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ENGINEERING AND OPTIMIZATION OF SYSTEMS, METHODS AND COMPOSITIONS
FOR SEQUENCE MANIPULATION WITH FUNCTIONAL BOMAINS

RELATED APPLICATIONS AND INCORPORATION BY REFERENCE

{801} This application claims priority to US provisional patent application 61/835,936
entitled  ENGINEERING AND  OPTIMIZATION OF SYSTEMS, METHODS AND
COMPOSITIONS FOR SEQUENCE MANIPULATION WITH FUNCTIONAL DOMAINS
FILED ON JUNE 17, 2013, This application also claims priority to US provisional patent
applications 61/758,468; 61/7069,046; 61/802,174;, 61/806,375; 61/814,263; 61/819.803 and
61/828,130 cach entitled ENGINEERING AND OPTIMIZATION OF SYSTEMS, METHODS
AND COMPOSITIONS FOR SEQUENCE MANIPULATION, filed on January 30, 2013;
February 25, 2013; March 15, 2813; March 28, 2013; Aprd 20, 2013; May 6, 2013 and May 2¥,
2013 respectively. Priority is also claimed to US provisional patent applications 61/736,527 and
61/748,427, both entitled SYSTEMS METHODS AND COMPOSITIONS FOR SEQUENCE
MANIPULATION filed on December 12, 2012 and January 2, 2013, respectively. Priority is
also claimed to US provisional patent applications 61/791,409 and 61/835,931 both entitled BI-
ZO11/008/44790.02 2003 and BI-201 1/008/44790.03 2003 filed on March 13, 2013 and June 17,
2013 respectively.

{8621 Reference is also made to US provisional patent applications 61/836,127, 61/836,101,
61/836,080, 61/836,123, and 61/835,973 cach filed June 17, 2013,

{803} The foregomng applications, and all documents cited therein or during thew
prosecution {“appin cited documents™) and all documents cited or referenced in the appln cited
documents, and all documents cited or referenced herein (“herein cited documents™), and all
documents cifed or referenced in herein cited documents, together with any wanufacturer’s
instructions, descriptions, product specifications, and product sheets for any products mentioned
herein or in any docuroent incorporated by reference heremn, are hereby incorporated herein by
reference, and may be employed in the practice of the invention. More specifically, all
referenced documents are incorporated by reference to the same extent as if each individual

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

{004} The present wnvention genervally relates to the cogmneering and optimization of
systems, methods and compositions used for the control of gene expression involving sequence
targeting, such as genowe perhrbation or gene-cditing, that relate to Clustered Regularly

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

{H05] This mmvention was made with government support under the NIH Pioncer Award
(IDPIMHI00706} awarded by the National Institutes of Health. The government has certain

rights in the mvention.
BACKGROUND OF THE INVENTION

{506} Recent advances in genome sequencing techniques and analysis methods have
significantly accelerated the ability to catalog and map genetic factors associated with a diverse
range of biological functions and discascs. Precise genome fargeting technologies are needed to
enable systematic reverse engineering of causal genetic variations by allowing selective
perturbation of individual genctic clements, as well 45 to advance synthetic biology,
biotechnological, and wedical applications. Although genome-editing technigues such as
designer zinc fingers, transcription activator-like effectors (TALES), or homing meganucleases
are available for producing targeted gevorne perturbatious, there remains a need for new genome
engincering technologics that are affordable, casy to set up, scalable, and amenabic to targeting

rouitiple positions within the cukaryotic genome.
SUMMARY OF THE INVENTION

{887} The CRISPR/Cas or the CRISPR-Cas system (both terms are used interchangeably
throughout this application) docs not require the generation of customized proteins to target
specific sequences but rather 4 single Cas enzyme can be programmed 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 fo the repertowe of
genome  sequencing  technigues and  analysis methods may significantly  simplify  the
rcthodology and accelerate the ability to catalog and map genctic factors asseciated with a

diverse range of bislogical functions and diseases. To utilize the CRISPR-Cas system effectively
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for genome editing without deleterious effects, it 1s critical to understand aspects of engineenng
and optimization of these genome cngineering tools, which are aspects of the claimed invention.
{808} There cxists g 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 exemplary CRISPR complex may comprise a CRISPR
enzyme complexed with a guide sequence hybridized to a target sequence within the target
polynmucleotide. The guide sequence is linked to a tracr mate sequence, which in turn hybridizes
{0 a fracr sequence.

{369} In one aspect, the invention relates to one or more clements of a CRISPR system
haviog improved or wodified {functionality. The CRISPR complex of the wmvention provides an
effective macans for modifying a target polynucieotide. The CRISPR complex of the fnvention
has a wide varicty of utilitics inchuding modifying {e.g., deleting, mscrting, translocating,
inactivating, activating} a target polynucleotide i a multiphicity of cell types.  As such the
CRISPR complex of the invention has a broad spectrurn of applications in, ¢.g., gene or genorne
editing, gene therapy, drug discovery, drug screening, disease diagnosis, and prognosis.  An
exemplary CRISPR complex may comprise a CRISPR enzyme complexed with a guide sequence
hybridized to a target sequence within the target polynucieotide. The guide sequence 1s linked to
a tracr mate sequence, which in turn hybridizes to a tracr sequence.

{6010} In some cmbodiments, a CRISPR/Cas system maay coraprise: {a} a {irst regulatory
clement operably linked to a tracr mate sequence and one or wore insertion sites for inserting oue
or more guide sequences upstream of the fracr mate scquence, wherein when expressed, the
guide sequence directs sequence-specific binding of a CRISPR complex to a target sequence in a
cukaryotic cell, wherein the CRISPR complex may comprise a CRISPR enzyme complexed with
{1} the guide sequence that is hybndized to the target sequence, and (2) the trace mate sequence
that 18 hybridized to the tracr sequence; and (b) a second regulatory clement operably linked to
an enzyme-coding sequence encoding said CRISPR enzyme which may cowprise a nuclear
localization sequence; wherein components (a) and {b) are located on the same or different
vectors of the systern.  In sorne ernbodiraents, component {a) further may comprise the tracr
sequence downstreamy of the fracr mate sequence under the control of the first regulatory
element.  In some embodimnents, component (a) further may comprise two or more guide

sequences operably linked to the fivst regulatory element, wherein when expressed, cach of the
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two or more guide sequences direct sequence specific binding of a CRISPR complex to a
different target sequence in a cukaryotic cell. In some embodiments, the system may comprise
the tracr sequence under the control of g third regulatory cleraent, such as a polymerase i
promoter.  In some embodiments, the tracr sequence exhibits at least 30%, 60%, 70%, 80%,
0%, 95%, or 99% of scquence complementarity along the length of the tracr mate sequence
when optimally aligned. In some embodiments, the CRISPR enzyme may comprise one or more
nuciear localization sequences of sufficient strength to drive accumulation of said CRISPR
enzyme n a detectable amouut in the nucleus of a eukaryotic cell. Without wishing to be bound
by theory, it is believed that a nuclear localization sequence is not necessary for CRISPR activity
in cukaryotes, but that including such sequences enhances activity of the systern.  In some
embodiments, the CRISPR enzyme is a type H CRISPR system enzyme. In some embodiments,
the CRISPR enzyroe is a Cas9 enzyme. In some erobodiments, the Cas® cnzyme 18 8. pyogenes
or 8. thermophifis Cas9, and may include mutated Cas9 derived from either of these organisms.
The enzyme may be a Cas9 homolog or ortholog. In some emboditents, the CRISPR enzyme is
codon-~optimized for expression in a cukaryotic cell. o soroe erabodiments, the CRISPR enzyrue
directs cleavage of one or two strands at the location of the target sequence. In some
embaodiments, the CRISPR enzyme lacks DNA strand cleavage activity. In some embodiments,
the first regulatory clement is a polymerase HI promoter. In some embodiments, the second
regulatory element s a polymerase H promoter. In some embodiments, the guide scquence 1s at
least 15, 16, 17, 1K, 19, 20, 25 nucleotides, or between 10-38, or between 15-23, or between 15-
20 nucleotides in length. In general, and throughout this specification, the term “voctor” refers to
a nucleic acid molecule capable of transporting another nucleic acid to which it has been linked.
Vectors include, but are not Hmited to, nucleic acid molecules that are single-stranded, double-
stranded, or partially double-stranded; nucleic acid molecules that coraprise one or more free
ends, no free ends {¢.g. circular), nucleic acid molecules that comprise BNA, RNA, or both; and
other varicties of polynucleotides known in the art. QOne type of vector is a “plasmid,” which
refers to a circular double stranded DNA loop into which additional DNA segments can be
imserted, such as by standard molecular cloning techniques.  Another type of vector is a viral
vector, wherein virally-derived DNA or RNA sequences are present in the vector for packaging
inte a virus {c.g. retroviruses, replication defective retroviruses, adenoviruses, replication

defective  adenovirases, and  adeno-associated  viruses). Viral vectors also  include
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polynucleotides carried by a virus for transtection wnto 4 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 replication and cpisomal marnmalian vectors). Other vectors {c.g.,
nou-episomal mammalian vectors) are integrated info the genome of a host cell upon
introduction into the host cell, and thereby are replicated along with the host genorne. Morcover,
certain vectors are capable of directing the expression of genes to which they are operatively-
linked. Such vectors are referred to herein as “cxpression vectors.” Comimon expression vectors
of utility in recorabinant DNA techniques are often 1o the form of plasmids.

{6611} Recombinant expression vectors can comprise a nucleic acid of the invention in a
form suitable for expression of the nucleic acid in a host cell, which means that the recombimant
expression vectors include one or more regulatory elements, which may be selected on the basis
of the host cells to be used for expression, that 18 operatively-linked to the nucleic acid sequence
to be expressed. Within a recombinant expression vector, “operably linked” 1s intended to mean
that the nucleotide sequence of interest is linked to the regnlatory element(s) in a manner that
allows for expression of the nucleotide sequence {e.g. i an W vifro franscription/irauslation
systemn or in a host cell when the vector 1s introduced into the host ceil).

{8012} The term “regulatory clement” is wtended to include promoters, enhancers, futernal
ribosomal entry sites (IRES), and other cxpression control clements {e.g. transcription
termination signals, such as polyadenylation signals and poly-U sequences). Such regulatory
clements are described, for example, in Goeddel, GENE EXPRESSION TECHNOLOGY:
METHODS IN ENZYMOLOGY 185, Academic Press, San Dicgo, Califl (1990). Regulatory
elements inchude those that direct constitutive expression of a nucleotide sequence 1o many types
of host cell and those that direct expression of the nucleotide sequence only in certain host cells
{e.g., tissue-specific regulatory sequences). A tissue-specific promoter may divect expression
primarily in a desired tissue of interest, such as muscle, neuron, bone, skin, blood, specific
organs {c.g. hver, pancreas), or particular cell types (c.g. lymophocytes). Regulatory clements
may also direct expression in a temporal-dependent manner, such as in a cell-cyele dependent or
developmental stage-dependent manner, which may or may not also be tissue or cell-type
specific. In some embodiments, a vector may comprise oue or more pol I promoter {e.g. 1, 2,
3. 4, 5, or more pol I promoters), one or more pol H promoters {e.g. 1, 2, 3, 4, 5, or more pol I}

prorooters), one or wore pol I promoters {e.g. 1, 2, 3, 4, 5, or more pol I promoters), or

(@7
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combinations thereof. Examples of pol HI promoters wclade, but are not huvuted to, Ud and H1
promoters. Examples of pol H promoters include, but are not limited to, the retroviral Rous
sarcoma viras {(RSV)Y LTR promoter {optionally with the RSV cenhancer), the cytomegalovirus
{CMV) promoter {optionally with the UMV enhancer} {see, e.g., Boshart et al, Cell, 41:521-530
{1985}], the SV40 promoter, the dihydrofolate reductase promoter, the B-actin promoter, the
phosphoglycers! kinase {PGK) promoter, and the EFlo promoter.  Also encompassed by the
term “regulatory eclement” are cnhancer clements, such as WPRE; UMV enhancers; the R-US’
segment in LTR of HTLV-1 (Mol Cell. Biol., Vol. 8(1}, p. 466-472, 1988}, SV40 enhancer; and
the intron 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 1 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
ievel of expression desired, cte. A vector can be mntroduced into host cells to thereby produce
transcripts, proteins, or peptides, inchuding fusion proteins or peptides, encoded by nucleie acids
as described herein {e.g., clustered regularly interspersed short palindromic repeats (CRISPR)
transcripts, proteins, enzymes, mutant forms thereof, fusion proteins thereof, ete.).

{8013} Aspects of the invention relate to methods of improving or modifying the target
specificity of a CRISPR. enzyme (preferably a Cas9 enzyme) which may comprise: a) selecting
the CRISPR enzyme having a smaller size for easy packaging into delivery vectors; or b}
gencrating chimeric CRISPR enzymcs; or ¢) utiizing mutated CRISPR (preferably Cas9)
enzymes. Further aspects of the invention also relate to methods and compositions for improving
target specificity involving two CRISPR corzymes {(double nickase), iroproving the sgRNA
scaffold by making iraprovement to other components aside from the guide RNA.

{6014] The invention comprehends a non-naturally occurring or engineered composition
comprising a vector system that may comprise one or more vectors cowmprising L oa first
regulatory clement operably linked to a CRISPR/Cas system chimeric RNA {chiRNA)
polynucleotide sequence, wheren the polynucleotide sequence may comprise {a) a guude
sequence capable of hybridizing to a target sequence in a cell, {b) a tracr mate sequence, and {¢}
a tracr sequence, and 1. a second regulatory eleraent operably linked to an enzyme-coding
sequence encoding a CRISPR eonzyme comprising at least one or more nuclear localization
sequences, wherein (a), (b} and {¢) arc arranged 1 a 57 to 37 orientation, wherein coraponents |

and H are located on the same or difforent vectors of the system, wherein when transcribed, the

o
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tracr mate sequence hybnidizes to the tracr sequence and the gude sequence divects sequence-
specific binding of 2 CRISPR complex to the target sequence, wherein the CRISPR complex
compriscs the CRISPR cnzyme coraplexed 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, wherein
the CRISPR cnzyme may comprise two or more mutations, such that the cnzyrae has altered
nuclease activity compared with the wild type enzyme, and wherein the enzyme-coding sequence
further encodes one or more heterologous functional domains.

{B015] The wvention further coraprehends a wultiplexed two component CRISPR enzyme
systemi composifion comprising a vector systemi that may COmprise one or more vectors
comprising L a fivst regulatory element operably hoked 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 1 a cell, (b) a tracr mate scquence, and {¢)
a tracr sequence, and 1 a second regulatory element operably linked to an enzyme-coding
sequence encoding a CRISPR enzyroe may corprise at least one or more nuclear localization
sequences, wherein (a), (b) and {¢) are arvanged 1o a 57 to 37 ovicntation, wherein components |
and 1 are located on the same or different vectors of the system, wherein when transcribed, the
tracr mate sequence hybridizes to the tracr sequence and the guide sequence divects sequence-
specific binding of a CRISPR complex to the target sequence, wherein the CRISPR complex
cormpriscs the CRISPR 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, wherein
the CRISPR enzyme coraprises two or more routations, such that the cnzyme has altered
nuclease activity compared with the wild type enzyme, wherein the enzyme-coding sequence
further encodes one or more heterologous functional domains, and wherein in the multiplexed
system composition multiple chiRNA polynucleotide sequences are used.

{8816} The invention further comprehends a non-naturally occurring or engincered
compaosition comprising a vecior systern that may comprise one or more vectors coraprising | a
first regulatory element operably linked to (a) a guide sequence capable of hybridizing to a target
sequence in a cell, and (b) at least one or more tracr mate sequences, . g second regulatory
clement operably linked to an enzyme-~-coding sequence encoding 8 CRISPR enzyme, and IH. a
third regulatory clement operably linked to a tracr sequence, wherein cornponents I, It and HY are

located on the same or different vectors of the system, wheremn when transcribed, the tracr wate
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sequence hybridizes to the tracr sequence and the guide sequence directs sequence-specific
binding of a CRISPR complex to the target sequence, wherein the CRISPR complex comprises
the CRISPR cnzyme 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, wherein the
CRISPR cnzyme may comprise two or more mautations, such that the enzyme has altered
nuclease activity compared with the wild type enzyme, and wherein the enzyme-coding sequence
further encodes one or more heterologous functional domains.

{8017} The tmvention also comprehends a multiplexed three coraponent CRISPR. enzyme
systemi composifion comprising a vector systemi that may COmprise one or more vectors
comprising 1. a fivst regulatory element operably hinked to {8) a guide sequence capable of
hybridizing to a target sequence in a cell, and (b} at least one or more tracr mate sequences, . a
second regulatory clement operably linked to an cnzyme-coding sequence encoding a CRISPR
enzyme, and HE a third regulatory element operably linked to a fracr sequence, wherein
components §, H and I are located on the same or different vectors of the system, wherein when
transcribed, the tracr mate sequence hybridizes to the tracr sequence and the gaide sequence
directs sequence-specific binding of a CRISPR complex to the target sequence, wherein the
CRISPR complex comprises the CRISPR enzyme coroplexed 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, wherein the CRISPR cnzyme comprises two or more mutations, such that the enzyme
has altered nuclease activity compared with the wild type enzyme, wherein the enzyme-coding
sequence further encodes one or more heterologous functional domains, and wherein 1 the
multiplexed system composition multipie guide sequences capable of hybridizing to multiple
target sequences are used.

{3018} In embodiments of the juvention the CRISPR enzyme may CcoOmprise one or mwore
nutations in two or more catalytically active domains. In another embodiment the CRISPR
enzyme has reduced or abolished vuclease activity compared with the wild type enzyme. In
another embodiment the two mutations are BI10A SpCas® in a first catalytically active domain
and HE840A SpCas? in a second catalytically active domain or corresponding residucs of other
CRISPR enzyraes. o another emsbodiment the CRISPR enzyme may comprise two or more
mutations in a residue selected from the group consisting of DO, E762, HB40, N§54, NBH3, or

D986, In another embodiment the CRISPR cnzyme may comprise two or more mutations
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selected from the group comprising DIOA, E762A, HRA0A, NES4A, NRG3A or DORGA. In a
preferred embodiment the CRISPR enzyme is a DNA binding protein that does not direct
cleavage of cither strand at the location of the target sequence. In an embodiment, cach of the
two or more mutations 18 in a catalytically active domain of the CRISPR enzyme selected from
the group comprising RuvCl, RuvCl, RuvCHE or HNH domain. It will be understood throughout
this application that many references to specific aminoe acid residues are to those of the SpCas9
enzyme. The skilled person will understand that the invention is applicable to other Cas
enzymes, wchuding Cas9 enzymes from other sources, and that where reference 18 made to
specific SpCas9 enzyme residues corresponding alterations and mutations may be made in those
other Cas enzymes. For example, the skilled person will be able to compare sequences of the
SpCas® and other enzymes, and identify corresponding residues and domains, and hence to make
appropriate modifications to those enzymes.

{8019] o further embodiments, the compositions of the invention may comprise at least two
or more nuclear localization sequences. In an aspect of the mvention the functional domaim s a
transcriptional activation domaw, e g VPB4, In another aspect the functional domain 18 a
transcriptional repressor domain, e.g.a KRAB domain, a SID domain or a SID4X domain. In
another emboediment, the enzyme coding sequence encodes one, two, three, four, five or more
heterologous functional domains fused to the CRISPR enzyme. The invention also comprehends
one or more linker sequences between any two domains. Embodiments of the mvention include
one or more functional domains having one or more of the following activities: methylase
activity, deracthylase activity, transcription activation activity, transcription repression activity,
transcription release factor activity, histone modification activity, RNA cleavage activity and
niucleic acid binding activity. In another embodiment, the functional domain binds DNA and/or
affects transcription of the target nucleie acid. In aspects of the invention the cell is a prokarvotic
or cukaryotic cell. In a preferred embodiment, the cell is 2 mammalian cell or a human cell. In
somae embodiments, the mamroalian cell may be a rodent (for example, mouse or rat) cell, an
ungulate cell, or a primate cell. In some embeodiments, the eukaryotic cell may be an arthropod
{eg, msect) or nematode cell. In other erabodiments the cell may be a plant cell (including algac)
or a fungal cell. In further embodiments of the invention the CRISPR enzyme is codon optimized
for cxpression in & cukaryotic ccll; the CRISPR cnzyme is a type I CRISPR enzyme; the

CRISPR enzyme 18 a Cas9 enzyroe and the Cas® enzyme s frorn an orgamsm selected from the
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group compnsing of genus Strepiococcus, Campylobacter, MNuratifractor, Staphylococcus,
Parvibaculum, Roscburia, Neisseria, Gluconacetobacter, Azospirilium, Sphacrochacta,
Lactobactltus, Eubacterium or Corynebacter. In a further aspect, the vectors of the system are
viral vectors seclected from the group comprising of a lentiviral vector, an adenoviral vector or
an AAY vector.
{5024 The invention also comprehends methods of modulating, i.¢. altering, activating,
repressing, gene expression at a genomic locus of interest in a cell by contacting the cell with
compositions of the imvention.
{6021} An aspect of the invention relates to a composition which may comprise a vector
system which may coroprise one or roore vectors which may coraprise

I a first regulatory element operably hnked to a CRISPR/Cas systerm chimeric RNA
{chiRNA) polymucleotide sequence, wherein the polynucleotide scquence may comprise

{a} a guide sequence capable of hybridizing to a target sequence in a eukaryotic cell,

{b) a tracr mate sequence, and

{¢) a tracr sequence, and

i1, a second regulatory clement operably linked to an enzyme-coding sequence encoding
a CRISPR enzyme which may comprise at least one or more nuclear localization sequences,

wherein {a), (b} and {c} arc arranged in a 5" to 3” oricntation,

wherein components [ and 1T are located on the same or differcut vectors of the system,

wherein when transeribed, the tracr mate sequence hybridizes to the tracr sequence and
the guide sequence divects scquence-specific binding of a CRISPR complex to the target
sequence,

wherein the CRISPR compiex may comprise the CRISPR enzyme complexed with (1}
the guide sequence that s hybridized to the target sequence, and (2) the trace mate sequence that
is hybridized to the tracr sequence, and

wherein the enzyme coding sequence encoding the CRISPR enzyme further eocodes a
heterologous functional domain.
{3014} The coding scquence may cncode one or more heterologous functional domains (e.g.
about or more than about 1, 2, 3, 4, 5, 6, 7, &, 9, 10, or more domains in addition to the CRISPR
enzyme). A CRISPR cnzyme fusion protein may comprise any additional protein sequence, and

optionally a Huker sequence between any two domams. Examples of protein domains that may
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be fused to a CRISPR eonzyme nclude, without limitation, epitope tags, reporter gene sequences,
and protein domains having one or more of the following activities: methylase activity,
demethylase activity, transcription  activation activity, transcription repression  activity,
transcription release factor activity, histone modification activity, RNA cleavage activity and
nucicic acid binding activity. Nou-hmiting examples of epitope tags include histidine (His) tags,
V35 tags, FLAG tags, influenza hemagglutinin (HA) tags, Myc tags, VSV-G tags, and thioredoxin
{Trx} tags. Examples of reporter genes include, but are not limited to, ghutathione-S-transferas
{GST), horseradish peroxidase (HRP), chlovaraphenicol  acetyliransferase {CAT) beta-
galactosidase, beta-glucuronidase, uciferase, green fluorescent protein (GFP), HeRed, DsRed,
cyan fluorescent protein (CFP), yellow fluorescent protein {(YFP), and autofluorescent proteins
including blae fluorescent protetn {(BFP). A CRISPR euzyme may be fused to a gene sequence
encoding a protein or a {ragment of a protein that bind DNA molecules or bind other cellular
melecules, mcluding but not Hmited to maltose binding protein (MBP), S-tag, Lex A BNA
binding domain (DBD) fusions, GAL4 DNA binding domain fusions, and herpes simplex viras
{(HSV) BPI16 protein fusions. Additional domains that may form part of a fusion protein which
may comprise a CRISPR enzyme are described in USZ0110059502, incorporated herein by
reference. In some embodiments, a tagged CRISPR enzyme s used to wdentify the location of a
target sequence.

