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ENGINEERING AND OPTIMIZATION OF IMPROVED SYSTEMS, METHODS AND
ENZYME COMPOSITIONS FOR SEQUENCE MANIPULATION

RELATED APPLICATIONS AND INCORPORATION BY REFERENCE

{6081} This application claims priority to US provisional patent application 61/836,101
cutitled ENGINEERING AND OPTIMIZATION OF IMPROVED SYSTEMS, METHODS
AND ENZYME COMPOSITIONS FOR SEQUENCE MANIPFULATION filed on June 17,
2013, This appheation also claims priovity to US provisional patent applications 61/758,46K;
61/769,046; 61/802,174; 61/806,375; 61/814,263; 61/819,803 and 61/828,1380 each entitled
ENGINEERING AND OPTIMIZATION OF SYSTEMS, METHODS AND COMPOSITIONS
FOR SEQUENCE MANIPULATION, filed on January 38, 2013; Febroary 25, 2013; March 15,
2013; March 28, 2013; April 20, 2013; May 6, 2013 and May 28, 2013, respectively. This
application also clawms priority to US provisional patent applications 61/736,527 and 61/748,427,
both  entitied SYSTEMS METHODS AND  COMPOSITIONS FOR  SEQUENCE
MANIPULATION filed on Deceraber 12, 2012 and Januvary 2, 2013, respectively. Priority is
also claimed to US provisional patent applications 61/791,409 and 61/835,931 filed on March
15, 2013 and June 17, 2013 respectively.

{B302] eference is made to US provisional patent applications 61/836,127, 61/835,936,
61/836,080, 61/836,123, and 61/835,973 cach filed June 17, 2013,

15683 The foregoing applications, and all documents cited therein or during thewr
prosccution (“appln cited documents”} and all documents cited or referenced in the appln cited
documents, and all documents cited or veferenced herein (Cheren cited documents”™), and all
documents cited or referenced in herein cited documents, together with any manufacturer’s
instructions, descriptions, product specifications, and product sheets for any prodocts mentioned
heretn or in any document incorporated by reference herein, are hereby incorporated herein by
reference, and may be cmployed n the practice of the invention. More specifically, all
referenced documents are incorporated by reference to the same extent as it each individual

document was specifically and individually indicated to be incorporated by reference.
FIELD OF THE INVENTION

{8084} The present wvention genervally relates to the cogineering and optimization of

systems, methods and compositions used for the control of gene expression involving sequence
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targeting, such as gevome perturbation or geoe-editing, that relate to Clustered Regularly

Interspaced Short Palindromic Repeats {(CRISPR) and components thereof.
STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

{B085] This mvention was made with government support under the NIH Pioneer Award
(IDPIMHI00706} awarded by the National Institutes of Health. The government has certain

rights in the mvention.
BACKGROUND OF THE INVENTION

{3066 Recent advances in genome sequencing technigues and analysis methods have
significantly accelerated 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 enginecering of causal genetic varlations by allowing selective
perturbation of individual genctic clements, as well as to advance synthetic biology,
biotechnological, and medical applications.  Although genome-editing technigues such as
designer zinc fingers, transcription activator-like effectors {TALES), or homing meganucieases
are available for producing targeted gevorue perturbations, there remaius a need for new genome
engincering technologics that are affordable, casy to set up, scalable, and amenable to targeting

rauitiple positions within the cukaryotic genome.
SUMMARY OF THE INVENTION

{60871 The CRISPR/Cas or the CRISPR-Cas system {(both terms are used interchangeably
throughout this application) does not require the generation of customized proteins to target
specific sequences but rather a single Cas enzyme can be progravamed by a short RNA molecule
to recognize a specific DNA target, in other words the Cas enzyme can be recruited to a specific
DINA target using said short RNA molecule. Adding the CRISPR-Cas system 1o the repertowre of
genome  sequencing  techniques and  analysis methods may  significantly sumplify  the
mcthodology and accelerate the ability to catalog and map genctic factors associated with a
diverse range of biological functions and diseases. To utilize the CRISPR-Cas system effectively
for genome editing without deleterions offects, it 18 critical to understand aspects of engineering

and optimization of these genome engineering tools, which are aspects of the claimed nvention,
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{B008] Accordingly, there exists a pressing need for alternative and robust systems and
techniques for sequence targeting with a wide array of applications. Aspects of this invention
address this need and provide related advantages. An exerplary CRISPR complex comprises g
CRISPR enzyme complexed with a guide sequence hybridized to a target sequence within the

target polymucleotide, wherein the CRISPR enzyme 18 a Cas ortholog, ¢.g. 8 Cas9 ortholog, of a

genus which inchudes but is not Himited to Corvnebacter, Sutterella, Legionella, Treponema,
Filifactor, Eubacterium, Streptococcus, Lactoba s, Mvcoplasma, Bacteroides, Flaviivola,

Flavobacterivm, Sphaerochaeta, Azospivilhom, Gluconacetobacter, Neisseria, Roseburia,
Parvibaculum, Staphvlococcus, Nitratifractor, Mycopiasma and Campylobacter. The guide
sequence is hinked to a tracr mate sequence, which i turn hybridizes to a tracr sequence.

{5069 In one aspect, the mvention provides methods for using one or more elements of a
CRISPR system.  The CRISPR complex of the invention provides an effective means for
meodifying a target polynucieotide. The CRISPR complex of the tnvention has a wide variety of
utilitics including modifying (e.g., deloting, inserting, translocating, inactivating, sctivating,
repressing, altering methylation, transforring specific moicties) a farget polynucleotide 1 a
muitiplicity of cell types. As such the CRISPR complex of the invention has a broad spectrum of
applications in, ¢.g., gene or gevorne editing, geue regulation, gene therapy, drug discovery, drug
screening, discase diagnosis, and prognosis. In preferred aspects of the invention, the CRISPR
complex comprises a Cas cnzyme, preferably a Cas9 ortholog, of a genus which includes but 1s
not himited to Corvnebacter, Sutterella, Legionella, Treponema, Filifactor, Eubacterium,
Streprococeus,  Lactobacillus,  Mycoplasma,  Bacteroides, Flaviivola, Flavobacterium,
Sphaerochaeta, Azospirillum, Gluconacetobacter, Neisseria, Roseburia, Parvibaculum,
Staphylococcus, Nitratifractor, Mycoplasma and Campylobacter.,

{3016} Aspects of the invention relate to CRISPR enzymes having optivmzed funchion. With
regard to the CRISPR cnzyme being a (Cas enzyme, preferred embodiments of the invention
relate to Cas® orthologs having iraproved target specificity i a CRISPR-Cas® system. This may
be accomplished by approaches that inclode but are not limited to designing and preparing guide
RNAs having optimnal activity, selecting Cas9 enzymes of a specitic length, truncating the Cas9
enzyme makiog i smaller in length than the corresponding wild-type Cas9 enzyme by trancating
the nucleic acid molecules coding therefor and generating chimeric Cas9 enzymes wherein

different parts of the enzyme are swapped or exchanged between different orthologs to arrive at
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chimeric enzymes having tailored specificity. Aspects of the invention also relate to methods of
improving the target specificity of a Cas9 ortholog enzyme or of designing a CRISPR-Cas9
systern comprising destgning or preparing guide RNAs having optirsal activity and/or selecting
or preparing a Cas9 ortholog enzyme having a smaller size or length than the corresponding
wild-type Cas9 whereby packaging a nucleic acid coding therefor mto a delivery vector is
advanced as there is less coding sequence therefor in the delivery vector than for the
corresponding wild-type Cas9® and/or generating chimeric Cas® enzymes.

{8014 Also provided are uses of the present sequences, vectors, enzymes or systems, n
medicine. Alse provided are the same for use in gene or genome cditing.  Also provided is use
of the saroe in the manufacture of a medicament for gene or genome editing, for instance
treatment by gene or genome editing. Also provided are the present sequences, vectors, enzymes
or systems for use in therapy.

{80121 o an additional aspect of the invention, a CRISPR enzyme, ¢.g. a Cas9 enzyme may
comprise one or more mutations and may be used as a generic DNA binding protein with or
without fusion to or being operably hnked to a functional domain. The mutations roay be
artificially introduced mutations and may inchude but are not limited to one or more mutations in
a catalytic domamn. Examples of catalytic domaius with reference to a Cas9 enzyme may wnclude
but are not himited to RuvC I, RuvC H, RuvC ] and HNH domains. Preferred examples of
suitable mutations are the catalytic residue(s) in the N-term Ruv(C 1 domain of Cas9 or the
catalytic residue(s) in the internal HNH domain. fn sormue erabodiments, the CasS is {or is derived
from) the Streprococcus pyogenes Cas9 (SpCasY). In such embodiments, preferred mutations are
at any or all of positions 10, 762, 840, 834, 863 and/or 986 of Splas? or corresponding positions
in other CasY orthologs with reference to the position numbering of Splas® (which may be
ascertained for justance by standard sequence covapanson tools, c.g. ClustalW or MegAlign by
Lascrgene 10 suite). In particular, any or all of the following mutations are preferred in SplasS:
DIGA, E762A, HR40A, NRS4A, NBG3A and/or DIEBA; as well as conservative sgbstitution for
any of the replacement amino acids is also envisaged. The same mutations {or conservative
substitutions of these mutations) at corresponding positions with reference to the posttion
numbering of SpCas9 in other Cas9 orthologs are also preferred. Particularly preferred are D16
and H840 in SpCasS. However, in other Cas9s, residues corresponding to SpCas® DO and

HE840 are also preferred. These are advantageous as when singly mutated they provide nickase
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activity and when both mutations are present the Cas® s converted into a catalytically null
mutant which is useful for generic DNA binding. Further mutations have been identified and
characterized. Other aspects of the mvention relate to the mutated Cas 9 enzyme being fused to
or operably linked to domains which include but are not Hmited to a transcriptional activator,
transcriptional  repressor, a recornbinase, 4 {ransposase, a histone romodeler, a DNA
methyliransferase, a cryptochrome, a light mnducible/countrollable domain or a chemically
inducible/controllable domain.

{8013} A further aspect of the invention provides for churaernic Cas9 proteins and methods of
generating chimeric Cas9 proteins. Chimeric Cas9 proteins are proteins that comprise fragments
that originate from difforent Cas9 orthologs. For instance, the N-termunal of a first Cas® ortholog
may be fused with the C-terminal of a second Cas9 ortholog to generate a resultant (as%
chimeric protein. These chimeric Cas® proteins may have a higher specificity or a higher
efficiency than the original specificity or efficiency of either of the individual Cas9 enzymes
from which the chimeric protein was generated. These chimeric proteins may also comprise one
or more mutations or may be Huked to one or more functional domains. Therefore, aspects of the
invention relate to a chimeric Cas enzyme wherein the enzyme comprises ong or more fragments
from a first Cas ortholog and one or more fragments from a second Cas ortholog. In a
embodiment of the invention the one or more fragments of the first or second Cas orthelog are
from the C- or N-terminal of the first or second Cas ortholog. In a further embodiment the first or
second Cas ortholog is selected from a genus belonging to the group cousisting of Corvrebacter,
Susterelia, Legionella, Treponmema, Filifactor, Eubacrerium, Streptococcus, Lactobaciilus,
Mycoplasma,  Bacteroides,  Flaviivola,  Flavobacterium,  Sphaerochaeia,  Azospivilium,
Gluconacetobacter,  Neisseria, Roseburia, Parvibaculum, Staphylococcus, Nitratifractor,
Myecoplasma and Campviobacrer.

{8814} In a further embodiment, the invention provides for methods to gencrate mutant
components of the CRISPR complex compnsing a Cas enzyroe, e.g CasY ortholog. The wutant
components may include but are not limited to mutant tracrRNA and tracr mate sequences or
rautant chimeric guide sequences that allow for enhancing performance of these RNAS 1o cells.
Use of the present composition or the enzyme in the preparation of a medicament for

modification of a target sequence is also provided.

(934}
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{015} The wmvention in yet a further aspect provides compositions and methods related to a
non-naturally oceurring or engineered composition comprising :

Ay - I a CRISPR-Cas systern chimeric RNA {(chuRNA) polynucleotide sequence, wherein the
polynucleotide sequence comprises:

{a) a guide sequence capable of hybridizing to a target sequence in a eukaryetic cel,

{b} a tracr mate sequence, and

(¢} a tracr sequence, and

It a polynucleotide seguence encoding a CRISPR enzyme comprising at least one or more
niuclear localization sequences,

wheretn {a), {b) and (¢} are arranged 1w a §” to 37 orientation,

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

or

{By L polynucleotides comprising:

{a) a guide sequence capable of hybridizing to a target sequence in a prokaryotic celi, and

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

1L a polynucleotide sequence encoding a CRISPR enzyre, and

{tl. a polynucleotide sequence comprising a tracr sequence,

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

wherein the CRISPR enzyme s a Cas9 ortholog of a genus belooging to the group consisting of
Coryncbacter, Suttercla, Legionclla, Treponema, Filifactor, Eubacterium, Streptococcus,

Lactobacillus, Mycoplasma, Bacteroides, Flaviivola, Flavobacterium,  Sphacrochacta,

[
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Azospintihum, Gluconacetobacter, Neisseria, Roscbunia, Parvibaculum, Staphylococcus,
Nitratifractor, Mycoplasma and Campylobacter.

{8016} The mvention n yet a further aspect provides: (A} A noun-naturally occurring or
engineered composition comprising a vector system comprising oue of more vectors comprising:
i a first regulatory clement operably linked to a CRISPR-Cas systemn chimeric RNA {chiRNA)
polynucieotide sequence, wherein the polynucleotide sequence comprises (8) a guide seguence
capable of hybridizing to a target sequence in a cukaryotic cell, (b} a tracr mate sequence, and
{c) a tracy sequence, and 1L a second regulatory clement operably linked o an enzyme-coding
sequence encoding a CRISPR cnzyme comprising at least one or more nuclear localization
sequences, wherein {a), (b} and (¢) are arvanged 1o a 57 to 37 orientation, wherein components |
and 1 are located on the same or different vectors of the system, wherein wheun 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
cormprises the CRISPR enzyroe complexed with (1) the guide sequence that is hybridized to the
target sequence, and {2) the tracr mate sequence that 1s hybridized to the tracr sequence, wherein
the CRISPR enzyme 13 a Cas® ortholog of a genus belonging to the group consisting of
Coryaebacter, Sutterella, Legionella, Treponema, Filifacror, Fubacterium, Streprococcus,
Lactobacillus, Mycoplasma, Bactersides, Flaviivola, Flavobacterium, Sphaerochaceta,
Azospirilium, Gluconacetobacter, Neisseria, Roseburia, Parvibaculum, Staphyiococcus,
Nigratifractor, Mycoplasma and Campviohacter or () a von-naturally occurring or engineered
COMpOSition comprising 4 vector systerg comprising one or more vectors comprising 1. a first
regulatory element operably linked to (8) a guide sequence capable of hybridizing to a target
sequence in a prokaryotic cell, and (b) at least one or more tracr mate sequences, [ a second
regulatory element operably linked to an enzyme-coding sequence encoding a CRISPR enzyme,
and 111 a third regulatory clement operably linked to a tracr sequence, wherein components [, |}
and I are located on the same or different vectors of the systern, wherein when transeribed, 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 enzyrae complexed with (1} the guide sequence that is hybridized to the
target sequence, and (2) the tracr mate sequence that 15 hybridized to the tracr sequence, wherein

the CRISPR enzymwe s a Cas9 ortholog of a genwus belonging to the group consisting of

~3
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Corvnebacter, Sutterella, Legionella, Treponema, Filifactor, Eubacterium, Streptococcus,
Lactobacilius, Mycoplasma,  Bacteroides, Flaviivola, Flavobacterium, Sphaerochaeta,
Azgspivitium,  Gluconacetobacter, Neisseria, Roseburia, Parvibaculum, Staphylococcus,
Nitratifractor, Mycoplasma and Campylobacier, and wherein: at least one of the following
criteria applics.

180171 The criteria are as follows and it will be appreciated that any number of these may
apply, preferably 1 or more, preferably 2 or more, and preferably 3 or more, 4 or more, or 5 or
maore, or ail roay apply:

- the CRISPR enzyme having a specific size is selected and has a length of at least 500 amino
acids, at least ROG-899 amino acids, at least S00-999 amino acids, at least 1000-1099 amuno
acids, at least 1100-1199 amino acids, at least 1200-1299 amino acids, at lcast 1300-1399 amino
acids, at least 1400-1499 amino acids, at least 1500-1599 amino acids, at least 1603-1699 amino
acids or at least 2000 amino acids;

- and/or the CRISPR enzyme 1s truncated in comparison to the corresponding wild type CRISPR
S FAY I

- and/or the CRISPR enzyme is a nuclease directing cleavage of both strands at the location of
the target sequence, or the CRISPR enzyme is a nickase directing cleavage of one strand at the
iocation of the target sequence;

- and/or the goide sequence comprises at least 10, at least 15 or at least 20 nucleotides;

- and/or the CRISPR enzyme is codon-optimized or codon-optimized for expression in a
cukaryotic cell;

- and/or the CRISPR enzyme comprises one or more mutations;

- and/or the CRISPR enzyme comprises a chimeric CRISPR enzyme;

- and/or the CRISPR enzyrae has one or more other attnibutes herein discussed.

{3018} In some embodiments, the CRISPR enzyme is truncated in comparison to a wild type
CRISPR cozyme or the CRISPR enzyme s comprised of at least 500 arowno acids, at least 860-
899 amino acids, at least 900-999 amino actds, at least 1000-1099 amino acids, at least 1100-
1199 amino acids, at least 1200-1299 amino acids, at least 1300-1399 amino acids, at {cast 1400-
1499 amino acids, at least 15G0-1599 amino acids, at least 1600-169% amino acids or at jeast
2000 amino acids. In preferred embodiments the CRISPR enzyme 18 a Cas enryme, ¢.g. a Cas9

ortholog.
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1019} In sorne embodiments, the CRISPR enzyme 8 a nuclease divecting cleavage of both
strands at the location of the target sequence, or the CRISPR enzyme is a nickase directing
cleavage of onc strand at the location of the target sequence. In further embodiments, the
CRISPR enzyme is a catalytically null mutant that is a generic BNA binding protein. lu preferred
cmbodiments the CRISPR enzyme 15 a Cas enzyme, ¢.g. & Cas9 ortholog.

{8626} In some embodiments, the guide sequence comprises at least fifteen nuclestides. In
some embodiments, the CRISPR enzyme is codon-optimized or codon-optimized for expression
in a cukaryotic cell. In soroe erobodivacnts, the CRISPR cnzyme comprises one or more
mutations. In some cmbodiments, the CRISPR enzyme comprises a chimeric CRISPR enzyme.
fn some embodiments, the CRISPR enzyme has one or voore other atiributes hevein discussed. In
preferred embodiments the CRISPR enzyme 1s a Cas enzyme, e.g. a {asY ortholog.

{8021 In certain embodiments, the CRISPR cnzyme comprises one or more mutations. The
one o more mutations may be in a particular domain of the enzyme. In a preferred embodiment,
the onc or more mutations may be in a catalytic domain. In a further preferved embodiment the
catalytic domain 1s a RuvC I, RuvC I, RuvC HI or HNH domamm. In a more preferred
embodiment, the one or more mutations is in a RyvCl or HNH domain of the CRISPR enzyme.
In a further preferred erobodivaent the CRISPR. enzyroe s 4 Cas cnzyme, ¢.g. 4 Cas? ortholog
and the mutation may be at onc or positions that inciude but are not limited to positions that
correspond to DIDA, E762A, HB40A, NRS4A, NBG3A or DUEOA with reference to the position
numbering of SpCas9 and/or is a mutation as otherwise discussed herein. In some embodiments,
the CRISPR cnzyme has onc or more mutations in a particular domain of the enzyme, 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 tarpet sequence, and
wherein the enzyme further comprises a functional domatn, The functional domain may include
but is not limited to transcriptional activator, transcriptional repressor, a recombinase, a
iransposase, a histone remodeler, a DNA  wcethyltransferase, a coryptochrome, a light
inducible/controllable domain or a chemically inducible/controliable doraim.

{6422] In some crabodiments, the functional domain is the transcriptional activator domain
VP64, In some embodiments, the functional dowain is the transcriptional repressor domain
KRAB. In some embodiments, the transcriptional repressor domain is SID, or concatemers of

SID (e, SH4X). In some embodiments, an epigenetic modifying enzyme s provided, c.g a
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histone modifying protoin or an epigenctic chromatin modifying protein. In some embodiments,
an activator domain is provided, which may be the P65 activator domain.
{B023] A further aspect of the invention comprehends methods of modifying two or more
genomic loct of interest. In a preferred embodiment of the invention two or more genomic loci
arc differentially modulated by utilizing one or more CRISPR cnzymes, ¢.g. two or more (as9
orthologs, cach ortholog being operably linked to one or more functional domain. In one aspect,
the mvention provides for a method of modifying two or more genomic loct in a eukaryotic cell.
Therefore, aspects of the wnvention provide for a racthod of modulating the expression of two or
more genomic loci of interest in an organism comprising delivering a non-naturally occurring or
cugineered coraposifion comprising & vector system COmprising one or Mmore vectors Comprising

I. a fust regulatory element operably linked to a first CRISPR-Cas system chimeric RNA
{chiRNA) poelynucleotide sequence, wherein the first polynucieotide sequence comprises

(i} a first guide sequence capable of hybridizing to a first target sequence at a first
genomic locus m a cell of the organism,

{11} a first tracr mate sequence, and

{111} a first tracr sequence, and

. a second regulatory element operably linked to a second CRISPR-Cas systern chimene
BRNA {chiRNA) polynucieotide sequence, wherein the second polynucieotide sequence
COTaprises

{1} a second guide sequence capable of bybridizing to a second target sequence at a
second genomic locus i the cell of the organista,

{11} a second tracr mate sequence, and

(111} a second tracr sequence, and

Hi. a thurd regulatory element operably linked to an cnzyme-coding sequence encoding
a first CRISPR enzyme comprising at least one or more nuclear localization sequences and
operably linked to a first functional domain,

IV. a fourth regulatory element operably linked to an enzyme-~coding sequence encoding
a second CRISPR enzyme coroprising at least one or more nuclear localization sequences and
operably linked {0 a second functional domain, wheretn (1), (it) and (i1t} in  and I are arranged
ina 3’ to 3 orientation, wherein components 1, 1, I and IV arc located on the same or different

vectors of the system, wheretn when transcribed, cach tracr mate sequences hybridizes to is

10
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corresponding tracr sequence and the first and second guide sequences direct sequence-specific
binding of the first and second CRISPR complex to the first and second target sequence, wherein
the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide sequence
that is hybridized to the target sequence, and (2} the tracr mate sequence that is hybridized to
the tracr sequence and wherein expression of the CRISPR enzyme provides manipulation of the
target sequence, wherein the first and second CRISPR enzyme each comprise two or more
nuutations, wherein the first and second CRISPR enzyme is a Cas9 ortholog of a genus belonging
to the group consisting of Coryaebacter, Sutterella, Legionella, Treponema, Filifactor,
Eubacterium,  Streptococcus,  Lactobacitlus,  Mvcoplasma,  Bacteroides,  Flaviivola,
Flavobacterium, Sphaerochaera, Azospirilium, Gluconacetobacter, Neisseria, Roseburia,
Parvibaculum, Staphylococcus, Nitratifractor, Mveoplasma and Campylobacter, and wherein the
first genornic locus 1s modulated by the activity of the first functional domain and the second
genomic locus s modulated by the activity of the second functional domain. In a forther
cmbodiment the first functional domain 1s selected from the group consisting of a transcriptional
activator, transcriptional repressor, 4 recombinase, a transposase, a histone remodeler, a DNA
methyltransferase, a cryptochrome and a light inducible/controllable domain or a chemically
inducible/controllable domain. In a further evabodiraent the second functional domain is selected
from the group consisting of a transcriptional activator, transcriptional represser, a recombinase,
a transposase, a histone reroodeler, 8 DNA methyltransferase, a cryptochromae and a light
inducible/controllable dowain or a chemically inducible/controllable domain. In preferred
embodiments the first or second CRISPR enzyme 1s a Suttercella wadsworthensis Cas9, 4
Filifactor alocis Cas®, a Lactobacillus johnsonii Cas9, a Campylobacter lari Cas9, a
Corynebacter  diptheriac Cas®, a Parvibaculum lavamentivorans (as9, a Mycoplasma
gatlisepticum  Cas9, a Staphylococcus aurcus subsubspecies Aurcus Cas9, 2 Legonella
pncumophila Paris Cas9, a Treponema denticola Cas9, a Staphylococcus pseudintermedius Cas9,
a Neisseria cinerea Cas9.

{8024] fo some embodiments, the CRISPR enzyme is a type 1, I or HI CRISPR enzyme,
preferably a type H CRISPR enzyrae. This type If CRISPR enzyme roay be any Cas cnzyme. A
Cas euzyme may be identified as Cas9 as this can refer to the general class of enzymes that share
homology to the biggest nuclease with multiple muclease domains from the type I CRISPR

systera.  Most preferably, the Cas9® enzyme s from, or s derived from, SpCas9 or

11
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Staphyiococcus aureus subsubspecies Aureus Salas9. By denived, it 18 meaunt 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 (odified) in some way as described heren.
{B025] It will be appreciated that the terms Cas and CRISPR enzyme are geverally used
herein interchangeably, unless otherwise apparent.  As mentioned above, many of the residue
numberings used herein refer to the Cas9 enzyme from the type 11 CRISPR locus in
Streprotoccus pyogenes. However, it will be appreciated that this invention includes many more
Casfs from other species of rocrobes such as those belonging to the genus Corvrebacter,
Sutterella, Legionella, Treponema, Filifactor, Eubacterium, Streptococcus, Lactobacillus,
Mycoplasma,  Bacteroides, Flaviivola, Flavobacterium, Sphaevochaeta,  Azospirillum,
Gluconacetobacter,  Neisseria, Roseburia, Parvibaculum, Staphviococcus, Nigratifractor,
Myvcoplasma or Campylobacter, such as SpCas9, SaCas9, St1Cas®, 5t3Cas® and so forth,
wheretn St is Swrepococcis thermophilus.

{026} An example of a codon optimized sequence, in this instance optimnized for humans
{i.c. being optimized for expression in humans) is provided herein, see the SaCas9 hurnan codon
optimized scquence.  Whilst this is preferred, it will be appreciated that other examples are
possibie and codon optimization for a host species s known,

{3827} Further aspects of the invention relate to improved cleavage specificity, optimized
tracr sequence, optimized chimeric guide RNA, co-fold structure of tracrRNA and tracr mate
sequence, stabilizing secondary structures of tracr RNA| tracrRNA with shortened region of base
pairing, tractRNA with fused RNA clements, simplified cloning and delivery, reduced toxicity
and/or inducible systerns. Another aspect of the fnvention relates to the stabilization of chimeric
RNA, and/or guide scquence and or a portion thereof of CRISPR complexes wherein the
CRISPR enzyme 1s a CRISPR ortholog, wherein the chimeric RNA, and/or guide seguence and
or a portion thereof is stabilized by synthetic or chemically modified nucleotides {e.p.
LNA/BNA:  thiol-modification, 27/3-0H  crosshink  modification), s wodified {0 be
degradation/hydrolysis resistant and (o which elements of stractural stability have been added.
{3028} The invention further comprehends in cortain ermbodiments a racthod of modifying an
organism or a non-human organism by manipulation of a target sequence in a gevoric locus of
interest comprising delivering 4 non-naturally occurring or engineered coraposition comprising 8

vector system Comprising one or more vectors operably encoding a composition heretn discassed
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for expression thercof. Preferably, the vector is a viral vector, such as a lenti- or baculo- or
preferably adeno-viral/adenco-associated viral vectors, but other means of delivery are known
{such as yecast systems, microvesicles, gene guns/means of attaching vectors to gold
nanoparticles) and are provided.

{3029] Various means of delivery are deseribed herein, and further discussed in this section,
{8636 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 adeno associated virus {(AAV),
lentivirus, adenoviras or other vival vector types, or corabinations thereof. Cas9 and one or more
guide RNAs can be packaged into onc or more viral vectors. In some embodiments, the viral
vector 18 delivered to the tissue of inderest by, for example, an intramuscular njection, while
othertimes the viral delivery s via intravenous, transdermal, intranasal, oral, mucosal, or other
delivery methods. Such delivery may be either via a single dosce, or multiple doses. One skilied
in the art understands that the actual dosage to be delivered herein may vary greatly depending
upon a variety of factors, such as the vector chosen, 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 administration mode, the type of transformation/modification
sought, etc.

{6431} Such a dosage may further contain, for example, a carrier (water, saline, cthanol,
glycerol, lactose, sucrose, caleiurn phosphate, gelatin, dextran, agar, pectin, pearnut oil, scsame
oil, etc.), a diluent, a pharmaceutically-acceptable carrier (e.g., phosphate-buffered saline), a
pharmaccutically-acceptable  exciptent, an  adjuvant to  enhance  antigenicity, an
immunostimulatory compound or melecule, and/or other compounds known in the art. The
adpuvant herein may contain a suspension of minerals (alum, aluminum hydroxide, aluminum
phosphate) on which antigen s adsorbed; or water-in-otl emulsion in which antigen solution is
enmulsified in oil (MF-59, Freund's incomplete adjuvant}, sometimes with the inclusion of kilied
mycobacteria (Freund's complete adjuvanty to further enbance antigeneity (inlbus degradation
of antigen and/or causes influx of macrophages). Adjuvants alse inchide immunostimulatory
molecules, such as cytokines, costimulatory molecules, and for example, immunostimulatory
DNA or RNA molecales, such as Ups oligonucleotides. Such a dosage formulation is readily
ascertainable by one skilled in the art.  The dosage may further contain onc or more

pharmaceutically acceptable salts such as, for cxample, a mineral acid salt such as a
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hydrochloride, a hydrobromide, a phosphate, a sulfate, ete.; and the salts of organic acids such as
acctates, propionates, malonates, benrpates, ete.  Additionally, auxiliary substances, such as
wetting or emulsifying agents, pH buffering substances, gels or gelling materials, flavorings,
colorants, microspheres, polymers, suspension agents, etc. may also be present. In addition, one
or more other conventional pharmaceutical ingredients, such as preservatives, hurncctants,
suspending agents, surfactants, antioxidants, anticaking agents, fillers, chelating agents, coating
agents, chemical stabilizers, ctc. may also be present, especially if the dosage form is a
reconstitutable  form.  Suitable cxemplary mgredicots include microcrystalline  cellolose,
carboxymethylceilnlose sodium, polysorbate 80, phenylethyl alcohol, chiorobutanol, potassium
sorbate, sorbic acid, sutfur dioxide, propyl gallate, the parabens, ethyl vamihin, ghycernn, pheneol,
parachlorophenol, gelatin, albumin and a combination thereof A thorough discussion of
pharmaccutically acceptable cxcipients is available in REMINGTON'S PHARMACEUTICAL
SCIENCES (Mack Pub. Co., N.J. 1891) which is incorporated by reference herein.

{4032} In an embodiment hereimn the delivery s via an adenovirus, which may be at a single
booster dose containing at least 1 x 107 particles (also reforred 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 T x 10°1 x 10" particles), more preferably at least about 1 x 197
particles, more preferably at least about 1 x 10° particles (e.g., about 1 x 10%1 x 16" particles or
about 1 x 10%1 x 10' particies), and most preforably at least about 1 x 107 particles (e.g., about
1% % 1071 x 10" particles or about T x 10°-1 x 10" particles), or even at least about 1 x 10"
particles {e.g., about 1 x 10'%1 x 10" particles) of the adenoviral vector. Alternatively, the dose

' particles, preferably no more than about 1 x 19"

comprises no more than about 1 x 1€
particles, even more preferably no more than about 1 x 10" particles, even more preferably no
more than about 1 x 10" particles, and roost preferably no more than about 1 x 10'0 particles
{c.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 107 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° 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° py, about 1 x 16" py, about 2
x 10" pu, about 4 x 10" pu, about 1 x 10" pu, about 2 x 10" pu, about 4 x 10" pu, about 1 x
10 pu, sbout 2 x 10™ pu, or about 4 x 16" pu of adenoviral vector.  Sce, for cxample, the

adenoviral vectors in U.S. Patent No. 8,454,972 B2 to Nabel, el. al,, granted on June 4, 2013;
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incorporated by reference herein, and the dosages at col 29, lines 36-58 thercofl In an
embodiment herein, the adenovirus is delivered via multiple doses.

{8033} In an cmbodiment herein, the dehivery 18 via an AAV. A therapeutically effective
dosage for in vivo delivery of the AAV to a human is believed to be in the range of from about
20 to about 50 ml 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
effects. In an embodiment herein, the AAV dose is generally in the range of concentrations of
from about 1 x 10° 0 1 x 10°” genores AAV, from about 1 x 10 o 1 x 107 genomes AAV,
from about | x 10" 1o about 1 x 10" genomes, or about 1 x 16" to about 1 x 10'® genomes
AAV. A hursan dosage may be about 1 x 10" genomes AAV. Such concentrations may be
delfivered in from about .001 mi to about 160 mi, about 0.05 to about 50 wmi, 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 irials cstablishing dose response curves.  See, for
example, U.S. Patent No. 8,404,658 B2 to Hagjar, ot al., granted on March 26, 2013, at col. 27,
fines 453-60.

{8034} In an embodiment herein the delivery is via a plasmid. In such plasmid compositions,
the dosage should be a sufficient amount of plasmid to clicit a respounse. For mnstance, suitable
quantities of plasmid DNA in plasmid compositions can be from about 0.1 to about 2 mg, or
from about T ug to about 10 ug.

{8035} The doses herein are based on an average 70 kg individoal. The frequency of
admunistration is within the ambit of the rocdical or veterinary practitioner {e.g., physician,
veterinarian), or scientist skilled in the art.

{8036} The viral vectors can be injected mto the tissue of interest. For cell-type specific
genome modification, the expression of Cas® can be driven by a celi-type specific promoter. For
example, liver-specific cxpression might use the Albumin promoter and newron-specific
expression roight use the Synapsio I promoter.

{6837} RNA delivery: The CRISPR enzyme, for instance a Cas9, and/or any of the present
RMNAs, for instance a guide RNA, can also be delivered in the form of RNAL Cas® mRNA can be
generated using in vitro transcription. For example, Cas9 mRNA can be synthesized using a PCR
cassetie containing the following clements: T7 promoter-kozak sequence (GCCACCHCas-3’

UTR fror beta globin-polyA tail {a string of 120 or more adenines). The cassette can be used for

is
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transcription by T7 polymerase. Guide RNAs can also be transcribed using wn vitro transcription
from a cassette containing 17 promoter-GG-guide RNA sequence.

{8038] To cnhance expression and reduce toxicity, the CRISPR enzyre and/or guide RNA
can be modified using pseudo-U or S-Methyi-C.

{3039] CRISPR enzyvme mRNA and guide RNA may be delivered simultancously using
nanoparticles or lipid envelopes.

16044 For example, Sy X, Fricke [, Kavanagh DG, frvine BJ (VIn vitro and in vivo mRNA
delivery using lipid-enveloped pH-responsive polymer nanoparticles” Mol Pharm. 2011 Jun
6:8(3).774-87. doi: 10.102/mpl003%0w. Epub 2011 Apr 1} describes biodegradable core-shell
structured nanoparticles with a poly{B-amino cster) (PBAE) core enveloped by a4 phospholipd
bilayer shell. These were developed for i vive mRBRNA delivery. The pH-respousive PBAE
component was chosen to promote endosome disruption, while the lipid surface layer was
selected to minimize toxicity of the polyeation core. Such are, therefore, preferred for delivering
RNA of the present invention.

130411 Furthermore, Michael S D Kormann et al. ("Expression of therapentic protens after
delivery of chemically modified mRNA in mice: Nature Biotechnology, Vohume:29,Pages: 154
157 {2011 Pubhshed online 09 January 2011) describes the use of hipid envelopes to deliver
RNA. Use of lipid envelopes is also preferred in the present invention.

{6042} mRNA delivery methods are cspecially promising for hiver delivery currently.

{8043} CRISPR enzyme mRNA and guideRNA might also be delivered separately. CRISPR
enzyme mRNA can be delivered prior to the guide RNA to give time for CRISPR enzyre to be
expressed. CRISPR enzyme mRNA might be admnistered 1-12 hours (preferably around 2-6
hours) prior to the administration of guideRNA.

1044} Alternatively, CRISPR enzyme mRNA and guide RNA can be adminustered together.
Advantageously, a second booster dose of guide RNA can be administered 1-12 hours
{preferably around 2-6 hours) after the mitial adrnistration of CRISPR enzyme mRNA +
guideRNA,

{B045] Additional administrations of CRISPR enzyme mRNA and/or guide RNA rmight be
useful to achieve the most efficient levels of genome modification.

{8046} For minimization of toxicity and off-target cffects, it will be important o control the

concentration of CRISPR enzyme mRNA and guide RNA dehivered. Optimal concentrations of
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CRISPR enzyme mRNA and guide RNA can be determined by testing different concentrations
in a cellular or animal model and using deep sequencing to analyze the extent of modification at
potential off-target genomic loci. For example, for the guide sequence targeting 5°-
GAGTCCGAGCAGAAGAAGAA-3’ in 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:
5'-GAGTCCTAGCAGGAGAAGAA-3’ and 2: 5-GAGTCTAAGCAGAAGAAGAA-3’. The
concentration that gives the highest level of on-target modification while minimizing the level of
off-target modification should be chosen for in vivo delivery.

[0047]  Alternatively, to minimize the level of toxicity and off-target effects, CRISPR
enzyme nickase 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 in red (single underline) and blue (double underline)

respectively (these examples are based on the PAM requirement for Streptococcus pyogenes

Cas9).
Overhang Guide RNA design (guide sequence and PAM color coded)
length (bp)
5’ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNN- 3 ¢
14 3/ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNC CNNNNNNNNNNNNNN - 5 ¢
5/ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNKN - 3 /
13 3/ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNN- 5/
5' - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNN- 3
12 37 - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNN- 5 /
5’ - NNNNNNNNNNNNNNNNNNNNC CNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNN- 3 /
11 3’ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNN- 5/
5’ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNN- 3 /
10 3 - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNN - 5 /
5’ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNN- 3 /
9 3’ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNN - 5
5 NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNN_@_GNNNNNNNNNNNNNNNNWNN-3
8 3 NNNNNNNNNNNNNNNNNNNN&GNMNMMMNNNNNNNNNNNNNNNNN-S
5 ' - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNN - 3 /

17
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7 3’ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNN - S /

5’ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNN - 3/
3’ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNN - 5/

5’ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNN - 3/
3’ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNN- 5/

5’ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 3 /
3 - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 5/

blunt

5’ - NNNNNNNNNNNNNNNNNNNNCCNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 3/
3’ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 5 /

5 - NNNNNNNNNNNNNNNNNNNNCCNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 3 ¢
3’ - NNNNNNNNNNNNNNNNNNNNGGNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 5 ¢

18
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12 5 - NNNNNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 3/
3 - NNNNNNNNNNNNNNNNNNNNNNNCCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 5/

13 5’ - NNNNNNNNNNNNNNNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 3/
3’ - NNNNNNNNNNNNNNNNNNNNNNNCCNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 5

14 5’ - NNNNNNNNNNNNNNNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 3 ¢
3 - NNNNNNNNNNNNNNNNNNNNNNNCCNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 5 /

15 5 - NNNNNNNNNNNNNNNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 3 /
3 - NNNNNNNNNNNNNNNNNNNNNNNCCNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 5

16 57 - NNNNNNNNNNNNNNNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 3/
3 - NNNNNNNNNNNNNNNNNNNNNNNCCNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 5 /

17 5’ - NNNNNNNNNNNNNNNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN- 3 /
3 - NNNNNNNNNNNNNNNNNNNNNNNCCNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 5

[0048]  Further interrogation of the system has given Applicants evidence of the 5’ overhang
(see, e.g., Ran et al., Cell. 2013 Sep 12;154(6):1380-9 and US Provisional Patent Application
Serial No. 61/871,301 filed August 28, 2013). Applicants have further identified parameters 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. 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 5’
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
directing 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 3’ overhang. In embodiments of the invention the 3” overhang is at most 150, 100
or 25 base pairs or at least 15, 10 or 1 base pairs. In preferred embodiments the 3’ overhang is 1-
100 base pairs.

[0049]  Aspects of the invention relate to the expression 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

reanneal and ligate or the activity or function of the gene product being altered or the expression
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of the gene product being increased. In an embodiment of the invention, the gene product s a
protein.

{8050] Only sgRNA pairs creating 57 overhangs with less than 8bp overlap between the
guide sequences (offset greater than -8 bp) were able to mediate detectable indel formation.
fraportantly, cach guide used in these assays s 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.

