate that Cas9 can be used as 2
generic DNA binding domain to upregulate gene transcription at a target locus.

[3535] Applicants designed a second generation of constructs. {Table below).
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plenti-EF 1a-GFP-2 A-6xHis-NLS-VP64-NLS-hSpCenl{D10A,
HE40A-NLS

pLenti-EF 1a-GFP-2A-6xHis-NLS-VP64-NLS-hSpCsnl{D10A,
HE40A)

pLenti-EF [a-GFP-2 A-6xHis-NLS-VPO4-NLS-NLS-hSpCanl{DD10A,
HE40A)

pLenti-EF 1a-GFP-2A-6xHis-NLS-hSpCsn {0 A, HRAGA-NLS
pLenti-EF 1a-GFP-2A-0xHis-NLS-hSpCan1(D10A, HE40A)
plenti-EF a-GFP-2A-6xHis-NLS-NLS-hSpCsn 1{D10A, H840A)

18536] Applicants use these constructs 1o assess transcriptional activation (VP64 fused
constructs) and repression {CasY only) by RT-qPCR. Applicants assess the cellular localization
of each construct using anti-His antibody, nuclease activity using a Surveyor nuclease assay, and
DNA binding atfinity using a gel shift assay. In a preferved embodiment of the invention, the gel
shift assay is an EMSA gel shift assay,

{05371 Example 14: Cas® transgenic and knock in mice

{3538} To generate a mouse that expresses the Cas9 nuclease Applicants submit two general
strategies, transgenic and knock . These strategies may be applied to generate any other model
organisto of iuterest, for e.g. Rat. For cach of the general strategics Applicants made a
constitutively active Cas9 and a CasY that is conditionally expressed (Cre recombinase
dependent). The constititively active CasY nuclease is expressed in the following context:
pCAG-NLS-Cas9-NLS-P2A-EGFP-WPRE-bGHpolvA. pCAG 15 the promoter, NLS is a nuclear
focalization signal, P2A is the peptide cleavage sequence, EGFP is enhanced green fluorescent
protein, WPRE is the woodchuck hepatitis virus posttranscriptional regulatory clement, and
bGHpolyA is the bovine growth hormone poly-A signal seqoence (Figs. 25A-B).  The
conditional version has one additional stop cassetie element, loxP-SV40 polyA x3-1oxP, after the
promoter and before NLS-Cas9-NLS (ie. pCAG-loxP-SV4QpolyAx3-foxP-NLS-Cas9-NLS-
P2A-EGFP-WPRE-bGHpolyA). The important expression elements can be visualized as in Fig.
26. The constitutive construct should be expressed in all cell types throughout developroent,
whereas, the conditional construct will only allow Cas9 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 tissae specific promoter. Moreover, Cas9® expression
could be mduced in adult nuce by putting Cre vader the expression of an inducible promoter
such as the TET on or off system.

[8539] Validation of Cas9 constructs: Each plasmid was functionally validated i three ways:

1) transient trapsfection in 293 cells followed by confirmation of GFP expression; 2) transicut
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transfection in 293 cells followed by immunoffuorescence using an antibody recognizing the
P2A 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 constracts, respectively. Each was
tested in the presence and absence of chimneric RINA targeted to the hEMXI locus (chimeric
RINA hEMX1.1). The results indicate that the construct can successfully target the hEMX locus
only i the presence of chimeric RNA (and Cre in the conditional case). The gel was quantified
and the results arc presented as average cutting efficiency and standard deviation for three
samples.

HHRE Transgenic Cas? mouse: To generate transgenic mice with constructs, Applicants
iject pure, lincar DNA into the pronucieus of a zygote from a pseudo pregnant CBS6 female.
Founders are identified, genotyped, and backcrossed to CBS57 mice. The constructs were
successfully cloned and verified by Sanger sequencing,

{3541} Knock in Cas® mouse: To generate CasY knock in mice Applicants target the same
constitutive and conditional constructs to the Rosa26 locus. Applicants did this by cloning cach
into a Rosal6 targeting vector with the following elements: RosaZ6 short homology arm —~
constitutive/conditional Cas9 expression cassette — pPGK-Neo-RosaZ6 long homology arm —
pPGE-DTA. pPGK is the promoter for the positive selection marker Neo, which confers
resistance to neomyein, a 1 kb short arm, a 4.3 kb long army, and a negative selection diphtheria
toxin {DTA) driven by PGK.

8542} The two constructs were electroporated into R1 mESCs and allowed to grow for 2
days before neomycin selection was applied. Individual colonies that had survived by days §-7
were picked and grown in individual wells, 5-7 days later the colonies 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 (AtipF) and the other outside of the short
horology armo (Rosa26-R) Of the 22 colonies harvested for the conditional case, 7 were positive
{(Lett), Of the 27 colonies harvested for the constitutive case, zero were positive (Right), It is
likely that Cas9 causes some level of toxicity in the mESC and for this reason there were no
positive clones. To test this Applicanis introduced a Cre cxpression plasmid into correctly
targeted conditional Cas9 cells and found very low toxicity after many days in culture. The
reduced copy number of Cas9 in correctly targeted conditional Cas9 cells (1-2 copies per cell) is

enough to allow stable expression and relatively no cytotoxicity. Moreover, this data indicates

(o]
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that the Cas9 copy number determines toxicity. After electroporation each cell should get several
copics of Cas9 and this is likely why no positive colonics 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 into a
blastocyst and implant futo a female mouse. Chimeries are identified and backerossed. Founders
are wdentified and genotyped.

13543} Utility of the conditional Cas9 mouse: Applicants have shown in 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 Cas9 when Cre is expressed.
Because Cas9 is followed by the P2A peptide cleavage sequence and then EGFP Applicants
identify successful expression by observing EGFP. This same concept is what makes the
conditional Cas¥ mouse so useful, Applicants may cross their conditional Cas9 mouse with a
mouse that ubiquitously expresses Cre (ACTB-Cre line) and may arrive at a mouse that
expresses Cas? in every cell, It should only take the delivery of chimeric RNA to induce genome
editing in embryonic or adult mice. Interestingly, if the conditional Cas9 mouse is crossed with a
mouse expressing Cre under a tissue specific promoter, there should only be Cas® in the fissues
that also cxpress Cre. This approach may be used to edit the genome in only precise tissues by
delivering chimeric RNA to the same tissue.

[3544] Example 15: Cas diversity and chimeric RNAs

13545] The CRISPR-Cas systern is an adaptive tmrnune mechanisma against invading
exogenous DNA emploved by diverse species across bacteria and archaca, The type I CRISPR-
Cas systemn consists of a set of genes encoding proteins responsible for the “acquisition” of
toreign DNA into the CRISPR locus, as well as a set of genes encoding the “execution” of the
DNA cleavage mechanism; these include the DNA nuclease (Cas%), a non-coding transactivating
cr-RNA (tractRNA), and an array of foreign DNA-derived spacers flanked by direct repeats
{crRNAs). Upon maturation by Cas9, the tracrRNA and crRNA duplex guide the Cas® miclease
1o a target DNA sequence specitied by the spacer guide sequences, and mcediates 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 H CRISPR-Cas systems are found
throughout the bacterial kingdom and highly diverse in i Cas9 protein sequence and size,
tractRMNA and crRNA direct repeat sequence, genome organization of these clements, and the
motif requirement for target cleavage. One species may have multiple distinct CRISPR-Cas

systems.
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{1546} Applicants evaluated 207 putative Cas9s from bacterial species identified based on
sequence homology to known Casts and structures orthologous to known subdomains, including
the HNH endonuclease domain and the RuvC endomuclease domaing [information from the
Eugene Koonin and Kira Makarova]. Phylogenetic analysis based on the protein sequence
conservation of this set revealed five familics of Cas9s, including three groups of large Cas9s
{(~1400 arvine acids) and two of sroall Cas9s (~1100 amivo acids ) (Figs. 19A-D and 20A-F).
65471 Applicants have also optimized Cas? guide RNA using in vitro methods.

{548} Example 16: Cast mutations

[3549] I this exarople, Applicands show that the following mutations can convert SpCas?
into 8 nicking enzyme: DI0A, E762A, HZ40A, NE5S4A, NRG3A, DOSGA,

[65546] Applicants provide sequences showing where the mutation poinis are located within
the SpCas9 gene (Fig. 24A-M). Applicants also show that the nickases are still able to mediate
horologous recombination. Furthermore, Applicants show that SpCas9 with these routations
{(individually} do not induce double strand break.

{3551} 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. All notations are in reference to the guide sequence.

{6552} The catalytic residue in the §' Ruv(C domain is identified through homology
comparison of the Cas9 of interest with other Cas9 orthologs (from S. pyogenes type IT CRISPR
locus, 8. thermophilus CRISPR locus 1, S, thermophbilus CRISPR locus 3, and Franciscilla
novicida type [ CRISPR locus), and the conserved Asp residue is nmtated to alanine to convert
Cas9 into a complementary-strand nicking enzyme. Similarly, the conserved His and Asn
residues in the HNH domains are mutated to Alanine to convert Cas9 into a non-complementary-
strand nicking enzyme.

[8553] Example 17: CasY Transcriptional Activation and Cas9 Repressor

[3554] Cas9 Transcriptional Activation

65551 A secoud generation of constructs were designed and tested (Table 1) These
constructs are used to assess transcriptional activation (VP64 fused constructs) and repression
{CasY only) by RT-gPCR. Applicants assess the cellular localization of each constract using anti-
His antibody, muclease activity using a Surveyor nucloase assay, and DNA binding affinity using
a gel shift assay.

18556] {"as Repressor
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3557} It has been shown previously that dCasY can be used as a generic DNA binding
domain o repross gene expression. Applicants report an improved dCas9 design as well as
dCas9 fusions to the repressor domains KRAB and SiD4x. From the plasmid Hbrary created for
modulating transcription using Cas® in the following Table, the following repressor plasmids
were functionally characterized by qPCR: pXRP27, pXRP2E, pXRP298, pXRP4R, pXRP49,
PXRPS50, pXRPS1, pXRPS2, pXRPS3, pXRPS6, pXRPSS, pXRPS9, pXRP61, and pXRPSD.
3558 Each dCas9 repressor plasmid was co-transfected with two guide RNAs targeted to
the coding strand of the beta-catenin gene. RNA was isolated 72 hours after transtection and
gene expression was quantified by RT-gPCR. The endogenous control gene was GAPDH. Two
validated shRNAg were used as positive controls, Negative controls were certain plasmids
transfected without gRNA, these are denoted as “pXRP## control”. The plasmids pXRP28,
pXRP29, pXRP4R, and pXRP49 could repress the beta-caterun gene when using the specified
targeting strategy. These plasmids correspond to dCas9 without a functional domain (pXRP2R
and pXRP28) and dCasY fused to SID4dx (pXRP48 and pXRP49).

[3559] Further work investigates: repeating the above experiment, targeting different genes,

utilizing other gRNAs to deterroine the optimal targeting position, and multiplexed repression.

pARPO24-pLenti2-EF {a-VPo4-NLS-FLAG-Linker-dCas9-NLS-gLluc-2 A-GFP-WPRE
pXRPO25-pLenti2-EF 1a-VP64-NLS-GGGGS;Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRPO26-pLlenti2-FF1a-VPO4-NLI-EAAAK,; Linker-dCas®-NLS-gluc-2A-GFP-WPRE
pARPO27-pLenti2-EF {a-NL3-FLAG-Linker-dCas9-NLS-gLuc-2A-GFF-WFRE
pXRPO28-plent2-EF 1a-NLS-GGGGS, Linker-dCasS-NLS-gLlue-2 A-GEP-WPRE
pXRPO29-pLenti2-EF 1a-NLS-EAAAK L inker-dCas®-NLS-pLuc-2 A-GFP-WPRE
pARPO30-pLentiZ-pSV40-VPo4-NLE-FLAG-Linker-dCas9-NL5-gLluc-2A-GFF-WFRE
pXRPO31-pLenti2-pPGE-VPO4-NLS-FLAG-Lisker-dCas3-NLS-gluc-2 A-GFP-WEPRE
pXRPO32-pLlenti2-LTR-VP64-NLS-FLAG-Linker-dCasS-NL5-gluc-2 A-GFP-WPRE
pARPO33-plentiZ-pSV40-VP64-NLS-GGGGS;Linker-dCas9-NLS-gluc-2A-GFP-WFRE
pXRPO34-pLenti2-pPGE-VPG4-NLS-GGGGS; Linker-dCas9-NLS-gluc-2A-GFP-WPRE
pXRPO3S pLlenti2 -LTR-VPO4-NLS-GGGGSLinker-dCas9-NLS-ghuc-2A-GFP-WPRE
pXEPO26-pLenti2-pSV40-VPo4-NLS-EAAAK, Linker-dCas9-NLS-ghuc-2A-GFP-WPRE
pXRPO37-plent2-pPOE-VPG4-NLS-EAAAK Linker-dCas9-NLS-gluc-2 A-GEFP-WPRE
pXRPO3IB-pLenti2-LTR-VP64-NLI-EAAAK; Linker-iCas3-NLS-gluc-2A-GFP-WPRE
pXEPO48-pLlenti2-EF 1a-SID4x-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRPO49-pLlent2-EF 1a-SID4X-NLS-GGGES; Linker-dCas®-NLS-gluc-2A-GHFP-WPRE
pXRPOSO-plenti2-EF 12-SID4X-NLS-BEAAAK ;Linker-dCas9-NL3-gLuc-2 A-GFP-WPRE
pXEPOSL-pLenti2-EF 1a-KRAB-NLS-FLAG-Linker-dCas3-NLS-ghuc-2A-GFP-WEPEE
pXRPO52-plenti2-EF 1a-KRAB-NLS-GGGGS;Linker-dCas9-NLS-gLuc-2 A-GFP-WPRE

o
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pXRPUS3-plenti2-EF la-KRAB-NLS-EAAAK  Linker-dCas3-NLS-gluc-2 A-GFE-WPRE

pXRPO34pLlenti2-FFla-dCas9-Linker-FLAG-NLS-VP64-gluc-2 A-GFP-WPRE

pXEPOS5-pLlenti2-EF 1a-dCasY-Linker-FLAG-NLS-SID4X-gLuc-2 A-GFP-WPRE

pXRPUSG-pLlenti2-EF La-dCas9-Linker-FLAG-NLS-ERARB-gLuc-2 A-GPP-WPRE

pXRPOS7-plenti2-EF 12-4(as9-GGGHGS-NLS-VPE4 - sLuc-2 A-GFP-WPRE

pXEPOS8-pLenti2-EF 1a-dCas¥-GGGGGS:-NLS-8ID4 X -gluc-2A-GFP-WEEE

pXRPO59-plent2-EF 1a-dCas9-GGGGGE;-NLS-KRAB-gLuc-2A-GFP-WPRE

pXRPO6G-pLenti2-EF 1a-dCas9-EAAAK-NLS-VP64-gLuc-2A-GFP-WPRE

pXEPO6L-pLlenti2-EF1a-dCas9-EAAAK,-NLS-SID4X-gluc-2A-GFP-WPRE

pXRPUSZ-pLlenti2-EF la-dCas9-EAAAK;-NLS-KRAB-gluc-2 A-GFP-WPRE

pXRPUZ4-pLenti2-FF1a-VP64-NLS-FLAG-Linker-Cas®-NLS-ghuc-2 A-GFP-WPRE

pXEPO25-pLenti2-EF 1a-VEPO4-NL3-GGGGS;Linker-Cas9-NLS-gLuc-2ZA-GFP-WPRE

pXRPOZ6-pLenti2-FF1a-VP64-NLS-EAAAK Linker-Cas9-NLS-gluc-2A-GFP-WFPFRE

pXRPO27-pLlenti2-EF a-NLS-FLAG-Lirker-Cas®-NLS-gLuc-2 A-GFP-WPRE

pXRPO2E-pLlenti2-EF 1a-NLS-GGGGS: Linker-Cas9-NLS-gLuc-2 A-GFP-WPRE

pXRPUZG-pLlenti2-EF la-NLS-HFAAAK ;L iaker-Cas3-NLS-gluc-2A-GFP-WPRE

pXEFPO30-pLenti2-pSV40-VP64-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO3 | -pLenti2-pPGK-VP64-NLS-FLAG-Linker-Cas®-NLS-gluc-2A-GFP-WPRE

pXRPO3Z-pLenti2-LTR-VPO4-NLS-FLAG-Linker-Cas9-NLS-gluc-2A-GFP-WPHRE

pXRPO33 -pLlenti2-pSV40-VP64-NLS-GGGGS  Linker-Cas9-NLS-gLoc-2 A-GFP-WPRE

pXRPO34-plent2-pPOE-VP64-NLS-GGGGS; Linker-Cas9-NLS-ghuc-2 A-GFP-WPRE

pXEPO35-pLlenti2-LTR-VP84-NLS-GGGGS;Linker-Cas9-NLS-gluc-2A-GFP-WPRE

pXRPO36-pLenti2-pSV4E(-VPO4-NLS-FAAAKLinker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO37-pLenti2-pPGK-VPo4-NLS-EAAAK  Linker-Cas9-NLS-gluc-2A-GFP-WPRE

pXRPO3IB-pLenti2-LTR-VP64-NLI-EAAAK; Linker-Cag9-NLS-gLuc-2 A-GFP-WPRE

pXRPU48-pLenti2-EF 1a-SH4x -NLS-FLAG-Linker-Cas3-NLS-gLuc-2 A-GFP-WPRE

PXRPO49-pLlenti2-EF 1a-SID4X-NLS-GG GOS8 Linker-Cas®-NLS-gluc-2A-GFP-WEPRE

pXRPOS0-pLenti2-EF 1a-SID4AX-NLS-EAAAK, Linker-Cas®-NLS-ghuc-2 A-GFP-WPRE

pXRPOSL-pLenti2-EF fa-KRAB-NLS-FLAG-Linker-Cas®-NLS-gLuc-2A-GFP-WPRE

pXRPO52-pLlenti2-EF 12-KRAB-NLS-GGGGR;Linker-Cagd-NL3-gluc- 2 A-GFP-WPRE

pXRPOS3-plent2-EF fa-KRAR-NL3-EAAAK; Linker-Cas9-NLS-gloc-2 A-GFP-WPRE

pXBPO34-plenti?-EF1a-Cas9-Linker-FLAG-NLS-VP64-gLuc-2A-GFP-WPRE

pXRPOSS-pLenti2-EF la-Cas®-Linker-FLAG-NLS-SID4X -gluc-2 A-GFP-WPRE

pXRPOS6-pLenti2-EF fa-Cas9-Linker-FLAG-NLS-KRAB-ghuc-2 A-GFP-WPRE

pXRPOS7-plenti2-EF12-Cas3-GGGGES,-NLS-VP6o4-gluc-2A-GFP-WPRE

pXRPO3S-plenti2-EF {a-Cas3-GGGGGS;-NLS-SID4MX -gluc-2A-GFP-WPRE

pXBPO39-plentil -EF1a-Cas3-GGGGGES;-NLS-KRAB-gLuc-2 A-GFP-WPRE

pXRPUO0-pLenti2-EF 1a-Cas3-EAAAKS-NLS-VPo4-ghuc-ZA-GFP-WPRE

pXEPO6L-pLentiZ-EF 1a-CasS-EAAAK;-NLS-8ID4X-gluc-2A-GFP-WPRE

pXRPO62-plenti2-FF1a-Cas3-EAAAK-NLS-KRAB-gLuc-2A-GFP-WPRE

Example 18: Targeted deletion of genes involved in cholesterol biosynthesis, fatty acid
biosynthesis, and other metabolic disorders, genes encoding mis-folded proteins involved in
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amyloid and other diseases, oncogenes leading 1o cellular ransformation, latent viral genes, and
genes leading to dominant-negative disorders, amongst other disorders.
[6560] Applicants demonstrate gene delivery of 3 CRISPR-Cas system in the liver, brain,
ocular, epithelial, hematopoetic, or another tissue of a subject or a patient 1 need thereof
suffering froma metabolic disorders, amvicidosis and protein-aggregation related diseases,
cllular transformation arising from gonetic nmwutations and translocations, dominant negative
effects of gene mutations, latent viral infections, and other related symptoms, using either viral
or nanoparticle delivery syster.
8561} Study Design: Subjects or patients in need thereof suffering from metabolic
disorders, amyloidosis and protein aggregation related disease which include but are not limited
to human, non-primate human, canine, feline, bovine, equine, other domestic animals and related
mamynals. The CRISPR-Cas system is guided by a chiroeric guide RNA and targets a specific
site of the human genomic loct to be cleaved. After cleavage and non-homologous end-joining
mediated repatr, frame-shift mutation results in knock out of genes.
16562} Applicants select guide-RNAS targeting genes involved in above-mentioned disorders
to be specific to endogenous foct with minimal off-target activity, Two or more guide RNAs may
be encoded into a single CRISPR array to induce simmultanecus double-stranded breaks in DNA
leading to micro-deletions of affected genes or chromosomal regions.
13563} Identification and design of gene targets
13564} For each candidate discase gene, Applicants select DNA sequences of interest inchade
protein-coding exons, sequences inchuding 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
fonction.
16565] Applicants analyze sequences of interest for all possible targetable 20-bp sequences
mmediately 57 to a NGG motif (for SpCas9 system) or a NNAGAAW (for St1Cas9 system).
Applicants choose sequences for unique, single RNA-guided Cas? recognition in the genome to
minimize off-target etfects based on computational algorithm to determine specificity.
[3566] Cloning of guide sequences into a delivery system
16567} (ande sequences are synthesized as double-stranded 20-24 bp oligonucieotides. After
5 -phosphorylation treatment of oligos and annealing to form duplexes, oligos are ligated nto

suitable vector depending on the delivery method:

<
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[3568] Virus-based delivery methods

[8569] AAV-based vectors (PX260, 330, 334, 335) have been described elsewhere

8570} Lentiviral-based vectors usc a similar cloning strategy of directly ligating guide
sequences into a single vector carrying a U6 promoter-driven chimeric RNA scaffold and 2 EFla
promoter-driven CasY or Cas9 nickase,.

{65711 Yirus production is described elsewhere.

(6572} Nanoparticle-based RNA delivery methods

[B873] I. Guide sequences are synthesized as an oligonucleotide duplex encoding T7
promoter—guide sequence—chimeric RNA. A T7 promoter is added 5 of Cas9 by PCR
method.

16574} 2. T7-driven Cas9 and gwde-chimeric RNAs are transcribed in vitre, and (Cas®
mRNA is further capped and A-tailed using commercial kits. RNA products are purified per kit
instructions,

{6575} Hydrodynamic taif vein delivery methods (for mouse)

13576} Guide sequences are cloned into AAV plasmids as described above and elsewhere in
this application.

8577} fn vitro validation on cell lines

578} Transfection

579 f. DNA plasmid transfection

85801 Plasmids carrying guide sequences are transfected into human erbryonic kiduney
(HEK293T) or human cmbryonic stern (hES) cells, other relevant cell types using lipid-,
chemical-, or electroporation-based methods. For a 24-well transfection of HEK293T celis
{(~260,000 cells), 500ng of total DNA is transfected into each single well using Lipofectamine
2000. For g 12-well transfection of hES cells, 1ug of total DNA is transfected into 2 single well
using Fugene HD.

{8581} 2. RNA transfection

{35821 Purified RNA described above 15 used for transfection into HEK2937 cells. 1-2ug of
RNA may be transfected into ~260,000 wusing Lipofectamnine 2000 per manufacturer’s
instraction. RNA delivery of Cas9 and chimeric RNA is shown in Fig. 28.

{3583) Assay of indel formation iz vifro

{8584} Cells are harvested 72-hours post-transfection and assayed for indel formation as an

indication of double-stranded breaks.

221



WO 2015/089465 PCT/US2014/070135

{3585} Briefly, genomic region around target sequence is PCR amplified (~400-600 bp
amplicon size) using bigh-fidelity polymerase. Products are purified, normabized to equal
concentration, and slowly annealed from 95°C 1o 4°C to allow formation of DNA
heteroduplexes. Post annealing, the Cel-l enzyme is used to cleave heteroduplexes, and resulting
products are separated on a polyacrvlamide gel and indel efficiency calculated.

In vivo proof of principle in anioal

|
135871 Delivery mechanisms
{588} AAY or Lentivirus production is described elsewhere.
{3589] Nanoparticle formulation: RNA mixed into nanoparticle formulation
[6598] Hydrodynamic tail vein injections with DNA plasmids in mice are conducted using a

commercial kit

[6581] Cas9 and guide sequences are delivered as virus, nanoparticle-coated RNA mixture,
or DNA plasmids, and mnjected into subject animals. A parallel set of control animals is injected
with sterile saline, Cas9 and GFP, or guide sequence and GFP alone.

{35921 Three weeks after injection, animals are tested for amelioration of symptoms and
sacrificed. Relevant organ systems analyzed for indel formation. Phenotypic assays include
blood levels of HDL, LDL, lipids,

16593} Assay for indel formation

[3584] DNA is extracted from tissue using commercial kits; indel assay will be performed as
described for in vitro demonstration.

13595] Therapeutic applications of the CRISPR-Cas system are amenable for achieving
tissue-specific and temporally controlled targeted deletion of candidate disease genes, Examples
nclude genes involved in cholesterol and fatty acid metabolism, amyloid diseases, dominant
negative discases, latent viral infections, among other disorders.

[8596] Examples of a single guide-RNA to introduce targeted indels at a gene locus

Disease GENE SPACER PAM  Mechanism References
Flyvastatin: g review of its
pharmacology and use n the

GCCAAA management of

TTGGAC hypercholesterolaemia.{ Plosker
Hypercholest HMG- GACCCT GL et al. Drugs 1996,
erolemia CR CG CGG Knockout 51(39:433-459;

Potential role of nonstatin

CGAGGA cholesterol lowering agents

GACCCC {Trapani et al. [UBMB Life,
Hypercholest CGTTTC Volurne 63, Issue 11, pages
erolemia SQLE GG TGG Knockout 964-971, November 20113

IS
N
2
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DGATI inhibitors as anti-
obesity and anti-diabetic agents.

COCGCC {Birch AM et al. Current
GCCGCC Opinion in Drug Discovery &
Hyperlipide GTGGCT Bevelopment [2010, 13(41:.4&9-
mig DGATT CG AGG Knockout 496)
Killing of leukemic cells with a
TGAGCT BCR/ABL fusion gene by RNA
CTACGA mnterference (RNA#).{ Fuchs et
BCR- GATCCA al. Oncogene 2002,
Leukemia ABL CA AGG Knockout 2137n5716-5724)
8597} Examples of a pair of guide-RNA to introduce chromosomal microdeletion at a gene
locus
Disease GENE  SPACER PAM  Mechanism  References
Perilipin-2 Nall Mice are
Protected Against Diet-Induced
Obesity, Adipose Inflammation
and Fatty Liver Disease
CTCAAA {(McManaman JL et al. The
ATTCAT Journal of Lipid Research,
Hyperlipide  PLIN2  ACCGGT Microdeleti  jir.MU035063. First Published on
mia guidel TG TGG  on February 12, 2G13)
CGTTAA
ACAACA
Hyperlipide  PLINZ  ACCGGA Microdeleti
mia guide2 1 TGG  on
Inhibition of SREBP by a Small
Molecule, Betulin, Improves
Hyperlipidemia and Insulin
Resistance and Reduces
TTCACC Atherosclerotic Plagues (Tang J
CCGCGE et al. Cell Metabolism, Volame
Hyperlipide  SREBP  CGCTGA Microdeleti 13, Issuc 1, 44-56, § Jamuary
mia guidel AT gge on 2810
ACCACT
ACCAGT
Hyperlipide  SREBP  CCGTCC Microdeleti
mig guide? AC agy on

Example 19: Targeted correction of deltaF 508 or other mutations in cvstic fibrosis using A4V

{3598 An aspect of the invention provides for a pharmaceutical composition 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 treatient of a subject having a
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mutation in the CFTR gene comprises administering a therapeutically effective amount of a
CRISPR-Cas gene therapy particle to the cells of a subject.