{B015] In an aspect of the mvention, the functional domain affects transcription of the target
nucleic acid.

{8016} Non-limiting examples of CRISPR enzymes include Casl, CaslB, Cas2, Cas3, Casd,
{Cas5, Cash, Cas7, Cas8, Cas? {also known as Csnl and Csx123, Casll, Csyl, Csy2, Csy3, Csel,
Cse2, Csel, Cse2, Ceasd, CsnZ, Csm2Z, Csm3, Csmd, CsmS, Csmd, Cmrl, Cror3, Cmrd, Cmyrs,
Crars, Csbl, Tsb2, Csb3, Csx17, Caxi4, Csx 1, Cax16, CsaX, Csx3, Csxl, Csxi§, Csfl, Csf2,
Csf3, Cs#4, homologues thercof, or modified versions thercof. These enzymes are known; for
example, the arno acid sequence of S, pyogenes Cas9 protewn roay be found in the SwissProt
database (available at the website uniprotorg) under accession number Q997W2. In some
cmbodiments, the CRISPR cuzyme is a Cas9 enzyme. In some embodiments, the Cas9 enzyme
i8 S, preumonice, S. pyvogenes or 8. thermophilus Cas9, and may include mutated Cas9 derived
from these organisms. In some embodiments, the CRISPR enzyme s codon-optimized for

expression 1u a eukaryotic cell. In some embodiments, the CRISPR enzyme directs cleavage of
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one or two strands at the location of the target sequence. In soroe embodiments, the CRISPR
enzyme lacks DNA strand cleavage activity.

{8017} In some aspects of the invention, a CRISPR  cnzyme may comprise one or more
mutations and way be used as a generic DNA binding protein with or without fusion to a
functional domam. The mutations may inchude but are not himited to catalytic mutations, for
instance mutations in one of the catalytic domains or mutation of catalytic residues. Preferred
examples of suitable catalytic mutations are the catalytic residue{s) in the N-term RuvC | domain
of Cas9 or the catalytic residue(s} i the internal HNH domain. o sormae embodiments, the Cas9
is {(or 18 derived from) SpCas®. In such embodiments, preferred mutations are at any or all or
positions 10, 762, 840, 854, 863 and/or 986 of SpCasY or corresponding positions n other CasYs
{which may be ascertained for instance by standard sequence comparison tools). In particular,
any or all of the following mutations are preferred 1n SpCas®: DI0A, E762A, HE40A, NE54A,
NB63IA and/or DBOROA; as well as conservative substitution for any of the replacement amino
acids 18 also envisaged. The same {or conservative substitutions of these mutations) at
corresponding positions 1o other Cas9s are also preferred. Particularly preferred are DO and
HE40 in SpCas® . However, in other Cas9s, residues corresponding to SpCas® DG and HR40
are also preferred.

{B018] In a more advantageous aspect of the mvention the mutated CRISPR enzyme may be
fused to a transcriptional activation domain. In one aspect of the mvention, the transcriptional
activation domain may be VP64, Other aspects of the invention relate to the mnstated CRISPR
enzyme being fused to domains which include but are not limited to a transcriptional repressor, a
recombinase, a transposase, a histone remodeler, a DNA methyltransferase, a cryptochrome, a
iight inducible/controliable domain or a chemically inducibie/controliable domain.

{3019} I some aspects of the wvention, the CRISPR enzyme 18 comaprised of less than four
thousand, and in some aspects less than one thousand, amino acids. Such enzymes may be
provided fused to a heterologous functioval domain, or not. Where the enzyme 1s fused to a
heterologous functional domain, the size of the enzyme (less than four thousand, less than one
thousand amuno acidsy refers to the CRISPR portion of the fusion protein. In certain
embodiments described herein, the mvention or method is practiced on an organism or subject.
In certain embodiments, the organism or subject 1s a cukaryote or a non-human eukaryote. In

certain embodiments, the organism or subject s a plant. In certain embodiments, the organism
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or subject is a voammal or 4 pov-human mammal,  In certaim embodiments, the orgamsrn or
subject 1s algae. In some embodiments, the organism or subject may be a rodent (for example,
nouse of raty, an ungulate, or a primate. In some ermbodiments, the organism or subject may be
an arthropod {eg, insect} or nematode. In other embodiments the organism or subject may be a
plant or a fungus.

180261 Accordingly, it is an object of the wvention fo not encompass within the fnvention
any previously known product, process of making the product, or method of using the product
such that Applicants reserve the right and hereby disclose a disclaimer of any previously known
product, process, or method. it is further noted that the invention does not intend to encompass
within the scope of the invention any product, process, or waking of the product or method of
using the product, which does pot meet the written description and enablement requirements of
the USPTO (35 US.C. §112, first paragraph) or the EPO (Article 83 of the EPC), such that
Applicants reserve the right and bereby disclose a disclaimer of any previously described
product, process of making the product, or methed of using the product.

13021 It is noted that w this disclosure and particalarly in the clatms and/or paragraphs,
terms such as “comprises”, “comprised”, “comprising” and the like can have the meaning
attributed to it 1o UK. Patent law; ¢.g., they can vocan “mecludes”, “included”, “including”, and
the like; and that terms such as “consisting cssentially of” and “consists essentially of” have the
racaning ascribed to thom in U.S. Patent law, ¢.g., they allow for clements not explicitly recited,
but exclude eleraents that are found in the prior art or that affect a basic or novel characteristic of
the invention.

{3822] These and other embodiments are disclosed or are obvious from and encompassed by,

the following Deetailed Description.
BRIEF DESCRIPTION OF THE DRAWINGS

{8023} The novel features of the wvention are set forth with particularity o the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detatled description that sets forth  illustrative
embodiments, in which the principles of the iovention are utilized, and the accompanying

drawings of which:
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19024} Figure I shows a schematic of RNA-guided Cas9 nuclease. The Cas9 nuclease frow
Streptococcus pyogenes {yellow) is targeted to genomic DNA by a synthetic guide RNA
{sgRMNA} consisting of a 20-nt guide sequence {(blue) and a scaffold (red). The guide seguence
base-pairs with the DNA target (blue), divectly upstream of a requisite 5°-NGG protospacer
adjacent motif (PAM; magenta), and Cas9 mediates a double-stranded break (DSB) ~3 bp
upstreams of the PAM {red triangle}.

{8025] Figures 2A-2F show an exemplary CRISPR systen, a possible mechanism of action,
an cxample adaptation for expression wn cukaryotic cells, and results of tests assessing nuclear
localization and CRISPR activity

18026} Figure 3A-D 18 a phylogenetic free of Cas genes

180271 Figures 4A-4F show the phylogenectic analysis revealing five families of Cas9s,
including three groups of large Cas9s (~1400 amino acids) and two of small Cas9s {(~1 100 amino
acids).

{028} Figure 3 shows a schematic construct in which the transcriptional activation domain
{VPG64}) 1s tused to Cas? with two mutations 1u the catalytic domains (D10 and HE40).

{8029} Figure 6 shows a graphical representation of transcriptional activation following co-
transfection of the Cas9-VP64 with PCR generated chimeric erispr RNA (chiRNA} 1n 293 cells.
Assessment was carried out 72 hours after transfection using RT-gPCR.

{3030} Figure 7 shows a number of vectors incorporating mutant Cas9 genes with VP64,
NLS, and GFP markers.

{0031} Figure 8 shows the localization of Cas9-VP64-GFP constructs mto 293 cells as
assessed by a fluorescent microscope 12 hours post transfection.

{6632} Figure 9 shows the localization of 16 dCas®-GFP fusions with the same alpha
importin NLS sequence on either the N- or Cterro looking at zero to three tandem repeats. Fach
construct was transfected mmto HEK 293F7T cells using Lipofectame 2000 and imaged 24 hours
post-transfection

{80331 Figure 10 shows six versions of a 6xHis tag added to dCas8, transfected mto 293FT
cells, and stained with an anti-6xHis antibody. Three were constructed for transcriptional
activation {VP64 fusions), and the other three were for transcriptional repression (no functional

domain}.
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{8634} Figure 11 shows a titrated ratio of chuRNA (Sox2.1 and Sox2.5) to Cas® (NLS-
VPO4A-NLS-hSpCas®-NLS-VPO4-NLS), transfected into 293 cells, and quantified using RT-
qPCR.

{B035] Figure 12 shows the positioning of target sites in the human Sox2Z locus with each
target being 20bp long with a neighboring NGG protspacer adjacent motif (PAM).

{5036} Figure 13 shows co-transfecting of cach dCas9 containing counstruct with pAS
plasmids imto HEK 293FT cells using Lipofectame 2000, 72 hours post-transfection total RNA
was extracted from the cells. 1 ug of RNA was reverse transcribed into ¢DNA {gScript
Supermix} in a 40 ul reaction. 2 ul of reaction product was added into a single 20 ul TagMan
assay gPCR reaction. Each experiment was performed i biological and technical tnplicates. No
RT control and no template control reactions showed no amplification,

{80371 Figure 14 shows testing of constructs (pXBPOHL, pXRPOI3, pXRPO15) using the
same Sox2 targets as Figure 13,

{B4358] Figures 15A-158 shows a list of 31 constructs to explore different inkers, functional
domains, and N- and C-term fusions and critical clements,

{18039} Figure 16 shows co-transfecting of cach dCas® repressor plasmid with two guide
RNAs targeted fo the coding strand of the beta-catenin gene. RNA was isolated 72 hours after
transfection and gene expression was quantified by RT-gPCR. The endogenous control gene was
GAPDH. Two validated shRNAs were used as positive controls. Negative controls were certain
plasmids transfected without gRNA, these are denoted as “pXRP## control”.

{8040} Figure 17 shows g graphical representation of transcriptional activation further to the
ratio of chiRNA (Sox2.1 and Sox2Z.5) to Cas® (NLS-VP64-NLS-bSpCasO-NLS-VP64-NLS})
being titrated and transfected in 293 cells. Results were quantified using Rt-gPCR.

130411 Figure 18 shows luciferase reporter data for Cas9 activator (fop panel) and repressor
{bottom panecl). Compared to “No Cas®” controls over 3 fold activation was achieved when
targeting the promoter of Sox2. When targeting the gene body of beta~catendn ({CTNNB1}, about
3 fold repression was achieved.

{3042} Figure 19 shows gene expression of beta-catenin in HEK 293FT cells 72 hours after
transfection. Cas9 repressor constructs were targeted to the beta-catenin locus and compared to
the gold standard shRNAs, Similar repression could be seen with Cas9 repressors and the

shRMNA.
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{1043 Figure 28 shows a graphical representation of the fold Neurog2 expression of the 20
bp sgRNA scquences were targeted to the Neurog? locus in mouse Neuro 2A cells. Neurog?
mRNA levels were racasured using RT-gPCR.

{8044 Figure 21 shows the basal gene expression wodulation of dCasS-VP64 that was
rcasured for the indicated gene targets. Italics represent mouse gene targets tested in Neuro 2A
cells, all capsrepresent uman gene targets tested in 293FT cells. In cach case, expression of
thegene in GFP  transfected cells was compared to expression in cells transfected
withdCas8-VPo4.

{(345] Figure 22 shows the changes in expression level of the indicated genes when samples
transfected with the dCas9-VP64 construct, but without an sgRNA.

{8046} Figure 23A-G shows a, The RNA-guided nuclease Cas9 from the type H
Streptococcus pyogenes CRISPR/Cas systemn can be converted mito a nucleolytically inactive
RNA-guided DNA binding protein {Cas®**) by introducing two alanine substitutions (D10A and
HRS40A). Schematic showing that o synthetic guide RNA (sgRNA) can direct Cas9¥**-effector
fusion to a specific locus 1 the human genorne, The sgRNA countains a 20-bp guide sequence at
the 3" end which specifies the target sequence. Un the target genomic DNA, the 20-bp target site
needs to be followed by a 5-NGG PAM motif. b, ¢, Schematics showing the sgRNA target sifes
in the human KLF4 and SOXZ loci, respectively. Each target site is indicated by the blue bar and
the corresponding PAM sequence 18 mdicated by the magenta bar. d, ¢, Schematics of the
CasO** VP64 transcription activator and SID4X-CacO** transcription repressor counstracts. £, g,
Cast* -VPo4- and SIDGX-CasO¥*racdiated activation of KLF4 and repression of S0X2,
respectively., A mRNA levels were measured relative to GFP mock-transfected 293FT cells

{mean £ s.e.1m.; n = 3 biological replicates).

130471 Figure 24 shows the Cas® activator sequence.
{8848} Figure 25 shows the Cas9 repressor sequence.
[8049] Figare 26 shows the graphical representation of fold activation of different genes

targeted by the Cas9 activator (pXRPS57) and guide RNA.

{3050} Figure 27 shows the graphical representation of fold repression of the hSox2 gene
targeted by the Cas9 activator (pXRP37) and guide RNA.

[3051] Figure 28 shows a pAAV-EFla-dCas3-G5-CIBH{mNLS d31&-
334y WPRE hGHpolyA plasroid map.
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{80582} Figure 29 shows a pAAV-EF1a-dCas®-G8-NLS-cib I -WPRE-hGHpA plasmid map.
{8053] Figure 30 shows 4 pAAV-EF[a-dCas8-GS-NLS-NLS-cibI-WPRE-hGHpA plasmid
map.

{B054] Figure 31 shows a graphical representation of CasLITE constructs exhibiting varying
levels of light-inducible transcriptional activation.

{8855} Figure 32 shows the validation of Rosa2¢ Cre-dependent Cas® knockin mouse
embryonic stem cells,

{8056} Figure 33 shows a gel image indicating the genotyping results for Cas9 mice.

{B0S87] Figure 34 shows CRISPR/Crar mediated silencing of RNA. Cror proteins form a
complex with matare crRNA to stie-specifically target and cleave RNA. Matare crRNAs from P.
furiosus exist inn two forms of different lengths, long (45 nt) and short (39 nt}, consisting of a §'
handle and a guide sequence. The 37 handle s requured for the crRNA fo be included 1n the Cror
complex. The guide sequence progrars the target site and can be either long (37 nt} or short (31
nt). RNA cleavage occurs 14 nucleotides from the 3" end of the ¢rRNA. This platform could be
repurposed to target mammalian genes cxpressed from a genomic locus by only changing the
ginde sequence.

{8058 Figure 35A-B shows Cmy proteins are expressed within mammalian cells. Six Cmr
genes {Crari-6) and one Cas gene (Cas6)y fromn P furiosus were cloned into marnmalian
expression vectors and transfected into HEK 293FT cells. 72 hours post-transfection
fluorescence images were taken and protein lysates were preparcd. Ay EGFP expression is
strongly observed suggesting that the exogenous proteins are robustly expressed. B) Western blot
images show protein bands located at the expected size. The second band within cach lane is ~
30 kDa larger in cach case and is Iikely the result of uncleaved P2A sequence.

{3G59] Figure 36 shows CRISPR/Crr expression vectors.

16068} The figures herein are for illustrative purposes only and are not necessarily drawn o

scale.
DETAILED DESCRIPTION OF THE INVENTION

{8061] The invention relates to the cngincering and optimmization of systems, methods and

compositions used for the control of gene expression mvolving sequence targeting, such as
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genome perturbation or gene-cditing, that relate to the CRISPR/Cas systern and components
thereof. In advantageous embodiments, the Cas enzyme is Cas9; for example, CasS from
S.pyogencs or S. thermophilus.

{8062] The terms “polynuclectide”, “nucleotide”, “nucleotide sequence”, “nucleic acid” and
“oligonucleotide” arc used interchangeably. They refer to a pelymeric form of nucleotides of
any length, cither deoxyribonucicotides or ribounucieotides, or analogs thereof. Polynucleotides
may have any three dimensional structure, and may perform any function, known or unknown.
The folowing are non-bmiting exarples of polynucleotides: codimg or non-coding regions of a
gene or gene fragment, loci {locus) defined from linkage analysis, exons, introns, messenger
RNA {(roRNA), transfor RNA, ribosomal RNA, short interfering BNA (siRNA}, short-hairpin
RMNA (hRNA), micro-RNA (miRNA), rbozymes, cDBNA, recombinant polynucleotides,
branched polynucieotides, 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, ¢.g., Eckstein, 1991; Baserga et al,, 1992; Milligan,
1993; WO 97/03211;, WO 96/38154; Mata, 1997, Stranss-Soukap, 1997; and Samstag, 1996, A
polymucleotide may comprise one or more modified nucleotides, such as methylated nucleotides
and nucleotide analogs. I present, modifications to the nucleotide structure may be 1mparted
before or after assembly of the polymer. The sequence of nucleotides may be interrupted by
non-nucieotide coraponents. A polynucleotide may be further modified after polymerization,
such as by conjugation with a labeling component.

{8063} In aspects of the mmvention the torms “chimeric RNA”, “chiracric guide RNA”, “guide
RNA”, “single guide RNA” and “synthetic guide RNA” are used interchangeably and refer to the
polymucleotide sequence comprising the guide sequence, the tracr sequence and the tracr mate
sequence. The terra “gude sequence” refers o 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 “tract mate sequence” voay also be used iuterchangeably with the term “divect
repeat{s)”.

{3064] As used herein the term “wild type” 15 g term of the art understood by skilled persons
and means the typical form of an organism, strain, gene or characteristic as it occurs in nature as
distinguished from mutant or variant forras. For example, “wild type StCas9” refers to wild type

Cash from S thermophilus, the protein sequence of which s given in the SwissProt database
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under accession number G3ECRI. Sumilarly, S pyogenes Cas9 s mncluded 1o SwissProt under
accession number Q997W2,

{3865] As used herein the term “variant” should be taken to mean the exhibition of qualitics
that have a pattern that deviates from what occurs in nature.

{066} The terras “nov-naturally occurring” or “engineered” arc used nterchangeably 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 is at least
substantially free from at least one other component with which they are naturally associated in
nature and as found in nature.

180671 “Complementarity” vofers to the abibity of a nucleie acid to form hydrogen bond(s)
with avother nueleic acid sequence by either traditional Watson-Crick base pairing or other non-
traditional types. A percent complementarity mdicates the percentage of residues 1 a nucleic
acid molecale which can form hydrogen bouds {e.g., Watson-Crick base pairing) with a second
nucleie acid sequence {e.g., S, 6, 7, &, 9, 10 out of 10 being 50%., 60%, 70%, 80%, 90%, and
180% complementary). “Perfectly coroplomentary” weans that all the contiguous residues of a
nucleic acid sequence will hydrogen bond with the same number of contiguous residues in a
second mucleic acid sequence. “Substantially complementary” as used herein refers to a degree
of complementarity that is at least 60%, 65%, 70%, 75%, 80%, ¥3%, 90%, 93%, 97%, 98%,
99%, or 100% over a region of 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 15,
30, 35, 40, 45, 54, or more nucleotides, or refers to two nucleie acids that hybridize under
stringent conditions.

{(#368] As used herein, “stringent conditions” for hybridization refer to conditions under
which a nucleic acid having complementarity to a target sequence predominantly hybridizes with
the target sequence, and substantially does not hybridize to non-target sequences.  Siringent
conditions arc generally sequence-dependent, and vary depending on a number of factors. In
general, the longer the sequence, the higher the femperature at which the sequence specifically
hybridizes to s target sequence. Non-limiting examples of stringent conditions are described in
detatl in Tyssen {1993), Laboratory Technigues In Biochemistry And Molecular Binlogy-
Hybridization With Nucleic Acid Probes Part 1, Second Chapter “Overview of principles of

hybridization and the strategy of nucleic acid probe assay”, Elsevier, N.Y.
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{80691 “Hybnidization” refers to a reaction in which one or wore 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 self-
hybridizing strand, or any combination of these. A hybridization reaction may constitute a step
in a more oxtensive process, such as the inttiation of PCR, or the cleavage of a polynucleotide by
an enzyme. A sequence capable of hybridizing with a given sequence is referred to as the
“complement” of the given sequence.

LES N

{3676} As used herein, the term “genovoic locus” or “locus” {plural loct) s the specific
location of a gevne or DNA sequence on a chromosome. A “gene” refers to siretches of DNA or
RNA that encode a polypeptide or an RNA chain that has functional role to play in an orgarnism
and hence is the molecular anit of heredity 1o living organisms. For the purpose of this invention
it may be considered that genes include regions which regulate the production of the gene
product, whether or not such regulatory sequences are adjacent to coding and/or transcribed
sequences. Accordingly, a gene includes, but is not necessarily limited to, promoter sequences,
terminators, translational regulatory sequences such as ribosowe binding sies and intornal
ribosome entry sites, enhancers, silencers, insulators, boundary elements, replication origins,
matrix attachment sites and locus control regions.