16051} Since CasOn and CasOHR40A nick opposiie strands of DNA, substitution of CasOn
with CasOHB40A with a given sgRNA pair should result in the inversion of the overhang type.
For example, a pair of sgRNAs that will generate a4 57 overhang with Cas%u should in principie

N

generate the cowresponding 37 overbang instead. Therefore, sgRNA pairs that lead to the
generation of a 37 overhang with Cas9n mught be used with CasOHE40A to gencrate a S
overbang. Unexpectedly, Applicants tested CasOHB40A with a set of sgRNA pairs designed o
generate both 57 and 37 overhangs (offset range from -278 to +38 bp), but were unable to
observe indel formation. Further work may be needed to identify the necessary design rules for
sgRINA pairing to allow double nicking by CasOHR40A.

16052] Additional delivery options for the brain inclade encapsulation of CRISPR enzyme
and guide RNA in the form of either DNA or RNA into liposomes and conjugating to molecular
Trojan horses for trans-blood brain barrier (BBB) delivery. Molecular Trojan horses have been
shown to be effective for dehivery of B-gal expression vectors info the brain of non-human
primates. The same approach can be used to delivery vectors containing CRISPR enzyme and
guide RNA. Forinstance, Xia CF and Boado RI, Pardridge WM ("Antibody-mediated targeting
of siRNA via the human insulin receptor using avidin-biotin technology.” Mol Pharm. 2009
May-Jury6(3):747-51. dot: 10.102Vmp800194) describes how delivery of short interfering RNA
(siRNA) to cells in culture, and m vive, is possible with combined use of a receptor-specific
monoclonal antibody (mAb) and avidin-biotin techoology. The authors also report that because
the bond between the targeting mAb and the siRNA is stable with avidin-biotin technology, and
RNAi1 effects at distant sites such as brain are observed in vivo following an intravenous
administration of the targeted siRNA,

{8053] Zhang Y, Schlachetzki F, Pardridge WM. {"Global non-viral gene transter to the

primate brain following intravenous administration.” Mol Ther. 2003 Jan7(1):11-8.} describe
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how expression plasmids encoding reporters such as luciferase were encapsulated 1n the interior
of an "artificial virus" comprised of an &5 nm pegylated immunoliposome, which was targeted to
the rhesus monkey brain m vivoe with a monoclonal antibody (MAD) to the human msulin
receptor {HIR). The HIRMAD enables 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 wn puimate brawn was demonstrated by both histochemisiry and contocal
microscopy. The authors indicate that this approach makes feasible reversible adult transgenics
in 24 hours. Accordingly, the use of wnmuonoliposore is preferred. These may be used 1o
conjuction with antibodies to target specific tissues or cell surface proteins.

{8054] Other rocans of delivery or RNA are also preferred, such as via nanoparticics {Cho,
S., Goldberg, M., Son, S., Xu, 3., 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, 190 3112-3118, 2018) or exosomes (Schroeder, AL, Leving, C., Cortez, €.,
Langer, R., and Anderson, D., Lipid-based nanotherapentics for siRNA delivery, Journal of
Internal Medicine, 267: 9-21, 2014, PMID: 20059641). Indeed, exozomes have been shown {o
be particularly useful in delivery siRNA, a system with some paraliels to the CRISPR system.
For instance, El-Andalousst 5, ¢t al.  (“Exosome-mediated delivery of siRNA in vitro and
vivo.” Nat Protoc. 2012 Dec;7(12)3:2112-26. doi: 10 1038/nprot. 2012131, Epub 2012 Nov 15}
describe how cxosomes are proruising tools for drug delivery across different biological barriers
and can be harnessed for delivery of siRNA i vitro and in vive. Thetr approach is to generate
targeted cxosomes through transfection of an expression vector, comprising an exosomal protein
fused with a peptide ligand. The cxosomes are then purified and charactenized from fransfected
cell supernatant, then sikNA is loaded into the exosomes.

{B0S5] One aspect of manipulation of a target sequence also refers to the copigenetic
manipulation of a target sequence. This may be of the chromatin state of a target sequence, such
as by modification of the mcthylation state of the target sequence (1., addition or removal of
methylation or wethylation patterns or CpQ islands), histone modification, increasing or

reducing accessibility to the target sequence, or by promoting or reducing 3D folding.
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{5056} A vector may mean not only a viral or yeast system (for instance, where the vucleic
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 a host cell.

{BG587] The invention also comprehends, in certain ernbodirments, a method of treating or
inhibiting a condition caused by a defect in a target sequence in a genomic locus of interest in a
subject or a non-human subject in need thercof comprising modifying the subject or 2 non-
human subject by manipulation of the target sequence and wherein the condition 1s susceptible to
treatment or inhibition by manipulation of the target sequence comprising providing freatment
comprising: delivering a non-naturally occurning or engineered composition comprising a vector
system conaprising one or more vectors comprising operably encoding a composition herein
discussed for expression thereof, wherein the target sequence is manipulated by the composition
when expressed.

HEIRHY In certain embodiments of the herein methods, the methods can inchude inducing
expression, which can be inducing expression of the CRISPR enzyroe and/or iwnducing
expression of the guide, tracr or tracr mate sequences. In certain cmbodiments of the herein
methods, the organism or subject 18 a cukaryole or a von-human cukaryote.  In certain
embodiments of the herein methods, the organism or subject is a plant. In certain embodiments
of the herem methods, the organism or subject is a maramal or a non-human maramal, In certain
embodiments of the heretn methods, the organism or subject s algae.

{8059] While in herein methods the vector may be a viral vector and this 1s advantageously
an AAY, other viral vectors as herein discussed can be employed. For example, baculoviruses
may be used for cxpression in insect cells.  These insect cells may, in turn be useful for
producing large quantities of further vectors, such as AAV vectors adapted for delivery of the
present invention.

16068} Also envisaged is a4 method of delivering the prescut CRISPR enzyrue coraprising
delivering to a cell mRNA encoding the CRISPR enzyme. It will be appreciated that the
CRISPR enzyroe 1s truncated, is of a specific size as decribed herein, 18 a nuclease or nickase or
generic DNA binding protein, s codon-optimized, comprises one or more mutations, and/or

comprises g chimeric CRISPR enzyme, or the other options as herein discussed.
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{061} Also envisaged is a method of prepaning an vector for delivery of the compositions or
the present CRISPR enzymes of the invention and for use in the present methods.

{8062] AAV viral vectors are preferred. Thus, in a further aspect, there s provided a method
of preparing an AAV viral vector, comprising transfecting plasmid(s} containing or cousisting
cssentially of nucleic acid molecule(s) coding for the AAV nto AAV-infected cclls, and
supplying AAV rep and/or cap obligatory for replication and packaging of the AAV. In this
regard, it will be appreciated that the CRISPR enzyme is truncated, comprised of less than one
thousand amino acids or iess than four thousand ammno acids, 18 a nuclease or nickase, 1s codon-
optimized comprises one or more nutations, and/or comprises a chimeric CRISPR enzyme, as
herewn discussed. In sorne embodiments the AAV rep and/or cap obligatory for repheation 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 18 a poxvirus, adenovirus, herpesvirus or
baculovirus., In some embodiments the poxvirus is a vaccinia virus. In some embodiments the
cells are mamymnalian cells. And in some embodiments the cells are insect cells and the helper
virus is baculovirus.

16063 The invention further comprchends in certain embodiments a meodified CRISPR
enzyme., Differences froro the wild type CRISPR enzyme can corapnise: the modified CRISPR
enzyme is fruncated in comparison to a wild type CRISPR enzyme, or the CRISPR enzyme is of
a specific size, e.g. at lcast 500 amine acids, at lcast 800-899 amino acids, at least 9006-999 amino
acids, at least 1000-1099 amino acids, at lcast 1100-1199 amino acids, at lcast 1200-1299 amino
acids, at least 1300-1399 amino acids, at least 1400-1499 amino acids, at least 1500-1599 amino
acids, at least 1600-1699 amino acids or at least 2000 amino acids; and/or the CRISPR enzyme i
a nuclease directing cleavapge of both strands at the location of the target sequence, or the
CRISPR enzyme s a mickase directing cleavage of one strand at the location of the target
sequence, or the CRISPR enzyme is a catalytic null mutant that functions as a DNA binding
protein; and/or the CRISPR enzyme is codon-optimized or codon-optunuzed for expression in a
eukaryotic cell, and/or the CRISPR enzyme comprises one or more wmutations, and/or the
CRISPR enzyme comprises a chimeric CRISPR cnzyme and/or the CRISPR enzyme has one or
more other atiribotes herein discussed.  Accordingly, in certain embodiments, the CRISPR
CNZYME COMpPrises one or more mutations in catalytic residues such as spCa% DI0A, ET62A,

HE40A, NR34A, NE63A or DOROA or those corresponding to thern in other Cas enzymes {as
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described herein) with reference to the position numbering of SpCas9, and/or has one or more
mutations 18 in a RuvC I, RuvC H, RuvC HI, HNH or other domain described herein of the
CRISPR enzyme and/or the CRISPR cnzyme has one or more mutations in a catalytic domain,
whereitn when transcribed, a tracr mate sequence hybridizes to a tracr sequence and a guide
sequence directs sequence-specific binding of a CRISPR complex to a target sequence, and
wherein the enzyme further comprises a functional domain. The functional domain may include
but is not limited to transcriptional activator, transcriptional repressor, a recombinase, a
iransposase, a histone remodeler, a DNA  wethyltrausferase, a cryptochrome, a light
inducible/controliable domain or a chemically inducible/controliable domain. The CRISPR
cuzyme wn certain embodiments can have the functional domain be a franscriptional activator
domain, ¢.g., VP64, In some embodiments, a transcription repressor domains is KRAB. In some
embodiments, a transcription repressor domain 18 SID, or concatemers of SID (Le. SIDEX) In
some embodiments, an epigenctic modifying enzyme is provided.

{6064} In preferred erabodiments the CRSIPR enzyme 18 a Cas cnzyme, ¢.g. a Cas? ortholog,
{3065] Aspects of the wmvention also comprehend 1dentitying novel orthologs of CRISPR
enzymes. Methods of identifying novel orthologs of CRISPR enzymes may involve identifying
tracr seguences w geovoraes of nterest. Identification of fracr sequences may relate to the
following steps: Scarch for the direct repeats or tracr mate sequences in a database to identify a
CRISPR region comprising a CRISPR enzyme, e.g. Figure 18, Scarch for homologous sequences
in the CRISPR region flanking the CRISPR enzyme io both the seuse and antisense directions.
Look for transcriptional terminators and secondary structures. Identify any sequence that 18 not a
direct repeat or a tracr mate sequence but has more than 50% identity to the direct repeat ot tracr
mate sequence as a potential tracr sequence. Take the potential tracr sequence and analyze for
trapscriptional terminator sequences associated therewith.

16066] The invention comprehends in certain embodiments use of a composition as
described herein or a CRISPR cozyme in wedicine.  The wvention farther comprehends in
certain emabodiments a composition or CRISPR enzyme of the invention used in a method of the
invention. The invention also coraprehends, in certain embodiments, use of a composition or a
CRISPR enzyme of the invention in, preferably ex vive, gene or genorae editing or, preferably an
ex vivo, gene or genorme editing method. The invention accordingly also comprehends in certain

embodiments use of a coroposition according or a CRISPR enzyme of the mvention in the
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manufacture of a medicarnent for ex vive gene or genome editing or for use in a racthod as herein
discussed.

{8067} In addition, the invention in certain embodiments comprehends a composition or a
CRISPR enzyme of the invention, wherein the target sequence is flanked or followed, at its 37
cud, by a PAM suitable for the CRISPR enzyme, typically a Cas and in particular a Cas9. This
PAM sequence is specific for cach Cas9 but may be readily determined by methods described
herein.

[6068] For cxample, a suiable PAM is S"NRG or S-NNGRR for S§pCas9 or Salas9®
enzymes {or derived enzymes), respectively. It will be appreciated that reference made herein to
Staphyiococcus aureus preferably tuclades Srapliviococeus aureus subspecies dureus.

ST Accordingly, it is an object of the invention fo uot encorpass 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 mvention docs not wmtend to encorapass
within the scope of the invention any product, process, or yoaking of the product or method of
using the product, which does not meet the written description and cnablement requirements of
the USPTO (35 US.C. §112, first paragraph) or the EPO {Article K3 of the EPC), such that
Applicants rescrve the right and hereby disclose a disclaimer of any previously described
product, process of making the product, or method of using the product.

180761 It is noted that in this disclosure and particularly in the claims and/or paragraphs,
terms such as “comprises”, “coraprised”, “comprising” and the like can have the meaning
attributed to it in U.S. Patent law; ¢.g., they can mean “includes”, “included”, “including”, and
the like; and that terms such as “consisting cssentially of” and “consists essentially of” have the
rocaning ascribed to them in U.S. Patent law, ¢.g., they allow for clements not explicitly recited,
but exclude clements that are found in the prior art or that affect a basic or novel characteristic of
the wmvention.

{8071} These and other embodiments are disclosed or are obvious from and encompassed by,

the following Detatled Description.
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BRIEF DESCRIPTION OF THE DRAWINGS

{8072} The novel featores of the wvention are set forth with particalarity 1o the appended
claims. A better understanding of the features and advantages of the present invention will be
obtamned by reference to the following detaled description that seis forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:

(#8373} Figure 1 shows a schematic of RNA-~guided Cas9 nuclease. The Cas9 muclease from
Streptococcus pyogencs 18 targeted to genomic DNA by a synthetic guide RNA (sgRNA)
consisting of a 20-nt guide sequence and a scaffold. The guide sequence base-pairs with the
DINA target, directly upstream of a requisite 5°'-NGG protospacer adjacent motif (PAM), and
Cas® mediates a double-stranded break (DSB) ~3 bp upstream of the PAM (indicated by
triangle).

13074} Figure 2ZA-F shows an exerplary CRISPR system and a possible mechanism of
action {(A), an example adaptation for expression in eukaryotic cells, and results of tests assessing
nuclear localization and CRISPR activity {B-F).

{$875] Figure 3 shows a schematic representation of AAV in vive delivery plasmids
utilizing inverted terminal repeats (TTRs) sequences and guide chiraeric RNAs to preferably awd
delivery by AAV or AAV-associated systeras.

{8076} Figure 4A-D shows a circular depiction of the phylogenctic analysis revealing five
families of Casds, mmcluding three groups of large Cas9s (~1460 amino acids) and two of small
Cas9s (~1100 amino acids).

{80771 Figure 5 A-F shows a liner depiction of the phylogenetic analysis revealing five
families of Cas9s, including three groups of large Cas%s (1400 amino acids) and two of smali

Cas9s {(~1 100 amino acids).

{(878] Figure 6 shows a graph representing the length distribution of Cas9 orthologs.
{68791 Figure 7 shows a representation of the sequence logos of the PAMs of the Cas9

orthologs as reverse complements.,
{B08¢] Figure 8 A-J shows 18 chimeric RNA structures that preserved the sequence and
secondary structores of the tracr voate:tracr sequence duplex while shortening the region of base-

pairing and fusing the two RNA clements through an artificial loop.
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{081} Figure ¢ A-O shows a list of the human codon optimized Cas9 sequences to pair with
the chimeric guide RNAs provided in Figures 8 A-J.

{0082} Figure 18 A-M shows sequences where the mutation points are located within the
SpCasy gene.

{083 Figure 11 shows Type I CRISPR loct in diffcrent organisms.

{BOR4] Figure 12 shows guide RNA sequences corresponding to CRISPR loct i different
organisms.

{B085] Figoure 13 A-H shows a table listing Cas9 orthologs and their corresponding PAM
sequences.

{086} Figure 14 shows that the PAM for Staphylococcus aurcus subspecies Aureus Cas9 is
NNGRR.

{8087} Figure 15A-D shows single and multiple vector designs for SaCas9.

{3388} Figrue 16 shows a vector design and gel tmages for Cas9 orthologs and respective
spRNAs being used to cleave two candidate targets present in a pUC19-based library,

B89 Figure 17 shows in vitro cleavage by SpCas9, St3CasY, Sp S3 chimera and St3 Sp
chimera, The PAMS for St3Cas9 and St3_Sp chimeric Cas® are NGG.

{6090} Figure I8 shows an mmage of the CRISPRs web server.

{6091} Figure 19 A-L shows a multiple sequence alignment for 12 Cas® orthologs. Two
catalytic residues are highlighted. The first residuc highlighted 1s the catalytic Asp residue in the
Ruv{Cl domain, and the second residue highlighted is the catalytic His residue in the HNH
domain. Mutation of one or the other residue into Ala can convert Cas9 mito a nickase. Mutation
of both residucs converts Cas® into a catalytically null muutant — useful for generic DNA binding,
{6092] Figure 28 shows a western blot showing that Cas9 orthologs are expressed i HEK
293FT cells; DNA plasmids encoding Cas9 orthologs are transfected into HEK 293FT cells and
cell lysates are harvested for Western blot. No DNA s transfected for Cas® ortholog #8.

[8093] Figure 21 shows 1o vitro cleavage of candidate targets on pUCIY plasmid by 10 Cas®
orthologs. Consensus PAMs are predicted by sequence logos (Figure 7}, based on which
candidate targets on pUCID are chosen. 7 of 9 new Cas9 orthologs tested have successfully
cleaved at least one pUCTY target. SpCas® can also cleave NGA in vitro.

[8094] Figure 22 shows a Representative Surveyor Gel showing genomic cleavage by

Saf"as98.

X
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[3695] Figure 23 shows Genorne Cleavage Efficiency of PAM Sequences (Al targets).

{8096} ‘ieure 24 shows Genome Cleavage Efficiency of PAM Sequences {Cleaved targets)
{80971 Figure 25 shows Genome Cleavage Efficiency of PAM Seguences (Al targets,

discard low-efficiency and orphan targets).

{3098] Figure 26 shows Genorne Cleavage Efficiency of PAM Sequences (Cleaved targets,
discard low-etficiency and orphan targets).

{8099 Figure 27 shows a Sequence Logo for Working Cleaved Spacers & PAMs (New
endogenous genorne test showing that T is not required).

{BG188]  The figores herein are for illustrative purposes only and are not necessarily drawn to scale.
DETAILED DESCRIPTION OF THE INVENTION

{G6181]  The invention relates to the engineering and optimization of systems, methods and
compositions used for the control of gene expression involving sequence targeting, such as
genome perturbatien or gene-cditing, that relate to the CRISPR-Cas system and components
thereof. Tn advantageous evobodivaents, the CRISPR enzyme 18 a Cas enzyme, ¢.g. a Cas9
ortholog.

{36162] The invention uses mucleie acids to bind target DNA sequences. This is advantageous
as nucleic acids are much easier and cheaper to produce than, for example, peptides, and the
specificity can be varied according to the length of the streteh where homology is sought.
Complex 3-D positioning of multiple fingers, for example 18 not required.

{G0103]  The terms “polynucicotide”, “nucieotide”, “nucleotide sequence”, “nucieic acid” and
“oligonucleotide” are used ii‘}terchangeab}y They refer to a polymenc forrn of nucleotides of
any length, cither deoxyribonucleotides or ribonucicotides, or analogs thereof. Polynucleotides
may have any three diraensional structure, and may perform any function, known or unknown,
The following are non-limiting examples of polynuclestides: coding or nou-coding regions of a
gene or gene fragment, loct (locus) defined from linkage analysis, cxons, introns, messenger
RMNA (mRNA}, trassfer RNA, ribosomal RNA, short futerfering RNA (siRMNA), short-hairpin
RNA (shRNA), micro-RNA (miRNA), ribozymes, c¢DNA, recombinant polynucleotides,
branched polynucicotides, plasmids, vectors, solated DNA of any sequence, isolated RNA of
any sequence, nucleic acid probes, and primers. The term also encompasses nucleic-acid-like

structures with synthetic backbones, see, e.g., Ecksiein, 1991; Baserga of al, 1992; Milligan,
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1993; WO 97/03211, WO 96/39154; Mata, 1997, Strauss-Soukup, 1997, and Samstag, 1996, A
polynucleotide may comprise one or more modified nucleotides, such as methylated nucleotides
and mucleotide analogs. It present, modifications to the mucleotide structure may be imparted
before or after assembly of the polymer. The sequence of nucleotides may be interrupted by
non-nucieotide coraponents. A polymucleotide may be further modificd after polymerization,
such as by conjugation with a labeling component.

{80104}  In aspects of the invention the terms “chimeric RNA”, “chimeric guide RNA”, “puide
RNA”, “single guide RNA” and “synthetic guide RNA” are used wterchangeably and vefer to the
polymucleotide sequence comprising the guide sequence, the tracr sequence and the tracr mate
sequence. The term “guide sequence” refers to the about 20bp sequence within the guide RNA
that specifies the target site and may be used interchangeably with the terms “guide” or “spacer”.
The term “tracr mate sequence” rmay alse be used mterchangeably with the terra “direct
repeat{s)”.

{BG105]  As used herein the term “wild type” 18 a torm of the art understood by skilled persons
and means the typical forro of an organism, strain, gene or characterishic as it occurs in nature as
distinguished from mutant or variant forms.

{B0106]  As used herein the term “variant” should be taken fo mean the exhibition of gualities
that have a pattern that deviates from what occurs in nature.

{#6187] The terms “non-naturally occurring” or “engineered” are used interchangeably and
indicate the involvement of the hand of man. The terms, when referring to nucleic acid
molecules or polypeptides mean that the nucleic acid molecule or the polypeptide 1s at least
substantially free from at least one other component with which they are naturally associated in
nature and as found in nature,

{80188] “Complementarity” refers to the ability of a nucleic acid to form hydrogen bond{(s)
with another nucleic acid sequence by either traditional Watson-Crick base pairing or other non-
traditional types. A percent complementarity wndicates the percentage of residues 1 a nucleic
acid molecale which can form hydrogen bonds {e.g., Watson-Crick base pairing) with a second
nucleie acid sequence {e.g., S, 6, 7, 8, 9, 10 out of 10 being 50%, 60%, 70%, 80%, 90%. and
100% complementary). “Perfectly coraplementary”™ means that all the contiguous residues of a
nucleic acid sequence will hydrogen bond with the same nuraber of contiguous residues in g

second mucleic acid sequence. “Substantially complementary” as used herein refers to a degree
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of complementarity that is at least 60%, 65%, 70%, 75%, R0%, 85%, 90%, 95%, 97%, 98%,
99%, or 100% over aregion of 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 1¥, 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 counditions.

{B010%]  As used herein, “siringent conditions” for hybridization refer to conditions under
which a nuclete acid having complementarity to a target sequence predominantly hybridizes with
the target sequence, and substantially does not hybridize to 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-linuting examples of stringent conditions are described 1o
detail in Tyssen (1993), Laboratory Techniques In Biochemisiry And Molecular Biology-
Hybridization With Nucleic Acid Probes Part I, Sceond Chapter “Overview of principles of
hybridization and the strategy of macleic acid probe assay”, Elsevier, NY. Where reference is
rade to a polynucleotide sequence, then complomentary or partially complementary scquences
are also envisaged. These are preferably capable of hvbridising to the reference sequence under
highly stringent conditions.  (enerally, in order to maximize the hybridization rate, relatively
low-stringency hybridization conditions are selected: about 20 to 257 C lower than the thermal
melting point (Tm 3. The Tm is the temperature at which 50% of specific target sequence
hybridizes to a perfectly complementary probe in solution at a defined ionic strength and pH.
Generaily, in order to require at least about 85% nucleotide complementarity of hybridized
sequences, highly stringent washing conditions are selected to be about 5 to 15° C lower than the
Tm . In order to require at zast about 70% nucleotide complementarity of hybridized sequences,
moderately-stringent washing conditions are selected to be about 15 to 30° C.. lower than the Tm
. Highly permissive (very low stringency} washing conditions may be as low as 50° C below the
T, allowing a high level of mis-matching between hybridized sequences. Those skilled in the
art will recognize that other physical and chemical paravocters 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 in 50% formamide, SXSSC, and 1% SDS at 42° C, or incubation

in SXSSC and 1% SDS at 65° C, with wash in §.2#588C and 0.1%6 SDS at 65° C.
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{B6118]  “Hybridization” refers to a reaction in which one or more polynucleotides react to
form a complex that is stabilized via hydrogen bonding between the bases of the nucleotide
residucs. The hydrogen bonding may occur by Watson Crick base pairing, Hoogstein binding, or
in any other sequence specific manner. The complex may comprise two strands forming a
duplex structure, three or more strands forming a multi stranded complex, a single selt-
hybridizing strand, or any combination of these. A hybridization reaction ruay 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 o as the

“complement” of the given sequence.

< kEl 3

{B6111]  As used herein, the term “gevoroie locus” or “locus” (plural loct) s the specific
focation of a gene or DNA sequence on a chromosome. A “gene” refers {o 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 1n living organisras. 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 transcnibed
sequences. Accordingly, a gene includes, but is not necessarily limited to, promoter sequences,
termnators, transiational regulatory sequences such as ribosoroe binding sies and internal
ribosome entry sites, enhancers, stlencers, insulators, boundary elements, replication origins,
matrix attachraent sites and locus control regions.

{B0112]  As used herein, “expression of a genomic locus” or “gene expression” is the process
by which information from a 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
genes or tRNA genes, the product is functional RNA. The process of gene expression is used by
all known hife - cukaryotes (inchuding multicellular organisms), prokaryotes (bacteria and
archaca} and viruses to gencrate functional products to survive. As used herein "expression” of a
gene or nuclewe acid encompasses not only celiular gene expression, but also the transcription
and transiation of nucleic acid{s} in cloning systems and in any other context. As used herein,
“expression” also refers to the process by which a polynucicotide is transcribed from a DNA
template {such as into and mRNA or other RNA transcripty and/or the process by which a
transcribed mBRNA  is subsequently transiated into peptides, polypeptides, or proteins,

Transcripts and encoded polypeptides may be collectively referred to as “gene product.” It the
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polynucleotide 1s denived from genomic DNA, expression may inchude sphicing of the woRNA n
a cukaryotic cell.

{B0113]  The terms “polypeptide”, “peptide” and “protein” arc used mnterchangeably herein to
refer to polymers of amine acids of any length. The polymer may be lincar or branched, it may
comprise modified amino acids, and 1t may be mterrupted by non amino acids. The terms also
encompass an amino acid polymer that has been modified; for example, disulfide bond
formation, glycosylation, lipidation, acetylation, phosphorylation, or any other manipulation,
such as counjugation with a labeling coraponent. As used herein the ferm “amino acd” meludes
natural and/or unnatural or synthetic amino acids, including glycine and both the D or L optical
isomers, and amino acid analogs and peptidomiretics,

{08114]  As used berein, the term “domain” or “protein domain” refers to a part of a protein
sequence that roay exist and function independently of the rest of the protein chain.

{BO1I8]  As described in aspects of the invention, sequence identity is related to sequence
homology. Homology coraparisons may be conducted by cye, or more usually, with the aid of
readily available sequence comparison prograrns. These commercially available computer
programs may calculate percent (%) homology between two or more sequences and may alse
caleulate the sequence identity shared by itwo or wmore amino acid or wucleic acid
sequences.Sequence homologies may be generated by any of a number of computer programs
known i the art, for example BLAST or FASTA, cte. A suitable computer program for carrying
out such an alignment i3 the GCG Wisconsin Bestfit package (University of Wisconsin, U.S.A;
Devercux et al, 1984, Nucleie Acids Research 12:387). Examples of other software than may
perform sequence cormparisons include, but are not limited to, the BLAST package {see Ausubel
et al, 1999 ibid ~ Chapter 18}, FASTA (Atschul et al, 1990, J. Mol Biol,, 403-410) and the
GENEWORKS suite of coraparison tools. Both BLAST and FASTA are available for offline and
online searching {sce Ausubel et al, 1999 ibid, pages 7-58 to 7-60). However it is preferred to
use the GCG Bestfit program.

{80116] % homology may be calculated over contiguous sequences, 1.¢., one sequence is
aligned with the other sequence and cach amino acid or nucleotide v one sequence is directly
compared with the corresponding amino acid or nucleotide 1n the other sequence, one residae at
a tine, This is called an “ungapped” alignment. Typically, such ungapped alignments are

performed only over a relatively short mumber of residues.
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361177  Although this 18 a very simple and cousistent method, i fails to take into
consideration that, for example, in an otherwise identical pair of sequences, one insertion or
deletion may cause the following amino acid residues to be put out of alignment, thus potentially
resulting in a large reduction in % homeology when a global alignment is performed.
Conscquently, most sequence comparison methods are designed to produce optiraal alignments
that take into consideration possible insertions and deletions without unduly penalizing the
overall homology or identity score. This is achieved by inserting “gaps” in the sequence
alignment to try to maximmze local homology or identity.

{B6118] However, these more complex methods assign “gap penalties™ to cach gap that occurs
in the ahgnment so that, for the same nuraber of dentical amino acids, a scquence alignment
with as few gaps as possible - reflecting higher relatedness between the two compared sequences
- may achicve 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 smalier penalty for each
subsequent residue in the gap. This 15 the most commoonly used gap scoring system. High gap
penaliics may, of course, produce optunized alignments with fewer gaps. Most aligniment
programs allow the gap penaltics to be modified. However, it is preferred to use the defaunlt
values when using such software for sequence coraparnisons. For example, when using the GCG
Wisconsin Bestfit package the default gap penalty for amino acid sequences is =12 for a gap and
-4 for cach cxtension.

186119]  Calculation of maximum % homology therefore fivst requires the production of an
optimal slignment, taking into consideration gap penaltics. A suitable computer program for
carrying out such an alignment is the GCG Wisconsin Bestfit package (Devereux et al, 1984
Nuc. Acids Rescarch 12 p387). Examples of other software that may perform sequence
comparisons include, but are not himited to, the BLAST package (sce Ausubel et al., 1999 Short
Protocols in Molecular Biology, 4th Ed. — Chapter 18}, FASTA (Altschul et al,, 1990 1. Mol
Biol. 403-410) and the GENEWORKS suite of comparison tools. Both BLAST and FASTA are
available for offitne and online searching (sce Ausubel et al., 1999, Short Protocols in Molecular
Biology, pages 7-58 to 7-60). However, for somc applications, it is preferred to use the GCG
Bestfit program. A new tool, called BLAST 2 Sequences is also available for comparing protein

and nucleotide sequences (see FEMS Microbiol Lett, 1999 174(2): 247-50; FEMS Microbiol
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Lett. 1999 177(1) 187-8 and the website of the Natiovnal Center for Biotechuology mformation
at the website of the National Institutes for Health).

{B0126]  Although the tinal % homology may be measured in terras of ideuntity, the alignment
process itself 1s typically not based oun an all-or-uothing patr comparison. Instead, a scaled
sirpilarity score matrix is generally used that assigns scores to cach pair-wise comparison based
on chemical similarity or evolutionary distance. An example of such a matrix commonly used is
the BLOSUMG6GZ matrix - the default matrix for the BLAST suite of programs. GCG Wisconsin
programs genevally use either the public default values or a custom syrbol comparison table, if
supplied {sec user manual for further details). For some applications, it is preferred to use the
public default values for the GUG package, or in the case of other software, the default matrix,
such as BLOSUM6Z.

{B0121] Alternatively, percentage homologics may be calculated using the multiple alignment
feature in DNASISTM (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, i is possible to calculate % homology, preferably % sequence identity. The
software typically does this as part of the sequence compariseon and generates a numerical result.
{B0123] The sequences may also have deletions, insertions or substitutions of amino acid
residues which produce a silent change and result in a functionally cquivalent substance.
Dieliberate amino acid substitutions may be made on the basis of similarity in amunoe acid
properties {such as polarity, charge, solubility, hydrophobicity, hydrophilicity, and/or the
amphipathic nature of the residues) and it 18 theretore useful to group amino acids together in
functional groups. Amino acids may be grouped together based on the properties of thetr side
chains alone. However, it is more useful to include mutation data as well. The sets of amino
acids thus derived are hikely to be conserved for structural reasons. These scts 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 hierarchical analysis of residue conservation” Comput. Appl
Biosct. 9: 745-756) (Taylor W.R. (1986} “The classification of amino acid conservation” I
Theor. Biol. 119; 205-218). Conservative substitutions may be made, for cxample according to

the table below which describes a generally accepted Venn diagram erouping of amine acids.
é:' } é:' = &
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Set Sub-set

Hydrophobic |[FWYHKMILVAGC | Aromatic FWYH

Aliphatic ILv

Polar WYHKREDCSTNG | Charged HKRED

Posttively |HKR
charged

Negatively {ED
charged

Smal VCAGSPTND Ty AGS

{60123]  Embodiments of the invention mclude sequences (both polynuclestide or
polypeptide} which may comprise homologous substitution (substitution and replacement are
both used hercin to mean the wnterchange of an existing amino acid reswdue or nucleotide, with ap
alternative residuc or mucleotide) that may occur ie., like-for-like substitution in the case of
amino acids such as basie for basic, acidic for acidic, pelar for polar, cic. Non-homologous
substitution may also oceur 1.e., from one class of residue to another or alternatively inveolving
the wnclusion of unnatural amino acids such as orntthine (heremnafter referred to as £,
diaminobutyric acid ornithine {(beremafter referred to as B), norleucine orpithine {(bereinafter
referred to as O}, pyridylalanine, thienylalanine, naphthylalanine and phenylglycine.

{80124] Variant amino acid sequences may include switable spacer groups that may be
inserted between any two amino acid residues of the sequence including alkyl groups such as
methyl, ethyl or propyl groups in addition to amino acid spacers such as glycine or B-alanine
restducs. A further form of variation, which involves the presence of one or more amine acid
residues in peptoid form, may be well understood by those skilled in the art. For the avoidance of
doubt, “the peptoid form™ 1s used to refer to variant amino acid residues wherein the a-carbon
substituent group is on the residue’s nitrogen atom rather than the a-carbon. Processes for
preparing peptides in the peptoid form are known in the art, for examplie Stmon RJ et al,, PNAS

(10923 820}, 9367-9371 and Horwell DC, Trends Biotechnol. (1995) 13(4), 132-134,
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361251 The practice of the present invention eomploys, unless otherwise indicated,
conventional  techniques of mmmmunolopgy, biochemistry, chemistry, molecular biology,
nticrobiclogy, cell biology, genomics and recombinant DNA, which are within the skill of the
art. Sce Sambrook, Fritsch and Mamiatis, MOLECULAR CLONING: A LABORATORY
MANUAL, 2nd edition (1989); CURRENT PROTOCOLS IN MOLECULAR BIOLOGY (F. M.
Ausubel, et al. eds., (1987}); the series METHODS IN ENZYMOLOGY {Academic Press, Inc.
PCR 20 A PRACTICAL APPROACH (M.}, MacPherson, B.D. Hames and G.R. Taylor eds.
{1995y, Harlow and Lane, ods. (198R) ANTIBODIES, A LABORATORY MANUAL, and
ANIMAL CELL CULTURE {R.1 Freshney, ed. {1987}).

{#6126] In one aspect, the mvention provides for vectors that are used 1w the engimecring and
optimization of CRISPR-Cas sysiems.

{80127} As uscd herein, a “vector” 18 a tool that allows or facilitates the transfer of an entity
from one environment to another. It is a replicon, such as a plasmid, phage, or cosmid, into
which another DNA segment may be mserted so as to bring about the replication of the inserted
segment. Generally, a vector is capable of replication when associated with the proper coutrol
clements. In general, the term “vector” refers to a nucleic acid molecule capable of transporting
another nucleic acid to which it has been nked. Vectors include, but are not Hmited to, nuclec
acid molecules that are single-stranded, double-stranded, or partially double-stranded; nucleic
acid molecules that comprise one or more free ends, no free ends {e.g. circular); nucleic acid
moiecules that coraprise DNA, RNA, or both; and other varieties of polynucicotides known i
the art. One type of vector 1s 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
techniques.  Another type of vector 18 a viral vector, wherein virally-dertved DNA or RNA
sequences are present wm the vector for packaging into a virns {e.g. retroviruses, replication
defective retroviruses, adenoviruses, replication defective adenoviruses, and adenog-associated
viruses). Viral vectors also include polynucleotides carvied by a virus for transfection into a host
cell. Certain vectors are capable of autonomous replication in a host cell into which they are
introduced {c.g. bacterial vectors having a bacterial origin of rephication and episomal
mammalian vectors). Other vectors {¢.g., non-episomal mammalian vectors) are integrated into
the genome of g host cell upon introduction into the host cell, and thereby are replicated along

with the host genome. Morecover, certain vectors are capable of divecting the expression of genes
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to which they are operatively-hnked. Such vectors are referred to herein as “expression vectors.”
Common cxpression vectors of utility in recombinant DNA techniques are often in the form of
plasmids. Further discussion of vectors is provided herein

{BGI28] Recombinant expression vectors can comprise a nucleie acid of the investion 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 is operatively-linked to the nucleic acid sequence
to be expressed. Within a recombinant expression vector, “operably linked” 18 wntended o mean
that the nucleotide sequence of interest is linked to the regulatory clement(s) in a manner that
allows for expression of the nucleotide sequence {e.g. in an n vilro transcription/trasslation
system or in a host cell when the vector 1s introduced into the host cell). With regards to
recombination and cloning methods, mention is made of US. patent application 10/815,730,
published September 2, 2004 as US 2004-0171156 A1, the contents of which are herein
incorporated by reference n their entirety.

301291 Aspects and embodiments of the invention relate o bicistronic vectors for chimeric
RNA and Cas® or a Cas9 ortholog. In some embodiments, the Cas9 is driven by the CBh
prorooter. In some embodiments, the chimeric RNA s driven by a U6 prowoter. Preferably, the
CBh and U6 are used together in the sense that the Cas® is driven by the UBh promoter and the
chimeric RNA is driven by a U6 promoter.  In some cmbodiments, the chimeric guide RNA
consists of a 20bp guide sequence (Ns) joined to the tracr sequence {runuing from the first “U”
of the lower strand to the end of the transcript), which is truncated at various positions as
indicated. The guide and tracr sequences are preferably separated by the tracr-mate sequence. A
preferred example of a tracr-mate sequence s GUUUUAGAGCUA. This is preferably followed
by a loop sequence. The loop 18 preferably GAAA, but i is not limited to this sequence or
indeed to being only 4bp in length. Indeced, preferred loop forming sequences for use in hairpin
structures are four nucleotides in length, and voost preferably have the sequence GAAA.
However, longer or shorter loop sequences may be used, as may alternative sequences. The
sequences preferably include a nucleotide triplet (for cxample, AAA), and an additional
nucieotide (for example € or ). Examples of loop forming sequences include CAAA and
AAAQG. Throughout this application, chimeric RNA may alse be calied single guide, or synthetic

ginde RNA (sgRNA).
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{B613¢] For instance, as described in specific detall in Example 2, chimeric guide RNAs may
be designed as shown in Figure 8. The CRISPR loci in some of these families is depicted in
Figure 11. The corresponding guide RNA sequences are shown in Figure 12, We analyzed the
genomic DNA seguence within ~2kb of the Cas® proteins and identified divect repeats ranging
from 35bp to 50bp, with intervening spacers ranging frora 29bp to 35bp. Based on the direct
repeat sequence, we searched for tractBRNA candidate sequences with the following criteria:
putside the crRNA array but containing high degree of homology to direct repeats {as required
for direct repeat:tracrRNA base-paining; custorn computational analysis), outside the coding
regions of the protein components, containing Rho-independent transcriptional termination
signals ~60bp-120bp dowustream from region of homology from with direct repeats, and co-
folding with direct repeat to form a duplex, followed by two or more hairpin structures 1o the
distal end of tracrRNA scquence. Based on these prediction criteria, we selected an mitial set of
18 Cas® proteins and their uniguely associated direct repeats and tractRNAs distributed across
all five Cas9 familics. Applicants further generated a sct of 1S chiroeric RNA structures that
preserved the sequence and secondary structures of the native direct repeatiiractBNA duplex
while shortening the region of basc-pairing and fusing the two RNA clements through an
artificial loop (Figures 6 A-J).