[8599] This Example demonstrates gene transfer or gene delivery of a CRISPR-Cas system
in airways of subject or a patient in need thereof, suffering from cystic fibrosis or from cystic
fibrosis related symptoms, using adeno-associated viras (AAV) particles.

[B600] Study Design: Subjects or patients in need there oft Human, non-primate human,
canine, feline, bovine, equine and other domestic animals, related. This study tests efficacy of
gene transfer of a CRISPR-Cas system by a AAV vector. Applicants determine transgene levels
sufficient for gene expression and utilize a CRISPR-Cas systern comprising a Cas? enzyme fo
target deltaFS08 or other CFTR-inducing mutations.

[6601] The treated subjects receive pharmaceutically effective amount of acrosolized AAV
vector systern per fung endobronchially delivered while spontanecusly breathing. The control
subjects receive equivalent amount of a pscudotyped AAY vector systern with an internal control
gene. The vector systemn may be delivered along with a pharmaceutically acceptable or
biocompatible pharmaceutical carrier. Three weeks or an appropriate time interval following
vector adrinistration, treated subjocts are tested for amchoration of cystic fibrosis related
Symptoms,

{6602} Applicants use an adenovirus or an AAVY particle.

[8603] Applicants clone the following gene constructs, each operably linked to one or more
regulatory sequences (Chh or EFla promoter for Cas9, U6 or HI promoter for chimeric guide
RINA), into one or more adenovirus or AAV vectors or any other compatible vectorr A
CFTRdeltaS08 targeting chimeric guide RNA (Fig. 31B), a repair template for deltaF508
mutation (Fig. 31C) and a codon optimized Cas9 enzyme with optionally one or more nuclear
localization signal or sequence(s) (NLS(s)), e.g., two (2) NLSs.

16604} identification of Cas9 target site

[3605] Applicants analyzed the haman CFTR genomic locus and identified the Cas9 target
site {(Fig. 31A). (PAM may countain a NGG or a NNAGAAW motif).

13606} Gene Repair Strategy

[3607] Applicants introduce an adenovirus/AAY vector system comprising a Cas9 {or Cas9
nickasey and the guide RNA along with a adenovirus/ AAV vector system comprising the
homology repair template containing the FS50¥ residuc into the subject via one of the methods of
delivery discussed carlier. The CRISPR-Cas system is guided by the CFTRdelta 508 chimeric

guide RNA and targets a specific site of the CFTR genomic locus to be nicked or cleaved. After
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cleavage, the repair template is inserted into the cleavage site via homologous recombination

correcting the deletion that results in cystic fibrosis or causes cystic fibrosis related syroptoms.

stem

13609 Cas9 and its chimeric guide RNA, or combination of tractRNA and ¢rRNA, can be
delivered either as DNA or RNA. Delivery of Cas9 and guide RNA both as RNA (normal or
containing base or backbone modifications) raolecules can be used 1o reduce the amount of time
that Cas9 protein persist in the cell, This may reduce the level of off-target cleavage activity in
the target cell. Since delivery of Cas9 as mRNA takes time to be translated into protein, it might
be advantageous 1o deliver the guide RNA several hours following the delivery of Cas® mRNA,
1o maximize the level of guide RNA available for interaction with Cas9 protein.

13610 In situations where guide RNA amount is Hmiting, it may be desirable to introduce
Cas9 as mRNA and guide RNA in the form of a DNA expression cassette with a promoter
driving the expression of the guide RNA. This way the amount of guide RNA available will be
amplified via transcription.

8611} A variety of delivery systems can be introduced to introduce Cas9 (DNA or RNA)
and guide RNA (BNA or RNA) into the host cell. These include the use of Hposomes, viral
vectors, clectroporation, nanoparticles , nanowires {Shalek et al., Nano Letters, 2012), exosomes.
Molecular trojan horses liposomes (Pardridge et al, Cold Spring Harb Protog; 2010;
dou: 10,110 /pdb.prot3407) may be used to deliver Cas% and guide RNA across the blood brain
barrier.

{8612} Example 21: Therapeutic strategies for Trinucleotide repeat disorders; guide design
[8613] As previously mentioned in the application, the target polynucleotide of a CRISPR
complex may inchide a number of discase-associated genes and polynucleotides and some of
these discase associated gone wmay beloug to a set of genetic disorders referred to as
Trimucleotide repeat disorders (referred to as also trinucleotide repeat expansion disorders, triplet
repeat expansion disorders or codon reiteration disorders).

{8614} These discases are caused by mutations in which the trinucleotide repeats of certain
genes exceed the normal, stable threshold which may usually differ in a gene. The discovery of
more repeat expansion disorders has allowed for the classification of these disorders into a

nurnber of categorics based on underlying similar characteristics. Huntington’s disease (HD) and

(o]



WO 2015/089465 PCT/US2014/070135

the spinocercbellar ataxias that are caused by a CAG repeat expansion in protein-coding portions
of specitic genes are inchuded 1o Category 1. Discases or disorders with expansions that tond to
make them phenotypically diverse and include cxpansions are usually small in magnitude and
also found i cxons of genes are included in Category I Category HI includes disorders or
diseases which are characterized by much larger repeat expansions than either Category Tor I
and are generally located outside protein coding regions. Examples of Category [ discases or
disorders include but are not limited to Fragile X syndrome, myotonic dystrophy, two of the
spinocerebeliar ataxias, juvenile myoclonic epilepsy, and Friedreich's ataxia.

{861 5] Siratlar therapeutic strategies, like the one mentioned for Friedreich's ataxia below
may be adopted to address other trinuclectide repeat or cxpansion disorders as well, For
example, another triple repeat discase that can be treated using almost identical strategy is
dystrophia myotonica 1 (DM1), where there is an expanded CTG motif in the 3 UTR. In
Friedreich's ataxia, the discase results from expansion of GAA trinuclootides 1o the first intron of
frataxin (FXN}. One therapeutic strategy using CRISPR is to excise the GAA repeat from the
first intron. The expanded GAA repeat is thought to affect the DNA structure and leads to recruit
the formation of heterochromatin which turn off the frataxin gene (Fig. 32A).

{8616} Corapetitive Advantage over other therapeutic strategies are listed below:

(8617} siRNA knockdown is not applicable in this case, as discase is due to reduced
expression of frataxin, Viral geve therapy is currently being explored. HSV-1 based vectors were
used to deliver the frataxin gene in animal models and have shown therapeutic effect. However,
fong term efficacy of virus-based frataxin delivery suffer from several problems: First, it is
difficult to regulate the expression of frataxin to match natoral levels in health individuoals, and
second, long term over expression of frataxin leads to cell death.

{3618] Nucleases may be used to excise the GAA ropeat to restore healthy genotype, but
Zinc Finger Nuclease and TALEN strategies require delivery of two pairs of high efficacy
nucleases, which is difficolt for both delivery as well as nuclease engineering (efficient excision
of genoraic DNA by ZFN or TALEN is difficult to achieve).

13619 In contrast to above strategics, the CRISPR-Cas system has clear advantages. The
{as9 enzyme is more efficient and more multiplexibie, by which it is meant that one or more
targets can be set at the same time. So far, efficient excision of genomic DNA > 30% by CasY 1
human cells and may be as high as 30%, and may be improved in the future. Furthermore, with
regard to certain trinucleotide repeat disorders like Huntington's disease (HD), trinucleotide

repeats in the coding region may be addressed if there are differences between the two alleles.
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Specifically, if a HD patient is heterozygous for mutant HTT and there are nucleotide differences
such as SNPs between the wit and mutant HTT alleles, then Cas9 may be used to specifically
target the mutant HT'T alicle. ZFN or TALENs will not have the ability to distinguish two alleles
based on single base differences.

[8620] In adopting a strategy using the CRISPR-Cas? enzyme to address Friedreich’s ataxia,
Applicants design a number of guide RNAS targeting sites flanking the GAA expansion and the
most efficient and specific ones are chosen (Fig, 32R).

[B621] Applicants deliver a combination of guide RNAs targeting the intron 1 of FXN along
with Cas9 to mediate excision of the GAA expansion region. AAVY mway be used to mediate
efficicnt delivery of Cas9 and in the spinal cord.

(8622} If the Al clement adjacent to the GAA expansion is considered important, there may
be constraints to the number of sites that can be targeted but Applicants may adopt strategies o
avoud distupting it.

136231 Alternative Strategies;

{3624} Rather than modifying the genome using Cas®, Applicants may also directly activate
the FXN gene using Cas9 (muclease activity deficient)-based DNA binding domain to target a
transcription activation domain to the FXN gene.

[8625] Example 22: Strategics for minimizing off-target cleavage using Cas9 nickase

[8626] As previously mentioned in the application, Cas9 may be mutated to mediate single
strand cleavage via one or raore of the following mutations: D10A, 7624, and HR40A,

186271 To mediate gene knockout via NHEL, Applicants use a nickase version of Cas9 along
with two goide RNAs. Off-target nicking by cach individual guide RNA may be primarily
repatred without mutation, double strand breaks (which can lead to mutations via NHEJ} only
occur when the target sites are adjacent to each other. Since double strand breaks introduced by
double nicking are not blant, co-expression of end-processing enzymes such as TREXD will
icrease the level of NHET activity.

13628 The following list of targets in tabular formo are for genes 1ovolved in the following
discases:

[3629] Lafora’s Disease — target GSY1 or PPPIR3C (PTG) to reduce glycogen in neurons,
18630 Hypercholesterolemia — target PCSK9

{8631} Target sequences are listed in pairs (L and R) with ditferent number of nucleotides in
the spacer (0 to 3bp). Each spacer may also be used by itself with the wild type Cas9 to introduce

double strand break at the target locus.
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GYS1 (human)

PCSKS thuman)

PPP1RAC (PTG) (human)

Gyst (mouse)

PRPP1R3C (PTG) {mouse)

GGCC-L
GGCC-R
GGNCC-L
GOGNCC-R
GGNNCC-L
GGNNCC-R
GGNNNCC-
L
GGNNNCC-
R

GGCC-L
GGCC-R
GGNCC-L
GGNCC-R
GGNNCC-L
GGNNCC-R
GGNNNCC-
L
GOGNNNCC-
R

GGCC-L
GGCC-R
GGNCC-L
GGNCE-R
GGNNCC-L
GGNNCC-R
GGCC-L
GGCC-R
GGNCC-L
GGNCE-R
GGNNCC-L
GONNCC-R
GGNNNCC-
L
GGNNNCC-
R

GGCC-L
GGCC-R
GGNCC-L
GGNCE-R
GGNNCC-L
GGNNCC-R
GGNNNCC-
L
GGNNNCC-
R
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ACCCTTGTTAGCCACCTOCC

GAACGCAGTGCTCTTCGAAG
CTCACGCCCTGCTCCGTGTA
GGCGACAACTACTTCCTGGT
CTCACGCCCTGCTCCGTGTA
GGGCGACAACTACTTCCTGE

CCTCTTCAGGGOCGGEETEG

GAGGACCCAGGTGGAACTGC
TCAGCTCCAGGLCGGTCCTGG
AGCAGCAGCAGCAGTGGCAG
TGGGCACCGTCAGCTCCAGS
CAGCAGTGGCAGCGGCCACC
ACCTCTCCCCTGGCCCTCAT

CCAGGACCGCCTGGAGCTGA

COGTCAGCTCCAGGCGGETCO

AGCAGCAGCAGCAGTGGCAG
ATGTGCCAAGCAAAGCCTCA
TTCGGTCATGCCCGTGGATG
GTCOGTTGAAATTCATCGTAC
ACCACCTGTGAAGAGTTTCC
CGTCGTTGAAATTCATCGTA
ACCACCTGTGAAGAGTTTCC
GAACGCAGTGCTTTTCGAGS
ACCCTTGTTGGCCACCTCCC
GGTGACAACTACTATCTGGT
CTCACACCCTGCTCCGTGTA
GGGTGACAACTACTATCTGE
CTCACACCCTGCTCCGTGTA

CGAGAACGCAGTGCTTTTCG

ACCCTTGTTGGCCACCTCCC
ATGAGCCAAGCAAATCCTCA
TTCCGTCATGCLOCGTGGACA
CTTCGTTGAAAACCATTGTA
CCACCTCTGAAGAGTTTCCT
CTTCGTTGAAAACCATTGTA
ACCACCTCTGAAGAGTTTCC

CTTCCACTCACTCTGCGATT

ACCATGTCTCAGTGTCAAGC
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PCSKY {(mouse) GGCC-L GGCGGCAACAGCGGCAACAG
GGCC-R ACTGCTCTGCGTGGCTGCGE
GGNNCC-L CCGCAGCCACGCAGAGCAGT
GOGNNCC-R GCACCTCTCCTCGOCCCGAT

18632] Alternative strategies for improving stability of guide RNA and increasing specificity
I. Nucleotides in the 57 of the guide RNA may be linked via thiolester linkages

rather than phosphoester linkage like in natural RNA. Thiclester linkage may

prevent the guide RNA from being digested by endogenous RNA degradation

machinery.

1

Nucleotides in the guide sequence (57 20bp) of the guide RNA can use

bridged nucleic acids {(BNA) as the bases to iraprove the binding specificity.
Example 23: CRISPR-Cas for rapid, mudtiplex genome editing

6633} Aspects of the invention relate to protocols and methods by which cfficiency and
specificity of gene modification may be tested within 3-4 days after target design, and modified
clonal cell Hines may be derived within 2-3 weeks.

18634] Programmable vucleases are powerful technologics tor mediating genome alteration
with high precision. The RNA-guided Cas9 nuclease from the microbial CRISPR adaptive
immune system can be used to facilitate efficient genome editing in eukaryotic cells by simply
specifving a 20-nt targeting sequence in its guide RNA. Applicants describe a set of protocols for
applying Cas9 to facilitate officient genome editing in mammalian cells and generate cell lines
for downstream functional studies. Beginning with target design, efficient and specific gene
modification can be achieved within 3-4 days, and modified clonal cell lines can be derived
within 2-3 woeks.

[8635] The ability to engincer biclogical systems and organisms holds cnormous potential
for applications across basic science, medicine, and biotechnology. Programmable sequence-
specific endonucleases that facilitate precise editing of endogenous genomic loci are now
enabling systematic interrogation of genetic clements and causal genetic varigtions in a broad
range of species, including those that have not been genetically tractable previcusly. A number
of genome editing technologies have emerged in recent years, incloding zine finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs}, and the RNA-guided CRISPR-
Cas nuclease system. The first two technologies use a common strategy of tethering
endonuclease catalytic domains to modular DNA-binding proteins for inducing targeted DNA

double stranded breaks (DSB) at specific genomic loci. By contrast, Cas9 is a nuclease guided by
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small RNAs through Watson-Crick base-pairing with target DNA, presenting a system that is
casy to design, etficient, and well-suited for high-throughput and multiplexed gene editing for a
varicty of cell types and organisms. Here Applicants describe a set of protocols for applying the
recently developed Cas9 nuclease to facilitate officient genome editing in mammalian celis and
generate cell Hiues for downstream functional studies,

8636} Like ZFNs and TALENs, Cas9 promotes genorae 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 error-prone non-homologous eund joming (NHET) or the
high-fidelity hormology directed repair (HDR) pathway., Both pathways may be utilized to
achieve the desired editing outcome.

{8637} WHEL In the absence of a repair template, the NHEJ process re-ligates DSBs, which
may leave a scar in the form of indel muutations. This process cau be harnessed to achieve gene
knockouts, as indels occurring within 2 coding exon may lead to frameshift routations and a
premature stop codon. Multiple DSBs may also be exploited to mediate larger deletions in the
genome,

{3638] HDR: Homology directed repair is an alternate major DNA repatr pathway to NHEL
Although HDR typically occurs at lower frequencies than NHEJ, it may be harnessed to generate
precise, defined modifications at a target focus in the presence of an exogenously introduced
repair template. The repair template may be either in the form of double stranded DNA, designed
sirnilarly to conventional DNA targeting constructs with homology arms flanking the insertion
sequence, or single-stranded DNA oligonucleotides (ssGDINs). The latier provides an effective
and simple method for making small edits in the genowme, such as the introduction of single
nucleotide mutations for probing causal genetic variations. Unlike NHEJ, HDR is generally
active only 1o dividing cells and its efficiency varies depending on the cell type and state.

16639 Overview of CRISPR: The CRISPR-Cas system, by contrast, is at minimum a two-
component system consisting of the Cas9 muclease and a short guide RNA. Re-targeting of Cas9
to different loci or simultancous editing of raultipie genes siraply requires cloning a different 20-
bp oligonucleotide. Although specificity of the CasY muclease has yet to be thoroughly
ehicidated, the simple Watson-Crick base-pairing of the CRISPR-Cas system is likely more
predictable than that of ZFN or TALEN domains.,

{8640} The type I CRISPR-Cas (clustered regularly interspaced short palindromic repeats)
is a bacterial adaptive immume system that uses Cas9, to cleave foreign genetic elements. CasY s

guided by a pair of non-coding RNAGs, a variable crRNA and a required suxiliary tractRNA. The

o]
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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
direct CasY against various targets. In the CRISPR-Cas system derived from Strepiococcus
progenes, the target DNA must immediately precede a ST-NGG/NRG protospacer adjacent motif
(PAM), which can vary for other CRISPR systems.

36411 CRISPR-Cas 1s reconstituted in mammalian cells through the heterologous expression
of human codon-optimized Cas9 and the requisitc RNA components. Furthermore, the crRNA
and tracrRNA can be fused to create a chimeric, synthetic gmide RNA (sgRNA). Cas9 can thus
be re-directed toward any target of intercst by altering the 20-uvt guide sequence within the
sgRNA,

{8642} Given its case of implementation and multiplex capability, Cas® has been used to
generate engineered eukaryotic cells carrving specific mutations via both NHEJ and HDR. In
addition, direct injection of sgRNA and mRNA encoding Cas® into cmbryos has enabled the
rapid generation of transgenic mice with multiple modified alleles; these results hold promise for
editing organisms that are otherwise genetically intractable.

[8643] A wvutant Cas9 carrying a disruption in one of us catalytic domains has been
engincered to nick rather than cleave DNA, allowing for single-stranded breaks and prefercntial
repair through HDR, potentially ameliorating unwanted indel mutations from off-target DSBs.
Additionally, a Cas® mutant with both DNA-cleaving catalytic vesidues mutated has been
adapted to cnable transcriptional regulation i £, cofi, demonstrating the potential of
functionalizing Cas9 for diverse applications. Certain aspects of the invention relate to the
construction and application of Cas9 for multiplexed editing of human cells.

{8644} Applicants have provided a buman codon-optimized, nuclear localization sequence-
flanked Cas9 to facilitate cukaryotic gene editing. Applicants describe considerations for
designing the 20-nt guide sequence, protocols for rapid construction and functional validation of
sgRMNAs, and finally use of the Cas9 nuclease to mediate both NHEJ- and HDR-based genome
modifications in hursan embryonic kidney (HEK-293FT) and buman stem cell (HUESYS) lines.
This protocol can likewise be applied to other cell types and organisms.

[3645] Target selection for sgRNA: There are two main considerations in the selection of the
20-nt guide sequence for gene targeting: 1) the target sequence should precede the §7-NGG PAM
for 8. pyogenes {(as?, 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 wuitable target sites. To experimentally assess off-target modifications for each

231



WO 2015/089465 PCT/US2014/070135

sgRNA, Applicants also provide computationally predicted off-target sites for cach intended
target, ranked according to Applicants’ quantitative specificity analysis on the effects of base-
pairing mismatch identity, position, and distribution.

[8646] The detailed mformation on computationally predicted off-target sites is as follows:
[6647] Considerations for Off-target Cleavage Activities: Similar to other nucleases, Cas9
can cleave off-target DNA targets in the genome at reduced frequencies. The extent to which a
given guide scquence exhibit off-target activity depends on a combination of factors including
enzyme concentration, thermodynamics of the specific guide sequence employed, and the
abundance of simpilar sequences in the target genome. For routine apphication 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.

[3648] Minimizing off-target activity: For application in cell lines, Apphicants recommend
following two steps to reduce the degree of offdarget genome modification. First, using
Apphicants” online CRISPR target selection tool, it is possible to computationally assess the
likelihood of a given guide sequence to have off-target sites. These analyses are performed
through an exhauvstive search in the genome for off-target sequences that are similar sequences as
the guide sequence. Comprehensive oxperimental investigation of the offect of mismatching
bases between the sgRNA and its target DNA revealed that mismatch tolerance is 1) position
dependent — the 8-14 bp on the 37 end of the guide sequence are less tolerant of mismatches than
the 57 bases, 2) quantity dependent — 1o general more than 3 mismatches are not tolerated, 3)
guide sequence dependent — some guide sequences are {oss tolerant of mismatches than others,
and 4) concentration dependent — off-target cleavage is highly sensitive to the amount of
transfected DMNA. The Applicants” target site analysis web tool {available at the website genome-
engincering. 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 fo minimize off-target activity.

13649 Detection of off-target activities: Using Applicants” CRISPR targeting web tool, it is
possible to generate a list of most likely off-target sites as well as primers performing
SURVEYOR or sequencing analysis of those sites. For isogenic clones gencrated using Cas9,
Applicants strongly recommend sequencing these candidate off-target sites to check for any
undesired mutations. It is worth noting that there may be off target modifications in sites that are
not inchuded 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
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DSBs are induced within the same genome, there may be low rates of transiocation events and
can be evaluated using a variety of techniques such as deep sequencing.

[8650] The online tool provides the sequences for all oligos and primers necessary for 1)
preparing the sgRNA constructs, 2) assaying target modification efficiency, and 3) assessing
cleavage at potential off-target sites. It 1s worth noting that because the U6 RNA polymerase I
promoter used 1o express the sgRNA prefers a guanine () nucleotide as the first base of s
transcript, an extra GG is appended at the 5° of the sgRINA where the 20-nt guide sequence does
not begin with G.

8651} Approaches for sgRNA construction and delivery: Depending on the destred
application, sgRNAs may be delivered as either 1) PCR amplicons containing an expression
cassette or 2) sgRNA-expressing plasmids. PCR-based sgRNA delivery appends the custom
sgRNA sequence onto the reverse PCR primer used to amplify a U6 promoter template. The
resuiting amplicon may be co-transfected with a plasmid containing Cas9 (PX165). This method
is optirnal for rapid screening of multiple candidate sgRNAs, as cell transtections for functional
testing can be performed mere hours afier obtaining the sgRNA-encoding primers. Because this
simple method obviates the need for plasroid-based cloning and sequence verification, it is well
suited for testing or co-transfecting a large number of sgRNAs for generating large knockout
hibraries or other scale-sensitive applications. Note that the sgRNA-encoding primers are over
100-bp, compared to the ~20-bp oligos requiired for plasmid-based sgRNA delivery.

136531 Construction of aun expression plasmid for sgRNA is also sivaple and rapid, involving
a single cloning step with a pair of partially complementary oligonucleotides. After annealing the
oligo pairs, the resulting guide sequences may be iuserted 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 in vive delivery.

[8653] In addition to PCR and plasmid-based delivery methods, both Cas® and sgRNA can
be introdoced into cells as RNA.

13654 Design of repair tomplate: Traditionally, targeted DNA modifications have required
use of plasmid-based donor repair templates that contain homology arms flanking the site of
alteration. The homology arms on each side can vary in length, but are typically longer than 540
bp. This method can be used to generate large modifications, including insertion of reporter
genes such as fhuorescent proteing or antibiotic resistance markers, The design and construction

of targeting plasmids has been described elsewhere.
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[36535] More recently, single-stranded DNA oligonucieotides {ssODNs) have been used in
place of targeting plasmids for short modifications within a defined locus without cloning. To
achiceve high HDR efficiencies, ssODNs contain flanking sequences of at lcast 40 bp on each
side that are homologous to the target region, and can be oriented in either the sense or antisense
direction relative to the target locus.

{3656} Functional testing

136571 SURVEYOR nuclease assay: Applicants detected indel mutations either by the
SURVEYOR nuclease assay {or PCR amplicon sequencing. Applicants online CRISPR target
design tool provides recoramended primers 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 amplicons using NCBI Primer-BLAST. SURVEYOR
primers should be designed to amphify 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 melting temperatures of ~60°C. Applicants recommend testing
cach pair of candidate primers for specific PCR amplicons as well as for the absence of nou-
specific cleavage during the SURVEYOR muclease digestion process.

16658] Plasmid- or ssODN-mediated HDR: HDR can be detected via PCR-amplification and
sequencing of the modified region. PCR privoers for this purpose should anneal outside the
region spanned by the homology arms to avoid false detection of residual repatr teroplate (HDR
Fwd and Rev, Fig. 30). For ssODN-mediated HDR, SURVEYOR PCR primers can be used.
(08659} Detection of ndels or HDR by sequencing: Applicants detected targeted genome
modifications by cither Sanger or unext-generation deep sequencing (NGS). For the former,
genomic DNA from modified region can be amplified using either SURVEYOR or HDR
primers. Amplicons should be subcloned into a plasmid such as pUCIY for transformation;
individual colonies can be sequenced to reveal clonal genotype.

86601 Applicants  desigoed  next-generation  sequencing (NGS) primers  for shorter
amplicons, typically in the 100-200 bp size range. For detecting NHEJ mutations, it is important
to design primers with at least 13-20 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 1o
attach barcoded adapters for multiplex deep sequencing. Applicants recommend the Hlumina

platform, due to its genecrally low levels of false positive indels. Off-target analysis (deseribed
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previously) can then be performed through read alignment programs such as ClustalW,

Geneious, ot sirople sequence analysis scripis.

Materials angd Reagents

[0661]

sgRNA preparation:

UltraPure DNaseRNase-free distiied water (Life Technologies, cat. no. 10977-023)

Herculase I fusion polyroerase {Agilent Technologies, cat. no. 600679)

CRITICAL. Standard Tag polymerase, which lacks 3°-5° exomuclease proofreading
activity, has lower fidelity and can lead to amplification errors. Herculase 11 is
a high-fidelity polymerase (equuvalent fidelity to Pfi) that produces high
yiclds of PCR product with minimal optimization. Other high-fidelity
polymerases may be substituted.

Herculase Il reaction buffer (5x; Agilent Technologies, included with polymerase)

ANTP solution mix (25 roM each; Enzyroatics, cat. no. N205SL)

MgCI2 (25mM; ThermoScientific, cat, no. RO971)

lAquick gel extraction kit (Qiagen, cat. no. 28704)

CTAprep spin muniprep kit (Qiagen, cat. no. 27106)

UltraPure TBE bufter (10X Life Technologies, cat. no. 15581-028)

SeakKem LE agarose (Lonza, cat. no. S0004)

SYBR Sate DNA stain (10,000x; Life Technologies, cat. no. S33102)

I-kb Plus DNA ladder (Life Technologies, cat. no. 10787-018)

Trackit CyanOrange loading buffer (Life Technologices, cat. no. 10482-028)

FastDigest Bbsi {Bpil) (Fermentas/ThermoScientific, cat. no. FD1{14)

Fermentas Tango Buffer (Fermentas/ThermoScientific, cat. no. BYS)

DL-dithiothreitol (OTT; Fermentas/ThermoScientific, cat. no. RO862)

T7 DNA ligase (Enzymatics, cat. no. L602L)

Critical:Do not substitute the more commonly used T4 ligase. T7 ligase has 1,000-
fold higher activity on the sticky ends than on the blunt ends and higher
overal activity than commeercially available concentrated T4 ligases.