{8071} 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 (inchudimg wmulticellular organisms), prokaryotes (bacteria and
archaca} and viruses to generate functional products to survive. As used herein "expression” of a
gene ot nuclewe acid encompasses not ouly cellular 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 polynucleotide s transeribed from a DNA
template {such as into and mRNA or other RNA trauscript) and/or the process by which a
transcribed mRNA is subsequently translated mto peptides, polypeptides, or proteins.

Transcripts and encoded polypeptides may be collectively referred to as “cene product.” I the
, Y 3 N g
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polynucleotide s derived from genomic DNA, expression may inchude splicing of the mBNA m
a cukaryotic cell.

{80721 The termas “polypeptide”, “peptide” and “protem” are used mterchangeably herein to
refer to polymers of amino acids of any length. The polymer may be lincar or branched, it may
comprise modified amino acids, and it may be interrupted by non amino acids. The termas also
eocompass an amine acid polymer that has been wodified; for example, disuifide bond
formation, glycosylation, lipidation, acetylation, phosphorvlation, or any other manipulation,
such as counjugation with a labeling coraponent. As used herem the term “amino acid” includes
natural and/or unnatural or synthetic amino acids, inchuding glycine and both the D or L optical
isomers, and arono acid analogs and peptidomiroactics.

18673} As used herein, 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.

{80374] As deseribed 1n 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 avatlable sequence comparison prograras. These commercially available computer
programs may calculate percent (%) homology between two or more sequences and may also
calenlate the sequence dentity shared by two or more aming acid or nucleic acid sequences.
Sequence homologies may be generated by any of a number of computer programs known in the
art, for example BLAST or FASTA, cte. A suitable computer program for carrying out such an
alignment is the GCG Wiscounsin Bestfit package (University of Wisconsin, U.S.A; Devereux
¢t al.,, 1984, Nucleic Acids Rescarch 12:387). Examples of other software than may perform
sequence comparisons inchide, but are not limited to, the BLAST package {(see Ausubel ¢t al.,
1999 ibid ~ Chapter 18}, FASTA (Atschul et al, 1990, J. Mol Biol, 403-410) and the
GENEWORKS suite of comparison tools. Both BLAST and FASTA are available for offline and
online searching {(sce Ausubel et al,, 1999 ibid, pages 7-58 to 7-60). However it is preferred to
use the GCG Bestfit prograx.

{$875] % horaology may be calculated over coutiguous sequences, 1.¢., one sequence is
aligned with the other sequence and cach aminoe acid or nucleotide in one sequence is directly
compared with the corresponding amino acid or nucleotide in the other sequence, one residue 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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13076} Although this is a very siople and counsistent method, o fails to take 1woto
consideration that, for example, in an otherwise identical pair of sequences, onc inscrtion or
deletion may cause the following amino acid residuces t© be put out of alignment, thus potentially
resulting in a large reduction in % homology when a global alignment is performed.
Conscquently, most sequence comparison methods are designed to produce optimal alignments
that take into counsideration 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 maximize local homology or identity.

{88771 However, these more compiex methods assign “gap penalties” to each gap that occurs
in the ahgnment so that, for the same purober of identical anuno acids, a sequence alignment
with as few gaps as possible - reflecting higher relatedness between the two cormpared sequences
- may achicve a higher score than one with many gaps. “Athnity gap costs” are typically used
that charge a relatively high cost for the existence of a gap and a smalier penalty for cach
subsequent residue in the gap. This is the most commonly used gap scoring system. High gap
penaliics may, of course, produce optimized ahgnments with fower gaps. Most alignment
programs allow the gap penalties to be modified. However, it is preferred to use the default
values when using such software for sequence coraparisons. 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 extension.

{8078} Calculation of maximum % homology therefore first requires the production of ap
optimal shignment, taking into consideration gap penaltics. A suitable computer program for
carrying out such an alignment is the GCG Wisconsin Bestfit package (Devercux et al., 1984
Nuc, Acids Research 12 p387). Examples of other software than may perform sequence
comparisons include, but are not hmiuted to, the BLAST package {sce Ausubel et al., 1999 Short
Protocols in Molecular Riology, 4™ Ed. - Chapter 1), FASTA {Altschul ot al,, 1990 J Mo,
Biol. 403-410) and the GENEWORKS suite of comparison tools. Both BLAST and FASTA are
available for offline and ounline scarching {see Ausubel et al., 1999, Shorr Protocols in Molecular

Biology, pages 7-58 to 7-60). However, for some applications, it is preferred to use the GCG
Bestfit program. A new tool, called BLAST 2 Sequences is also available for comparing protein

and nucleotide sequences {(see FEMS Microbiol Letr. 1999 174(2): 247-50; FEMS Microbiol
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Lett. 1999 177(1): 187-8 and the websiie of the National Center for Biwtechnology 1nformation at
the website of the National Institutes for Health).

{80791 Although the final % homology may be measured in terms of identity, the alignment
process itself 1s typically not based on an all-or-nothing pair comparison. Instead, a scaled
sirpilarity score matrix is generally used that assigos scores to cach pair-wise comparison based
on chemical similarity or evolutionary distance. An example of such a matrix commonly used is
the BLOSUMGSGZ matrix - the default matrix for the BLAST suite of programs. GCG Wisconsin
programs genevally use either the public defanlt values or a custom symbol comparison table, 1f
supplied (sce user manual for further details). For some applications, it 18 preferred to use the
public default values for the GCG package, or in the case of other software, the default matrix,
such as BLOSUMSGZ.

{8080} Alternatively, pereentage hornologics may be calculated using the multiple alignment
feature in DNASIS™ (Hitachi Software), based on an algorithm, analogous to CLUSTAL
{Higgins DG & Sharp PM (1988), Gene 73(1), 237-244). Once the software has produced an
optimal alignment, i 1s possible to calculate % homology, preferably % sequence identity. The
software typically does this as part of the sequence comparison and generates a numerical result.
{8081} The sequences may also have deletions, insertions or substitutions of armno acid
residues which produce a silent change and result in a functionally equivalent substance.
Dieliberate amino acid substitutions may be made on the basis of similarty in amino acid
properties {such as polarity, charge, sohubility, hydrophobicity, hydrophilicity, and/for the
amphipathic nature of the residues) and it is theretore useful to group amino acids together in
functional groups. Amino acids may be grouped together based on the properties of their side
chains alone. However, it is more useful to include mutation data as well. The sets of amino
acids thus derived are hikely to be conserved for structural reasons. These sets may be described
in the form of a Venn diagram (Livingstone C.D. and Barton G.J. (1993) “Protein sequence
alignments: a strategy for the hicrarchical analysis of residoe conservation” Comput. Appl.
Biosci. 9. 745-756) (Taylor W.R. {1986} “The classification of amino acid conservation” J.
Theor. Biof. 119; 205-218). Conservative substitutions may be made, for example according to

the table below which describes a generally accepted Venn diagram grouping of amino acids.
é:' } é:' = P
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Set Sub-set

Hydrophobie [FWYHKMILVAGC | Aromatic FWYH

Aliphatic ILv

Polar WYHKREDCSTNG | Charged HKRED

Posttively | HKR
charged

Negatively [ ED

charged
Small VCAGSPTND Tiny AGS
{6082] Embodiments of the invention include sequences (both polynucleotide or

polypeptide} which may comprise homologous substitution (substitution and replacement are
both used hercin to mean the wnterchange of an existing avomno acid residue or nucleotide, with an
alternative residue or mucleotide) that may occur 1.¢., like-for-like substitution in the case of
amino acids such as basic for basic, acwdic for acidic, polar for polar, ctc. Non-homologous
substifition may alse occur t.e., from one class of residue to another or alternatively involving
the wnclusion of unnatural amine acuds such as ormithine (hercinafter referred to as 7},
diaminobutyric acid ornithine (hereinafter referred to as B), norleucine omithine {(hereinafter
referred to as O), pyrivialanine, thienylalanine, naphthylalanine and phenylglycine.

{B083] Variant amino acid sequences may include suitable 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
restdues. A further form of variation, which involves the presence of oune 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™ is used to refor to variant amino acid residues wherein the a-carbon
substituent group is on the residue’s nitrogen atom rather than the o-carbon. Processes for
preparing peptides in the peptoid form are known n the art, for example Simon RJ et al,, PNAS

(1902) RO(20), 9367-9371 and Horwell DC, Trends Biotechnol. (1995 13(4), 132-134.
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{084} The practice of the present invention omploys, unless otherwise indicated,
conventional  techniques of mmmunology, biochemistry, chemistry, molecular bislogy,
nticrobiclogy, cell biology, genomics and recombinant DNA, which are within the skill of the
art.  Sce Sambrook, Fritsch and Mamatis, 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.J. MacPherson, B.D. Hames and G.R. Taylor eds.
{1995}, Harlow and Lane, eds. (198R) ANTIBODIES, A LABORATORY MANUAL, and
ANIMAL CELL CULTURE {R.1 Freshney, ed. {1987}

{BO8S] I one aspect, the wvention provides for vectors that are used o the engiuecring and
optimization of CRISPR/Cas systems.

{348s] A used herein, a “vector” is a tool that allows or facilitates the transfer of an entity
from one environment to another, #t is a replicon, such as a plasmid, phage, or cosmid, mto
which another DNA segment may be nserted so as to bring about the replication of the inserted
segment. Generally, a vector 1s capable of replication when associated with the proper control
clements. In general, the term “vector” refers to a nucleic acid molecule capable of transporting
another nucleic acid to which 1t has been hinked. Vectors include, but are not livnited to, nuclewc
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 {c.g. circular); nucleic acid
molecules that coraprise DNA, RNA, or both; and other varieties of polynucieotides known in
the art. One type of vector is a “plasmid,” which refers to a circular double stranded DNA loop
into which additional DNA segments can be inserted, such as by standard molecular cloning
techniques.  Another type of vector 1s a viral vector, wherein virally-derived DNA or RNA
sequences are present i the vector for packaging mto a virgs {e.g. retroviruses, replication
defective retroviruses, adenoviruses, replication defective adenoviruses, and adeng-associated
viruses). Viral vectors also inclade polynucleotides carvied by a virus for transfection 1nto 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 replication and episomal
mammalian vectors). Other vectors (e.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. Moreover, cerfain vectors are capable of divecting the expression of genes

o]
(93]
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to which they are operatively-hinked. Such vectors are referred to herein as “expression vectors.”
Common cxpression vectors of utility in recombinant BNA techniques are often in the form of
plasmids.

(387} Recombinant expression vectors can comprise a nucleic acid of the invention in a
form suitable for expression of the nucleic acid i 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” 1s tntended to mean
that the nucleotide sequence of interest is linked to the regulatory clement{(s) in a manner that
allows for expression of the nucleotide sequence (e.g. i an W vilro transcription/trauslation
system or in a host cell when the vector is introduced into the host cell). With regards to
recombination and cloning mcthods, mention 18 made of ULS, patent application 10/815,730, the
contents of which are herein incorporated by reference in their entivety.

{3088] Aspects of the invention relate to bicistronic vectors for chimeric RNA and Cas9.
Bicistronic expression vectors for chimeric RNA and Cas9 are preferred.  In general and
particularty in this embodiment Cas9 is preferably driven by the UBh promoter. The chimeric
RNA may preferably be driven by a U6 promoter. Ideally the two are combined. The chimeric
guide RNA typically consists of a 20bp guide sequence {Ns) and this may be joined to the tracr
sequence {running from the first “U” of the lower strand to the end of the transcript). The tracr
sequence may be truncated at various positions as indicated. The guide and tracr sequences are
segparated by the fracr-mate scquence, which may be GUUUUAGAGCUA.  This may be
followed by the loop sequence GAAA as shown., Both of these are preferred examples.
Applicants have demonstrated Cas9-mediated indels at the human EMX7 and PVALE loci by
SURVEYOR assays. ChiRNAs are indicated by their “+n” designation, and crBNA refeors to a
hybrid RNA where guide and tracr sequences are expressed as separate transcripts. Throughout
this application, chirseric RNA may also be called single gude, or synthetic guide RNA
{sgRNA)}. The loop is preferably GAAA, but it is vot Hmited to this sequence or indeed to being
only 4bp in length. Indeed, preforred loop forming sequences for use in hairpin structures are
four nucleotides in length, and most preferably have the sequence GAAA. However, longer or

shorter loop sequences may be used, as may alternative sequences. The sequences preferably
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include a nucleotide triplet (for oxample, AAA}, and an additional nucleotide (for example C or
(). Examples of loop forming sequences include CAAA and AAAG.

{6089}

{3399] 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 polyadenyiation signals and poly-U sequences). Such regulatory
elements are described, for example, in Goeddel, GENE EXPRESSION TECHNOLOGY:
METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Calif. (1990). Regulatory
clements include those that direct constitutive expression of a nucleotide sequence in many types
of host cell and those that direct expression of the nucleotide sequence only in certain host celis
{e.g., tissue-specific regulatory sequences). A tissue-specific promoter may direct expression
primarily in 4 desired tissue of mterest, such as muscle, neuron, bone, skin, blood, specific
organs {e.g. hiver, pancreas), or particular cell types {e.g. lymphocytes). Regulatory elements
ray also direct expression in g temporal-dependent manner, such as m g cell-cycle dependent or
developmental stage-dependent wanner, which roay or may not also be tissue or cell-type
specific. In some embodiments, a vector may comprise one or more pol Hf promoter {e.g. 1, 2,
3,4, 5, or more pol HI provooters), one or roore pol U promoters {e.g. 1, 2, 3, 4, 5, or more pol {I
promoters), one or more pol 1 promoters {e.g. 1, 2, 3, 4, 5, or more pol I promoters), or
combinations thereof. Examples of pol HI promoters mnchade, but are not limited to, Ub and HI
promoters.  Examples of pol H promoters juclade, but are not limited to, the retroviral Rous
sarcoma viras {(RSV)Y LTR promoter {optionally with the RSV cenhancer), the cytomegalovirus
{CMV) promoter {optionally with the UMV enhancer} [see, e.g., Boshart et al, Cell, 41:521-530
{1985}], the SV40 promoter, the dihydrofolate reductase promoter, the P-actin promoter, the
phosphoglycerol kinase (PGK) prometer, and the EFla promoter.  Also encorapassed by the
term “regulatory eclement” are cnhancer clements, such as WPRE; CMV enhancers; the R-US’
segment in LTR of HTLV-1 (Mol Cell. Biol,, Vol. 8(1}, p. 466-472, 198K}, SV40 enhancer; and
the intron sequence between exons 2 and 3 of rabbit -globin (Proc. Natl Acad. Sci. USA., Vel
783y, p. 1527-31, 1981 It will be appreciated by those skilled m 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
ievel of expression desired, cte. A vector can be mtroduced into host cells to thereby produce

transcripts, protens, or pepiides, inchuding fusion proteins or peptides, encoded by nucleic acids
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as described herewn (e.g., clusiered regularly imterspersed short palindromnce repeats (CRISPR)
transcripts, proteins, cnzymes, mutant forms thereof, fusion proteins thereof, otel). With regards
to regulatory sequences, mention is made of U.S. patent application 10/491,026, the contents of
which are incorporated by reference herein in thelr entirety, With regards o promoters, mention
is made of PCT publication WG 2011/02892% and U.S. application 12/511,940, the contents of
which are incorporated by reference herein in their entivety.

{8091 Vectors can be designed for expression of CRISPR transcripts {(e.g. nucleic acid
iranscripts, protewns, or enzymes) in prokaryotic or cukaryotic cells.  For example, CRISPR
transcripts can be expressed in bacterial cells such as Escherichia coli, insect cells {(using
baculovirus cxpression vectors), yeast cells, or mammalian cells.  Suitable host cells are
discussed further in Goeddel, GENE EXPRESSION TECHNQLOGY: METHODS IN
ENZYMOLOGY 185, Acadersic Press, San Diego, Calif. (1990).  Alternatively, the
recombinant expression vector can be transcribed and translated in vitro, for example using T7
prometer regulatory sequences and T7 polymerase,

130921 Vectors roay be introdoced and propagated in a prokaryote or prokaryotic cell. o
some embodiments, a prokaryote is used to amplify copics of a vector to be introduced into a
cukaryotic cell or as an intermediate vector i the production of a vector to be mtroduced wio a
cukaryotic cell {e.g. amplifying a plasmid as part of a viral vector packaging system}. In some
cmbodiments, a prokaryote is used to amplity copies of a vector and express one or more nucleic
acids, such as to provide a source of one or more proteins for delivery to a host cell or host
organisim. Expression of proteins in prokaryotes is roost often carried out in Escherichia coli
with vectors containing counstitutive or inducible promoters directing the expression of either
fusion or non-fusion proteins. Fusion vectors add a number of amino acids to a protein encoded
therein, such as o the amino terminus of the recombinant protein.  Such fusion vectors roay
serve one or more purpeses, such as: (i) to increase expression of recombinant protein; (i) to
increase the solubility of the recombinant protein; and (1) to aid m the punfication of the
recombinant protein by acting as a ligand in affinity purification. Often, in fusion expression
vectors, a proteolytic cleavage site is introduced at the junction of the fusion moicty and the
recombinant protein fo enable separation of the recombinant protein from the fusion moiety
subsequent to purification of the fusion protein. Such enzymces, and their cognate recognition

sequences, mehude Factor Xa, thrombin and enterokinase.  Example fusion expression vectors
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include pGEX (Pharmacia Biotech Inc; Smith and Johnsou, 1988, Gene 67: 31-40), pMAL (New
England Biolabs, Beverly, Mass.} and pRITS (Pharmacia, Piscataway, N1} that fuse glutathione
S-transferase (GST), maltose E binding protein, or protein A, respectively, to the target
recombinant protein.

{3693} Exaraples of suttable inducible non-fusion E. coli expression vectors mclude pTre
{Amrann et al.,, (1988} Gene 69:301-315) and pET 11d (Studier et al., GENE EXPRESSION
TECHNOLOGY: METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Calif
{1990} 60-89}.

{(394] In some embodiments, a vector 1S a yeast expression vector. Examples of vectors for
expression w yeast Saccharomyces centvisae include pYepSecel (Baldan, et al,, 1987 EMBO L
6. 229-2343, pMFa (Kuijan and Herskowitz, 1982, Cell 30: 933.943), pIRYEE (Schuliz et al,
1987, Gene 54; 113-123), pYES2 (Invitrogen Corporation, San Diego, Califl), and pic?
{InVitrogen Corp, San Diego, Calif).

{B095] In some cmbodiments, a vector drives profein expression in insect cells using
baculovirus expression vectors.  Baculovirus vectors available for expression of proteins w
cultured insect cells {e.g., SF9 cells) inchude the pAc series {(Smith, et al,, 1983, Mol. Cell. Biol.
3: 2156-2165) and the pVL sertes (Lucklow and Sumuners, 1989, Virology 170: 31-39),

{6096} In some embodiments, a vector is capable of driving expression of one or more
sequences m mammalian cells using a mammalian cxpression vector. Examples of mammalian
expression vectors include pCDMR (Seed, 1987, Nature 329: 848) and pMT2PC (Kaufman, et
al,, 1987 EMBO I 6: 187-195}). When used in marmalian cells, the expression vector’s control
functions are typically provided by one or more regulatory elements. For example, commonly
used promoters are dertved from polyoma, adenovirus 2, cytomegalovirus, simian virns 44, and
others disclosed herein and known in the art.  For other suitable expression systerns for both
prokaryotic and ecukaryotic cells see, e.g, Chapters 16 and 17 of Sambrock, et al,
MOLECULAR CLONING: A LABORATORY MANUAL. 2nd ed., Cold Spring Harbor
Laboratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY ., 1989,

{6097} In some embodiments, the recombinant mmammalian oxpression vector 15 capable of
directing expression of the nucleic acid preferentially 1n a particular cell type {e.g., tissue-
specific regulatory clements are used to express the nucleic acid). Tissue-specific regulatory

elements are known i the art. Non-limiting examples of suitable fissue-specific promoters
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include the albumin promoter (hver-specific; Pinkert, ot al, 1987, Genes Dev. 1. 268-277),
lymphoid-specific promoters (Calame and Eaton, 1988, Adv. fmmunodl 43 235.275), in
particular promoters of T cel receptors (Winoto and Baltimore, 1989, EMPQO J. 8 729-733
immunogiobuling {Baneiji, ot al,, 1983, Cell 33: 729-740; Queen and Baltimore, 1983, Cefl 33:
741-748), neuron-specific promoters {¢.g., the neurofilament promoter; Byrne and Ruddle, 1989,
Proc. Natl Acad. Scii US4 86: 5473-5477), pancreas-specific promoters {(Edlund, et al, 1985,
Science 230: 912-916), and mammary gland-specific promoters {2.g., milk whey promoter; 118,
Pat. No. 4,873,316 and FHoropean Application Publication Ne. 264,166).  Developmeutally-
regulated promoters are alse encompassed, ¢.g., the murine hox promoters {Kessel and Gruss,
199G, Science 249 374-379) and the o-fetoproten provooter (Campes and Tilghman, 1989,
Genes Dev. 3. 537-3463. With regards to these prokaryotic and eukaryotic vectors, mention is
made of U8, Patent 6,750,059, the contents of which are incorporated by reference herein in
their entirety. Other embediments of the jnvention may relate to the use of viral vectors, with
regards to which mention is made of U.S. Patent application 13/092,083, the contents of which
are incorporated by reference herein in thewr entirety. Tissue-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.