{BG131] The term “regulatory element” is intended to include promoters, enhancers, internal
ribosomal entry sites (IRES), and other cxpression control clements (c.g. transcription
termination signals, such as polyadenylation signals and poly-U sequences). Such regulatory
elements are described, for example, in Goceddel, GENE EXPRESSION TECHNOLOGY:
METHODS IN ENZYMOLOGY 185, Academic Press, San Dego, Calif (1990}, Regulatory
clements include those that divect constitutive expression of a nucleotide sequence in many types
of host cell and those that direct expression of the nucleotide sequence only in certain host cells
{e.g., tissue-specific regulatory sequences). A tissue-specific promwoter may direct expression
primarily in a desived tissue of nterest, such as wuscle, neuron, bone, skin, blood, speaific
organs {e.g. hiver, pancreas), or particular cell types (e.g. lyrmphocytes). Regulatory elements
rnay also direct expression n 8 temporal-dependent manner, such as in g cell-cycle dependent or
developmental stage-dependent manner, which way or may not also be tissue or cell-type
specific. I some embodiments, a vector comprises one or more pol HI promoter {e.g. 1, 2, 3, 4,

3, or movre pol H promoters), one or more pol H promoters {eg. 1, 2, 3, 4, S, or more pol {1
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prometers), one or more pol T prowoters {e.g. 1, 2, 3, 4, 5, or more pol I promoters), or
combinations thereof. Examples of pol HI promoters include, but are not Himited to, U6 and HI
promoters. Examples of pol I promoters include, but are not himited to, the retroviral Rous
sarcoma virus {RSV) LTR promoter {optionally with the RSV enhancer), the cytomegalovirus
{CMV} promoter {optionally with the CMV cenhancer} {sce, ¢.g., Boshart ot al, Cell, 41:521-330
{(1983}], the SV40 promoter, the dihydrofolate reductase promoter, the B-actin promoter, the
phosphoglycers! kinase (PGK) promoter, and the EFig promoter. Also encompassed by the
term “regulatory clement” are enhancer elements, such as WPRE,; UMV enhancers; the R-US’
segment in LTR of HTLV-1 (Mol Ceil. Biol, Vol. 8(1}, p. 466-472, 1988); SV40 enhancer; and
the infron sequence between exons 2 and 3 of rabbit B-globin (Proc. Natl. Acad. Sci. USA., Vol
TR(3), p. 1527-31, 1981). It will be appreciated by those skilled in the art that the design of the
expression vector can depend on such factors as the choice of the host cell to be transformed, the
level of expression desired, efc. A vector can be introduced into host cells to thereby produce
transcripts, proteins, or peptides, including fusion proteins or peptides, encoded by nucleic acids
as described herewn {e.g., clustered regolarly interspersed short palindrorme vepeats (CRISPR)
transcripts, proteins, enzymes, mutant forms thereot, fusion proteins thereof, ctc.). With regards
to regulatory sequences, mention s made of US. patent apphcation 10/491,026, the contents of
which are incorporated by reference herein in their entirety. With regards to promoters, mention
is made of PCT publication WO 201 1/028929 and U.S. application 12/511,940, the contents of
which are incorporated by reference herein in their entivety.

{B0132]  Vectors can be designed for expression of CRISPR transcripts {c.g. nucleic acid
transeripts, proteins, or enzymes) in prokaryotic or eukaryotic cells. For example, CRISPR
transcripts can be expressed in bacterial cells such as Hscherichia coli, insect cells (using
baculovirus oxpression vectors), yeast cells, or wammalian cells.  Suutable host cells are
discussed further in (oecddel, GENE EXPRESSION TECHNCOLOGY: METHODS IN
ENZYMOLOGY 185, Acadermic Press, San Diego, Calif. (1990).  Aliematively, the
recombinant expression vector can be transcribed and translated in vitro, for exampie using T7
prometer regulatory sequences and T7 polymerase.

{86133] Vectors may be introduced and propagated in a prokaryote or prokaryotic cell. o
sorme embodiments, a prokaryote 18 used to amplify copies of a vector to be introduced into a

cukaryotic cell or as an ntermediate vector i the production of a vector to be introduced wio a
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cukaryotic cell {e.g. amplifying a plasmid as part of a viral vector packaging system). In sorue
embodiments, a prokaryote is used to amplify copies of a vector and express one or more nucleic
acids, such as to provide a source of onc or more proteins for delivery to a host cell or host
organism.  Expression of proteins in prokaryotes is most often carried out in Escherichia coli
with vectors containing constitutive or inducible promoters divecting the expression of either
fusion or non-fusion proteins. Fusion vectors add a number of araine acids to a protein encoded
therein, such as to the amino terminus of the recombinant protein.  Such fusion vectors may
SETVe one of wore purposes, such as: (i} to increase expression of recombinant protein (i) to
increase the solubility of the recombinant protein; and (i1t} to aid in the purification of the
recombinant protein by acting as a Hgand in affinity purification. Offen, in fusion oxpression
vectors, a proteolytic cleavage siie is introduced at the junction of the fusion moiety and the
recombinant protein to cnable separation of the recombinant protein from the fusion moicty
subsequent to purification of the fusion protein. Such enzymes, and their cognate recognition
sequences, melude Factor Xa, thrombin and enterokinase. Example fusion expression vectors
include pGEX (Pharmacia Biotech fuc; Smith and Johnson, 1988, Gene 67: 31-40), pMAL (New
England Biolabs, Beverly, Mass.) and pRITS (Pharmacia, Piscataway, N.1.) that fuse glutathione
S-transferase (GST), waliose E binding protein, or protein A, respectively, to the target
recombinant protein.

{30134} Exaroples of sutable inducible non-fusion E. coli expression vectors inchude pTre
{Amrann et al.,, (1988) Gene 69:301-315) and pET 11d (Studier et al., GENE EXPRESSION
TECHNOLOGY: METHODS IN ENZYMOLOGY 185, Academic Press, San Dhego, Cahitl
{1990} 60-89}.

{BG135]  In some embodiments, a vector I8 a yeast expression vector. Examples of vectors for
expression n yeast Saccharornyces cerevisae include pYepSecl (Baldan, ot al,, 1987, EMBO 1
6: 229-2343, pMFa (Kuijan and Herskowitz, 1982, Cell 30: 933.043), pIRY88 (Schultz ot al,
1987, Gene 34: 113-123), pYES2 (nvitrogen Corporation, San Diego, Cahif), and picd
{InVitrogen Corp, San Biego, Calif)).

{#6136] In some cmbodiments, g vector drives protein expression in insect cells using
baculovirus expression vectors.  Baculovirns vectors available for expression of proteins in
cultured insect cells {e.g., SF2 cellsy include the pAc series (Smith, et al, 1983, Mol Cell. Biol.

&0

3: 2156-2165) and the pVL sertes (Lucklow and Summers, 1989, Virology 170: 31-39).
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1361371 In some cmbodiments, a vector is capable of driving expression of one or more
sequences in mammalian cells using a mammalian expression vector. Examples of mammalian
expression vectors include pCDME (Seed, 1987, Nature 329 840} and pMT2PC (Kaufman, ¢t
al., 1987. EMBO I. 6: 187-185). When used in mammalian cells, the expression vector’s control
functions are typically provided by one or more regulatory clements. For example, commonly
used promoters are derived from polyoma, adenovirus 2, eyvtomegalovirus, simian virus 40, and
others disclosed herein and known in the art. For other suitable expression systems for both
prokaryotic and cukarvotic cells see, e.g., Chapters 16 and 17 of Sambrook, ot al,
MOLECULAR CLONING: A LABORATORY MANUAL. 2nd ed., Cold Spring Harbor
Laboratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NUY ., 1989,

{B6138] In some embodiments, the recombinant mmammalian expression vector is capable of
directing cxpression of the nucleic acid preferentially in a particular cell type {c.g., tissue-
specific regulatory clements are used fo express the nucleic acid). Tissue-specific regulatory
clements are known in the art. Non-limiting cxamples of suitable tissuc-specific promoters
include the albumin promoter (hver-specific; Prokert, ot al, 1987, Genes Dev. 10 268-277),
lymphoid-specific promoters {Calame and Eaton, 1988, Adv. Immunol. 43: 235.275), in
particular promoters of T cell receptors (W inoto and Baltimore, 1989, EMBO I 8: 720-733) and
immunoglobuling {Baneiji, ot al., 1983, Celi 33: 729-740; Queen and Baltimore, 1983, Cell 33:
741-748), neuron-specific promoters {c.g., the neurofilament promoter; Byrne and Ruddle, 1989,
Proc. Natl. Acad. Sci. USA 86 5473-5477), pancreas-specific promoters (Edlund, et al,, 1985,
Science 230: 912-916), and mammary gland-specific promoters {¢.g., muilk whey promoter; US.
Pat. No. 4,873,316 and European Application Publication No. 264,166}, Developmentally-
regulated promoters are alse encompassed, ¢.g., the murine hox promoters {Kessel and Gruss,
199G, Science 249 374-379) and the o-fetoprotein promoter {(Campes and Tighman, 1989
Genes Dev, 30 537-546). With regards to these prokaryotic and cukaryotic vectors, mention is
made of U.S. Patent 6,750,059, the contents of which are incorporated by reference herein in
their entirety. Other embodiments of the fnvention may relate to the use of viral vectors, with
regards to which mention is made of U.S, Patent application 13/092,085, the contents of which
are incorporated by reference herein in thewr entivety. Tissug-specific regulatory elements 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.
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{36139  In some embodiments, a regulatory clement is operably linked to one or more
clements of a CRISPR system so as to drive expression of the one or more clements of the
CRISPR systemi.  In general, CRISPRs (Clustered Regularly Interspaced Short Palindromic
Repeats), also known as SPIDRs (SPacer Interspersed Direct Repeats), constitite a family of
DINA loct that arc usually specitic to a particular bacterial species. The CRISPR locus corprises
a distinct class of interspersed short sequence repeats (SSRs) that were recognized in E. coli
(Ishing ot al, J. Bacteriol,, 169:5429-5433 {1987}, and Nakata et al,, J. Bacteriol,, 171:3553~
3556 {19891}, and associated genes. Similar interspersed SSRs have been identified i Haloferax
mediterranct, Streptococcus pyogenes, Anabaena, and Mycobacteriom  tuberculosis  (See,
Groenen et al., Mol Microbiol,, 10:1037-1065 [1993]; Hoe et al,, Emerg. Tofect. Dhs,, 5:254-263
{19991 Masepohl et al, Biochim. Biophys. Acta 1307:26-30 [1996]; and Mojica et al., Mol
Microbiol,, 17:85-93 [1995}). The CRISPR loct typically differ from other SSRs by the structure
of the repeats, which have been termed short regularly spaced repeats (SRSRs) (Jaussen et al,,
OMICS 1. Integ. Biol, 6:23-33 [2002]; and Mojica ot al., Mol. Microbiol,, 36:244-246 [2000]).
fn general, the repeats are short elements that occur in clusters that are regularly spaced by
unique intervening sequences with a substantially constant length (Mojica ot al, [2000], supra}.
Although the repeat sequences are highly conserved between strains, the number of interspersed
repeats and the sequences of the spacer regions typically differ from strain to strain {van Embden
et al., J. Bacteriol,, 182:2393-2401 [2000]). CRISPR loct have been identified in more than 40
prokaryotes (See e.g., Jansen et al,, Mol Microbiol,, 43:1565-1575 [2002]; and Mojica ¢t al.,
20057y mmcluding, but not Hmuted to Acropyrum, Pyrobaculum, Sulfolobus, Archacoglobus,
Halocarcula, Methanobacterium, Methanococcus, Methanosarcina, Methanopyrus, Pyrococcus,
Picrophilus, Thermoplasma, Corynebacterium, Mycobacterium, Streptomyces,  Aquifex,
Porphyromonas, Chlorobium, Thermus, Bacillus, Listenia, Staphylococcus, Clostridiom,
Thermoanacrobacter, Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria,
Nitrosomonas, Desulfovibrio,  Geobacter,  Muyxococens, Campylobacter,  Wolinella,
Acinetobacter, Erwinia, HEscherichia, Legionella, Methylococcus, Pasteurella, Photobacterium,
Salronella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

{8614¢] In general, "CRISPR system” refers collectively to transcripts and other elements
involved in the expression of or directing the activity of CRISPR-associated (“Cas™} gones,

including sequences enceding a Cas gene, a tracr {(frans-activating CRISPR) sequence {e.g.
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tracrRNA or an active partial tracrRNA), a tracr-mate sequence {encompassing a “direct repeat”
and a tracrRNA-processed partial direct repeat in the context of an endogenous CRISPR systemy},

%

a guide sequence {also referred to as a “spacer” in the context of an endogenous CRISPR
systera}, or other sequences and transcripts from a CRISPR locus. In some embodiments, one or
rore elements of 4 CRISPR system 18 derived from a type L type H, or type HE CRISPR systerm.
In some embodiments, one or more clements of a CRISPR system is derived from a particular
organism comprising an endogencus CRISPR system, such as Streptococcus pyogenes. In
general, a CRISPR system is characterized by clemeuts that promote the formation of & CRISPR
complex at the site of a target sequence {also referred to as a protospacer in the context of an
codogenous CRISPR systemn).  In the coutext 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 g
CRISPR complex. A target sequence may comprise any polynucleotide, such as DNA or RNA
polymacleotides. In sorne embodiments, a target sequence 1s located in the nucleus or cytoplasm
of a cell.

{80141}  In preferred embodiments of the invention, the CRISPR system is a type H CRISPR
systera and the Cas enzyme 1s 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 nucleotides of the guide sequence and that
have a protospacer-adjacent motif (PAM) sequence NGG /NRG {for example, as discussed
clsewhere, a suitable PAM 18 5-NRG or 5-NNGRR for SpCas® or SaCash enzymes {or derived
enzymes), respectively) 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 hybnidizes o part o the guide sequence and the PAM sequence. More
aspects of the CRISPR system are described in Karginov and Hannon, The CRISPR system:
srall RNA-guided defense in bactenia and archae, Mole Cell 2018, Januvary 15, 37(1) 7.

{$3142]  The type I CRISPR locus from Streptooccus pyogenes SF370 contains a cluster of
four genes Cas9, Casi, Cas2, and Csnl, as well as two non-coding RNA clements, tractRNA and
a characteristic array of repetitive sequences {(direct repeats) interspaced by short stretehes of
non-repetitive sequences (spacers, about 30bp ecach). In this system, targeted DNA double-

strand break {(DSB) s generated in four sequential steps (Figure 2A), Fist, two non-coding
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RNAs, the pre-erRNA array and tracrRNA, are transcribed from the CRISPR locus. Second,
tractRINA hybridizes to the direct repeats of pre-ctRNA, which is then processed into mature
crRNAs containing mdividual spacer sequences. Third, the mature crRNAtracrRNA 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 (Figure 2A). Figure 2B demonstrates the muclear localization of the codon optimized
Cash. To promote precise transcnptional mitiation, the RNA polymerase [H-based Ud promoter
was selected to drive the expression of tracrRNA (Figure 2C). Similarly, a U6 promoter-based
counsiruct was developed o express a pre~-crRNA array consisting of a single spacer flanked by
two direct repeats {DIRs, also encompassed by the term “tracr-mate sequences”; Figure 2C). The
initial spacer was designed to target a 33-base-pair {bp} target site (30-bp protospacer phus a 3-bp
CRISPR motif (PAM) sequence satisfying the NGG recognition motif of Cas®) in the human
EMX1 locus (Figure 2C), a key gene in the development of the cercbral cortex.

{36143]  Figure 16 shows Cas® orthologs and respective sgRNAs are used to cleave two
candidate targets present in a pUC19-based library. Target 1 is followed by a randomized PAM
containing 7 degenerate bases (5-NNNNNNN-3, and target 1, which contains the same target
sequence as target 1, is followed by a fixed PAM (3-TGGAGAAT-3"). The sgRNA of cach Cas9
ortholog contains the guide sequence against target 1 or target 1. Gel images show successtul
cleavage by 20 Cas9 orthologs, indicating that these sgRNA designs are functional with their
respective Cas? enzymes,

{#3144] In some embodiments, direct repeats or tracr mate sequences are either downloaded
from the CRISPRs database or identified in silico by searching for repetitive motifs that are 1.
found i a 2kb window of genomie sequence flanking the type [T CRISPR locus, 2. span fror 20
t¢ 50 bp, and 3. interspaced by 20 to 50 bp. In some cmbodiments, 2 of these criteria may be
ased, forinstance Tand 2, 2 and 3, or 1 and 3. In some embodiments, all 3 criteria way be used.
{B0145]  In some embodiments candidate tractRNA are subsequently predicted by 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 sccondary structure between tracrRNA and direct repeat. In some embodiments, 2

of these criteria may be used, for mstance 1 and 2, 2 and 3, or 1 and 3. lv some embodiraents, all
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3 criteria woay be used.  In sorne embodiments, chimeric synthetic guide RNAs {sgRNAs)
designs incorporate at least 8 bp of duplex structure between the direct repeat and tracrRNA.

{80146]  Several aspects of the CRISPR systemn can be further improved to increase the
efficiency and versatility of CRISPR targeting. Optimal Cas® activity may depend on the

availability of free Mg2+ at levels higher than that present 1 the mammalian nucleus (sec eg

o0

oy

Jinek et al,, 2012, Science, 337:816), and the preference for an NGG/NRG wmotif immediately
downstream of the protospacer restricts the ability to target on average every 12-bp in the human
genome.

{G6147]  Typically, in the context of an endogenous CRISPR system, formation of a CRISPR
complex {comprising a guide sequence hybridized to a target sequence and complexed with one
or more Cas proteins) results 1o cleavage of one or both sirands in or near {e.g. within 1, 2, 3, 4,
5,6,7, 8,9, 10, 20, 50, or more base pairs from) the target sequence. Without wishing to be
bound by theory, the tracr sequence, which may coraprise or consist of all or a portion of a wild-
type tracr sequence {¢.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67, 85, or more
nucieotides of a wild-type tracr sequence), may also forra 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 s operably hinked fo the gwnde sequence. o some ersbodivaents, one or more
vectors driving expression of one or more elements of @ CRISPR system are introduced mnto a
host ccll such that expression of the clements of the CRISPR system direct formation of a
CRISPR complex at oue or more target sites. For example, a Cas enzyme, a guide sequence
iimked to a tracr-mate sequence, and a tracr seguence could each be operably hinked to separate
regulatory clements on separate vectors. Alternatively, two or more of the elements expressed
from the same or different regulatory clements, may be combined in a single vector, with one or
rore additional vectors providing any componeuts of the CRISPR system not wncluded w the
first vector. CRISPR system clements that are combined in a single vector may be arranged in
any suitable orvientation, such as one clement located 57 with respect to (“Mupstream” of) or 3°
with respect to (“downstream” of} a second element. The coding sequence of one element may
be located on the same or opposite strand of the coding sequence of a sccond clement, and
oricuted in the same or opposite direction.  In some embodiments, a single prowoter drives
expression of a transcript encoding a CRISPR enzyme and one or more of the guide sequence,

tracr mate sequence {optionally operably hinked o the guide seguence), and a tracr sequence
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embedded within one or voore infron sequences {e.g. cach in a different intron, two or woore in at
least one intron, or all in a single intron). In some embodiments, the CRISPR enzyme, guide
sequence, fract mate sequence, and fracr sequence are operably linked to and expressed from the
same promoter,

{60148] In some cmbodiments, 8 vector comprises one or more inscrtion sites, such as a
restriction endonuclease recognition sequence {also referred to as a “cloning site”™).  In some
embodiments, one or more inscrtion sites {(e.g. about or more than about 1, 2, 3,4, 5, 6,7, 8,9,
10, or more msertion sites) are located upstream and/or downstream of one or more seguence
clements of one or more vectors. In some cmbodiments, a vector comprises an insertion site
upstrears of a fracr mate sequence, and optionally downstrearn of a regulatory element operably
finked 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 to a target sequence in a eukaryotic cell. In some embodiments, a vector
comprises two or more nsertion sites, cach nsertion site being located between two tracr mate
sequences 30 as o allow jusertion of a guide sequence at cach site. In such an arrangemeut, 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 wultiple different guide
sequences are used, a single expression construct may be used to target CRISPR activity to
raultiple differcut, 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, 10, 15, 28, or more guide
sequences. In some erabodiments, 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.
{#3149]  In some embodiments, a vector comprises a regulatory element operably linked to an
cuzyme~coding scquence cucoding a CRISPR enzyme, such as a Cas protein.  Nowo-himiting
examples of Cas proteins include Casl, CaslB, Cas2, Cas3, Cas4, Cas3, Cas6, Cas7, Cas8, Cas?
{also known as Csnl and Csx12), Casi, Csyl, Csy2, Csy3, Csel, Cse2, Cscl, Cse?, Csal,
Can2, Csm2, Csm3, Csmd, Cems, Cemé, Coord, Cord, Omed, CrrS, Crrd, Csbi, Csh2, Csb3,
Csx17, Csxid, Csx10, Csx16, TsaX, Csx3, Csxl, Csxi5, Csfl, Cst2, Csf3, Cstd, homologues
thereof, or modified versions thereof. In some embodiments, the unmodified CRISPR enzyme
has DNA cleavage activity, such as Cas9. In some crmbodiments, the CRISPR enzyme directs

cleavage of one or both strands at the location of a target sequence, such as within the target
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sequence and/or within the coraplement of the target sequence. In some embodiments, the
CRISPR enzyme directs cleavage of one or both strands within about 1, 2, 3,4, 5,6, 7, 8, 9, 10,
15, 20, 25, 50, 100, 200, 500, or more base pairs from the first or last nucleotide of a target
sequence.  In some embodiments, a vector encodes a CRISPR enzyme that s mutated with
respect to a corresponding wild-type enzyme such that the mutated CRISPR enzyroe 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 Ruv( 1 catalytic domain of Cas9
from S. pyogenes converts Cas9 from a nuclease that cleaves both strands to a nickase {cleaves a
single strand}.  Other examples of mmutations that render CasS a nickase include, without
Iimitation, HE840A, NR34A, and NRBO3A 1w Splas®.  As discusssed herein, coresponding
postions may be counserved in other Cas%s, i.e. in Cas® orthologs from or derived from other
bacterial specics, with reference to the position numbering of SpCas9. (Figure 19) shows a
multiple sequence alignment of 12 Cas9 orthologs and indicates the conserved catalytic Asp
restdue 1n the RuvC 1 domain and the conserved catalytic His residue in the HNH domain.
Mutation of one or the other residue nte Ala may convert the Cas9 ortholog wnto a nickase.
Mutation of both residues may convert the Cas9 ortholog into a catalytically null mutant — useful
for generic DNA binding. As a further example, two or more catalytic domains of Cas9 (RavC |
RuvC I, and RuvC I or the HNH domain} may be mutated to produce a mutated Cas® ortholog
substantially lacking all DNA clcavage activity.  In some cmbodiments, 8 DI10A mutation i
combined with one or more of HE40A, NE34A, or NROIA mutations to produce a Cas® enzyme
substantially lacking all DNA cleavage activity.  In some cmbodiments, 8 CRISPR enzymae is
considered to substantially lack all BDNA cleavage activity when the DNA cleavage activity of
the mutated enzyme is less than about 25%, 10%, 5%, 1%, 0.1%, 0.01%, or lower with respect to
its nou-rutated form.

{B015¢] An aspartate-fo-alanine substitution {(D10A) in the RuvC 1 catalytic domain of
SpCas® was engineered to convert the nuclease nfo a nickase {see ¢.g. Sapranauskas et al,, 2011,
Nucleic Acis Research, 39: 9273, Gasiunas ¢t al,, 2012, Proc. Natl. Acad. Sci. USA, 109:E2579),
such that nicked genomic DNA undergoes the high-fidelity homology-directed repair (HDR)
Applicants used SURVEYOR assay to confirm that SpCasSn does not generate indels at the
EMX] protospacer target. It was scen that co-expression of EM X -targeting chimeric crRNA

{having the tractRNA component as well) with SpCas® produced wdels 1o the target site,



WO 2014/093635 PCT/US2013/074691

whereas co-expression with SpCasOn 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-transfecting HEK 293FT cells with the chimeric RNA targeting EMX1,
hSpCUas9 or hSpLasOn, as well as a HR template to introduce a pair of restriction sties {HindHi
and MNhel) near the protospacer. 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 HindiH revealed cleavage products corresponding to expected fragment sizes, with
SpCas9 and SpCasSn wediating swilar fovels of HR efficiencies.  Applicants farther verified
HR using Sanger sequencing of genomic amplicons and demonstrated the utility of CRISPR for
facilitating targeted gene insertion in the mamroalian genore. Given the 14-bp {(12-bp from the
spacer and 2-bp from the PAM) target specificity of the wild type SpCas®, the avatlability of a
nickase can significantly reduce the likelihood of off-target modifications, since single strand
breaks are not substrates for the error-prone NHED pathway. Figure 10A-M provides a scheme
indicating positions of mutations in SpCas9 and Cas® orthologs typically share the general
organization of 3-4 Ruv( domains and a HNH domain. The 5" most RuvC domain cleaves the
non-complementary strand, and the HNH domain cleaves the complementary strand.

[B0151]  The catalytic residue in the ' RevC dowain is wentified through homology
comparison of the Cas% of interest with other Cas9 orthologs (from S. pyogenes type H CRISPR
iocus, S. thermophilus CRISPR locus 1, 5. thermophilus CRISPR locus 3, and Franciscilla
novicida type I CRISPR locus), and the conserved Asp residue is mutated to alanine to convert
Cas? mto a complementary-strand nicking cnzyme. 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.

{B6152]  In some erobodiments, an enzyme coding sequence encoding a CRISPR enzyme i
codon optimized for expression in particular cells, such as cukaryotic cells. The eukaryotic celis
may be those of or derived from a particular organism, such as a mwammal, inchuding but not
fimited to human, mouse, rat, rabbit, dog, or non-human mammal including non-human primate.
In some embodiments, processes for moedifying the germ hine genctic identity of human beings
and/or processes for modifying the genetic wdentity of animals which are hikely to cause them
suffering without any substantial maedical benefit to man or animal, and alse animals resuliing

from such processes, may be excladed.
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{B6153] In general, codon optimization rvefers to a process of modifying a nucleic aad
sequence for enhanced expression in the host cells of mterest by replacing at least one codon
{c.g. about or more than about 1, 2, 3, 4, 5, 10, 15, 20, 23, 50, or more codons) of the native
sequence with codons that are more frequently or most frequently used in the genes of that host
cell while mamtaining the native amino acid sequence. Various species oxhibit particular bias
for certain codons of a particular amino acid. Codon bias (differences in codon usage between
organisms) often correlates with the efficiency of translation of messenger RNA (mRNA), which
is w turn beheved to be dependent on, among other things, the propertics of the codons bemg
translated and the availability of particular transfor RNA (tBRNA) molecules. The predominance
of selected tRNAS in a cell 18 generally a reflection of the codons used wost frequently in peptide
synthesis. Accordingly, genes can be tailored for optimal gene expression i a given organism
based on codon optunization. Codon usage tables are readily available, for example, at the
“Codon Usage Database” available at www kazusa.orip/codon/ {vistted Jul. 8, 2002), and these
tables can be adapted in a number of ways., See Nakamwura, Y., ot al. “Codon usage tabulated
from the micrnational DNA sequence databases: status for the year 20007 Nucl, Acds Res.
28:292 (20003, Computer algorithms for codon oplimizing a particular sequence for expression
in a particular host cell are also available, such as Gene Forge (Aptagen; Jacobus, PA), are also
availabic. In some embodiments, one or more codons (e.¢. 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or
more, ot all codons) in a sequence encoding a CRISPR enzyme correspond to the most
frequently used codon for a particular amino acid.

{80154] In some cmbodiments, 4 vector encodes a CRISPR enzyme comprising one or more
nuclear localization sequences (NLSs), such as about or more than about 1,2, 3,4, 5,6, 7, 8, 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-terminugs, about or more than
about 1,2,3,4,5,6,7,8,9, 10, or more NLSs at or near the carboxy-ternyinus, or a combination
of these {c.g. one or more NLS at the amino-terminus and one or more NLS at the carboxy
terminus). When more than one NLS is present, cach may be selected independently of the
others, such that a single NLS may be present in more than one copy and/or in combination with
one or more other NLSs present tn one or more copies. In a preferred embodiment of the
invention, the CRISPR enzyme coraprises at most & NLSs. In some embodiments, an NLS is

considered near the N- or C-terminus when the nearest amino acid of the NLS is within about 1,
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2,3,4,5, 10, 15, 20, 25, 30, 40, 506, or more amino acids along the polypeptide chain from the N-
or C-terminus. Non-limiting examples of NLSs inclhude an NLS sequence derived from: the NLS
of the SV40 virus large T-antigen, having the amuno acid sequence PKEKKRKY; the NLS from
nucleoplasmin {e.g.  the  wnucleoplasmin  bipartite  NLS  with  the  sequence
KRPAATKKAGQAKKKKY); the c-myc NLS having the amino acid sequence PAAKRVEKLD or
RORRNELKRSP; the hRNPAL MG NES having the SCqUONCe
NOSSNFGPMEGONFGORSSGPY GGOGRYFAKPRNQGOY, the sequence
RMRIZFENKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNY of the IBB domain from
importin-aipha; the sequences VSRKRPRP and PPKKARED of the myoma T protein; the
sequence POPKKKPL of human p33; the sequence SALIKKKEKMAP of mouse c-abl 1V, the
sequences DRLRR and PKOKKRK of the influenza virus NS1; the sequence RKLKEKKIKKL of
the Hepatitis vitus delta antigen; the sequence REKKKFLKRR of the mouse Mx1 protein; the
sequence KREGDEVDOVDEVAKKKSKK of the human poly(ADP-ribose} polymerase; and
the sequence RKCLOQAGMNLEARKTKI of the steroid hormone receptors (human)
glucocorticoid.

{801585]  In general, the one or more NLSs are of sufficient strength to drive accumulation of
the CRISPR enzyme w a detectable amount 1o the nuclens of a cukaryotic cell.  In general,
strength of nuclear localization activity may derive from the number of NLSs i the CRISPR
cuzyme, the particular NES(s} used, or a combination of these factors.  Detection of
accumulation in the wucieus may be performed by any suitable technique. For example, a
detectable marker may be fused to the CRISPR enzyme, such that location within a cell may be
visualized, such as in combination with a means for detecting the location of the nucleus {e.g. a
stain specific for the mucleus such as DAPL. Cell nuclel may also be isolated from cells, the
contents of which roay then be analyzed by any suttable process for detecting protein, such as
immunchistochemistry, 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 {(e.g. assay for DNA cleavage or mutation at the target sequence, or assay for altered
gene expression activity affected by CRISPR complex formation and/or CRISPR enzyme
activity), as compared to a 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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{06186] In gencral, a guide sequence is any polynucleotide sequence having sutficicnt
complementarity with a target polynucleotide sequence to hybridize with the target sequence and
direct sequence-spectfic binding of 8 CRISPR complex to the target sequence. In some
embodiments, the degree of complementarity between a guide sequence and #ts corresponding
target sequence, when optimally aligned using 4 suttabic alignent algorithro, s about or more
than about 50%, 60%, 75%, 83%, 85%, 90%, 95%, 97.5%, 99%, or more. Optimal alignment
may be determined with the use of any switable algorithm for aligning sequences, non-limiting
example of which inchude the Smuth-Waterman algorithm, the Needleman-Wuansch algorithin,
alporithms based on the Burrows-Wheeler Transform {e.g. the Burrows Wheeler Aligner),
ClustalWw, Clustal X, BLAT, Novoalign (Novocraft Technologies;  avadable  at
www.novoeraft.com), ELAND  (Ilumina, San  Diego, CA), SCAP (avaiable at
soap.genomics.org.cn), and Mag (available at magsourceforgenet). In some embodiments, a
gutde sequence is about or more than about 5, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 28, 21, 22,
23,24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nuclcotides i length.  In some
embodiments, a guide sequence 1s less than about 75, 50, 45, 40, 35, 30, 25, 28, 15, 12, or fower
nucicotides i length. The ability of a guide sequence to direct sequence-specific binding of a
CRISPR complex fo a target scquence may be assessed by any suitable assay. For example, the
components of a CRISPR system sufficient to form a CRISPR complex, including the guide
sequence to be tested, may be provided to a host cell having the corresponding target sequence,
such as by transfection with vectors encoding the components of the CRISPR sequence, followed
by an assessment of preferential cleavage within the target sequence, such as by Surveyor assay
as described herein. Similarly, cleavage of a target polynucieotide sequence may be evaluated in
a test tube by providing the target sequence, components of a CRISPR complex, including the
guide sequence to be tested and a control guide sequence different from the test gude sequence,
and comparing binding or rate of cleavage at the target sequence between the test and control
gunde sequence reactions. Other assays ave possible, and will occur to those skilled in the art,

{B8187]  Multiplexed Nickase: Aspects of optimization and the teachings of Cas9 detailed in
this application may also be used to generate Cas9 nickases. Cas9 nickases may be
advantageously used in combination with pairs of guide RNAs to generate DNA double strand
breaks with defined overhangs. When two paitrs of guide RNAs are uscd, it 1s possible to excise

an wntervening DNA fragment. If an exogenous picce of DNA s cleaved by the two pans of
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guide RNAs to generate compatible overhangs with the genomic DNA, then the exogenous DNA
fragment may be ligated into the genomic DNA to replace the excised fragment. For example,
this may be used to remove trinucleotide repeat expansion in the huntingtin (HTT) gene to treat
Huntington’s Disease.

{B0158] Cas9 and tts chimeric guide RNA, or combination of tracrRNA and crRNA, can be
delivered either as DINA or RNA. Delivery of Cas® and guide RNA both as RNA (normal or
containing base or backbone modifications) molecules can be used to reduce the amount of time
that Cas9 protein persist in the cell. This may redoce the level of off-target cleavage activity in
the target cell. Since delivery of Cas% as mRNA takes time to be transiated into protein, it might
be advantageous to deliver the guide RNA several hours following the delivery of Cas® raRNA,
to maximize the level of guide RNA avatlable for interaction with Cas9 protein.

{B0159]  In situations where guide RNA amount is Hmiting, 1t may be desirable to introduce
{Cas® 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.

{80168] A varicty of delivery systems can be introduced to introduce Cas9 (DNA or RNA)
and guide RNA (DNA or RNA} wto the host cell. These inchude the use of hposomes, viral
vectors, clectroporation, nanoparticles | nanowires (Shalek et al., Nano Letters, 2012), exosomes.
Molecular trojan horses liposomes (Pardridge ot al, Cold Spring Harb Protoc; 2014
dot: 101131 /pdb.prot5407) may be used to deliver Cas9 and guide RNA across the blood brain
barrier.

(681617 Dvscussion of guide RNAs for orthologs: In some embodiments, a guide sequence is
selected to reduce the degree secondary structure within the guide RNA. In some embodiments,
about or less than about 73%, 50%, 40%, 30%, 2595, 209, 13%, 10%, 5%, 1%, or fewer of the
nucicotides of the guide RNA participate in self-complementary base pairing when optimally
folded. Optimal folding may be determived by any suitable polynucleotide folding algorithm.
Some programs are based on caleulating the minimal Gibbs free energy. An example of one
such algorithm is mFold, as described by Zuker and Stiegler (Nucleic Acids Res, 9 (1981), 133-
14K},  Another example folding algorithm i3 the online webserver RNAfold, developed at
Institute for Theorctical Chenustry at the University of Vienna, using the centroid structure

prediction algorithro (see e.g. AR Gruber et al,, 2008, Cell 1061} 23-24; and PA Carr and GM
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Charch, 2009, Nature Biotechnology 27(12): 1151-62). A method of optivoizing the guide RNA
of a CasY ortholog comprises breaking up polyU tracts in the guide RNA. PolyU tracts that may
be broken up may coraprise a series ot 4, 5,6, 7, 8, 9 or 10 Us.

{#3162] In general, a tracr mate sequence includes any sequence that has sufficient
complementarity with a tracr sequence to promote one or more of: {1} excision of a guide
sequence flanked by fracr mate sequences in a cell containing the corresponding tracr sequence;
and {2} formation of a CRISPR complex at a target sequence, wherein the CRISPR complex
comprises the tract wate seqoence hybridized to the tracr sequence.  In general, degree of
complementarity is with reference to the optimal alignment of the tracr mate sequence and fracr
sequence, along the length of the shorter of the two sequences. Optimal alignment may be
determined by any suitable alignment algorithm, and way further account for secondary
structures, such as sclf-complementarity within cither the tracr sequence or tracr mate scquence.
i some embodiments, the degree of coraplementarity between the tracr sequience 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%, B0%, 90%, 95%, 97.5%, 99%, or higher. ln some
embodiments, the tracr sequence is about or more than about 5, 6, 7, 8, 9, 19, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 25, 30, 48, 50, or more nucleotides in length. To 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 franscript has two, three, four or five
hairpins. In a further erabodiment 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 fracr mate sequence, and the portion of the sequence 37 of the loop
corresponds to the tracr sequence. Further non-limiting examples of single polynuclestides

comprising a guide sequence, a tracr mate sequence, and a tracr sequence are as follows (listed §°
to 37}, where "W represents a base of a guide sequence, the first block of lower case letters
represent the fracr mate sequence, and the second block of lower case letters represent the tracr

sequence, and the final poly-T sequence represents the transcription termmnator: (1)

NINNNNNNNKNNNNNNNNNNgtttttgtactctcaagatttaG A A Ataaatcttgeagaagetacaaagataaggett
catgeogaaatcaacacoetgtoattitatggeagggtgitticgttatttag T T TTTT, (1)

W
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NNNNNNNNNNNNNNNNNNNNgtttttgtactotcaG A A Atgeagaagetacaaagatasggeticatgeogasatea
acacccigtcatittatggeagpetatiticpttatttaa THITTT, {3)

NINNNNNNNNNNNNNNNNNNNgtttttigtactetcaG A A Atgesgaagetacaaagataaggeticatgecgaaatea

acaccctgteatitiatggeageptat TTTTT, 4)
INNINNNNNINNNNNNNNNNNNgttttagagetaGAA Atageaagitaaaataaggetagteogttatcaactigaaaa
agtggeacogagteggtge TTTTTT, (5)
NINNIWNNNNNNNNKNNNKNNNNNgtittagapctaGAAATAGcaagttaaaataaggetagtcogttatcaacttgaa
asagtg FTTTTTT, and (6)
NNNNENNNNENKNNNNNNNNNNgttttacagetag AAATAGeaagttaaaataagpctagtecgttatcaTTTTT

TTT. In some embodiments, sequences (1) to {3) are used in combination with Cas® from S
thermophilus CRISPRI. In some embodiments, sequences (4} to (6} are used in combination
with CasY from S. pyogenes. In some embodiments, the fracr sequence 18 a separate transcript
from a transeript comprising the tracr mate sequence.

{60163} Discussion of tracr mates for orthologs: In some ernbodiments, a recombination
template is also provided. A recombination template may be a coraponent of another vector as
described herein, contained in a scparate vector, or provided as a separate polynucieotide. In
sorae embodiments, a recombination teraplate 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, 150, 200, 330, 10600, or more nucleotides
in length. In sorne embodiments, the teraplate polynucleotide 18 complementary to a portion of g
polyvoucleotide comprising the target sequence.  When optimally ahgned, a template
polymucleotide might overlap with one or more nucleotides of a target sequences {(e.g. about or
more than about 1, 5, 10, 1S, 20, or more mucleotides). In some embodiments, when a template
sequence and a polynucleotide comprising a target sequence are optimally aligned, the nearest
nucleotide of the teroplate polynucieotide is within about 1, 5, 10, 15, 20, 25, 50, 75, 100, 200,
304, 400, 500, 1000, 5000, 106000, or more nucleotides from the target sequence.