T7 2X Rapid Ligation Buffer (inchuded with T7 DNA ligase, Enzymatics, cat. no.
L6G2L)

T4 Polynucleotide Kinase (New England Biolabs, cat. no MO2018)

T4 DNA Ligase Reaction Buffer (10X; New England Biolabs, cat. no B02028)
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10662

[0663]

Adenosine § -triphosphate (10 mM; New England Biolabs, cat. no. PO7565)

PlasmidSafe ATP-dependent DNase (Epicentre, cat. no. E3101K)

One Shot Stbl3 chemically competent Escherichia coli {E. coli) {Life Technologies,
cat, no. C7373-03)

SOC mediam (New England Biolabs, cat. no. BO0205)

LB medivm {Sigroa, cat. no. L.3022)

LB agar medium (Sigma, cat. no. L2897}

Asmpicillin, sterite filtered (100 mg mil-1; Sigma, cat. no. A5354)

Mammalian celf cultures

HEK293FT cells (Life Technologies, cat. no. R700-07)

Driibecco’s minimum Fagle’s mediom (DMEM, 1X, high glucose; Life Technologies,
cat, no. 10313-039)

Dulbeceo’s minimum Hagle’s mediurn (DMEM, 1X, high ghicose, no phenol red;
Lite Technologies, cat. no. 31053-028)

Dulbecco’s phosphate-buffered saline (DPBS, 1X; Life Technologies, cat. no. 14190
250}

Fetal bovine serum, qualified and heat inactivated (Life Technologies, cat. no. 10438~
034}

Opti-MEM I reduced-serom medium (FBS; Life Techoologies, cat. no. 11083-021)

Penicillin-streptoroyein (100x; Life Technologies, cat. vo. 15140-163)

TrypLE™ Express (1X, no Phenol Red; Life Technologies, cat. no. 12604-013)

Lipofectamine 2000 transtection reagent (Life Technologies, cat. no. 1166R8027)

Amaxa SF Cell Line 4D-Nucleofector® X Kit 5 (32 RCT; Lonza, cat. no V4XC-
20323

HUES 9 cell line (HARVARD STEM CELL SCIENCE)

Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matnix (Life
Technologies, cat. no. A1413200)

mTeSR1 medium (Stemcell Technologies, cat. no. 05850}

Accutase cell detachment solution (Stemcell Technologies, cat. no. §7928)

ROCK fuhihitor (Y-27632; Millipore, cat. no. SCMO7S)

Amaxa P3 Primary Cell 4D-Nucleofector® X Kit 8 (32 RCT; Lonza cat. no. V4XP-
30323

Genotyping analysis:
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[0664]

QuickExtract DNA extraction solution {Epicentre, cat. no. QEG9050)

PCR primers for SURVEYOR, RFLP analysis, or sequencing (see Primer table)

Herculase I fusion polymerase { Agilent Technologies, cat. no. 600679)

CRITICAL. As Surveyor assay I8 sensitive to single-base mismatches, it s
particularly mmportant to use a high-fidelity polymerase. Other high-fidelity
polymerases roay be substituted.

Herculase Il reaction buffer (5x; Agilent Technologies, included with polymerase)

dANTP solution mix (25 mM cach; Enzymatics, cat. no. N205L)

QlAquick gel extraction kit (Qiagen, cat. no. 28704)

Taq Bufter (10x; Genscript, cat. no. BO0OS)

SURVEYOR mutation detection kit for standard gel electrophoresis (Transgenomic,
cat. no. 706025)

UltraPure TBE buffer (10x; Life Technologics, cat. no. 15581-02%)

SeaKem LE agarose (Lonza, cat. no. 50004)

4-28% TBE Gels 1.0 mm, 15 Well (Life Technologies, cat. no. EC62255BOX)

Novex® Hi-Density TBE Sample Buffer (5X; Life Technologices, cat. no. LC6678)

SYBR Gold Nucleic Acid Gel Stain (10,000 Life Technologics, cat. no. S-11494;

I-kb Plus DNA ladder (Life Technologies, cat. no. 10787-318)

Tracklt CvanOrange loading butfer (Lite Technologies, cat. no. 10482-028)

FastDigest Hindl] (Fermentas/ThermoScientific, cat. no. FDO504)

Equipment

Filtered sterile pipette tips (Coming)

Standard 1.5mi microcentrifuge tubes {(Eppendorf, cat. no. 0030 125.150)

Axygen 96-well PCR plates (VWR, cat. no. PCR-96M2-HSC)

Axygen 8-Strip PCR tubes (Fischer Scientific, cat. no. 14-222-230)

Petri dishes (60 mm x 15 mm; BD Biosciences, cat. no. 351007)
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96-well  thermocycler with programmable temperature stepping  functionality
{Applied Biosystems Verifi, cat. no. 4375786).

Desktop microcentrifuges 5424, 5804 (Eppendorf)

Gel electrophoresis sysiem {PowerPac basic power supply, Bio-Rad, cat. no. 164-
5056, and Sub-Cell GT System gel tray, Bio-Rad, cat. no. 170-4401)

MNovex XCell SureLock Mini-Cell (Life Techuologies, cat. no. EIO001)

Digital gel imaging systern {GelDoc EZ, Bio-Rad, cat. no. 170-8270, and blue sample
tray, Bio-Rad, cat. no. 170-8273)

Bluae light transilluminator and orange filter goggles (Safelmager 2.0; Invitrogen, cat.
no. G6600)

Gel quantification software (Bio-Rad, ImageLab, included with GelDoc EZ,or open-
source fmaged from the National nstitutes of Health, available at the website
rsbweb.nih.gov/iyy UV spectrophotometer  (Nanolrop 2000c, Thermo
Scientific)

Reagent Setup

[8665] Tris-borate EDTA (TBE) clectrophoresis solution Dilute TBE bufter in distilled
water to 1X working sohution for casting agarose gels and for use as  a buffer for gel
clectrophoresis. Buffer may be stored at room temperature (18 — 22 °C) for at least 1 year.

. ATP, 10 oM Divide 10 mM ATP into 50-pd aliquots and store at — 20 °C for
up to | year; avoid repeated freeze-thaw cycles.

s DFT, 10 mM Prepare 10 mM DTT solution in distitied water and store in 20-
wl aliquots at — 70 °C for up to 2 years; for each reaction, use a new aliquot, as
DTT is casily oxidized.

. D10 culture medium For culture of HEKZ93FT cells, prepare DO culture
medium by supplementing DMEM with 11X GlutaMAX and 10% {vol/vol)
fetal bovine serum. As indicated in the protocol, this medium can alsoe be
supplemented with 1X penicillin-streptomycin . D10 medium can be made in
advance and stored at 4 °C for up to 1 month,

. mTeSR1 culture mediumn For culture of human embryonic stem cells, prepare
mTeSR1 medium by supplementing the SX supplement (included with

mTeSR1 basal medium), and 100 ug/ml Normocin.
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Procedure

[3666] Design of targeting coraponents and use of the online tool « Tiuing | d
136671 i Input target genomic DNA sequence. Applicants provide an online Cas9 targeting
design tool that takes an input sequence of interest, identifics and ranks suitable target sites, and
computationally predicts off-target sites for cach intended target. Alternatively, one can
manually select guide sequence by identitying the 20-bp sequence divectly upsirears of any §°-
NGG.
[8668] 2} Order necessary oligos and primers as specified by the online tool. If the site is
chosen manually, the oligos and primers should be designed.
3669 Preparation of sgRNA expression construct
{3676} 3i To generate the sgRNA expression construct, either the PCR- or plasmid-based
protocol can be used.
{A) via PCR amplification » Tioung 2 h
{1y Applicants prepare dilted U6 PCR template. Applicants recommend using
PX330 as a PCR tomplate, bat any Ub-containing plasmid may
likewise he used as the PCR template. Applicants diluted template
with ddH,0O to a concentration of 10 ng/ul. Note that if a plasmid or
cassetie 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 intended sgRNA and no trace sgRNA camryover from
template.
{11} Applicants prepared diluted PCR oliges. U6-Fwd and Ub-sgRNA-Rev
primers are dituted to a final concentration of 10 uM n ddHO (add 10
ul of 100 uM primer to 90 ul ddH,O).
(111} Ub-sgRNA PCR reaction. Applicants set up the following reaction for

each Ub-sgRNA-Rev primer and mastermix as needed:

Compounent: Awmount (ul) Final concentration
Herculase 11 PCR buffer, 5X 16 1X

dNTP, 100mM (25mM cach) 6.5 1 oM

U6 template (PX330%) 1 3.2 ng/ul

U6-Fwd priraer ] 0.2 uM
Us-sgRNA-Rev primer (variable}) 1 0.2 uM

Herculase 11 Fusion polyraerase 6.5

Distilled water 3

Total 50
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{(iv) Applicants performed PCR reaction on the reactions from step (iil) using

the following cycling conditions:

Cyele number Dienature Anncal Extend

i 95°C, 2 m

2-31 95°C, 20 s 60°C, 208 72°C, 208
32 72°C, 3m

(v} After the reaction i1s completed, Applicants ran the product on a gel to
verity successful, single-band araplification. Cast a 2% (wt/vol)
agarose gol in 1 X TBE buffer with 1X SYBR Safe dye. Run 5 ul of the
PCR product in the gel at 15 V em-1 for 20-38 min. Successful
amplicons should yield one single 370-bp product and the template
should be 1nvisible. It should not be necessary to gel extract the PCR
amplicon,

{(vi) Apphcants purified the PCR product wsing the QlAquick PCR
purification kit according to the manufacturer’s directions. Elute the
DONA 1n 35 ol of Buffer EB or water. Purified PCR products may be

stored at 4°C or -20°C.

(B) Cloning sgRNA into Cas9-containing bicistronic expression vector » Timing 3 d

(1) Prepare the sgRNA oligo inserts. Applicants resuspended the top and
bottom strands of oligos for each sgRNA design to a3 final

concentration of 100 uM. Phosphorylate and anneal the oligo as

follows:
Oligo 1 {100 uM) 1 ul
Oligo 2 (100 uM) ful
T4 Ligation Buffer, 10X tul
T4 PNK tal
ddH,O 6 ul
Total 10 ul

(i1} Anneal in a thermocycler using the foliowing parameters:

37°C for 30 m

95°C for S m

Ramp down to 25°C at $°C perm

{111} Applicants diluted phosphorylated and annealed oligos 1:200 by add Iul

of oligo to 199 ul room temperature ddH,0.
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(iv} Clone sgRNA oligo into PX33{. Applicants set up Golden Gate reaction

for cach sgRNA. Applicants recommend also setting up a no-insert,

PX330 only negative control.

PX3390 {100 ng) x ul
Diluted oligo duplex frora step (it1) 2 ul
Tango Buffer, 10X 2ul
DTT, 10mM 1l
ATP, 10mM 1ul
FastDyigest Bbs| tul
T7 Ligase 0.5 ui
ddH;0 ¥ ul
Total 20 ul

(v} Incubate the Golden Gate reaction for a total of 1 he

Cycle mumber Condition
1-6 37°Cfor Sm, 21°C for S m

{vi) Applicants treated Golden Gate reaction with PlasmidSafe exonuclease to

digest any residual linearized DNA. This step is optional but highly
recommended.

Golden Gate reaction from step 4 11 ul

10X PlasmidSafe Buffer 1.5ul
ATP, 10 mM .54l
PlasmidSafe exonuclease I ul

Total 15ul

{vii} Applicanis incubated the PlasmidSafe reaction at 37°C for 30 min,

{viil)

followed by inactivation at 70°C for 30 min. Pause peint: afler
comapletion, the reaction may be frozen and continued later. The
circular DINA should be stable for at least | week.

Transformation.  Apphcants  transformed  the PlasmidSafe-treated
plasmid nto a competent F. cofi strain, according to the protocol
supplied with the cells. Applicants recommend Stbi3 for quick
transformation. Briefly, Applicants added Sul of the product from step
{vii} into 20ul of ice-cold chemically cornpetent Sthi3 cells. This is
then incubated on ice for 10 m, heat shocked at 42°C for 30 s, retumed
immediately to ice for 2 m, 100 ul of SOC medium is added, and this
is plated onto an LB plate containing 100 ug/mi ampicillin with

mcubation overnight at 37°C.
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(ix) Day 2: Applicants inspected plates for colony growth. Typically, there are
no colonies on the negative control plates (ligation of Bbsl-digested
PX330 only, no anncaled sgRNA oligo), and tens to hundreds of
colonies on the PX330-sgRNA cloning plates.

{x) From cach plate, Applicants picked 2-3 colonies to check correct insertion
of sgRMNA. Applicants used 2 sterile pipette tip to inoculate a single
colony into a 3 mi culture of LB medium with 100 ug/m! ampicillin,
Incubate and shake at 37°C overnight.

{xiy Day 3: Applicants isolated plasmid DNA from overnight cultures using a
QiAprep  Spin miniprep kit according to  the manufacturer’s
instructions.

(xit) Sequence validate CRISPR plasmid. Applicants verified the sequence of
cach colony by sequencing from the U6 promoter using the UdS-Fwd

primer. Optional: sequence the CasY gene using primers listed in the

following Primer table.

Primer Sequence (8t 31} Purpose
Amplify U6-
L6-For GAGGGCCTATTTCCCATGATTCC SgRNA

AAAAAAAGCACCCGACTCGOGTGCCACTTTTTCAAGTTGA
TAACGGACTAGCCTTATTTITAACTTGCTATTITICTAG
CTCTAAAACNNNNNNNNNNNNMNNNNNNCCGGTGTTTC

Ub-Rev GTCCTTTCCACAAG

Aroplify UG-
sgRNA; N 18
FOVETSe
complement of
target

SgRNA- Clone sgRNA
top CACCOMNNNNMMNNNMNNNNNMNNNMN into PX330
sgRNA- Clone sgRNA
bottom AAACNNNNNNNNNNNNNNNNNNNC intg PX330
AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGA
Ue6- TAACGGACTAGCCTTATTTTAACTTGCTATTTCTAG
EMXI- CTCTAAAACCCCTAGTCATTGGAGGTCACCGGTGITTCG | Amplify Ub-
Rev TCCTTTCCACAAG EMX 1 sgRNA
Clone EMX1
sgRNA into
EMXi-top | CACCOTCACCTCCAATGACTAGGG PX330
Clone EMX1
EMXL- sgRNA into
bottom AAACCCCTAGTCATTGGAGGTGAC PX330
CAGAAGAAGAAGGGCTCCCATCACATCAACCGGTGGCG | EMXT HDR
CATTGCCACGAAGCAGGCCAATGGGGAGGACATC {sense;
ssODN- GATGTCACCTCCAATGACAAGCTIGCTAGCGGTGGGCA | insertion
SEnse ACCACAAACCCACGAGGGCAGAGTOCTGCTTGCTO underlined)




WO 2015/089465

PCT/US2014/070135

CTGGCCAGGCCCCTGCGTGGGUCCAAGCTGGACTITGE
CCACTCCCY
AGGGAGTGGCCAGAGTCCAGCTTGGGCCCACGCAGGGG
CCTGGCCAGCAGCAAGCAGCACTCTGCCCTCGTG
GOTTTGTGOTTGCCCACCGLTAGCAAGCTTIGTCATTGGA | EMX1THDR
GGTGACATCGATGTCCTCCCCATTGGCCTGLTTCG (antisense;
ssODN- TGGCAATGCGCCACCGOGTTGATGTGATGGGAGCCCTTC | insertion
antisense | TTUTTCTG underfined)
EMX1
SURVEYOR
EMX1- assay PCR,
SURV-F | CCATCCCCTTCTGTGAATGT sequencing
EMX1
SURVEYOR
EMX1- assay PCR,
SURV-R | GGAGATTGGAGACACOGGAGA sequencing
EMX1 RFLP
EMX1- analysis PCR,
HDR-F COCTCCCTGGOTTCAAAGTA sequencing
EMX1 RFLP
EMX1- analysis PCR,
HDR-R AGAGGGOTCTGGATGETCGTAA sequencing
pliC1e
multiple
cloning stic F
primer, for
Sanger
plUICIO-F | CGCCAGGUGTTTTCCCAGTCACGAC sequencing

(6671 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 map in GenBank vector

map forrat (*.gb file) can be found at the webstie crispr.genome-enginecring.org.
{Optional) Design of ssODN template « Timing 3 d planning abead

[3672] 31 Design and order ssODN. Either the sense or antisense ssCDN can be purchased
directly from supplier. Applicants recomrmend designing bomology arms of at least 40 bp on
cither side and 90 bp for optireal HDR cfficicncy. Tn Applicants’ expericuce, antisense oligos
have slightly higher modification efficiencies.

16673} 41 Applicants resuspended and difuted ssOBN ultramers to a final concentration of 10

uM. Do not combine or anneal the sense and antisense ssODNs. Store at -20°C.
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16674} 5i Note for HDR applications, Applicants recommend cloning sgRNA into the PX33(

plasroid.
Functienal validation of sgRNMNAs: cell culture and transfections » Timing 3-4 d

13675] The CRISPR-Cas system has been used in a number of mammalian cell lines,
Conditions may vary for each cell live. The protocols below details transfection conditions for
HEKZ2I9FT cells. Note for ssODN-mediated HDR transfoctions, the Amaxa SF Cell Line
Nucleofector Kit is used for optimal delivery of ssODNs, This is deseribed in the next section.
{6676} TV HEK293IFT mainienance, Cells are maintained according to the manufacturer’s
recommendations. Briefly, Apphcants cultured cells in DI0 mediom (GlotaMax DMEM
supplemented with 10% Fetal Bovine Serum), at 37°C and 5% CO2.
{86771 8i To passage, Applicants removed medium and rinsed once by gently adding DPRS
to side of vessel, so as not to dislodge cells. Applicants added 2 mi of TrypLE to a T75 flask and
incubated for 5 moat 37°C. 10 ml of warm D10 medium is added to inactivate and transferred to
a 50 ml Falcon tbe. Applicants dissociated cells by triturating geantly, and re-seeded new flasks
as necessary. Applicants typically passage cells every 2-3 d at a split ratio of 1:4 or 1:8, never
alowing cells {0 reach more than 70% confluency. Cell Hines are restarted upon reaching passage
nurnber 15,
6678} 9 Frepare cells for iransfeciion. Applicants plated well-dissociated colls onto 24-well
plates in D10 medium without antibiotics 16-24 h before transfection at a seeding density of 1.3
x 10° colls 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.
86791 [0 On the day of transtection, cells are optimal at 70-90% confhiency. Cells may be
transtfected with Lipofectamine 2000 or Arsaxa SF Cell Line Nucleofector Kit according to the
mamifacturers’ protocols.

(A) For sgRNAs cloned into PX330, Applicants transfected 500 ng of sequence-

verified CRISPR plasmid; if transfecting roore than one plasnud, mix at
equimolar ratio and no more than 500 ng total.

(B) For sgRINA amplified by PCR, Applicants mixed the following:

PX165 (CasY only) 200 ng
sgRNA amplicon (cach) 40 ng
pUCIH 1l up total DNA to 500 ng
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{3680 Applicants recommend transfecting in technical triplicates for reliable quantification
and including transfection controls {e.g. GFP plasmid) to monitor transfection efficiency. In
addition, PX330 cloning plasmid and/or sgRNA amplicon may be transfected alone as 3 negative
control for downstream functional assays,
{6681} 11} Applicants added Lipofectamine comaplex to cells gently as HEK293FT cells may
detach easily from plate easily and result in fower transtection efficiency.
[6682] 12} Applicants checked cells 24 h after transtection for efficiency by estimating the
fraction of fluyorescent cells in the control {c.g, GFP) transfection using a fluorcscence
microscope. Typically cells are more than 70% transfected.
{3683} 131 Apphicants supplemented the culture medivm with an additional 580 ul of warm
D10 medium. Add D16 very slowly to the side of the well and do not use cold medium, as cells
can detach casily,
[6684] 14} Cells are incubated for a total of 48-72 h post-transfection before harvested for
indel analysis. Indel efficiency does not increasc noticeably afier 48 h.
{Optional) Co-transfection of CRISPR plasmids and ssQDNs or targeting plasmids for HR
» Timing 3-4 d
[3685] 15) Linearize targeting plasmid. Targeting vector s linearized if possible by cutting
once at a restriction site in the vector backbone near one of the homology arms or at the distal
end of either homology arm.
[3686] 16} Applicants ran a small amount of the linearized plasmid alongside uncat plasmd
on a 0.8-1% agarose gel to check successtul linearization. Livearized plasmoid should run above
the supercoiled plasmid.
[3687] 17} Applicants purified lingarized plasmid with the QIAQuick PCR Parification kit,
[368E] IR} Prepare cells for transfection. Applicants cultured HEKZ93FT 1o T73 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.
[3689] [9] Prepare plates for transfection. Apphicants added | md of warm D10 medium into
cach well of a 12 well plate. Plates are placed into the incubator to keep mediurg warm.
{36940 201 Nucleofection. Applicants transfected HEK293FT cells according to the Amaxa
SF Cell Line Nucieofector 4D Kit manufacturer’s instructions, adapted in the steps below.

a. For ssODN and CRISPR cotransfoction, pre-mix the following DNA in PCR tubes:

pCRISPR plasmid (Cas? + sgRNA)Y 500 ng

)
i
(o]
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ssODN template (10ub) 1ul

b. For HDR targeting plasmid and CRISPR cotransfection, pre-mix the following
DNA in PCR tubes:
CRISPR plasmid (Cas9 + sgRNA} 500 ng

Linearized targeting plasmid S0 ng

{3691} For transfection controls, see previous section. In addition, Applicants recommend
transfecting ssODN or targeting plasmid alone as a negative control.

8692} 21} Dissociate to single cells. Applicants removed mediurg and rinsed once geuntly
with DPBS, taking care not to dislodge cells. 2 mi of TrypLE is added to a T75 flask and
incubated for 5 m at 37°C. 18 mi of warm D10 medium is added to inactivate and triturated
gently in a 50 ml Falcon tube. It is reconwuended that cells are triturated geotly and dissociated
to single cells. Large clumps will reduce transfection efficiency. Applicants took a 10 ul aliquot
from the suspension and diluted into 90 ol of D10 medium for counting. Applicants counted celis
and calculated the mimber of cells and volurse of suspension needed for transfection. Applicants
typically transfected 2 x 107 colls per condition using the Amaxa Nucleocuvetie strips, and
recommend calculating for 20% more cells than required to adjust for volume loss in subsequent
pipetting steps. The volame needed is trapsferred into a new Falcon tube.

[6683] 231 Apphicants spun down the new tube at 200 x g for S m.

136941 Applicants prepared the transfection solution by mixing the SF solution and 51
supplement as recommended by Amaxa. For Amaxa stirip-cuvettes, a total of 20 ul of
supplemented SF solution is needed per transfection. Likewise, Applicants recommend
calculating for 20% more volume than required.

[8695] 251 Applicants removed mediom completely from pelleted cells from step 23 and
gently resuspended in appropriate volume (20 uf per 2 x 10 cells) of Sl-supplemented SF
solution. Do pot teave cells 1n SF solution for extended period of time.,

8696} 261 20 ul of resuspended cells is pipetted into cach DNA pre-mix from step 20.
Pipette gently to mix and transfer to Nucleocuvette strip chamber. This is repeated for each
transfection condition.

18697] Electroporate cells using the Nucleotector 413 program recommended by Amaxa,
CM-130.

{66938} 281 Applicants gently and slowly pipetted 160 ul of warm D10 medium into each

Mucleocuvette strip chamber, and transforred all volume into the pre-warmed plate from step 19
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CRITICAL. Cells are very fragile at this stage and harsh pipetting can cause cell death. Incubate
for 24 b. At this point, transfection efficiency can be estimated from fraction of fluorescent cells
in positive transfection control. Nucleofection typically results in greater than 70-80%
transfection efficiency. Applicants slowly added 1 ml warm D10 medium to each well without
dislodging the cells. Incubate cells for a total of 72 b

LSS Huran erabryonic stem cell (HUES 9) culture and transfection = Timing 3-4 d

{6700} Maintaining hESC (HUESS) line. Applicants routinely maintain HUESY cell line in
teeder-free conditions with mTesR1 medium, Applicants prepared mTeSRI mediuom by adding
the 53X supplement included with basal mediom and 100 ug/ral Normoocin, Applicants prepared a
10 ml aliguot of mTeSR1 medinm supplemented further with 10 uM Rock Inhibitor. Coat tissue
cutture plate. Dilute cold GelTrex 1:100 in cold DMEM and coat the entire surface of a 100 mm
tissue culture plate.

16701 Place plate in incubator for at least 30 nat 37°C. Thaw out a vial of cells at 37°C
a 15 ml Falcon tube, add 5 ml of mTeSR1 medium, and pellet at 200 x g for 5 m.  Aspirate off
GelTrex coating and seed ~1 x 106 cells with 10 ml mTeSR1 medium containing Rock Inhibitor.
Change to normal mTeSR1 medium 24 b atter transfection and re-feed daily. Passaging cells.
Re-feed cells with fresh mTeSRI medium daily and passage before reaching 70% confluency.
Aspirate off mTeSRI medium and wash cells once with DPBS. Dissociate cells by adding 2 mi
Accutase and incubating at 37°C for 3 — 5 m. Add 10 ml mTeSRT medium to detached cells,
fransfer to 15 rol Falcou tube and resuspend gently. Re-plate onto GelTrex-coated plates in
mTeSRI medium with 10 uM Rock Inhibitor. Change to normal mTeSR1 medium 24 h after
plating.

[8702] Transfection. Applicants recommend culturing cells for at least T week post-thaw
before transfecting using the Amaxa P3 Primary Cell 4-D Nucleofector 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 celis needed for nucleofection and spin down at 200 x g for 5 m. Remove medium
completely and resuspend in recommended volume of Si-supplemented P3 nucleofection
sofution. Gently plate electroporated cells into coated plates in presence of 1X Rock Inhibitor,
(8703} Check transfoction success and re-feed daly with regular mTeSR1 medium
beginning 24 h after nucleofection. Typically, Applicants observe greater than 70% transfection
efficiency with Amaxa Nucleofection. Harvest DNA. 48-72 h post transfection, dissociate celis

using accutase and inactivate by adding 5 x vohime of mTeSR1I. Spin cells down at 200 x ¢ for
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5 m. Pelleted cells can be directed processed for DNA extraction with QuickExtract sohution. it
ts recomrended to vot mechanically dissociate cells without accutase. Tt is recoromended to not
spin cells down without inactivating accutase or above the recommended speed; doing so may
cause cells to lyse.

[6704] Isolation of clonal cell Hines by FACS. Timing » 2-3 h hands-on; 2-3 weeks expansion
13705] Clonal isolation may be performed 24 h post-transfection by FACS or by serial
dilution.

8706} 54i Prepare FACS buffer. Cells that do not need sorting using colored fluorescence
may be sorted in regular D10 med supplersented with 1X penicillin/streptivomycin. I
colored fiuorescence sorting is also required, a phenol-free DMEM or DPBS is substituted for
normal DMEM. Supplement with 1X penicillin/streptinomyein and filter through a .22 um
Steniflip filter.

{67071 551 Prepare 96 well plates. Applicants added 100 ol of D10 media supplemented with
1X penicillin/streptinomycin per well and prepared the number of plates as needed for the
desired number of clones.

[B708] 561 Prepare cells for FACS. Apphicants 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.

(6709 37! Resuspended cells are transferred into a 15 mi Falcon tobe and gently triturated 20
fimes. Recornmended to check under the microscope to ensure dissociation to single cells.

(6710} 58} Spin down cells at 200 x g for 5 minutes.

(8711} 591 Applicants aspirated the media, and resuspended the cells in 200 ol of FACS
media.

16712} 601 Cells are filtered through a 35 um mesh filter into fabeled FACS tbes. Applicants
recommend using the BD Falcon 12 x 75 mun Tube with Cell Strainer cap. Place cells on ice
until sorting,

(6713} 611 Applicants sorted single cells nto 96-well plates prepared from step 5SS,
Applicants recommend that in one single designated well on cach plate, sort 100 cells as a
positive control.

[8714] NOTE. The remainder of the cells may be kept and used for gevotyping at the

population level to gauge overall modification efficiency.
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[3715] 621 Applicants returned cells into the incubator and allowed them o expand for 2-3
weeks, 100 ul of warra D10 medium is added 5 d post sorting. Change 100 ul of medium cvery
3-5 d as necessary.