{6098} In some embodiments, a regulatory clement is operably linked to one or more
clemerts of a CRISPR system so as to drive expression of the one or more elements of the
CRISPR systemn.  In general, CRISPRs (Clustered Regularly loterspaced Short Palindromic
Repeats), also known as SPIDRs (SPacer Interspersed Direct Repeats), constitute a faroily of
INA loci that are usually specific to a particular bacterial spectes. The CRISPR locus may
comprise a distinct class of interspersed short sequence repeats {SSRs) that were recognized i E.
coli (Ishino ¢t al., J. Bacteriol,, 169:5429-5433 [1987]; and Nakata et al,, J. Bactenol,, 171:3553-
3556 {19891y, and associated genes. Similar interspersed SSRs have been tdentified in Haloferax
mediterranet, Streptococcus pyogenes, Anabacva, and Mycobacterium  tuberculosis (See,
Groenen ef al, Mol Microbiol,, 18:1057-1065 [1993]; Hoce et al., Emerg. Infect. Dis,, 5:254-263
[19991; Mascpohl et al,, Biochim. Biophys, Acta 1307:26-30 [1996]; and Maojica ¢t al, Mol
Microbiol., 17:85-93 [19951). The CRISPR loci typically differ from other S85Rs by the structure
of the repeats, which have been termed short regularly spaced repeats (SRSRs) (Janssen ot al,

OMICS 1 Integ. Biol, 6:23-33 [2002]; and Mojica et al,, Mol. Microbiol., 36:244-246 [2000]).
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fn general, the repeats are short clements 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 straing, 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 including, but not limited to Acropyrum, Pyrobaculum, Suifolobus, Archacoglobus,
Halocarcula, Methanobacterium, Methanococcus, Methanosarcina, Methanopyrus, Pyrococous,
Picrophilus, Thermoplasma, Coryncbacterium, Mycobacterium, Streptomyces, Aquifex,
Porphyromonas, Chlorobium, Thermus, Bacillus, Listenia, Staphvlococcus, Clostnidium,
Thermoanaerobacter, Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria,
Nitrosomonas, Desulfovibrio,  Geobacter,  Myxococcus, Campylobacter,  Wolinclla,
Acinetobacter, Erwinia, Escherichia, Legionella, Methylococcus, Pasteurella, Photobacterium,
Salronella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

{30991 In general, “CRISPR. system” refers collectively to transcripts and other elements
involved in the expression of or directing the activity of CRISPR-associated (“Cas’} genes,
including sequences encoding a Cas gene, a tracr (irans-activating CRISPR) sequence {e.g.
tractRNA or an active partial tractRNA}, a tracr-mate sequence {encompassing a “direct repeat”
and a tractRNA-processed partial direct repeat inn the context of an endogenous CRISPR systom),
a mide sequence {also referred o as a “spacer” in the context of an endogenous CRISPR
systern), or other sequences and transcripts from a CRISPR locus. In embodiments of the
invention the terms guide sequence and guide RNA are used interchangeably. In some
embodiments, one or more clements of a CRISPR system is derived from a type |, type If, or
type HI CRISPR systern. In some embodiments, one or more elements of a CRISPR system is
derived from a particular organism which may comprise an endogenous CRISPR system, such as
Streptococcus pyogenes, In general, a CRISPR system is charactenized by cleroents that promote
the formation of a CRISPR complex at the site of a target sequence {also referred to as a
protospacer in the context of an endogenous CRISPR system). In the context of formation of a
CRISPR complex, “target sequence” refers to a sequence to which a guide sequence is designed
to have complementarity, where hybridization between a target sequence and g guide sequence

prorootes the formation of a CRISPR cowplex. A target sequence may coroprise any
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polynucicotide, such as DNA or RNA polynucleotides. In some embodiments, a target sequence
is located in the nucleus or cytoplasm of a cell.

{B0108]  In preferred embodiments of the invention, the CRISPR systern 18 a type I CRISPR
systera and the Cas enzyme is Cas®, which catalyzes DNA cleavage. Enzymatic action by Cas%
derived from Streptococcus pyogenes or any closcly 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 following the 20 nucleotides of the
target sequence. CRISPR activity through Cas9 for site~-specific DNA recognttion and cleavage
is defined by the guide sequence, the tracr sequence that hybridizes in part to the guide sequence
and the PAM sequence. More aspects of the CRISPR system are described 1o Karginov and
Hannon, The CRISPR system: small RNA-gunded defense in bacteria and archaca, Mole Cell
2010, January 15; 37(13 7.

{B0181]  The type H CRISPR locus from Streptococcus pyogenes SF37( contains a chuster of
four genes Cas9, Casl, Cas2, and Csnl, as wel as two non-coding RNA clements, tracrRNA and
a characteristic arvay of repetitive sequences {(direct repeats) imterspaced by short siretches of
non-repetitive sequences {spacers, about 30bp each). In this system, targeted DNA double-
strand break {DSB) is generated o four sequential steps (Figure 2A). Fust, two non-coding
RNAs, the pre-crRNA array and tractRNA, are transcribed from the CRISPR locus. Second,
tracrRNA hybridizes to the direct repeats of pre-crRNA, which 1s then processed into mature
crRNAs containing individual spacer sequences. Third, the mature erRNAtracrRNA complex
directs Cas? to the DNA target consisting of the protospacer and the corresponding PAM via
heteroduplex formation between the spacer region of the ctRNA 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 nuclear localization of the codon optimized
Cas®. To promote precise transcriptional initiation, the RNA polymerase Hi-based U6 promoter
was selected to drive the expression of tractRNA (Figure 2C). Simtarly, a U6 promoter-based
construct was developed to express a pre~crRNA array consisting of a single spacer flanked by
two direct repeats (DRs, also encompassed by the torm “tracr-mate sequences’™; Figure 2C). The
initial spacer was designed to target a 33-base-pair (bp} target site (30-bp protospacer plus a 3-bp
CRISPR mott (PAM) sequence satistying the NGG recognition motit of Cas9) in the human

EMX] locus (Figure 2}, a key gene in the developroent of the corebral cortex.
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{36162]  Typically, in the context of an endogenous CRISPR systers, formation of a CRISPR
complex {which may comprisc a guide sequence hybridized to a target sequence and complexed
with one or more Cas proteins) results in cleavage of one or both strands in or near {e.g. within 1,
2,3,4,5,6,7,8 9, 10, 208, 50, or more base pairs from} the target sequence. Without wishing to
be bound by theory, the tracr sequence, which may comprise or consist of all or a portion of a
wild-type tracr sequence {e.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67, &5, or
more nucleotides of a wild-type tracr sequence}, may also form part of 2 CRISPR complex, such
as by hybridization along at least a portion of the tracr sequence o all or a portion of a tracr mate
sequence that is operably linked to the guide sequence. In some cmbodiments, one or more
vectors driving expression of one or more elements of a CRISPR system are introduced into a
host cell such that expression of the clemeunts of the CRISPR system direct formation of a
CRISPR complex at one or more target sites. For exaraple, a Cas enzyme, a guide sequence
finked to a tracr-mate sequence, and a tracr sequence could gach be operably hinked to separate
regulatory clements on separate vectors. Alternatively, two or more of the clements cxpressed
from the same or different regulatory eleruents, may be combined 1w a single vector, with one or
more additional vectors providing any components of the CRISPR system not included in the
first vector. CRISPR system elements that are combined in a single vector may be arranged in
any suitable orientation, such as onc element located 57 with respect to (Mupstream” of) or 37
with respect to (Mdownstream™ of) a sccond cleraent. The coding sequence of one clement may
be located on the same or oppostie strand of the coding sequence of a second element, and
oriented 1n the sarme or opposite direction.  In some emboditaents, a single promoter drives
expression of a transcript encoding a CRISPR enzyme and one or more of the guide sequence,
tracr mate sequence {optionally operably linked to the guide sequence), and a tracr sequence
embedded within one or wore infron sequences {e.g. cach in a different tron, two or wore in at
least one intron, or all in a single intron}. In some embodiments, the CRISPR enzyme, guide
sequence, fracy roate sequence, and tracr sequence are operably linked to and expressed from the
same promoter,

{B6103]  In somc embodiments, a vector may comprise 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 insertion sties {e.g. about or more than about 1, 2, 3,4, 5, 6,7, 8, 9,

18, or more mseriion sites) are located upstream and/or downstream of one or more seguence

[
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clements of one or more vectors. In some embodiments, a vector may coraprise an insertion site
upstream of a tracr mate sequence, and optionally downstream of a regulatory element operably
iimked to the tracr mate sequence, such that following insertion of a guide sequence o the
insertion site and upon expression the guide sequence directs sequence-specific binding of a
CRISPR complex to a target sequence in a cukaryotic cell. In some cmbodiments, a vector may
comprise two or more insertion sites, cach insertion site being located between two tracr mate
sequences s¢ as o allow insertion of a guide sequence at cach site. In such an arrangement, the
two or more guide sequences may comprise two ot more copies of a single guide sequence, two
or more different puide sequences, or combinations of these. When multiple different guide
sequences are used, a single expression construct may be used to farget CRISPR activity to
muitiple different, corresponding target sequences within a cell. For example, a single vector
may comprise about or more than about 1, 2, 3, 4, 5, 6, 7, &, 9, 10, 15, 20, or more guide
sequences. In some embodiments, about or more than about 1, 2, 3,4, 5, 6,7, 8, 9, 1{, or more
such guide-sequence-containing vectors may be provided, and optionally delivered to a cell,

{301¢4]  In some embodiments, a vector may comprise a regalatory element operably linked to
an enzyme-coding sequence encoding a CRISPR enzyme, such as a Cas protein. Non-limiting
examples of Cas proteins include Casl, CasiB, Cas?2, Cas3, Casd, CasS, Casb, Cas7, CasR, Cas?h
{also known as Csnl and Csx12), Casi, Csyl, Csy2, Csy3, Csel, Csel, Cscl, Csc2, Csal,
Csn2, Csm2, Csm3, Csmd, CsmS, Csmb, Cnwrl, Crw3, Cmrd, CmrS, Cowr6, Csbli, Csh2, Csb3,
Csx17, Csxi4, Cax10, Cex18, UsaX, Csx3, Csxl, Cax13, Tstl, Csf2, Csf3, Usf4, homologues
thercof, or modified versions thereof. In some cmbodiments, the unmodified CRISPR enzyme
has DNA cleavage activity, such as Cas®. In some embodiments, the CRISPR enzyme directs
cleavage of one or both strands at the location of a target sequence, such as within the target
sequence and/or within the complement of the target sequence.  lu some cmbodiments, 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, 104, 260, 500, or more base pairs frorn the first or last nucleotide of a target
sequence.  In some embodiments, a vector encodes a CRISPR enzyme that is mutated to with
respect to a corresponding wild-type enzyme such that the mutated CRISPR enzyroe lacks the
ability to cleave one or both strands of a target polymucleotide containing a target sequence. For
example, an aspartate-to-alanine substitution (D10A) in the RuvC 1 catalytic domain of Cas9

from S. pyogenes converts Cas9 {rom a nuclease that cleaves both strands to a nickase {cleaves a



WO 2014/093655 PCT/US2013/074736

single strand),  Other examples of mutations that render Cas9 a nickase include, without
limitation, HR840A, N854A, and N863A. As a further example, two or more catalytic domains of
Cas? (RuvC 1, RuvC U, and RuvC 1 or the HNH domain) reay be mutated to produce a mutated
{Cas® substantially lacking all DNA cleavage activity. In some embodiments, a DI10A mutation
is cornbined with one or more of HE40A, NES4A, or N863A mutations to produce a CasS
enzyme substantially lacking all DNA cleavage activity. In some embodiments, a CRISPR
enzyme is considered to substantially lack all DNA cleavage activity when the DNA cleavage
activity of the mutated enzyme 18 less than about 25%, 10%, 5%, 1%, 0.1%, 0.01%, or lower
with respect to its non~mutated form. Where the enzyme is not SpCas9, mmtations may be made
at any or all residues corresponding to positions 10, 762, 8440, 854, 863 and/or 986 of SpCas9
{which may be ascertained for instance by standard sequence comparison tools . In particular,
any or all of the following mutations are preferred in SpCas®: DI10A, E762A, HS40A, NS54A,
NB63IA and/or BOROA; as well as conservative substitution for any of the replacement amino
acids 1s also envisaged. The same {or conservative substitutions of these mutations) at
corresponding positions 1o other CasWs are alse preferred. Particularly preferred are D10 and
HE40 in SpCas® . However, in other Cas%s, residues corresponding to SpCas® D10 and HR40
are also preferred.

{G0105]  An aspartate-to-alanine substitution {(D18A) m the Ruv(C 1 catalytic domain of
SpCash was engineered to convert the nuclease nto a nickase (SpCasn) (see ¢.g. Sapranauskas
gt al, 2011, Nucleic Acis Rescarch, 39: 9275; Gasiunas ¢t al,, 2012, Proc. Natl. Acad. Sci. USA,
10D E2579), such that micked genomic DNA undergoes the high-fidelity homology-directed
repair {(HDBR). Surveyor assay confirmed that SpCas9n does not geunerate indels at the EMXI
protospacer target.  Co-cxpression of EMX1-targeting chimeric ctRNA (having the tracrRNA
component as well) with SpCas9® produced indels i the target site, whercas co-expression with
SpCasOn did not (n=3). Morcover, sequencing of 327 amplicons did not detect any indels
induced by SpCastn.  The same locus was selected to test CRISPR-mediated HR by co-
transfecting HEK 293FT cells with the chimeric RNA targeting EMX 1, hSpCasS or hSpCasn,
as well as a HR ternplate to introduce g pair of restriction sites {(HimndlH and Nhel) near the
protospacer.

{80186]  Preferred orthologs are described herein. A Cas enzyme may be wdentified Cas9 as

this can refer to the general class of cnzymes that share homology to the biggest nuclease with
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rouitiple nuclease domains from the type H CRISPR system. Most preferably, the Cas9 enzyre
is from, or is derived from, spCas9 or saCas%. By derived, Applicants mean that the derived
enzyme 15 largely based, in the sense of having a high degree of sequence homology with, a

wildtype enzyme, but that 1t has been mutated {modified) in some way as described herein.

{86187] In some embodiments, an enzyme coding sequence encoding a CRISPR enzyme is
codon optimized for expression in particular cells, such as cukaryotic cells. The eukaryotic cells
may be those of or denived from a particular organism, such as a wammal, wcluding but not
fimited to human, mouse, rat, rabbit, dog, or non-human primate. In goneral, codon optimization
refers to a process of modifying a nucleic acid sequence for eohanced expression in the host celis
of interest by replacing at least one codon {(e.g. about or more than about 1, 2, 3,4, 5, 18, 15, 20,
25, 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 maintaining the native amino acid sequence.
Various species exhibit particular bias for certain codons of a particular amino acid. Codon bias
{differences 1 codon usage between organisms) often correlates with the efficiency of
translation of messenger RNA (mRNA), which is in turn believed to be dependent on, among
other things, the properties of the codons beiug translated and the avadability of particelar
transfer RNA (tRNA} molecules. The predominance of selected tRNAs in a cell is generally a
reflection of the codons used most frequently in peptide synthesis,  Accordingly, genes can be
tailored for optimal gene expression in a given organism based on codon optimization. Codon
usage tables are readily available, for exarmple, at the “Codon Usage Database” available at
www.kazusa.orip/codon/ (visited Jul. 9, 2002), and these tables can be adapted in 2 number of
ways. See Nakamura, Y., ¢t al. “Codon usage tabulated from the international DNA sequence
databases: status for the year 20007 Nucl. Acids Res. 28:292 (2000). Corvoputer algorithros for
codon optimizing a particular sequence for expression in a particular host cell are also available,
such as Gene Forge (Aptagen; Jacobus, PA), arc also available. In some embodiments, one or
maore codons {e.g. 1, 2,3, 4,5, 10, 15, 28, 25, 58, or more, or all codons) in a sequence encoding
a CRISPR enzyme correspond to the most frequently used codon for a particular amine acid.

{B6188] In some ewbodiments, a vector encodes a CRISPR enzyme which may comprise 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 enzyrae may comprise about or
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more than about 1, 2, 3, 4, 5,6, 7, & 9, 18, or more NLSs at or near the amno-terminus, about or
more than about 1, 2, 3,4, 5, 6,7, 8, 9, 10, or more NLSs at or near the carboxy-terminus, or a
combination of these {e.g. one or more NLS at the amino-terminus and one or more NLS at the
carboxy terminus). When more than one NLS i3 present, each may be selected independently of
the others, such that a singlc NLS may be present in more than one copy and/or in combination
with one or more other NLSs present in one or more copies. In a preferred embodiment of the
invention, the CRISPR enzyme may comprise at most 6 NLSs. In some embodiments, an NLS 18
considered near the N- or C-terminus when the nearest amino acid of the NLS is within about 1,
2,3, 4,5, 10, 15,20, 25, 30, 40, 50, or more aming acids along the polypeptide chain from the N-
or C-terminus. Non-livmiing examples of NL3s include an NLS sequence denived from: the NLS
nuclcoplasmin {(¢.g.  the nucleoplasmin  bipartte  NLS  with  the  sequence
KRPAATKKAGOQAKKEK): the c-myc NLS having the amino acid sequence PAAKRVKLD or
RORRNELKRSP; the hRNPAL M9 NLS having the SCGUENCS
NOSSNFGPMEKGONFGORISGPYGGOGRYFAKPRNQGEY, the sequence
RMRIZFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNY of the IBB domain from
importin-aipha; the sequences VSRKRPRP and PPKEKARED of the wayoma T protem; the
sequence POPKKKPL of human p33; the sequence SALIKKKKKMAP of mouse c-abl IV] the
sequences DRLRR and PKQKKRK of the influenza virus N51; the sequence RKLKKKIKKL of
the Hepatitis virus delta antigen; the sequence REKKKFLEKRR of the mouse Mx1 protein; the
sequence KREKGDEVDGVDREVAKKKSKK of the human poly{ADP-ribose) polymerase; and
the sequence RKCLOAGMNLEARKTEK of the steroid hormone receptors (human)
glucocorticoid.

{B6169]  In general, the one or more NLSs are of sufficient strength to drive accumulation of
the CRISPR enryme in a detectable amount in the nucleus of a cukaryotic cell.  In general,
strength of nuclear localization activity may derive from the number of NLSs in the CRISPR
enzyme, the particular NLS(s) used, or a combination of these factors. Detection of
accunmulation in the nuclens may be performed by any suitable technique. For exaraple, a
detectable marker may be fused to the CRISPR enzyrae, 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 nuclens such as DAPH. Cell nuclel may also be iselated from cells, the
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contents of which way then be analvzed by any suttabie process for detecting protei, such as
immunchistochemistry, Western blot, or enzyme activity assay. Accumulation in the nucleus
may also be deternuned indivectly, 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 conmplex, or exposed to
a CRISPR enzyme lacking the one or more NLSs.

[G6118] 1o general, a gude sequence s any polynucleotide sequence bhaving sufficient
complementarity with a target polyrucleotide sequence to hybridize with the target sequence and
divect sequence-specific binding of a CRISPR coroplex to the target sequence. o sowe
embodiments, the degree of complementarity between a guide sequence and its corresponding
target sequence, when optimally aligned using 2 suitable alignment algorithm, is about or more
than about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%, or more. Uptimal alignment
rmay be determined with the use of any suitable algorithm for aligning sequences, non-limiting
example of which include the Smith-Waterman algorithm, the Needleman-Wuunsch algornithim,
algorithms based on the Burrows-Wheeler Transform (c.g. the Burrows Wheeler Aligner},
ClastalW, Clustal X, BLAT, Novoalign (Novocraft  Technologics; available at
www.novocraft.com), ELAND  {(Hlumina, San Diego, CA}, SOAP (available at
soap.genomics.org.on), and Mag {availabic at maq.sourceforgenet). In some embodiments, a
guide sequence is about or more than about 5, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nucleotides n length, In some
embodiments, a guide sequence is less than about 75, 50, 45, 40, 35, 30, 25, 28, 15, 12, or fewer
nucleotides in length. The ability of a guide sequence to direct sequence-specific binding of a
CRISPR complex to a target sequence may be assessed by any suitable assay. For example, the
components of a2 CRISPR system sufficient to form a CRISPR complex, inchuding 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 coraponents 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 polymucieotide sequence may be evaluated in
a test tube by providing the target sequence, components of a CRISPR complex, inchuding the

guide sequence to be tested and a countrol guide sequence different from the test guide sequence,
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and comparing binding or rate of cleavage at the target sequence between the test and control
guide sequence reactions. Other assays are possible, and will occur to those skilled in the art.
{80111} A guide sequence may be selected to target any target sequence.  In some
embodiments, the target sequence s a sequence within a genome of a cell. Exemplary target
sequences nclude those that are unigue i the target genome. For example, for the S, pvogenes
Cas®, a unigue target sequence in a genomwe way nclnde a CasY target site of the form
MMMMMMMMNNNNNNNNNNNNXGG where NNNKNNNNNNNNNXGG (N is A, G, T, or
C; and X can be anything) has a single occurrence n the genome. A umque target sequence n &
genome  may include  an S0 pvogemes  Cas9  target  site of  the  form
MMM MMMMMMNNNNNNNNNNNXGG where NNNNNNNNNNNXGG (Nis A, G, T, or
C; and X can be aunything) bas a single occurrence in the genome. For the 8. thermophilics
CRISPR1 Cas9, g unique target sequence in a genome may include a Cas? target site of the form
MMMMMMMMNNNNNNNNNNNNXXAGAAW  where NNNNNNNNNNNNXXAGAAW
{(Nis A, G, T, or C; X can be anything; and W is A or T} has a single occurrence i the genome.
A unigue target sequence i a genome may nclude an S thermaphilus CRISPRI Cas9 target site
of the form MMMMMMMMMNKNNNNNNNNNNXXAGAAW where
NNNNNNNNNNNXXAGAAW (Nis A, G, T, or C; X can be anything; and Wis Aor T has a
single occurrence in the genome. For the S progenes Cas®, a unique target sequence in a
genome may include a CasH target site of the form
MMMMMMMMNNNNNNNNNNNNXGOXG where NNNNNNNNNNNNXGGXG (N is A,
G, T, or C; and X can be anything} has a single occurrence in the genome. A unigque target
sequence in a genome wmay include an S pyogenes Cas® target site of the form
MMMMMMMMMNNNNNNNNNNNXGGXG where NNNNNNNNNNNXGGXG (N is A, G,
T, or ; and X can be anything) has a single occurrence n the genome.  In each of these
sequences “M” may be A, G, T, or €, and need not be considered in identifying a sequence as
HniQue.