{#0164] In some cmbodiments, the CRISPR cuzyme is part of a fusion protein coraprising one
or more heterologous protein domains {e.g. about or more than about 1, 2,3, 4,5, 6,7, 8,9, 1{,
or more domains in addition to the CRISPR enzyrue). A CRISPR enzyrmae fusion protein may

comprise any additional protein sequence, and optiovally a hinker sequence between any two
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domains. Examples of protein domains that may be fused to a CRISPR enzyme inclade, without
limitation, epitope tags, reporter gene sequences, and protein domains having one or more of the
following activitics: methylase activity, demethylase activity, transcription activation activity,
transcription  repression  activity, trauscription release factor activity, histone muodification
activity, RNA cleavage activity and nucleic acid binding activity., Noun-hinmiting examples of
epttope tags inchide histidine (His) tags, VS tags, FLAG tags, influenza bemagglutinin {HA)
tags, Myc tags, VSV-G tags, and thioredoxin {(Trx) tags. Examples of reporter genes inchude, but
are not limited to, glutathione-S-transferase (GST), horseradish  peroxidase {HRP),
chloramphenicol acetyltransferase (CAT) beta-galactosidase, beta-glucuronidase, luciferase,
grecn fluorescent protein (GFP), HeRed, DsRed, cyan fluorescent protemn (CFP), yellow
flhuorescent protein {(YFP), and antofluorescent proteins including blue fluorescent protein (BFP).
A CRISPR enzyme may be fused to a gene sequence encoding a protemn or a fragment of a
protein that bind DNA woelecules or bind other cellular molecules, inchiding but not limited to
raltose binding protein {(MBP), S+tag, Lex A DNA binding dornain {DBD) fusions, GAL4 DNA
binding domawn fusions, and herpes simaplex viras (HSV) BP16 protewn fusions.  Additional
domains that may form part of a fusion protein comprising a CRISPR enzyme are described in
IS20110059502, weorporated herein by reference.  In some embodiments, a tagged CRISPR
enzyme is used to identify the location of a target sequence.
{B0165]  In some embodiments, a CRISPR cnzyme may form a comaponent of an inducible
system. The inducible nature of the systern would allow for spatiotemporal control of gene
editing or gene expression using a form of energy. The form of cuergy may inclade but 18 not
limnited to electromagnetic radiation, sound energy, chemical cnergy and thermal energy.
Examples of inducible system include tetracycline inducible promoters (Tet-On or Tet-Off),
small molecule two-hybrid transcription activations systerns (FRKBP, ABA, ectc), or hght
inducible systems (Phytochrome, LOV domains, or cryptochorome). In one embodiment, the
CRISPR enzyroe way be a part of a Light Inducible Transcriptional Effector (LITE) to divect
changes in transcriptional activity in a sequence-specific manner. The components of a light may
include a CRISPR cnzyme, a light-responsive cytochrome heterodimer (e.g. from Arabidopsis
thaliana}, and a transcriptional activation/repression domain. Further examples of inducible DNA
binding proteins and methods for their use are provided in US 61/736465 and US 61/721,283,

which is hereby incorporated by reference in its entirety.
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{36166] In some aspects, the invention provides methods compusing delivering one or more
polymucleotides, such as or one or more vectors as described herein, one or more transcripts
thereof, and/or one or proteins transcribed therefromn, to a host cell.  In some aspects, the
invention further provides cells produced by such methods, and animals comprising or produced
from such cells, In some erabodiments, 4 CRISPR enzyroe in combination with {and optionally
complexed with) a guide sequence is delivered to a cell. Conventional viral and non-viral based
pene transfer methods can be used to introduce mucleic acids in mammalian cells or target
tissues.  Such methods can be used to administer nucleic acids cocoding componcuts of a
CRISPR system to cells in culture, or in a host organism.  Non-viral vector delivery systems
include DNA plasmids, RNA {e.g. a transcript of a vector described hevein), naked nucleic acid,
and nucleic acid complexed with a delivery vehicle, such as a liposome. Viral vector delivery
systerns include DNA and RNA viruses, which have cither cpisornal or integrated genomes after
delivery to the cell. For a review of gene therapy procedures, see Anderson, Science 256:808-
813 {1992y Nabel & Felgner, TIBTECH 11:211-217 {1993); Mitant & Caskey, TIBTECH
11:162-166 {1993} Dillon, TIBTECH 11:167-175 (1993); Miller, Nature 357:455-460 (19923
Van Brunt, Biotechnology 610111491154 (198&); Vigne, Restorative Neurclogy and
Neuroscicnce 8:35-36 (1995); Kremer & Perricaudet, Brtish Medical Bulletin 51(1)331-44
{1995}, Haddada et al,, in Current Topics in Microbiology and Imnunology Deoerfler and Bdhm
{eds) (1993); and Yu ¢t al., Gene Therapy 1:13-26 (1994).

{80167F Methods of non-viral delivery of nucleic acids include lipofection, microinjection,
biolistics, virosomes, Hposomes, immunoliposorncs, polycation or lipidinucleic acid conjugates,
naked DXNA, artificial virions, and agent-enhanced uptake of DNA. Lipofection is described m
e.g., UK. Pat, Nos. 5,049,386, 4,946,787, and 4,897,355} and lipofection rcagents are sold
commercially {e.g., Transfectarn™ and Lipofectin™),  Cationic and neutral hpwds that are
suttable for efficient receptor-recognition Hipofection of polynuclestides include those of Felgner,
WO 91/17424; WO 81/16024. Delivery can be to celis {e.g. in vitro or ex vivo administration}
or target tissues {e.g. in vivo administration}.

{B0168] The preparation of Hipidmucleic acid complexes, including targeted liposomes such as
immunolipid complexes, is well known to one of skill 1o the art {see, c.g., Crystal, Science
270:404-410 (1995);, Blaese ¢t al, Cancer Gene Ther, 2:291-297 (1995) Behr ot al,

Bioconjugate Chem. 5:382-389 (1994}, Remy et al,, Bioconjugate Chem. 5:647-654 (1994); Gao
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17-4820 (1992), US.

gt al,, Gene Eherapv 2:710-722 (1995 Abmad et al., Cancer Res. 532:48]
«f { 7
E;SGI.¢72S‘¢ 5977 E;GSS;

Pat. Nes. 4,186,183, 4,217,344, 4235871, 4,261,975, 4,485,054,
4,837,028, and 4,946,787

{B316%]  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 m the body and
trafficking the viral payload to the nucleus. Viral vectors can be administered divectly to patients
{(in vivo) or they can be used to treat cells i vitro, and the modified cells may optionally be
adiundstered to patients {ex vivo), Conventional viral based systems could mclude retrovival,
ientivirus, adenoviral, adeno-associated and herpes simplex virus vectors for gene ftransfer.
fntegration wn the host genome 8 possible with the retrovirus, leotiviras, and adeno-associated
virus gene transfer methods, often resulting in long term expression of the inserted transgene.
Additionally, high transduction efficiencics have been observed in many different ccll types and
target tissues.

{301708] The tropism of g retrovirus can be altered by incorporating foreign envelope proteins,
expanding the potential target population of target cells. Lentivival vectors are retroviral vectors
that are able to transduce or infect non-dividing cells and typically produce high viral titers.
Selection of a retroviral gene transfer systern would therefore depend oun the target tissue.
Retroviral vectors are comprised of cis-acting long terminal repeats with packaging capacity for
up to 6-10 kb of forcign sequence. The minimum cis-acting LTRs are sufficient for replication
and packaging of the vectors, which are then used to integrate the therapeutic gene intfo the target
cell to provide permanent transgene expression. Widely used retroviral vectors nclude those
based upon murine teakemia virus (Mol V), gibbon ape leukemia virus {(GaLV), Simtan Immuno
deficiency virus {S1V), buman immuno deficiency virus (HIV), and combinations thereof {see,
e.g., Buchscher et al, J. Virol. 66:2731-2739 (1992); Johaun et al,, J. Virol. 66:1635-1640
(10923, Sommmuerfelt ot al, Virol 176:58-59 (1990}, Wilson ¢t al,, J. Virol. 63:2374.2378
{1989y, Miller et al., J. Vivol, 65:2220-2224 (1991, PCT/USS4/G5760).

{B8178]  In applications where transient expression is preferred, adenoviral based systems may
be used. Adenoviral based vectors arce capable of very high transduction efficiency i many cell
types and do not require cell division. With such vectors, high titer and levels of expression have

been obtained. This vector can be produced in large quantitics 1n a relatively siraple systemnt.
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1361721  Adeno-associated virus ("AAV”) vectors may also be used to transduce cells with
target nucleic acids, e.g., in the in vitro production of nucleic acids and peptides, and for in vive
and ex vivo gene therapy procedures {see, ¢.g., West et al,, Virology 160:35-47 (1987); U.S. Pat.
No. 4,797,368, W{ 93/24641,; Kotin, Human Gene Therapy 5:793-801 (1994), Muzycezka, I
Chin. Invest. 94:1351 (1994}, Construction of recombinant AAV vectors are described in a
number of publications, incliding U8, Pat. No. 5,173,414 Tratschin ¢t al., Mol Cell. Biol.
5:3251-3260 (1985);, Tratschin, ot al, Mol Cell. Biol. 4:2072-2081 (1984); Hermonat &
Muzyezka, PNAS R1:6466-6470 (1984); and Samulski et al, J. Virol 63:03822-3828 (1989).

{#6173] Packaging cells are typically used to form virus particles that are capable of infecting

~
7
i

a host cell. Such cells include 293 cells, which package adenovirus, and w2 cells or PA3 LT cells,
which package retrovirus. Viral vectors used o 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 mintmal viral sequences required for packaging and subsequent integration into a host, other
viral scquences being replaced by an expression cassette for the polynucleotide(s) to be
expressed. The mussing viral functions are typically supplied in trans by the packaging cell line.
For example, AAV vectors used in gene therapy typically only possess TR sequences from the
AAV genome which are required for packaging and integration into the host genowe.  Viral
DINA is packaged in a cell line, which containg a helper plasmid encoding the other AAV genes,
naracly rep and cap, but lacking ITR sequences. The cell Hne 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 plasiid, The helper plasmid 1s not packaged in significant amounts duc 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. Additional methods for the delivery of nucleic
acids to cells are known to those skilled v the art.  See, for cxample, US20030087817,
incorporated herein by reference.

{B0174]  Accordingly, 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
presence of adenovirys or herpesviras or poxvirus {€.¢., vaccinia virus) helper functions provided
in frans. Recombinant AAV (FAAV) 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
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and replaced with a DNA segment of choice. Current AAY vectors may accommaodate up to
4300 bases of inserted DNA.

{80175]  There are g number of ways to produce tAAY, and the invention provides rAAV and
methods for preparing rtAAY. For example, plasmid{s) containing or consisting essentiaily of
the desired viral construct are transfected into AAV-infected cells.  In addition, a sccond or
additional helper plasmid is cotransfected into these cells to provide the AAV rep and/or cap
penes which are obligatory for replication and packaging of the recombinant viral construct,
Under these conditions, the rep and/or cap proteins of AAV act ip frans to stimulate replication
and packaging of the rAAV construct. Two to Three days after transfection, rAAY is harvested.
Traditionally rAAV s harvested fromn the cells along with adenovirus, The contaminating
adenovirus 15 then inactivated by heat treatment. In the instant ipvention, rAAV is
advantageously harvested not from the cells thernselves, but from cell supernatant. Accordingly,
in an initial aspect the invention provides for preparing rAAY, and i addition to the foregoing,
rAAY can be prepared by a method that coroprises or consists cssentially oft infecting
susceptible cells with a rAAV contaiung exogenous DNA 1ncluding DNA for expression, and
helper virus {c¢.g., adenovirus, herpesvirus, poxvirus such as vaccinia virus) wherein the rAAV
lacks functioning cap and/or rep {and the helper virus {e.g., adenovirus, herpesvirus, poxvirus
such as vaccinta virus} provides the cap and/or rev function that the rAAV lacks); or infecting
susceptible cells with a TAAVYV containing exogenous DNA including DNA for expression,
wherein the recombinant lacks functioning cap and/or rep, and transfecting said cells with a
plasmid supplying cap and/or rep function that the rAAV lacks; or mfecting susceptible celis
with a rAAV containing cxogenous DNA including DNA for expression, wherein the
recombinant lacks functioning cap and/or rep, wherein said cells supply cap and/or rep function
that the recombinant lacks; or transfecting the susceptibie cells with an AAV lacking functioning
cap and/or rep and plasmids for inserting exogenous DNA into the recombinant so that the
exogenous BNA 1s expressed by the recombinant and for supplyimg rep and/or cap functions
whereby transfection results in an rAAV coutaining the exogenous DNA including DNA for
expression that lacks functioning cap and/or rep.

{80176] The rAAV can be from an AAYV as herein described, and advantageously can be ap
rAAVE, tAAVZ, AAVS or tAAV having hybnd or capsid which may coraprise AAVE, AAVZ,

AAVS or any cornbination thereof, One can select the AAV of the rAAV with regard to the cells
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to be targeted by the rAAV; ¢.g., one can select AAV serotypes 1, 2, 5 or a hybrid or capsid
AAVI, AAVZ, AAVS or any combination thereof for targeting brain or neuronal cells; and one
can sclect AAVY for targeting cardiac tissue, AAVE for targeting of liver tissue.

{B81771  In addition to 293 cells, other cells that can be used in the practice of the invention
and the relative infectivity of certain AAV serotypes in vitro as to these cells (see Grimra, D et

al, J. Virol 82: SKR7-5911 (2008} are as follows:

Call Line AAV-T | AAVL2 | AAV-3 | AAV-4 | AAV-5 | AAV-G | AAV-8 | AAV-C
Huh-7 13 100 2.5 0.0 0.1 10 0.7 C.0
HEK293 25 100 2.5 0.1 0.1 5 0.7 0.1
Hela 3 100 2.0 0.1 8.7 1 0.2 ¢.1
HepGZ2 3 100 18.7 0.3 1.7 5 0.3 ND
HaplA 20 100 .2 1.0 0.1 1 0.2 C.0
G117 17 100 " 0.2 0.1 17 0.1 ND
CHO 100 100 14 1.4 333 50 10 1.0
CO3s 33 100 33 3.3 5.0 14 2.0 C.5
MaWo 10 100 20 0.3 8.7 10 1.0 0.2
NIHST2 10 100 2.8 2.9 0.3 10 0.3 ND
AS48 14 100 20 ND 0.5 10 0.5 0.1
HT1180 20 10¢ 10 0.1 0.3 33 0.5 0.1
Monooytes 1111 100 ND ND 125 1429 ND ND
immature DO 2500 100 ND ND 222 2857 ND ND
Mature DC 2222 100 ND ND 333 3333 ND ND

{B0178]  The invention provides rAAY that containg or consisis essentially of an exogenous
nucicic acid molecule encoding a CRISPR (Clustered Regularty Interspaced Short Palindromic
Repeats) system, e.g., a plurality of casseties comprising or consisting a first cassette comprising
or consisting essentially of a promoter, a nucleic acid molecule encoding a CRISPR-assoctated
{Cas) protewn {putative nuclease or helicase proteins), e.g., CasY 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, casseites comprising or consisting essentially of a promoter, nucleic acd
molecule encoding guide RNA (gRNA} and a terminator {e.g., cach cassetie schematically
represented  as  Promoter-gRNA L-terruinator,  Promoter-gRNAZ-terminator .. Promoter-
gRNA(N)-terminator {where N is a number that can be inserted that 1s at an upper himit of the
packaging size himit of the vector), or two or more mdividual tAAVs, cach containing one or
roore than one cassette of a CRISPR systers, e.g., a first tAAV containing the first cassctie
comprising or consisting essentially of a promoter, a nucleic acid molecule encoding Cas, e.g.,

Cas® and a terminator, and a second rAAYV containing a phurality, four, cassettes comprising or
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cousisting essentially of a promoter, nucleic acid molecule encoding guide RNA (gRNA) and a
terminator {e.p., cach cassette schematically represented as Promoter-gRNAl-terminator,
Promoter-gRNAZ-terminator ... Promoter-gRNA{(N -termunator (where N 18 a number that can be
inserted that is at an upper limit of the packaging size limit of the vector). As rAAV is a DNA
virus, the nucleic acid molecules in the herein discussion concerning AAV or rAAVY arc
advantageously DNA. The promoter is in some embodiments advantageously human Synapsin |
promoter (hSyn).

[B6179]  Two ways to package Cas® coding vucleic acid roolecunles, ¢.g., DNA, mto viral
vectors to mediate genome modification in vivo are preferred:

To achieve NHEI-mediated gene knockout:

Single virus vector:

Vector containing fwo Or more exprossion casscties:

Promoter-Cas® coding nucleic acid molecule ~terminator

Promoter-gRNA-terminator

Promoter-gRNAZ-terminator

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

Double viras vector:

Vector 1 containing one oxpression cassette for driving the expression of Cas9

Promoter-Cas? coding nucleie acid molecule-ternunator

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

Promoter-gRNA-terminator

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

{B018¢] To wediate homology-directed repatr.  In addition to the single and double virus
vector approaches described above, an additional vector is used to deliver a homology-direct
repair teraplate.

{80181} Promoter used to drive Cas9 coding nucleic acid molecule expression can inchude:
AAV ITR can serve as a promoter: this is advantageous for clirninating the need for an additional
promoter element {which can take up space in the vector). The additional space freed up can be
used to drive the expression of additional cleraents (gRNA, cte). Also, ITR activity is relatively

weaker, so can be used o reduce toxicity due to over expression of Cas9.
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{36182] For ubiguitous expression, can use promoters: UMV, CAG, CBh, PGK, SV44,
Ferritin heavy or light chains, ete.

{B0183] For brain cxpression, can use promoters: Synapsind for all neurons, CaMKUalpha for
excitatory nevrons, GADOT or GADSS or VGAT for GABAergic neurons, ete.

For hiver expression, can use Albumin promoter

For hung expression, can use SP-B

For endothelial cells, can use ICAM

For hematopoictic cells can use IFNbeta or CD45

For Osteoblasts can use 0G-2

Promoter used to drive guide RNA can include:

Pol HI promoters such as U6 or H1

Use of Pol I promoter and intronic cassettes to expross gRNA

{B0184]  Asto AAY, the AAV can be AAVT, AAV2, AAVS or any combination thereof., One
can sclect the AAV of the AAV with regard to the cells to be targeted; e.g., one can select AAY
serotypes 1, 2, 5 or a hybnd or capsid AAVE, AAV2, AAVS or any combination thereof for
targeting brain or ncuronal cells; and one can select AAV4 for targeting cardiac tissue. AAVE i
useful for dehivery to the liver. The above promoters and vectors are preferred individually,
{G0185]  Additional methods for the delivery of nucleic acids to cells are known to those
skilied in the art. See, for example, US20030087817, incorporated herein by reference.

{B0186] In some embodiments, a host cell 1 transiently or non-transiently transfected with
onc or more vectors deseribed herein. In some embodiments, a cell 18 fransfected as it naturally
occurs i 8 subject. 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 variety of cell hines for tissue culture are koown w the art. Examples of cell Hoes wclude,
but arc not limited to, C8161, CCRF-CEM, MOLT, mIMCD-3, NHDF, HeLa-83, Huhl, Huh4,
Huh7, HUVEC, HASMC, HEKn, HEKa, MiaPaCeli, Pancl, PC-3, TF1, CTLL-2, CIR, Rat6,
CVI1, RPTE, A10, T24, 182, A375, ARH-77, Calul, SW4BS, SW620, SKOV3E, SK-UT, CaloZ,
PISEDT, SEM-K2, WEHI-231, HBS6, TIBSS, Jurkat, J45.01, LRMB, Bel-1, BC-3, IC21, DLD2,
RawZ264.7, NRK, NRK-52E, MRCS, MEF, Hep G2, HebLa B, Hela T4, COS, COS-1, COS-6,
COS-MoA, BS-C-1 monkey kidney epithelial, BALR/ 3T3 mouse embryo fibroblast, 3T3 Swiss,
3T3-L1, 132-dS human fetal fibroblasts; 10,1 mouse fibroblasts, 293-T, 373, 721, 9L, A27RQ,
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AZTE0ADR, A2780cis, A1T2, A20, A253, Ad31, A-549, ALC, Bi6, B35, BCP-1 cells, BEAS-
2B, bEnd.3, BHK-21, BR 293, BxPC3, C3H-10T1/2, C6/36, Cal-27, CHO, CHO-7, CHO-IR,
CHO-K1, CHO-K2, CHO-T, CHO Dhfr /-, COR-L23, COR-L23/CPR, COR-L23/5010, COR-
L23/R23, COS-7, COV-434, CML T, CMT, C126, D17, DHEZ, DUL4S, DulCaP, EL4, EM2,
EM3, EMT6/ARL, EMT&/ARIO.0, FM3, H1299, H6Y, HBS4, HBSS, HCAZ, HEK-293, Hels,
Hepalclce7, HE-60, HMEC, HT-29, Jurkat, JY cells, K562 cells, Ku812, KCL22, KGT, KYUOL,
ENCap, Ma-Mel 1-48, MC-38, MCF-7, MCF-10A, MDA-MB-231, MDA-MB-468, MDA-MB-
435, MDCK I, MDCK H, MOR/0.2ZR, MONO-MAC 6, MTD-1A, MyEod, NCI-H69/CPR,
NCE-H6%/LX 10, NCERHOY/EX20, NCILHO9/LX4, NIH-3T3, NALM-1, NW-145, OPCN/ ORCT
cell tines, Peer, PNT-1A / PNT 2, RenCa, RIN-SF, RMA/RMAR, Saos-2 cells, S£9, SkBr3, T2,
T-470, T84, THP1 cell line, U373, URY, U937, VP, Vero cells, WM39, WT-49, X63, YAC-1,
YAR, and transgenic varietics thereof. Cell lines are available from a variety of sources known
to those with skill in the art {see, e.g., the American Type Culture Collection {ATCC) (Manassus,
Vag). In some embodiments, a cell transfected with one or more vectors described herein is
used to establish a new cell Huoe coraprising one or more vector-derived sequences. o some
embodiments, a cell transiently transfected with the components of a CRISPR gsystem as
described herein {such as by transient transfection of ove or more vectors, or ransfection with
RNA), and modified through the activity of a CRISPR complex, 18 used to establish a new cell
iine comprising cells containing the modification but lacking any other cxogenous segquence. In
some embodiments, cells transiently or noun-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.

{G0187]  In some embodiments, one or more vectors described herein are used to produce a
non-human transgenic anmimal or fransgenic plant. In some embodirments, the transgenic animal
is a mammal, such as a mouse, rat, or rabbit, Methods for producing transgenic plants and
animals are known in the art, and geoerally begin with a method of cell transfection, such as
described herein.

{BGI88] With recent advances in crop genomics, the ability to use CRISPR-Cas systems to
perform efficient and cost effective gene editing and mantpulation will allow the rapid selection
and comparison of single and and multiplexed genetic ruanipulations to transtform such genomes

for improved production and enhanced traits. o this regard reference 5 made to US patents and

)
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publications:  US Patent No. 6,603,061 - Agrobacterium-Mediated Plant Transformation
Method; US Patent No. 7,868,149 - Plant Genome Sequences and Uses Thereof and US
2009/0100536 - Transgenic Plants with Enhanced Agronomic Traits, all the contents and
disclosure of each of which are herein incorporated by reference in their entivety. In the practice
of the wnvention, the countents and disclosure of Morrell ¢t al “Crop genomics:advances and
applications” Nat Rev Genet. 2011 Dec 29;13(21:85-96 are also herein incorporated by reference
in their entirety. In an advantageous embodiment of the invention, the CRSIPR/Cas9 system is
used to engineer mucroalgae (Example 7). Accordingly, reference herein to aninal celis may
also apply, mutatis mutandis, to plant celis unless otherwise apparent.

{B0I89] In onc aspect, the invention provides for methods of modifying a target
polynucleotide in a cukaryotic cell, which may be in vivo, ex vivo or in vitro.  In some
embodiments, the method coraprises sampling a cell or population of cells from a human or non-
human animal or plant (including wicro-algae), and modifying the cell or cells. Culturing may
occur at any stage ox vivo., The cell or cells may even be re-introduced into the non-human
animal or plant (including micro-algac). For re-introduced cells it is particularly preferred that
the cells are stem cells,

[60198] 1o some embodiments, the method comprises allowing a CRISPR complex to bind fo
the target polynuciootide to effect cleavage of said target polynuciesotide thereby modifying the
target polynucleotide, wherein the CRISPR complex comprises a CRISPR enzyme comploxed
with a guide sequence hybridized to a target sequence within said target polynucleotide, wherein
satd guide scquence is Huked to a tracr mate scquence which i turn hybridizes to a tracr
sequence.

{GG191] In one aspect, the mmvention provides a method of modifying expression of a
polynucleotide i a cukaryotic cell. In some embodiments, the method comprises allowing a
CRISPR complex to bind to the polynucleotide such that said binding results in increased or
decreased expression of said polynucleotide; wherein the CRISPR compliox comprises a CRISPR
enzyme complexed with a guide sequence hybridized to a target sequence within said
polymuclootide, wherein said guide sequence is linked to a tracr mate sequence which in turn
hybridizes to a tracr sequence. Sirnilar considerations apply as above for methods of modifying
a target polymucleotide.  In fact, these sampling, culturing and re-introduction options apply

across the aspects of the present invention,
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[B6192]  In one aspect, the invention provides kits containing any one or more of the elements
disclosed in the above methods and compositions. Elements may provide individually or in
combinations, and may provided in any suitable container, such as a vial, a bottle, or a tube. In
some embodiments, the kit inchades instructions in one or more languages, for example in more
than onc language.

{80193 In some embodiments, a kit comprises one or more reagents for use in a process
utilizing one or more of the clements described hercin.  Reagents may be provided in any
suitable container. For example, a It way provide one or more reaction or storage buffers.
Reagents may be provided in a form that is usable in a particular assay, or in a form that requires
addition of one or more other corponents before use {e.g. 1o concentrate or lvophilized form). A
buffer can be any buffer, ncluding but not limited to a sodium carbounate buffer, a sodium
bicarbonate buffer, a borate buffer, a Tris buffer, a MOPS buffer, a HEPES buffer, and
combinations thereof. In some embodiments, the buffer is alkaline. In some embodiments, the
buffer has a pH from about 7 to about 10, In some embodiments, the kit comprises one or more
oligonucleotides corresponding to a gude sequence for insertion into a vector so as to operably
link the gnide sequence and a regulatory element. In some embodiments, the kit comprises a
homologous recombination teraplate polynucleotide.

{#3194] In onc aspect, the invention provides methods for using one or more clements of a
CRISPR gystern.  The CRISPR complex of the nvention provides an cffective rocans for
modifying a target polynucleotide. The CRISPR complex of the invention bas a wide variety of
uitlity including modifying {c.g., deleting, mserting, translocating, inactivating, activating) a
target polyvaucleotide in a multiplicity of cell types. As such the CRISPR complex of the
invention has a broad spectrum of applications in, e.g., gone therapy, drug screening, discase
diagoosis, and prognosis.  An cxemplary CRISPR complex comprises a CRISPR enzyme
complexed with a guide sequence hybridized to a target scquence within the target
polynucleotide. The guide sequence s linked to a tracr mate sequence, which in furn hybridizes
0 a tracr sequence.

{60193} In onc cmbodiment, this invention provides s method of cleaving a target
polynacleotide.  The method coraprises meodifying a target polymicleotide using a CRISPR
complex that binds to the target polynucleotide and effect clcavage of said target polynucicotide.

Typically, the CRISPR complex of the mvention, when infroduced into a cell, creates a break
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{e.g., a single or a double strand break) in the genome sequence. For example, the method can
be used to cleave a disease gene in a cell.

{80196]  The break created by the CRISPR complex can be repaired by a repair processes such
as the error prone nou-homologous end joining (NHEID) pathway or the high fidelity hormology-
directed repatr (HDR). During these repair processes, an exegenous polynucleotide template can
be introduced into the genome sequence. In some methods, the HDR process is used to modify a
penome sequence. For cxample, an exogenous polynucieotide template comprising a sequence
to be wntegrated flanked by an upstrearn sequence and a downstream sequence 18 wtroduced into
a cell. The upstream and downstream sequences share sequence similarity with either side of the
site of ntegration in the chromosore.

{86197] Where desired, a dovor polynucleotide can be DNA, e.g., a DNA plasmid, a bacterial
artificial chromosorne (BAC), a yeast artificial chromosome (YAC), a viral vector, a linecar picce
of DNA, a PCR fragment, a naked nucleic acid, or a nucleic acid complexed with a delivery
vehicle such as g liposorae or poloxamer,

{B0198] The cxogenous polynucleotide tomplate comprises a sequence to be mtegrated (c.g, a
mutated gene). The sequence for integration may be a sequence endogenous or exogenous to the
cell. Examples of a sequence to be integrated wnchude polynucieotides encoding a protein or a
non-coding RNA {c.g., a microRINA). Thus, the sequence for integration may be operably linked
to an appropriate control sequence or scquences.  Alternatively, the sequence to be ntegrated
may provide a regulatory function.

{B0199]  The upstream and downstream sequences i the exogenous polynucleotide template
are selected to promoete recombination between the chromosomal sequence 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. Sumilarly, the
downstream sequence is a nucleic acid sequence that shares sequence similarity with the
chromosomal sequence downstream of the targeted siie of integration.  The upstrearn and
downstream sequences in the exogenous polynucleotide template can have 75%, B(%, 85%,
90%, 95%, or 100% scquence identity with the targeted genome sequence.  Preferably, the
upstrears and downstrearn sequences in the exogenous polynucieotide template have about 95%,

96%, 97%, 98%, 39%, or 100% sequence identity with the targeted genorne sequence. In some
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methods, the upstrearn and downstrearn sequences n the cxogenous polynucleotide template
have about 99% or 100% sequence identity with the targeted genome sequence.

{B0288]  An upstrearn or downstream sequence may coraprise frorn about 20 bp to about 2500
bp, for example, about 50, 108, 200, 300, 408, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300,
1400, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2300, 2400, or 2500 bp. In some
methods, the exemplary upstream or downstream sequence has about 200 bp to about 2000 bp,
about 600 bp to about 1000 bp, or more particularly about 700 bp to about 1000 bp.

166281 1o some methods, the exogenous polynucleotide template may further comprise a
marker. Such a marker may make it casy to screen for targeted integrations. Examples of
suittable warkers mclude vestriction sites, fluorescent protens, or sclectable markers.  The
exogenous polynuclestide terplate of the fuvention can be constructed using recombinant
techniques (see, for example, Sambrook of al,, 2001 and Ausubel ¢t al,, 1996},

{$3202]  In an exemplary method for moditying a target polynucleotide by integrating an
exogenous polynucleotide 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 template is integrated into the genome. The
presence of a double-stranded break facilitates integration of the template,

{(G283]  In other embodiments, this invention provides a method of modifying expression of a
polymucleootide in a cukaryotic cell. The method coraprises ncreasing or decreasing expression
of a target polynucieotide by using a CRISPR complex that binds to the polynucleotide.

{60284]  In some methods, a target polynuciootide can be inactivated to effect the modification
of the expression in a ceil. For example, upon the binding of a CRISPR complex to a target
sequence in a ceoll, the target polynucleotide is mactivated such that the sequence is not
transcribed, the coded protein 18 not produced, or the sequence docs not function as the wild-type
sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein s not produced.

{B8205] 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 o any nucleic acid
sequence that effects the transcription, translation, or accessibility of a mucleic acid sequence.
Examples of a control sequence include, a promoter, a franscription terminator, and an enhancer

are conirol SCUONCCS.
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{36286] The mactivated target sequence may include a deletion mutation (L.e., deletion of one
or more nucicotides), an insertion mutation {i.e., inscrtion of one or more nucleotides), or a
nonsense rutation {1.¢., substitution of a single nucleotide for another nucleotide such that a stop
codon is wntroduced). In some methods, the inactivation of a target sequence results in “knock-
out” of the target sequence.

{86287]  An altered expression of one or more genome sequences associated with a signaling
biochemical pathway can be determined by assaying for a difference in the mRNA levels of the
corresponding genes between the test wodel cell and a control cell, when they are contacted with
a candidate agent. Alternatively, the differential expression of the scquences associated with a
signahing biochemical pathway is determuned by detecting a difference in the level of the
encoded polypeptide or gene product.

{B0288] To assay for an agent-induced alteration in the level of mRNA transcripts or
corresponding polynucleotides, nucleic acid contained in a sample is first extracted according (o
standard macthods in the art. For instance, mRNA can be isolated using various 1vtic enzymes or
chemical solutions according to the procedures set forth i Sambrook of al. (1989}, or extracted
by nucleic-acid-binding resins following the accompanying instractions provided by the
manufacturers. The aRNA contained m the exiracted nucleic acid saraple is then detected by
amplification procedures or conventional hybridization assays {(c.g. Northern blot analysis)
according to methods widely known in the art or based on the methods exemplified herein.
{86289] For purpose of this invention, amplification means any raethod emploving a primer
and a polymerase capable of replicating a target sequence with reasonable fidelity.
Araplification may be carried out by natural or recombinant DNA polymerases such as
TaqGold™, T7 BNA polymerase, Kicnow fragment of E.coli DNA polymerase, and reverse
transcriptase. A preferred amplification method 18 PCR. In particular, the wsolated RNA can be
subjected to a reverse franscription assay that is coupled with a guantitative polymerase chain
reaction (RT-PCR) wn order to quantify the expression level of a sequence associated with a
signaling biochemical pathway.

{60218] Detection of the gene oxpression level can be conducted in real time in an
amplification assay. [In one aspect, the amplified products can be directly visualized with
fluorescent DNA-binding agents including but not limited to DNA intercalators and DNA groove

binders. Because the amount of the jutercalators incorporated into the double-stranded DNA
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molecules is typically proportional to the amount of the amphfied DNA products, one can
conveniently determine the amount of the amplified products by quantifying the fluorescence of
the mtercalated dye using conventional optical systerns fn the art. DNA-binding dye suitable for
this application include SYBR green, SYBR blue, DAPI, propidium iodine, Hoeste, SYBR gold,
cthidium bromide, acridines, proflavine, acridine orange, acriflavine, fluorcoumanin, ellipticine,
daunomycin, chloroquine, distamycin D, chromorycin, homidium, mithramycin, ruthenium
polypynidyls, anthramycin, and the like.

[60211]  lo another aspect, other fluorescent labels such as sequence specific probes can be
employed in the amplification reaction to facilitate the detection and quantification of the
amplified products. Probe-based quantiative amplification rehics on the sequence-specific
detection of a desired amphified product. It witlizes fluorescent, target-specific probes (e.g.,
TagMan® probes) resulting in increased specificity and sensitivity, Methods for performing
probe-based quantitative amplification are well established in the art and are taught in UK.
Patent No. 5,216,015,

{86212]  In vet another aspect, conventional hybridization assays using hybnidization probes
that share sequence homology with sequences associated with a signaling biochemical pathway
can be performed. Typically, probes are allowed to form stable complexes with the sequences
associated with a signaling biochemical pathway contained within the bislogical sample derived
from the test subject in a hybridization reaction. It will be appreciated by one of skill n the art
that where antisense is used as the probe mucleic acid, the target polynucicotides provided in the
sample are chosen to be complementary to scquences of the antisense nucleie acids. Conversely,
where the nucleotide probe is a sense nucleic acid, the target polynucieotide is selected to be
complementary to sequences of the sense nucleic acid.

{#6213] Hybridization can be performed under conditions of various siringency, for instance
as described herein.  Suitable hybridization conditions for the practice of the present invention
are such that the recognition interaction between the probe and sequences associated with a
signaling biochemical pathway is both sufficiently specific and sufficiently stable. Conditions
that increase the stringency of a hybridization reaction are widely known and published 1n the
art.  See, for example, (Sambrook, et al., (1989}, Nonradioactive In Sitn Hybridization
Application Manual, Bochringer Mannheim, sccond edition). The hybridization assay can be

formed using probes immobilized ov any solid support, including but are not hmuted fo
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nitroceulose, glass, silicon, and a vanety of gene arrays. A preferred hybridization assay is
conducted on high-density gene chips as described in U.S. Patent No. 5,445,934,

{80214] For a convenient detection of the probe-target comaplexes formed during the
hybridization assay, the nucleotide probes are conjugated to a detectable label. Detectable labels
suitable for use wn the present wvention include any composition detectable by photochemical,
biochemical, spectroscopic, immunochemical, electrical, optical or chemical means. A wide
varicty of appropriate detectable labels are known in the art, which include fluorescent or
chemailuminescent labels, radicactive isotope labels, enzymatic or other ligands. In preferred
embodiments, one will likely desire to cmploy a fluorescent label or an enzyme tag, such as
digoxigenin, B-galactosidase, urease, alkahine phosphatase or peroxidase, avidin/biotin complex.
{08215] The detection methods used to detect or quantify the hybridization inteunsity will
typically depend upon the label selected gbove. For example, radiolabels roay be detected using
photographic film or a phosphoimager. Fluorescent markers may be detected and quantified
using a photodetector to detect ernitted light.  Enzymatic labels are typically detected by
providing the enzyme with a substrate and measuring the reaction produoct produced by the action
of the cnzyme on the substrate; and finally colorimetric labels are detected by simply visualizing
the colored label.

{#3216] An apent-induced change in cxpression of sequences associated with a signaling
biochemical pathway can also be determined by cxaminng the corresponding gene products.
Determining the protein level typically involves a) contacting the protein contained in a
biological sarapic with an agent that specifically bind to g protein associated with 4 signaling
biochemical pathway, and (b} identifyving any agent:protein complex so formed. In one aspect of
this cmbodiment, the agent that specifically binds a protem associated with a signaling
biochemical pathway is an antibody, preferably a monoclonal antibody.

{80217] The reaction is performed by contacting the agent with a sample of the proteins
associated with a signaling biocheraical pathway derived from the test samples under conditions
that will allow a complex to form between the agent and the proteins associated with a signaling
biochemical pathway., The formation of the complex can be detected directly or mdirectly
according to standard procedures in the art. In the direct detection method, the agents are
supplied with g detectable label and urnreacted agents may be removed from the complex; the

amount of remaining label thereby indicating the amount of complex formed. For such method,
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it is preferable to select labels that reroain attached to the agents even during stringent washing
conditions. It is preferable that the label does not mterfere with the binding reaction. In the
alternative, an indirect detection procedure may use an agent that contains a label introduced
either chemically or enzymatically. A desirable label generally does not interfere with binding
or the stability of the resulting agent:polypeptide complex. However, the label is typically
designed to be accessible to an antibody for an effective binding and hence generating a
detectable signal.

[B0218] A wide variety of labels suitable for detecting protein levels are known i the art.
Non-liniting examples include radioisotopes, enzymes, colioidal metals, fluorescent compounds,
biolurainescent compounds, and chemiuminescent compounds.

{08219] The amount of agentipolypeptide complexes formed during the binding reaction can
be quantificd by standard quantitative assays.  As illustrated above, the formation of
agent:polypeptide coraplex can be measured directly by the amount of label remained at the site
of binding. In an alternative, the protein associated with a signaling biochemical pathway is
tested for its ability to compete with a labeled analog for binding sites on the specific agent. In
this competitive assay, the amount of label captured is inversely proportional to the amount of
protein sequences associated with a signaling biocheroical pathway present in a test saraple.
{#G3228] A number of techniques for protein analysis based on the general principles outlined
above arc available in the art. They include but are not Himited to radioimruncassays, ELISA
{epzyme linked immunoradiometric assays), “sandwich” mumunoassays, immunoradiometric
assays, in sty imraunoassays {using ¢.g., colloidal gold, enzyme or radioisotope labels), western
blot analysts, immunoprecipitation assays, immunofiuorescent assays, and SDS-PAGE.

{G3221]  Antibodies that specifically recognize or bind to proteins associated with a signaling
biochemical pathway are preferable for conducting the aforementioned protein analyses. Where
desired, antibodies that recognize a specific type of post-translational modifications (e.g.,
signaling biochemical pathway nducible modifications) can be used.  Post-translational
meodifications  include but are not limited to glycosylation, lipidation, acetylation, and
phosphorviation. These antibodies may be purchased from comraercial vendors. For example,
anti-phosphotyrosineg antibodies that specifically recognize tyrosine-phosphorylated proteins are
available from a number of vendors including fovitrogen and Perkin Ehmer.  Anti-

phosphotyrosine antibodics are particularly useful 1o detecting proteins that are differentially
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phosphorylated on their tyrosine residues n response to an ER stress. Such proteins include but
are not himited to cukaryotic translation initiation factor 2 aipha (elF-Za). Alternatively, these
antibodics can be generated using conventional polyclonal or monocional antibody technologics
by amunizing a bost animal or an antibody-producing cell with a target protein that exhibits the
desired post-translational modification.

{86222] In practicing the subject method, it may be desirable to discern the expression pattem
of an protein associated with a signaling biochemical pathway in different bodily tissue, in
different cell types, and/or 1n differcot subeellular structures. These studies can be performed
with the use of tissue-specific, celi-specific or subcellnlar structure specific antibodies capable of
binding to protein markers that are prefercotially expressed in ceriain tissues, cell types, or
subceliular stractures.

{B0223] An altered expression of a gene associated with a signaling biochemical pathway can
also be determined by examining a change in activity of the gene product relative to a control
cell. The assay for an agent-induced change in the activity of a protein associated with a
signaling biocherocal pathway will dependent on the biological activity and/or the signal
transduction pathway that is under investigation. For example, where the protein 18 a kinase, a
change w its ability to phosphorylate the downstrearn subsirate(s) can be determined by a variety
of assays known in the art. Representative assays include but are not imited to immunoblotting
and immunoprecipitation with antibodies such as anti-phosphotyrosine antitbodies that recognize
phosphorylated protetns.  In addition, kinase activity can be detected by high throughput
cherniluminescent assays such as AlphaScreen™ (available from Perkin Elmuer) and ¢Tag™
assay {Chan-Hui, et al. (20033 Clinical lmmunology 111: 162-174}.

{#3224] Where the protein associated with a signaling biochemical pathway is part of a
signaling cascade Ieading to a fluctuation of intraceliular pH condition, pH sensitive molecules
such as fluorescent pH dyes can be used as the reporter molecules. In another example where the
protein associated with a signaling biochemical pathway 1 an jon channel, fluctuations n
membrane potential and/or intracelular ion concentration can be wmonitored. A number of
commercial kits and high-throughput devices are particularly suited for a rapid and robust
screening for modulators of ion channels.  Representative instruments include FLIPRTM

{(Molecular Devices, Inc.} and VIPR {(Aurora Biosciences). These instruments are capable of
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detecting reactions i over 1000 sample wells of a microplate simultancously, and providing
real-time measurement and functional data within a second or even a minisecond.