[6716] 631 Colonies are inspected for “clonal” appearance T week post sorting: rounded
colonies radiating from a central point. Mark off wells that ave empty or may have been seeded
with doublets or multiplets.

(6717} 64 When cells are more than 60% confluent, Applicants prepared a set of replica
plates for passaging. 100 ul of DI medim 13 added to cach well in the replica plates.
Applicanis 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 thergafter and passage accordingly.

{37138} 651 Use the remainder 809 of cells for DNA isolation and genotyping.

Optienal: Iselation of clonal cell lines by dilution. Timing » 2-3 h bands-on; 2-3 weeks
expansion

(6719} 66! Applicants dissociated cells from 24-well plates as described above. Make sure to
dissociate to single cells. A cell strainer can be used to prevent clumping of cells.

{6720] 67 The number of cells are counted in cach condition. Serially dilute each condition
in D10 medium to a final concentration of 1.5 cells per 100 ul. For cach 96 well plate, Applicants
recommend diluting to a final count of 60 cells in 12 ml of D10, Accurate count of ¢ell number
is recommended for appropriate clonal dilution, Cells may be recounted at an intermediate serial
dilution stage to ensure acCuracy.

(8721} 68 Multichannel pipette was used to pipette 100 ul of diluted cells to each well of 4
96 well plate.

16722} NOTE. The remainder of the cells may be kept and used for genotyping at the
population level to gauge overall modification efficiency.

i3723] 69 Applicants inspected colonies for “clonal” appearance ~1 weck post plating:
rounded colonies radiating from a central point. Mark off wells that may have seeded with
doublets or multiplets.

{8724} 7801 Applicants returned cells to the ncubator and allowed them to expand for 2-3

weeks. Re-feed cells as needed as detailed in previous section
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SURVEYOR assay for CRISPR cleavage efficiency. Timing ¢« 5-6 h

i3725] Before assaying cleavage efficiency of transfected cells, Applicants recommend
testing cach now SURVEYOR primer on negative {(untransfected) control samples through the
step of SURVEYOR nuclease digestion using the protocol described below. Geocasionally, even
single-band clean SURVEYOR PCR products can vield non-specific SURVEYOR nuclease
cleavage bands and potentially interfere with accurate indel analysis.

13726] 74 Harvest cells for 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.

67271 72} Aspirate the supernatant completely.

(6728 731 Applicants used QuickExtract DNA extraction solution according to the
manufacturer’s instructions. Applicants typically used 50 ul of the solution for each well of a 24
well plate and 10 ul for a 96 well plate.

18729] 74 Applicants normalized extracted DNA to a final concentration of 100-200 ng/ul
with ddH20O. Pause point: Extracted DNA may be stored at -20°C for several months.

(67301 750 Set up the SURVEYOR PCR. Master mix the following using SURVEYOR

primers provided by Applicants online/computer algorithm tool:

Compounent: Amount (ul) Final concentration
Herculase {1 PCR buffer, 5X 10 1X

dNTP, 100mM (25mM cach) i | M
SURVEYOR Fwd primer (10uM) 1 0.2 uM
SURVEYOR Rev primer (10uM) 1 3.2 uM
Herculase 11 Fusion polymerase 1

MgCl, (Z5mM) 2 I mM
Distilled water 33

Total 49 {for each reaction)

{8731} 761 Applicants added 100-200 ng of normalized genomic DNA template from step 74
for cach reaction.
{6732} 77 PCR reaction was performed using the following cyeling conditions, for no more

than 30 amplification cycles:

Cycle number Denature Anneal Extend
1 95°C, 2 min
2-31 95°C, 20 s 60°C, 20 8 72°C, 308



WO 2015/089465 PCT/US2014/070135

32 72°C,) 3 min

{6733} 78! Applicants ran 2-5 vl of PCR product on a 1% gel to check for single-band
product. Although these PCR conditions are desigoed to work with most pairs of SURVEYOR
primers, some primers may need additional optimeization by adjusting the template concentration,
MgCl; concentration, and/or the annealing temperature.

(6734} 791 Applicants purified the PCR reactions using the QIAQuick PCR purification kit

and normalized chuant 1o 20 ng/ul. Pause point: Purificd PCR product may be stored at -20°C.

{§735] B0 DNA heteroduplex formation. The annealing reaction was set up as foliows:
Taq PCR buffer, 10X 2wl
Normalized DNA (20 ng/ul) 18 ul
Total volume ALR

16736} 81! Anneal the reaction using the following conditions:

Cycle number  Condition

i 95°C, 10 mn

2 95°C-85°C, -2°C/s
3 R5°C, T min

4 85°C-75°C, -0.3°Cls
5 75°C, 1 min

6 75°C-65°C, -6.3°C/s
7 65°C, 1 min

8 65°C-55°C, -0.3°C/s
G 55°C, 1 min

i0 S§°C-45°C, -0.3°C/s
1i 45°C, 1 mmn

12 45°C-35°C, 0.3°C/s
13 35°C, 1 min

14 35°C-25°C, -0.3°Cls
15 25°C, I min

{6737} 821 SURVEYOR nuclease 8 digestion. Applicants prepared master-mix and added the
following compounents on ice to annealed heteroduplexes from step 81 for a total final volume of

25 ul:
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Component Armount (ul) Final Concentration
MgCl solution, 0.15M 2.5 15mM

ddH,O 0.5

SURVEYOR nuclease S i IX

SURVEYOR enhancer S | X

Total 5

{§738] 831 Vortex well and spin down. Incubate the reaction at 42°C for | h

{8739} 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 a later time.

67401 851 Visualize the SURVEYOR reaction. SURVEYOR nuclease digestion products
may be visualized on a 2% agarose gel. For better resolution, products may be run on a 4-20%
gradient Polyacrylamide TBE gel. Applicants loaded 10 ul of product with the recommended
toading buffer and ran the gel according to manufacturer’s instructions. Typically, Applicants
run until the bromophenol blue dye has migrated to the botiom of the gel. Inchude DNA ladder
and negative controls on the same gel.

{3741} &6! Applicants stained the gel with 1X SYBR Gold dye diluted in TBE. The gel was
gently rocked for 15 m.

{742} 8§71 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 band sizes, provided by Applicants online/computer algorithm tool,
should be equal to the size of the PCR product.

13743] 881 Estimate the cleavage intensity. Applicants quantified the integrated intensity of
cach band using bmagel or other gel quantification software,

{3744} 89! For each lane, Applicants calculated the fraction of the PCR product cleaved (£l
using the following formula: £, = (b + ¢} /(a + b + ¢}, where a is the integrated intensity of the
undigested PCR product and b and ¢ are the integrated intensities of each cleavage product. 90|
Cleavage efficiency may be estimated using the following formula, based on the binomial
probability distribution of duplex formation:

[0745] 91l indel (%) = 100 X (1 — /{1~ fou DHPSpecs L1|ZZMPTAG|

{3746] Sanger sequencing for assessing CRISPR cleavage efficiency. Timing» 3 d
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(6747

Initial steps are identical to Steps 71-79 of the SURVEYOR assay. Note:

SURVEYOR primers may be used for Sanger sequencing if appropriate restriction sites are

appended to the Forward and Reverse primers. For cloning into the recommended pUCIHS

backbone, EcoRI may be used for the Fwd primer and Hind{ll for the Rev primer.

[6748]

(0749

[6756]

921 dmplicon digesiion. Set up the digestion reaction as follows:

Component Amount (ul}
Fast Digest butter, 10X 3
FastDigest EcoRI i
FastDigest Hindil 1
Normalized DNA (20 ng/ul) 1G
ddH, 0 i5
Total volume 30

931 pUC19 backbone digestion. Set up the digestion reaction as follows:

Component Amount (ul}
Fast Digest buffer, 10X 3
FastDigest EcoRI i
FastDigest Hindil 1
FastAP Alkaline Phosphatase i
pUCHY vector {200 ng/ul) 5

ddH, O 20
Total volume 30

94! Applicants purified the digestion reactions using the QIAQuick PCR purification

kit. Pause point: Porified PCR product may be stored at -20°C.

(0751

951 Applicants higated the digested pUCIH9 backbone and Sanger amplicons at a 1.3

vector:insert ratio as follows:

{omponent Amount (ul)

Digested pUCHY X {50 ng)

Digested insort % {1:3 vector:insert molar ratio)
T7 ligase i

2X Rapid Ligation Buffer 10

ddH,O X

Total volume 20
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18752 96! Transformarion. Applicants transformed the PlasnuidSafe-treated plasmid into a
competent £, coli strain, according to the protocol supplied with the cells. Applicants
recommend Stbi3 for quick transformation. Briefly, 5ul of the product from step 95 15 added wnto
20ul of ice-cold chemically competent Stbi3 cells, incubated on ice for 10 m, heat shocked at
42°C for 30 g, returned immediately to ice for 2 m, 100 ul of SOC medium is added, and plated
onto an LB plate containing 100 ug/mi ampicillin. This is incubated overnight at 37°C.

[3753] 7 Day 2: Applicants inspected plates for colony growth. Typically, there are no
colonics on the negative control plates (ligation of EcoRI-Hindlll digested pUCIY only, no
Sanger amplicon insert), and tens to hundreds of colonies on the pUCI9-Sanger amplicon
cloning plates.

18754] 9%l Day 3: Applicants isolated plasroid DNA from overnight cultures using a
QlAprep Spin miniprep kit according to the manufacturer’s instructions.

[8755] 99 Sanger seguencing. Applicants verified the sequence of cach colony by
sequencing from the pUCIY backbone using the pUCI9-For privaer. Applicants reforenced the
sequencing results against the expected genomic DNA sequence to check for the presence of
Cas9-induced NHEJ mutations. % editing efficiency = (# modified clones)/(# total clones). It is
unportant to pick a reasonable number of clones (>24) to generate accurate modification

efficiencies.
Genatyping for microdeletion. Timing « 2-3 d hands on; 2-3 weeks expansion

756} 100} Cells were transfected as described above with a pair of sgRNAS targeting the
region to be deleted.

187571 101 24 b post-transfection, clonal lines are isolated by FACS or serial dilution as
described above.

16758] 142} Cells are expanded for 2-3 weeks.

(6759 103] Applicants harvested DNA from clonal lines as described above using 10 ul
QuickExtract solution and normalized genomic DNA with ddH,O to a final concentration of 30-
FO0 ng/ul.

[1760] 1041 PCR Amplify the maodified region. The PCR reaction is set up as follows:

Component: Armount (ul) Final concentration

Herculase I PCR buffer, 5X 10 X
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ANTP, 100mM (25mM each} 1 1 mM
Out Fwd primer (10uM) 1 0.2 oM
Out Rev primer {10aM) ] 3.2 uM
Herculase {1 Fusion polymerase 1

MgCi2 (25mM) 2 1 mM
ddH, O 32

Total 48 (for cach reaction)

(0761

Fwd and In-Rev primers to screen for the presence of the wi allele.

Note: if deletion size is more than 1 kb, set up a paralle! set of PCR reactions with In-

(8762} 105 To screen for inversions, a PCR reaction is set up as follows:
Component: Amount (ul) Final concentration
Herculase 1 PCR buffer, $X 10 X
dNTP, 100mM (25mM each) i I mM
Out Fwd or Cut-Rev prirser 1 0.2 uM
{(10uM)
In Fwd or In-Rev primer (10uM} i 0.2 uM
Herculase {1 Fusion polymerase 1
MgCly (25mM) 2 1 mM
ddH,O 32
Total 48 {for each reaction}
8763} MNote: primers are paired either as Out-Fwd + Tn Fwd, or Out-Rev + In-Rev,
[6764] 106] Applicants added 100-200 ng of normalized genomic DNA template from step

103 for each reaction.

(6765}
Cycle number Denature
i 95°C, 2 min
2-31 a5°C, 20 s
32 72°C, 3m

Anneal

60°C, 20 s

(o]

1071 PCR reaction was perforraed using the following cyeling conditions:

Extend

72°C, 308
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{766} 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 prirners, some priroers roay need
additional optimization by adjusting the template concentration, MgCly concentration, and/or the

annealing temperature,
Genotyping for fargeted modifications via HDR. Timing ¢ 2-3 d, 2-3 b hands on

18767] 109 Applicants harvested DNA as described above using QuickExitract solution and
normalized genomic DNA with TE to a final concentration of 100-200 ng/ul.

[6768] VIO POR Amplifv the modified region. The PCR reaction is set up as follows:

Component: Amount (ul) Final concentration
Herculase 11 PCR butter, SX 10 1X

ANTP, 100 mM (25 mM each) I 1 mM

HDR Fwd primer (10 uM) 1 0.2 oM

HDR Rev primer {10 ub) i .2 uM

Herculase 11 Fusion polymerase |

MgCl, 25mM) 2 I mM

ddH,;0 33

Total 49 {for each reaction)

[8769] P11} Applicants added 1{-200 ng of genomic DNA template from step 19 for each

reaction and run the following program.

Cycele number Denature Anneal Extend

1 95°C, 2 min

2-31 95°C, 20 s 60°C, 20 8 72°C, 30-60 s per kb
32 72°C, 3 min

16770} 112} Applicants ran 5 ul of PCR product on a 0.8-1% gel to check for single-band

product. Primers may need additional optimization by adjusting the template concentration,

MgCl concentration, and/or the annealing temperature.

{8771] 113} Applicants purified the PCR reactions vsing the QIAGQuick PCR purification kit

16772} 114} In the HDR example, a Aindlll restriction site 18 inserted inte the EMX1 gene.

These are detected by a restriction digest of the PCR amplicon:
Component Amouant (ul}

Parified PCR amplicon (200-300ng) X
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F.D. buffer, Green 1
HindIff 0.5
ddH2O X
Total 16

137731 . The DNA is digested for 10 m at 37°C:
{8774} it. Applicants ran 10 vl of the digested product with loading dye on a 4-20% gradient
polyacrviamide TBE gel unti] the xylene cyanol band had migrated 1o the bottorn of the gel.
(8775} iii. Applicants stained the gel with 1X SYBR Gold dye while rocking for 15 m.
(8776} tv. The cleavage products are imaged and quantified as described above in the
SURVEYOR assay section. HDR efficiency is estimated by the formmila: (b + ¢)/(a + b + ¢),
where a is the integrated intensity for the undigested HDR PCR product, and b and ¢ are the
integrated intensities for the Hindiil-cut fragments.
87771 P18 Alternatively, purified PCR amplicons from step 113 may be cloned and
genotyped using Sanger sequencing or NGS.
Deep sequencing and off-target analysis » Timing 1 -2 d
16778 The online CRISPR target design tool generates candidate genomic off-target sites for
each identified target site. Off-target analysis at these sites can be performed by SURVEYOR
nuclease assay, Sanger sequencing, or next-generation deep sequencing. Given the likelihood of
low or undetectable maodification rates at many of these sites, Applicants recommend deep
sequencing with the Humina Miseg platform for high sensitivity and accuracy. Protocols will
vary with sequencing platform; here, Applicants briefly describe a fusion PCR method for
attaching sequencing adapiers.
16779 116} Design deep sequencing primers, Next-gencration sequencing (NGS) primers are
designed for shorter amplicons, typically in the 10(-200 bp size range. Primers may be manually
designed using NCBI Primer-Blast or generated with online CRISPR target design tools (website
at genome-cngineering. org/tools).
{6780} 117! Harvest genomic DNA from (Cas9-targeted cells. Normalize QuickExtract
genomic DNA to 100-200 ng/ul with ddH20.
13781} VIS nitial library prepararion PCR. Using the NGS privoers from step 116, prepare
the initial library preparation PCR

Component: Amount (ul} Final concentration

Herculase II PCR buffer, 5X 18 IX
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ANTP, 100mM (25mM each} 1 1 mM

MNGS Fwd primer (10uM) { 0.2 uM

NGS Rev primer {10uM) 1 6.2 uM

Herculase 11 Fusion polymerase

MgCl12 25mM) 2 1 mM

ddH20 33

Total 49 {for each reaction)
{3782} 119] Add 100-200 ng of normalized genomic DNA template for each reaction.
[3783] 1201 Perform PCR reaction using the following cyveling conditions, for no more than
28 amplification cycles:

Cycle number Denature Anncal Extend

1 8957, 2 min

2-21 95°C, 20 5 60°C, 20 s 72°C, 158

22 72°C, 3 min

784} 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
template concendration, MgCh concentration, and/or the annealing temperature.

[3785] 122} Purify the PCR reactions using the QIAQuick PCR purification kit and
normalize cluant to 20 ng/ul. Pause point: Purified PCR product may be stored at -20°C.

[3786] 123} Nextera XT DNA Sample Preparation Kit. Following the mamufacturer’s
protocol, generate Miseq sequencing-ready libraries with unique barcodes for cach sample.
{787} 124} dnalyvze sequencing data. Off-target analysis may be performed through read
alignment programs such as ClustalW, Geneious, or simple sequence analysis scripts.

Timing

{3788} Steps 1 — 2 Design and synthesis of sgRNA oligos and ssODNs: 1-5 4, variable
depending on supplier

(8789} Steps 3 — 5 Constraction of CRISPR plasmid or PCR expression cassette: 2 hto 3 d
14790] Steps 6 — 53 Transfection into cell Hines: 3 d (1 b hands-on time)

16791} Steps 54 — 70 Optional derivation of clonal lines: 1-3 weeks, variable depending on
cell type

137921 Steps 71 — 91 Functional validation of NHEJ via SURVEYOR: 5-6 h



WO 2015/089465 PCT/US2014/070135

{3793} Steps 92 — 124 Genotyping via Sanger or next-gen deep sequencing: 2-3 d (34 h

hands on time)

Addressing Situations Concerning Herein Examples

Situation Solution

No amplification of . o .
v Titrate UG-template concentration

SgRNA
SURVEYOR or HDR PCR | Titrate MgCl12; normalize and titrate teroplate
dirty or no amplification concentration; anncaling temp gradient; redesign primers

Unequal amplification of
alicles in microdeletion
PCRs

Set up separate PCRs to detect wildtype and deletion
alleles; Redesign primers with similar sized amplicons

Increase Bhst; increase Golden Gate reaction cycle
number, cut PX330 separately with Antarctic Phosphate
treatment

Colonies on negative
control plate

No sgRNA sequences or
WIONEZ SSqUences

Screen additional colonies

Low lipotfectamine Check cell health and density; titrate DNA; add GFP
transfection efficiency transfection conirol

Low nucleofection Check cell health and density; titrate BNA; suspend to
transfection efficicncy single cell

Chumps or no cells after Filter cells before FACS; dissociate to single cells;
FACS resuspend in appropriate density

Champs or no cells in serial | Recount cells; dissociate to single cells and filter through
difution strainer; check serial dilution

High SURVEYOR

background on negative Redesign primers to prime from different focations
sammple

Dirty SURVEYOR result | Parify PCR product; reduce input DNA; reduce 42°C
on gel incubation to 30 o

Purify and normalize PCR product; re-anneal with TagB
No SURVEYOR cleavage | buffer; Redesign sgRNAs; sequence verify Cas9 on px330

backboune
Samples do not sink in Supplement with MgCl2 10 a tinal concentration of 15mM
TBE acrylamide gel or add loading buffer containing glycerol

Discussion

137941 CRISPR-Cas may be casily multiplexed to facilitate simultancous modification of

several genes and mediate chromosomal microdeletions at high efficiencies. Applicants used two
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sgRNAs to demonstrate simultancous targeting of the human GRINZB and DYRKIA loci at
cfficicncies of up to 68% n HEK29IFT cells. Likewise, a pair of sgRNAs may be used fo
mediate microdeletions, such as excision of an cxon, which can be genotyped by PCR on a
clonal level. Note that the precise location of exon junctions can vary. Applicanis 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. 30). Note that Applicants have not
been able to detect HDR in HUESY cells using the CasY nickase, which may be due to low
efficiency or a potential difference in repair activities in HUESY cells, Although these vahies are
typical, there is some variability in the cleavage efficiency of a given sgRNA, and on rare
occasions certain sgRNAs may not work for reasons yet unknown. Applicants recommend

designing two sgRNAs for each locus, and testing their efficiencies in the intended cell type.
Example 24: NLSs

1§795] Cas9 Transcriptional Modulator: Applicants set out 1o turn the Cas9/gRNA CRISPR
system into a gencralized DNA binding system in which functions beyond DNA cleavage can be
executed. For instance, by fusing functional domain(s) onto a catalytically inactive Cas9
Applicants have imparted novel functions, sach as trapscriptional activation/repression,
methylation/demethylation, or chromatin modifications. To accornplish this goal Applicants
made a catalytically inactive CasY mutant by changing two residues ossential for nuclease
activity, D10 and HE40, to alanine. By mutating these two residues the nuclease activity of Cas9
ts abolished while maintaining the abilty 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 SIE and KRAB.

[6796] Cas9 Nuclear localization: Applicants hypothesized that the most effective Cas9
transcriptional modulator would be strongly localized to the nucleus where it would have s
greatest influence on transcription. Moreover, any residual Cas9 in the cytoplasm could have
unwanted effects. Applicants determined that wild-type Cas9 does not localize into the nucleus
without including moultiple nuclear localization signals (NLSs) (although a CRISPR system need
not have one or more NLSs but advantageously has at 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, Applicants made four Cas9-VP64-GFP fusion constructs with different NLS

sequences (pXRPOZ- pleonti2-EF1a-NLS-hSpCsnl{10A 840A)-NLS-VP64-EGFP, pXRPO4-

oo
N
<>
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plentiZ-EF1a-NLS-hSpCen1{10A B40A-NLS-VP64-2A-EGFP-NLS, pXRP0O6- pLenti2-EFla-
NLS-EGFP-VP64-NLS-hSpCsu i{10A R40A3-NLS, pXRPOS- plenti2-EF la-NLS-VP64-NLS-
hSpCsn {104, 840A-NLS-VPO4-EGFP-NLS).  These constructs were cloned into a lentd
backbone under the expression of the human EFia promoter. The WPRE element was also added
for more robust protein expression. Each construct was transfected into HEK 293FT cells using
Lipofectame 2000 and tmaged 24 hours post-transfection. The best nuclear localization
obtained when the fusion proteins have NLS sequences on both the N- and C-term of the fusion

protein. The highest observed nuclear localization occurred in the comstruct with four NLS

clements.
(8797} To more robustly understand the influence of NLS clements on Cas9 Applicants

made 16 Cas9-GFP fusions by adding the same alpha importin NLS sequence on either the N- or
C-term looking at zero to three tandem repeats. Fach construct was transfected mto HEK 293FT
cells using Lipofectarae 2000 and iroaged 24 hours post-transfection. Notably, the nursber of
LS eclements does not directly correlate with the extent of nuclear localization. Adding an NLS
on the C-term has a greater influence on nuclear localization than adding on the N-term.

{3798] Cas9 Transcriptional Activator: Applicants functionally tested the Cas9-VP64 protein
by targeting the Sox2 locus and gquantifying transcriptional activation by RT-gPCR. Eight DNA
target sites were chosen to span the promoter of Sox2. Each constract was transfected into HEK
293FT cells using Lipofectarne 2000 and 72 hours post-transfection total RNA was exitracted
frora the cells. 1 ug of RNA was reverse transcribed into ¢DNA (gScript Supermix) in a 40 ul
reaction. 2 ul of reaction product was added into a single 20 ul TagMan assay qPCR reaction.
Each experiment was performed in biological and technical triplicates. No RT countrol and no
template control reactions showed no amphification. Constructs that do not show strong nuclear
localization, pXRPO2 and pXRP(4, result in no activation. For the construct that did show strong
nuclear localization, pXRPO8, moderate activation was observed. Statistically significant

activation was observed in the case of guide RMNAs Sox2.4 and Sox2.5.
Example 25: In Vive Mouse Data

Material and reagents

Herculase II fusion polymerase (Agilent Technologies, cat. no. 660679)
10x NEBuffer 4 (NEB, cat. No. B70048)

Bsal HF (NEB, cat. No. R3535%)

T7 DNA ligase (Enzymatics, cat. no. LoG2L)
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Fast Digest buffer, 10X (ThermoScientific, cat. No. B64)

Fastiyigest Notl {TherraoScicuntific, cat. No. FD05%4)

FastAP Alkaline Phosphatase (ThermoScientific, cat. No. EF0651)

Lipotectamine200{ (Life Technologies, cat. No. 11668-(19)

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 Solution {Sigma, cat. No. H4641-S00ML)

Pemieillin/Streptomycin solution {Life Techuologies, cat. No, P4333)

WNeurobasal (Life Technologies, cat. No. 21103049)

B27 Supplement {Life Technologies, cat. No. 17504044)

L-glutamine {Life Technologies, cat. No. 250300&1)

Glutamate (Sigma, cat. No. RES5063G-AT)

B-mercaptoethano! (Sigma, cat. No. M6250-100ML)

HA rabbit antibody (Celi Signaling, cat. No. 37245)

LIVE/DEAD® Cell Imaging Kit (Life Technologics, cat. No. R37601)

30G World Precision Instrument syringe (World Precision Instrumaents, cat. No.
NANOFIL)

Stereotaxic apparatus (Kopt Instruments)

UltraMicroPamp3 {World Precision Instruments, cat. No, UMP3-4)

Sucrose (Sigma, cat. No. 87903)

Calcium chloride {Sigroa, cat. No. C1016)

Magnesium acetate (Sigrma, cat. No. MO63 1)

Tris-HCI {Sigma, cat. no T5941}3

EDTA {Sigma, cat. No. E6758)

NP-44 (Sigma, cat. Mo, NP4}

Phenylmethanesulfouyl fluoride (Sigma, cat. No. 78830

Magnesium chioride (Sigma, cat. No. ME266)

Potassium chlonde (Sigma, cat. No. P9333)

B -glycerophosphate (Sigma, cat. No. G9422)

Glycerol (Sigma, cat. No. G9012)

Vybrant® DyeCycle™ Ruby Stain (Life technologies, cat. No. §4942)

FACS Aria Fhu-act-cell sorter {Koch Tnstitute of MIT, Cambridge US)

262



WO 2015/089465 PCT/US2014/070135

DNAeasy Blood & Tissue Kit {Qiagen, cat. No. 69504
Procedure

Constructing gRNA mulitiplexes for using in vivo in the brain

J
[6799] 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. 33). To obtain sumultancous modification of several genes in vivo, efficicnt gRNA was
multiplexed in AAV-packaging vector (Fig. 34). To facilitate further analysis of system
efficiency applicants added to the system expression cassette consistent of GFP-KASH domain
fusion protein under control of human Synapsin [ promoter (Fig. 34). This modification allows
for further analysis of system efficiency in neuronal population (more detail procedure 1n section
Sorting nuclei and in vive results).