{B8112] In some embodiments, a guide sequence 1s selected to reduce the degree of secondary
structure within the guide sequence. In some embodiments, about or less than about 75%, 50%,
40%, 30%, 25%, 20%, 15%, 10%, 3%, 1%, or fewer of the nucleotides of the guide sequence
participate n sclf-complementary base pairing when optimally folded. Optimal folding may be

deterrained by any suitable polynucleotide folding algorithra,  Some programs are based on
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calculating the mainimal Gibbs free energy.  An exanple of one such algorithro 1s wFold, as
described by Zuker and Sticgler (Nucleic Acids Res. 9 (1981}, 133-148).  Another cxample
folding algorithm s the online webserver RNAfold, developed at Institute for Theoretical
Chemustry at the University of Vienna, using the centroid structure prediction algorithm (see e.g.
AR, Gruber ef af, 2008, Cefi 106(1) 23-24; and PA Carr and GM Church, 2009, Narure
Biontechnology 27(12): 1151-62).

{80113] In general, a tracr mate sequence includes any sequence that has sufficient
compleraentarity with a fracr sequence to promote one or yoore of: (1) excision of a guide
sequence flanked by tracr mate sequences in a cell containing the corresponding tracr sequence;
and {2) formation of a CRISPR coroplex at a target sequence, wherein the CRISPR complex may
comprise the tracr mate sequence hybridized to the fracr sequence. In general, degree of
complerentarity is with reference to the optiraal alignment of the tracr mate sequence and tracr
sequence, along the length of the shorter of the two sequences. Optimal alignment may be
determined by any suitable alignment algorithm, and may further account for sccondary
structures, such as self~complementarity within either the tracr sequence or tracr maate seguence.
in some embodiments, the degree of complementarity between the tracr sequence and fracr mate
sequence along the length of the shorter of the two when optimally aligned s about or rore than
about 25%, 30%, 40%, 50%, 60%, 70%, 8%, 90%, 95%, 97.5%, %9%, or higher. In some
embodiments, the tracr sequence 18 about or more than about 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16,17, IR, 19, 20, 25, 38, 48, 50, or more nucleotides in length. In some embodiments, the tracr
sequence and tract mate scquence are contained within a single transcript, such that hybridization
between the two produces a transcript baving a secondary stracture, such as a haurpin. Iu an
embodiment of the invention, the transcript or transcribed polynucleotide sequence has at least
two or more hairpios. In preferred cmbodiments, the transcupt has two, three, four or five
hairpins. In a further embodiment of the invention, the transcript has at most five hairpins. In a

3

hairpin structure the portion of the sequence 57 of the fival “N” and upstream of the loop
corresponds to the tracr mate sequence, and the portion of the sequence 37 of the loop
corresponds to the tracr sequence.  Further non-limiting examples of single polynucleotides
which may comprise a guide sequence, a tracr mate sequence, and a tracr sequence are as follows
(listed S° to 37}, where "N represents a base of a guide sequence, the first block of lower case

letters represent the tracy mate sequence, and the second block of lower case letters represent the
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tracr sequence, and the final poly-T sequence represents the travscription terminator: (1)

NINNINNNNNNNNNNKNNNNNNNgtttttgtactctcaagatttaGA A Ataaatcttgcagaagetacaaagataaggctt
catgeegagatcaacacectgteattttatggeagggigtittegttatttaa TTTTITE, {23
NNNNNNNNNNNNNNNNNNNNMNgtitttgtactetcald A AAtgeagaagotacaaagataaggettcaigecgaaatca
acaccctgicattttatggeagggigttticgttatttag TTTTTT, (3)
NNNNNNNNNNNNNNNNNNNNgtttttgtactcteaGAA Atgcagaagetacaaagataaggeticatgoegaaatea
acacccigicatittatggeagpetptPITTTT, {4)

NNNNNNNNNNNNNNNNNNNNMNgtittagagetaGA AAtageaagtiaaaataaggetagicegtiatcaactigaaaa
agtpgeaccgagtepptpe TITTTT, {5}
NNNNNNNNNNNNNNNNNNNNgttttagagetaGAA ATAGeaagttaaaataaggctagteogitateaactigaa
aaagtg TTTTITY, and {6}
NNNNNNNNNNNNNNNNNNNNgtittagagetagAAATA Geaagttaaaataaggctagtecgtiatea TTTTT
TTT. In some embodiments, sequences (1) to (3} are used in combination with Cas9 from 8.
thermophilus CRISPRI. In some embodiments, sequences (4) to (6) are used i combination
with Cas9 from 8 progenes. In sorne embodiments, the tracr scquence 18 a separaie franscript
from a transcript which may comprise the tracr mate sequence.

[66114] 1o some ermbodiments, a recorabivation teraplate 18 also provided. A recombination
template may be a component of another vector as described herein, contained in a separate
vector, or provided as a separate polynucleotide. In sorne embodiments, a recombination
template is designed to serve as a template in homologous recombination, such as within or near
a target sequence nicked or cleaved by a CRISPR cnzyme as a part of a CRISPR conplex. A
teraplate polymucleotide may be of any suitable length, such as about or wore than about 10, 15,
24, 25, 50, 75, 100, 130, 200, 500, 1000, or more nucleotides in length. In some embodiments,
the template polynucleotide is comwplementary to a portion of a pelynuclestide which way
comprise the target sequence. When optimally aligned, a template polynucleotide might overlap
with oue or roore nucleotides of a target sequences {e.g. about or more than about 1, §, 14, 15,
28, or more nucleotides). In some embodiments, when a teraplate sequence and a polynucleotide
which may comprise a target sequence are optimally aligned, the nearcst nucleotide of the
template polynucieotide is within about 1, 5, 18, 15, 28, 25, 56, 75, 100, 200, 300, 400, 500,

1000, 5000, 10000, or more nucleotides from the target sequence.
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{B6115] In some embodiments, the CRISPR enzyroe is part of a fusion protein which way
comprise one or more heterologous protein domains (¢.g. about or more than about 1, 2, 3, 4, 5,
6, 7, 8, 9, 10, or more domains in addition to the CRISPR enzyme). A CRISPR enzyme fusion
protein may comprise any additional protein sequence, and optionally a Huoker sequence between
any two dorpains. Examples of protein domains that may be fused to a CRISPR enzyme include,
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  achivily, transcription release factor activity, histone
modification activity, RNA cleavage activity and mucleic acid binding activity. Non-limiting
examples of epitope tags include histidine (His) tags, V35 tags, FLAG tags, influenza
hemagglutinin (HA) tags, Myc tags, VSV-( tags, and thioredoxin (Trx} tags. Examples of
reporter genes include, but are not limited to, glutathione-S-transferase (GST), horseradish
peroxidase (HRP}, chloramphenicol acetyltransferase (CAT) beta-galactosidase, beta-
glucuronidase, luciferase, green fluorescent protein (GFP), HceRed, DsRed, cyan fluorescent
protein (CFP), yellow fluorescent protein (YFP), and autofluorescent proteins including blue
fluorescent protein {(BFP). A CRISPR enryme may be fused to a gene sequence encoding a
protein or a fragment of a protewn that bind DNA molecules or bind other cellular molecules,
including but not limited to maltose binding protein (MBP}, S-tag, Lex A DNA binding domain
{DBD) fusions, GAL4 DNA binding domain fusions, and herpes simaplex virus (HSV) BP16
protein fusions. Additional domains that may form part of a fusion protein which may comprise
a CRISPR enzyme are described in US20110059502, meorporated hercin by reference. In some
embaodiments, a tagged CRISPR enzyme is used to identify the location of a target seguence.

{#6116] In some aspects, the invention provides methods which may comprise delivering one
or more polynucicotides, such as or one or more vectors as described herein, one or more
transcripts therecof, and/or one or proteins franscribed therefrom, to a host cell. In some aspects,
the mvention further provides cells produced by such methods, and animals which may comprise
or produced from such cells. In some embodiments, a CRISPR enzyme in combination with
{and optionally cornplexed with} a guide sequence 18 delivered to a cell. Conventional viral and
non-viral based gene transfer methods can be used to introduce nucleic acids in mammalian cells
or target tissucs. Such methods can be used to administer nucleie acids encoding cormponents of

a CRISPR system to cells 1o culture, or in a host organism.  Non-viral vector delivery systems
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nclude DNA plasmids, RNA {e.g. a transcript of a vector deseribed herein), naked vucleic acid,
and nucleic acid complexed with a delivery vehicle, such as a liposome. Viral vector delivery
systerns include DINA and RNA viruscs, which have cither opisomal or integrated genoraes 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); Mitani & Caskey, TIBTECH
11:162-166 (1993); Dillon, TIBTECH 11:167-175 (1993}, Miller, Nature 357:455-460 {1992},
Van Brunt, Biotechnology 6{1011149-1154 (1988), Vigne, Restorative Neurclogy and
Neuroscicnce 8:35-36 (1995); Krewer & Perricaudet, Brtish Medical Bulletin 51¢1)31-44
{1995}, Haddada et al,, in Current Topics in Microbiology and Immunology Deerfler and Bdhm
{eds) (1995); and Yu ot al, Gene Therapy 1:13-26 (1994).

{80117F Methods of non-viral delivery of nucleic acids mclude lipofection, microinjection,
biolistics, virosomes, Hiposomes, immunoliposornes, polyeation or hipidinucleic acid conjugates,
naked DINA, artificial virions, and agent-enhanced uptake of BNA. Lipofection is described in
e.g., U.S. Pat, Nos. 5,049,386, 4,946,787; and 4,897,355} and lipofoction reagents are sold
commercially {e.g., Transfectara™ and Lipofectin™),  Cationic and neutral lipids that are
suttable for efficient receptor-recognition lipofection of polynucicotides inchude those of Felgner,
WO 91/17424; WO 91/16024. Delivery can be to cells {e.g. in vitro or ex vivo administration}
or target tissues {¢.g. in vivo administration},

{B0118] The preparation of lipidinucleic acid complexes, including targeted liposomes such as
immunolipid complexes, 18 well known to one of skill in the art (see, eg., Crystal, Science
270:404-410 (1995y, Blacse ot al, Cancer Gene Ther, 2:291-297 (1995} Behr ot al,
Bioconjugate Chem. 5:382-389 (1994}, Remy et al., Bioconjugate Chem. 3:647-654 (1994); Gao
et al.,, Gene Therapy 2:710-722 (1995); Ahmad ot al., Cancer Res. 52:4817-4820 {1992}, US.
Pat. Nos. 4,186,183, 4,217,344, 4235871, 4,261,975, 4,485,054, 4,501,728, 4,774,085,
4,837,028, and 4,946,787},

[B6119]  The use of RNA or DNA viral based systems for the delivery of nucleie acids take
advantage of highly evolved processes for targeting a virus to specific cells in the body and
tratficking the viral payload to the nucleus. Viral vectors can be administered directly to paticnts
{in vivo) or they can be used to treat cells in vitro, and the modified cells may optionally be
adnunistered to paticnts {ex vivo), Conventional viral based systems could inchude retroviral,

lentivirus, adenoviral, adevo-associated and herpes simplex virus vectors for gene transter,
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fategration wn the host genome s possibie with the retrovirus, lentivirus, and adeno-associated
virus gene transfer methods, often resulting in long torm expression of the inserted transgene.
Additionally, high transduction efficiencics have been observed in many ditferent cell types and
target tissues.

{60128] The tropism of g retrovirus can be altered by incorporating foreign envelope proteins,
expanding the potential target population of target cells. Lentiviral vectors are retroviral vectors
that are able to transduce or infect non-dividing cells and typically produce high viral titers.
Selection of a retroviral gene transter systermn would therefore depend on the target fissuc.
Retroviral vectors are comprised of cis-acting long terminal repeats with packaging capacity for
up to 6-10 kb of foreign sequence. The rointmum cis-acting LTRs are sufficient for veplication
and packaging of the vectors, which are then used to integrate the therapeutic gene into the target
cell to provide permancent transgene expression.  Widely used retroviral vectors include those
based upon murine leakemia viras (Mul V), gitbon ape leukemia virgs (GallV), Simtan Imnnuno
deficiency virus {81V}, human iramuno deficiency virus (HIV), and combinations thereof (sce,
e.g., Buchscher et al, 1. Virol 66:2731-2739 (1992); Johann et al, J. Virol. 66:1635-1640

(1992, Sommmuerfelt ot al, Virol 176:58-59 (1990); Wilson ¢t al, J. Virol. 63:2374.2378

{GG121] In applications where transiont expression is preferred, adenoviral based systems may
be used. Adenoviral based vectors are capable of very high transduction efficioncy in many cell
types and do not require cell division. With such vectors, high titer and levels of expression have
been obtained. This vector can be produced in large quantitics in a relatively simple systom.
Adeno-associated virus ("AAV”} vectors may also be used to transduce cells with target macleic
acids, e.g., i the in vitro production of nucleic acids and peptides, and for in vivo and ex vivo
gene therapy procedures (see, o.g., West ot al, Viology 160:38-47 (19R87); U.S. Pat. No.
4,797,368, WO 93/24641; Kotin, Human Gene Therapy 5:793-801 (1994); Muzycezka, J. Clin,
Invest. 94:1351 (1994). Construction of recombinant AAV vectors are described in a mumber of
publications, mncluding U8, Pat. No. 5,173,414, Tratschin ot al,, Mol Cell. Bioll 5:3251-3260
{19R85Y); Tratschin, ot al., Mol Cell, Biol. 4:2072-2081 (1984); Hormonat & Muzyezka, PNAS
81:6466-6470 (1984); and Samulski et al, J. Virol. 63:03822-3828 (1989},

{B0122]  Packaging cells are typically used to form virus particles that are capable of mfecting

r~
7

a host cell. Such cells welude 293 cells, which package adenovirus, and w2 cells or PA317 cells,
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which package retrovirus, Viral vectors used 1o 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 roinimal viral sequences required for packaging and subsequent integration into a host, other
viral sequences being replaced by an expression cassette for the polynucicotide{s} to be
expressed. The nussing viral functions are typically supplied in trans by the packaging cell line.
For example, AAV vectors used in gene therapy typically only possess I'TR sequences from the
AAV genome which are required for packaging and integration into the host genome. Viral
DINA 1s packaged 1o a cell line, which contains a helper plasroid encoding the other AAV genes,
namely rep and cap, but lacking I'TR sequences. The cell line may also infected with adenovirus
as a helper. The helper viras promotes rephication of the AAV vector and expression of AAV
genes from the helper plasmid. The helper plasmid is vot packaged in significant amounts duoe to
a lack of ITR sequences. Contanunation with adenovirus can be reduced by, e.g., heat treatment
to which adenovirus is more sensitive than AAV. Additional methods for the deiivery of nucleic
acids to cells are known to those skilled in the art.  Sce, for cxample, US20030087817,
incorporated herewn by reference.

{80123}  In some embodiments, a host cell is transiently or non-transiently transfected with
one or more vectors described herein. o some embodiments, a cell is transfected as i naturally
occurs in a subject. In some embodiments, a cell that is transfected is taken from a subject. In
some embodiments, the cell 15 derived from cells taken from a subject, such as a cell ine. A
wide variety of cell lines for tissue culture are kuown in the art.  Hxamples of cell lines inelnde,
but are not hmited to, C8161, CCRF-CEM, MOLT, mIMCD-3, NHDF, HeLa-83, Huhl, Huh4,
Huh?7, HUVEC, HASMC, HEKgn, HEKa, MiaPaCell, Panci, PC-3, TF1, CTLL-2, CIR, Ratd,
CVI, RPTE, A0, T24, J82, A375, ARH-T7, Calul, SW4B0, SW620, SKOV3, SK-UT, CaloZ,
P3EEDT, SEM-K2, WEHI-231, HBS6, TIB3S, Jurkat, J45.01, LRMR, Bcel-1, BC-3, IC21, DLDZ,
Raw264.7, NRK, NRK-52E, MRCS5, MEF, Hep 32, Hela B, Hela T4, COS, COS-1, CO8-6,
COS-MoA, BS-C-1 monkey kidney epithelial, BALB/ 3T3 mouse embryo fibroblast, 3T3 Swiss,
3T3-L1, 132-d5 human fetal fibroblasts; 10.1 mouse {ibroblasts, 293-T, 373, 721, SL, A27%(,
A2TS0ADR, A2780cis, A172, A20, A253, A431, A-549, ALC, B16, B35, BCP-1 cells, BEAS-
2B, bEnd.3, BHE-21, BR 293, BxPC3, C3H-10TV/2, €6/36, Cal-27, CHO, CHO-7, CHO-IR,
CHO-K1, CHO-K2, CHO-T, CHO Dhtr /-, COR-L23, COR-L23/CPR, COR-L23/5010, COR-
L23/R23, COS-7, COV-434, CML T1, CMT, €726, D17, DHEZ, DUI4S, DalaP, HL4, EM2,
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EM3, EMT6/ARL, EMTH/ARIO.G, FM3, HIZ99, H69, HBS34, HBSS, HCAZ, HEK-293, Hela,
Hepalclc?, HE-60, HMEC, HT-29, Jurkat, JY celis, K562 cells, Ku812, KCL22, KG1, KYOI,
LNCap, Ma-Mel 1-48, MC-38, MCF-7, MCF-10A, MDA-MB-231, MDA-MB-468, MDA-MB-
435, MDCK [, MDCK H, MOR/G.2ZR, MONGO-MAC 6, MTD-T1A, MyEnd, NCI-H69/CPR,
NCE-H6S/LX1G, NCI-H6WEX 20, NCLI-HOY/LX4, NIH-3T3, NALM-1, NW-145, OPCN/ OPCT
cell Hines, Peer, PNT-1A / PNT 2, RenCa, RIN-5F, RMA/RMARS, Saos-2 cells, S£9, SkBr3, T2,
T-47D, T84, THP1 cell line, U373, URTY, U937, V(aP, Vero cells, WM39, WT-49, X63, YAC-1,
YAR, and transgenic varieties thereof. Cell hines are available from a variety of sources known
to those with skill in the art {see, ¢.z., the American Type Culture Collection {ATCC) (Manassus,
Va) In some embodiments, a cell transfected with one or more vectors described hereim is
used o establish a new cell Hue which may comprise one or more vector-derived sequences. n
sorme cmbodiments, & cell transiontly transfected with the components of a CRISPR system as
described herein {such as by transient transfection of one or more vectors, or fransfection with
RNA}, and modified through the activity of a CRISPR complex, is used to establish a now cell
ling which may comprise cells containing the modification but lacking any other exogenous
sequence.  In some cmbodiments, cells transiently or non-transiently transfected with one or
more vectors described heren, or cell hines denived from such cells are used 1o assessing one or
more test compounds.

{60124} In some cmbodiments, one or more vectors described herein are used to produce a
non-human fransgenic animal or transgenic plant. In some embodiments, the transgenic animal
is & manunal, such as a mouse, rat, or rabbit. Methods for producing transgenic plants and
animals are known in the art, and geunerally begin with a method of cell transfection, such as
described herein.

{B6125] With recent advances in crop genomics, the ability to use CRISPR-Cas systems to
perform efficient and cost effective gene editing and manipulation will aliow the rapid selection
and comparison of single and and multiplexed genetic roanipulations to transform such genomes
for improved production and enhanced traits. In this regard reference is made to US patents and
publications:  US Patent No. 6,603,061 - Agrobacterium-Mediated Plant Transformation
Method; US Patent No. 7,868,149 - Plant Genome Sequences and tses Thereot and US
2009/06100536 - Transgenic Plants with Enhanced Agronomic Traits, all the contents and

disclosure of each of which are herein incorporated by reference in their entirety. In the practice
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of the invention, the coutents and disclosure of Morrell et al “Crop genomucsiadvances and
applications” Nat Rev Genet. 2011 Dec 29;13(21:85-96 arc also herein incorporated by reference
in their entirety. In an advantageous embodiment of the invention, the CRISPR/Cas9 system is
used to engineer microalgae.  Accordingly, reference herein to animal cells may also apply,
routatis mutandis, to plant cells unless otherwise apparent.

{86126] In plants, pathogens are often host-specific. For example, Fusarium axysporum £, sp.
{ycopersici causes tomato wiit but attacks only tomato, and F. oxvsporum [, dianthii Puccinia
gramints £, sp. wivici attacks only wheat., Plaunts have existing and indoced defenses to resist
most pathogens. Mutations and recombination events across plant generations lead to genetic
variability that gives nise to susceptibility, especially as pathogens reproduce with wore
frequency than plants. In plants there can be non-host resistance, e.g., the host and pathogen are
ncompatible. There can also be Horizontal Resistance, e.g., partial resistance against all races of
a pathogen, typically controlled by many genes and Vertical Resistance, ¢.g., coraplete resistance
to some races of a pathogen but not to other races, typically controlled by a few genes. In a
Gene-for-Gene level, plants and pathogens evolve together, and the genctic changes wn one
balance changes in other. Accordingly, using Natural Variability, breeders combine most useful
genes for Yield, Quality, Uniformity, Harvdiness, Resistance. The sources of resistance genes
include native or forcign Varicties, Heirloom Varictics, Wild Plant Relatives, and Induced
Mutations, ¢.g., treating plant material with mutagenic agents. Using the present invention, plant
breeders are provided with a new tool to indace mutations. Accordingly, one skilied i the art
cant analyze the genorne of sources of resistance genes, and in Varieties having desired
characteristics or traits employ the present tnveuntion o induce the rise of resistance genes, with
more precision than previous mutagenic agents and hence accelerate and improve plant breeding
PrOgrams.

1801271 In onec aspect, the invention provides for methods of modifying a target
polyoucleotide n a cukaryotic cell, which may be in vivo, ex vive or in vitro. In some
embaodiments, the method comprises sampling a cell or population of cells from a human or non-
human animal or plant (including micro-algac), and modifying the cell or cells. Culturing may
ocour at any stage ex vive. The cell or cells may even be re-introduced into the non-buman
antiral or plant (including mucro-algae). For re-introduced cells it 1s particularly preferred that

the cells are stem cells.,
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{B6128] In onc aspect, the invention provides for methods of wmodifying a target
polynucleotide in a cukaryotic cell. In some embodiments, the method may comprise allowing a
CRISPR complex to bind to the target polynucieotide to effect cleavage of said target
polynucleotide thereby modifying the target polynucieotide, wherein the CRISPR complex may
comprise a CRISPR enzyme coraplexed with a guide sequence hybridized to a target sequence
within said target polynucleotide, wherein satd guide sequence is Huked to a tracr mate sequence
which in turn hybridizes to a tracr sequence.