{B0225] In practicing any of the methods disclosed herein, g suitable vector can be introduced
to a cell or an embryo via one or more methods known o the art, inchading without Himitation,
microinjection,  clectroporation,  sonoporation,  biolistics, calciura  phosphate-macdiated
transfection, cationic transfection, liposome transfection, dendrimer transfection, heat shock
transfoction, nucleofection transfection, magnetofection, lipofection, impalefection, optical
transfection, proprictary agent-enhanced uptake of nucleic acids, and delivery via liposomes,
immunoliposomes, virosomes, or artificial virions. In some methoeds, the vector is introduced
into an embryo by microinjection. The vector or vectors may be microinjected into the nucleus
or the cytoplasm of the embryo. In some methods, the vector or vectors may be introdaced into a
cell by nucleofection.

{#3226] The target polynucleotide of a CRISPR complex can be any polynucleotide
cndogenous or exogenous to the eukaryotic cell. For cxample, the target polynucleotide can be a
polynacleotide residing in the nucleus of the eukaryotic cell. The target polynucieotide can be a
sequence coding a gene product {¢.g., a protein} or a non-coding sequence {e.g., a regulatory
polynucleotide or a junk DNA).

{#G3227]  Examples of target polynucicotides include a sequence associated with a signaling
biochemical pathway, ¢.g., a signaling biochemical pathway-associated gene or polynucleotide.
Examples of target polynuciecotides include a disease associated gene or polynucleotide. A
“discase-associated” gene or polynucleotide refers to any gene or polynucleotide which s
vielding transcription or transltation products at an abnormal level or in an abnormal form in cells
derived from a discasc-affected tissucs compared with tissues or cells of a non discase control. It
may be a gene that becomes expressed at an abnormally high level it may be a gene that
becomes expressed at an abnormally low level, where the altered expression correlates with the
occurrence and/or progression of the disease. A discasc-associated gene also refers to a gene
possessing mutation{s) or genetic variation that i3 directly responsible or 8 in linkage
disequilibrivm with a gene{s) that is responsible for the ctiology of a discase. The transcribed or
transiated products may be known or unknown, and may be at a normal or abnormal level,
{B0228] The target polynucleotide of a CRISPR complex can be any polynucleotide

endogenous or exogenous to the cukaryotic cell. For exarople, the target polyoucleotide canbe a
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polynucleotide residing in the nuclens of the cukaryotic cell. The target polynucicotide can be a
sequence coding a gene preduct {¢.g., a protein} or a non-coding sequence {e.g., a regulatory
polynucleotide or a junk DNA}.

{B322%8]  The target polynucleotide of a CRISPR complex may include a number of discase-
associated genes and polynucleotides as well as signaling biochemical pathway-associated genes
and polynucleotides as listed in US provisional patent applications 61/736,527 and 61/748,427
having Broad reference 201 1/008/WSGR - Docket  No.  44063-701.101and  Bl-
201 V/B08/WSGR Docket No. 44063-701.102 respectively, both entitled SYSTEMS METHODS
AND COMPOSITIONS FOR SEQUENCE MANIPULATION filed on December 12, 2012 and
January 2, 2013, respectively, the contents of all of which are herein incorporated by refercuce 1o
their entirety.

{B0236]  Examples of target polynucicotides melude a sequence associated with a signaling
blochemical pathway, ¢.g., a signaling blochemical pathway-associated gene or polymucleotide.
Examples of target polynucleotides include a disease associated gene or polymucleotide. A
“disease-associated” gene or polynucieotide refers to any gene or polynucleohide which s
vielding transcription or translation products at an abnormal level or in an abnormal form in cells
derived from a disease-affected tissues compared with tissues or cells of a non disease coutrol. 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 gene
possessing mutation{(s) or genetic variation that s directly responsible or 8 in linkage
disequilibrium with a gene(s) that is responsible for the etiology of a disease. The transcribed or
transiated products may be known or unknown, and may be at a normal or abnormal level
{30231] Examples of discasc-associated genes and polynucleotides are available frora
McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore, Md.}
and National Center for Biotechnology Information, National Library of Medicine (Bethesda,
Md.), avatlable on the World Wide Web.

{#6232] Examples of discasc-associated genes and polynucleotides are listed 1n Tables A and
B. Ihscase specific information is available from McKusick-Nathans Instinite of Genetic
Medicine, Johns Hopkins University (Baltimore, Md.} and National Center for Biotechnology

Information, National Library of Medicine (Bethesda, Md.}, available on the World Wide Web.
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Examples of signaling biochemical pathway-associated genes and polynucleotides are hsted n
Table C.
{B0233] Mutations in these genes and pathways can result in production of imaproper proteins
or proteins in improper amounts which affect function. Further examples of genes, discases and
proteins are hereby incorporated by reference from US Provisional applications 61/736,527 filed

on December 12, 2012 and 61/748,427 filed on January 2, 2013, Such genes, proteins and

pathways may be the target polynucleotide of a CRISPR complex.

Table A

DISEASE/DISORDER

GENE(S)

Neoplasia

PTEN; ATM; ATR; EGFR; ERBR?; FRBHE3; ERBBR4;

Notchl; Notch2; Notch3; Notchd; AKT:; AKT2; AKT3; HIF;

HIFla; HIF3a; Met; HRG; Bel2; PPAR alpha; PPAR

ganuna; WT1 (Wilras Tumor), FGF Receptor Family

rnembers (5 members: 1, 2, 3, 4, 5, CDKN2a; APC; RB

{retinoblastoma), MENT; VHL; BRCAT; BRCAZ; AR

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

variants); fef? (3 variants}; lef 1 Receptor; lgf 2 Receptor;

Bax; Bcl2; caspases family {9 members:

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

Age-related Macular

Abcr; CelZ; CeZ; op {ceruloplasminy; Timp3; cathepsinD;

Degencration

Vidir: Cer2

Schizophrenia

Neuregulind (Nrgly; Erb4 (receptor for Neureguling;

Complexinl {(Cplx 1y, Tphl Tryptophan hydroxylase; Tph2

Tryptophan hvdroxyiase 2; Neurexin 1; GSK3; GSK3a;

GSK3b

Disorders

S-HTT (Slebad)y, COMT, DRD (Drdla), SLOGAS3; DAOA;

DTNBPI; Dao (Daol)

Trinucleotide Repeat

HTT (Huntington’s Bx); SBMA/SMAXT/AR {(Kennedy's

Disorders

Dix); FXN/X2S (Friedrich’s Ataxia), ATX3 (Machado-

Joseph’s Dx); ATXINT and ATXNZ {spingcercbellar

ataxias); DMPK (myotonic dystrophy); Atrophun-1 and Atnl

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

{Alzheimer’s);, Atxn7; AtniQ

Fragile X Syndroroe

FMR2: FXR1; FXR2; mOLURS

Necretase Related

APH-1 {alpha and beta); Presenilin (Psenly; nicastrin

Disorders (Nestnn ), PEN-2
Others Nosi; Parpl; Natl; Nat2

Prion - related disorders

Prp

ALS

SODI; ALS2; STEX; FUS; TARDBP; VEGE (VEGF-3;

~J
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VEGE-b; VEGF-¢)

Drug addiction

Pricce (alcohol); Drd2; Drdd; ABAT (alcoholy; GRIAZ;

Grm3; Grinl; Hirlb; GrinZa; Ded3; Pdyn; Grial (alcohol)

Autism

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

(FMR2 (AFF2): PXR1; FXR2; Mglurs)

Alzheimer’s Disease

Y1 CHIP, UCH; UBRB; Tay;, LRP; PICALM,; Clustenng PS1;

SORLL ORI, Vidly, Ubal, Uba3, CHIPZE {Agpl,

Agquaporin 1y; Uchll; Uchld; APP

Inflammation

1L-10; [L-1 (dL-Ta; {L-10) 1L-13; 1L-17 (1L-17a (CTLAR); 1L

FPoh; TL-17¢; 1L-17d; TL-176); 11-23; Ox3crd; ptpn22; TNFa;

NODZ/CARDIS for 1IBD,; {L-6; 1L-12 (1L-12a; HL-12b);

CTLA4, Cx3cll

Parkinson’s Discase

x-Synuclein; DJ-1; LRREZ; Parkin; PINK1

Table B:

Blood and
coagulation discases
and disorders

Anemia (CDANIL, CDAT, RPSI9, DBA, PKLR, PK1, NTSC3, UMPHI,
PSNI, RHAG, RHS0A, NRAMPZ, SPTB, ALASZ, ANHI, ASB,
ABCB7, ABC7, ASAT); Bare lymphocyte syndrome (TAPBP, TPSN,
TAPZ, ABCR3, PSF2, RING 11, MHC2TA, C2TA, RFXS, RFXAP,
REX35), Bleeding disorders (TBXAZR, P2RX1, PZX1); Factor H and
factor H-like 1 (HF1, CFH, HUS); Factor V and factor VIH (MCFD2);
Factor VI deficiency (F7); Factor X deficiency (F10); Factor Xi
deficiency (F11}; Factor Xil deficiency (F12, HAF); Factor XHIA
deficiency (FI3A1, F13A); Factor XUIB deficiency (F13B); Fancom
anemia (FANCA, FACA, FAL FA, FAA, FAAPOS, FAAPO(, FLI34064,
FANCE, FANCC, FACC, BRCAZ, FANCD, FANCD2, FANCD,
FACD, FAD, FANCE, FACE, FANCF, XRCU9, FANCG, BRIPL,
BACHL, FANCH, PHF9, FANCL, FANCM, KIAA1596);
Hemophagoeytic lymphohistiocytosis disorders (PRF1, HPLH2,
UNCI3D, MUNC13-4, HPLH3, HLH3, FHL3}; Hemophilia A (F§, FRC,
HEMAY, Hemophilia B (F9, HEMB), Hemorrhagic disorders (P1, ATT,
F3) Leuvkocyde deficiencies and disorders (ITGB2, CD1S, LCAMB,
LAD, EIF2B1, EIF2BA, EIF2B2, EIF2B3, EIF2B35, LVWM, CACH,
CLE, EIF2B4); Sickle cell anemia (HBBY; Thalassemia (HBAZ, HBB,
HBD, LCRB, HBAT).

Cell dysregulation
and oncology
diseascs and disorders

B-cell non-Hodgkin lymphoma (BCL7A, BCL7y, Leukemia {TALL,
TCLS, SCL, TALZ, FLT3, NBSI, NBS, ZNFNIAL 1K1, LYF,
HOXDM, HOX4B, BOR, CML, PHL, ALL, ARNT, KRASZ, RASKZ,
GMPS, AFI0, ARHGEF12, LARG, KIAAQ382, CALM, CLTH,
CEBPA, CEBP, CHICZ, BTL, FLT3, KIT, PBT, LPP, NPM1, NUP214,
DOS46E, CAN, CAIN, RUNXT, CBFAZ, AMLT, WHSCILT, NSP3,
FLT3, AF1Q, NPMI, NUMAL, ZNF14S, PLAF, PML, MYL, STATSE,
AFT0, CALM, CLTH, ARLIL, ARLTSY, PZRX7, P2X7, BCR, CML,
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PHL, ALL, GRAF, NF1, VRNF, WSS, NENS, PTPN1L, PTP2C, SHPZ,
NST, BCL2Z, CONDL, PRADL, BOLI, TCRA, GATAL GFL, BERYF1,
NFEL, ABLI, NQO1, DIA4, NMORI, NUP214, DOS46E, CAN, CAIN).

Inflammation and
mmune related
discases and disorders

AIDS (KIR3DLI, NKAT3, NKB1, AMB1I, KIR3DSH, IFNG, CXCL12,
SDF1Y); Autoimmmune lymphoproliferative syndrome (TNFRSF6, APTH,
FAS, CDOS, ALPSTA)Y, Combined immunodeficiency, (IL2RG,
SCIDXI, SCIDX, IMD4);, HIV-1 (CCLS, SCYAS, DIT7SI36E, TCP228E),
HIY susceptibility or infection (IL10, CSIF, CMEKBR2, CCR2,
CMEKBRS, CCCKRS (CCR3)): mmunodeficiencies (CB3E, CD3G,
AICDA, AID, HIGM2, TNFRSFS, CD40, UNG, DGU, HIGM4,
TNESFS, CD40LG, HIGML, IGM, FOXP3, IPEX, AlID, XPID, PIDX,
TNFRSFH4AR, TACH; nflaromation (1L-10, IL-1 (IL-1a, IL-1b}, 1L-13,
TL-17 (IL-17a ({CTLAS), IL-17b, IL-17¢, 1IL-174, IL-171), 1-23, Cx3crl,
ptpn22, TNFa, NODZ/CARDS for IBD, HL-6, 1L-12 (1L-12a, 1L-12b),
CTLA4, Ox3ell); Severe combined immunodeficiencies (SCIDsJAKS,
JAKL, DCLRELIC, ARTEMIS, SCIDA, RAGH, RAG2, ADA, PTPRC,
D45, LCA, IR, CB3D, T30, IL2RG, SCIDXT, SCIDX, IMD4),

Metabolic, liver,
kidney and protein
diseases and disorders

Amyloid neuropathy (TTR, PALB)Y, Amvlotdosis (APOATL, APP, AAA,
CVAPR, ADI, GSN, FGA, LYZ, TTR, PALB); Cuvhosis (KRT18, KRTY,
CIRHIA, NAIC, TEX29Z, KIAA1988); Cystic fibrosis (CFTR, ABCCT,
CF, MRP7); Glycogen storage diseases (SLCZA2, GLUT2, G6PC,
G6PT, GOPT1, GAA, LAMP2, LAMPB, AGL, GDE, GBE1, GYSZ,
PYGL, PFKM}; Hepatic adenoma, 142330 (TCFI, HNFIA, MODY3),
Hepatic failure, carly onset, and neuwrologic disorder {(SCOD, SCO),
Hepatic lipase deficiency (LIPC), Hepatoblastoma, cancer and
carcinomas (CINNBI1, PDGFRL, PDGRL, PRLTS, AXINI, AXIN,
CTNNBI, TPS3, P53, LFSE, IGFZR, MPRI, MET, CASPE, MCHS;
Medullary cystic kidney disecase (UMOD, HNFJ, FIHN, MCKD?2,
ADMCKD2): Phenyiketonuria (PAH, PKUI, QDPR, DHPR, PTS);
Polyeystic kidney and hepatic disease (FCYT, PKHIDM, ARPKD, PKDH,
PKDZ, PKD4, PKDTS, PRKCSH, G19P1, PCLD, SEC63).

Muscular / Skeletal
diseases and disorders

Becker muscular dystrophy (DMD, BMD, MYF6), Duchenne Muscular
Dystrophy (BMD, BMI}}, Emery-Dreifuss mauscular dystrophy (EMNA,
EMNT, EMD2, FPLD, CMDIA, HGPS, LOMDIB, LMNA, LMNI,
EMD2Z, FPLD, CMDI1A}; Facioscapulohumeral muscular dystrophy
(FSHMDITA, FSHIDTAY Muscular dystrophy (FKRP, MDCIC,
LGMDZE LAMAZ, LAMM, LARGE, KIAA0609, MDCID, FCMD,
TTID, MYOT, CAPN3, CANP3, DYSF, LGMDRR, SGCG, LGMD2C,
DMDAT, SCG3, SGCA, ADL, DAG2, LGMD2ZD, DMDAZ, SGCRB,

L GMD2E, SGCD, SGD, LGMD2F, CMD1L, TCAP, LGMD2G,
CMDIN, TRIM32, HTZA, LOMD2H, FKRP, MDCIC, LGMDZE TTHN,
CMDIG, TMD, LGMDZE, POMTI, CAVZ, LOMDIC, SEPNI, SELN,

RSMD1, PLECT, PUTN, EBS1); Oﬂtgﬁpatm%& (LI KI‘D,BMVDE LRP7,

~3
=




WO 2014/093635

PCT/US2013/074691

LR3, OPPG, VBCH2, CLCN7, CLC7, OPTAZ, OSTMI, GL, TCIRG1,
TIRCT, OC116, OPFTB1), Muscular atrophy (VAPE, VAPC, ALSK,
SMNI, SMAL, SMA2, SMA3, SMA4, BSCL2, SPG17, GARS, SMADI,
CMT2D, HEXB, IGHMBP2, SMUBP2, CATFI, SMARDI),

Neurological and
neuronal diseases and
disorders

ALS (SODIL, ALSZ, STEX, FUS, TARDBP, VEGF (VEGF-a, VEGF-b,
VEGEF-c);, Alzheimer disease (APP, AAA, CVAP, ADY, APCE, ADZ,
PSENZ, AD4, STM2, APBR2Z, FEASLI, NOS3, PLAU, URK, ACE,
DCPL, ACEL MPO, PACIPE, PAXIPLL, PTIP, AZM, BLMH, BMH,
PSENI, AI)?&), Autism (Meq:w, BZRAPL, MDGAZ, SemaSA, Neurexin
I, GLOI, MECP2, RTT, PPMX, MRX 16, MRX79, WLGN3, NLGNY,
KIAATZ60, AUTSXZ); Fragile X Syndrome (FMR2, FXR1, FXR2Z,
mGLURS) Huntington’s discase and disease hike disorders (HD, IT1S,
PRNP, PRIP, JPH3, JP3, HDL2, TRE, SCAW} Paikimun discase
(NR4AZ, NURRI, NOT, TINUR, SNCAIP, TBP, SCA17, SNCA,
NACP, PARKI, PA\RK!@, DI, PARKY, {RR,E\AT PARKX, PINKI,
PARKS, UCHLL, PARKS, SNCA, NACP, PARKI, PARKY, PRKN,
PARK2, PDJ, DBH, NDUFV2), Rett syndrome (MECPZ, RTT, PPMX,
MRX 16, MRX79, CDKLS, STK®, MECP2, RTT, PPMX, MRX16,
MRX79, x-Symuclein, DI-1}; Schizophrenia (Neuregulinl (Nrgl), Erb4
{(receptor for Neareguling, Complexinl (Cplx 1), Tphl Tryptophan
hydroxylase, Tph2, Tr‘mmphm hydroxylase 2, Neurexin 1, GSK3,
GSK3a, GSK3b, S-HTT (Sle6ady, COMT, DRD (Brdla), SLUGAS,
DADA, DTNBP, Dao (Daol)y, Secretase Related Disorders {APH-1
(alpha and beta), Presenilin (Psenl}, nicastrin, (Nestn), PEN-2, Nost,
Parpl, Natl, Nat2}; Trinucleotide Repeat Disorders (HTT (Huntington’s
Do), SBMA/SMAXT/AR (Kennedy's D), FXN/X2S (Friedrich’s
Ataxia), ATX3 (Machado- Joseph's Dxj, ATXNT and ATXN2
{spimocercbellar ataxias), DMPK {myotonic dystrophy), Atrophin-1 and
Atnl (DRPLA Dx), CBP (Creb-BP - global instability), VEDLR
(Alzheimer’s}), Atxn7, AtxniQ).

Oecular diseases and
disorders

Age-related macular degeneration (Aber, Cel2, Ce2, cp (ceruloplasmin),
Timp3, cathepsindy, Vidlr, Cor2); Cataract {(CRYAA, CRYAL CRYBRB2,
CRYB2Z, PITX3, BESPZ, CP49, CP47, CRYAA, CRY AL PAXS, ANZ,
MGDA, CRYBAL CRYBI, CRYGC, CRYG3, CCL, LiM2, MP19,
CRYGD, CRYG4, BFSPZ, CP49, CP47, HSF4, CTM, HSF4, CTM,
MIP, AQPO, CRYAB, CRYA2, CTPP2, CRYBBL, CRYGD, CRYG4,
CRYBB2, CRYBZ, CRYGC, CRYG3, CCL, CRYAA, CRYAL, GIAY,
CXS50, CAEL GIA3, CX46, CZP3, CAE3, COMI, CAM, KRITl),
Corneal clouding and dystrophy {APOAL, TGFBI, CSB2, CDGGH,
CSD, BIGHS, CDGZ, TACSTD2, TROP2Z, MIS1, VSX1, RINX, PPCD,
PPD, KTCN, COLEAZ, FECD, PPCDYZ, PIP‘\E\? CFD‘; Cornea plana
congenital (KERA, CNA2); Glaucoma (MYOC, TIGR, GLCIA, JOAG,
GPOA, OPTN, GLCIE, FIP2, HYPL, NRP, CY PlBL GLO3A, OPAL,
NTG, NPG, CYPIBL, GLC3AY; Leber congenital amaurosis (CRBI,
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RP12, CRX, CORD2, CRD, RPGRIPL, LCAS, CORDS, RPEGS,
ATPLYL, LCA4, GUCY2ZH, GUCZD, LCAL CORD, R
Macular dystrophy (ELOVLA, ADMD, STGD2, STGD3, RDS, RP7,
PRPH2, PRPH, AVMD, AQFMD, VMD2),

RP20,

D12, LOA3Y,

Table
CELLULAR GENES
FUNCTION

PI3K/AKT Signahng

PRKCE; ITGAM; ITGAS; IRAK]; PRKAATY, EIFIAKZ;

PTEN: EIF4E; PRKCZ: GRKS, MAPKL TSCH PLKE,

AKTZ; IKBKE; PIKICA; CDKSE; CDKNIB; NFKB2; BCLZ;

PIK3CEB; PPR2IRITA; MAPKE, BCL2LL, MAPKS; TSC2;

{TGATL KRAS; EIF4EBPI; RELA; PRKCD; NOS3;

PREAA L, MAPKY; CDK2; PPP2CA, PIMI; ITGBT,

YWHAZ; ILK; TPS3; RAF]; IKBRKG; RELB; DYRKIA;

CDENIA; ITGBE MAP2KZ: JAKY: AKTI; JAKD: PIK3R 1,

CHUK: PDPK 1 PPP2RSC: CTNNBI1; MAPJK | NFKRI:

PAKS: ITGR3: CUNDI; GSK3A: TRAPI: SFN: ITGAZ:

TTR; CSNKIAL BRAF; GSK3B; AKT3; FOXOIL,; SGK;

HAPOJAAT: RPS6KBI

ERK/MAPK Signaling

PREKCE; H(;A\/ ITGAS; HNPBE IRAK L, PRKAAZ;

FIF2AKD; RACT, RAPIA; TLNL EIF4E; ELK1; GRK6;

MAPK I RACY; PLK1; AKT2; PIK3CA; CDKS; CREBL,

PRECE PTK2; FOS; RPS6KA4; PIK3CB; PPP2RIA;

PICICS; MAPKR, MAPK3; ITGAL ETSE KRAS; MYCN,

EIF4EBP L PPARG; PRKCD: PRKAAT MAPKS; SRC;

CDK2; PPP2CA: PIMI; PIKAC2A: ITGET, YWHAZ:

PPPICC; KSR1: PXN: RAF], FYN: DYRKIA. [TGBI

MAPIK?: PAK4: PIK3R1: STAT2: PPRIRSC, MAPZK1:

PARKIITGEI; ESRI ITGAZ MYC; TTK; CSNK1AT;

CREL; BRAF; ATH4; PRKCA; SRF; STATI; SGK

Glucocorticoid Receptor

RACT TAF4AB,; EP300; SMADZ; TRAEG, PCAF, ELK1;

Signaling

MAPK 1, SMAD3; AKTZ; IKBKB; NCORZ; UBE21:

PIK3CA; CREBI; FOS; HSPAS: NFKB2; BCLY;

MAP3K 14: STATSR: PIK3CR; PIK3C3; MAPKS; BCL2L1;

MAPK3, TRC22D3: MAPK 10; NRIP1: KRAS: MAPK 13;

RELA: STATSA: MAPKY: NOS2A: PBXI: NR3C1:

PHCICZA; CDKNIC, TRAFZ SERPINEL NCOA3;

MAPK 14: TNF: RAF(; IKBKG, MAP3K7: CRERBP;

COKNIA; MAPZEZ; JAKT,; L& NCUAZ, AKTY JAKZ,

PHCGRT; CHUK: STAT3; MAPZKL, NFKBI; TOFBRI,

ESR1: SMADA: CEBPE. JUN: AR AKT, CCL2: MMP1:

STATI; IL6; HSPOQAAT
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Axonal Guidance PRECE: ITGAM, ROCKT; ITGAS, CXCR4, ADAMIZ;
Signaling

IGEL RACT; RAPIA; EIF4E; PRKCY; NRPL NTREZ;

ARHGEF7, SMO; ROCK?; MAPK1: PGE; RACZ;

PTPNTL; GNAS; AKT2; PIK3CA; ERBRE2; PRKCE PFTKZ;

CFL1; GNAQ; PIKACB; CXCLI2; PIK3C3; WNTIL;

PRKD1; GNB2L1; ABLI; MAPK3, ITGAL; KRAS: RHOA.

PRICD; PIN3C2A; ITGB7, GLIZ; PXN; VASP; RAF1:

FYN: ITGB1, MAPIKD: PAKA4: ADAMIT, AKT1: PIK3R1;

GLIT WNTSA ADAMIG; MAPZK L, PAKS; TTGR3,

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

AKT3; PRKCA

Ephrin Receptor PRKCE; ITGAM,; ROCKT,; ITGAS; CXTCR4; IRAKT,
Signaling

PRKAAZ: EIFZAK2. RACT: RAPIA: GRKSA, ROCKZ;

MAPKT PGE, RACZ; PIPNTL GNAS; PLKY; AKT2;

DOK1: CDKS; CREBL: PTK2; CFLL GNAQ; MAP3K 14

CXCL12; MAPKS: GNBZL1; ABLE;, MAPKA: ITGAL;

KRAS; RHOA: PRKCD; PRKAAT; MAPKS; SRC: CDKZ;

PIM I ITGB7; PXN; RAFL FYN; DYRKIA; ITGBI,

MAPZK?Z; PAK4; AKTL JAKD; STATS; ADAMIO;

MAPZK 1 PAKG, ITGBS, CDC42: VEGFA, ITGAZ;

EPHAS: TTK: CSNKIAL CRKL, BRAF: PTPN13: ATF4;

AXT3; SGK

Actin Cytoskeleton ACTNG;, PRKCE; ITGAM, ROCK 1 ITGAS, IRAKT;
Nignaling PREAAZ; FIFZAKZ; RACT; INS; ARHGEF7, GRKS;

ROCKZ MAPK1; RACZ; PLK1; ARTZ; PIK3CA; CDKSE;

PTRZ; CFLI; PIK3CB; MYHS; DIAPHI; PIK3C3; MAPKY;

FOR; MAPK3, SLCSAT; ITGAL KRAS; RHOA; PRKCD;

PREKAAL MAPKY; CDKZ; PIM1; PIK3CZA; ITGRT:

PPPICC; PXIN; VILZ; RAFL GSN; DYRKIA; ITGBI;

MAPIK?: PAKA: PIPSKIA; PIK3R ; MAPIK: PAK3:

FTGR3: CDOAZ; APC ITGAZ, TTE; CSNKTAL CRKL,

BRAF;, VAV3, SGK

Huntington’s Disease PRECE,; IGF1; EP306; RCORYL, PRKCY, HDACY, TGMZ;

Signaling MAPK I, CAPNST, AKT2; EGEFR;, NCOR2Z; 5P1, CAPNZ;

PIK3CA; HDACS: CREBL: PRKCT HSPAS: REST,

ONAQ; PIKICB; PIK3C3; MAPKSE; IGFIR; PRKDI;

GNB2LE, BCLZLL, CAPNL; MAPKS; CASPE;, HDACZ;

HDACTA; PRKCD; HDACTHE MAPKS; HDACY: PIKICZA;

HDACS, TPS3;, CASPY; CREBBP; AKTI,; PIK3R1I;

PDPKL CASPL APAVT; FRAPT CASPZ; JUN; BAX;

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

Apoptosis Signaling PRECE; ROCK], BIly, IRAK T PRKAAZ; EIFZAKZ; BAKL;

80



WO 2014/093635 PCT/US2013/074691

BIRCY; GRKG; MAPKT; CAPNSE; PLKT; AKT2; IKBKE;

CAPN2, CDKS; FAS; NFKB2; BCL2, MAP3K 14; MAPKS:

BCLZLL CAPNI MAPK3S; CASPE; KRAS; RELA;

PRKCD: PRKAAL; MAPKY: CDKZ2; PIMI: TPS3; TNF:

RAFL: IKBKG: RELB: CASPY: DYRK1A: MAP2KZ;

CHUK: APAF1: MAPIK 1, NFKB1; PAK3: LMNA; CASPZ;

BIRCZ; TTK; CSNKITATL BRAF, BAX; PREKCA; SGK;

CASEI; BIRCS; PARPI

B Cell Receptor RACL PTEN; LYN; ELK1; MAPKT; RAC2; PIPNLE
Signaling

AKTZ; IKBKE; PIKACA; CREBL SYK; NFKB2; CAMKZA;

MAP3K 14; PIK3CRE; PIK3C3, MAPKK; BCLZLL; ABLY;

MAPKS, ETST KRAS;, MAPKI13; RELA; PTPNG, MAPKY;

EGRI; PIK3C2A; BTK:, MAPKI4; RAFT; IKBKG; RELB;

MAPIK T, MAPZK?; AKT1; PIK3R1; CHUK; MAPZK I,

NFRBIL CDC42; GSK3A; FRAPL BCLG; BCLIY; JUN;

GSKAB; ATF4; AKT3; VAV RES6KRI

Leukocyte Extravasation I ACTNG; CDdd; PRKCE; ITGAM; ROCK I, CXCR4; CYBA;

Signahng RACL RAPIA; PRKCZ; ROCK2;, RACZ; PTPNLL,

MMP14; PIKACA: PRKCE PTEZ; PIK3CR; CXCLIZ:

PIK3C3; MAPKS; PREDL ABLT, MAPKIO; CYBB;

MAPK13; RHOA; PRECD; MAPKS; SRC; PIK3C2A; BTK;

MAPK [4; NOXI; PXN; VIL2: VASP; ITGB1; MAP2KZ,

CTNNDI PIK3R1, CTNNBL CLDN CDC42; FHIR; ITK;

CRKL; VAV3, CTTN; PRKCA; MMP; MMPS

Infogrin Signaling ACTNG; ITGAM,;, ROCK; ITGAS; RACE, PTEN; RAPIA;

TINE ARHGEF7; MAPK L RACT; CAPNRL AKT2;

CAPNZ; PIK3CA; PTKZ; PIKACE; PIK3C3; MAPKS;

CAV1, CAPNL, ABL1: MAPKS, ITGAL: KRAS: RHOA:

SRO; PIK3CZA; ITGBT; PPPICC; ILK; PXN; VASE,

RAFL FYN, ITGB1, MAPZK2; PAK4, AKTI; PIK3RIE,

TNKZ; MAPZR T PAKS ITGRB3I; CDO4Z; RND3; ITGAZ;

CRKL; BRAF; GSK38; AKT3

Acute Phase Response  IRAKT, SOD2; MYDRYE; TRAFG;, ELK L, MAPK; PTPN1L;

Signahing AKTZ; IKBKR; PIK3CA; FOS; NFKB2; MAP3IK 14;

PICICE; MAPKS: RIPK L, MAPK3; ILOST; KRAS;

MAPK 13; IL6R; RELA: SOCS1; MAPKY; FTL: NR3C1;

TRAFZ; SERPINET; MAPK 14, TNE; RAFT; PDKT;

IKBKG: RELB; MAP3K7: MAPIK2: AKT1: JAK?: PIK3R 1,

CHUK; STATI, MAP2K T, NFKBI; FRAPL, CEBPE; JUN;

AKT3; IR ILG

PTEN Signaling ITOAM; ITGAS; RACT; PTEN; PRKCZ; BCL2L 11

MAPK I, RACY; AKT2; EGFR; IKBKB; CBL; PIK3CA;

CORNIB; PTKZ; NFKB2, BCL2; PIK3CR, BCL2LL;

§1
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MAPKS:, TTGAT; KRAS; ITTGE7; ILK: PDGEFREB; INSR;

RAFI; IKBKG, CASPY, CDKNIA: ITGB1: MAP2KZ;

AKTL; PIK3RE; CHUK; PDGFRA; PDPK L MAPIK T

INFRBL FITGR3; CDCAZ; CONDI; GSK3A; ITGAZ;

GSK3AB; AKTS; FOXO1; CASP3; RPS6KBI

053 Sigualing

PTEN; EP300; BBCS; PCAF; FASKN; BRCAT: GADDASA;

BIRCS; AKTZ; PIK3CA; CHEKT; TPS3INPI; BCL2;

PIKICH; PIK3C3 MAPKS; THBNT, ATR; BCL2ZLL; E2F1

PMAIPL CHEKZ:, TNFRSFI0B; TP73; RBI; HDACY,

COR2; PIKACZA: MAPK 14, TP53; LRDD; CDKN1A;

HIPKZ; AKTI; PIK3R1; RRM2B; APAFL; CTNNBI;

SIRTI: CCND1; PRKDC: ATM; 8FN: CDKN2A; JUN;

SNAIZ GSK3B; BAX; AKT3

Aryl Hydrocarbon
Receptor

HSPR1: EP30G; FASN: TGM2:, RXRA: MAPK 1: NODT;

Signaling

NCORZ; SP1; ARNT, CDKNIB; FOS; CHEK,

SMARCA4: NFKR2: MAPKS; ALDHIAL: ATR; F2FL,

MAPK3, NRIP1; CHEK?, RELA: TP73, GSTPI; RBI:

SROC; CDK2: AHR; NFE2LZ NCOA3Z; TP33; TNE,

CDOKNIA; NCOAZ, APAFT: NFKBI: COND1: ATM: ESR1:

CDKENZA; MYC, JUN: BSRZ: BAX. {L6; CYPIBI

HAPOOAAT

Xenobiotic Metabolism

PRECE; EP300; PRKCZ; RXRA; MAPKT; NQOI,

Signaling

NCORZ; PIK3CA; ARNT, PRKCT NFKB2, CAMKZA;

PIKACB; PPP2R1A: PIK30C3; MAPKS; PRKDI;

ALDHIAL MAPK3; NRIPL; KRAS; MAPK13; PREKCD;

GSTPI; MAPKS: NOS2A; ABCB1; AHR; PPP2CA; FTL

NFE2LD: PIK3C2A: PPARGCTA: MAPK 14; TNE, RAT1:

CREBBP; MAP2KZ; PIK3R 1, PPPIRSC; MAPIKI;

NEFRBL KEAPT PRKCA; EIF2AKS; 1L6, CYPIBL,

HSPOOAAT

SAPK/INK Signaling

PRECE; IRAKL PREAAZ; BIFIAKZ; RACT; ELK I,

GRICE, MAPK 1; GADDA4SA; RACZ, PLE1L;, AKT2; PIR3CA;

FADD: CDKg; PIK3CB; PIK3C3; MAPKS, RIPK I,

GNB2ZLE IRST; MAPKS;, MAPKIG; DAXX; KRAS;

PRKCD: PRKAA L MAPKY: CDK2; PIM1: PIK3C2A,

TRAFZ, TP33; LOK: MAPAKT: DYRKIA; MAP2KD;

PHCOIR L MAPZK T PARS: CDUAZ; FUN; TTE; CSNKIATL

CRKIL; BRAF; SGK.