{68001 Al 4 parts of the system were PCR amplified using Herculase T Fusion polymerase
using following primers

lat ué Fw:

gagggtcetegteettgogygcecegegetagogagggectatttoccatgatte

lat gRNA Ry
cteggteteggtaAAAAAAgcaccgacteggtgecactitttcaagttgataacggactage
”TT%TTdeHCTtQCt&TT CtagctctaazaeNNNNNNNNNNNNNNNNNNNNGGTGTTTC
COTTTOCAC
Znd UG Fwe
gagggtoctoTTTaccggtgagggectatttecccatgattec
Znd JRNA Rv:
ctceggtetectcAAAAAAgcaccgactegygtgecactttttcaagtt sacggacta

gC bttattttaacttﬁm aTTTCtagctectaaaa cNNNNNNNNNNNNNNNNNNNNGGTGTTTC

ol
p A C {

3rd Ue Fw:

gagggtcetcelTTTgagetcgagggectatttceccatgattce
3rd gRNA Rv:

cteggtetegegtAARAAAgcacecgacteggtgeeacttittitcaagttgataacgygact
ag ccttattttaacttgetaTTTCtagete taaah,VNNNNNRNR“NANLWJWWW'CC?"TT]

IafalslalalnilFaraly)
vuTvblilCLh

hsyn GFP-kash Fw: gagggtocteTTac: jbgtgtoetagac
yno Jaggyg gogtgry 8]
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hSyn GFP-kash Ry :
ctegotetchAaggaCAGGGAAGGGAGCAGTGETTCACGCCTGTAATCCCAGCAATTTGG

GA GGCCAAGGTGGGTAGATCACCTGAGATTAGGAGTTGC

(INNNNNNNNNNNNNNNNNKNNN is a reverse compliment targeted genomic sequonce)

{6801} Applicants used Golden Gate strategy to assemble all parts (1:1 wolecular ratio} of

the system in a single step reaction:

U6 gRNA 13 ng
2" U6 gRNA 18 ng
36 gRNA i€ ng
Syn_GFP-kash 100 ng

10x NEBuffer 4 1ol

10x BSA 1.0 pl

10 mM ATP 10wl

Bsal HF 0.75

T7 ligase (.25 ul

ddH,0 16wl

Cycle number Condition

1-50 37°Cfor Sm, 21°CforSm

(8802} Golden Gate reaction product was PCR amplified using Herculase I fusion

polymerase and following primers:

Ew 57 cetgtecttgeggoecgegetagegagggeg
Rvr 57 cacgeggocgcaaggacagggaagguageay

803} PCR product was cloned into AAYV backbone, between TR sequences using Notl
restriction sites:

PCR product digestion:

Fast Digest buffer, 10X 3l
FastDigest Notl Iul
DNA | ug
ddH.0 up 0 30 ul
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AAV backbone digestion:

Fast Digest buffer, 10X 3ul
FastDigest MNotl Il
FastAP Alkaline Phosphatase Tl
AAYV backbone Ipug
ddt, O up o 30 ul

138041 After 20 min incubation in 37°C samples were purified using QIAQuick PCR

purification kit. Standardized samples were higated at a 1:3 vectorinsert ratio as folows:

Digested pUCI9 50 ng

Digested insert 1:3 vectoriinsert molar ratio
17 ligase Iul

2X Rapid Ligation Buffer 5l

4dH,0 up to 10 ul

EHEERY After transformation of bacteria with lgation reaction product, applicants confirmed
obtained clones with Sanger sequencing,
[0886] Positive DNA clones were tested in N2a cells after co-transfection with Cas9

construct (Figs. 35 and 36).
Design of new Cas¥ constructs for AAV delivery

(8807} AAV delivery system despite its unique features has packing limitation - to
successtully deliver exprossing cassette in vivo it has 1o be in size < then 4.7 kb. To decrease the
size of SpCasY expressing cassette and facilitate delivery applicants tested several alteration:
different promoters, shorter polyA signal and finally a smaller version of Cas® from
Staphviococcus aureus (SaCas%) (Figs. 37 and 38). All tested promoters were previously tested
and published to be active in neurons, including mouse Mecp? {Gray et al, 201 1), rat Map /b and
truncated rat Maplb (Liu and Fischer, 1996). Alternative syothetic polyA sequence was
previously shown to be functional as well (Levitt et al,, 1989; Gray et al, 2011). All cloned
constructs were expressed i N2a cells after transtection with Lipotectamine 2000, and tested

with Western blotting method (Fig. 39}
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Testing AAV multiplex svstem in primary neprons

G808 To confirm functionality of developed systom in neurons, Applicants use primary
neuronal cultures in vifro. Mouse cortical neurons was prepared according to the protocol
published previously by Banker and Goslin (Banker and Goslin, 19883
[3809] Meuronal cells are obtained from embryonic day 16, Embryos are extracted from the
cuthanized pregnant female and decapitated, and the heads are placed in ice-cold HBSS. The
brains are then extracted tfrom the skulls with forceps (#4 and #5) and transforred 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 hernispheres are separated from
cach other and the brainstem and cleared of meninges. The hippocampi are then very carefully
dissected and placed in a 15 mi conical tube filled with ice-cold HBSS. Cortices that remain after
hippocampal dissection can be used for further cell i1solation using an analogous protocol after
removing the brain stearn residuals and olfactory bulbs, Isolated hippocampi are washed three
tiraes with 10 ml ice-cold HBSS and dissociated by 15 min incubation with trypsin in HBSS (4
mi HBSS with the addition of 10 ul 2.5% trypsin per hippocampus) at 37°C. After trypsinization,
the hippocampi are very carcfully 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 mi HBSS using 1 mi pipette tips and difute dissociated cells up t0 4 ml
Cells are plated at a density of 250 cells/mm?2 and cultured at 37°C and 5% CO2 for up to 3
week.
HBSS

43S ml H20

58 mi 10x Hank’s Balanced Salt Solution

16.5 ml 0.3M HEPES pH 7.3

5 ml penicillin-streptomycin solution

Filter (8.2 ym) and store 4°C

Neuron Plating Medium (100 ml)

97 ml Newrobasal

2 ml B27 Supplement

I mi penicillin-streptomycin solution

250 ul glutamioe

125 ul ghutamate
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16810} Neurons are transduced with concentrated AAV /2 viras or AAVT virus from fiftered
medium of HEK293FT cells, between 4-7 days in culiure and keep for at least one weck n

culture after transduction to allow for delivered gene expression.
AAV-driven expression of the system

[a811} Applicants confirmed expression of SpCas9 and SaCas9 in neuronal cultures after
AAV delivery using Western blot method (Fig. 42). One week after transduction neurons were
collected in NuPage SDS loading buffer with J-mercaptocthano! to denaturate proteins in 95°C
for S min. Samples were separated on SDS PAGE gel and transferred on PVDF membrane for
WE protein detection. Cas9 proteins were detected with HA antibody.

6813 Expression of Syn-GFP-kash from gRNA multiplex AAV was confimed with

fluorescent microscopy (Fig. 50).
Toxicity

[3813] To assess the toxicity of AAV with CRISPR systern Apphicants tested overall
morphology of neurons one week afier virus transduction (Fig. 45). Additionally, Applicants
tested potential toxicity of designed system with the LIVE/DEAD® Cell Imaging Kit, which
allows to distinguish bive and dead cells in culture. Tt 15 based on the presence of mtracelinlar
esterase activity (as determined by the enzymatic conversion of the non-fluorescent calcein AM
to the intensely green fluorescent calcein). On the other hand, the red, cell-impermeant
component of the Kit enters celis with damaged membranes only and bind to DNA generating
fluorescence in dead cells. Both {lourophores can be casily visuahized in hving cells with
fluorcscent mucroscopy. AAV-driven expression of Cas9 proteins and multiplex gRNA
constructs in the primary cortical neurons was wel tolerated and not toxic (Figs. 43 and 44),
what indicates that designed AAV system 1s suitable for in vivo tests,

Virus production

{(814] Concentrated virus was produced according to the methods described in MeClure ot
al., 2011, Supernatant virus production occurred in HEK293FT celis,

Brain surgeries

[B815] For viral vector injections 10-15 week old male CS7TBL/6N mice were anesthetized
with a Ketamine/Xylazine cocktald (Ketamine dose of 100 mg/kg and Xvlazine dose of 10
mg/kg) by intraperitoneal injection. Intraperitonial administration of Buprenex was used as a pre-

emptive analgesic (1 mg/kg). Animals were immobilized in a Kopf stereotaxic apparatus using

)
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intra-aural positioning studs and tooth bar (o maintain an immobile skull. Using a hand-held
drill, a hole (1-2romy at -3.0 mm posterior to Bregma and 3.5 o lateral for injection in the CAL
region of the hippocampus was made. Using 30G World Precision Instrument syringe at a depth
of 2.5 mam, the solution of AAVY viral particles in a total volume of T ul was injected. The
ijection was monitored by a “World Precision Instruments UltraMicroPump?’ injection purop at
a flow rate of 0.5 ul/min to prevent tissue damage. When the injection was complete, the
injection needle was removed slowly, at a rate of 0.5 movmin. After injection, the skin was
sealed with 6-0 Ethilon sutures. Amimals were postoperatively hydrated with 1 mL lactated
Ringet’s {subcutancous) and housed in a temperature controlled (37°C) environruent untd
achieving an ambulatory recovery. 3 weeks after surgery asnimals were cuthanized by deep
anesthesia followed by tissue removal for nuclei sorting or with 4% paraformaldehyde perfusion

for immanochemistry.
Sorting nuciei and in vivo results

681 6] Applicants designed a method to specifically genctically tag the gRNA targeted
neuronal cell nucleil with GFP for Fluorescent Activated Cell Sorting (FACS) of the labeled cell
nuclel and downstream processing of DNA, RNA and nuoclear proteins. To that purpose the
applicants’ multiplex targeting vector was designed to express both a fusion protein between
GFP and the mouse nuclear membrane protein domain KASH (Starr DA, 2011, Current biclogy)
and the 3 gRNAs to target specific gene loct of interest (Fig. 34). 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:
MVSKGEELFTGVVPILVELDGDYNGHKFSVSGEGEGDATYGKLTLKFICT
TGKLPVPWPTLVTTLTYGVQCFSRYPDHMKOQHDFFKSAMPEGYVQERTIFFKDDGN
YRTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHEKLEYNYNSHNVYIMADKQKNGIK
VNFIIRHNIEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMY
LEEFVTAAGITLGMDELYKSGLRSREEEEETDSRMPHLDSPGSSQPRRSFLSRVIRAAL
PLOLLLLLLLLLACLLPASEDDYSCTQANNFARSFYPMLRYTNGPPPT

138171 One week after AAV /2 mediated delivery into the brain a robust expression of GFP-
KASH was observed. For FACS and downstream processing of labeled nucle:, the hippocampi
were dissected 3 weeks afier surgery and processed for cell nuclet purification using a gradient
centrifugation step. For that purpose the tissue was homogenized in 320 mM Sucrose, 5 mM
Cal, 3 mM MglAc)2, 10 mM Tris pH 78, 6.1 mM EDTA, 1% NP43, 0.1 mM
Phenylmethanesulfonyl  fluoride (PMSF), I mM PB-mercaptocthanol wsing 2ml Doance

horogenizer (Sigma) The homogenisate was centrifuged on a 25% to 29% Optiprep® gradient
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according to the manufacture’s protocol for 3¢ min at 3.500 rpm at 4 °C. The nuclear pellet was
resuspended in 340 mM Sucrose, 2 mM MgCl2, 25 oM K, 65 mM glvccmpi sphate, 5%
glycerol, 0.1 mM PMSF, I mM B-mercaptocthanol and v
was added to label cell nucler (offers

labeled and purified naclei were sorted by FACS using an Aria Flu-act-cell sorter and BDFACS
Diva software. The sorted GFP+ and GFP- nuciet were finally used 1o purify genomic DNA
using DNAcasy Blood & Tissue Kit (Qiagen) for Surveyor assay analysis of the targeted
genomic regions. The same approach can be easily ased to punify nuclear RNA or protein from
targeted cells for downstream processing. Due to the 2-vector system (Fig. 34) the applicants
using in this approach efficient Cas9 mediated DNA cleavage was expected to occur only in a
small subset of cells in the brain {cells which were co-infected with both the mukiiplex targeting
vector and the Cas9 encoding vector). The method described heve enables the applicants to
specifically purify DNA, RNA and nuclear proteing from the cell population expressing the 3
gRINAs of interest and therefore are supposed to underge Cas9 mediated DNA cleavage. By
using this method the applicants were able to visualize efficient DNA cleavage in vive occurring
only in a sroall subset of cells,

{8818} Essentially, what Applicants have shown here is targeted in vive cleavage
Furthermore, Applicants used a multiple approach, with several different sequences targeted at
the same time, bat independently. Presented system can be applied for studying brain pathologic
conditions {gene knock out, e.g. Parkinson discase) and also open a field for further development
of genome editing tools in the brain. By replacing nuclease activity with gene trapscription
regulators or epigenetic regulators it will be possible to answer whole spectrum of scientific
question about role of gene regulation and epigenetic changes in the brain in not only in the
pathologic conditions but also in physiological process as learning and memory formation.
Finally, presented technology can be applied in more complex mammalian system as primates,

what allows to overcome cuarrent technology Lmitations,
Example 26: AAYV production svstem or protocol

8819} An AAV production systemn or protocol that was developed for, and works
particularly well with, high through put screening uses s provided herein, but it has broader
applicability in the present invention as well. Manipulating endogenous gene expression
presents various challenges, as the rate of expression depends on many factors, inchuding

regulatory clements, mRNA processing, and transcript stability. To overcome this challenge,
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Applicants developed an adeno-associated viras (AAV -based vector for the delivery. AAV has
an ssDNA-based genome and is therefore less susceptible to recombination.
{6828} AAV /2 (serotype AAV1/Z, i.e., hybrid or mosaic AAVE / AAV2 capsid AAV)
heparin purified concentrated virus protocol

Media: D1 + HEPES

500md bottle DMEM high glucose + Glutamax (GIBCO)

50mi Hyclone FBS (heat-inactivated) (Thermo Fischer)

5.5ml HEPES solution (1M, GIBCQO)

Cells: fow passage HEK293FT (passage <iQ at time of virus production, thaw new

cells of passage 2-4 for virus production, grow up for 3-5 passages)

Transfection reagent: Polyethylenimine (PEI “Max”

Dissolve 50mg PEI “Max™ in 50ml sterile Ultrapure H20

AdjustpH to 7.1

Filter with 0.22um fliptop filter

Seal tube and wrap with parafilm

Freeze aliquots at -20°C (for storage, can also be used immediately)
Celi Culture

Culture low passage HEK293FT in D¢ + HEPES
Passage everyday between 1:2 and 1:2.5
Advantageously do not allow cells to reach rmore than 85% confluency
For T75
- Warm 10ml HBSS {(-Mg2+, -Ca2+, GIBCO) + Imi TrypLE Express (GIBCQO) per
flask to 37°C (Waterbath)
Aspirate media fully
- Add 10ml warm HBSS gently (to wash out media completely)
- Add Iml TrypLE per Flask
- Place flask in meobator (37°C) for Tmin
- Rock flask to detach cells
- Add 9ml D10 + HEPES media (37°C)
- Pipette up and down 5 times to generate single cell suspension
- Spiit at 1:2 — 1:2.5 (1 2y0l media for T75) ratio (if cells are growing more slowly,

discard and thaw a new baich, they are not in optimal growth)
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- transfer to T225 as soon as enough cells are present (for case of handling large
amounts of cells)
8821} AAV production (5*15¢m dish scale per construct):
Plate 10 million cells in 21.5 ml media into a 15¢m dish
Incubate for 18-22 howrs at 37°C
Transfection is ideal at 80% contluence
138221 Per plate
Prewarm 22ml media (D10 + HEPES)
8823} Prepare tube with DNA mixiure (use endofree maxiprep DNAY
5.2 ug vector of interest plasmid
4.35 ug AAV 1 serotype plasmid
4.35 ug AAV 2 serotype plasmid
10.4 ug pDFo plasmid (adenovirus helper genes) {1 Vortex to mix
Add 434 uL DMEM {no serum!)
Add 130 ul PEI solution
Vortex 5-10 seconds
Add DNA/DMEM/PET mixture to prewarmed media
Vortex briefly to mix
Replace media in 1Scm dish with DNA/DMEM/PET mixture
Return to 37°C incubator
Incubate 48h before harvesting (make sure medium isn’t turning too acidic)
{3824} Virus harvest:
I. aspirate media carefully from 15cm dish dishes (advantageously do not dislodge
cells)
2. Add 25 mi RT DPBS (Invitrogen) to each plate and gently remove cells with a cell
scraper. Collect suspension i 50 mi tubes,
3. Pellet cells at R800x g for 10 minutes.
4. Discard supernatant
13825} Pause point: freeze cell peliet at -80C if desired
5. resuspend pellet in 150 mM NaCl, 20 mM Tris pH 8.0, use 10 ml per tissue culture

plaic.
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[0826]

[0827]

6. Prepare a fresh solution of 10% sodium deoxycholate in dHZO. Add 1.25 ml of this
or fissue culture plate for a final concentration of 0.5%. Add benzonase
nuclease to a final concentration of 30 units per mi. Mix tube thoroughly.

7. Incubate at 37°C for 1 hour (Waterbath).

&. Remove cellular debris by centrifuging at 3000 x g for 15 muns. Transfer to fresh
50 mi tube and ensure all cell debris has been removed to prevent blocking of
heparin columns.

Heparin column purification of AAVE/2:

1. Set up HiTrap beparin colurons using a peristaitic pump s0 that solutions flow
through the column at 1 ml per minute. It is important to ensure no air bubbles
are introduced into the heparin column.

2. Equilibrate the columm with 10 ml 150 mM NaCl, 20 mM Tris, pH 8.0 using the
peristaltic pump.

3. Binding of virus: Apply 50 ml virus sohition to column and aliow to flow through.

4, Wash step 1: column with 20 mi 100 mM NaCl, 20 mM Tris, pH 8.0. (using the

eristaltic pump)

5. Wash step 2: Using a 3 md or 5 ml syringe continue to wash the columa with 1 md
200 mM NaCl, 20 mM Tris, pH 8.0, followed by 1 mi 300 mM NaCl, 20 mM
Tris, pH &0,

Discard the flow-through.

{(prepare the syringes with differcnt buffers during the 50min flow through of virug
solution above)

6. Elution Using § mi syringes and gentle pressure {(flow rate of < Iml/min) elute the
virus from the column by applying:

1.5 mi 400 mM NaCl, 20 mM Tns, pH 8.0
3.0 mi 450 mM NaCl, 20 oM Tris, pH 8.0
1.5 ol 500 mM NaCl, 20 oM Trs, pH R.0
Collect these in a 15 ml centrifuge tube.
Concentration of AAV1/2:

1. Councentration step 1. Concentrate the eluted virus using Amicon ultra 15wl

centrifugal filter units with a 100,000 molecular weight cutoff. Load column

cluate into the concentrator and centrifuge at 2000x g for 2 minutes (at room
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temperature. Check concentrated volume — it should be approximately 500 ulb
If necessary, centrifuge in Tmin intervals until correct volume 1 reached.

2. buffer exchange: Add I1md sterile DPBS to filter unit, centrifuge in Imin intervals
unti] correct volume (50Cul) is reached.

3. Concentration step 2: Add 500ul concentrate o an Amicon Ultra §.5m1 100K filter
unit. Centrifuge at 6000g tor 2min. Check concentrated volurne — it should be
approximately 100 ul. If necessary, centrifuge in lmin intervals until correct
volame 1s reached.

4. Recovery: Invert filter insert and insert indo fresh collection tube. Centrifuge at
1000g for Zmin.

Aliquot and freeze at -80°C

ful 1s typically required per injection site, swmall aliquots (e.g. Sul) are thercfore
reconumended (avoid freeze-thaw of vitus).

determine DNasecl-resistant GC particle titer using gPCR (sec separate protocol)

[3828] Materials

Amicon Ultra, 8.5mi, 100K, MILLIPORE; UFCS10024

Amicon Ultra, 15md, 100K, MILLIPORE; UFC910024

Benzonase nuclease; Sigma-Aldrich, E1014

HiTrap Heparin cartridge; Sigma-Aldrich; 54836

Sodium deoxycholate; Sigma-Aldrich; D5670

13829 AAVT supernatant production protocol

Media: D10 + HEPES

580l bottle DMEM high glucose + Glutamax (Invitrogen)

50ml Hyclone FBS (heat-inactivated) (Thermo Fischer)

5.5mi HEPES solution (1M, GIBCO)

Cells: fow passage HEK293FT (passage <10 at time of virus production)

Thaw new cells of passage 2-4 tor virus production, grow up for 2-3 passages

Transfection reagent: Polycthylenimine (PEL) “Max™

Dissolve 50mg PEI “Max” in S{ml sterile Ultrapure H20

Adjust pH t0 7.1

Filter with (.22um tliptop filter

Seal tube and wrap with parafilm

Freere aliquots at 20°C (for storage, can also be used immediately)
. o JS
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Cell Culture

Culture low passage HEK293FT in D10 + HEPES Passage everyday between 1:2 and
1:2.5

Advantageously do fet cells reach more than 85% confluency

For T75

- Warm 10rol HBSS (-Mg2+, -Ca2+, GIBCO) + Imi TrypLE Express (GIBCO) per
flask to 37°C (Waterbath)

- Aspirate media fully

- Add 10l warm HBSS gently (to wash out media completely)

- Add Iml TryplLE per Flask

- Place flask in incubator (37°C) for Imin

- Rock flask to detach cells

- Add 9mi D10 + HEPES media (37°C)

- Pipette up and down 5 times to gencrate single cell suspension

- Spiit at 1:2 — 1:2.5 (12ml media for T75) ratio (if cells are growing more slowly,
discard and thaw a new batch, they are not in optimal growth)

- transfer to T225 as soon as cnough cells are present (for ease of handling large
amounts of celis)

AAV production {single 15cm dish scale)

Plate 10 million cells in 21.5 mi media into a 1Scm dish

Incubate for 18-22 hours at 37°C

Transfection is ideal at 80% confluence per plate

Prewarm 22ml media (D10 + HEPES)

Prepare tube with DNA mixture (use endofree maxiprop DNAY

5.2 ug vector of interest plasmid

8.7 ug AAV 1 serotype plasmid

10.4 ug DF6 plasmid (adenovirus helper genes)

Vortex to nux

Add 434 uL DMEM {(no serum!) Add 130 ul PEI sohution

Vortex 5-10 seconds

Add DNA/DMEM/PET mixture to prewarmed media

Vortex briefly to mix

Replace media in 1Scm dish with DNA/DMEM/PET mixture



WO 2015/089465 PCT/US2014/070135

Retarn to 37°C incubator
Incubate 48h before harvesting (advantageously monitor to ensure medium is not
turning too acidic})
16836} Virus harvest:
Remove supernatant from 15cm dish
Filter with 0.45 am filter (low protein binding) Aliquot and freeze at -80°C
Transduction (primary neuron cultures in 24-well format, SOV}
Replace complete neurobasal media in cach well of neurons to be transduced with
fresh neurobasal (usually 400ul out of 300ul per well is replaced)
Thaw AAVY supernatant in 37°C waterbath
Let equilibrate in incubator for 30min
Add 250 vl AAV supernatant to cach well
Incubate 24h at 37°C
Remove media/supernatant and replace with fresh complete neurchasal
Expression starts to be visible after 48h, saturates around 6-7 Days Post Infection
Constructs for pAAV plasmid with GOI should not exceed 4.8kb including both
ITRS.
{6831} Example of a human codon optimized sequence (i.e. being optimized for expression
in humans) sequence: SaCas® s provided below:
ACCGOTGCCACCATGTACCCATACGATOGTTCCAGATTACGC
TTCGCCGAAGAAAAAGCGCAAGGTCGAAGUGTCCATGAAAAGGAACTACATICT
GGOGCTGCACATCOGOATTACAAGCGTGGGOTATGGCGATTATTGACTATGAAAC
AAGOGGACGTCATCCACGCAGGCGTCAGACTGTTCAAGGAGGCCAACGTGOAAAA
CAATGAGGGACGGAGAAGCAAGAGGGGAGCCAGGCGCCTGAAACGACGGAGAA
GGCACAGAATCCAGAGGOTGAAGAAACTGUTGTTCGATTACAACCTGOTGACCG
ACCATTCTGAGCTGAGTGGAATTAATCCTTATGAAGCCAGGGTGAAAGGCCTGA
GTCAGAAGCTGTCAGAGGAAGAGTTTITCCGCAGCTCTGCTGCACCTGGCTAAGC
GCCGAGGAGTGCATAACGTCAATCGAGGTGGAAGAGGACACCGGCAACGAGCTG
TCTACAAAGGAACAGATCTCACGCAATAGCAAAGCTCTGGAAGAGAAGTATGTC
GCAGAGCTGCAGCTGGAACGGCTGAAGAAAGATGGCGAGGTGAGAGGGTCAATT
AATAGGTTCAAGACAAGCGACTACGTCAAAGAAGCCAAGCAGCTGCTGAAAGTG
CAGAAGGCTTACCACCAGCTGGATCAGAGUTTCATCGATACTTATATCGACCTGC
TGCGAGACTCGGAGAACCTACTATCGAGGGACCAGGAGAAGGGAGCCCCTTCGUGAT
GGAAAGACATCAAGGAATGGTACCAGATOUTGATGGCACATTGCACCTATTITICC
AGAAGAGCTCGAGAAGCGTCAAGTACGCTTATAACGCAGATCTGTACAACGCCCT
GAATGACCTGAACAACCTGGTCATCACCAGGGATGAAAACGAGAAACTGGAATA
CTATGAGAAGTTCCAGATCATCGAAAACGTGTTTAAGCAGAAGAAAAAGCCTAC
ACTGAAACAGATTGCTAAGGAGATCCTGOTCAACGAAGAGGACATCAAGGGLTA
CCOGGTGACAAGCACTGGAAAACCAGAGTTCACCAATCTGAAAGTGTATCACGA
TATTAAGGACATCACAGCACGGAAAGAAATCATTGAGAACGCCGAACTGCTGGA

27
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TCAGATTGCTAAGATCCTGACTATCTACCAGAGCTCCCAGGACATUCCAGGAAGAG
CTGACTAACCTGAACAGCGAGCTGACCCAGGAAGAGATCGAACAGATTAGTAAT
CTGAAGGGOGTACACCGOAACACACAACCTOGTCCCTOGAAAGCTATCAATCTGATTC
TGCATGAGCTGTGGCATACAAACGACAATCAGATTGCAATCTTTAACCGGCTGAA
GCTOGTCCCAAAAAAGGTGGACCTGAGTCAGCAGAAAGAGATCCCAACCACACT
GOTGGACGATTTCATTCTGTCACCCGTGGTCAAGCGGAGCTTCATCCAGAGCATCAA
AGTGATCAACGCCATCATCAAGAAGTACGGCCTOCCCAATOGATATCATTATCGAGCT
GGUTAGGGAGAAGAACAGCAAGGACGCACAGAAGATGATCAATGAGATGCAGAAA
COAAACCGGCAGACCAATOGAACGCATTGAAGAGATTATCCGAACTACCGGGAAAGA
GAACGUAAAGTACCTGATTGAAAAAATCAAGUTGCACGATATGCAGGAGGGAAAGT
GTCTOTATTCTCTGGAGGCCATCCCCCTGGAGGACCTGCTGAACAATCCATTCAACT
ACGAGUGTCGATCATATTATCCCCAGAAGCGTOTCCTTCGACAATTCCTTTAACAACA
AGGTGCTGGTCAAGCAGGAAGAGAACTUTAAAAAGGOGCAATAGGACTCCTTTCCAG
TACCTGTCTAGTTCAGATTCCAAGATCTCTTACGAAACCTTTAAAAAGCACATTCTG
AATCTGGCCAAAGGAAAGGOCCOCATCAGCAAGACCAAAAAGGAGTACCTGOTGG
AAGAGCGOGOGACATCAACAGATTCTCOGTCCAGAAGGATTTTATTAACCGGAATCTG
GTOGGACACAAGATACGCTACTCGCOGGCCTOATGAATCTOGCTGCGATCCTATTTCCGG
GTOGAACAATCTGGATGTGAAAGTCAAGTCCATCAACGGCGGUTTCACATCTTTTCTG
AGGCGCAAATCGGAAGTTTAAAAAGGAGCGCAACAAAGGGTACAAGCACCATGCCG
AAGATGCTCTGATTATCOGCAAATGCCGACTTCATCTTTAAGGAGTGGAAAAAGCTOG
ACAAAGCCAAGAAAGTOGATGGAGAACCAGATOTTCGAAGAGAAGCAGGCCGAATC
TATGCCCGAAATCGAGACAGAACAGGAGTACAAGGAGATTTTCATCACTCCTCACC
AGATCAAGCATATCAAGGATTTCAAGGACTACAAGTACTCTCACCGGOTGGATAAA
AAGCCCAACAGAGAGUTGATCAATGACACCCTGTATAGTACAAGAAAAGACGATAA
GGGGAATACCCTGATTGTGAACAATCTGAACGUACTGTACGACAAAGATAATGACA
AGCTGAAAAAGUTGATCAACAAAAGTCCCGAGAAGUTGCTCATGTACCACCATOAT
CCTCAGACATATCAGAAACTGAAGCTGATTATGGAGCAGTACGGCGACGAGAAGAA
CCCACTGTATAAGTACTATGAAGAGACTOGGAACTACCTCGACCAAGTATAGCAAAA
AGUATAATGGCCCCOGTCGATCAAGAAGATCAAGTACTATGGGAACAAGCTGAATGLCC
CATCTGUGACATCACAGACGATTACCCTAACAGTCGCAACAAGGTGGTCAAGOTGTC
ACTGAAGCCATACAGATICGATGTCTATCTGGACAACGGUGTGTATAAATTTGTGAL
TOTCAAGAATCTGGATOGTCATCAAAAAGGAGAACTACTATGAAGTGAATAGCAAGT
GCTACGAAGAGGCTAAAAAGCTGAAAAAGATTAGCAACCAGGCAGAGTTCATCGCC
TCCTTTTACAACAACGACCTGATTAAGATCAATOGCCGAACTGTATAGGGTCATCGOG
GTCGAACAATGATCTGCTCAACCGCATTGAAGTOGAATATCGATTGACATCACTTACCGA
GAGTATCTGGAAAACATGAATGATAAGCGUCCCCCTCGAATTATCAAAACAATTGC
CTCTAAGACTCAGAGTATCAAAAAGTACTCAACCGACATTICTGGGAAACCTGTATG
AGGTGAAGAGUAAAAAGCACCCTCAGATTATCAAAAAGGGCTAAGAATTC

Example 27: Minimizing off-target cleavage using Cas¥ nickase and two guide RNA4s

(8832} {Cas9 1s a RNA-guided DNA nuclease that may be targeted to specific locations in the
genome with the help of a 20bp RNA guide. However the guide sequence may tolerate some
mismatches between the guide sequence and the DNA-target sequence. The flexibility is
undesirable due to the potential for off-target cleavage, when the guide RNA targets Cas9 to a an
oft-target sequence that has a few bases different from the guide sequence. For all experimental

applications {gene targeting, crop engineering, therapeutic applications, ete) i 18 important to be
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able t¢ improve the specificity of Cas9 mediated gene targeting and reduce the hikelihood of off-
target modification by Cas9.