[B0129] 1o one aspect, the imvention provides a method of modifying expression of a
polymucleotide in a cukaryotic cell. In some embodiments, the method may comprise allowing a
CRISPR complex to bind to the polynucleotide such that said binding results 1o increased or
decreased expression of said polynucieotide; wherein the CRISPR complex may coraprise a
CRISPR conzyme complexed with a guide sequence hybridized to a target sequence within said
polynucleotide, wherein said guide sequence is linked to a tracr mate seguence which in furn
hiybridizes to a tracr sequence.

{B013¢]  In one aspect, the imvention provides kits containing any onc or more of the elements
disclosed in the above methods and compositions. Elements may be provided individually or in
combinations, and may be provided in any suitable container, such as a vial, a bottle, or a tube.
i some embodiments, the kit inchides instructions in one or more languages, for exampic
rnore than one language.

{80131} In some embodiments, a kit may comprise one or more reagents for use in a process
uitlizing one or more of the clernents described hercin.  Reagents may be provided in any
suitable container. For example, a kit may provide one or more reaction or storage buffers.
Reagents may be provided in a form that is usable in a particular assay, or in a form that reguires
addition of one or more other coraponents before use {e.g. 1o concentrate or lyophilized form). A
buffer can be any buffer, including but not limited to a sodium carbonate 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 may comprise one or
more oligonucleotides corresponding to a guide sequence for insertion into a vector s0 as o
opcrably Hok the guide sequence and a regulatory clement. In some cmbodiments, the kit may

comprise a homologous recombination teroplate polynucleotide.
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{#6132]  In owe aspect, the invention provides methods for using one or more elements of a
CRISPR system. The CRISPR complex of the imvention provides an effective means for
modifying a target polynucicotide. The CRISPR coraplex of the invention has a wide variety of
utility inchiding moditying (e.g., deleting, inserting, transiocating, inactivating, activating) a
target polymucleotide in & multiplicity of cell types.  As such the CRISPR complex of the
invention has a broad spectrum of applications in, e.g., gene therapy, drug screening, disease
diagnosis, and prognosis. An exemplary CRISPR complex may comprise a CRISPR enzyme
complexed with a guide sequence hybridized o a target sequence within the target
polymucleotide. The guide sequence is linked to a tracr mate sequence, which in turn hybridizes
0 8 tracr sequence,

{86133 In one combodiment, this invention provides a method of cleaving a target
polynucleotide. The method may comprise modifying a target polynucleotide using a CRISPR
complex that binds to the target polynucieotide and effect cleavage of said target polynuciestide.
Typically, the CRISPR complex of the invention, when introduced into a ccll, creates a break
{e.g., a single or a double strand break) in the gevome sequence. For example, the method can
be used to cleave a discase gene in a cell.

{B0134]  The break created by the CRISPR complex can be repaired by a repair processes such
as the error prone non-homologous end joining (NHEID) pathway or the high fidelity homology-
directed repair (HDR ). During these repair process, an exogenous polynucleotide teraplate can be
introduced into the genome sequence.  In some methods, the HDR process is used wmodity
genome sequence.  For example, an exogenous polynucleotide ternplate which may comprise a
sequence to be integrated flanked by an upsitream sequence and a downstream sequence is
introduced into a cell. The upstream and downstream sequences share sequence similarity with
cither side of the site of integration in the chromosome.

{80135]  Where desired, a donor polynucleotide can be DNA, ¢.g., 2 DNA plasmid, a bacterial
artificial chromosome (BAC), a yeast artificial chromosome (YAC), a viral vector, a hinear picce
of DNA, a PCR fragment, a naked nucleic acid, or a nucleic acid complexed with a delivery
vehicle such as g liposorne or poloxaraer,

{86136] The exogenous polynucleotide teraplate may comprise a sequence to be integrated
{c.g, a mutated gene). The sequence for mmtegration roay be a scguence condogenous or

&

exogenous o the cell.  Examples of 4 sequence to be integrated wclude polynucieotides
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cucoding a protemn or 4 nou-~coding RNA (c.g., a mictoRNA). Thus, the sequence for integration
may be operably linked to an appropriate control sequence or sequences.  Alternatively, the
sequence to be mtegrated may provide a regulatory function.

{B3137]  The upstream and downstream sequences in the exogenous polynucleotide teraplate
are selected to promote recombination between the chromosomal sequence of interest and the
donor polynucleotide. The upstream sequence 1s a nucleic acid sequence that shares sequence
similarity with the genome sequence upstream of the targeted site for integration. Similarly, the
downstream scquence s a nucleic acid sequence that shares sequence simianity with the
chromosomal sequence downstream of the targeted site of integration.  The upstream and
dowustream sequences in the exogenous polynucicotide template can have 75%, 80%, 85%,
9%, 95%, or 100% sequence identity with the targeted genome sequence. Preferably, the
upstream and downstream sequences i the exogenous polynucicotide template have about 95%,
86%, 97%., 98%, 99%, or 100% sequence identity with the targeted genome sequence. In some
mcthods, the upsiream and downstream sequences in the exogenous polynucleotide tomplate
have about 99% or 100% sequence identity with the targeted genome seguence.

{B0138]  An upstream or downstream sequence may comprise from about 20 bp to about 25060
bp, for example, about 56, 100, 200, 300, 400, 500, 600, 700, 800, 800, 1000, 1100, 1200, 1300,
1440, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2300, 2400, or 2500 bp. In some
racthods, the exemplary upstream or downstream seguence have about 200 bp to about 2000 bp,
about 600 bp to about 1000 bp, or more particularly about 700 bp to about 1060 bp.

{B0139]  In some methods, the exogenous polymucleotide tomplate may further comprise a
marker. Such a marker may make it easy to screen for targeted integrations. Examples of
suitable markers include restriction sites, fluorescent proteins, or selectable markers.  The
exogenous polynucleotide teraplate of the jovention can be constructed using recombinant
techniques {see, for cxample, Sambrook et al., 2001 and Ausubel ot al,, 1996}

[66148] 1o an cxemplary wethod for wodifying a target polynucicotide by integrating au
exogenous polynucieotide teruplate, 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.
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{36141]  In other embodiments, this invention provides a method of modifying expression of a
polynucleotide in a cukaryotic cell.  The method may comprise increasing or decreasing
expression of a target polynucicotide by using a CRISPR complex that binds to the
polynucleotide.

{36142]  In some methods, a target polynucieotide can be inactivated to offect the modification
of the expression in a cell. For example, upon the binding of a CRISPR complex to a target
sequence in a cell, the target polynucieotide is inactivated such that the sequence is not
transcribed, the coded protein s not produced, or the sequence does not function as the wild-type
sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein is not produced.

{80143  In some methods, a control sequence can be inactivated such that it no longer
functions as a control sequence. As used herein, “control sequence” refers to any nucleic acid
sequence that effects the transcription, trauslation, or accessibility of a nucleic acid sequence.
Examples of a control sequence include, a promoter, a transcription torminator, and an enhancer
are control sequences.,

{80144} The inactivated target sequence may include a delction mutation (i.e., deletion of one
or more nucleotides), an insertion mutation {(1.¢., insertion of one or more nucleotides), or a
nonsense mutation {i.c., substitution of a single nucleotide for another nucleotide such that a stop
codon s mitreduced). In some methods, the mactivation of a target scquence results in “knock-
out” of the target sequence.

{B0145] A mocthod of the invention may be used to create a plant, an animal or cell that may
be used as a disease model. As used herein, “disease” refers to a disease, disorder, or indication
in a subject. For cxample, a method of the invention may be used to create an animal or cell that
roay comprise a modification in one or more vucleic acid sequences associated with a disease, or
an animal or cell in which the expression of one or more nucleic acid sequences associated with
a disease are altered. Such a nucleie acid sequence roay encode a discase associated protein
sequence or may be a discase associated control sequence.

{60146] In some methods, the discase model can be used to study the effects of mutations on
the animal or ceil and development and/or progression of the disease using measures commonly
used in the study of the discase. Alternatively, such a disease model 18 useful for studying the

effect of a pharmaccutically active compound on the disease.
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{36147]  In some methods, the disease model can be used to assess the efficacy of a potential
gene therapy strategy. That is, a discase~-associated gene or polynucieotide can be modified such
that the discase development and/or progression is inhibited or reduced. In particular, the
method may comprise modifying a disease~-associated gene or polynucleotide such that an altered
protein is produced and, as a resul, the anirnal or cell has an altered response. Accordingly, in
some methods, a genetically modified animal may be compared with an animal predisposed to
development of the discase such that the effect of the gene therapy event may be assessed.
{B0148]  In another embodiment, this invention provides a method of developing a biologically
active agent that modulates a cell signaling event associated with a discase gene. The method
ray comprise contacting a test compound with a cell which may comprise one or wore vectors
that drive expression of one or wmore of a CRISPR enzyme, a guide sequence linked to a tracr
mate sequence, and a tracr sequence; and detecting a change in g readout that is indicative of 4
reduction or an augmentation of a cell signaling event associated with, ¢.g., a utation in a
disease gene contained n the cell.

{8814%] A cell model or ammal model can be constructed in combination with the method of
the nvention for screening a cellular function change. Such a model may be used to study the
effects of a genome sequence modified by the CRISPR complex of the mvention on a cellolar
function of interest. For example, a cellular function model may be used to study the cffect of a
rmodified genome sequence on intracellular signaling or extraceliular signaling. Alternatively, a
cellular function model may be used to study the effects of a medified genome sequence on
sensory perception.  In some such models, one or more genome sequences associated with a
signaling biochemical pathway in the model are modified.

{BGIS8]  An altered cxpression of one or more genome sequences associated with a signaling
biochemical pathway can be determiined by assaying for a difference 1u the mRNA levels of the
corresponding genes between the test model celf and a control cell, when they are contacted with
a candidate agent. Alternatively, the differcotial expression of the sequences associated with a
signaling biochemical pathway is determined by detecting a difference in the level of the
encoded polypeptide or gene product.

{86151] To assay for an agent-induced alteration in the level of mRNA transcripts or
corresponding polymucleotides, nucleic acid contained i a saraple s first extracted according to

standard methods in the art. For imstance, mRNA can be wsolated using various Tytic enzymes or
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chemical solutions according to the procedures set forth in Sambrook et al. (1989}, or exiracted
by nucleic-acid-binding resins following the accompanying instructions provided by the
manufacturers. The mRNA contained n the extracted nucleic acid sarple is then detected by
amplification procedures or conventional hybridization assays {¢.g. Northern blot analysis)
according to methods widely known n the art or based on the methods exemplified herein.
{86152 For purpose of this invention, amphification means any methoed employing a primer
and a polymerase capable of replicating a target scquence with reasonable fidelity.
Avaphfication may be carried out by natural or recombinant DNA polymerases such as
TaqGold™, T7 BNA polymerase, Kienow fragment of E.coli DNA polymerase, and reverse
transcriptase. A preferred arophification method 18 PCR. In particular, the solated RNA can be
subjected to a reverse transcription assay that is coupled with a guantitative polymerase chain
reaction (RT-PCR} m order to quantify the expression level of g sequence associated with g
signaling biochemical pathway.

{B0153]  Deotection of the gene cxpression level can be conducted in real time i an
amplification assay. In one aspect, the amphified 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 intercalators incorporated into the double-stranded DNA
molecules is typically proportional to the amount of the amplified DNA products, one can
convenicntly determine the amount of the amplified products by quantifying the fluorescence of
the intercalated dye using conventional optical systems in the art. DNA-binding dye suitable for
this application include SYBR green, SYBR blue, DAPL propidium 1odine, Hoeste, SYBR gold,
ethidium bromide, acridines, proflavine, acridine orange, acriflavine, fluorcoumanin, ellipticing,
daunomycin, chloroquine, distamycin D, chromomycin, homidium, mithramycin, ruthenium

polypyridyls, anthramycin, and the like.

[}

{80154]  In another aspect, other fluorescent labels such as sequence specific probes can b
employed in the amplification reaction to facihtate the detection and quantification of the
amplified products. Probe-based quantitative amplification relies on the sequence-specific
detection of a desired aroplified product. It utilizes fluorescent, target-specific probes {e.g.,
TagMan® probes) resulting in increased specificity and sensitivity.  Methods for performing
probe-based guantiative amplification are well established in the art and are taught in US,

Patent No. 5,210,815,
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{BOISS]  In vet another aspect, conventional hybridization assays using hybridization probes
that share sequence homology with sequences associated with a signaling biochemical pathway
can be performed. Typically, probes are allowed to form stable coraplexes with the sequences
associated with a signaling biochemical pathway contained within the biological sample derived
from the test subject i a hybridization reaction. It will be appreciated by one of skill 1n the art
that where antisense is used as the probe nucleic acid, the target polynucleotides provided in the
sample are chosen to be complementary to sequences of the antisense nucleic acids. Conversely,
where the nucleotide probe is a sense nucleic acid, the target polynucicotide s selected to be
complementary to sequences of the sense nucleic acid.

{#6156] Hybridwzation can be performied vonder conditions of various sivingency.  Suttable
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 1s
both sufficiently specific and sufficiently stable. Counditions that increase the stringency of a
hybridization reaction are widely known and published 1 the art. Sce, for example, Sambrook,
et al., (1989); Nonradicactive In Sttu Hybndization Apphcation Manual, Bochringer Mannheim,
second edition. The hybridization assay can be formed using probes immobilized on any solid
support, including but are not hmited to nitrocellulose, glass, silicon, and a varicty of gene
arrays. A preferred hybridization assay is conducted on high-density gene chips as described
U8, Patent No. 5,445,934,

{86157] For a couveunient detection of the probe-target complexes formed during the
hybridization assay, the nucleotide probes are conjugated to a detectable label. Detectable labels
suitable for use in the present invention include any composition detectable by photochemical,
biochemical, spectroscopic, immunochemical, clectrical, optical or cheomical means. A wide
varicty of appropriate detectable labels are known in the art, which ioclude Hoorescent or
chemiluminescent labels, radicactive isotope labels, enzymatic or other ligands. In preferred
embodiments, one will hikely desire o employ a fluorescent label or an enzyroe tag, soach as
digoxigenin, B-galactosidase, urease, alkaline phosphatase or peroxidase, avidin/biotin complex.
{B0IS8] The detection methods used to detect or quantify the hybridization intensity will
typically depend upon the label selected above. For example, radiclabels may be detected using
photographic film or a phosphotmager. Fluorescent markers may be detected and quantified

using a photodetector fo detect emitted light. Enzymatic labels are typically detected by
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providing the enzyme with a substrate and measuring the reaction product produced by the action
of the cnzyme on the substrate; and finally colorimetric labels are detected by simply visualizing
the colored label.

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

{86166¢] The reaction is performed by contacting the agent with a sample of the proteins
associated with a signaling biochernical 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 indirectly
according to standard procedores in the art.  In the direct detection method, the agents are
supplied with a detectable label and unreacted agents may be removed from the complex; the
amount of remaining label thereby indicating the amount of complex formed. For such method,
it is preferable to sciect labels that remain attached to the agents cven during stringent washing
conditions. 1t is preferable that the label does not mnterfere with the binding reaction. In the
alternative, an indirect detection procedure may use an agent that contains a label introduced
cither 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 penerating a
detectable signal.

{80161] A wide variety of labels suitable for detecting protein levels are known in the art,
Non-Hrtting examples inclode radioisotopes, enzymes, collowdal metals, fluorescent compounds,
biolominescent compounds, and chemiluminescent compounds.

{#6162] The amount of agent:polypeptide complexes formed during the binding reaction can
be quantified by standard guantitative assays. As ilustrated above, the formation of
agentpolypeptide cornplex can be measured directly by the amount of label remained at the site

of binding. v an aliermative, the protein associated with a signaling biochemical pathway is
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tested for s ability to corapete with a labeled analog for binding sites on the specific agent. In
this competitive assay, the amount of label captured s inversely proportional to the amount of
protein sequences associated with a signaling biochernical pathway preosent in g test sample.
{#3163] A number of techniques for protetn analysis based on the general principles outlined
above arc available in the art. They mnclude but are not limited to radioimrounocassays, ELISA
{enzyme linked immunoradiometric assays), “sandwich” immunoassays, immunoradiometric
assays, in sifu immunocassays {using e.g., colloidal pold, enzyme or radioisotope labels), western
blot analysis, immunoprecipitation assays, immunofiuorescent assays, and SDS-PAGE,

{#3164]  Antibodics 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 inducible modifications) can be used.  Post-translational
meoedifications  include but are not limited to glvcosylation, lipidation, acetylation, and
phosphorviation. These antibodies may be purchased from comracrcial vendors. For example,
anti-phosphotyrosine antibodies that specifically recognize tyrosine-phosphorylated protens are
available from a number of vendors including fnvitrogen and Perkin Elmer. Anti-
phosphotyrosine antibodies are particularly usefol 1n detecting proteius that arve dufferentially
phosphorylated on their tyrosine residues in response to an ER stress. Such proteins include but
arc not himited to cukaryotic translation frutiation factor 2 alpha (ciF-20). Alternatively, these
antibodies can be generated using conventional polyclonal or monoclonal antibody technologies
by tmrounizing a host animal or an antibody-producing cell with a target protein that exhibits the
desired post-transiational modification.

{#3165]  In practicing the subject method, it may be desirable to discern the expression pattern
of an protewn associated with a signaling biochemical pathway 1o different bodily tissue, in
different cell types, and/or in different subceliular structures. These studies can be performed
with the use of tissuc-specific, cell-specific or subcelhular structure specific antibodies capable of
binding to protein warkers that are preferentially expressed in certain tissues, cell types, or
subceltular structures.

{86166]  An altered expression of a gene associated with a signaling biochemical pathway can
also be determined by cxamining a change in activity of the gene product relative to g control

cell. The assay for an agent-induced change in the activity of a protein associated with a
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signaling biochermcal pathway will dependent on the biological activity and/or the signal
transduction pathway that is under investigation. For example, where the protein is a kinase, a
change 1n #ts ability to phosphorylate the downstrearn substrate(s) can be determined by a variety
of assays known in the art. Representative assays inchide but are not limited to immunoblotting
and immunoprecipitation with antibodics such as anti-phosphotyrosine antibodics that recognize
phosphorylated proteins.  In addition, kinase activity can be detected by high throughput
chemiluminescent assays such as AlphaScreen™ (available from Perkin Elmer) and ¢Tag™
assay {Chan-Hu, et al. (2003) Clinical lmmunology 111 162-174).

{#3167] Where the protein associated with a signaling biochemical pathway is part of a
signaling cascade leading 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 18 an ion channel, fluctuations
membrane potential and/or intracellular jon concentration can be monttored. A vumber of
commercial kits and high-throughput devices are particularly suited for a rapid and robust
screening for modulators of jon channels.  Represcutative instruments include FLIPRTM
{(Molecular Devices, Inc.} and VIPR {Aurora Biosciences). These instruments are capable of
detecting reactions in over 1000 sample wells of a rowcroplate simultancously, and providing
real-time measurement and functional data within a second or even a minisecond.

{B0168] In practicing any of the methods disclosed herein, a suttable vector can be mtroduced
to a cell or an embryo via one or more methods known in the art, including without limitation,
nticroinjection,  clectroporation,  sonoporation,  biolistics, calcium  phosphate-mediated
transfection, cationic transfection, liposome transfection, dendrimer transfection, heat shock
transfection, mucleofection transfoction, magnetofection, lipofection, impalefection, optical
transfection, proprictary agent-cobanced uptake of nucleic acids, and dehvery via hposomes,
immunoliposomes, virosomes, or artificial virions, In some methods, the vector is introduced
into an embryo by micromnjection. The vector or vectors may be microinjected nto the nucleus
or the cytoplasm of the embryo. In some methods, the vector or vectors may be introduced fnto a
cell by nucleofection.

{86169] The target polynucleotide of a CRISPR complex can be any polynucleotide
endogenous or exogenous to the cukaryotic cell. For exaraple, the target polynucleotide can be a

polyoucleotide residing in the nucleus of the eukaryotic cell. The target polynucleotide can be a
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sequence coding a gene product {e.g., a protein} or a non-coding sequence {e.g., a regulatory
polynucleotide or a junk DNA}.

{B017¢]  Examples of target polynucleotides include g sequence associated with a signaling
blochemical pathway, ¢.g., a signaling biochemical pathway-associated gene or polynucleotide.
Examples of target polynucleotides mclude a disease associated gene or polynucleotide, A
“discasc-associated” gene or polynucleotide refers to any geve or polynucleotide which is
vielding transcription or translation products at an abnormal level or in an abnormal form in celis
derived from a disease-affected tissues compared with tissues or cells of a non discase coutrol. I
may be a gene that becomes expressed at an abnormally high level; it may be a gene that
becomes expressed at an abuvormally low level, where the aliered expression corrclates with the
ocourrence and/or progression of the disease. A disease-associated gene also refers to a gene
possessing  mutation{s) or genetic variation that 1s directly responsible or 18 i linkage
disequilibrium with a gene(s) that is responsible for the cticlogy of a discase. The transcribed or
translated products roay be known or unknown, and roay be at a normal or sbnormal level
{#6171] The target polynucleotide of a CRISPR complex can be any polynucleotide
endogenous or exogenous to the cukaryotic cell. For example, the target polynucleotide can be a
polynucleotide residing in the nucleus of the eokaryotic cell. The target polynucleotide can be a
sequence coding a gene product {e.g., a protein} or & non-coding sequence {¢.g., a regulatory
polymucleotide or g junk DNA), Without wishing to be bound by theory, it 1s belicved that the
target sequence should be associated with a PAM {protospacer adjacent motify; that is, a short
sequence recognized by the CRISPR complex. The precise sequence and length requirements
for the PAM differ depending on the CRISPR enzyme used, but PAMs are typically 2-5 base
pair sequences adjacent the protospacer (that is, the target sequence) Examples of PAM
sequences are given w the examples section below, and the skalled person will be able to idennity
further PAM sequences for use with a given CRISPR enzyme.