PPAYRXR Signaling

PREKAAZ, EP300; INS, SMADZ: TRAF6: PPARA; FASN,

RXRA; MAPK; SMAD3;, GNAS: IKBKB; NCOR2;

ABCAT, GNAQ;, NFKB2, MAP3K14; STATSE; MAPKSE;

IRST; MAPK3; KRAS; RELA: PRKAA L PPARGCIA,

NCOAS; MAPK14: INSR; RAFL; IKBKG; RELB; MAP3KT:
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CREBBP;, MAP2K2; JAKZ; CHUK; MAPZK L, NFKBI;

TGEBRI; SMAD4: JUN; ILIR1; PRECA; 1L6; HSPOOAAL,

ADIPOO

NF-KB Signaling

IRAKI: EIF2AK?; EP300; INS: MYDRR:; PRKCZ: TRAF6;

TBK1: AKT?; EGEFR; IKBKEB,; PIK3CA; BTRC; NFKEZ;

MAP3K 14, PIK3ICR; PIK3C3; MAPKE,; RIPK 1 HDAC?Z;

KRAS. RELA; PIK3C2A; TRAF2; TLR4; PDGFRB; TNE:

INSR; LOK; IKBKG; RELE, MAP3K7, CREBBP; AKTL,

PIK3RI; CHUK, PDGFRA; NFKB1; TLRZ; BCLIO;

OSK3B; AKT3; TNFAIP3; ILIRT

Neuregulin Signaling

ERBB4; PRKCE, ITGAM; ITGAS; PTEN, PRKCZ; ELK

MAPK 1, PTPN11; AKT2: EGER; ERBB2; PRKCL

CDKNIR: STATSB: PRKDI; MAPK3, ITGA L KRAS:

PRIKCD:, STATSA: SRC: ITORT: RAFL [TGB 1, MAPIKZ:

ADAMIT, AKTL PIK3R T PDPKT; MAPZIKY TGRS,

EREG; FRAPT; PSENTE ITGA2;, MY O, NRGT; CRKL;

AKTS; PREKCA; HSPOOAAT; RPS6KEBIL

Wnat & Beta catenin

CD44; EP3G0; LRP6;, DVL3; CSNKIE; GIAT, SMO;

Signaling

ART2; PINL; CDHI; BTRC; GNAQ: MARKZ, PPPIR1A,

WNTI1; SRC; DKK 1 PPP2CA; SOX6; SFRP2; 1LK;

LEF1; SOX9; TP53; MAP3K7: CREBRP; TCF712: AKTI;

PPPIRSC; WNTSA; LRPS; CTNNBL; TGFBRY; CONDI;

GSK3A: DVLL; APC; CDEN2A: MYC; CSNK 1AL GSK3B;

AKT3 SOX2

fnsulin Receptor
Signaling

PTEN: INS; RIFAE; PTPN1: PRK{Z: MAPK1: TSCL,

PTPNIL AKTZ; CBL; PIK3CA; PREKCE PIK3CR; PIK3(3;

MAPKS:; IRSE;, MAPK3; TSCZ; KRAS; BEIF4EBPL;

SLCZA4: PIK3C2A; PPPICC; INSR: RAFL; FYN:

MAPZK2: JAK L, AKT1: JAK?: PIKAR 1. PDPK1: MAPIK I,

OSK3A; FRAPT CRKL; GSK3B; AKT3; FOXO1; SGK;

RPS6KBI

(-0 Signaling

HSPBI; TRAFS;, MAPKAPKZ:, ELKT; MAPK L PTENI;

IKBKB; FOS; NFKB?2; MAP3K 14: MAPKS; MAPK3:

MAPK 10; IL6ST; KRAS:; MAPK13: IL6R,; RELA: SOCSI:

MAPKS; ABCBL; TRAF2: MAPK 14; TNF; RAF; IKBKG;

RELB; MAP3KT: MAPZKZ; LR JAKZ; CHUK,; STAT3;

MAPIK T, NFKRI; CEBPB; JUN: ILIR1: SRF: IL6

Hepatic Cholestasis

PRECE; IRAKT; INS; MYDER; PRKCZ; TRAFG, PPARA;

RXRA; IKBREEB; PREKCE NFKB2;, MAP3IK14; MAPKXY;

PREDL, MAPKI0; RELA; PREKCD, MAPKY:, ABCBL,

TRAFZ; TLR4; TNE; INSR; IKBKG; RELB; MAP3K7; 1LE;

CHUK; NRIHZ; TIPZ, NFKB1; ESR1; SREBF1; FGFR4;

JUN; ILIR L PRKCA ILS
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{(GF-1 Signaling

{GFL PREKCZ; FLK L MAPKE PTPNTL NEDD4: AKT2;

PIKACA: PRKCE PTRZ; FOS; PIK3CB; PIK3C3; MAPKR;

IGFIR: IRS1: MAPK3; IGFBPT; KRAS; PIK3C2A;

YWHAZ; PXN; RAFL, CASPY; MAPZK?Y; AKTI; PIK3R 1,

PDPK L MAPIKT; FGERPZ; SEN; JUN; CYR61;, AKTS;

FOXO1: SRF; CTGF; RPS6KRB1

NRF2-mediated
Oxidative

PRECE; EP308; SODZ; PRKCZ; MAPKT; SQNTMI

il

Stress Response

NQOT; PIKICA; PRKCE FOS; PIK3CE; PIK3C3; MAPKE;

PREKDI: MAPK3; KRAS, PRKCD: GSTPL; MAPKY: FTL:

NFE212; PIK3C2A: MAPK 14: RAF 1, MAP3K 7, CREBRBP:

MAPZK?; AKT1: PIK3R1: MAP2K 1, PPIB; JUN, KEAPI,

OSK3B; ATH4; PRKCA; EIF2AKS; HSPOOAAL

Hepatic Fibrosis/Hepatic

EDNT: IGFL, KDR: FLT1; SMAD?2: FGFR1: MET; PGF,

Stellate Cell Activation

SMAD3; EGER; FAS; CSFI1; NFKB2; BCLZ; MYHS;

{GFIR; IL6R; RELA; TLR4; PDGEFREB; TNF; RELE; 1LR;

PDGFRA: NFKRI: TGFBR 1, SMADY; VEGFA; BAX;

LRI, CCL2; HOF, MMPL; STAT1, IL6: CTGF; MMPO

PPAR Signaling

EP300; INS; TRAFS; PPARA; RXRA; MAPK T, IKBKE;

NCORZ; FOS; NFKBZ: MAPIK 14: STATAB, MAPKS,

NRIPH KRAS; PPARG; RELA; STATSA; TRAFZ,

PPARGUTA; PDOERE; TNF; INSR; RAFL IKBK{G;

RELB; MAP3K7, CREBBP, MAPZK?2; CHUK, PDGERA,

MAP2K T NFKBI JUN; ILIRE; HSPOOAAT

F¢ Epsilon RI Signaling

PRKCE; RACT PRKCZ; LYN; MAPKT, RACZ, PTPNI L,

AKT2; PIK3CA; SYK, PRKCT PIK3CR; PIK3C3; MAPKS;

PRKD1: MAPKS, MAPK 10; KRAS: MAPK13; PRKCD;

MAPKSY: PIKICIA; BTE; MAPK 14, TNF, RAFL FYN;

MAPIKZ;, AKTL PIK3R L, PDPKL;, MAPZKT, AKTS;

VAVI PRKCA

(3-Protein Coupled

PREKCE; RAPIA; RGS16; MAPK T, GNAS; AKT2; IKBKEB;

Receptor Signaling

PICICA; CREBI; GNAG NFKBZ; CAMKIZA; PIK3CB;

PIK3C3; MAPKS; KRAS; RELA; SRC; PIK3C2A; RAFL;

IKBKG, RELB; FYN; MAPZK2; AKTL; PIK3R1; CHUK;

PDPK L, STAT3; MAPZKE; NFKBI; BRAF; ATF4; AKT3;

PREKCA

Inosttol Phosphate

PRECE; IRAKE; PREKAAZ; EIFZAKZ: PTEN; GRKS;

Netabolism

MAPK T, PLKI AKTY; PIK3CA; CDKE; PIK3CHB; PIK3C3;

MAPKR: MAPK2: PRKCD: PREAAT; MAPKS: CDEZ;

PIMI; PIK3CZA; DYRKIA MAPZKZ; PIPSKIA; PIK3R1;

MAPZKT; PAKI, ATM; TTK; CSNK1ATL; BRAF, SGK

PDOF Signaling

EIF2AKD; LK1, ABL2; MAPK I PIK3CA, FOS; PIK3CH;

PIK3IC3; MAPKS; CAVIE ABLL MAPK3; KRAS; SRC;

PIKIC2A; PDGERB; RAF1; MAPIKD; JAKL, 1AKZ:
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PIK3R1; PRGFRA; STATZ; SPHE T, MAPIKL; MYC;

JUN; CRKL; PRKCA; SRF; STATI; SPHK?2

VEGE Signaling ACTNG; ROCK L KDR; FLT1; ROCK2;, MAPK I, PGE;

AKT2: PIK3CA: ARNT; PTK2; BCL2: PIK3CR; PIK3C3;

BCL2LL MAPK3; KRAS: HIFTA: NOS3; PIK3C2A; PXN;

RAFL MAPZKZ: ELAVLE AKTI; PIK3RT, MAPZKY; SEN;

VEGFA; AKTS3, FOXO1; PRKCA

Natural Killer Cell PRKCE; RACT, PRECY, MAPKT; RAC2; PTPNIL
Signaling

KIRZDL3; AKTZ: PIK3CA; SYK; PRKCE PIKACB;

PHCICS; PREDL MAPK3; KRAS; PRKCD; PTPNG;

PIK3C2A; LCK, RAFL FYN, MAPIKZ; PAK4; AKTI,

PISIRE MAPZE T, PAKZ; AKT3, VAVI PRKCA

Cell Cycle: GI/S HDACE, SMADS; SUV3OHT;, HDACS, CDENIB; BTRC;

Checkpoint Regulation  [ATR; ABLY; E2F1; HDACZ; HDACTA; RBI; HDACIL

HDACS, CDKZ; E2F2; HDACS; TP33; CDENIA; CONDI;

EIF4: ATM: RBL2; SMADM; CDKNZA: MYC; NRGI:

GSK3B; RBLI HDACS

T Cell Receptor RACL ELK1, MAPKY; IKBKER; CBL; PIK3CA; FOS;
Signaling

NFKB2, PIK3CB; PIKACS; MAPKR: MAPKS; KRAS;

RELA; PIK3C2A: BTK: LCK,; RAFI; IKBKG: RELE; FYN;

MAPIKZ; PICIRT; CHUK; MAPK L NPKBI ITK; BCLIO;

JUN; VAV3

Dcath Receptor SignalingiCRADD; HSPRI; BID; BIRC4; TBK1; IKBKB; FADD;

FAS: NFKB2: BCL2, MAP3K14; MAPKS: RIPK1. CASPS;

DASCK; TNERSFIOB; RELA; TRAF2, TNF, IKBKG; RELB;

CASPY; CHUK; APAFT; NFKBI; CASP2; BIRC2; CASP3;

BIRC3

FGF Signaling RACT; FGFRI; MET, MAPKAPKZ; MAPK 1, PTPNI1I,

AKTZ; PIK3ICA; CREBI; PIKICB; PIK3C3; MAPKE;

MAPK3, MAPK 13; PTPNG; PIK3C2A: MAPK 4, RAFL;

AXTL, PIK3R1: STATS: MAPJK 1: FGFR4: CRKL: ATF4:

AKT3; PRKCA; HGF

M-CSF Signaling LYN; ELKT MAPKT, PTPNTL AT, PIK3ICUA; CAMEZA;

STATSE; PIK3CE; PIK3C3; GNB2ZLI; BCL2LL, MAPKS3;

ETSE KRAS; RUNXT; PIMI; PIK3CZA; RAFL MAPZK2;

AKT1; JAKZ; PIKAR1; STAT3; MAPOK1, CONDI; AKTS:

STATH
Amyotrophic Lateral BID; IGFL; RACT; BIRCY; PGF, CAPNSI; CAPNZ;
Sclerosis Signaling PIKACA, BCLZ, PIK3CR,; PIKAC3; BCLZLL;, CAPNI;

PIK3C2A; TP33, CASPY: PIK3R1: RARSA: CASPI:

APATL VEGFA; BIRCZ; BAX, AKT3; CASP3: BIRC3

JAK/Stat Signaling PTPNI; MAPKI, PTPN1L AKTZ, PIK3CA; STATSE,
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PIK3CR; PIK3C3; MAPKS3; KRAS; SOCST; STATSA;

PTPNG, PIKAC2A; RAF1; CDKNIA: MAP2KZ; JAK L,

AK T JAK?; PIK3R1: STAT3, MAP2K 1, FRAPI: AKTR;

STATI

Nicotinate and
Nicotinamide

PREKCE, IRAK: PREAAY: BIF2AK 2, GRK6, MAPK 1

Metabolism

PLIL; AKT2: CDKB;, MAPKS; MAPK3: PRK{D: PRKAAL;

PREF1; MAPKS: CDKZ; PIMI: DYRKIA; MAP2K D,

MAPIK L PAKS; NTSE; TTK; CSNKI1AT: BRAF; SGK

Chemokine Sigoaling

CXCR4, ROCK2, MAPK: PTK2: FOS, CFLL, GNAQ:

CAMIKZA;, CXCL12; MAPKS: MAPK3; KRAS; MAPK13;

RHOA; CCR3; SRO; PPPICC; MAPK 14; NOX]; RAFL,

MAPIKZ;, MAPZKT; JUN; COLZ, PRECA

1L-2 Sipnaling

ELK1; MAPK1; PIPNI 1, AKT2; PIK3CA; SYK, FOS;

STATSE; PIK3CB; PIK3C3; MAPKY;, MAPK3; KRAS;

SOCSE STATSA; PIKIC2A; LOK; RAFT MAP2KZ;

TAKI: AKTI; PIK3R1: MAPOK 1, JUN; AKT3

Synaptic Long Term

PRKCE: IGFL; PRKCZ: PRDX6: LYN: MAPK [; GNAS:

Depression

PRECE GNAQ: PPP2RIA; IGFIR; PRKDT; MAPK3;

KRAS;, GRN; PRECD; NOS3,;, NOSZA; PPPICA;

YWHAZ;, RAFL, MAPZK2; PPP2RSC; MAPZK T, PRKCA

Lstrogen Receptor

TAF4AR; BR300, CARMI; PCAF, MAPKT, NCOR2Z;

Signaling

SMARCA4; MAPK3: NRIPL; KRAS, SRC; NRAC 1,

ADACS; PPARGCIA; RBM9:; NCOA3:; RAFI; CREBBP:

MAPZK2; NCOAZ, MAP2K L PRKDC; ESRI; ESR2

Protein Ubiguitination

TRAFS, SMURFL BIRCA; BRCAL UCHLI; NEDDY;

Pathway

CBL; UBE2L BTRC; HSPAS; USP7: USP10; FBXWT;

USPOX; STURT; USP22: BIM; BIRC2; PARKTY: USPS;

USP1; VHL HSPOOAAT; BIRC3

1L-10 Signalng

TRATG, CCRL LK 1: IKBKR, SP1: FOS: NFKR2;

MAPIK14; MAPKE, MAPK13; RELA; MAPK 14, TNF,

IKBRG; RELB;, MAP3K7; JAKT; CHUK; STAT3; NFEKB1;

JUN; ILIR L LS

VIIR/VRXR Activation

PRECE; EP300; PRKOY; RXRA; GADD4SA; HEST;

NCOR2: SPL; PRECT CDENIB; PRED; PREKCD,

RUNX2: KLF4: YY1 NCOA3; CDKN1A; NCOAZ; SPPI;

LRP3: CEBPR: FOXO!; PRKCA

TGF-beta Signaling

EP300; SMADZ; SMURFE MAPKT; SMADS; SMADI;

FOS; MAPKE; MAPKS; KRAS; MAPKS; RUNXZ;

SERPINEL RAFL; MAP3IKT, CREBBP; MAP2KZ,

MAPZKT; TOGFBRI, SMAD4; JUN; SMADS

Toll-ltke Receptor
Signaling

[RAK L BEIFZAKZ: MYDSS: TRAFG, PPARA; ELK 1

IKBKE; FOS; NFKB2; MAP3IK 14, MAPKRK: MAPK13;
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RELA; TLR4; MAPK 14; IKBKG; RELB; MAP3IK7; CHUK;

NFRBL TLRZ; JUN

138 MAPK Signaling

HSPBI; IRAK]; TRAF6, MAPKAPKY; ELK]; FADD: FAS;

CREBI; DDIT3; RPSGIAL; DAXYX, MAPK 13, TRAFZ,

MAPK 14: TNF, MAP3K7, TGFBR1: MY(; ATF4; ILIRI:

SRE; STATI

Neurotrophin/TRK
Signaling

NTREKZ; MAPKT; PTPNIL; PIK3CA; CREBI, FOS;

PHCICE; PIK3C3; MAPKR; MAPK3; KRAS; PIK3CZA;

RAT1: MAPIKZ, AKT1; PIK3R1, PDPKI; MAP2K I,

CDCAZ: JUN; ATH4

FXR/RXR Activation

INS; PPARA; FASN; RXRA; AKTZ; SDCT;, MAPKE;

APOB; MAPKTO, PPARG; MTTE, MAPKY, PPARGCIA;

TNF, CREBBP; AKT1; SREBF1; FGPR4; AKT3; FOXO1

Synaptic Long Term

PRECE:; RAPIA; ERP300; PRKCZ; MAPK 1, CREBI;

Potentistion

PREKCE GNAQ: CAMEZA; PRKDL; MAPK3: KRAS;

PRICD; PPPICC; RAFI; CREBRP, MAPJK2: MAP2K 1,

ATE4: PRKCA

Calcium Signaling

RAPLA: EP300: HDACA, MAPK 1 HDACS: CREBI;

CAMIZA, MYH, MAPKS: HDAC2: HDACTA: HDACT1:

HDACS; HDACS, CREBBP;, CALR; CAMKKZ; ATH4,

HDACS

EGF Signaling

ELKL; MAPKL; EGER; PIK3CA; FOS; PIK3ICE; PIK3(3;

MAPKS, MAPKS; PIK3C2A; RAFL: JAKL: PIKSR1;

STAT3, MAPZK; JUN; PRKCA; SRFE; STATI

Hypoxia Signaling in the

EDN1; PTEN, EP00; NQO 1 UBE2L; CREBI; ARNT,

Cardiovascular System

HIFTA; SLOZA4: NOS3: TPS3: LDHA; AKT1: ATM:

VEGEA; JUN; ATF4; VHL, HSP9OAAL

1 PS/AL-1 Mediated
Inhibition

IRAKL MYDEE; TRAFG; PPARA; RXRA; ABUAL

of RXR Function

MAPKSE: ALDHIAL GSTPL, MAPKYS;, ABCBI; TRAF2;

TLR4: TNF: MAPIK7; NR1H2; SREBF1; JUN; ILIR!

LXR/RXR Activation

FASN: RXRA: NCOR2: ABCA1: NFKB2: IRF3: RELA.

NOS2A: TLR4, TNF, RELB, LDIR: NR1H2: NFKBI;

SREBFL ILIRT, CCL2; 16, MMPY

Amyloid Processing

PRKCE; CSNKIE; MAPKY; CAPNST; AKTZ, CAPNZ;

CAPNIT, MAPKS; MAPK13; MAPT; MAPK 14, AKTI;

PSENT, CSNKIAL GSK3B; AKT3; APP

1L-4 Sipnaling

AKT2; PIK3CA: PIKACR; PIK3C3; IRS1; KRAS: SOCST;

PTPNG, NR3C; PIK3C2A; JAK L, AKTEH JAKZ; PIKAR;

FRAPI, AKT3: RPS6KR!

Cell Cyele: G2/M DNA

EP300; PCAF: BRCAL GADD45A; PLKT; BTRC,

Damage Checkpoint

CHEK1: ATR; CHEKZ; YWHAZ: TPS3: CDKNIA,

Regulation

PREKDC; ATM; SFN:; CDKNZA
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Nitric Oxide Signaling in
the

KDR; FLTE; PGEF;, AKT2; PIK3CA; PIK3CR; PIK3C3;

Cardiovascular System

CAVY; PRKOD; NOS3; PIK3CIA; AKTI PIK3R],

VEGEA; AKT3; HSPSOAAL

Purine Metabolism

NME2; SMARCA4, MYHO, RRM2; ADAR; EIF2AKY

PRM?2; ENTPDI, RADS1; RRM2B: TJP2; RADSIC;

NTSE; POLD1: NMEI

cAMP-mediated
Signaling

RAPILA; MAPKL; GNAS; CREBI; CAMK2A; MAPK3;

SRC; RAFL; MAPZKZ; STAT3; MAPZK L BRAF; ATH4

Mitochondrial
Drysfunction

SOD2; MAPKE; CASPR; MAPKIO; MAPKSY; CASPY;

PARKT, PSENT; PARKZ; APP; CASP3

Notch Signaling

AEST; JAGT, NUMB; NOTCH4; ADAMI7; NOTCH2:

PSENT; NOTCHS3, NOTCHI; DBLL4

Endoplasmic Reticulum

HSPAS; MAPKS; XBPIL; TRAF2; ATF6, CASPO; ATE4,;

Stress Pathway

EIFZAKS; CASP3

Pyvrimidine Metabolism

NMEZ: AICDA; RRM?2: EIF2AK4: ENTPD1, RRM2B;

NTSE; POLDI; NME]

Parkinson’s Signaling

UCHL 1, MAPKR: MAPK 13, MAPK14; CASPY, PARKT,

PARKD; CASP3

Cardiac & Beta
Adrenergic

INAS; GNAQ; PPP2RIA; GNBZLI; PPR2CA; PPPICC,

Signaling

PPPIRSC

Glycolysis/Gluconeogene
818

HK?, GCK, GPL ALDHIAT; PKM2; LDHA HK ]

Hovhoy N\ als s
Interferon Signaling

IRT1: SOCST: JAK T JAKZ, IFITMI1: STATI: IFTT3

Sonie Hedgehog

ARRBZ, SMO; GLI2: DYRKIA: GLIT; GSK3B; DYRKIB

Signaling

Giyeerophospholipid PLD; GRN;, GPAM; YWHAF, SPHK1; SPHK?2
Metabolisim

Phospholipid PRDXE, PLDT, GRN; YWHAZ; SPHKI; SPHK2
Degradation

Tryptophan Metabolism

SIAHZ: PRMTS NEDD; ALDHIAL CYPIBI; SIAHL

Lysine Degradation

SUV3ISHIL, EBMT2: NSD L SETD7; PPPIRSC

Nucleotide Excision

ERCCS; ERCC4; XPA; XPC; ERCCH

Repair

Pathway

Starch and Sucrose UCHLL HK2: GCK; GPL HK
Netabolism

Aminosugars Metabohsm

NQOT HK2: GCK; HKL

Arachidonic Acid

PRDX6; GRMN; YWHAZ, CYPIBI

Metabolism
Circadian Rhythm CONKIE, CREBI; ATF4, NRIDI
Signaling
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Coagulation System

BDKRBL; F2R; SERPINEL; F3

Dioparaine Receptor

PPPIRIA; PPP2CA; PPPICC; PPP2RSC

Signaling

Glutathione Metabolism

IDH2; GSTP1: ANPEP: IDHI

Glyeerohpd Metabolism

ALDHIAT, GPAM: SPHK I, SPHK?

1inoleic Acid
Metabolism

PRDX6; GRMN; YWHAZ; CYPIBI

Methionine Metabolism

DNMTL: DNMT3IR: AHCY; DNMT3A

Pyruvate Metabolism

GLOT: ALDHIAL PKM2: LDHA

Arginine and Prohine

ALDHIAT NOS3: NOS2A

Netabolism

Eicosanoid Signaling

PROXG; GRN, YWHAZ

Fructose and Mannose

HKZ, GOK; HK

Metabolism

Calactose Metabolism

HRK 2, GUK; HK

Stilbene, Coumarme and

PRODX6; PRDXT, TYR

Lignin Biosynthesis

Antigen Presentation

CALR; B2M

Pathway

Biosynthesis of Steroids

NQOT; DHORT

Butanoate Metabolism

ALDHIAL NLGNI

Citrate Cycle

{DHZ; IDHI

Fatty Acid Metabolism

ALDHIAL CYPIBI

Glycerophospholipid

PRDX6;, CHKA

Metabolism

Histidine Metabolism

PRMTS; ALDHIAL

Tnositol Metabolism

EROIL; APEX]

Metabolistn of
Kenobiotics

GSTPL; CYPIBI

by Cytochrome pdSQ

Methane Metabolism

PROX6;, PRDX1

Phenylalanine
Metabolism

PRDX6G; PRDX]

Propancate Metabolism

ALDHIAL LDHA

Selenoamine Acid

PRMTS; AHCY

Metabolism

Sphingoliptd Metabolism

SPHK; SPHK2

Aminephosphonate PRMTS
Metabolism

Androgen and Estrogen  [PRMTS
Metabolism

Ascorbate and Aldarate [ALDHIAL
Metabolism

Bile Acid Biosynthesis  [ALDHIAL
Cysteine Metabolism LDHA

g9
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Fatty Acid Biosynthesis [FASN
Glutamate Receptor GNB2ZLE
Signaling
NRF2-mediated PRDXE
Oxidative
Stress Response
Pentose Phosphate GP1
Pathway
Peotose and Glacuronate [UCHL
fnterconversions
Retinol Metabolism ALDHIAL
Riboflavin Metabolism  {TYR
Tyrosine Metabolism PRMTS, TYR
Ubiquinone Biosynthesis [PRMTS
Valine, Leucine and ALDHIAL
1soleucine Degradation

Glyemne, Serine and CHEA

Threonine Metabolism

Lysine Degradation ALDHIAL

Pain/Taste TRPMS; TRPAL

Pain TRPM7, TRPCS; TRPCS; TRPCE, Corl; onr2; Grk2;

Trpal; Pome; Carp; Crf, Pka; Era; NielZb, TRPM3; Prkaca;
Pricach; Prkarla; Prkar2a

Mitochondrial Function [AIF; CytC; SMAC {(Dhablo); Aifin-1; Aifm-2
Developmental BMP-4; Chordin (Chrd); Noggin (Nogh WNT (Wnt2;
Neurology

Wb, Watlda, Watd;, WatSa;, Wat6, Wat7h;, Wnikb;
WntSa, Wntdh; Wntl0a, Wntl0b;, Wntl6), beta-catening
Dick-1; Frizzled related proteins; Otx-2; Gbx2; FGF-¥;
Reeling Dabl; une-86 (Poudf] or Brn3a);, Numb; Reln

{83234] Embodiments of the invention also relate to methods and compositions related to
knocking out genes, amplifying genes and repairing particular mutations associated with DNA
repeat instability and neurological disorders (Robert D, Wells, Tetsuo Ashizawa, (Genetic
Instabilitics and Neurological Diseases, Second Edition, Academic Press, Oct 13, 2011 -
Medical)., Specific aspects of tandern repeat sequences have been found to be responsible for
more than twenty human discases {(New insights into repeat instability: roie of RNADNA
hybrids, Melvor B, Polak U, Napierala M. RNA Biol. 2010 Sep-Oct; 7(53:551-8). The CRISPR-
Cas system may be harpessed to correct these defects of genomic instability.

{B0235] A further aspect of the mvention relates to wtilizing the CRISPR-Cas system for

correcting defects in the EMP2A and EMPZE genes that have been identified to be associated

80
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with Lafora disease. Lafora disease ts an autosomal recessive condition which is characterized by
progressive myoclonus epilepsy which may start as epileptic seizures in adolescence. A fow
cases of the discase may be caused by mutations 1n genes yet to be wdentificd. The disease causes
setzures, muscle spasms, difficulty walling, dementia, and eventually death. There is currently
no therapy that has proven effective against disease progression. Other geunctic abnormalities
associated with epilepsy may also be targeted by the CRISPR-Cas sytem and the underiying
penetics is further described in Genetics of Epilepsy and Genetic Epilepsies, edited by Giuliano
Avanzing, Jetfrey L. Nocbels, Mariani Foundation Pacdiattic Neurology:20; 2009).

{#G3236]  In yet another aspect of the invention, the CRISPR-Cas system may be used to correct
ocular defects that arise from several genetic mutations further described wn Geoetic Diseases of
the Eye, Second Edition, edited by Elias L Traboulst, Oxford University Press, 2012.

{80237]  Several further aspects of the invention relate to correcting defects associated with g
wide range of genectic discases which are further described on the website of the National
Institutes of Health under the topic  subscction Genetic  Disorders  {website  at
health.nih.gov/topic/GeneticDisorders). The gencetic brain discases may include but are not
limited to Adrenoleukodystrophy, Agenesis of the Corpus Callosum, Aicardi Syndrome, Alpers'
Disease, Alzheiroer’s Discase, Barth Syndrome, Batten Disease, CADASIL, Cercbellar
Degeneration, Fabry's Discase, Gerstmann-Straussier-Scheinker Disease, Huntington’s Discase
and other Triplet Repeat Disorders, Leigh's Disease, Lesch-Nyhan Syndrome, Menkes Disease,
Mitochondrial Myopathies and NINDS Colpocephaly. These diseases are further described on
the website of the National Institutes of Health under the subsection Genetic Brain Disorders.
{68238]  In some embodiments, the condition may be neoplasia. In some embodiments, where
the condition is neoplasia, the genes to be targeted are any of those listed in Table A (in this case
PTEN asn so forth). In some emboduments, the condition way be Age-related Macular
Degencration. In some embodiments, the condition may be a Schizophrenic Disorder. In some
embaodiments, the condition voay be a Trinucleotide Repeat Disorder. In some embodiments, the
condition may be Fragile X Syndrome. In some emabodiments, the condition may be a Secretase
Related Disorder.  In some embodiments, the condition may be a Prion - related disorder. In
some embodiments, the condition may be ALS. In some embodiments, the condition may be a

drug addiction. In some embodiments, the condition may be Autism.  In some embodiments, the

a1
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condition may be Alzheimer’s Disease.  In some embodiments, the condition way be
inflammation. In some embodiments, the condition may be Parkinson’s Dhiscase.

{B0239]  Examples of proteins associated with Parkinsorn’s disease include but are not limited
to a-synuciein, 2J-1, LRRKZ2, PINKI, Parkin, UCHLI, Syophilin-1, and NURR1.

{30248] Examples of addiction-related proteins may include ABAT for example.

{86241] Examples of inflammation-related proteins may include the monocyte
chemoattractant protein-1 (MCP1) encoded by the Car2 gene, the C-C chemokine receptor type 5
{CCRS) encoded by the CerS gene, the IgG receptor B (FCGR2b, also termed CD32) encoded
by the Fcgr2b gene, or the Fe epsilon Rig (FCERig) protein encoded by the Feerlp gene, for
example.

{86242] Examples of cardiovascular discases associated proteins may inclode [LIB
(interlenkin 1, beta), XDH (xanthine dchydrogenase), TPS3 {(wumor protein pS3), PTGIS
{prostaglandin 12 {prostacyclin} synthase), MB (myoglobin), L4 {(interleckin 4}, ANGPTI
{angiopoictin 1}, ABCGR (ATP-binding cassctte, sub-faraily G (WHITE), member &), or CTSK
{cathepsin K, for example.

{80243] Examples of Alzheimer’s discase associated proteins may include the very low
density lipoprotein receptor profein (VLDLR) encoded by the VEDLR gene, the ubiguitin-hke
modifier activating enzyme 1 (UBA1) encoded by the UBAL gene, or the NEDDR-activating
cuzyme El catalytic subunit protein (UBELC) encoded by the UBAS gene, for example.

{80244 Examples of proteins associated Autism Spectrurn Disorder may include the
benzodiazapine receptor {peripheral) associated protein 1 (BZRAP) encoded by the BZRAPL
gene, the AFA/FMR2 family member 2 protein (AFF2} encoded by the AFF2 gene (also termed
MFEFR2), the fragile X mental retardation autosomal homolog 1 protein (FXR1) encoded by the
FXRI gene, or the fragile X mental retardation autosomal homeolog 2 protein (FXR2) cocoded by
the FXR2 gene, for example.

[60245] Examples of profeins associated Macaolar Degeneration may tinchude the ATP-binding
cassette, sub-family A {ABC1) member 4 protein (ABCA4) encoded by the ABCR gene, the
apolipoprotcin E protein (APOE) encoded by the APOE gene, or the chemokine {C-C motit)
Ligand 2 protein (CCL2) encoded by the CCLZ gene, for example.

{80246]  Examples of proteins associated Schizophrenia may include NRGI, ErbB4, CPLXT,
TPHI, TPH2Z, NRXNI1, GSK3A, BDNF, DISCH, GSK3R, and combinations thereof.
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1362471  Examples of proteins involved n turoor suppression may include ATM {(ataxia
telangiectasia mutated), ATR (ataxia telangicctasia and Rad3 related), EGEFR {epidermal growth
factor receptor), ERBB2 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 2), ERBB3
{v-erb-b2 erythroblastic leukemia viral oncogene homelog 3}, ERBB4 (v-erb-b2 erythroblastic
icukemia viral oncogene homolog 4), Noteh 1, Notch2, Notch 3, or Notch 4, for example,
{80248] Examples of proteins associated with a secretase disorder may include PSENEN
{presenilin enhancer 2 homolog (C. clegans)), CTSB (cathepsin B), PSENI {presenilin 1), APP
{amyloid beta {A4) precursor protein), APHIB (anterior pharynx defective 1 homolog B (C.
clepans)), PSENZ (presenilin 2 {(Alzheimer discase 4)), or BACE!L (beta-site APP-cleaving
cuzyme 1), for exaraple.

{08249] Examples of proteins associated with Amyotrophic Lateral Sclerosis may include
SODU (supcroxide dismutase 1), ALS2 (amyotrophic lateral sclerosis 23, FUS {(fused in
sarcoma), TARDBP (TAR DNA binding protein), VAGFA (vascular endothelial growth factor
A}, VAGFB {vascular endothelial growth factor B), and VAGFC (vascular endothelial growth
factor C}, and any combination thereof,

{8025¢] Examples of proteins associated with prion discases may include SOD1 (superoxide
dismutase 1), ALS2 (amyotrophic lateral sclevosis 23, FUS (fused in sarcoma), TARDBP (TAR
DNA binding protein), VAGFA (vascular endothelial growth factor A), VAGFB (vascular
cudothelial growth factor B}, and VAGFC ({vascular endothelial growth factor ), and any
combination thereof.

{B0251]  Examples of proteins related to neurodegenerative conditions in prion disorders may
inchide AZM (Alpha-2-Macroglobuliny, AATF {Apoptosis antagonizing transcription factor),
ACPP {Acid phosphatase prostate), ACTAZ {Actin alpha 2 smooth muscle aorta), ADAMZ2
{ADAM metallopeptidase domain}, ADORAS (Adenosine A3 receptor), or ADRATD (Alpha-1D
adrenergic receptor for Alpha- 1D adrenoreceptor), for example.

[B0252] Examples of proteins associated with Immunodeficiency may inclade AZM {alpha-2-
macroglobulinl, AANAT [arylalkylamine N-acetyltransferasel, ABCA1 [ATP-binding cassette,
sub-family A (ABC1), meraber 1], ABCA2 [ATP-binding cassette, sub-family A {(ABCI,

member 21, or ABCAS3 [ATP-binding cassette, sub-family A {ABC1), member 31; for example.
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{06253] Examples of proteins associated with Trinucleotide Repeat Dhsorders include AR
{androgen receptor), FMRI (fragile X mental retardation 1), HTT (huntingting, or DMPK
{dystrophia myotonica-protein kinase), FXN (frataxin), ATXN2 {ataxin 2}, for exaraple.

{(3254] Examples of proteins associated with Neuwrotransmission [Disorders include SST
{somatostatin}, NOSI {(nitric oxide synthase | {(ncuronal}y), ADRAZA (adrencrgic, alpha-2A-,
recepior), ADRAZC {adrenergic, alpha-2C-, receptor), TACRI {tachykinin receptor 1}, or
HTRZc¢ (S-hydroxytryptanine {(serotonin} receptor 2(), for example.

[B0285] Examples of uweurodevelopmental-associated sequences include AZBPI fataxin 2-
binding protein 1}, AADAT [amincadipate aminotransferase], AANAT [arylalkylamine N-
acetyltransferase], ABAT [4-aminobutyrate aminotransferase], ABCAT [ATP-binding cassetie,
sub-family A (ABCU), member 1}, or ABCAL3 [ATP-binding cassette, sub-family A (ABCH),
member 13], for example.

{#3286] Further examples of preferred couditions treatable with the present system include
ray be sclected from: Atcardi-Goutidres Syndrome; Alexander Discase; Allan-Herndon-Dudley
Syndrorne; POLG-Related Disorders; Alpha-Mannosidosis (Type I and HI) Alstrom Syndrome;
Angelman;  Syndrome;  Ataxia-Telangicctasia;  Neuronal  Ceroid-Lipofuscinoses; Beta-
Thalassemia; Bilateral Optic Atrophy aund {(Infantile) Optic Atrophy Type 1; Retinoblastoma
{bilateral}; Canavan  Disease;  Cercbrooculofacioskeletal  Syndrome 1 [COFSI
Cercbrotendinous Xanthomatosis; Cornehia de Lange Syndrome; MAPT-Related Disorders;
(enetic Prion Diseases; Dravet Syndrome; Early-Onset Familial Alzheirser Disease; Friedreich
Ataxia [FRDAY; Fryns Syndrome; Fucosidosis; Fukuyama Congenital Muscular Dystrophy;
(Galactosialidosis; Gaucher Disease; Organic Acidernias; Hemophagocytic Lyrphohistiocytosis;
Hutchinson-Gilford Progeria Syndrome; Mucolipidosis 1L Infantile Free Sialic Acid Storage
Discase; PLA2G6-Associated  Newrodegeneration; Jervell and  Lange-Nielsen Syndrome;
Junctional  Epidermolysis  Bullosa; Huntington  Discase;  Krabbe Discase (Infantiley;
Mitochondrial BNA-Assoctated Leigh Syndrovoe and NARP; Lesch-Nyhan Syndrome; LIST-
Assoctated Lissencephaly; Lowe Syndrome; Maple Syrup Urine Disease; MECP2Z Duplication
Syndrorme; ATP7A-Related Copper Transport Disorders; LAMAZ-Related Muscular Dystrophy;
Arylsulfatase A Deficiency; Mucopolysaccharidosis Types §, I or 1, Peroxisome Biogenesis
Disorders, Zellweger Syndrome Spectrum; MNeurodegeneration with Brain Tron Accuraulation

Disorders; Acid Sphingomychinase Deficiency, Niemann-Pick Disease Type € Glycine
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Euncephalopathy;  ARX-Related Disorders; Urea Cycle  Disorders; COLTAL/2-Related
Osteogenesis Imperfecta; Mitochondrial DNA Deletion Syndromes; PLP1-Related Disorders;
Perry Syndrome; Phelan-MceDermid Syndrome; Glycogen Storage Disease Type I (Pompe
Dhsease) {(Infantie), MAPT-Related Disorders; MECPZ-Related Disorders; Rhizomelic
Chondrodysplasia Punctata Type 1; Roberts Syndrome; Sandhoft Discase; Schindler Disease -
Type 1; Adenosine BDeaminase Deficiency; Smith-Lemit-Opitz Syndrome: Spinal Muscalar
Atrophy; Infantile-Onset Spinocercbellar Ataxia; Hexosaminidase A Deficiency; Thanatophoric
Drysplasia Type 1; Collagen Type VI-Related Disorders; Usher Syndrorae Type I, Congenital
Muscular Dystrophy; Wolf-Hirschhorn Syndrome; Lysosomal Acid Lipase Deficiency; and
Xeroderma Pigmentosur.

{08257  As will be apparent, it 1s envisaged that the present system can be used to target any
polynucleotide sequence of interest. Some cxamples of conditions or diseases that might be
usefully treated using the present system are inchuded in the Tables above and examples of genes
currently associated with those conditions arc also provided there.  However, the genes

exemplified are not exhaustive.

EXAMPLES

{BG258]  The following examples are given for the purpose of illustrating various embodiments
of the invention and are not meant to limut the present invention in any fashion. The present
examples, along with the methods deseribed herein are presently represeutative of preferred
embodiments, are exemplary, and are not intended as limitations on the scope of the mmvention.
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 skilied in the art,

Example {: Improvement of the Cas¥ svstem for in vive application

[B6259]  Apphicants conducted a Metagenomuie search for a Cas® with small moolecular weight,
Most Cas9 orthologs are fairly large. Many known Cas9 orthologs are large and coutain more
than 1300 anuno acids. For exarople the SpCas9 is around 1368aa long, which 1s too large to be
casily packaged into viral vectors for delivery. A graph representing the length distribution of
Cas? homologs is shown in Figure 6 The graph is generated from sequences deposited in

GenBank., Sowe of the sequences may have been mis-annotated and therefore the exact
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frequency for cach length may not necessarily be accurate. Nevertheless it provides a glimpse at
distribution of Cas9 proteins and suggest that there are shorter Cas® homologs.

{B0266] Through computational analysis, Applicants found that in the bacterial stramn
Campylobacter, there are two Cas® proteins with less than 1000 amino acids. The sequence for
one Cas® from Campyiobacter jejuni is presented below. At this length, CiCas9 can be casily
packaged into AAV, lentiviruses, Adenoviruses, and other viral vectors for robust delivery nto
primary cells and in vivo animal models. In a preferred embodiment of the mmvention, the Cas9
protein frora S, qureus 1s used.

{#3261] Campylobacter jejuni Cas9 (CiCas9)

(6682627 MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLALPRRLARSA
RKRLARRKARLNHLKHLIANEFKINYEDYQSFDESLAKAYKGSLISPYELRFRAINELLS
KODFARVILHIAKRRGYDDIKNSDDKEKGAILKAIKQNEEKLANYQSVGEYLYKEYFQK
FRENSKEFTNVRNKKESYERCIAQGSFLKDELKLIFKKQREFGFSFSKKFEEEVLSVAFYKR
ALKDFSHLVOGNCSFFTDEKRAPKNSPLAFMEVALTRINLENNLKNTEGILYTKDDENAL
ENEVLENGTLTYKQTEKLLGLSDBYEFKGEKGTYFIEFKKYKEFIKALGEHNLSQDDLN
BEIAKDITLIKDEIKEKKALAKYDLNGNGIDSLSKELEFKDBLNISFKALKLYTPLMLEGKKY
DEACNELNLKVAINEDKEDFLPAFNETYYKDEVINPVVLRAIKEYRKVINALLKKYGK
VHEKINIELAREVGKNHSQRAKIEKEQNENYKAKKDAEL ECEKLGLKINSKNILKLRLFKE
QREFCAYSGEKIKISDLQDEKMLEIDHIYPYSRSFDDSYMNKVLVFTKQNQEKLNQTPFE
AFGNDSAKWOKIEVLAKNLPTEKOQKRILDKNYKDKEQENFKDRNLNDTRYIARLVINY
TKDYLDFLPLSDDENTKINDTOKGSKVHVEAKSGMLTSALRHTWGFSAKDRNNHLHH
AIDAVHAY ANNSIVKAFSDFKKEQGESNSAELY AKKISELDYKNKRKFFEPFSGFRQKVLD
KIDEIFVSKPERKKPSGALHEETFRKEEEFYQSYGOKEGVLKALELGKIRKVNGKIVKNG
DMFRVDIFKHKETNKFYAVPIYTMDFALKVLPNKAVARSKEKGEIKDWILMDENYEFCF
SEYKDSLHAQTKDMOEPEFVY YNAFTSSTYSLIVSKHDONKFETLSKNOQKIEFKNANEKE
VIAKSIGIONLKVFEKYIVSALGEVTKAEFRQREDFKE.

{88263}  The putative tractRNA element for this {jCas9 is:
TATAATCTCATAAGAAATTTAAAAAGGGACTAAAATAAAGAGTTTGCGGGACTCTG
COOGOTTACAATCCCCTAAAACCGUTTITAAAATT

{80264]  The Direct Repeat sequence is:
CTTTTAGTCCCTITITAAATTTCTTITATGGTAAAAT
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1362651  An example of a chimeric gutdeRNA for CyCas9 is:
NNNNNNNNNENNNNENNNNNNGUUUUAGUCCCGAAAGGGACUAAAAUAAAGAGUY
UGCGGGACUCUGCGGGGUUACAAUCCCCUAAAACCGCUUUY

Example 2: Cas?9 diversity and chimeric RNAs

{86266] The wild-type CRISPR-Cas system is aun adaptive immune mechanism against
invading exogenous DNA employed by diverse species across bacteria and archaca. The type H
CRISPR-Cas system consists of a set of genes encoding protems responsible for the
“acquisition” of foreign DNA into the CRISPR locus, as well as a set of genes encoding the
“exccution” of the DNA cleavage mechanism; these wnchude the DNA nuclease (Cas9), 4 non-
coding transactivating cr-RNA {iracrRNA}, and an array of foreign DNA-derived spacers
flanked by direct repeats (ecrRNAs). Upon maturation by Cas9, the tracRNA and crRNA duplex
guide the Cas® nuclease to a target DNA sequence specified by the spacer guide sequences, and
rediates double-stranded breaks i the DNA near a short sequence motif i the target DNA that
18 required for cleavage and specific to each CRISPR-Cas systemn. The type 1 CRISPR-Cas
systemns are found throughout the bacterial kingdom and highly diverse in Cas9 protein sequence
and size, tracyRNA and orRNA divect repeat sequence, genome organization of these elements,
and the motif requirement for target cleavage. One species may have multiple distinct CRISPR-
Cas systems.

{86267]  Apphlicants evaluated 207 putative Cas9s from bacterial species identified based on
sequence homology to known Cass and structures orthologous to known subdomains, including
the HNH endonuclease domain and the Ruv(C endonuclease domains [information from the
Fugene Koonin and Kira Makaroval. Phylogenetic analysis based on the protein sequence
conservation of this set revealed five families of CasOs, including three groups of large Cas9s
(~1400 amino acids) and two of small Cas%s (~1100 amino acids) (Figures 4 and SA-F).