16833} Applicants developed a method of using a Cas? nickase mutant in combination with
two guide RNAs to facilitate targeted double strand breaks in the genome without off-target
modifications. The Cas9 nickase mutant may be generated from a Cas9 muclease by disabling s
cleavage activity so that instead of both strands of the DNA duplex being cleaved ounly one
strand is cleaved. The CasY nickase may be generated by inducing mutations in one ore more
domains of the Cas® nuclease, e.g. Ruvel or HNH. These mutations may include but are not
timited to mmutations in a Cas9 catalytic domain, e.g in SpCas9 these mutations may be at
positions D10 or H¥40. These mutations may include but are not limited to DI0A, ET6ZA,
HR40A, NBS4A, N363A or DYEOA in SplasY but nickases may be generated by inducing
mutations at corresponding positions in other CRISPR enzymes or Cas9 orthologs. In a most
preferred emnbodiment of the invention the Cas nickase mutant is a SpCas® nickase with a
210A mutation.

16834} The way this works is that each guide RNA in combination with Cas9 nickase would
tnduce the targeted single strand break of a duplex DNA target. Since each guide RNA nicks one
strand, the net result is a double strand break. The reason this method climinates off-target
mutations is because it is very unlikely to have an off-target site that has high degrees of
similarity for both guide sequences (20bp+2bp(PAM) = 22bp specificity for each guide, and two
guides means any off-target site will have to have close to 44bp of homologous sequeunce).
Although i is still likely that individual guides may have off-targets, but those off-targets will
only be nicked, which i3 unhikely to be repaired by the mutagenic NHET process. Therefore the
multiplexing of DNA double strand nicking provides a powerful way of introducing targeted
DNA double strand breaks without off-target mutagenic effects,

[B835] Applicants carried out experiments involving the co-transfection of HEK293FT cells
with a plasmid encoding Cas9(D10A) nickase as well as DNA expression cassettes for one or
more guides. Applicants transfected cells using Lipotectarnine 2000, and transfocted cells were
harvested 48 or 72 hours after transfections. Double nicking-induced NHEJ were detected using
the SURVEYOR pucleasc assay as described previcusly herein (Figs, 51, 52 and 53).

{8836} Applicants have further wdentified paramcters that relate to efficient cleavage by the
Cas9 nickase mutant when combined with two guide RNAs and these parameters include but are
not limited to the length of the 5 overhang. Efficient cleavage is reported for 57 overhang of at

least 26 base pairs. In 8 preferred embodiment of the mvention, the §7 overhang is at least 30

)
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base pairs and more preferably at least 34 base pairs. Overhangs of up to 200 base pairs may be
acceptable for cleavage, while 5 overhangs less than 100 base pairs are preferred and &7
overhangs less than 50 base pairs are most preferred (Figs. 54 and 55).

IB837] Fxample 28; CRISPR HBY

[BR38] A CRISPR system has been designed for targeting the hepatitis B virus, as described
herein and ustrated in Figures 36 to 72; and, this systom has been demonstrated to be
therapeutic.

[3839] The Figures associated with this Example are Figares 36 to 72, with Figures 36 and
37 demonstrating guide design. Figure 38 shows gPCR results from Ist vround of HepG2.2.15
experiments. Figure 39 shows a Surveyor assay for nuclease activity, Indels form as the result of
imperfect NHET events due to repeated DSB formation from nuclease activity. For Cas9 targeted
genomic loci indel formation at rates 10-30% are often observed and can approach 50%. Figure
40 shows representative surveyvor for Ist set of Hep(G2.2.15 experiments. Figure 41 shows
HepG2.2.15 HBY quantification scheme, an experimental design motivated by noise of mitial
data sets. Figure 42 shows Hep(2.2.15 results using sorting based normalization. Figure 43
shows low levels of indels observed with guides targeting conserved HBVY sequences in 2ud
round of HepG2.2.15 experiments. Figure 44 shows HepG2 co-transtection experiments. Figure
45 shows HDD data for Cohort 1. Figure 46 shows HDD data for Cohort 2. Figure 47 shows
HDD data for Cohort 2. Figure 48 shows HDD data for Cohort 2. Figore 49 shows Cohort 2-liver
analysis 9d post HDD. Figure 50 shows Cohort 2-liver analysis 9d post HDD. Figure 51 shows
fow/no indels formed during HDD experiments. Predicted band sizes for guide 21 formation:
235 + 272 + 507 bp (undigested PCR product). Figure 52 shows HDD Cohort 3 Results: HBsAg,
Figure 53 shows HDD Cohort 3 Results: Viremia, Figure 54 shows HDD Cohort 3 Results: HBV
in Liver. Figure 55 shows HDD Cohort 3 Results: Luciferase normalized to GAPDH. Figure 56
shows despite low/no indel formation, effects on HBV are dependent on Cas9 nuclease activity.
Figure 57 shows schematic of HBV life cycle and puotative anti-HBV effect of CRISPR
constructs as well as HBV genome organization and location of target sequences for several
tested guide RNA constructs. Figure 58 shows guide RNAs targeting conserved regions target
targe majority of patient-derived virus genomes, a schematic and results for Hep(G2 transfection
experiment. Figure 59 shows Experimental schematic and results for hydrodynamic injection
experiments. Figure 60 shows the HBV life cycle within HepG2.2.15 cells and schematic of
tentiviral vector and experimental strategy for sustained CRISPR expression within HepG2.2.15

cells. Figure 61 shows that HBV-targeting CRISPR reduces HBV DNA and cccDNA dependent
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upon HBV-specific guide RNA and Cas9 activity. Figure 62 shows HBVY producis are reduced
upon long-term CRISPR/Cas expression.  Figure 63 shows that CRISPR constructs targeting
HBV cause large and progressive reduction in cccDNA and total HBY DNA levels dependent on
successtul targeting of viral DNA. Figure 64 shows HBV DNA and cceDNA reductions upon
long-termy CRISPR/Cas expression are produced with multiple goides.  Figure 65 shows
Southern biot of HBV DNA. Figure 66 shows Southern blot of HBV DNA. Figure 67 shows
Surveyor assay to detect indel formation in total HBV DNA and episomal HBYV DNA. Figure 68
demonstrates large reduction in HBV Core protein staining upon targeting by gl7 specifically
against the Core ORF as determined by mmmunoffuorescence. Figure 69 shows schematics for
de novo infection experiments. Figure 70 shows HBsAg secretion, cccDNA copies, levels of
HBYV 3.5kb RNA relative to0 5 bp mismaich control and titer of HBY DNA in culture medium in
de novo infection countext. Figure 71 shows CRISPR/Cas-mediated disruption of HBV in
paticot-derived vivus model system. Figure 72 shows Surveyor assay resulis.

138401 Construction of CRISPR Constructs. Cas9 constructs with 24 guide RNAs targeting

sequences present in the HBV genome integrated into the Hep(2.2.15 cell line were used for
thes experiments (Sells er. al, PNAS 1987). Oligos corresponding to target sequences were
ligated into Bbsi/ (ThermoScientific #FDI0I4) digested plasmid PX330a or BsmBI
{ThermoScientific #FD0454) digested plasmid PHBCO13 using T7 ligase (Enzymatics L6020L)
(Hsu et al, “DNA targeting specificity of RNA-guided Cas9 nucleases,” Natare Biotechnology
31,827-R32(2013) (Hsu ot al Nat Biotechunol 2013)). PX330a contains a U6 promoter driving
expression of the +85 guide RNA described in Hsu et @l (Nat Biotechnol 2013) and a
mammalian codon optimized NLS-CasS-NLS from 8. pvogenes SF370 driven by the CBh
promoter. PHBCO13 contains the U6 guide RNA expression system from PX330a and NLS-
Cas9-P2A-mCherry driven by the EFS promoter. PHBCO12 was created from pHKO 015 by
digesting pHKO 015 with Nael (ThermoScientific #FD0974) and Miw/ {ThermoScientific
#FDO364) and then inserting mCherry using Gibson Assembly with the Gibson Assembly
Master Mix (NEB, #E2611L). The red fluorescent maCherry marker raakes it easy to see which
cells have been transfected with the vector. See Figure 57B for an illustration of the constructs.
Two sets of control constructs were generated. Mismatched guide RNA control constructs for
pronusing guide RNA molecules were created by ligating in oligos to PX330a or PHBCO13 that
contained 5 basepair mismatches at the 37 end of the spacer, but were otherwise identical to
constructs designed to target HBY. Cas9 DIOA/HB40A muclease dead control constructs were

generated by digesting pHBCO13 guide RNA containing constructs with Samf and Nhel and
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then inserting a PCR amplified DI10A/HB40A CasY using Gibson Assembly. DI10A and H840A
are mutations that are sufficicnt to abolish the nuclease activity of S, pyvogenes SF370 Cas9
(Cong et. gl “Multiplex genome engineering using CRISPR/Cas systems,” Science 339, g19-
823, Sapranauskas ef. al “The Sweptococcus thermophilus CRISPR/Cas system provides
fmmunity in Escherichia coli,” Nucleic Acids Res Nov 20115 39(21): 9275-9282.). The control
vectors still express the sgRNA.

6841} Guide RNAs: Available genome sequences reveal that various genomic regions are
well conserved across multiple strains. Nambered according to the ayw serotype the following

genoraic regions are well conserved:

Nucleotides enemic region

153-286 S

376-401 S

[113-1319 Pol, Enh i

1393-1462 Pol, X

[860-1979 Precore/Core, Poly A signal
2356-2457 Core, Pol

8842} 24 gnide RNAs have been designed to target the HBY genome (Figures 36, 571
These nclude targets which are highly conserved within the HBV genome. Moreover, guide
sequences can be designed to roinimize possible off-target sites within the buman genome e.g to
include at least 2 mismatches relative to any other sequence in the published human genome
sequence. For instance, the closest matches in the human genome for guide G6 differs by at least
3 nucleotides (2 hits) or 4 nucleotides (43 hits).

[B843] Farthermore, the HBVY genome includes 162 NGG PAMs within genome (41 of
which arc in conserved tracts ) and 160 NAG PAMs (32 in conserved tracis).

[3844] In addition, the target sequences can be assessed against available complete HBV
genome sequences deposited 1o GENBANK (5052 complete sequenced genomes) to check
coverage against patient-derived virus isolates. For instance, 91.2% of these sequences have a
perfect match for guide GO, and 87.3% have a perfect match for guide G21.

{8845} Guide RNAs were of the form 5-G(N19)-37 (wherein N is any of AUC or G) with
their target sequences having the form of 57-GONI9-NGG-37 (wherein N is any of ATC or G).
Guides 1-12 were designed to target all 4 ORFs and guides 13-24 were designed against HBV

sequences that were conserved across HBVY genotypes {See, e.g., US Patent No. 1

See also Figs 36, 57. Thus, for guides 1-12, the target raotif 5°-G(N19)-NGG-37 appears 1o all of
the 4 ORFs of HBVY, and hence the guide RNA binds accordingly to said motifs. Likewise, for

guides 13-24, the target motifs 5°-G{N19-NGG-37 are conserved across HBV genotypes and
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guide RNA binds accordingly. Advantageous guides, GO, G17, and (21 have the following

sequences:
Guide & Slggggcgcacctcictitacg-3'
Guide 17 5tagagaat i‘i‘ggagcmrf‘g- 3’
Guide 21 S'-tectetgoecgatecatactyg-3

13846} The putative mechanism of action for the CRISPR complexes is on the cccDNA
which is produced during HBVY infection and can remain latent fo the nucleus for years, It is
postulated that cccDNA s cleaved by Cas9 after hybridization to the designed guide RNAs.
Thus, Figure 37 illustrates a means for determining cccDNA of HBV.

{68471 Experiments to test the guide RMNAs, as described below, used either HepG2 cells
which were artificially infocted with HBVY, or HepG2 2,15 cells which have an overlength lincar
double stranded HBVY DNA segment integrated into their genome and constitutively produce
HBY transcripts, infectious virions and cccDNA.

[3848] Cells and Reagents. HepG2 2,15 cells were maintained mn DMEM + 10% Fetal

Bovine Serum/1X Penicillin/Streptomycin (maintenance medium) for long-term culture, and
passaged every 5-7 days. See also Cohen et al, 2010, All cells used were between passage 4 and
passage & Up to 1 week prior o treatment, HepG2 2.15 cells were treated with 29 DMSO in
order to promote growth arrest for accurate cell quantification, and to promote hepatic
differentiation and increase HBV replication and cccDNA formation.

3849 Transient transjection Experiments HepG2 2.15 ceils: HepG2 cells were plated at

~30% confluency and grown untdd 50% confluency, and then were co-transfocted with the
plasrotd shown in Fig. 578 (lentiviral backbone with an mCherry reporter), and a 1.3% length
WT HBYV plasmid was used as previously described (Doitsh, G. ot al. 2004), using the Mirus
Trans-IT transfection reagent. Cells were washed and fed after 24 hours, and supernatant and cell
pellets were assayed at 72 hours post transfoction.

68501 Transtection Experiments HepG2 2,15 cells. HepG2 2.15 cells were plated on

standard tissue-culture plastic that had been coated with 50 ug/mL Collagen I {Rat tail collagen 1,
BD) at a contluency of 40-80%. 24 hours post seeding, transfection polyplexes were formed by
incubating selected CRISPR-Cas or control plasmid DNA at a 1:3 ratic with TransiT 2020
(Mirus) transfection reagent in Opti-MEM reduced serum media for 30 minutes. HepG2 2.15
cells were washed, and transfection mixture was added to the cells at a dose of 250ng DNA/lem®
growth arca, Transtection was carried out for 48 hours, and then cells were washed 3 times in

maintenance medium and cultured for an additional 24 hours, Finally, cells were harvested and
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prepared for fluorescence activated cell sorting (FACS) by standard protocols, with the addition
of Sytox Blue dye to label dead cells. Cells were analyzed by FACS and a given mumber of and
single, living cells were collected from each condition in cach of two groups: mCherry+
(successtully transfected) and mCherry- (unsuccesstully transtected) (Figure 41). These celis
were harvested either into lysis buffer (for DNA quantification) or Trizol reagent (for RNA
quantification) and the resulting roaterial was analyzed by Applicants’ standard assays.

{38511 Lentivirus production: 2937 cells were co-transfected with the sgRNA-Cas9-2 A-Puro

tentivival vectors (Figure 60B) and a 2nd-generation lentiviral packaging system {psPAX2 and
pMIDI2.G) at a ratio of 3:2:1. Cells were washed 24h atier transfoction, supernatant was collected
every 24h from 48-96h post transfection, and cell debris was removed by centrifugation.
Lentivirus was concentrated by ultracentifugation for 1.5h at 16,600x g, incubated O/N in
Optimem at 4C, then resuspended in Optimer, aliquoted and frozen at -80C the next day, prior
1o use.

68521 Lentiviral _transduction: HepG2 2.15 cells were plated at 50% confluency and

inoculated at MOI of 1 with concentrated lentivirus {produced as described above).
Transduction was pertormed by mixing lentivitus ahguots with standard HepG2.2.15 culture
medium, washing cells and adding lentivirus-containing medium at 2.5 mU/well in a 6-well
plaie, centrifuging for Th at 200 x g and then incubating for an additional 23h. 24h after addition
of fentivirys, cells were washed 3x and incobated in standard medium + 2.5 ug/mL puromycin o
remove untransduced cells, Puroraycin selection was continued for 48h, then cells were washed
3x and maintained in standard medium. Transduced cells were then continually passaged upon
reaching 80% contluence; at cach passage, cells were counted, cell pellets were harvested for
each condition, and a portion of the remaining cells were reseeded at 10% confluence. Cells
with lentiviral constructs looked phenotypically normal and exhibited no growth defects over at
teast 10 weeks in culture,

{3853} In vitro Cotransfection Experiments: HepG2 cells were seeded at 60-70% confluence

on collagen pre-coated plates. 24h after seeding cells were transfected with 1.3xHBYV together
with the corresponding CRISPR encoding constructs using Trans-IT 2020 (MIRUS) transfection
reagent at a ratio of 1:4, respectively. 48-72 after transfection medium was collected and
analyzed for HBsAg using a conuncercial ELISA kit (Bio-Rad). Cells were collected at the same
tipe, RNA was extracted with TRIZOL and ¢DNA was synthesized using SuperScript
{(Invitrogen) kit. @ PCR was done using specific primers for HBV pgRNA. Normalization was

done to human RPS11 housekeeping gene.
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{3854} In vive Hvdrodvnamic Co-Injection Experiments. NRG mice were hydro dynamically

injected (HDD) as previcusly described (Lewis, D, L. et al,, 2005) with 1.3xHBVY plasmid
{(15ug) together with CRIPSR encoding (20ug) and firefly luciferase (10ug) encoding plasmids
(pSPORTO-Fluc) in a volume equal to (.15 times the animal weight (in mis). Animals were
mjected through the tail vein in 7-9 sec and subsequentially bled every fow days. At the time of
bleeding anirnals were visualized using the VIS machine and luciferase expression was
quantified. Blood was analyzed for HBsAg using a conunercial ELISA kit and for serum HBY
DNA (viremia) by Q-PCR using TagMan mastermix with HBY specific primers and probe.
Quantification was done according to a standard curve with known concentrations of 2xHBY
plasmid. HBsAg and DNA levels were normalized to huciferase expression at the corresponding
day. 4 or 9 days after HDD animals were sacrificed, livers were collected and DNA was
extracted following homogenization. The resulting DNA was subjected to QPCR for the
following: total HBV DNA, cccDNA (following treatment of DNA with plasmid safe DNase and
using cccDNA specific primers), GAPDH and luciferase.

[1855] Effect on pgRNA and cccDNA. The designed guide RNAs were studied for their

effect on HBV pre-genomic mRNA (pgRINA)Y and on covalent-closed circular DNA (cccDNA),
both of which are essential parts of the HBV life cycle.

16856} Detection of secreted Hepatitis B Surface antigen in media supernatant: 100u] of

medium was loaded on ELISA plates coated with mouse monoclonal antt HBsAg antibodies
(Bio-Rad, GS HBsAg FIA 3.0, Cat. No. 32591). ELISA protocol was done according to the
manufacturer’s instructions. Plates were read using the FLUOstar Omega machine (BMG
LABTECH).

[3857] Hepatitis B e Antigen ELISA: The HBV E Antigen ELISA was performed wsing the

Hepatitis B ¢ Antigen (HBeAg) chemiluminescence lmmunoassay kit {Autobio Diagnostics Co,
Cat No.CLO312-2) according to the manufacturer’s instructions.

[BR58] Immunostaining for HBY Core antigen: Cells were grown on chambered coverglasses

{(Lab-Tek, Rochester, NY), washed with PBS, and then fixed with 4% paraformaldehyde. Cells
were washed again (3x PBS) and treated with 100 M glycine solution in PBS.  After
permeabilization with ¢.1 % Triton X-100 in PBS and treated with Image-iT™ FX signal
enhancer (Life Techuoologies), Cells were blocked o PBS/10 % goat serum (Jackson
Immunosearchy1 % BSA. HBV core staining was achieved by using a polycional rabbit anti-
HBV core antibody (Dako, CA) diluted 1:1000 in PBS/0.1 % BSA (I8 hat 4 °C). As a

secondary antibody a goat-anti-rabbit labeled with AlexaFluor894 (Life Technologies) diluted
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1:2000 in PBS/G.1 % BSA was used. Nuclear staining was achieved using DAPI treatment.
Image acquisition was performed in a Zeiss confocal microscope and image avalysis was done
using Image] (NIH, Bethesda, M),

[6859] HBV DNA quantification: HBY genomic DNA was quantified at days 21 and 36. For

cccDNA guantification DNA from cells was subjected to overnight digestion with a plasmid-safe
DNase (Epicentre) as previously described (Yan H et al, “Sodiurn taurocholate cotransporting
polypeptide i1s a functional receptor for human hepatitis B and D virus, eLife 2012 Nov
£3:1:00049. doi: 10.7554/cLit0.00049 (2012)). Following enzyme inactivation at 70° C for
30oun, DNA was subjected to real-time PCR using cceDDNA specific primers previously

described by Glebe et al,, *Pre-sl antigen-dependent infection of Tupaia hepatocyie cultures

)

with human hepatitis B virgs,”. J Virel, 2003; 7R9S511-9521, The primers used for cccDNA
amplification: Y TGCACTTCGCTTCACCTEY (sense) 8 AGGGGCATTTGGTGGTC3 (anti
sense). For quantification, a standard curve derived from decreasing concentrations of 2xHBY
plasmid was used. Also, PCR for HBYV DNA was done using the TagMan® Universal PCR
Master Mix {Applied Bio systems, Cat No 4304437) and the following primers and probe:
SCCOGTCTGTGCCTTCTCATCTGS {sense),
STAGTCCAAGAGTCCTCTTATGTAAGACCTTY {(anti sensey, 5- /S6-FAM/CCG TGT GCA
ZEN/CTT CGCTTC ACCTCT GU/BIABKF(Q/ -3 {probe). PCR was done using the Roche
LightCycler ®480 PCR machine. Quantification was done by using a standard curve composed
frora 2xHBY plasmid in a concentration range of 10° -10' copies.

{38601 cecINA extraction and anadysis. DNA exiracted from cells was subijected to ON

digestion with a plasmid-sate DNase (Epicentre) as previously described (Yan H. et al,, 2012).
Following enzyme inactivation at 70° C for 30min, DNA was subjected to real-time PCR using
SYBR® Premix Ex Taq (TaKaRa) following a previously described protocol (Yan H. et al.,
2312) and using cceDNA specific primers previously described by Glebe et al, (2012). The
primers used for cccDNA amplification:

(68611 STGCACTTCGCTTCACCTEY (sense)

(6862} 57 AGGGGCATTTGGTGGTCY (anti sense).

[3863] For quantification, a standard curve devived from decreasing concentrations of
2xHBV plasmid was used. PCR was performed using the Roche LightCycler ®480 PCR
machine.

[6864] HBYV mBNA quantification: Total RNA was isolated via TRIZOL RNA/DNA

extraction. After being subjected to DNasel treatment, RNA was quantified using a NanoDrop
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and first-strand cDNA was synthesized using SuperScript® HI RT kit (INVITROGEN).
Cuantitative PCR for 3.5kbRNA or total HBY RNA was carried out with SYBR Green PCR
master Mix (Applied Biosystems) and using specific primers previously described (Yan H. et al,
20123, In each reaction an RT negative control was included to rule-out DNA carry over.

$865] Southern blot analysis of HBYV replication intermediates: Total DNA or Hirt’s extract

f

(Jow MW DNA) at day 29 was run on 0.8% agarose-TAE gel, followed by denaturation and
southern blotting to a Hybond N nylon membrane (Amersham). Viral DNA was detected by
hybridization with a *°P random primed HBV probe, using the Prime-Tt 1 Random Primer
Labeling Kit {(Agilent Technologies, Cat No 300385). Following incubation and washing,
membrane was visualized by phosphorimager and fater exposed to film,

[8866] Survevor assay: Targeted loct were amplified by PCR using Phusion Flash (NEB) or

Heruclase [T (Agilent) polymerases and primers listed below. PCR products were gel or PCR-
purified using Qiagen kits and subject to the Surveyor assay (Transgenomices) according to the
manufacturer’s instructions. {ndel rate for surveyor was calculated as described in Cong, L. et al.

(2013).

Survevor Primers:

Guidet-F: TATCCATGGUTGCTAGGCTG
Guidet-R: AGTCAGAAGGCAAAAACGAGAG
Guidel7-F1: TATCCATGGCTGCTAGGCTG
Guide!7-R1: AGGGGCATTTGGTGGTC
Guidel7-F2: AAATTGGTCTGCGCACCAGC
Guidel 7-R2: AGGTCTCTAGATGCTGGATCTTCC
Guide 21-F1: GGTTATCCTGCGTTAATGCCC
Guide2 I-R1: GTCCGCGTAAAGAGAGGTG

Guide 21-F2: TGAACCTTTACCCCGTTGCCC

Guide2 I-R2: AGAGAGTCCCAAGCGACCCC

{6867} Concerning Figure 57A, the diagram depicts the lite cycle of HBV, showing where

the Cas9/sgRNA targeting the virus putatively acts. cccBDNA produced from HBY infection is
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cleaved by Cas9 after sgRNA binding to conserved HBY target site. Figure 57A also illustrates
the plasmid encodes both the HBV-targeting sgRNA and the Cas9 protein along with an
mCherry fluorcscent protein for subsequent tluorescent sorting of successfully transfected cells.
Concerning Figure 578, targets were chosen based on regions of extremely high sequence
conservation among different HBV serotypes and on their low homology to the human genome
{(see Figure 524). The guide RNAs target several different regions of the genome, hitting
different ORFs and transcriptional control elements.

{8868} HepG2 cells were co-transfected with 1.3x WT HBV and Cas%/sgRNA/mCherry
plasroids and HBV replication was allowed to proceed for 72 hours (see schematic depicted at
Figure 588} Then, supernatants were collected and cells tysed for RNA extraction. (Figure 54C)
ELISA for secreted HBsAg with ecither control guide RNA (untargeted guide RNA) or various
HBV-targeting guide RMAs. (Figure 58D) Feold change i 3.5kb HBV pregenomic RNA
{(pgRNA) levels between untargeted and HBV-targeting guide RNAs. The Figures show levels
of HBsAg quantified using ELISA, and guides 17 and 21 showed the best reductions. The
Figures also show levels of pgRNA and, while these were lower using all of guides 13-21, the
most impressive results were again scen with 17 and 21, Based on the results of these two assays,
along with carlicr preliminary data showing the strong cutting behavior of guide 6, the guides 6,
17, and 21 were chosen for further study.