{68172} Examples of target polynucleotides include a sequence associated with a signaling
blochemical pathway, €.g., a signaling biochemical pathway-associated gene or polynucleotide.
Examples of target polynucleotides mclude a disease associated gene or polynucleotide, A
“discasc-associated” gene or polynucleotide refers to any gene or polynucleotide which is
yielding 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 discase coutrol. I
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rmay be a gene that becomes expressed at an abnormally high level, it may be a gene that
becomes expressed at an abnormally low level, where the altered expression correlates with the
occurrence and/or progression of the discase. A discasc-associated genc also refers to g gene
possessing mutation{s} or genetic variation that i3 directly responsible or is i linkage
disequilibrium with a gene(s) that is responsible for the ctiology of a discase. The transcribed or
translated products ray be known or unknown, and may be at a normal or abnormal level.
{80173] The target polynucleotide of a CRISPR complex may include a number of discase-
associated genes and polyoucleotides as well as signaling biochemical pathway-~associated genes
and polynucleotides as listed in US provisional patent applications 61/736,527 and 61/748,427
having  Broad veforence BR20TI/008/WSGR  Docket No.  44063-701.101 and BI-
2011/008/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 reference in
their cntirety.

{#6174] Examples of target polynucicotides mclude a sequence associated with a signaling
biochemical pathway, ¢.g., a signaling biochemical pathway-associated gene or polynuclestide.
Examples of target polynucleotides wclude a discase associated gene or polynucleotide. A
“diseasc-associated” gene or polynucicotide refers to any gene or polynuclectide which is
viclding transcription or translation products at an abnormal level or in an aboormal form in celis
derived from a disease-affected tissues compared with tissues or cells of a non disease control. It
may be a gene that becomes expressed at an abpormally high level; it may be g gene that
becomes expressed at an abnormally low level, where the altered expression correlates with the
occurrence and/or progression of the disease. A disease-associated gene also refers to a gene
possessing mutation{s} or genetic variation that is directly respousible or is in linkage
disequilibrium with a gene(s) that is responsible for the ctiology of a discase. The transcribed or
translated products may be known or unknown, and may be at a normal or aboormal level.
{BG175]  Examples of disease-associated genes and polynucleotides are available from
McKusick-Nathans Institute of Genetic Medicine, Johns Hopking 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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{#6176] Examples of discasc-associated genes and polynucleotides are listed 1o Tables A and
B, [Dhscase specific information is available from McKusick-Nathans Institute of Genetic
Medicine, Johns Hopkins University (Baltimore, Md.} and National Center for Biotechunology
Information, National Library of Medicine {Bethesda, Md.), available on the World Wide Web.
Examples of signaling biochemical pathway-associated genes and polynucicotides are listed in
Table C.

{80177] Mutations in these genes and pathways can result in production of improper 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
December 12, 2012 and 61/748,427 filed January 2, 2013, Such genes, proteins and pathways
may be the target polymucleotide of a CRISPR complex.

Table A

DISEASE/DISORDER  {GENE(S)
o
MNeoplasia PTEN, ATM; ATR; EGFR; ERBB2; ERBBE3; ERBB4;
Notchi; Notch2; Notch3: Notchd; AKT; AKTZ, AKT3; HIF,
HiFla; HiF3a; Met; HRG; Bel2; PPAR alpha; PPAR
panuma; W1 (Wilms Tumor);, FGF Receptor Family
members (5 members: 1, 2, 3, 4, 5y CDKN2a; APC; RB
(retinoblastoma)y, MENL VHL; BRCAT; BRCAZ; AR

{ Androgen Receptor)y, TSG101; IGF; IGF Receptor; Iefl (4
variants); 1gf? (3 variants), gt 1 Receptor; Igf 2 Receptor;
Bax; Bcl2; caspases fanuly {9 members:

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

Age-related Macular Aber; Cel2; Ce2; op (ceruloplasmin);, Timp3; cathepsinD);
Degencration Vidin, Cor

Schizophrenia Neuregulint (Nrgl); Erb4 (receptor for Neurepuliny;
Complexin! (Cplx 1), Tphl Tryptophan hydroxylase; Tph2
Tryptophan hydroxyiase 2; Neurexin 1; GSK3; GSK3a;
GSK3b

Disorders 3-HTT {Slebad), COMT, DRD (Drdla); SLC6A3; DADA;
DTNBPT; Dao (Daol)

Trinucleotide Repeat HTT (Huntington’s Dx); SBMA/SMAXT/AR (Keunedy's
Disorders Dy, PXN/X2S (Friedrich’s Ataxia), ATX3 (Machado-
Joseph’s D), ATXNT and ATXNZ (spinocerebellar
ataxias); DMPK {myotonic dystrophy). Atrophin-1 and Ainl
{DRPLA Dx); CBP (Creb-BP - global mstability); VLDLR
(Alzheimer’s) Atxn7; Atxni{

Fragile X Syndrome FMRZ, FEXRI; FXR2, mGLURS
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Secretase Related

APH-1 (alpha and beta}; Presenilin (Pseniy; nicastrin

Disorders

{Nestny, PEN-2

Orthers

Nosl; Parpl; Natl; Nat?

Prion - related disorders Prp

ALS

SODT ALSZ, STEX; FUS; TARDBP: VEGE (VEGE-a;

VEGF-b; VEGF-¢)

Drug addiction

Pricee {alcohol}; Drd2; Drd4; ABAT {alcohol);, GRIAZ,

GrmS; Grinl; Hielb; GrinZa; Drd3; Pdyn; Grial {alcohol)

Autism

Mecp2; BZRAPL MDGAZ; SemalA; Neurexin 1; Fragile X

(FMR2Z (AFF2); FXR1; FXR2; Malurs)

Alzheimer’s Disease

El; CHIP;, UCH; UBB; Tau, LRP; PICALM, Clusterin; P81,

SORLIL; CRI; Vidly; Ubal; Uba3; CHIP2E (Agpl,

Aquaporin 1), Uchll; Uchl3; APP

o flammation

PL-10; -1 (JL-Ta; H-1by TE-13; HL-17 (BL-17a (CTLAR); 1L~

170 H-17¢; W~17d; TL-176; H-23; Ox3erl; pipn22; TNFa;

NODZ/CARDIS for IBD, H~6; 1L-12 (11L-12a; IL-12b);

CTLA4 Cx3eld

Parkinson’s Disease

x-Synuclein; DJ-1; LRRKZ; Parkin; PINK

Table B:

Blood and
coagulation discases
and disorders

Ancmia (CDANIE CDATY, RPSIS, DBA, PKLR, PK1, NTSC3, UMPHI,
PSNT, RHAG, RHS0A, NRAMPZ, SPTB, ALASZ, ANH1, ASB,
ARBCB7, ABC7, ASAT); Bare lymphocyte syndrome (TAPBP, TPSN,
TAP2, ABCB3, PSF2, RING 11, MHC2TA, C2TA, RFXS, RFXAP,
REX35), Bleeding disorders (TBXA2R, P2RX 1, PZX1); Factor H and
factor H-like 1 (HF1, CFH, HUS); Factor V and factor VIII (MCFD2};
Factor VI deficiency (F7); Factor X deficiency (F10); Factor X1
deficiency (F11); Factor X deficiency (F12, HAF), Factor XHIA
deficiency (FI3A1, F13A); Factor XIUB deficiency (F13B); Fancont
anemia {(FANCA, FACA, FAL FA, FAA, FAAPOSS, FAAPSQ, FLI34064,
FANCEH, FANCC, FACC, BRCAZ, FANCDI, FANCD2, FANCD,
FACD, FAD, FANCE, FACE, FANCF, XRCC9, FANCG, BRIP,
BACHL, FANCH, PHFS, FANCL, FANCM, KIAA1396);
Hernophagoeytic lymphohistiocytosis disorders (PRFY, HPLHZ2,
UNCI30, MUNCI3-4, HPLH3, HEH3, FHL3Y; Hemophilia A (FS, ¥8C,
HEMAY; Heruophiha B (FS, HEMB), Heworrhagic disorders (PL, ATT,
F5); Leukocyde deficiencies and disorders (ITGR2, CDIE, LCAMB,
LAD, HIFZBE, FIF2BA, EIF2B2, HEIF2BS, EIFIBS, LVWM, CACH,
CLE, EIFZR4); Sickle cell anemia (HBB); Thalasseia (HBA2, HBB,
HBED, LCRB, HBAT)

Cell dysregulation
and oncology
discases and disorders

B-cell non-Hodgkin lymaphoma (BCL7A, BCL7); Leukernia (TALL,
TCLS, SCL, TALZ, FLT3, NBSI, NBS, ZNFNTAT, IK1, LYFL,

HOXD4, HOX4B, BCR, CMIE, PHL, ALL, ARNT, KRASZ, RASKZ,
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GMPS, AF10, ARHGEF12, LARG, KIAAQ382, CALM, CLTH,
CEBPA, CEBP, CHIC?, BTL, FLT3, KIT, PBT, LPP, NPMI, NUP214,
DOS46E, CAN, CAIN, RUNX1, CBFA2, AMLI, WHSCIL1, NSD3,
LT3, AFLO, NPM1, NUMATL, ZNF145, PLZE, PML, MYL, STATSE,
AF10, CALM, CLTH, ARL1L, ARLTS1, P2RX7, P2X7, BCR, CML,
PHL, ALL. GRAF, NFI, VRNF, WSS, NFNS, PTPN11, PTP2C, SHP2,
NST, BCL2, OONDE, PRADE, BCLL, TCRA, GATAL, GFL, ERYF1,
NFEL, ABLI, NQO1, DIA4, NMOR 1, NUP214, DOS46E, CAN, CAIN),

Inflammation and
mmune related
discascs and disorders

ATDS (KIR3DLI, NKAT3, NKBI, AMBIT, KIR3DST, IFNG, CXCL12,
SDF1Y); Autoimmmune lymphoproliferative syndrome {TNFRSF6, APTH,
FAS, CD95, ALPSTAY, Combined immunodeficiency, (IL2RG,
SCIDX, SCIDX, IMD4), HIV-1 (CCLS, SCYAS, DITSI36E, TCP228),
HIV susceptibility or mfection (1L 14, CSIF, CMKBR2Z, CCR2,
CMEKBRS, CCCKRS (CCR3)): mmunodeficiencies {CD3E, CD3G,
AICDA, AID, HIGMZ, TNFRSFS, CD40, UNG, DGU, HIGM4,
TNFSFS, CD40LG, HIGMI, IGM, FOXP3, IPEX, AHD, XPID, PIDX,
TNFRSEFH4B, TACH: Inflammation (1L-10, IL-1 {1L-1a, IL-1b}, 1L-13,
TE-17 (IL-17a (CTLAS), IL-17b, IL-17¢, IL-17d, IL-17f), 1-23, Cx3erd,
ptpn22, TNFa, NOD2/CARDIS for IBD, IL-6, 1L-12 {IL-12a, 1L-12b),
CTLA4, Cx3clly; Severe combined immunodeficiencies (SCIDsHIAKS,
JAKL, DCLREIC, ARTEMIS, SCIDA, RAGI, RAG2, ADA, PTPRC,
CD45, LA, IL7R, CD3D, 13D, HL2RG, SCIDXT, SCIDX, IMD4).

Metabolic, liver,
kidney and protein
diseases and disorders

Amyloid neuropathy (TTR, PALB)Y, Amyloidosis (APOATL, APP, AAA,
CVAP, ADI, GSN, FGA, LYZ, TTR, PALB); Cirrhosis (KRT18, KRTY,
CIRHIA, NAIC, TEX292Z, KIAA1988); Cystic fibrosis (CFTR, ABCCT,
CF, MRP7); Glycogen storage diseases (SLCZAZ, GLUT2, G6PC,
GoPT, G6PT1, GAA, LAMP2, LAMPB, AGL, GDE, GBEL, GYS2,
PYGL, PFKMY; Hepatic adenoma, 142330 (TCFT, HNF1A, MODY 3y,
Hepatic failure, early onset, and newrologic disorder (SCOD, SCO1),
Hepatic lipase deficiency (LIPC), Hepatoblastoma, cancer and
carcinomas (CTNNB1, PDGFRL, PDGRL, PRLUTS, AXINI, AXIN,
CTNNBI, TPS3, P53, LFST, IGF2R, MPRI, MET, CASPE, MCHS;
Medullary cystic kidney discase (UMOD, HNFJ, FIHN, MCKD2,
ADMCKD2): Phenyiketonuria (PAH, PKUL, QDPR, DHPR, PTS);
Polycystic kidney and hepatic disease (FCYT, PKHD, ARPKD, PRI,
PKD2, PKD4, PKDTS, PRIKCSH, GISPL, PCLD, SEC63).

Muscular / Skeletal
discases and disorders

Becker muscular dystrophy (DMD, BMD, MYF6), Duchenne Muscular
Dystrophy {DMD, BMDY); Emery-Dreifuss muscular dystrophy (EMNA,
EMNT, EMD2, FPLD, CMDTA, HGPS, LGMDIEB, LMNA, LMNI,
EMD2, FPLD, CMD1A); Facioscapulohumeral muscular dystrophy
(FSHMDTA, FSHDTA Y, Muscular dystrophy (FKRP, MBCIC,
LOMD2L LAMAZ, LAMM, LARGE, KIAA0609, MDCID, FCMD,
TTID, MYOT, CAPN3, CANP3, DYSFE, LGMD2B, SGCG, LGMD2C,
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DMDAT, SCG3, SGCA, ADL, DAG2, LGMD2ZD, DMDAZ, SGCB,
LGMDZE, SGCD, SGD, LGMD2F, CMBIL, TCAP, LGMD2G,
CMDIN, TRIM32, HT2A, LGMD2ZH, FKRP, MDCIC, LGMDZE TTN,
CMIDIG, TMD, LGMD2J, POMTE, CAVA, LGMDIC, SEPNI, SELN,
RSMDT, PLECE, PLUTN, EBS1); Osteopetrosis (LRPS, BMNDI, LRP7,
LR3, OPPG, VBCHZ, CLON7, CLC7, OPTAZ, OSTMI, GL, TCIRGH,
TIRCT, OC116, OPTBI ) Muscular atrophy (VAPB, VAPC, ALSK,
SMNI, SMAT, SMAZ, SMA3, SMA4, BSCLZ, SPG17, GARS, SMADI,
CMT2D, HEXB, IGHMBP2, SMUBP2, CATF1, SMARDI1),

Neurological and
neuronal diseases and
disorders

ALS (SODIL, ALSZ, STEX, FUS, TARDBP, VEGF (VEGF-a, VEGF-b,
VEGF-c); Alzheimer discase (APP, AAA, CVAP, AD1, APGE, ADZ,
PSENZ, AD4, STM2, APBR2Z, FE63L1, NOS3, PLAU, URK, ACE,
DCPL, ACEL MPO, PACIPL, PAXIPIL, PTIP, AZM, BLMH, BMH,
PSENT, AD3); Autismy (Meep2, BZRAPT, MDGAZ, SemaSA, Neurexin
I, GLOT, MECPZ, RTT, PPMX, MRX 16, MRX79, NLGN3, NLGN4,
KIAAT2Z60, AUTSXZ); Fragile X Syndrome (FMR2, FXR1, FXR2,
mGLURS), Huntington’s disease and disease hike disorders (HD, IT1S,
PRMNP, PRIP, JPH3, JP3, HDL2Z, TBP, SCA17); Parkinson discase
(NR4AAZ, NURRIE, NOT, TINUR, SNCAIP, TBP, SCA17, SNCA,
NACP, PARKI, PARK4, DI, PARKY, LRRKZ, PARKS, PINK1,
PARKS, UCHLL, PARKS, SNCA, NACP, PARK], PARKY, PRKN,
PARK2, PDJ, DBH, NDUFV2), Rett syndrome (MECPZ, RTT, PPMX,
MRX 16, MRX79, CDKLS, STKS, MECP2, RTT, PPMX, MRX16,
MRX79, x-Syruclein, DI-1}; Schizophrenia (Neuregulint (Nrgl), Erb4
(receptor for Neureguling, Complexinl {(Cplx 1), Tphl Tryptophan
hydroxylase, Tph2, Tryptophan hydroxylase 2, Neurexin 1, GSK3,
(GSK3a, GSK3b, 5-HTT (Sicbady, COMT, DRD (Drdla), SLCOASZ,
DADA, DTNBRPI, Dao (Daol)y; Sccrctase Related Dhsorders (APH-1
{alpha and beta), Presenilin (Psenl), nicastrin, (Nestn), PEN-2, Nosli,
Parpl, Natl, Nat2}; Trinucleotide Repeat Disorders (HTT (Huntington’s
Dy, SBMA/SMAXT/AR (Kennedy's Dy, FXN/XZS (Friedrich’s
Ataxia), ATX3 (Machado- Joseph's Dxj, ATXNI and ATXN2
{(spinocercbellar ataxias), DMPK (myotonic dystrophy), Atrophin-1 and
Atnl (DRPLA Dx), CBP (Creb-BP - global instability), VLDLR
(Alzheimer’s), Atxn7, Atxni(),

Occular discases and
disorders

Age-related macular degeneration {Abcr, Cel2, Ce2, op (ceruloplasnun),
Timp3, cathepsindy, Vidlr, Cor2); Cataract ({TRYAA, CRYAL CRYBB2,
CRYB2, PITX3, BESPZ, CP49, (P47, CRYAA, CRYAL PAXSG, ANZ,
MGDA, CRYBAL, CRYBI, CRYGC, CRYG3, CCL, LIM2, MPI19,
CRYGD, CRYG4, BFSPZ, CP49, (P47, HSF4, CTM, HEF4, UTM,
MIP, AQPO, CRYAB, CRYAZ2, CTPP2, CRYBBI, CRYGD, CRYG4,
CRYBB2, CRYBZ, CRYGC, CRYG3, CCL, CRYAA, CRYAL GIAE,
CXS0, CAEL GIA3, CX46, CZP3, CAE3, COMI, CAM, KRITH);

Corneal clouding and dystrophy (APOAL, TGFBI, CSD2, CDGGH,
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CSD, BIGH3, CDG2, TACSTDZ, TROP2, M1S1, VSXI, RINX, PPCD,
PPD, KTON, COLRAZ, FECD, PRCD2, PIPSK3, CFD}; Cornea plana
congenital (KERA, CNAZ), Glavcoma (MYOC, TIGR, GLCLA, JOAG,
GPOA, OPTN, GLCIE, FIP2, HYPL, NRP, CYPIBI, GLC3A, OPAL,
NTG, NPG, CYPIBL, GLU3A), Leber congenttal amaurosis (CRB1,
RP12, CRX, CORD2, CRD, RPGRIPL, LCAS, CORDY, RPEGS, RP20,
AIPLYL, LCA4, GUCYZD, GUOZB, LCAL CORDS, RDHI2, LCA3Y,
Macular dystrophy (ELOVL4, ADMD, STGD2, STGD3, RDS, RP7,
PRPH2, PRPH, AVMD, AOFMD, VMDZ).

Table C:
CELLULAR sENES
FUNCUTION

PR3K/AKT Signaling PRECE; ITGAM,; ITGAS; IRAK, PREAAZ; BIF2AK?Z,;
PTEN,; EIF4E; PRKCY; GRKS6, MAPK I, TSCH, PLKI,
AKTZ; IKBKEB; PIK3CA; CDKE, CDKNIB, NFKBZ, BCL2,
PIK3ICH; PPPZRIA MAPKS, BCLZLL;, MAPKS3,; TSCZ;
ITGAL KRAS; EIF4EBP]; RELA; PRKCD; NOS3;
PRKAATL MAPKS;, CDK2; PPP2ZCA; PIMI; ITGRT,
YWHAZ, ILK; TP33; RAFL; IKBKG; RELB; DYRKIA;
CDENIA; ITGBI;, MAPZKZ; JAKI; AKTIL; JAKZ; PIK3R1,
CHUK; PDPKI; PPP2RSC; CTNNBI; MAPZ2K 1; NFKBI;
PAK3Z; ITGR3; CONDI; GSK3A; FRAPL, SKFN; [TGAZ;
TTK:; CSNKIAT;, BRAF, GSK3B,; AKT3,; FOXO1,; SGK;
HSPOGAAL RPSEKRBI

FRIMAPRK Signaling  PREKCE; ITGAM; ITGAS; HSPBEI, IRAKT; PRKAAZ,
EIF2AKZ; RACT RAPIA; TLNI; EIF4E; FLK1; GRKSE;
MAPK T RAC2; PLKT; AKT2; PIK3CA; CDKSR; CREBI;
PRECE, PTKZ: FOS; RPS6KA4; PIK3CH, PPPIRIA;
PIK3C3; MAPKE;, MAPKS3; ITGAL ETST; KRAS; MYCN;
EIF4EBPI; PPARG,; PRKCD; PRKAATL, MAPKS; SR(;
CDEZ2; PPP2CA,; PIMI,; PIK3CZA; ITGR7, YWHAZ;
PPPICC, KSR, PXN;, RAFL FYN, DYRKIA; ITGBI,
MAPZKZ, PAK4; PIK3R1; STAT3,; PPP2ZRSC; MAP2KY,
PAKS, ITGB3; ESR L ITGA2, MY, TTK,; CSNKIAL
CRKL; BRAF, ATFH4, PRKCA; SRF; STATI, SGK
Ghucocorticnid Receptor RACT; TAF4B; ER300; SMAD?Y; TRAFS; PCAF,; ELK];
Signaling MAPKI; SMAD3, AKTZ; IKBKE; NCORZ; UBE2L
PIK3ICA; CREBI; FOS, HSPAS, NFKB2;, BCLZ;
MAP3K 14, STATSE; PIK3CB, PIK3C3; MAPKR, BCL2LI;
MAPK3; TSCZ2D3, MAPK IO, NRIPL, KRAS; MAPKI3;
RELA; STATSA; MAPKS, NOS2A; PBX 1, NR3CH,
PIK3C2A; CDENIC, TRAFZ; SERPINEL;, NCOAZ;
MAPK 14, TNF, RAF1; IKBKG; MAP3K7; CRERBP;
CDENIA; MAP2KZ; JAKL; IL8; NCOA2; AKTI; JAKZ;
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PIK3RY; CHUK; STAT3; MAP2K L, NFKB1; TGFBRY;

ESR1; SMAD4: CEBPR: JUN: AR: AKT3; CCL2: MMP1;

STATE; IO, HSPOOAATL

Axonal Guidance PRKCE; ITGAM; ROCKL; ITGAS; CXCR4; ADAMI2;
Signaling

{OFL RACT RAPTA; EIF4E; PREKCZ; NRPH NTRKZ;

ARHGEF7: SMO: ROCKZ; MAPK; PGEF; RACY;

PTPN11: GNAS; AKT2; PIKACA; ERBBZ; PRKCT PTKZ;