{80268] In some cmbodiments, the tracr mate sequences or the direet repeats are cither
downloaded from the CRISPRs database or identified in silico by scarching for repetitive motifs
that are 1. found 1 a 2kb window of genoric sequence flanking the type I CRISPR locus, 2.
span from 20 to SO bp, and 3. interspaced by 20 to 506 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. In some erobodiments candidate tracyRNA are subsequently predicied by
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1. sequence homology to direct repeats (rootif search in Geneclous with up to 1R-bp mismatches),
2. presence of a predicted Rho-independent transcriptional terminator in direction of
transcription, and 3. stable hairpin secondary structure betweern tractRNA and direct repeat. In
some embodiments, 2 of these criteria may be used, for jnstance 1 and 2, 2 and 3, or 1 and 3. In
some crabodiments, all 3 criteria may be used. In some embodiments, chimeric synthetic guide
RMNAs {sgRMNAs) designs incorporate at least 12 bp of duplex structure between the direct repeat
and fractRNA.

{66269] The hst of the human codon optimized Cas9 ortholog sequences o pair with the
chimeric RNAs provided in Figures § A-J is provided in Figures 9 A-O. Applicants have also
shown that the Cas9 orthologs can cleave their targets in in vitro cleavage assays {Figure 163
The CRISPR loci in some of these families is depicted in Figure 11. The corresponding guide
RNA sequences are shown in Figore 12, Applicants systematically analyzed the genomic DNA
sequence within ~2kb of the Cas® proteins using custormn computational analysis code and
identified dircct repeats ranging from 35bp to S0bp, with mtervening spacers ranging from 2%bp
to 35bp. Based on the direct repeat sequence, Appheants computationally scarched for tracrRNA
candidate scquences with the following criteria: outside the ctRNA array but containing high
degree of homology to direct vepeats {as required for divect repeatitracrRNA base-paring;
custom computational analysisy, outside the coding regions of the protein components,
containing Rho-independent transcriptional terraination signals ~60bp-120bp downstream from
region of homology from with direct repeats, and co-folding with direct repeat to form a duplex,
followed by two or more hairpin structures in the distal ond of tractRNA scquence. Based on
these prediction criteria, Applicants selected an initial set of I8 Cas9 proteins and thewr uniquely
associated direct repeats and tracrRNAs distributed across all five Cas9 families. Applicants
further gencrated a set of 18 chimenic RNA structures that preserved the sequence and secondary
structures of the native direct repeatitractRNA duplex while shortening the region of base-

pairing and {usiog the two RNA eclements through an artificial loop (Figures 8A-J).
Example 3: Cas9 orthologs

{8627¢]  Apphlicants have generated codon optiraized Cas9 orthologs to advance expression i

cukaryotic cells,
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1362711  Example of a human codon optimized sequence (i.e. being optunized for expression
in humans) sequence  SaCas® : is provided below
ACCGGTGCCACCATOGTACCCATACGATOTTCCAGATTACGCTTCGCUGAAGAAAAAGCGUAA
GOGTCGAAGUGTCCATOGAAAAGGAACTACATTCTGGOGUTGGACATCGOGATTACAAGUGTG
GGOTATGGGATTATTGACTATGAAACAAGGUGACGTCGATCGACGCAGGUGTCAGACTOTTCA
AGGAGGUCAACGTGOAAAACAATOGAGGGACGGAGAAGCAAGAGLOGAGCCAGGCGCCTGA
AACGACGGAGAAGGCACAGAATCCAGAGGGTGAAGAAACTGUTGTTCCGATTACAACCTGCT
CACCCGACCATTCTGAGUTCGAGTGGAATTAATCCTTATGAAGCCAGUGTGAAAGGCCTGAGTC
AGAAGCTGTCAGAGGAAGAGTTTTCCGCAGCTCTGCTGCACCTGGCTAAGCGCCGAGGAGT
GCATAACGTCAATOAGOTGOGAAGAGGACACCGOCAACGAGUTGTCTACAAAGGAACAGATC
TCACGCAATAGUAAAGCTUTGCGAAGAGAAGTATGTCGCAGAGCTGCAGCTGGAALCGGUTGA
AGAAAGATGCCCGAGGTGAGAGGOTCAATTAATAGGTTCAAGACAAGCGACTACGTCAAAGA
AGCCAAGCAGCTGCTCGAAAGTGCAGAAGGCTTACCACCAGUTGUGATCAGAGCTTCATCGAT
ACTTATATCCACCTGUTGOAGACTCOGGAGAACCTACTATGAGGGACCAGGAGAAGGGAGCC
CCTTCGOATGGAAAGACATCAAGCGAATGGTACGAGATGUTGATGGCGACATTGCACCTATTTT
CCAGAAGAGUTCGAGAAGUGTCAAGTACGCTTATAACGCAGATCTGTACAACGCCCTGAATG
ACCTGAACAACCTGUGTCATCACCAGGGATCGAAAACGAGAAACTGGAATACTATGAGAAGTT
CCAGATCATCCGAAAACGTCGTTTAAGCAGAAGAAAAAGCCTACACTGAAACAGATTGOTAAG
GAGATCCTOOTCAACGAAGAGCGACATCAAGGGCTACCGOUTOACAAGCACTGOAAAACCAG
AGTTCACCAATCTGAAAGTOTATCACCGATATTAAGCGACATCACAGUACGGAAAGAAATCAT
TGAGAACGUCGAACTGCTGOATCAGATTGCTAAGATCCTGACTATCTACCAGAGCTCCGAGS
ACATCCAGGAAGAGUTGACTAACCTGAACAGCGAGCTGACCCAGGAAGAGATCGAACAGAT
TAGTAATCTGAAGGGGTACACCGUGAACACACAACCTOTCOCTGAAAGUTATCAATCTGATTC
TGGATGAGCTOTGGCATACAAACGACAATCAGATTGCAATCTTTAACCGGCTGAAGCTGOTC
CCAAAAAAGGTGUOGACCTCAGTCAGCAGAAAGAGATCCCAACCACACTGOTCGGACGATTTICA
TTCTGTCACCCGTGGTCAAGCGOGAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATC
AAGAAGTACGGCOTGCCCAATOGATATCATTATCOAGUTGGUTAGGGAGAAGAACAGCAAGG
ACGCACAGAAGATGATCAATCGAGATGCAGAAACGAAACCGGCAGACCAATGAACGCATTG
AAGAGATTATCCGAACTACCGOGUGAAAGAGAACGCAAAGTACCTGATTGAAAAAATCAAGCT
GCACGATATGCAGGAGGGAAAGTOTCTGTATTICTCTGGAGGCCATCCCCCTGGAGGACCTGO
TOCAACAATCCATTCAACTACGAGGTCGATCATATTATCCCCAGAAGCGTOTCCTTCGACAAT
TCCTTTAACAACAAGGTGCTGGTCAAGCAGGAAGAGAACTCTAAAAAGGGCAATAGGACTC
CTTTCCAGTACCTGTCTAGTTCAGATTCCAAGATCTCTTACGAAACCTTTAAAAAGCACATTC
TGAATCTGGCCAAAGGAAAGGUGCCGCATCAGCAAGACCAAAAAGGAGTACCTGOTGGAAG
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AGCGGGACATCAACAGATTCTCCGTCCAGAAGGATTTTATTAACCGGAATCTGUGTGGACACA
AGATACGCTACTCGCGGCCTGATGAATCTGCTGCGATCCTATTTCCGGUGTGAACAATCTGGA
TGTGAAAGTCAAGTCCATCAACGGCGGOGTTCACATUTTTTCTGAGGUCGCAAATGGAAGTTTA
AAAAGGAGCGCAACAAAGGGTACAAGCACCATGUCGAAGATOCTCTGATTATCGCAAATGC
COACTTCATCTTTAAGGAGTGGAAAAAGUTGGACAAAGUCAAGAAAGTGATGGAGAACCAG
ATGTTCGAAGAGAAGCAGGCCGAATCTATGCCCGAAATCGAGACAGAACAGGAGTACAAGG
AGATTTTCATCACTCCTCACCAGATCAAGCATATCAAGCGATTTCAAGOGACTACAAGTACTCY
CACCOOOTOOATAAAAAGCCCAACAGAGAGCTOGATCAATGACACCCTOTATAGTACAAGAA
AAGACGATAAGGOUAATACCOTCGATTGTGAACAATCTCGAACGGACTGTACGACAAAGATAA
TGACAAGCTGAAAAAGCTOATCAACAAAAGTCCCGAGAAGUTGOTGATGTACCACCATGAT
CCTCAGACATATCAGAAACTGAAGCTGATTATGGAGCAGTACGGCGACGAGAAGAACCCALC
TGTATAAGTACTATOAAGAGACTGOUAACTACCTGACCAAGTATAGCAAAAAGCGATAATGG
CCCCOTGATCAAGAAGATCAAGTACTATGGGAACAAGCTGAATGCCCATUTGGACATCACA
GACGATTACCCTAACAGTCGUCAACAAGGTOUTCAAGUTGTCAUTCGAAGCCATACAGATTCG
ATGTCTATCTGGACAACGGCGTGTATAAATTTGTCGACTGTCAAGAATCTGOATGTCATCAAA
AAGOAGAACTACTATGAAGTOAATAGUAAGTOGUTACGAAGAGOUTAAAAAGUTGAAAAAG
ATTAGCAACCAGGCAGAGTTCATCGCCTCCTTTTACAACAACGACCTGATTAAGATCAATGG
COGAACTOGTATAGGOGTCATCGGOGOTGAACAATGATCTGCTGAACCGCATTGAAGTGAATATG
ATTGACATCACTTACCGAGAGTATCTGGAAAACATGAATOGATAAGCGCCCCCOCTCGAATTATY
CAAAACAATTGCCTCTAAGACTCAGAGTATCAAAAAGTACTCAACCCACATTCTGGGAAAL
CTGTATGAGOTGAAGAGCAAAAAGCACCCTCAGATTATCAAAAAGGGUTAAGAATTC
166272] Apphcants analyzed Cas9 orthologs to identify the relevant PAM sequences and the
corresponding chimeric guide RNA as indicated in Figure 13A-I1. This expanded set of PAMs
provides broader targeting across the genome and also significantly increases the nurnber of
unique target sites and provides potential for dentifying novel Cas9s with increased levels of
specificity in the genorne. Applicants deterrained the PAM for Staphylococcus aurcus subspecics
Aurcus Cas9 to be NNGRR {Figure 14). Staphylococcus aureus subspecies Aurcus Cas9 1s also
known as SaCas9. Figure 15 a-d provides SaCas9 single or multipie vector designs.

{86273]  Figure 7 show sequence logos for putative PAMs as indicated by reverse

complements.

104



WO 2014/093635 PCT/US2013/074691

{80274]  Further work cxamining the thermodynamics and in vivo stability of sgRNA-DNA
duplexes will iikely yield additional predictive power for off-target activity, while exploration of
SpCas¥ mutants and orthologs may yicld novel varants with improved specificity. The
specificity of Cas9 orthologs can be further evaluated by testing the ability of each Cas9 to

tolerate mismatches between the guide RNA and its DNA target.

Example 4: Cas?9 mutations

1802751 In this example, Applicants show that the following mutations can convert SpCas9
into a nicking enzyme: DI0A, E762A, HR40A, NBS4A, NRO3A, DORGA.

{80276]  Apphcants provide sequences showing where the mutation poinds are located within
the SpCas9 gene (Figure 10A-M). Applicants also show that the nickases are still able to mediate
homologous recombination. Furthermore, SpCas® with these routations {individually) reduce the
fevel of double strand break. Cas® orthologs all share the general organization of 3-4 RuvC
domains and a HNH domain (Figure 19). The 5 most Ruv(C domain cleaves the non-
complernentary strand, and the HNH domain cleaves the complementary strand. All notations are
in reference to the guide sequence.

{B0277] The catalytic residue in the 5 RuvC domain is identified through homology
comparison of the Cas9 of interest with other Cas9 orthologs {from S. pyogenes type H CRISPR
ipcus, S, therrmophilus CRISPR locus 1, S, thermophilus CRISPR locus 3, and Francisciila
novicida type I CRISPR locus), and the conserved Asp residue is nutated to alanine to convert
(Cas% into a complementary-sirand nicking enzyme. Similarly, the conserved His and Asn
residues jo the HNH domains are routated to Alanine to convert Cas® nio a non~-complementary-

strand nicking enzyme.

Example 5: Cas? functional optimization

{B6278] For enhanced function or to develop new functions, Applicants gencrate chimeric
Cas? proteins by combining fragments from differcut Cas9 orthologs.

{B0279]  For instance, Applicants fused the N-term of St1Cas9 {fragment from this protein is

in bold) with C-term of SpCas? (fragraent from this protein s underdined).
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100280]  >StIN)SH(C)Casd

MSDELVLGLDBIGIGSVGVGILNKYTGEHHRKNSRIFPAAQAENNLVRRTNROQGR
REARRKKHRRVRLNRLFEESGUITDFTKISININPYQLRVEKGLTDELSNEELF
JALKNMVYKHRGISYLDDASDDGNSSVGBYAQIVKENSKQLETKTPGQIQLER
YOTYGQLRGDFTVEKDGKKHRLINVEPTSAYRSEALRILQTQQEFNPQITDE
FINRYLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKOTFYP
DEFRAAKASYTAQEFNLLNDINNLTVPTETKKLSKEQKNQIINYVEKNEKAM
GPAKLFKYIAKLLSCDVADIKGYRIDEKSGKARIHTFEAYRKMKTLETLDIEQ
MDRETLDKLAYVLTLNTEREGIQEALEHEFADGSFSQKQVDELVOFRKANS
SIFGKGWHNFSVEKLMMELIPELYETSEEQMTILTRLGEKOQKTTSSSNKTRYID
ERKLLTEEIVNPVVAKSVROAIKIVNAAIKEYGDFDNIVIEMARENQTTOKGOK
NSRERMERIEEGIKELGSOILKEHPVENTOLONEKIYLYYLONGROMYVDQELDI
NRLSEYDVDHIVPOSFLKDDSIDNEVLITRSDEKNROKSDNVPSEEVVKEKMENYW
ROLLNAKLITORKEDNLTKAERGGLSELDEKAGHFIKROLVETROITKHVAQILDSR
MNTKYDENDKLIREVEVITLKSKILVSDFREDFOFYKVREINNYHHAHDAYINAY
VOTALIKKYPKLESEFVYGRYKVYDVREMIAKSEQEIGKATAKYFEYSNIMNEFE
KIETLANGEIRKRPLIEINGETGEIVWDKGRDFATVREVESMPOVNIVEKTEVQ
FTOOGESKESHLPKRNSDRLIARKKDWDPKKYGOFDSPTVAYSVEVVAKVEKGKSK
LRSS VKELLOGITIMERSSFEENPIDFLEAKGY REVEKBLIKLERKYSLFELENGRER
MLASAGELOKONELALPSKYVNELYLASHY EKEKGSPERNEQKQLFVEQHKHY
LDEUECISEFSKRVILADANLDEKVESAYNKHRDEPIREQGAENHHLETUINLGAPA
AFKYFDTTIDREKRY TSTEEVLRDATLIHOSITGLY ETRIDLSQLGGD

>Sp{NISHH{O ast

MDEKEYSIGLBIGTNSVGWAVITDEYKVPSKKFK VI GNTDRHSIKENLIGALLFDS
GETAEATREKRKTARRRY TRRENRICYLQEIFSNEMAKYVDRSFFERLEESFLVEED
KKHERHPIFGMNIVDEVAYHERKYPTIYHLRKKLVRSTRDKADLRUIYLALAHMIKIR
GHELIEGDINPDNSDVREKLFIQLVOTYNOLFEENPINASGYDAKAH SARLSKSRR
LENLIAGLPOERKNGLEGNLIALSLGLTPENFKSNIDLAEDAKLOLSKDTYDRDDRLD
NLEAQIGDOYADLFLAAKNLSDAILLSDH RVNTEITKAPLSASMIKRYDEHHODL
FTLLIKALVROOLPEKYRKEIFFDOSKNGY AGYIDGOASQEEFYKFIKPIE EKMBGTE
ELLVEINREDLLREORTFDNGSIPHOIHLGELHALRROEDEYPPFLKDBNREKIEKIL
TERIPYYVOPLARGNSREFAWMTRKSEETITPWNFEEVVDRKGASAQSFIERMTINER
KNLPNERVLPKHASLLYEYFIVYNELTKVEKYVTIEGMRKPAFLSGEOKKAIVDELLE
KINRKVTIVEOLKEDYFKEKIECEDSVEISGVEDRFNASLGTYHRLLKIKDKDELD
NEENEDILEDIVITETLFEDREMIEERTKTY AHEFRDKVMEQLERRRYTOWGRE
SRKLINGIRDKOSGKTILDELEKSDGEANRNEMOLIHDDSLTIKERIORKAQVEGRG
BSLHEHIANLAGSPAIKKGILOTVEVVDRELVKYMGRHKPENIVIEMARETNEDD
ERRKAIQKIQRANKDEKDAAMLKAANQYNGKAELPHSVFHGHKQLATKIRL
WHOQGERCLYTGKTISIHDLINNSNQFEVDHILPLSITFDDSLANKVLVYATA
NQEKGORTPYQALDSMDDAWSFRELKAFVRESKTESNKKKEYLLTEEDISK
FOVRKKFIERNLVDTRYASRVVLNALQEHFRAHKIDTKYSYVRGOFTSQLR
RHWGIEKTRDTYHHHAVDALUAASSQLNLWKEKQENTLVYSYSEDQLLDIETY
GELISDDEYKESVFKAPYQHFVDTLRSKEFEDSILFSYOQVDSKINRKISDATYY
ATROAKVOGKDKADETYVLGKIKDIYTODGY DAFMEKIYKKDKSKFLMYRHD
POTFEKVIEPILENYPNRQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGP
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EIKSLEYYDSKLGMNHIDITPKDSNNKVVLOSVSPWRADVYFNKTTGKYEILG
FRYABLOFEKGTGTYKISQEKYNDIKKKEGVDSDSEFKFTLYKNDLLLVKD
TETKEQOQLFRFLSRTMPKORKHYVELKPYDROKFEGGEALIKVLGNVANSG
QCKKGLGKSNISIVKVRTDVLGNQHHEKNEGDKPKLDF

{B0281]  Apphicants have also geoerated Sp St3 chiroenic proteins and have shown in vitro

cleavage by SpCas®, S5t3Cas9, Sp_St3 chimera and $t3_Sp chimera (Figure 17}

{B0282]  The beoetit of making chimeric Cas9 include:

a.

b.

e

reduce toxicity

mprove expression in cukaryotic celis

enhance specifity

reduce molecular weight of protein, make protein smaller by combining the smallest
domains from different Cas® bomologs.

Altering the PAM sequence requirement

Example 6: Cas¥ delivery in vive using A4V particles or vectors
{n vivo delivery — AAV method

1802831  AAV is advantagenous over other viral vectors for a couple of reasons:

o Low toxicity (this may be due to the purification vocthod not requining ultra

centrifugation of cell particles that can activate the immune responsc}

O

Low probability of causing nsertional mutagenesis because it docs not integrate

into the host genome.

{00284]  While certain current AAV vectors may accommodate up to 4300 bases of inserted

DINA, as an upper Hmit or a packaging limit, AAV can have of 4.5 or 4.75 KB mseried DNA.

This means that DNA encoding a Cas% enzyme as well as a promoter and transcription

terminator have 1o be all fit imto the same vival vector. Constructs larger than 4.5 or 4.75 KB will

lead to significantly reduced virus production. SpCas9 is quite large, the gene itself is over 4.1kb,

which makes it difficult for packing into AAV. Therefore embdiments of the jnvention include

atilizing orthologs of Cas9 that are shorter. For example:

Species Cas? Swe
Coryncbacter diphtheria 3252
Fubacterium ventriosum 3321
Streptococcus pasteurianus 3390
Lactobacillus farciminis 3378
Sphaerochacta globus 3537
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Azospiritlum B31{ 3504
Ghuconacctobacter diazotrophicus 3156
Negisseria cinerea 3246
Roscburia mtestinalis 3420
Parvibaculum lavamentivorans 311
Staphylococcus aureus 3159
Nitratifractor salsuginis DSM 16511 33986
Campylobacter ari CF89-12 3009
Streptococcus thermophilus LMD-9 3396

{B0285]  Figure 3 provides schematic representations of AAV vectors which may be uvsed in

methods and compositions of the invention, Packaging is discussed above.

Example 7: Engineering of Microalgae using Cas¥

100286]  Mcthods of delivering Cas9

{B3287]  Method 1. Applicants deliver Cas® and guide RNA using a vector that expresses Cas®
under the control of a constitutive promoter such as Hsp70A-Rbe 52 or Beta2-tubulin

{B0288] Moethod 2: Applicants deliver Cas® and T7 polymerase using vectors that expresses
Cas® and T7 polymerase under the control of a constitutive promoter such as Hsp70A-Rbe S2 or
BetaZ-tubulin, Guide RNA will be delivered using a vector containing T7 prowoter driving the
guide RNA.

{60289] Mocthod 3: Applicants dehiver Cas9 mRNA and in vitro transcribed guide RNA to
algae cells. RNA can be in vitro transcribed. Cas9 mRNA will consist of the coding region for
Cas® as well as 3’UTR from Copl to cusure stabilization of the Cas® mRNA.

{38298]  For Homologous recombination, Applicanis provide an additional homology direcied
repair template.

{#0291]  Secquence for a cassette driving the expression of Cas9® under the control of beta-2
tubulin promoter, followed by the 3" UTR of Copl.
TCTTTCTTGCGCTATGACACTTCCAGCAAAAGGTAGGGCGGGCTGUCGAGACGGOTTC
CCGOGCGUTGCATGCAACACCGATGATGUTTCGACCCCCCOAAGUTCCTTCGGGEUTG
CATGOGCOGCTCCOATGCCGCTCCAGGUUGAGCGUTOGTTTAAATAGCCAGGCCCCCG
ATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCAAACACCTAGATCACTALC
CACTTCTACACAGGCCACTCGAGCTTGTGATCGCACTCCGCTAAGGGGOCGCCTCTT
CCTCTTCOTTTCAGTCACAACCCGCAAACATGTACCCATACGATOTTCCAGATTACG
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CTTCGCCGAAGAAAAAGCGCAAGGTCOGAAGCOTCCGACAAGAAGTACAGCATCGGC
CTGOACATCGGCACCAACTCTGTOGGHLUTGOGUCGTGATCACCGACGAGTACAAGGT
GCCCAGCAAGAAATTCAAGGTGUTGGOGCAACACCGACCGGCACAGCATCAAGAAG
AACCTOGATCOGGAGCCCTGUTOTTCCGACAGCGGUGAAACAGCCGAGGCCACCOGGOT
GAAGAGAACCGUCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTATCTG
CAAGAGATCTTCAGCAACGAGATGGUCAAGGTOGACGACAGUTTCTTCCACAGALT
GOAAGAGTCCTTCCTOGTOGGAAGAGGATAAGAAGCACGAGCOGLACCCCATCTTICG
GCAACATCOTGGACGAGOTGOUCTACCACGAGAAGTACCCCACCATCTACCACCTG
AGAAAGAAACTGOTGOACAGCACCGACAAGGCCGACUTGCGGCTGATCTATOT GG
CCTGGCCCACATOGATCAAGTTCCOGOGGCCACTTCCTCGATCCGAGGOGUGACCTGAACCC
CGACAACAGUOGACGTOGGACAAGUTOTTCATCCAGUTOGTOGCAGACCTACAACCAGC
TCTTCGAGGAAAACCCCATCAACGCCAGCGGUGTGGACGCCAAGGUCCATCCTOTCT
GCCAGACTGAGUAAGAGCAGACGOCTGOAAAATCTOATCGUCCAGCTGCCCGOGLGA
GAAGAAGAATGGCCTGTTCOGOGCAACCTGATTOGCCCTGAGCCTGOGCCTGACCCCCA
ACTTCAAGAGCAACTTCGACCTGGUCGAGGATGUCAAACTGCAGCTGAGCAAGGAC
ACCTACGACGACGACCTGOGACAACCTGUTGGUCCAGATCOGUGACCAGTACGCCGA
CCTOTTTCTOGUOCGUCAAGAACCTOTCCCGACGUCATCCTGUTGAGCGACATOCTGAG
AGTOGAACACCGAGATCACCAAGGUCCCCOCCTOAGCGUCTCTATGATCAAGAGATACG
ACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCOTGCGGCAGCAGCTGOCT
SAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGUTACGCCGOGUTACAT
TCACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGAAA
AGATGGACGGUACCGAGGAACTOCTCGTOAAGUTOAACAGAGAGOACTTOCTGUGE
AAGCAGCGGACCTTCGACAACGGUAGCATCCCCCACCAGATCCACCTGGGAGAGOT
GCACGCCATTCTGCGGCGOGCAGGAAGATTTTITACCCATTICCTGAAGGACAACCGGE
AAAAGATCGAGAAGATCCTOACCTTCCGUATCCCCTACTACGTGOGUCCTCTGGCCA
GOGGGAAACAGCAGATTCGUUTGCATCGACCAGAAAGAGCGAGGAAACCATCACCCC
CTOGAACTTCOGAGGAAGTGOTGGACAAGGOCGUTTCUGUCCAGAGCTTCATCGAGC
GOATGACCAACTTCGATAAGAACCTGUCCAACGAGAAGGTOGCTGUCCAAGCACAGC
CTGUTOTACGAGTACTTCACCOGTOTATAACGAGCTGACCAAAGTGAAATACGTGACC
GAGOGAATCGAGAAAGCCCOUCTTCCTGAGUCGGUGAGUCAGAAAAAGGUCCATCGTOG
ACCTGCTOTTCAAGACCAACCGGAAAGTOGACCOTGAAGCAGUTGAAAGAGGACTAC
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TTCAAGAAAATCGAGTOCTTCCGACTCOGTGGAAATCTCCGGUGTGOAAGATCGOTTC
AACGCCTCCCTGGGCACATACCACGATCTGUTGAAAATTATCAAGGACAAGOACTT
CCTGUGACAATGAGGAAAACGAGGACATTICTGGAAGATATCGTGCTGACCCTGACAL
TOTTTGAGGACAGAGAGATOGATCGAGGAACGGUTOAAAACCTATGCCCACCTOTTC
GACGACAAAGTOGATOGAAGCAGUTGAAGCGOUGGAGATACACCGUGCTGOGGCAGGC
TCGAGCCGGAAGUTGATCAACGGUATCCGLGGACAAGCAGTCCGGUAAGATCAATCCTG
GATTTCCTOAAGTCCGACGOGUTTCGUCAACAGAAACTTCATGUAGUCTGATCCACGALC
GACAGCCTOACCTTTAAAGAGGACATCCAGAAAGUCCAGOTOTCCGOCCAGGGUGA
TAGCCTOGCACGAGCACATTGUCCAATCOTGOCCOGUAGUCCCGCCATTAAGAAGGGCA
TCCTGCAGACAGTCGAAGGTOUTGOACGAGUTCOTGAAAGTGATGGGUCGGCACAAG
CCCOAGAACATUGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAAGGOAC
AGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAAGAGGOCATCAAAGAGCTGGE
CAGCCAGATCCTOAAAGAACACCCUCOTGGAAAACACCCAGCTGUAGAACGAGAAG
CTOGTACCTOTACTACCTGCAGAATOGOCGGGATATOTACGTGGACCAGGAACTGGA
CATCAACCGGCTOTCCGACTACGATGTGGACCATATCGTOGCCTCAGAGUTTTCTGAA
GOACGACTCCATCOACAACAAGOTGUTGACCAGAAGCGACAAGAACCGGOGGUAAG
AGCOQACAACGTOGCCUTCCGAAGAGOTCGTGAAGAAGATCGAAGAACTACTGGUGGCA
GCTGUTGAACGCCAAGUTOGATTACCCAGAGAAAGTTCGACAATCTGACCAAGGUCG
AGAGAGGCOGCCTOAGCGAACTGGATAAGGCCGGUTTCATCAAGAGACAGCTGOTE
fAAACCCOGUAGATCACAAAGCACGTOGOCACAGATCCTOGACTCCCOGATGAACAL
TAAGTACGACGAGAATOCACAAGCTGATCCGGGAAGTGAAAGTOGATCACCCTGAAGT
CCAAGUTOUTGTCCOATITCCOGAAGGATTTCCAGTTTTACAAAGTGUOUCGAGATCA
ACAACTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTGLGGAACCGUCCTG
ATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCOTOTACGGUGACTACAAGUTGTA
CGACGTOGCGGAAGATGATCGCCAAGAGUGAGCAGGAAATCGGUAAGGCTACCGCC
AAGTACTTCTTCTACAGCAACATCATOAACTTTTTCAAGACCGAGATTACCCTGGCC
AACGGUGAGATCCGOAAGUGGUCTCTOGATCGAGACAAAUGGCGAAACCGGGGAGA
TCOTCTGOGATAAGOGUCGOGGATTTTGCCACCGTGUGOGAAAGTGUTGAGCATGCCC
CAAGTOGAATATCOTCGAAAAAGACCGAGGTGUAGACAGGCGOUTTCAGCAAAGAGTC
TATCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACC
CTAAGAAGTACGOGCGOUTTCGACAGUCCCACCOTGGUUTATTIUTGTGUTGOTGOTGE
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CCAAAGTGGAAAAGGGCAAGTCCAAGAAACTOAAGAGTGTGAAAGAGUTGCTGGG
GATCACCATCATGGAAAGAAGCAGUTTCOAGAAGAATCCCATCGACTTTICTGOAAG
CCAAGGOCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGUTGCCTAAGTACTCC
CTOTTCOAGUTGOAAAACGGUCGHAAGAGAATOCTGOCCTCTGUCGOCGAATTOCA
GAAGGGAAACGAACTGOGUCCTGUCCTCCAAATATGTGAACTTCCTGTACCTGGUCA
CCACTATOAGAAGCTGAAGGGUTCCCCCOAGGATAATCGAGCAGAAACAGUTGTTT
GTGGAACAGUACAAGCACTACCTGGACGAGATCATCGAGCAGATCAGCGAGTTCTC
CAAGAGAGTGATCCTGOCCGACGCTAATCTGCACAAAGTOCTGTCOCGUUTACAACA
AGCACCOGOATAAGCCCATCAGAGAGCAGGUCGAGAATATCATCCACCTGTTTACC
CTGACCAATCTGGGAGCCCCTOGUCCGUCTTCAAGTACTTITGACACCACCATCGACCGE
AAGAGOTACACCAGUCACCAAAGAGOTGUTGGACGUCACCCTGATUCACCAGAGCAT
CACCGOCCTOGTACGAGACACGGATCCGACCTGTCTCAGCTOGHGAGGCOGACAGCCCCA
AGAAGAAGAGAAAGOTGOAGGUCAGCTAAGGATCCOGUAAGACTGGCCCCGOTTG
GCAACGCAACAGTGAGCCCCTCCCTAGTGTOTTTGGOGGATOTGACTATOTATICGTO
TOTTCGOGCCAACGGOTCAACCCGAACAGATTGATACCCGUCCTTGGCATTTCCOTGTCAG
AATGTAACGTCAGTTOGATOGGTACT
[G109] Sequence for a cassette driving the expression of T7 polymerase under the control of
beta-2 tubulin promoter, followed by the 3° UTR of Copl:
TCTTTCTTGCGCTATGACACTTICCAGCAAAAGGTAGGGCGGOGCTGUCGAGACGGCTTC
CCOGGCOGCTGUATGUAACACCOGATOATOGCTTCCGACCCCCCGAAGCTCCTTCGHGOUTG
CATGGOCGCTCCGATGUCGCTCCAGGGUGAGCOGUTGTTTAAATAGCCAGGCCCUCG
ATTGCAAAGACATTATAGUGAGUTACCAAAGUCATATTCAAACACCTAGATCACTAC
CACTTCTACACAGGCCACTCGAGUTTGTOATCOGCACTCCGUTAAGGOGHCGCCTCTT
CCTCTTCGTTTCAGTCACAACCOGCAAACatgectaagaagaagaggaaggitaacacgatiaacatcgetaag
aacgactictcigacatcgaactggotgetateecgticaacactctiggetpaccatiacggtgageatitagcicgegaacagtiggocciig
ageatgagicttacgagatgggteaageacgeticegeaagatgttigagegicaactiaaageiggigaggtigeggataacgetgeogee
aagectctcatcactaceatacicoctaagatgatigeacgeatcaacgaciggiitgaggaaglioaaageiaagegrggeaagegecega
cagecticeagttoctigeaagaaateaageeggaagecgiagegiacateaccattaagaccactotggetigectaaccagigetgacaat
acaaccgiicaggcetiglagcaagogeaatoggicggacecatigaggacgaggctegettcggtegtateegigacctigaagetaageact
tcaagasaaacgtigageaacaactcaacaagegogtagggeacgictacaagaaageatitatgeaagtiptegaggctgacatgeteict

sagggictactegetggegaggegtggtoticgiggeatasggaasgactotaticatgtaggagtacgetgeategagalgeteatigagica
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accggaatggitageitacaccgecaaaatigetggegtaglaggicaagacteigagactategascicgeacctgaatacgetgaggotat
cgcaaccegtgeapptpopctiggctggoateictcegatpticcaacctigegtagttcetectaageegiggactppeattactggtgoiog
ctattggpctaacggtegiogtecictgpegetgptgegtactcacagiaagaaggeacigatgegetacgaagacgittacatgecigaggt
giacaaagegattaacatigegeaaaacaccgeatgganaatcaacaagaaagicctageggicgecaacgiaatcaccaagiggaagea
ttgiccggetepagpacateccigegatigagegtpaagaactccogatgaaaccggaagacategacatgaatectgaggetcicacegeg
tggaaacgtgetgeegetgetgiglaccgeaaggacaaggeicgeaagictegeogtateagectigagiteatgetigageaagecaataa
gitigctaaccataaggecaictgpticectiacaacatgpactggegegetepigtitacgeigtptoaatpticaaccegeaaggiaacgat
atgaccaaaggactgeitacgetggegaaaggtasaccaategglaaggaaggtiactactggctgasaatecacggtgeaaactglgeg
goigtcpacaaggticegtteccigagepcatcaagticatigagoaasaaccacgagaacaicatggetigegctaagictceactiggagaa
cacttggtgggctgageaagaticicegiictgeticetigegtictgetitigagtacgetgggptacageaccacggectgagotataactget
cocttcegetggegttigacgpptctigetctggeatccageactictecgegatgetecgagatgagetaggiggicgcgcgattaactige
ticctagtganacogttcaggacatciacgggatigttpctaagaaagicaacgagatictacaageagacgeaatcaatggeacegataac
gaagtagtiaccgigacogatgagaacaciggigaaatcteigagaaagtcaagetgggcactaaggeactiggotggicaatggetggett
acggtgttactegeagtgtpactaagegticagicatgacgetggettacgggiccaaagagttcggettecgicaacaagtgcigpaagata
ceatteagecagctattgaticeggeaagggictgatgticactcagocgaatcaggetgetggatacaiggotaagetgatitgggaaletgt
gagegtgacggtpotagctgeggtipaagcaatpaactggettaagictgetgotaagetpctgpeigetpagptcaaagataagaagact
ggagagattcticgeaagogitgegeigtgeatigapgtaactoctgatggittccctgtotggcaggaatacaagaagectaticagacgege
tipaacctpatgitcctoggteagitecgetiacagectaccatiaacaccaacaaagatagegagatigatpcacacaaacagpagteiggt
atcgetectaactitgtacacagecaagacggiagecaccitcoglaagactigtagipiggecacacgagaagtacggaatcgaatettitgea
cigattcacgactocticggtacgaticcggctgacgetigegaacctgticaaageagigegegaaactaiggitgacacataigagictiglg
atgtactggctgattictacgaceagiicgeigaccagiigeacgagicteaatiggacaaantgocageacticeggoetasaggtaaciigaa
cetecgigacatettagagicggacticgegttegegtaalGUGATCCOGGUCAAGAUTOGUCCCGUTTOGUAACG
CAACAGTGAGCCCCTCCCTAGTGTGTTTGOGOATOTGACTATGTATTCGTGTOTTGG
CCAACGGUTCAACCCGAACAGATTGATACCCGUCTTGGCATTTCCTGTICAGAATOTA
ACGTCAGTTGATGGTACT

166292]  Secqueunce of guide RNA driven by the T7 promoter {T7 promoter, Ns represent
targeting sequence}:

gaaat TAATACGACTCACTATANNNNNNNNNNNNNNNNNNN NpttitagagctaGA AAtageaa

gitagaataaggoetagiccgitatcaacttgaaaaagiggeaccgagicggigettititt

[80293]  Gene delivery:
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166294 Chlaroydomonas reinhardti strain CC-124 and CC-125 from the Chlamydomonas
Resource Center will be used for clectroporation. Electroporation protocol follows standard
recommended protocol from the GeneArt Chlamydoronas Engincering kit {website information
at tools.invitrogen.com/content/sfe/manuals/geneart chlamy kits man.pdf).

{B0295]  Also, Applicants generate a line of Chlamydomonas reinhardtit that cxpresses Cas9
constitutively. This can be done by using pChlamyl (linearized using Pvul} and selecting for
hygromycin resistant colonies. Sequence for pChlamyl containing Cas® is below. In this way to
achieve gene knockout one simply needs to deliver RNA for the guideRNA. For homologous
recombination Applicants deliver guideRNA as well as a linearized homologous recombination
template.