{3R69] Applicants next sought to evaluate the antiviral effect of Cas9 /s vive, to ensuare that
anti-HBV constructs functioned appropriately in primary hepatocytes. To do this, a mouse model
of HBY was used, where HBY and Cas9/gRNNA plasmids were introduced to the biver of
vnmunodeficient mice (NRG) by hvdrodynamic injection (HDT) (Lewis, D. L. et al., 2005)
{Figure 59A). Animals expressing CasY and g21 in this model showed a progressive suppression
of HBVY expression as compared to controls expressing Cas9 and a2 mutated gRNA (g21M; 37 5
bp mismatch), reflected by a decrease in HBsAg secrction and a 4-fold decrease in viremia at
day 4 post injection {Figures 598 and 59C).

(68701 Applicants evaluated the cfficacy of sustained Cas®/gRNA cxpression in inhibiting
HBY using 2 model that more reliably recapitulates the HBY life cycle. For these studies, the
HepG2.2.15 hepatoblastoma cell line was used which harbors both a functional HBV integrated
form and cccDINA, and constitutively produces infectious virions {see Figure 60A). Figure 60
shows (a) the HBV life cycle within Hep(G2.2.15 cells. HepG2.2.15 cells contain genomically
integrated linear 1.3x WT HBV sequences, from which viral proteins and cccDNA are

constitutively produced via transcription followed by translation (proteins) or reverse
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transcription and nuclear re-trmport (cccDNA). The persistent HBY production in this system
cnables assay of the long-terma anti-HBVY effects of CRISPR/Cas systems targeting viral DNA;
and (b) schematic of lentiviral vector and ecxperimental strategy for sustained CRISPR
expression within Hep(G2.2.15 cells. Concentrated lentiviral stocks encoding HBV-targeting
sgRMNA, Cas9, and a puromycin rvesistance element to allow for lentiviral transduction and
subsequent selection of stable lines incorporating Cas9 and cach guide RNA were produced.
HepG2Z 2.15 cells were transduced with concentrated lentivirus encoding Cas9-2A-Puro or
nuclease deficient (DIDA/HR40A “dead”) Cas9-2A-Puro and either guide 6, 17, or 21, or one of
three different untargeted sequences, followed by puromycin selection to yield HepG2 2,18 lines
stably expressing the CRISPR/Cas system. Figure 61 shows that Guide 6, 17, and 21 drastically
decreased total HBYV DNA and cccDNA in a manner dependent on correct targeting to HBY, and
on Cas9 nuclease activity, Comparing the results from 29 and 36 days post transduction,
Applicants sce that the levels of HBV DNA and cceDINA continue to decrease over time,
consistent with resufts from lentiviral transduction of CRISPR/Cas in other cell systems. The
Figures also show that the ‘dead” Cas® had little impact on the amount of HBV genomic DNA at
day 21 or 36 (about 50 copies per cell), but that guides 6, 17 and 21 in combination with active
Cas9 reduced DNA to fewer than 10 copics per cell at day 21, and even fower copies at day 36.
Thus the Cas9 system drastically decreased total HBY DNA and cccDNA in a manner dependent
on correct targeting to HBY, and on Cas9 nuclease activity. Moreover, a stmilar effect was seen
on ceeDNA, which was almost undetectable using guide 21 {much less than 1 copy per cell on
average) at day 36.

{8871} In separate control experiments, cells were also transduced with constructs containing
gRNAs and a nuclease deficient Cast (DIOA/HR40A; dead Cas9) to control for nuclease-
independent effects of Cas9 on viral fitness, or WT Cas9 with mutated gRNAs {gXM) to control
for guide sequence-independent effects. Cas%/gRNAs induced robust suppression of HBY DNA
release {77-95% decrease across different gRNAs), HBeAg secretion, and viral mRNA
production {greater than 50%;) (Figure 623 MORE

13872} Applicants next analyzed the effect of Cas9-mediated cleavage on the abundance of
non-integrated viral forms, composed mainly of cccENA. qPCR showed a robust reduction in
total HBV DNA and in cecDNA, with the latier progressing from 71 +/- 7% reduction at day 21
10 92 +/- 4% at day 36 post transduction (Figure 63 and 64).

(8873} These results were confirmed by directly analyzing low molecular weight DNA from

transduced cells by Southern blot (Figure 65). cccDNA and its deproteinated relaxed circular
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form (dpRC DNA} precursor were greatly depleted in Cas9/gRNA transduced cells. In contrast,
when total HBY DNA was analyzed, no substantial reduction in the levels of integrated HBY
DNA was detected (Figure 066). The Scuthern blot of HBY DNA at 29 days post transduction of
Figure 65 is the results of 8 Southern blot that was performed on the DNA harvested from the
HepG2 2,15 cell hines at 29 dpt, cither using standard DNA extraction for total DNA, or using a
modified Hitt's extraction to specifically enrich for low molecular weight, non-chromosomal
DNA. For Hirt’s extraction, hoth total DNA and mtDNA are shown as loading controls since
mtDNA should persist through the extraction procedure. Note the almost complete absence of
HBV DNA in the on-target, nuclease-competent lanes. Figure 65 shows that, with either high or
low exposure, the reDNA, cceDNA and ssDNA forms of HBV are essentially undetectable using
guide 6 or 21, and {except for rcDNA) are barely detectable using 17. Then at day 36 linear
dsDNA, cecDNA and ssDNA are essentially undetectable using 17 and 21, whereas levels of
mtegrated HBV DNA remain unaffected (since Cash-mediated cleavage of integrated DNA
should resuft in NHEJ-mediated DNA repair and maintenance of the integrated HBYV DNA
although potentially in mutated form). This degree of reduction in HBVY cccDNA (even in a cell
line systemn) compares very favorably to the available literature on cecDNA-targeting HBY
therapeutics.

{6874} The Southern blot of HBY DNA at 36 days post transduction of Figure 66 is the
resuits of a Southern blot was performed at 36 days post transdaction, and specitically looks at
differential effects on integrated HBV DNA vs, intermediate HBY forms and cecDNAL Note that
on-target, nuclease-competont guides drastically reduce the fevels of linear dsDNA, cccDNA,
and ssDNA while levels of ntegrated HBV DNA remain unaffected {since Cas@-mediated
cleavage of integrated DNA should result in NHEI-mediated DNA repair and maintenance of the
integrated HBY DNA, although potentially 1o mutated form). This degree of reduction in HBY
cccDNA  demonstrates that the CRISPR-Cas system can be a cocDNA-targeting HBV
therapeutic,

IG875] Survevor assay was performed on DNA exiracts from CRISPR-transduced HepG2
2.15 cells to directly determine whether the viral DNA was cleaved and repaired via error-prone
INHEJ similar to genomic targets of CRISPR/Cas® and the results thereof are iflustrated in Figure
67. The Survevor T7E!D endomuclease assay was performed to assess jndel formation in HBY
DNA in this systern. Analysis of total HBYV DNA forms for indel formation, an indirect measure
of CasY-mediated cleavage, revealed high levels of cutting (Figure 67, top panel). Lower levels

were seen in cceDNA that was amplified from the cells after DNAse treatroent to destroy non-
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circular integrated HBV DNA (0% vs 32%, 62% vs 88% and 21% vs 66% for guides 21, 17 and
6, respectively) (Figure 67, bottora pancl).
[6876] Consistent with high levels of indel formation in the core ORF targeted by g17,
immunostaining for HBV core protein (HB¢) revealed a robust reduction in HBc levels in g17-
expressing cells as compared to controls (Figure 68).
168771 To evaluate Cas9 treatroont in a setting of de novo infection, Applicants used HepG2
clls overexpressing the HBV receptor NTCP (Hep-NTCP) (Yan H. et al. 2012}, which are
permissive to infection with HBV. Because g17 showed the highest levels of indel formation in
cecDNA mn the HepG2.2.15 experiroends, these cells were transduced with Cas9/gl7,
Cas9/gl7M, or dead Cas9/gl7 lentiviruses, co-cultured with HBV producing Hep(G2.2.15 cells,
and selected with puromycin to eliminate non-transduced Hep-NTCP and contaminating
Hep(G2.2.15 cells (Figure 69, left). Alternatively, Hep-NTCP cells were selected with puromycin
following transduction and subsequently infected with HBV-postiive patient serum (Figare 69,
right). When the transduced Hep-NTCP were infected with cell culture-produced virus, Cas9/gl7
greatly abrogated productive HBV infection, as reflected by reduction in HBsAg and HBYV DNA
secretion, as well as 3.5kbRNA and cceDNA levels, compared to controls (Figure 70); this
finding was confumed following infection with patient-derived virus {Figure 71} Surveyor
assay performed using DNA from cells infected de novo with Hep(G2.2.15-derived virus
confirmed direct cleavage of HBV e¢pisomal DNA (Figure 72). Although minor cleavage was
also detected in the mutated g 7M, this roost likely was due to low-level cleavage with DNA
bulge-containing guide RNAs (Lin Y. et al. 2014). This finding provides direct evidence that
Cas9 is capable of targeting episomal forms of the virus, and exerting anti-HBV effects by
directly targeting cccDNA.
{BR78] These experiments show that clearance of HBV cccDNA can be mediated by the
expression of CRISPR-Cas constructs in cells ecither constitutively exprossing or de sovo
transtected with HBV DNA. Given the high percentage of cccDNA+ hepatocytes in chronically
HBY ionfected bivers, it would be suttable to package the CRISPR-Cas systern cncompassing
optimal HBY target sequences into a highly efficient, hiver-specific vector such as adeno-

' 6). Additionally, to

enforce the specificity or targeting and improve in vive CasY expression, it will be desirable to
include hepatocyte-specific transcriptional
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human dosing, and provides a heightened level of comfort with using CRISPR-based gene
therapy to excise HBYV from infected hepatocytes.

[BR79] Moreover, these experiments show that the CRISPR-Cas system can be used
therapeuntically to target and reduce the presence of HBV, especially cccDINA of HBV,

3888 De nove HBVY infection of in patient-derived hepatocyies (either primary human
hepatocytes or 1iPS-derived hepatocytes) using the CRISPR-Cas system and constracts as herein
described and illustrated obtain similar therapeutically significant results, especially because
infection in these systems is performed with patient plasma-derived virus.

{6881} Cas% cleavage of HBV cceDNA generates y-H2AX and Cas9 cleavage of HBY
cceDNA hinearizes the cccDNA which may be left unrepaired and potentially degraded after
being linearized by Cas9.

6882} Yan ef ai, elife (2012) wdentified a specific 2-4¥aa sequence in the PreS1 protein of
HBYV responsible for binding to the sodium taurocholate cotransporting polypeptide (NTCP), the
recently discovered receptor for HBV. Targeting sgRMNAs against this region may induce indel
formation and routation of this region may result in the production of virions incapable of
binding and entering new hepatocytes, leading to another mechanism of viral clearance even if
all cccDNA cannot be eliminated.

{3883] Morcover, the resuits hercin invite co-admimistration of CRISPR/Cas system and
epigenctic modifier drugs: The HBV cccDNA ‘minichromosome” is a very densely-packed,
nucleosome-associated structure with HBV DNA tightly cotled around histone proteins and
HBY Core protein (HBe), leading to wuucleosomal spacing coven shorter than standard
chromosomal spacing. HBV transcription are regulated by cpigenetic marks on associated
histones, which lead to the recruitment of several host cellular transcription factors, and

epigenctic modification of cceDNA minichromosomes has shown some promise in reducing the
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transcription of HBYV RNAs and also in leading to cccDNA degradation (for example, IFN-
alpha’s cceDNA degrading ability may be related to induction of epigenetic changes on the
cccDNA)L Since Cas9 targeting to coccDNA is likely at least partially dependent on the cceDNA
structare, co-treatment with epigenetic modifiers (for example Class 1 and Class I HBAC
inhibitors trichostatin A (TSA), valproate, and nicotinamide (NAM), and Type T interferons) may
be a valuable strategy for increasing Cas9 occupancy on HBV cccDNA. The jovention
comprehends administration of the CRISPR-Cas system with such epigenctic modifier drugs; or
other drugs presently used to treat HBV. The skilled person can use doses and formulations of
such drugs presently used, i combination with the CRISPR-Cas aystem in doses and
fornmlations as herein described to treat HBV.

{6884} Exampie 29: Other viruses

[68B5] Other viruses can also be targeted vsing the same approach, and iu particalar DNA
viruses {typically dsDNA viruses). For example, herpes simplex virus (HSV), human
papiliomavirus (HPVY), Epstein Barr virus {EBVY), varicella zoster virus (VZV), and any other
viras which integrates into a host mammal’s genome and/or has a latent circular episomsal form.
CRISPR systems of the invention can be targeted to cell types which maiutain the latent virus
e.g. B celis or epithelial cells for EBV, neurons for HSV and VZV, epithelial cells for HPV, eifc.
[6886] HSV1/2 forms stable latent infection phase in neurons in episomal form, and the
tatent DNA 18 (similar to HBV) complexed with nuclecsomes and other transcription-regulating
machinery. There are AAV subtypes (AAV2) which efficiently target neurons, and this is a good
target. HPV has a low copy-number, episomal DNA form in basal keratinocytes, activation of
replication as differentiation occurs into the squamous layer; targeting these cells is relatively
easy since mucosal sites are accessible, and if done carly after detection, viral dissemination
could be halted by using a CRISPR-Cas system ag herein discussed. Plant viruses are also
suitable targets.  Accordingly, the herein studies as to HBVY are readily extendable to other

mamrmalian or human viruses and plant viruses.
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[GR87] While preferred cmbodiments of the present invention have been shown and
described hercin, it will be obvious to those skilled in the art that such erobodiments are provided
by way of example only. Numerous variations, changes, and substitutions will now occur to
those skilled in the art without departing from the invention. It should be understood that various
alternatives 1o the embodiments of the invention described herein may be eroployed in practicing

the invention.
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WHAT IS CLAIMED I5:

L. A method of modifying an organism or a non-human organism by manipulation
of a target hepatitis B virus (HBV) sequence in a genomic locus of interest comprising delivering
a non-naturally occurring or engineered composttion comprising:

Ay - 1. a CRISPR-Cas system RNA polynocleotide seqoence, wherein the
polymucleotide sequence comprises:
(a) a guide sequence capable of hybridizing to a target HBV sequence in 2
cukaryotic cell,
{(b) a tracr mate sequence, and
{c) a tracr sequence, and
. a polynucleotide sequence encoding a CRISPR enzyme, optionally comprising
at least one or more nuclear localization sequences,

wherein {3}, (b) and {¢) arc arranged in a 57 to 3” orientation,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and
the goide sequence directs sequence-specific binding of a CRISPR complex to the target HBY
sequence, and

wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that is hybridized or hybridizable to the target HBVY sequence, and (2) the tracr
mate sequence that is hyvbridized or hybridizable to the tracr sequence and the polynucleotide
sequence encoding a CRISPR enzyme is DNA or RNA,

or

(B I polynucieotides comprising:
{a) a guide sequence capable of hvbridizing to a target HBY sequence in a
cukaryotic cell, and
{b) at least one or more tracr mate sequences,
1. a polynucleotide sequence encoding a CRISPR enzyme, and
i1, a polynucleotide sequence comprising a fracr sequence,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and
the goide sequence directs sequence-specific binding of a CRISPR complex to the target HBV
sequence, and

wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the

guide sequence that is hybridized or hybridizable to the target HBVY sequence, and (2) the tracr

N
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mate sequence that is hybridized or hybridizable to the tracr sequence, and the polynucleotide
sequence encoding a CRISPR enzyme is DNA or RNA.

2. The method of claim 1, wherein any or all of the polynucleotide sequence encoding a
CRISPR enzyme, guide sequence, tracr mate sequence or tract sequence, is/are RNA.

3. The method of claim | or 2, wherein the polynucleotides encoding the sequence
cucoding a CRISPR cuzyme, the guide sequence, tracr mate sequence or tract sequence is/are
RINA and are delivered via liposomes, nanoparticies, exosomes, microvesicles, or a gene-gun.

4. The method of any of claims | to 3, wherein the polynucleotides are comprised within
a vector syStem COmprising one o1 more vectors,

5. A method of modifying an organism or a non-human organism by manipulation of a
target HBY sequence in a genomic locus of interest comprising delivering a non-naturally
occurring or engineered corpposition comprising a viral vector system comprising one or more
viral vectors operably encoding a composition for expression thercof, wherein the composition
COMpPTIses!

{A) a non-naturally occurring or enginecred composition comprising a8 vector system
COMPriSING ONe OF MOre vectors Comprising

1. a first regulatory clement operably linked to a CRISPR-Cas system RNA
polynucleotide sequence, wherein the polynucicotide sequence comprises
{(a) a guide sequence capable of hybridizing to a target HBV sequence in a
cukaryotic cell,
{b) a tracr mate sequence, and
{c} a tracy sequence, and
1. a second regulatory clement operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, optionally comprising at least one or more nuclear localization
sequences,

A
5]
3

wherein (a), (b) and (¢) are arranged in a 5’ to 37 orientation,

wherein components [ and 1 are located on the same or different vectors of the system,

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 HBV
sequence, and

wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that is hybridized or hybridizable to the target HBV sequence, and (2) the tracr

mate sequence that is hybridized or hybridizable to the tracr sequence,
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or

(B) a non-naturally occurring or enginecred composition coruprising a vector systom
COMPriSing ONe Of MOre vectors Comprising

L. a first regulatory element operably linked to
{(a) a guide sequence capable of hybridizing to a target HBV sequence in a
cukarvaotic cell, and
{(b) at least one or more tracr mate sequences,
1. a second regulatory clement operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, and
1. a third regulatory element operably linked to a tracr sequence,

wherein components I, I and [ are located on the same or different vectors of the
systern,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and
the guide sequence directs sequence-specific binding of 3 CRISPR complex to the target HBY
sequence, and

wherein the CRISPR coraplex comprises the CRISPR enzyrue complexed with (1) the
guide sequence that is hybridized or hybridizable to the target HBV sequence, and (2) the tracr
mate sequence that is hybridized or hybridizable to the tracr sequence.

6. The method of claim 5, wherein one or more of the viral vectors are delivered via
liposomes, nanoparticles, exosomes, microvesicles, or a gene-gun.

7. A method of treating or inhibiting a condition caused by a defect in a target HBV
sequence in a genomic locus of interest in a subject or a non-human subject in need thereof
comprising modifving the subject or a non-hurnan subject by manipulation of the target HBV
sequence and wherein the condition 15 susceptible to treatment or inhibition by manipulation of
the target HBY sequence comprising providing treatment comprising:

delivering a non-naturally occurring or engineered composifion comprising an AAV or
lentivirus vector systern, comprising one or more AAV or lendivirus vectors operably encoding a
compaosition for expression thercof, wherein the target HBV sequence is manipulated by the
composition when expressed, wherein the composition comprises:

(A} a non-naturally occurring or engineered composition comprising a vector systern
COMPrising one of More vectors Comprising

I a first regulatory clement operably linked to a CRISPR-Cas system RNA

polynucieotide sequence, wherein the polynucleotide sequence comprises
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(a) a guide sequence capable of hybridizing to a target HBV sequence in a
cukaryotic cell,

I 23

(b} a tracr mate sequence, and

(¢} a tracr sequence, and

I a second regulatory element operably hinked to an enzyme-coding sequence
encoding a CRISPR enzymce comprising at least one or more nuclear localization sequences,
wherein (), (b} and (¢} are arranged in a 5" to 37 oricntation,

wherein components | and IT are located on the same or different vectors of the system,

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 HBY
sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that s hybridized or hybridizable to the target HBV sequence, and (2) the tracr
mate sequence that is hybridized or hybridizable to the tracr sequence,
or
(B) a non-naturally occurring or cngincered composition comprising a vector system
COMPIISING ONC Of MOIS VOCtors comprising
L a first regulatory element operably linked to
{a}) a guide sequence capable of hybridizing (o 8 target HBV sequence in a
cukaryotic cell, and
(b} at least one or more tracr mate sequences,
f. a second regulatory element operably linked to an enzyme-coding sequence
cucoding a CRISPR enzyrme, and
1L a third regulatory element operably linked to a tracr sequence,
wherein components 1, 11 and I are located on the same or different vectors of the
system,
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 HBY
sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that is hybridized or hybridizable to the target HBVY sequence, and (2) the tracr

mate sequence that is hybridized or hybridizable to the tracr sequence.
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&. The method of any preceding claim, wherein the method is carried out in vitro, and/or
exX Vivo,

9. The method of any preceding claim including inducing expression.

1. The method of any preceding claim wherein the organism or subject is a eukaryote,
preferably a non-human cukaryote.

11, The method of clarn 10 wherein the organism or subject is a non-human eukarvote.

12, The method of any of claims 1 to 11 wherein the organism or subject is a mammal or
a non-human mwammal.

13. The method of any of claims 4 to 8 wherecin the viral vector is an AAV or lentiviral
vector.

14. The method according to any preceding claim wherein the CRISPR enzyme is a
Casy.

15. The method according to any preceding claim whercin expression of the guide
sequence is under the control of the T7 promoter and is driven by the expression of T7
polymerase.

16. A method of delivering a CRISPR enzyme of any preceding claim, comprising
delivering to a cell mRNA encoding the CRISPR enzyme.

17. The method of any one of claims 1 to 16, wherein the polynucleotide or enzyme
coding sequence encoding the CRISPR enzyme s delivered to the cell by delivering mRNA
encoding the CRISPR enzyme to the cell.

18, A method of preparing the AAY or lentivirus vector of claim 7 comprising
transfecting plasmid(s) containing or consisting essentially of nucleic acid molecule(s) coding
for the AAV or lentivirus into AAV-infected or lentivivus-infected cells, and supplying AAV
AAV or lentiviras rep and/or cap and/or helper nucleic acid molecules obligatory for replication
and packaging of the AAV or lentivirus.

19. A method of preparing an AAV or lentivirus vector for use in the method of claim 7,
comprising transfecting plasmid(s) containing or cousisting essentially of nucleic acid
molecule(s) coding for the AAV or lentivirus into AAV-infected or [entivirus-infected cells, and
supplying AAY AAV or lentivirus rep and/or cap and/or helper nucleic acid molecules
obligatory for replication and packaging of the AAV or lentivirus,

20. The method of claim 18 or 19 wherein the AAY or lentivirus rep and/or cap
obligatory for replication and packaging of the AAV or lentivirus are supplied by transfecting

the cells with helper plasmid{(s) or helper virus{es).
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21, The method of claim 20 wherein the helper virus is a poxvirgs, adenovirus, lentiviras,
herpesvirus or baculovirus.

22. The method of claim 21 wherein the poxvirus is a vaccinia virus.

23. The method of any of claims 18 to 22 wherein the cells are mammalian cells.

24, The method of any of claims 1§ to 22 wherein the cells are insect cells and the helper
vitus {where present) is baculovirus,

25. The method of any of claims § to 15 wherein the target HBY sequence is flanked at
its 37 end or followed by §7-NRG {(where N is any Nucleotide), and where the CRISPR enzyme
is {or is derived from) 8. pyogenes or 8. qureus Cash.

26. A conposition as defined in any of claims 1-25 for use in medicine or in therapy.

27. A composition as defined in any of claims 1-25 for use in a method of moditfying an
organism or a non-human orgamsm by manipulation of a target HBV sequence in a genomic
locus of interest or in a method of treating or inhibiting a condition caused by a defect in a target
HBY sequence in a genonuc locus of interest.

28. Use of a composition as defined in any of claims 1-25 in ex vive gene or genome
editing.

29. Use of a composition as defined in any of claims 1-25 in the manufacture of a
medicament for ex vive gene or genome editing or for use in a method of modifying an organism
or a non-haman organismy by manipulation of a target HBV sequence in a genomic locus of
interest or in a method of treating or inhibiting a condition caused by a defect in a target HBV
sequence in a genomic locus of interest,

30. A composition comprising:

Ay - 1. a CRISPR-Cas system RNA polynucleotide seqoence, wherein the
polymucleotide sequence comprises:
(a) a guide sequence capable of hybridizing to a target HBV sequence in a
eukaryotic cell,
{(b) a tracr mate sequence, and
{c) a tracr sequence, and
. a polynucleotide sequence encoding a CRISPR enzyme, opticnally comprising
at lcast one or more nuclear localization sequences,

wherein (a}, (b) and (¢) arc arranged in a 5 to 3° orientation,
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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 HBY
sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1} the
guide sequence that is hybridized or hybridizable to the target HBV sequence, and (2) the tracr
mate sequence that is hybridized or hybridizable to the tracr sequence and the polynucieotide
sequence encoding a CRISPR enzyme is DNA or RNA,
or
(BY L polynucleotides comprising:
(a) a guide sequence capable of hybridizing to a target HBV sequence in a
cukaryotic cell, and
(b} at least one or more tracr mate sequences,
1. a polyoucleotide sequence encoding a CRISPR enzyme, and
1L a polynucieotide sequence comprising a tracr sequencee,
wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and
the guide scquence ditects sequence-specific binding of a CRISPR complex to the target
hepatitis B virus (HBV) sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that is hybridized or hybridizable to the target HBV sequence, and (2) the tracr
mate sequence that is hybridized or hybridizable to the tracr sequence, and the polynucleotide
sequence encoding a CRISPR enzyrae is DNA or RNA;
for use in medicine or therapy; or for use in a method of modifying an organism or a non-
human organism by manipulation of a target HBV sequence in a genomic locus of interest; or for
use in a method of treating or inhibiting a condition caused by a defect in a target HBY sequence
in a genomic locus of interest; or for use in ex vivo gene or genome editing.
31. The composition of clairn 30, wherein the polynucleotides are comprised within a
VeCtor systern CoOmprising one or more vectors.
32. The method, use or composition of any of the preceding claims, wherein the
CRISPR-Cas system RNA is a chimeric RNA (chiRNA).
33. The method, use or composition of any of the preceding claims, wherein the
CRISPR-Cas system is a multiplexed CRISPR enzyme system further comprising multiple

chimeras and/or mukltiple multiguide sequences and a single tracr sequence.
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34. The method, use or composition according any of the preceding claims, wherein the
CRISPR enzyme s a nuclease directing cleavage of one or both sirands at the location of the
target seguence.

35. The method, use or composttion according to any of the preceding claims, wherein
the CRISPR enzyme comprises one or more mutations.

36. The method, use or composition according to claim 35, wherein the CRISPR enzyme
compriscs one or more mutations DI0A, E762A, HB40A, NES4A, NBO3A or DIBGA,

37. The method, use or composition according to claim 35 wherein the one or more
mutations 18 in a RuvCli domain of the CRISPR enzyme.

38. The method, use or composition according to clairn 34, wherein the CRISPR enzyme
is a nickase directing cleavage at the location of the target sequence.

39. The method, use or composition according to claim 33, wherein the nickase is a
double nickase.

40, The method, use or composition according to any preceding claim further comprising
at least two or more NLS.

41. The method, use or composition according to any preceding claira, wherein the
CRISPR enzyme has one or more mutations in a catalytic domain, 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 farget sequence, and wherein the enzyme further
comprises a functional domain,

42, The method, use or composition according to claim 41, wherein the functional
domain s a transcriptional activation domain.