{86296] pChlamyl-Cas®:
TGCOGTATTTCACACCGCATCAGGTGGCACTTTTCGOGUAAATOTGCGCGLGAACCCC
TATTTGTTTATTTITCTAAATACATTCAAATATGTATCCGUTCATGAGATTATCAAAA
AGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTITAAATCAATCTAAAGT
ATATATGAGTAAACTTOGOTCTGACAGTTACCAATGUTTAATCAGTGAGGCACCTATC
TCAGCOATCTGTCTATTTCOTTCATCCATAGTTGCCTGACTCCCCGTCGTOTAGATAA
CTACGATACGOOAGGGCTTACCATCTGGUCCCAGTOUTGCAATGATACCGCGAGAC
CCACGUTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGOCCGA
GUGCAGAAGTGGTCCTGCAACTITATCCGUCTCCATCCAGTCTATTAATTGTTGCCG
FGAAGUTAGAGTAAGTAGTTICGCCAGTTAATAGTTTOCGCAACGTTGTTGCCATTGC
TACAGOCATCGTGOGTGTCACGCTCGTCOTTTGUTATGGUTTCATTCAGCTCCGOTTCC
CAACGATCAAGOCGAGTTACATGATCCCCCATOTTOTGCAAAAAAGCGUTTAGCTCC
TTCGGTCCTCCOATCOGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTT
ATGGCAGCACTOCATAATTCTCTTACTGTCATGCCATCCGTAAGATOCTTTTICTGTGA
CTGOTGAGTACTCAACCAAGTCATTICTGAGAATAGTGTATGCGGUGACCGAGTTGCT
CTTGCCCGGUGTCAATACGGOATAATACCGUGUCACATAGCAGAACTTTAAAAGTG
CTCATCATTGOAAAACOTTCTTCOGOGCCGAAAACTCTCAAGGATCTTACCGOTGTTG
AGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTT
TCACCAGCOGTTTCTGOGTGAGCAAAAACAGOAAGGUAAAATGCCGLAAAAAAGOG
AATAAGGGCGACACGGAAATOGTTGAATACTCATACTCTTCCTTTTTCAATATTATTG
AAGCATTTATCAGOGTTATTOTCTCATCACCAAAATCCCTTAACGTGAGTITTCGTTIC
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CACTOGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTCGAGATCCTTTITIT
CTGUGCOTAATCTOGCTGUTTGCAAACAAAAAAACCACCGUTACCAGCGOTGGTTTET
TTGCCOGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTOGGUTTCAGCAGAGCG
CAGATACCAAATACTGTTCTTCTAGTOTAGCCGTAGTTAGGUCACCACTICAAGAAC
TCTOTAGCACCGOCTACATACCTCGUTCTGCTAATCCTGTTACCAGTGGUTGTTGCCA
FTGGUOATAAGTCGTGTCTTACCOGGUTTOGOGACTCAAGACGATAGTTACCGGATAAG
GCGCAGCOGGTCOGOUTGAACGGGOGOTTCGTGUACACAGCCCAGUTTGGAGUGAALC
GACCTACACCGAACTGAGATACCTACAGCGTCGAGCTATGAGAAAGCGCCACGCTTC
CCGAAGGGAGAAAGGUGGACAGOTATCCOGTAAGCGOCAGGHTCGHAACAGGAGA
GUGCACGAGGUGAGCTTCCAGGGGGAAACGCCTGOTATUTTTATAGTCUTEGTCGGOTT
TCGCCACCTCTGACTTGAGCGTCOATTTTTOTCGATGCTCOGTCAGGOGGOGGUCOGAGECT
ATGGAAAAACGCCAGCAACGCGOCCTTITTTACGOTTICCTGOCCTTTTGOTGOGCCTTIT
GUTCACATOGTTCTTTCCTGOGTTATCCCCTGATTCTGTGGATAACCOTATTACCGOCT
TTGAGTOGAGCTGATACCGCTCGUCCGCAGCCGAACGACCGAGUCGUAGCGAGTCAGTG
AGCGAGGAAGCGOTCGUTGAGGUTTGACATCATTGOGTGCOTATGTTTOTATGAAGOT
ACAGGACTGATTTGGCOGGOGCTATGAGGOGCGHGHGAAGUTCTGHAAGGGUCGUGATG
GOGCGCGUGGCOTCCAGAAGGUGCCATACGGUCCGUTGGUGGCACCCATCOGUTAT
AAAAGCCCOCGACCCCGAACGGTGACCTCCACTTTCAGCOACAAACGAGCACTTAT
ACATACGUGACTATTICTGCCGUTATACATAACCACTCAGCTAGUCTTAAGATCCCATC
AAGUTTOGCATGCCGHOGUGUOGCCAGAAGGAGUGUAGUCAAACCAGGATOATGTTTGA
TCOGGOTATTTCGAGCACTTGCAACCCTTATCCGGAAGCCCCCTOGGUCCACAAAGGCTA
GGUGCCAATGCAAGUAGTTCGCATOGUCAGCCCCTGGAGCGOTGUCCTUCTGATAAAC
COGCCAGGUGOGCCTATOTTCTTTACTTTTTTACAAGAGAAGTCACUTCAACATCTTAA
AATGGUCAGGTOAGTCGACGAGCAAGUCCGOGUCGGATCAGGCAGUGTGUTTGCAGAT
TTGACTTOCAACGCCCGCATTGTOTCGACGAAGGUTTTTGGCTCCTCTGTCGOTOGTCT
CAAGCAGUATCTAACCCTGOCGTCOGCCOGTTTCCATTTOGCAGGAGATTCGAGGTACCAT
OTACCCATACGATOTTCCAGATTACGUTTCOCCGAAGAAAAAGCOCAAGGTCGAAG
COTCCGACAAGAAGTACAGCATCGOUCTGOGACATCGUCACCAACTCTGTOGOOTGE
FCCGTGATCACCGACGAGTACAAGGTGUCCAGCAAGAAATTCAAGGTGUTOGOCAA
CACCGACCOGGUACAGCATCAAGAAGAACCTGATCGUAGCCCTOUTGTTCGACAGCG
GCGAAACAGUCGAGGUCACCCGOCTGAAGAGAACCGCCAGAAGAAGATACACCAG
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ACGGAAGAACCOGGATCTGCTATCTGCAAGAGATOTTCAGCAACGAGATOGGCCAAGS
TGOACGACAGCTTUTTCCACAGACTGOAAGAGTCUTTCCTOGTGGAAGAGGATAAG
AAGCACGAGCGUCACCCCATCTTCOGUCAACATCOTGOGACGAGGTOGUCTACCACGA
OAAGTACCCCACCATCTACCACCTGAGAAAGAAACTGUTGOACAGCACCGACAAGEH
CCCACCTGCGGCTCGATCTATCTGOGUCCCTGGCCCACATGATCAAGTTCCGGGGCCACT
TCCTGATCGAGOGUGACCTGAACCCCGACAACAGUGACGTGOACAAGUTOGTTCATC
CAGUTGOGTGUAGACCTACAACCAGUTOTTCGAGGAAAACCCCATCAACGCCAGCGG
COTGGACGCCAAGGUCATCCTOGTUCTGCCAGACTGAGUCAAGAGCAGACGGUTGGAAA
ATCTGATCGUCCCAGCTGUCCGHGCGAGAAGAAGAATOGUCTGTTCGOGCAACCTGATT
GUCCTGAGCCTGOOGUCTGACCCCCAACTTCAAGAGUAACTTCGACCTGGCCGAGGA
TGUCAAACTGCAGCTGAGUAAGGACACCTACGACGACGACUTGOACAACCTGUTOO
CCCAGATCGOUCGACCAGTACGCCCGACCTGTTTCTGOGCCOGCCAAGAACCTOTCCGACE
CCATCCTGCTGAGUGACATCCTGAGAGTOAACACCGAGATCACCAAGOCCCCCCTG
AGCGCCTCTATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAA
AGCTCTCGTOGCGOCAGCAGUTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGA
GUAAGAACGGUTACGUCGOCTACATTGACGOCGUAGUCCAGUCAGGAAGAGTTCTAC
AAGTTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGUOTCOTGAA
GCTGAACAGAGAGGACCTGUTGCGOAAGCAGCGUGACCTTCGACAACGGCAGCATCC
CCCACCAGATCCACCTGGOAGAGCTGCACGUCCATTCTGUCGGCGUGCAGGAAGATTTTT
ACCCATTICCTGAAGGACAACCGGUGAAAAGATCOGAGAAGATCCTGACCTTCOGCATO
CCCTACTACGTGOGUCCTCTGGUCAGGGGAAACAGCAGATTCGUCTGGATGACCAG
AAACGAGCOGAGGAAACCATCACCCCOCTGGAACTTCOGAGGAAGTGOTOGACAAGGEC
GCTTCCGUCCAGAGCTTCATCOAGCGGATGACCAACTTCGATAAGAACCTGCCCAAC
CGAGAAGGTGCTGUCCAAGUACAGUUTOGCTOTACGAGTACTTICACCOTOGTATAACGA
GUTOGACCAAAGTGAAATACGTOACCGAGOLGAATGAGAAAGCCCGCCTTCCTGAGOG
GCGAGCAGAAAAAGGUCATCGTOGACCTOGUTGTTCAAGACCAACCGGAAAGTGACC
OTGAAGCAGCTGAAAGAGOACTACTTCAAGAAAATCOAGTGUTTCGACTCCGTGHA
AATCTCCOGGUCGTGGAAGATCOGUTTCAACGUCTCCCTGGGCACATACCACCGATCOTGCT
AAAATTATCAAGGACAAGGACTTCCTGOACAATOAGGAAAACGAGGACATTIUTGG
AAGATATCOTOGCTGACCCTCGACACTOTTTGAGGACAGAGAGATGATCGAGGAACGE
CTGAAAACCTATGCCCACCTOTTICGACGACAAAGTGATGAAGCAGCTGAAGCGEOG

111



WO 2014/093635 PCT/US2013/074691

GAGATACACCGOUTGOGOGOUCAGOCTCGAGCCGGAAGUTGATCAACGGCATCCGGGACA
AGCAGTCCGGUAAGACAATCCTGGATTTCCTGAAGTCCGACGGUTTCGCCAACAGA
AACTTCATGCAGUTGATCCACGACGACAGCCTCGACCTTTAAAGAGGACATCCAGAA
AGUCCAGGTOTUCCGOCCAGGGUGATAGUUTOCACGAGUACATTOCCAATCTGOGCCG
GCAGCCCCGUCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTC
GTGAAAGTOATOGOCCOGGUCACAAGCCCGAGAACATCOTGATCGAAATGGUCAGAGA
GAACCAGACCACCCAGAAGGUGACAGAAGAACAGCCGUGAGAGAATGAAGCGGATC
GAAGAGGGUCATCAAAGAGCTGGUGCAGCCAGATOCTGAAAGAACACCCCOTGGAAA
ACACCCAGUTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGOGGAT
ATGTACGTGGACCAGGAACTCGOACATCAACCGGUTGTCCGACTACGATOTGGACCA
TATCOGTGCCTCAGAGUTTTCTGAAGGACGATUTCCATCGACAACAAGGTOUTGACCAG
AAGCGACAAGAACCGOGGCAAGAGCGACAACGTOGUCCTCCOAAGAGUTCGTOAAG
AAGATGAAGAACTACTGOCGOCAGUTGUTGAACGCCAAGUTOGATTACCCAGAGAAA
OGTTCGACAATCTGACCAAGGCCCGAGAGAGGUGOUCTGAGCGAACTGGATAAGGUCG
GUITCATCAAGAGACAGCTGOTGOGAAACCCGOGCAGATCACAAAGUACGTGGCACAG
ATCCTOGGACTCCCGGATGAACACTAAGTACGACGAGAATOACAAGCTGATCCGGHA
AGTGAAAGTOATCACCCTOAAGTCCAAGCTGGTOTCCGATTTCOGGAAGGATTTICCA
OTTTTACAAAGTGUGCGAGATCAACAACTACCACCACGUCCACGACGCUTACCTGA
ACGCCGTCOTGHGGAACCGCCCTOATCAAAAAGTACCCTAAGCTGUAAAGCGAGTTC
FTOTACGGCGACTACAAGOTUGTACGACGTOCGGAAGATGATCGUCAAGAGUGAGCA
GOAAATCOGGCAAGGCTACCGUCCAAGTACTTICTTCTACAGCAACATCATGAACTTTTT
CAAGACCGAGATTACCUTOGUCAACGOCGAGATCCGOGAAGCGOUUTUTGATCGAGA
CAAACGGUOAAACCGOGGOAGATCOTGTGGGATAAGGGUCGHGATTTTGCCACCETG
CGGAAAGTGUTGAGCATOGCCCCAAGTGAATATCGTGAAAAAGACCGAGUGTGCAGALC
AGGUGGUTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAGUGATAAGCTGATCG
CCAGAAAGAAGGACTOGGOGACCCTAAGAAGTACGGUGGUTTCGACAGCCCCACCUTG
GCCTATTCTGTOCTGOTGOTGGCCAAAGTGOAAAAGOGUAAGTCCAAGAAAUTOAA
GAGTGTGAAAGAGCTGUTGGGGATCACCATCATOGOAAAGAAGCAGUTTCGAGAAGA
ATCCCATCGAUTTTCTGOAAGCCAAGGGUTACAAAGAAGTOGAAAAAGGACTTGATC
ATCAAGUTGCCTAAGTACTCCCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGOT
GOUCTCTOCOGGUGAACTGCAGAAGGUGAAACGAACTOGOGUCCTGUCCTCCAAATATG
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TCAACTTCCTGTACCTGGUECAGCCACTATGAGAAGCTGAAGGGUTCCCCCGAGGAT
AATGAGCAGAAACAGUTGTTTGTGGAACAGCACAAGCACTACCUTGGACGAGATCAT
COAGCAGATCAGCGAGTTCTCCAAGAGAGTOGATCCTOGUCCGACGCTAATCTGGACA
AAGTGUTOTCCGUCTACAACAAGCACCGOGATAAGUUCCATCAGAGAGUAGGCCGAG
AATATCATCCACCTGTTTACCCTGACCAATCTGOGAGCCCCTGCCGUCTTCAAGTAC
TTTOACACCACCATCGACCGOAAGAGGTACACCAGUCACCAAAGAGGTGUTGGACGC
CACCCTGATCCACCAGAGCATCACCOGGUCTGTACGAGACACGGATCGACCTOGTCTCA
GCTGOGGAGGCUGACAGUUCCAAGAAGAAGAGAAAGGTGGAGGUCAGCUTAA
CATATGATTCGAATOTCTTTCTTGCGUTATGACACTTCCAGUAAAAGOGTAGGGUGGE
CTGCOAGACGGUTTCCCGOGUGCTGUCATGUAACACCGATGATGUTTCCGACCCCUCGAA
LTCCTTOGGOOGUTOCATGGGUGCTCCGATGUCGUTCCAGGGUGAGUGCTOGTTITAAA
TAGCCAGGCCCCCOATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCAAA
CACCTAGATCACTACCACTTCTACACAGGUCACTCGAGCTTGTGATCGUACTCCGOT
AAGGOGOCOCCTCTTCCTCTTCOTTITCAGTCACAACCCGCAAACATGACACAAGAAT
CCCTGTTACTTCTCCGACCGTATTGATTCGGATGATTCCTACGCGAGUCTGUGGAALG
ACCAGGAATTCTGOGAGHTGAGTCGACGAGCAAGCCCOGGUGGATCAGGCAGCGTGL
TTGCAGATTTGACTTOCAACGCCCOGCATTGCTOTCGACGAAGGUTTTTGGUTCCTOTGT
COGCTGTCTCAAGCAGCATCTAACCCTGCGTCOGCCOTTTCCATTTGCAGCCOGCTGHOC
COCCGAGCCCTOGOGAGGAGCTCGOGGUTOCCGGTGCCGUCGHTGCTOGCGGETOCCCGEH
CGAGAGCACCAACCCCOGTACTGOGTCGGUGAGCCCOGGUOCGOTOGATCAAGUTGTTCG
GCOAGCACTGOGTGCOOGTCCGGAGAGCCTCGCOGTCGUAGTCGGAGGUGTACGCGGTC
CTOGUGGACGCCCCOGTOGCCOGHTGUCCCGUCTCCTCGGLCGCGLUGAGCTGUGGEC
COGULACCGGAGCCTGOGCCGTOGUCCTACCTOGGTOATGAGCCGUATOACCGGCACCA
CCTGOCGOTCOGCGATOGOACGGCACGACCGACCGUAACGCGOTGUTCGCCOTGROC
CGCGAACTOOGGUCGHGTGUTCGOLCCGHUTGCACAGGGTGCCGUTGACCGLGAACALC
COTGUTCACCCCCCATTICCGAGUGTUTTCCCGGAACTGUTGUCGGGAACGCOGLGOGE]T
OQACCGTCGAGGACCACCGUGGHGTOGOHGOGCTACCTCTCGUUCCOGHCTGUTGGACCHGOC
TOGGAGGACTOGGCTOCCGUACGTGGACACGCTGCTOGCCGOCCGCGAACCCCGHTTIC
FTCCACGGUOACCTGUACGOGACCAACATCTTCGTOOACCTGOCCGCGACCGAGGT
CACCGOGATCOGTCCACTTCACCGACGTCTATGCGGGAGACTCCCGCTACAGCCTGOT
GCAACTGCATCTCAACGOCTTCCGOOGOGUGACCGUGAGATOCTGGUCGUGUTGUTCGA
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COGGGUOGCAGTOGGAAGCGGACTGAGGACTTCGCCCGCOAACTOGUTCGUCTTCACOT
TCCTGCACGACTTCGAGGTGTTCOAGGAGACCCCGUTOGATCTCTCCGOCTTCACCG
ATCCGOAGGAACTGGCOGCAGTTICCTCTGOGOGCCGUCGGACACCGCCCCCGGCGCC
TCATAAGOATCCGOCAAGACTGOCCCCGUTTGOUAACGCAACAGTGAGCCCCTCCC
TAGTGTGTTTGGGGATGTGACTATGTATICGTOTGTTGGCCAACGGGTCAACCUGAA
CAGATTGATACCCGCCTTOGGCATTTCCTGTCAGAATOTAACGTCAGTTGATGOTACT
180297]  For all modified Chlamydomonas reinhardtii cells, Applicants use PCR, SURVEYOR

nuclease assay, and DNA sequencing to verity successful modification.

Example 8: SaCas¥ and PAM recognition for in vive applications

{08298] The project started as Applicants wanted to further explore the diversity of the type U
CRISPR/Cas systern following the identification of Strepiococcus pvogenes {Spy  and
Streptococcus thermophiles (8t) CRISPR/Cas system as a functional genome engineering tool in
roammalian cells.

{#629%] By dehning new functioval type I CRISPR/Cas systerns for application
mamimalian cells, Apphicants will potentially be able to find:

166388] (1) CRISPR/Cas systern with higher efficiency and/or specificity

{GG381]  (2) CRISPR/Cas system with different Protospacer Adjacent Motif (PAM) that allows
the targeting of broader range of genomic loct

186382]  (3) CRISPR/Cas system with smaller size so Applicants could deliver them in vivo in
a single vector with marmalian viral delivery system such as adeno-associated virus {(AAV)
vectors that has a packaging size limit (the current Sp or 8t system exceed this limit of 4.7kb}
{¢8303]  and other desirable traits,

{30304] Identification and Design of 5a CRISPR/Cas System for in vive application.
Applicants tested a new type I CRISPR/Cas system in Staphiviococcus aurews {Sa} that works in
vitro in dsDNA cleavage assay and identified a putative PAM of NNGRRT. The compounents of
this systen are a Cas9 protein from Sa, a guide CRISPR RNA with direct repeats (2R} from Sa
that will form g functional guide RNA complex with tractRNA from Sa. This three-corponernt
system is simlar to all other type H CRISPR/Cas systems. Hence, Applicants designed a two-
component system, where Applicants fused the Sa tractRNA to the Sa guide CRISPR RNA via g

short stem-~loop to form a chimeric guide RNA, exactly as Applicants did with the Streprococcus
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progenes {Spy CRISPR/Cas system. This chimeric guide RNA was able to support cleavage of
dsEINA in vitre. Therefore, Applicants decided to clone the full two-component systemi: cas9 and
the chimeric guide RNA, mto an AAV vector to test its functionality in Hving organisms.

{B3385]  Applicants chose the AAV system because it is a non-infegrating, ssDNA-based, non-
immunogenic manmalian virus that has broad-spectrurn of tropism in different tissues/organs
depending on the serotype that has been shown to be safe for in vivo application and also support
long-tern oxpression of transgene i living organisms.

160386]  Design of the frutial AAV vector has (1) CMV prowoter driving SaCas9 protein with
a single NLS and a HA epitope tag. (2} human U6 promoter driving the chimeric RNA. These
are placed m between two Tuverted Terminal Repeats (TTRs) frorn the most-well studied AAV
serotype 2 that serve as the viral packaging signal.

{80387] The PAM sequence test on cndogenous mammalian genome 1s as follows: SaCas9
target spacers were selected across multiple genes to cover different potential PAM sequences.
Different spacers were cloned mto Us-sgRNA (single-guide RNA)Y expression dsDNA cassctic
Ub-sgRNA expression dsDNA cassette were co-transfected into mammalian cells Hnes (293FT
for human targets, N2a and Hepa for mouse targets). 72 hours following transfection, all
genomic DNA were extracted and subjected to surveyor nuclease assay. Run through TBE Page
(el to detect genomic cleavage. Quantify genomic DNA cleavage efficiency and plot,

Summary of Genome Cleavage Efficiency and other Statistics on Al Tested Targets
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{B0389%]  Summary of Genome Cleavage Efficiency and other Statistics on Al Tested Targets
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{80318]  Results from the PAM test are shown in Figs. 22-27. A comprehensive test of over
100 targets identified that the PAM for SaCCas9 could be described as NNGRR (but not the
NNGRRT as indicated carhier).

{30311] PAM Test Summary: (1) NNGRR for gencral SaCas® PAM - helpful for design new

targets, (2} Testing double-nickase with new targets, (3) NNGRG may be a more potent PAM.
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What is clabmed is:

1. {A)Y A non-naturally occurring or engincered composition comprising a vector systom
COMPrising one or more vectors comprising

I a first regulatory clement 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 tract mate sequence, and

{c} a tracr sequence, and

H. a second regulatory clement operably Huked to an enzyme-coding sequence encoding
a CRISPR enzyme comprising at least one or more nuclear localization sequences,

wherein {a), (b) and (¢} arc arranged in a 5 to 3” orientation,

wherein compounents | 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 direets sequence-specific binding of a CRISPR complex to the target
sequence, and

wherein the CRISPR complex comprises the CRISPR enzyme comploxed with (1) the
guide sequence that is hybridized to the target sequence, and {2) the tracr mate sequence that is
hybridized to the tracr sequence,

or

(B} a non-naturally occurring or cngineered composition comprising a vector system
COMPriSing ONe OF MOre Vectors Comprising

I. a first regulatory element operably linked to

{a} a gunide sequence capable of hybridizang fo a target sequence in a cukaryotic cell, and

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

H. a second regulatory element operably linked to an cozyme-coding sequence encoding
a CRISPR enzyme, and

I a third regulatory clement operably linked to 8 tracr sequence,

wherein components | I and 1 are located on the same or different vectors of the

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

the puide sequence directs sequence-specific binding of a CRISPR complex to the target

wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that is hybridized to the target sequence, and {2 the tracr mate sequence that is
hybridized to the tracr sequence, and

wherein, in {A} or {B), the CRISPR enzyme is a CasY ortholog of a genus belonging to
the group cousisting of Corveebacter, Sutterella, Legionella, Treponema, Filifactor,
Eubacterium,  Streptococcus,  Lactobacitlus,  Mvcoplasma,  Bacteroides,  Flaviivola,
Flavobacterium, Sphaerochaeta, Azospirilium, Gluconacetobacter, Neisseria, Roseburia,
Parvibaculum, Staphyviococcus, Nitratifractor, Mycoplasma and Campylobacter.

2. A modified CRISPR cnzyme wherein the enzyme is a Cas9 ortholog of @ genus
belonging to the group counsisting of Corvaebacter, Sutterella, Legionella, Treponema,
Filifactor, Eubacterium, Streptococcus, Lactobacillus, Mycoplasma, Bacteroides, Flaviivola,
Flavobacterium, Sphaerochaeta, Azospirilium, Gluconacetobacter, Neisseria, Roseburia,
Parvibaculum, Staphylococcus, Nitratifractor, Mycoplasma and Campylobacter and wherein
differences from the corresponding wild type CRISPR enzyrae comprise:

the medified CRISPR enzyme is truncated in comparison 10 a2 wild type CRISPR enzyme,
or

the CRISPR enzyme has a length of at least 560 amino acids, at least 830-889 amino
acids, at least 900-999 amino acids, at least 10060-1099 amino acids, at least 1100-1199 amino
acids, at least 1200-1299 amino acids, at least 1300-1399 amino acids, at least 1400-1499 amino
acids, at least 1500-1599 amino acids, at least 1600-1699 amino acids or at least 2000 amino
acids, and/or

the CRISPR enzyme is a nuclease directing cleavage of both strands at the location of the
target sequence, or the CRISPR enzyme 1s a nickase directing cleavage of one strand at the
location of the target sequence, and/or

the CRISPR cnrzyme is codon-optimized or codon-optimized for expression in a
eukaryotic cell, and/or

the CRISPR enzyme comprises one or more mutations, and/or

the CRISPR enzyme comprises a chimeric CRISPR enzyrue,
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3. The composition according to claim 1, or the enzyme according to claim 2, wherein the
CRISPR enzyme has one or more mutations in any domain of the cnzyme.

4. The composition or enzyme according to any preceding claim, wheretn the CRISPR
enzyme has one or more mutations in g catalytic domain,

5. The composition or enzyme according to claim 3 or 4, wherein the one or more
mutations is in a RuvC §, RuvC I, Ruv(C T or HNH domain of the CRISPR enzyme.

6. The composition or enzyroe according to claim 4 or 5, wherein the CRISPR enzyme
comprises one or more mutations corresponding to the position numbering of SpCas® at
posttions DI0A, E762A, HEB40A, NR34A, NE63A or DIE6A.

7. The composition or enzyme according to any preceding claim , wherein the enzyme
further coraprises a functional domain.

8. The composition or enzyme according to claim 7, wherein the functional domain i3 a
transcriptional activator domain.

9. The composition or enzyroe according to claim &, wherein the transcriptional activator
domain 13 VP64,

10. The composition or enzyme according to clain 7 to 9, wherein the functional domain
is a transcriptional repressor domain.

i1, The composition or cnzyme according to claimm 10, wherecin the transcriptional
repressor domain 1s KRARB, S or SID4X.

12. A method of modifying an organism or a non-human organism by manipulation of a
target sequence in a genomic locus of interest comprising

delivering a non-naturally occurring or congincered composition comprising a vector
system operably encoding a composition of any preceding claim for expression thereof.

13. The method according to claim 12 wherein delivery is via one or more viral vectors.

14, A non-naturally occurring or enginecred compaosition coraprising a vector system
COMPrising one or more vectors comprising

L a first regulatory clernent operably linked to a first CRISPR-Cas system chimeric RNA
{chiRNA} polynucleotide sequence, wherein the first polynucieotide sequence comprises

(i} a first guide sequence capabic of hybridizing to a first target sequence at a first

genomic locus in a cell of the organsm,
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{11} a first tracr mate sequence, and

{111} a first tracr sequence, and

L a second regulatory clement operably linked to a second CRISPR-Cas systern chimeric
RNA {chiRNA) polynucleotide sequence, wherein the second polynucieotide sequence
COTaprises

{1} a second guide sequence capable of bybridizing to a secound target sequence at a
second genomic locus in the cell of the organism,

(i1} a second tracr mate sequence, and

(111} a second tracr sequence, and

Hi. a thurd regulatory element operably linked to an cnzyme-coding sequence encoding
a first CRISPR enzyme coraprising at least one or more nuclear localization sequences and
operably linked to a first functional domain,

IV. a fourth regulatory element operably linked to an enzyme-~-coding sequence encoding
a second CRISPR enzyrme comprising at least one or more nuclear localization sequences and
operably Huked to a second fanctional domam,

wherein {1}, {11} and (111} in | and 1 arc arranged in 2 57 to 37 orientation,

wherein components I, T, I and 1V are located on the same or different vectors of the
systent,

wherein  when  transcribed,  cach  tracrmate  scquences  hybridizes o its
corresponding tracr sequence and the first and second guide sequences direct sequence-specific
binding of the first and second CRISPR complex to the first and second target sequence,

wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1} the
guide sequence that is hybridized to the target sequence, and (2) the fracr mate sequence that is
hybridized to the tracr sequence and wheretn expression of the CRISPR enzyme provides
manipulation of the target sequence,

wherein the fivst and second CRISPR enzyrue each comprise two or more routations, and

wherein the first and second CRISPR enzyme 19 a CasY ortholog of a genus belonging to
the group consisting of Corynebacter, Sutierella, Legionella, Treponema, Filifactor,
Eubacterium,  Streptococcus,  Lactebacilius,  Mycoplasma,  Bacteroides,  Flaviivola,
Flavobacterium, Sphaerochaeta, Azospivillum, Gluconacetobacter, Neisseria, Roseburia,

Parvibaculum, Staphyiococcus, Nitratifracror, Mycoplasma and Campylobacter.
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15, A method of modulating the expression of two or more genomie loct of interest in an
OTganism comprising

delivering a non-naturally occurring or engincered coraposition cornprising a vector
Systers comprising one or more vectors comprising

L a first regulatory clernent operably linked to a first CRISPR-Cas system chimeric RNA
{chiRNA} polynucleotide sequence, wherein the first polynucieotide sequence comprises

{1} a first guide sequence capabic of hybridizing to a first target sequence at a first
genomic locus in a cell of the organism,

{11} a first tracr mate sequence, and

i1, a second regulatory element operably linked to a second CRISPR-Cas system chimeric
RNA ({chiRNA} polynucicotide scquence, wherein the second polynucleotide sequence
comprises

{1} a second guide sequence capable of hybridizing to a second target sequence at a
second genoroic locus n the cell of the organism,

(i1} a second tracr mate sequence, and

(ii1) a second tracr sequence, and

IH1. a third regulatory clement operably linked to an enzyme-coding sequence encoding
a {irst CRISPR cnzyme coraprising at least one or more nuclear localization sequences and
operably Hinked to a first functional domain,

IV, a fourth regulatory cleraent operably linked to an cnzyme-coding sequence encoding
a second CRISPR enzyme comprising at least one or more nuclear localization sequences and
operably linked to a seccond functional domain,

wherein (i}, (i} and (1) in Fand 1 are arranged in 2 §7 to 37 orientation,

wherein components I, H, H and IV are located on the same or different vectors of the
systemn,

wherein when  transcribed, each  tracrmate  sequences  hybridizes to ifs
corresponding tracr sequence and the first and second guide sequences direct sequence-specific
binding of the first and second CRISPR complex to the first and second target sequence,

wherecin the CRISPR complex comprises the CRISPR enzyme complexed with {1} the

ginde sequence that s hybridized fo the target sequence, and (2) the tracr mate sequence that is
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hybridized to the tracr sequence and wherein  expression of the CRISPR enzyme  provides
manipulation of the target sequence,

wherein the first and second CRISPR enzyrae cach comprise two or more mutations,

wherein the first and second CRISPR enzyme 18 a Cas9 ortholog of a genus belonging to
the group consisting ot Corynebacter, Sutterella, Legionella, Treponema, Filifuctor,
Eubacterium,  Streptococcus,  Lactebacilius,  Mycoplasma,  Bacteroides,  Flaviivola,
Flavohacterium, Sphaerochaeta, Azospivillum, Gluconacetobacter, Neisseria, Roseburia,
Parvibaculum, Staphyiococcus, Nitratifracror, Mycoplasma and Campylobacter, and

wherein the first genomic locus is modulated by the activity of the first functional domain
and the second genornie locas is modulated by the activity of the second functional domain.

16. The compesition according to claim 14, or the method according to claim 15, wherein
the first functional domain is selected from the group counsisting of a transcriptional activator,
transcriptional  repressor, a recombinase, a {ransposase, a histone remodeler, a DNA
rcthyltransferase, a cryvptochrome and a light inducible/controilable domain or a chemically
inducible/controllable domain.

17. The composition according to claim 14 or 16, or the method according to claim 15 or
16, wherewn the second functional dowain s selected from the group consisting of a
transcriptional activator, transcriptional repressor, a recombinase, a ftransposase, a histone
rernodeler, a DNA methyliransterase, a cryptochrome and a light inducible/controliable domain
or a chemically inducible/controliable domain.

18. The composition or method according to claim 16 or 17, , wherein the fivst or second
functional domain is a transcriptional activator domain,

19, The composition or method according to claim 47, wherein the transcriptional
activator domain s VP64,

20. The compostition or method according to claim 16 or 17, wherein the first or second
functional domain is a transcriptional repressor domain.

21. The composition or method according to claim 28, wherein the transcriptional
repressor domain 18 KRAB, 51D or SID4X.

22. The composition or method according fo any of claims 14 to 21wherein the first or

second CRISPR enzyme is g Sutterella wadsworthensis Cas9.
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23. The composition or wethod according to any of claims 14 to 21wherein the first or
second CRISPR enzyme is a Filifactor alocis Cas®.

24. The coraposition or method according to any of claims 14 to 21wherein the first or
second CRISPR enzyme is a Lactobacilius jobusonii Cas9.

25. The composition or mcthod according to any of claims 14 to 21wherein the first or
second CRISPR enzyme is a Carmapylobacter fari Cas9.

26. The composition or method according to any of claims 14 to 2iwherein the first or

ccond CRISPR enzyme is a Corynebacter diptheriae Cas9.

27. The composition or method according to any of claims 14 to 2iwherein the first or
second CRISPR cozyme 18 a Parvibaculuro lavamentivorans Cas9.

28. The composition or method according to any of claims 14 to 21wherein the first or
second CRISPR enzyme is 2 Mycoplasma gallisepticum Cash.

29. The composition or method according to any of claims 14 to Z1wherein the first or
second CRISPR enzyme 18 a Staphylococcus anreus subsubspecies Aureus Cas®,

30. The composition or wethod according to any of claims 14 to 21wheren the fist or
second CRISPR enzyme is a Legionella pneumophila Parts Cas9.

31. The coraposition or method according to any of claims 14 to 2Z1wherein the first or
second CRISPR enzyme is a Treponema denticola Cas9.

32. The composition or mcthod according to any of claims 14 to 2Z1wheren the first or
second CRISPR enzyme is a Staphylococcus pseadintermedius Cas9.

33. The composition or method according to any of claims 14 to 21wherein the first or
second CRISPR enzyme is a Neisseria cinerea Cas?.

34. A method of treating or inhibiting a condition caused by a defect in a tarpet sequence
in a genomic locus of interest 1n a subject or a nop-hursan subject in need thereof comprising
modifying the subject or a non-human subject by manipulation of the target sequence and
wherewn the condition is susceptible to freatment or wminbition by manipolation of the target
sequence comprising providing treatment comprising:

delivering a non-naturally occurring or engincered composition comprising an AAY
vector system comprising one or more AAV vectors comprising operably encoding a
composition of any of claims 1 or 3 to 11 for expression thereof, wherein the target sequence is

manipulated by the composition when expressed.
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35. A method of claim 34 inchuding inducing expression.

36. The method of claim 34 or 35 wherein the organism or subject is a cukaryote or a
non-human cukaryote.
37. The method of any of claims 34 to 36 wherein the organism or subject is a plant.

38. The method of any of clairas 34 to 36 wherein the organism or subject 18 8 manumal
or a non-human mammal.

39. The method any of claims 34 to 37 wherein the organism or subject is algae.

40. The method of any of claims 34 to 39 wherein the vival vector is an AAV.

41. A composition or cnzyme according to any of claims 1-11, 14, or 16-33for use in
medicine or for use 1o therapy.

42. A composition or enzyme according to any of clams 1-11, 14, or 16-33for use in a
method according to any of clamms 12, 13, or 15-40.

43. Use of a composition or enzyme according to any of claims 1-11, 14, or 16-33in ex
vive gene or genome editing,

44. Use of a coraposition or cnzyme according to any of claims 1-11, 14, or 16-33in the
marufacture of a medicament for ex vive gene or genome cdifing or for use in a methoed
according to any of clawms 12, 13, or 15-40.

4

Lh

. A composition or enzyme according to any of claims 1-11, 14, or 16-33, wherein the
target sequence is flanked at its 37 end by 5°-NRG (where N 18 any Nucleotide), especially where
the Cas9 is {or 18 dertved from} 8. pyogenes or 8. qureis (as9.

46. A mcthod of preparing an AAV for delivery of the composition or enzyme according
to any of claims 1-11, 14, or 16-33comprising transfecting plasmid(s) containing or consisting
essentially of nucleic acid molecule(s) coding for the AAV mto AAV-infected cells, and
supplying AAV rep and/or cap obligatory for replication and packaging of the AAV.

47. The method of claim 46, wherein the AAY rep and/or cap obligatory for replication
and packaging of the AAV are supphed by transfecting the cells with helper plasmid{s) or helper
virns{es}.

48. The method of claim 47, wherein the helper virus 18 a poxvirus, adenovirus,
herpesviras or baculovirus.

49. The method of claim 48, wherein the poxvirus is a vaccinia viras.

50. The mwethod of any of claums 46 to 49, wherein:
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- the cells are mammahan cells: or
- the cells are insect cells and the helper virus is baculovirus.

51. A method of delivering the CRISPR enzyroe of any of claims 2-11 comprising
delivering to a cell mRNA encoding the CRISPR enzyme,

52. A chlumerie Cas enzyme wherein the cnzyme comprises one or more fragments from a
first Cas ortholog and one or more fragments from a second Cas ortholog.

53. The enzyme according to claim 52 wherein the one or more fragments of the first or
sgcond Cas ortholog are from the C- or N-termonal of the first or second Cas ortholog.

54. The enzyme according to claim 52 or 53 wherein the first or second Cas ortholog is
selected from a genus belonging to the group cousisting of Corvnebacter, Sutterella, Legionelia,
Treponema, Filifactor, Eubacterium, Streptococcus, Lactobacillus, Mvcoplasma, Bacteroides,
Flavitvola, Flavoebacterium, Sphaerochaeta, Azospirillum, Gluconacetobacter, Neisseria,
Roseburia, Parvibaculum, Staphviococcus, Nitratifractor, Mvcoplasma and Campviobacter,

55. Use of the composition or cozyme according o any of claims 1-11, 14, 16-33, or 52-
S4in the preparation of a rocdicarment for modification of a target sequence.

56. The composition according to any of claims 1 to 11, wherein the CRISPR enzyme i
truncated in comparison o a wild type CRISPR enzyme or the CRISPR enzyme 18 comprised of
500-2000 amino acids.

57. The composition according to any of claims 1 to 11 or 56, wherein the CRISPR
enzyme 18 a nuclease directing cleavage of both strands at the location of the target sequence, or
the CRISPR enzyrae 18 g nickase directing cleavage of one strand at the location of the target
sequence.

58. The composition according to any of claims 1 to 11 or 56-57, wherein the guide
sequence comprises at least fifteen nucleotides.

59. The composition according to any of claims | to 11 or 56-38, wherein the CRISPR
enzyme s codon-optinuzed or codon-optirmzed for expression 1o a cukaryotic cell.

60. The composition according to any of claims 1 to 11 or 36-59, wherein the CRISPR
CHZYMC COTAPTISES ONe OF more mutations.

61. The composition according to any of claims T to 11 or 56-060, wherein the CRISPR
enzyme comprises a chimeric CRISPR enzyroe.

62. A non-naturally occurring or engineered composition comprising
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A) - L a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide sequence, wherein the
polynucleotide sequence comprises:

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

(b} a tracr mate sequence, and

{c} & tracr sequence, and

i, a polynucleotide sequence encoding a CRISPR enzyme comprising at least one or
more nuclear localization sequences,

wherein {a), (b} and {¢) arc arvanged in a 57 to 37 orientation,

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 CRISPR complex comprises the CRISPR enzyme complexed with (1) the
gutde sequence that is hybridized to the target sequence, and (2} the tracr mate sequence that is
hybridized to the fracr sequence and the polynucleotide sequence encoding a CRISPR enzyme 18
DNA or RNA,

or
{8y L polynucleotides comprising:

{a} a guide sequence capable of hybridizing to a target sequence in a prokaryotic cell, and

{b) at least one or more tracr Mate sequences,

i, a polynucieotide sequence encoding a CRISPR enzyme, and

I a polynucleotide sequence cormprising a racr sequence,

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 CRISPFR enzyme complexed with (1} the guide
sequence that 1s hybridized to the target sequence, and (2) the tracr mate sequence that is
hybridized to the tracr sequence, and the polynuclestide sequence encoding a CRISPR enzyme is
DNA or RNA, and

wherein the CRISPR enzyme is a Cas® orthelog of a genus belonging o the group
consisting of Corynebacter, Sutterella, Legionella, Treponema, Filifactor, Eubacterium,

Streprococcus,  Lactobacillus,  Myvcoplasma,  Bactevoides, Flaviivola,  Flavobacterium,



WO 2014/093635 PCT/US2013/074691

Sphaerachaeta,  Azospivillum,  Gluconacetobacter, Neisseria, Roseburia, Parvibaculum,
Staphviococcus, Nitratifractor, Mycoplasma and Campviobacter.

63. A method of modifying an organism or a non-human organism by manipulation of g
target sequence in a genomic locus of interest comprising delivering a non-naturally occurring or
cuginccred coraposition comprising
A} - I a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide sequence, wherein the
polynucleotide sequence comprises:

{a} a guide sequence capable of hybrnidizing to a target sequence n a eukaryotic cell,

{b) a tracr mate sequence, and

{c) a tracr sequence, and

i a polynucleotide sequence encoding a CRISPR enzyme comprising at least one or
more nuclear localization sequences,

wherein {(a), (b} and {¢) are arranged in a 57 to 3’ orientation,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence and
the guide sequence directs sequence-specific binding of a CRISPR complex to the target
sequence, and

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

or
{#) L polynucleotides comprising:

{a} a guide sequence capable of hybridizing to a target sequence in a prokaryotic cell, and

{b} at least one or roore fracy mate sequences,

I, a polynucicotide sequence encoding a CRISPR enzyme, and

HI. a polynucicotide sequence comprising a tracr sequence,

wherein when transcribed, the tracr mate sequence hybridizes to the fracr sequence and
the guide scquence directs sequence-spectfic binding of a CRISPR complex to the target
sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide

sequence that 1s hybridized to the target sequence, and (2) the tracr mate sequence that is
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hybridized to the tracr sequence, and the polynucleotide sequence encoding a CRISPR enzyme 1s
DNA or RNA, and

wherecin the CRISPR enzyrme 18 a Cas® ortholog of a genus belonging to the group
consisting of Corymnebacter, Sutterella, Legionella, Treponema, Filifactor, Eubacterium,
Streptococcus,  Lactobacillus,  Mycoplasma.,  Bacteroides,  Flaviivola,  Flavobacterium,
Sphaerochaeta,  Azospiriilum, Gluconacetobacter, Neisseria, Roseburia, Parvibaculum,
Staphviococcus, Nitratifractor, Mycoplasma and Campviobacter.
64. The composition according to claim 62, or method according to claim 63, wherein the
CRISPR enzyme is truncated in comparison 0 a wild type CRISPR enzyme or the CRISPR
cuzyme is comprised of 500-2000 amuno acids.

5. The compostiion or method according to claim 62-64, wherein the CRISPR enzyme
is a nuclease directing cleavage of both strands at the location of the target sequence, or the
CRISPR enzyme is a nickase directing cleavage of one strand at the location of the target
sequence.

66. The coraposition or method according to claim 62-65, wherein the guide sequence
conmprises at least fifteen nucleotides.

67. The composition ot rocthod according to claim 62-66, wheremn the CRISPR enzyme
is codon-optimized or codon-optimized for expression in a cukaryotic cell.

68. The composition or method according to claira 62-67, wherein the CRISPR enzyme
COMPriscs one of more mutations.

69, The composition or racthod according to claim 62-68, wherein the CRISPR cnzyme

comprises a chimeric CRISPR enzyme,