43. The method, use or composition according to claim 42, wherein the transcriptional
activation domain is VP64,

44, The method of any one of claims 1-25 or 32-43 further comprising minimizing off-
target modifications by manipulation of a first and a second target sequence on opposite strands
of a DNA duplex in a genomic locus of interest in a cell comprising

delivering a non-naturally occumring or engincered composition comprising:

I 8 CRISPR-Cas system chimeric RNA (chiRNA) polynuciectide sequence,
wherein the polynucleotide sequence comprises:
(a) a first guide sequence capable of hybridizing to the first target
sequence,

{(b) a first tracr mate sequence,
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{c)a first fracr sequence,
{(d) a second guide sequence capable of hybridizing to the second target
sequence,
(e} a second tracr mate sequence, and
() a second tracr sequence, and
optionally, wherein a linker sequence is present between the first tracr sequence and the
second guide sequence, whereby the first guide sequence and the second guide sequence are in
tandem; and
1. a polynucleotide sequence encoding a CRISPR enzyme comprising at least one
or more nuclear localization sequences, wherein (a), (b), (¢}, (d), {¢) and {f) arc arrangeding 5’
to 37 orientation, wherein the polynuclestide sequence comprises a linker sequence between the
first tracr sequence and the second guide sequence, whereby the first guide sequence and the
second guide sequeonce are in tandem, and wherein 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 a first and a second CRISPR
complex to the first and second target sequences respectively,
or
f. a second regulatory element operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, and wherein components [ and 11 are located on the same or
different vectors of the systern, and when transcribed, a first fracr mate sequence hybridizes to a
first tracr sequence and the first and the second guide sequence directs sequence-specific binding
of a first and a second 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 hybridized or hybridizable to the first target sequence, and (2) the
first tracr mate sequence that is hybridized or hybridizable to the first tracr sequence,
wherein the second CRISPR complex comprises the CRISPR enzyme complexed with
(1) the second guide sequence that is hybridized or hybridizable to the sccond target sequence,
and {2) the second tracr mate sequence that is hybridized or hybridizable to the second tracr
sequence,
wherein the polynucieotide sequence encoding 8 CRISPR enzyme is DNA or RNA, and
wherein the first guide scquence directs cleavage of one strand of the DNA duplex near

the first target sequence and the second guide sequence directs cleavage of other strand near the
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second target sequence inducing a double strand break, thereby modifying the organism or the
non-human organism by minimizing off-target modifications.

45. A CRISPR-Cas system comprising one or more vectors for delivery to a eukaryotic
cell, wherein the vector(s) encode(s): (i) a CRISPR enzyme; (ii) a guide RNA capable of
hybridizing to a target sequence in a viral genome within the cell; and (iii); a tracr mate
sequence; and (iv) a tracr sequence,

wherein, when expressed within the cell, the guide RNA directs sequence-specific
binding of a CRISPR complex to the target sequence, and the CRISPR complex comprises
(a) the tracr mate sequence hybridised to the tracr sequence and (b) a CRISPR enzyme bound to
the guide RNA, such that the guide RNA can hybridise to its target sequence in the viral genome.

46. The system of claim 45 wherein the viral genome is hepatitis B virus (HBV), herpes
simplex virus (HSV), human papillomavirus (HPV), Epstein Barr virus (EBV), varicella zoster
virus (VZV) or a plant virus.

47. The system of claim 46 wherein the viral genome is HBV.

48. A method of treating a viral infection in an individual in need thercof comprising
administering an effective amount of the system of claim 45.

49. The method of claim 48 wherein the viral infection is HBV.

50. The method of claim 49 including administering an additional HBV treatment.

51. The method of claim 50 wherein the additional treatment comprises an epigenetic
modifier. | '

52. Use of the system of any one of claims 45-47 in treatiﬁg a viral infection of an
individual or in formulating a medicament or pharmaceutical composition or treatment regimen
for viral infection treatment. '

53. A method of modifying a cell of a eukaryotic organism by manipulating at least one
target viral nucleic acid within the cell, the method comprising introducing into the cell an
exogenous composition capable of forming a Clustered Regularly Interspersed Short Palindromic
Repeats (CRISPR)-CRISPR-associated (Cas) (CRISPR-Cas) complex, the composition
comprising:

(A)  CRISPR-Cas system.polynucleotide sequences comprising:
6] a guide sequence, which when transcribed is capable of
hybridizing to a sequence of the at least one target viral nucleic acid to be manipulated;
(ii) a trans-activating CRISPR RNA (tracr) mate sequence, which is

linked to the guide sequence; and
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(i)  a tracr sequence, wherein when transcribed all or a portion of the
tracr sequence is capable of hybridizing to the tracr mate sequence; and
{(B) a CRISPR/Cas enzyme or a polynucleotide cncoding a CRISPR/Cas
enzyme,
wherein when the CRISPR/Cas system polynucleotide sequences are present as
RNA within the cell and the CRISPR/Cas enzyme is present as a protein within the cell:
) the tracr mate sequence 5 hybridized to the tracr sequence or
portion thereot)
(i)  the CRISPR/Cas system polynucleotide sequences are associated
with the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and
(11  the guide sequence hybridizes to a sequence of the at least one
target viral nucleic acid thereby directing sequence-specific binding of the CRISPR/Cas complex
1o the at least one sequence of the target viral nucleic acid, whereupon said sequence of said
target viral nucleic acid is manipulated by the CRISPR/Cas enzyme of the complex.

54. An exogenous composition which, when introduced into a cell of a cukaryotic
organisto, 18 capable of forming at least one Clustered Regularly Interspersed Short Palindromic
Repeats (CRISPR)- CRISPR-associated (Cas) {CRISPR-Cas) complex, wherein the complex is
capable of modifying the cell by manipulating at least one target viral nucleic acid within the
cell, the composition comprising:

(AY  Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR)-
CRISPR associated (Cas) (CRISPR-Cas) system polymucieotide sequences comprising:
{1} a gwide sequence, which when transcribed s capable of
hybridizing to a sequence of the at least one target viral nucleic acid to be manipulated;
(i)  a trans-activating CRISPR RNA (tracr) mate sequence, which is
hinked to the guide sequence; and
(i) a tracr sequence, wherein when transcribed all or a portion of the
fracr sequence 15 capable of hybridizing with the tracr mate sequence; and
(By a CRISPR/Cas enzyme or a polynucieotide encoding 3 CRISPR/Cas
enzyme,
wherein when the CRISPR/Cas systern polynucleotide sequences are present as
RNA within the cell and the CRISPR/Cas enzyme is present as a protein within the cell:
(i) the tracr mate sequence is hybridized to the tracr sequence or

portion thereof;
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(iiy  the CRISPR/Cas system polynucleotide sequences are associated
with the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and

(i) the guide sequence hybridizes to a sequence of the at least one
target viral nucleic acid thereby directing sequence-specific binding of the CRISPR/Cas complex
to the at least one sequence of the target viral nucleic acid, whereupon said sequence of said
target viral nucleic acid is manipulated by the CRISPR/Cas enzyrae of the complex.

55. A Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR)- CRISPR-
associated (Cas) (CRISPR-Cas) complex which, when introduced into a cell of a cukaryotic
organisto, 18 capable of modifying the cell by manipulating a target viral nucleic acid within the
cell, the complex comprising:

(A}  CRISPR-Cas system RNA polynucleotide sequences comprising:
(1) a guide sequence, which s capable of hybridizing to a sequence of
the target viral nucleic acid to be manipulated;
(it} a trans-activating CRISPR RNA (tracr) mate sequence, which is
tinked to the guide sequence; and
(U1} 4 tracr sequence, wherein all or a portion of the tracr sequence is
capable of hybridizing with the tracr mate sequence; and
(B  aCRISPR/Cas enzyme,
wherein when the CRISPR/Cas systern RNA polynucleotide sequences and the
CRISPR/Cas enzyme are present within the cell:
) the tracr mate sequence s hybridized to the iracr sequence or
portion thereot)
(1)  the CRISPR/Cas system polynucleotide sequences are associated
with the CRISPR/Cas enzyme, so forming a CRISPR/Cas complex; and
(i11y  the guide sequence hybridizes to a sequence of the target viral
nucleic acid thereby directing sequence-specific binding of the CRISPR/Cas complex to the
sequence of the target viral nucleic acid, whereupon said sequence of said target viral nucleic
acid is manipulated by the CRISPR/Cas enzyme of the complex.

56. A Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR)- CRISPR-
associated (Cas) (CRISPR-Cas) system chimeric RNA  polynucleotide molecule {chiRNA)
which, when mtroduced into a cell of a cukarvotic organism, is capable of associating with a

CRISPR/Cas enzyme so forming a CRISPR-Cas complex, wherein the CRISPR-Cas complex is
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capable of modifying the cell by manipulating a target viral nucleic acid within the cell; the
chiRNA comprising:
{1} a guide sequence, which is capable of hybridizing to 2 sequence of the
target viral nucleic acid to be manipulated;

(i1} a trans-activating CRISPR RNA (fracr) mate sequence, which is linked to
the guide sequence; and

(i)  a tracr sequence, wherein all or a portion of the tracr sequence is capable
of hybridizing with the tracr mate sequence; and

wherein when the chiRNA and the CRISPR/Cas enzyme are present within the

cell:

Y the tracr mate sequence hybridizes to the tracr sequence or portion
thereot

b) the chiRNA associates with the CRISPR/Cas enzyme, so forming

the CRISPR/Cas complex; and

c) the guide sequence hybridizes to a seguence of the target viral
nucleic acid therchby directing sequence-specific binding of the CRISPR/Cas complex 1o the
sequence of the target viral nucleic acid whereupon said sequence of said target viral nucleic acid
is manipulated by the CRISPR/Cas enzyme of the complex.

57. A DNA polymucleotide molecule comprising sequences encoding a Clastered
Regularly luterspersed Short Palindromuc Repeats (CRISPR)- CRISPR-associated  (Cas)
(CRISPR-Cas) system chimeric RNA  polynucleotide molecule (chiRNA), wherein upon
wtroduction of said chiRNA into a cell of a cukaryotic organism said chiRNA is capable of
associating with a CRISPR/Cas enzyme so forming a CRISPR-Cas complex, wherein the
CRISPR-Cas complex is capable of modifying the cell by manipulating a target viral nucleic
acid within the cell; the chiRNA comprising:

(i) a guide sequence, which is capable of hybridizing to a sequence of the
target viral nucleic acid to be manipulated;

(i1} a trans-activating CRISPR RNA (tracr) mate sequence, which is linked to
the guide sequence; and

{111} a fracr sequence, wherein all or a portion of the fracr sequence is capable
of hybridizing with the tracr mate sequence; and

wherein when the chiRNA and the CRISPR/Cas enzyme are present within the cell:

a) the tracr mate sequence hybridizes to the tracr sequence or portion thereof;

309



WO 2015/089465 PCT/US2014/070135

b) the chiRNA associates with the CRISPR/Cas enzyme, so forming the
CRISPR/Cas complex; and

c} the guide sequence hybridizes to a sequence of the target viral nucleic acid
thereby directing sequence-specific binding of the CRISPR/Cas complex to the sequence of the
target viral nucleic acid whereupon said sequence of said target viral nucleic acid is manipulated
by the CRISPR/Cas enzyme of the complex.

58. The method of claim 53 or composition of claim 54, wherein the CRISPR/Cas
enzyme of the exogenous composition is provided as a polynucleotide sequence which
comprises cither (a) RNA or (b) DNA wherein the polymucleotide sequence is operably linked to
a rogulatory eloment capable of directing expression of RNA encoding the CRISPR/Cas enzyme.

59. The method of claim 53 or composition of claim 54, wherein any of the CRISPR/Cas
system polynucleotide sequences of the exogenous composition comprise either (a) RNA or (b)
DNA wherein the polynucleotide scquences are operably linked to one or more regulatory
cleraents capable of directing expression of CRISPR/Cas system RNA polynucicotide sequences.

60. The method or composition of claim 59, wherein each of the CRISPR/Cas system
polymucleotide sequences of the exogenous composition consists of RNA and wherein the
CRISPR/Cas system polynucieotide sequences comprise a chimeric RNA polymucleotide
molecule comprising the guide sequence, the tracr mate sequence and the tracr sequence.

61. The method or composition of claim 59, wherein each of the CRISPR/Cas system
polyoucieotide sequences of the exogenous composition are provided as DNA polynucleotide
sequences further comprising at least one regulatory clement operably linked to polynucicotide
sequences encoding CRISPR/Cas systemt RNA polynucleotide sequences and capable of
directing expression thereof, and wherein the CRISPR/Cas systemt RMNA  polynucleotide
sequences comprise a chimeric RNA polynucleotide molecule (chiRNA) comprising the guide
sequence, the tracr mate sequence and the tracr sequence.

62. The method or composition of any of claims 539 to 61, the complex of claim §5, the
chiRNA of clatm 56 or the DNA polynucleotide molecule of claim 57; wherein cach of the guide
sequence, the tracr mate sequences and the tracr sequence are arranged in a 5 to 3”7 orientation;
or wherein each of the guide sequence, the tracr mate sequences and the tracr sequence are
arranged ina 37 t0 57 orientation.

63. The method or composition of any of claims 58 to 62, wherein {(a} the CRISPR/Cas

systern polvnucleotide sequences or polynucieotide sequences encoding the CRISPR/Cas system
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polymacieotide sequences and/or (b} polynucleotide sequences encoding the CRISPR/Cas
enzyme are comprised in one or more recornbinaunt viral vectors

64. The method or composition of claim 69, wherein polynucleotide sequences of (a) are
located on the same or different recombinant viral vector as polynucleotide sequences of (b).

65. The chiRNA of claim 56 or the DNA polynucleotide molecule of claimn 57 wherein
the chiRNA or the DNA polynucieotide molecule 18 comprised in a recombinant viral vector,

66. The method, composition, chiRNA or DNA polynucleotide of any of claims 63 to 65,
wherein the viral vector 1s a retroviral vector, optionally a lentiviral vector, a baculoviral vector,
a herpes simaplex virus vector, an adenoviral vector, an adenoassociated viral (AAV) vector such
as AAVY vector, or a poxvirus such as a vaccinia virus,

67. The method of any of claims 58 to 62 wherein (a) the CRISPR/Cas system
polvoucleotide sequences or polymucleotide sequences encoding the CRISPR/Cas system
polvoucieotide sequences and/or {(b) polynucleotide sequences encoding the CRISPR/Cas
enzyme are delivered to the cell of the organism via liposomes, nanoparticles, exosomes,
microvesicles or a gene-gun.

68. The method, corposition, coraplex, chiRNA or DNA polynucleotide molecule of any
of claims 53 to 67, wherein the tracr sequence is 30 or more nucleotides in length, 40 or more
nucleotides in length, or 50 or more nucleotides in length.

6%. The method, composition, complex, chiRNA or DNA polynaclectide molecule of any
of clairns 53 to 68, wherein hybridization between the tracr sequence and the tracr mate sequence
produces a transcript having secondary structure, preferably a hairpin,

70. The method or composition of claim 69, wherein the tracr sequence cormprises one or
more regions capable of forming secondary structure, preferably a hairpin,

71. The method or composition of claim 70, wherein the tracr sequence comprises one or
more hairpins, two or more hairpins, three or more bhairpins, four or more hairpins, five or more
hatrpins, or at most five hairpins.

72. The method, composition, complex, chiRNA or DNA polynucleotide molecule of any
of claims 53 to 71, wherein the CRISPR/Cas enzyme is a Cas9 enzyme or a biologically active
fragment or derivative thereof, such as a Sirepiococcus pyogenes Cas9 enzyme or a biologically
active fragroont or derivative thereof or a Streptococcus aureus Cas9 enzyme or a biclogically
active fragment or derivative thereof,

73. The method, composition, complex, chiRNA or DNA polynucieotide molecule of any

~
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of clairns 53 to 72, wherein the CRISPR/Cas enzyme turther comprises one or more miclear
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focalization sequences {INLSs} capable of driving the accunmulation of the CRISPR/Cas enzyme
to a detectible amournt in the nucleus of the cell of the organism.

74. The method, composition, complex, chiRNA or DNA polynucieotide molecule of
claim 73, wherein the CRISPR/Cas enzyme comprises two or more NLSs, three or more NLESs,
four or more NLSs, five or more NLSs, six or more NLSs, seven or more NLSs, cight or more
NLSs, nine or more NLSs, or ten or more NLSs,

75. The method, composition, complex, chiRNA or DNA polynucleotide molecule of
claim 73 or 74, wherein the CRISPR/Cas cuzyme comprises at least one NLS at or near the
amino-terminus of the CRISPR/Cas enzyme and/or at least one NLS at or near the carboxy-
termimus the CRISPR/Cas enzyme.

76. The method, composition, complex, chiRNA or ENA polynucleotide molecule of any
of claims 53 to 75, wherein when present as RNA within the cell the guide sequence is capable
of hybridizing to a sequence of the target viral nucleic acid which is comprised 1o an episomal
nucleic acid molecule which is not integrated into the genome of the organism and wherein said
manipulation is a manipulation of the episomal viral nucleic acid molecule, preferably wherein
the episomal nucleic acid molecule s a double-stranded DNA polynucleotide molecule.

77. The method, composition, complex, chiRNA or DNA polynucieotide molecule of
claim 76, wherein the episomal viral nucleic acid molecule is a covalently closed circular DNA
{cccDNA)L

78. The method, composition, complex, chiRNA or DNA polynucleotide molecule of

£

claim 76 or claim 77, wherein the CRISPR/Cas complex is capable of reducing the amount ¢
episomal viral nucleic acid molecule in a cell of the orgamismy compared to the amount of
episomal viral nucleic acid mwolecole in a cell of the organism in the absence of providing the
complex.

79. The method, composition, complex, chiRNA or DNA polynuciectide molecule of any
of claims 76 to 73, wherein the CRISPR/Cas complex is capable of manipulating the episomal
nucleic acid molecule to promote degradation of the episomal nucleic acid molecule.

80. The method, composition, complex, chiRNA or DNA polynucleotide molecule of any
of claims 1 to 75, wherein when present as RNA within in the cell the guide sequence is capable
of hybridizing to a sequence of the target viral nucleic acid which is integrated into the genome
of the organism and wherein said manipulation is a manipulation of the integrated target nucleic

acid.
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&1. The method, composition, complex, chiRNA or DNA polynucleotide molecule of
clatra 80, whercin when formed within the cell the CRISPR/Cas coraplex is capable of
manipulating the integrated nucleic acid to promote excision of all or part of the target viral
nucleic acid from the genome of the organism.

32. The use of a composition, complex, chiRNA or DNA polynuclectide molecule of any
of claims 54 to 66 or any of claims 68 to 81 in the manipulation of at least one target viral
nucleic acid within the cell of g eukaryotic organism.

&3. The method, composition, complex, chiRNA, DNA polynucleotide molecule or use
of any of claims 53 to 82, wherein said at least one target viral nucleic acid is comprised ina
double-stranded DNA polynucleotide coccDNA molecule and/or viral DNA integrated into the
genome of the organism and wherein said manipulation of the at least one target viral pucleic
acid by the CRISPR-Cas complex comprises cleavage of viral cccDINA and/or integrated viral
DNA.

84, The method, composition, complex, chiRNA, DNA polynucleotide molecule or use
of claim 83, wherein said cleavage comprises one or more double-strand break({s} introduced into
the viral cccDNA and/or ntegrated viral DNA, optionally at least two double-strand break(s).

85. The method, composition, complex, chiRNA, DNA polynucieotide molecule or use
of claim 83, wherein said cleavage is via one or more single-strand break(s) imtroduced mto the
viral cceDNA and/or integrated viral DNA, optionally at least two single-strand break({s).

86. The method, coroposition, complex, chiRNA, DNA polynucleotide molecule or use
of claim &4 or 85, wherein said one or more double-strand break(s) or said one or more single-
strand break{s) leads to the formation of one or more insertion and deletion rutations (INDELs)
in the viral cocDNA sequences and/or integrated viral DNA sequences,

87. The method, composition, complex, chiRNA, DNA polynuciectide molecule or use
of claims 83 to &6, wherein cleavage of the viral cccDINA sequences or viral DNA sequences
itegrated in the genome of the organism leads to excision of viral polynucieotide sequences
from the cceDNA thereby reducing viral infection or excision of viral DNA sequences from the
genome of the organism thereby reducing viral infection.

&8. The method or composition of claim 87, wherein said composition comprises
components of at least two types of CRISPR/Cas complex, wherein ecach type of coraplex
comprises a guide sequence capable of hybridizing to different sequences of the target nucleic

acid, wherein said cleavage is cleavage of first and second strands of the viral DNA via at least

fad
(V]



WO 2015/089465 PCT/US2014/070135

two double-strand breaks introduced into the viral cccDNA and/or into or adjacent viral DNA
integrated into the genome of the organismy;

wherein a first double-strand break is introduced at a first position of the DNA by
manipitlating a first target sequence and a second double-strand break is introduced at a second
position of the DNA by manipulating a second target sequence,;

wherein apon  introduction of first and second double-strand breaks viral
sequences between first and second double-strand breaks are excised from coeDNA and/or from
the genomic DNA of the organism.

R9. The method or composition of claim 87, wherein said composition comprises
components of at least four types of CRISPR/Cas complex, wherein each type of complex
comprises a guide sequence capable of hyvbridizing to different sequences of the target nucleic
acid, wherein said cleavage is via at least two pairs of single-strand breaks introduced into the
viral cceDDNA and/or introduced into or adjacent viral DNA iotegrated info the genome of the
organism;

wherein to introduce a first pair of single-strand breaks a first single-strand break
ts introduced nto a first strand of DNA by manipulating a first target sequence to create a first
nick and a sccond single-strand break is introduced into the opposite strand of DNA by
manipitlating a second target sequence to create a second nick;

wherein to introduce a second pair of single-strand breaks a third single-strand
break is fotroduced nto said first strand of DNA by manipulating a third target sequence to
create a third nick and a fourth single-strand break is introduced into said opposite strand of
DNA by manipulating a fourth target sequence to create a fourth nick;

wherein upon introduction of first and second pairs of single-strand breaks viral
sequences between first and second pairs of single-strand breaks are excised from cccDNA
and/or from the genomic DNA of the organism.

9. The method or composition of claim 29, wherein first and second nicks are offset
relative to cach other by at least one base pair so creating a first overhang, and wherein third and
fourth nicks are offsct relative to cach other by at least one base pair so creating a second
overhang.

91. The method of coraposition of ¢lairn 88, 89 or 90, wherein following excision of viral
sequences the ends of the cleaved first strand of DNA are ligated together and the ends of the
cleaved second strand of DNA are ligated together thus reforming unbroken first and second

strands.
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92. The method, composition, complex, chiRNA, DNA polynucleotide molecule or use
of any of claims 85 to 87, 89, 90 or 91, wherein said single-strand break(s) is introduced wnto
DNA by a nickase cnzyme which is a modified CasY enzyme comprising a substitution leading
to catalytic inactivation of the HNH nuclease domain or the Ruv(C nuclease domain of Cas9;
optionally wherein the substitution is at position D10 of SpCas9, preferably a DI0A substitution
or substitution of a residue corresponding to position D10 1o a SpCas-related enzyme, or
wherein the substitution is at position H840 of SpCas9, preferably a HB40A substitution or
substitution of a residue corresponding to position HR40 in a SpCasY-related enzyme.

93. The method, composition, complex, chiRNA, DNA polynucleotide molecule or use
of any of claims 53 to 82, wherein said target viral nucleic acid is cccDNA and/or viral DNA
integrated into the genome of the organism and wherein said manipulation comprises insertion of
one or more mucleotides into or adjacent viral cocDINA sequences or integrated viral DNA
sequences, deletion of one or more nucleotides of viral cccDNA or integrated viral DNA,
translocation of viral cceDNA sequences or integrated viral DNA sequences, repression of
transcription of viral cccDNA sequences or integrated viral DNA sequences, and/or inactivation
of viral cccDNA sequences or integrated viral DNA sequences.

94, The method, composition, complex, chiRNA, DNA polynucicotide molecule or use
of claim 92, wherein repression of transcription of viral cceDNA sequences and/or integrated
viral DNA sequences 18 effected by a CRISPR-Cas system comprising a CRISPR enzyme fused
to one or more transcriptional repressor dowmaivs, optionally wherein the one or more
transcriptional repressor domains comprises KRAB, SID and/or SID4X, preferably wherein the
CRISPR enzyme is a Cas9 enzyme,

95. The method, composition, complex, chiRNA, DNA polynucleotide molecule or use
of any of clairas 83 to 93, wherein said manipulation of nucleotide sequences of viral cccDNA or
integrated viral DNA leads to disraption of one or more viral open reading frames, disruption of
viral mRNA expression and/or inhibition of the production of functional virions.

96. The method, composition, complex, chiRNA, DNA polynucleotide molecule or use
of any of claims 83 to 93, wherein manipulation of said viral cceDNA leads to a reduction in the
fevel of one or more of viral icDNA, viral cccDNA and viral ssDBNA compared to the level in the
absence of the CRISPR/Cas complex.

97. The method, composition, complex, chiRNA, DNA polynucicotide molecule or use
of any of claims 83 to 95, wherein the cffect of said manipulation comprises inhibiting the

production of new virigns.
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68, The method, composition, complex, chiRNA, DNA polynucieotide molecule or use
of any of claims 83 1o 96, wherein the effect of said modifying comprises removing viral
sequences from said organism thereby reducing viral infection.

99. The method or composition of any of claims 53, 54, S8 to 87 and 93 to 98, wherein
said composition further comprises components of one or more additional CRISPR/Cas
complexes, wherein cach type of complex comprises a different guide sequence capable
hybridizing to a different sequence of the target nucleic acid within the cell,

100. The method, composition, corplex, chiRNA, DNA polynucleotide molecale or use
of any of claims 53 to 99 wherein the target viral nucleic acid is a hepatitis B virus (HBV)
nucleic acid, preferably wherein the cell expresses the sodium taurocholate cotransporting
polypeptide (NTCP) or wherein the cell is a hepatocyte, preferably a primary hepatocyte, more
preferably a human hepatocyte or a buman primary hepatocyte, a HepG2.2.15 or a HepG2-
hNTCP cell.

101, The method, composition, complex, chiRNA, DBNA polynucleotide molecule or use
of claim 100, wherein the guide sequence is capable of hybridizing with target viral nucleic acids
of HBV ORF 8, ORF C, ORF P, or ORF X, preferably ORF .

102. The method, composition, complex, chiRNA or DNA polynucleotide molecule of
claim 100 or claim 101, wherein the sequence of the guide sequence comprises 3™
gggegcacctoictttacg-3', S'-celctgeegatecatactg-3' or S'-taaagaattiggagetactg-3°.

103, The method, composition, complex, chiRNA, DNA polynucleotide molecule or use
of any of claims 53 to 99 wherein the target viral nucleic acid 18 a human papillomavirus (HPV)
nucleic acid, an Epstein Barr virus (EBV) nucleic acid or a varicella zoster virus (VZV) nucleic
acid.

104, The method, composition, coraplex, chiRNA, DNA polynuciestide molecule or use
of any of claims 53 to 103 wherein said manipulation is performed iz vitre or ex vivo.

105, The composition, complex, chiRNA or DNA polynucleotide molecule according to
any of clairos 54 to 66 and 63-99 for use as a medicament.

106. The composition, complex or chiRNA or DNA polynucleotide molecule according
to any of claims 54 to 66 and 68-99 for use in the treatment of a viral infection.

107. The composition, complex or chiRNA or DNA polynucieotide molecule for use

according to claim 106, wherein the viral infection is caused by hepatitis B virus (HBV).
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108. The composition, complex or chiRNA or BNA polynucieotide molecule for use
according to claim 106, wherein the viral infection s caused by human papillomaviras (HPV),
Epstein Barr virus (EBV) or varicela zoster virus {(VZV).

1(39. The composition, complex or chiRNA or DNA polynucieotide molecule for use
according to any of claims 104 to 108 wherein said organism is a marmmal,

110, The composition, complex or chiRNA or DNA polynucleotide molecule for use
according to claim 109 wherein said mammal is a human,

111, The use of a composition, complex, chiRNA or DNA according to any of claims 54
10 66 or 68-99 in the manufacture of a medicament.

112. The use of a composition, complex, chiRNA or DNA according to any of claims 54
10 66 or 68-99 in the manufacture of a medicament for the treatment of a viral infection.

113, The use according to claim 112, wherein the viral infection 1s caused by hepatitis B
virus (HBV),

114, The use according to claim 112, wherein the viral infection is caused by human
papiliomavirus (HPV), Epstein Barr virus (EBV) or varicella zoster virus (VZV).

115, The use according to any of claims 111 to 114 wherein said organism is a mammal.

116. The use according to claim 115 wherein said mammal is a human,
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