CFL1: GNAQ: PIKACE: CXCLI2: PIK3C3. WNTIL

PRKDI: GNB2LI; ABLI, MAPK3: ITGA L, KRAS; RHOA,

PRKCD: PIK3CZA: ITGR7, GLI2; PXN; VASP: RAFL;

YN, ITGB1; MAP2KZ, PAK4; ADAMI7, AKTL, PIK3R1,

GLIL, WNTSA; ADAMIG, MAPZK T PAKS; TGRS,

CDC42; VEGFA; ITGAZ; EPHAK; CRKL; RND1; GSK3B;

AKTS; PRKCA

Ephrin Receptor PRKCE; ITGAM,; ROCKL; ITGAS; CXCR4; IRAK;
Signaling

PRIKAAZ: EIFZIAKZ: RACL RAPIA: GRK6: ROCKZ;

MAPK L PGE, RAC?: PTPNIL; GNAS, PLK1; AKTZ,

DOK1; CDK8; CREBI; PTKZ; CFL1; GNAQ, MAP3K 14;

CXCL12: MAPKS; GNB2L1: ABL1; MAPKR; ITGAL;

KRAS; RHOA; PRECD; PREAAL; MAPK®: SRC; CDK2:

PIM1: ITGR7: PXN: RAFL; FYN: DYRKIA: ITGR1:

MAPZK . PAKA, AKT1: JAKY: STAT3: ADAMID;

MAP2K 1; PAKZ: ITGR3: CDC42; VEGFA: ITGA2;

EPHAR, TTK, CSNKIAT; CRKL; BRAF, PTPNI13; ATF4,
AKT3; SGK
Actin Cytoskeleton ACTNA, PREKCE: ITGAM,; ROCKT,; ITGAS; IRAKT,
Signaling PREAAZ; BEIFZAKZ; RACT INS; ARHGEFT; GRKS;

ROCKZ;, MAPK1; RACY; PLK; AKTZ; PIKICA; CDKE;

PTKZ; CFLE; PIKC3CHE; MYHS: DIAPHL; PIK3C3; MAPKR;

F2R; MAPK3, SLCOATL ITGAL: KRAS: RHOA: PREKCD:

PREAATL MAPKS, CDE2; PIMI; PIK3ICZA; ITGRY,

PPPICC: PXN; VILZ RAF1: GSN; DYRK 1A, ITGBI,

MAPZK 2, PAK4A; PIPSKIA; PICIRT;, MAPZK L, PAKS,

TTGES, CDC42; APC; ITGAZ; TTK CSNK1AT; CRKL;

BRAF; VAV3; SGK

Huntington’s Disease PRECE; IGFL;, EPAG; RCOR L PRKCZ; HDACY, TGMZ;

Signaling MAPKI; CAPNSL, AKT2; EGFR; NCORZ; 5P1; CAPNZ;

PHCICA; HDACS; CREBIE; PRKCY HSPAS; REST,

GNAQ: PIK3CR: PIK3C3; MAPKS; IGFIR; PRKDI;

GNB2L1: BCL2LT: CAPNT MAPKS; CASPR: HDAC?:

HDACTA; PRECD: HDACIL, MAPKS: HDACY, PIK3C2A,

HDAC3S; TP33; CASPY: CRERRBP; AKT!; PIKAR1;
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PDPR 1, CASPL, APAFL: FRAPL: CASP2; TUN; BAX,

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

Apoptosis Signaling PRICE; ROCKI; BID; IRAK T PRKAAZ; EIF2AKZ; BAK;

RIRC4; GRK6, MAPK 1, CAPNST; PLK1; AKTZ: IKBKB;

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

RCI211: CAPNT: MAPKS: CASPR; KRAS: RELA,

PRECD; PREAAT; MAPKS, CDKZ; PIM1; TP33, TNF,

RAFL; IKBKG, RELE; CASPO, DYRKIA; MAPZK?;

CHUK; APAFT MAP2K L, NFKBI; PAK3; LMNA; CASPZ;

BIRCD; TTK; CSNK1A 1 BRAF: BAX; PRKCA; SOK;

CASP3; BIRC3; PARPI

B Cell Receptor RACT PTEN,; LYN; ELK1; MAPKI; RACZ;, PTPN1L,
Signaling

AKT2; IKBKB; PIK3CA; CREBI; SYK; NFKB2; CAMKZA,

MAPIK 14 PIK3CE; PIK3CS; MAPKS: BCL2L1; ABLI;

MAPK3; ETS1; KRAS, MAPK13; RELA: PTPNG, MAPKO:

EGR1: PIK3C2A; BTK; MAPK 14, RAFI; IKBKG, RELE;

MAPIKT, MAP2K2: AKTI; PIK3R1: CHUK; MAP2KI;

NEFRBL CDO42; GSK3A; FRAPL BCLG; BOCLIG; JUN;

GIK3B; ATH4: AKTY; VAV, RPS6KB

Leukocyte Extravasation JAUTNA, CD44; PREKCE; ITGAM; ROCKT; UXUR4; CYBA,

Signaling RACT, RAPIA; PRKCY; ROCKZ, RAC2, PTPN1I

MMP14, PIK3CA; PRKCE PTKZ; PIK3CHE;, CXCL1Z;

PIK3C3: MAPKE; PRKD; ABL1; MAPKI0; CYBE;

MAPK 3, RHOA; PRECD; MAPKS; SRC; PIK3C2A; BT,

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

CTNINDI; PIKRR 1, CTNNBIL: CLDNI; CDC42; F1IR: ITK,

CRKL; VAV3, CTTN; PRKCA; MMP1; MMBY

Intogrin Signaling ACTNA, ITGAM; ROCK L ITGAS; RACT; PTEN; RAPLA;

TINT, ARFGEFT: MAPK 1, RAC2: CAPNSL, AKT2:

CAPNZ; PIKICA; PTKZ; PUCCE; PIK3C3; MAPKE;

CAV1; CAPNT; ABLT; MAPK3: ITGAL; KRAS; RHOA:

SRC; PIK3CZ2A ITGB7; PPPICC; ILK; PXN; VASP,

RAFL FYN; ITGBI; MAPZKZ; PAK4; AKTY; PIK3R1;

TNK2; MAPZE1: PAK3: ITGR3: CDC42; RND3: ITGAZ;

CRKL; BRAF; GSK3B; AKT3

Acute Phase Response TRAKT; SOD2; MYDSBS; TRAF6; FLK1; MAPKI; PTPNIE;

Signaling AKTZ; IKBKEB; PIK3CA; FOS;, NFKB2Z; MAP3K 14,

PIK3CB; MAPKE; RIPK1: MAPK3; 1LoST; KRAS;

MAPKIZ, IL6R; RELA; SOCSE MAPKY; FTL, NR3CH,

TRAF2; SERPINEL MAPK 14; TNF;, RAFL, PDK T,

[KBKG; RELB; MAP3KT, MAP2KZ, AKT1; JAKZ: PIKAR1,

CHUK, STAT?; MAPZK 1; NFKB1; FRAPT; CEBPB; JUN;

AKTS ILIR1 116
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PTEN Signaling {ITOAM; ITGAS; RACT; PTEN; PRKCZ; BCL2L 11

MAPK 1, RACT, AKT2; EGER: IKBKR; CBL: PIK3CA,

CDENIB; PTK2: NFKB2Z2; BCLY; PIK3CB; BCL2LIL;

MAPK3: ITGA; KRAS; ITGR7; ILK; PDGFRE; INAR,

RAFL; IKBKG; CASPY; CDKNIA; ITGBL, MAPIK?Z!

AKTI1: PIK3R1: CHUK: PDGFRA; PDPK1: MAP2K L,

NEKBL; F'TGR3, CDC4A2, CONDI, GSK3A; ITGAZ,

OSK3B; AKTS; FOXOT; CASP3; RPSOKBI

53 Signaling PTEN; EP300; BBC3; PCAF, FASN: BRCATL, GADD43 A,

BIRCS; AKT2; PIK3CA; CHEK]; TPS3INPI: BOLZ;

PIKICE; PIK3C3; MAPKE;, THBST; ATR; BCLZEL; E2F1;

PMAIP L CHEK?Z; TNFRSFIQB; TP73; RBI; HDACY,

CDK2; PIKAC2A; MAPK 14; TP33; LRDD; CDKNIA:

HIPKZ: AT PIK3R T, RRMIZB; APAF] CTNNBIL,

SIRT1; CCNDI; PREDC, ATM; SFN; CDEKNZA: JUN;

SNALZ GSK3B; BAX; AKT3

Aryl Hydrocarbon HSPRI; EP300; FASN, TOMZ;, RXRA; MAPKT; NQO1,
Receptor
Signahng NCORZ; SPL ARNT, CBKNIB,; FOS;, CHEK;

SMARCA4: NFKBZ, MAPKS: ALDHIAL ATR, E2F L,

MAPKI; NRIPL, CHEKZ; RELA; TP73;, GSTPI; RBL,

SRC; CBKZ; AHR; NFEZL2; NCOA3; TR53; TNE,;

CDKNIA; NCOAZ;, APAFL, NFKB1; CONDL, ATM: ESR1;

COKN2A; MYC; JUN; ESR2; BAX; 1L6; CYPIBI,

HSPOOGAAL
Xenobiotic Metabolism  {PRECE; EP300; PRKCZ; RXRA; MAPK I, NQO1;
Signaling NCORZ; PIK3ICA; ARNT,; PRKCI, NFKB2; CAMEKZA;

PIK3CRB; PPP2RI1A; PIK3C3; MAPKSR; PRKI;

ALDHIAL MAPK3; NRIPL KRAS: MAPK13; PRKCD;

GSTP1: MAPKY, NOSJA: ABCRI: AHR: PPP2CA: FTL,

INFE2L2; PIK3CZA; PPARGCIA; MAPK14; TNF; RAFL,

CREBBP; MAPZKZ; PIK3R]I; PPP2RSC; MAPZK T,

NFKBI; KEAPL PRKCA. FIF2AKS: 1L6, CYPIBI,

HSPI0AAL

SAPK/INK Signaling PRICE; IRAKI; PREAAZ; EIFZAKZ; RACT; ELK;

GRKS, MAPK 1, GADDMSA; RACZ; PLK AKTZ; PIK3ICA;

FADD; CDKS: PIK3CR: PIK3C3; MAPKS; RIPK1:

GNBZLLIRST MAPKS: MAPKID; DAXX; KRAS;

PRECD:, PREAAT: MAPKY: CDK2: PIMI; PIK3C2A,

TRAFZTRSS; LOK, MARIKT, DYRKIA; MAP2KZ;

PIK3R1; MAP2K 1, PAKS: CDC42; JUN, TTK; CSNKIATL,

CRKL: BRAF: SGK

PPAIRXR Signaling  PRKAAZ; EP300; INS: SMAD?2: TRAF6; PPARA; FASN;

RXRA; MAPK I, SMAD3; GNAS; IKBKB; NCORZ;
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ABCAT GNAQ; NFKB2, MAP3K14; STATSE, MAPKS;

IRST MAPK3; KRAS; RELA; PRKAAL; PPARGCIA;

NCOA3Z; MAPK14; INSR; RAF1; TKBKG; RELB; MAP3KY,

CREBBP; MAP2K?Z; JAK?, CHUK; MAPIK 1: NFKBI:

TOFBRE, SMAD4; JUN, ILIRT, PRKCA; 1L6; HSPSOAATL,

ADIPOG

NF-KB Signaling

IRAK T BIF2AKD; EP300; INS; MYDES, PRECY; TRAFS;

TBKL ART2; EGEFR; IKBEE; PIK3CA; BTRC, NFKB2;

M 4“&1‘3&34' )IK?CB PIK3C3; \/iAPE\& RIPKI; HDAC2;

KRAS; RELA; PIK3CZA; TRAFZ; TLR4; PDGEFREB; TNF;

INSK; LCK; IKBi\{r; RELB; MAP3IK7; CREBBP; AKTI;

PIK3R1; CHUK: PDGFRA; NFKBI1; TLR2; BCL19;

GSK3B; AKT3; TNFAIPS; ILIR]

Newregalin Signaling

ERBR4; PRKCE; ITGAM: ITGAS; PTEN, PRECY, ELK;

MAPK . PIPN11; AKT2, EGFR. ERBR2: PRECT

CDENIB; STATSE; PRKDH, MAPK3, ITGAE’ KRAS;

PRKCD; STATSA; SR, ITGRT; RAFL ITGBL; MAPRKD,

ADAMIT, AKTI; PHCR]T; PDPKY, MAP.’ZE@ ; E,E (B3,

EREG; FRAPL PSENT ITGAZ, MYC; NRGE CRKL;

AT PRKCA; HSPOOAAT; RPSG6KBI

Wit & Beta catenin

CDd4; EP30Y; LRP6; DVE3; CSNKIE; GIA L, SMQ;

Signaling

AKTZ; PINI, CDHI; BTRC; GNAQ; MARK?Z; PPPZRIA;

WNTIL; SRC; DKK I PPP2CA; SOX6; SERPZ; TLK;

LEF1: SOX9: TP53: MAPAKT: CREBBP: TCTTL2: AKT1:

PPPIRAC, WNTSA; L RP‘“ CTNNBI; TOFBRL, COND

GSK3A: DVLI, APC; CDKN2A, MYC; CSNK 1AL GSK3B;

AKT3; SOX2

{nsulin Receptor
Signaling

PTEN; INS; EIF4E; PTPNI; PRKCZ; MAPKL TSCH:

PTPNI1; AKTZ; CBL; PIK3CA; PRKCY PIK3CB,; PIK3C3;

MAPK%, IRST MAPKS, TSC2; KRAS; EIFAEBP;

SLO2A4G; PIKICZA; PPRICC, INSR; RAFL FYN;

MAP2KZ; JAKT AKTT JAKZ; PIK3R 1, PDPKI; MAP2K L

GOR3A; FRAPL CRKL; GSK3B; AKT3; FOXO1; SGK;

RPS6KB I

{L-6 Signaling

HSPB, TRAFS, MAPKAPK?: ELK1; MAPKI; PTPNIiL;

HKBKE; FOS; NFKB2; MAP3K 14; MAPKS: MAPKS;

MAPK 14: IL6ST: KRAS: MAPK13: ILG6R; RELA: SOCST:

MAPKS:, ABCR1: TRAFZ, MAPK 14; TNF; RAF1; IKBKG:

RELB: MAP3K T, MAPZKZ: 118 JAK2, CHUK: STATS;

MAPZE L, NFKBI; CEBPB; JUN; ILIR1; SRE; 1o

Hepatic Cholestasis

PRECE; ER.-\KE; INS: MYDEE, PRKCY; TRAFS; PPARA;

RXRA; IKBKB; PRKCE NFKBZ; MAP3K 14; MAPKS;

PRED T MAPKIO;, RELA; PRKCD; MAPKS; ABCBI;
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TRAFZ; TLR4; TNFE; INSR; IKBKG; RELB; MAP3K7; 1L,

CHUK; NR1HZ; TJP2, NFKB1; ESR1; SREBFI; FGER4:

JUN; ILIR L PRKCA; ILS

{GF-1 Signaling

IGE1: PRKCZ; ELKI: MAPK 1, PTPN11; NEDD4; AKT2;

PIK3CA; PRECE PTKZ; FOS; PIK3CR; PIK3C3: MAPKS;

HGFIR; IRST MAPK 3 IGEBP7: KRAS; PIK3C2A;

YWHAZ, PXN; RAFT; CASPY; MAPZK2; AKTE; PIK3RT,

PDPKT MAPZKT IGFBPR2; SEN; JUN; CYR6H ART3;

FOXO1; SRF; CTGFE: RPS6KB1

NRFZ-mediated
Orxidative

PRECE: EP30G; SOD2Z; PRKCZ; MAPKT; SGSTMI;

Stress Response

NGO PIK3CA: PRECL FOS; PIKACE: PIKAC3; MAPKX;

PRKD MAPK3, KRAS; PRECD; GSTPI; MAPKSY, FTL,

NFE2L2: PIK3(2A; MAPK 14, RAFT; MAP3KT. CREBEP,

MAP2K 2, AKT 1 PIKSR1; MAP2K L, PPIR; JUN; KEAPI,

GSK3B; ATF4; PRKCA; EIFZAK3; HSPOOAAL

Hepatic Fibrosis/Hepatic

EDN1; IGF1; KDR, FL.T1: SMAD?; FGFR{; MET: PGF;

Stellate Cell Activation

SMAD2J: EGFR; FAS: CSF1; NFKB2; RCL2; MYH®:;

IGFIR: [L6R: RELA: TLR4: PDGFRB: TNF; RELR: 1L8;

PDGFRA; NFKB1; TGFBR1: SMAD4, VEGFA, BAX.

TLIRE, CCLZ HOEF, MMPL STATL L6, CTGE, MMBG

PPAR Signaling

EP300; INS; TRAFS; PPARA; RXRA; MAPK 1 IKBKEB;

NCORZ; FOS; NFKR2, MAP3K 14 STATSB; MAPKS;

NRIPL, KRAS: PPARG, RELA; STATSA; TRAFZ

PPARGCIA; PRGERB; TNE; INSK; RAFL; IKBKG;

RELB; MAP3K7: CREBBP; MAP2KZ; CHUK; PDXGFRA;

MAPIK I NFKBI; JUN: ILIR1; HSPOOAAT

Fe Epsilon RI Signaling

PRKCE. RACT: PRKCZ: LYN: MAPK1; RACZ: PTPN11:

AKTZ; PIK3CA; SYK; PRKCE PIK3CB,; PIK3C3; MAPKSY;

PREDL MAPKS: MAPKIG, KRAS; MAPK13; PRKCD;

MAPKS, PIKIC2A; BTK; MAPK14; TNF, RAFL FYN;

MAPZE 2, AKTI; PIK3RT; PDPKI MAPZKT; AKT3;

VAV PRKCA

G-Protein Coupled

PRKCE; RAPLA; ROS16, MAPK 1, GNAS; AKT2: IKBKE;

Receptor Signaling

PIK3CA; CRERI; GNAQ; NFKB2; CAMK2A; PIK3CR:

PIK3C3; MAPK3: KRAS: RELA; SRC; PIK3C2A; RAF 1,

[KBKG: RELB; FYN; MAP2K?2: AKT1; PIK3R1: CHUK:

PDPK T STATI MAPZK L, NFKBI BRAFE, ATH4; AKT3;

PRECA

{nositol Phosphate

PRKCE; IRAKT, PRKAAZ; EIFZAKZ; PTEN, GREKG;

Metabolism

MAPK T, PLK1T;, AKT2; PIK3CA; CDKS; PIK3CB; PIK3C3;

MAPKS; MAPK3, PRECD; PREKAA L MAPKY; CDK2;

PIMI; PIRIC2A; DYRKIA; MAPOK2; PIPSK1A; PIKAR I,

MAP2K 1 PAKS, ATM: TTK; CSNKIAT BRAF; SGK
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PDOF Signaling

EIF2AKD; LK1, ABLY, MAPK I, PIK3CA, FOS; PIK3CE;

PIKAC3; MAPKR: CAV1: ABL1; MAPK3: KRAS: SRC;

PIIC2A; PDGEFRB; RAFL MAPZK2: JAKT; JAKZ:

PICIR L, PDGEFRA; STATS; SPHK I MAPZKL MYC;

JUN: CRKL: PRKCA: 8RE; STATI; SPHI?

VEGE Signaling

ACTNA, ROCK L KDR. FLT1: ROCK?2, MAPK L. PG,

AKTZ, PIK3CA; ARNT,; PTKZ; BCLZ; PIK3CE; PIK3(3;

BCLZLT MAPK3; KRAS; HIFTA; NOS3; PIK3CZA; PXN;

RAF1; MAPZKZ: ELAVLI; AKT1; PIK3R1, MAPZK1; SEN;

VEGEA; AKT3; FOXO1; PRKCA

Natural Kiiler Cell
Signaling

PRKCE; RACT; PRKCZ; MAPK; RACZ, PIPNIL;

KIRZDL3, AT, PIK3CA; SYK; PRKCL PIK3CB;

PIK3IC3; PREKDI; MAPK3; KRAS; PRKCD; PTPNG;

PIKIC2A; LCK, RAFIL; FYN; MAPZK?; PAKA, AKTH;

PHCIR L MAPZK T PAK3: AKT3; VAVS; PRKCA

Cell Cyele: G1/S

HDACH; SMAD3; SUV3ISHL HDACS; CDEKNIB; BTRC;

Checkpoint Regulation

ATR; ABLL B2F1: HDACY: HDACTA: RBI, HDACI I

HDACS: CDE2: E2F2: HDACS: TPS3: CDKNIA: CONDI:

EoF4; ATM; RBLZ;, SMADY: COKN2A; MYC; NRGT,

$SK3E; RBLE HDACS

T Cell Receptor
Signaling

RACT ELKL MAPKT; IKBKB; CBL; PIK3CA; FOS;

NFKR2; PIK3CR; PIK3C3; MAPKYE; MAPKS: KRAS;

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

MAPZK2; PIK3R L, CHUK; MAPIKT; NFKBL ITK; BCLIO;

JUN; VAV3

Death Receptor Sipnaling

CRADD; HSPEI; BID: BIRC4; TBK1; IKBKB; FADD;

FAS; NFKB2; BOL2Y, MAP3K 14; MAPKSE; RIPK1; CASPY;

DA TNFRSFIOE: RELA; TRAFZ; TNF, IKBKG; RELB;

CASPO; CHUK; APAFL; NFKBIL; CASPZ; BIRCZ; CASP3;

BIRC3

FOF Signahing

RACL FOFR L, MET; MAPKAPKZ: MAPKL; PTPN1 L,

AKTZ; PIK3CA; CREBIL; PIK3CHE, PIK3C3; MAPKK;

MAPK3; MAPKT3; PTPNG; PIK3C2A; MAPK14; RAF;

AKTI; PIK3RT, STAT3; MAPZK L FOFR4; CRKL; ATF4,

AKT3; PRKCA; HGEF

OM-CSF Signaling

LYN; ELK L, MAPK L, PTPNIL; AKTZ; PIKACA; CAMK2A;

STATSH; PIK3CH; PIK3C3; GNB2L1; BCLZLT; MAPK3;

ETS1; KRAS; RUNXI; PIMI; PIK3C2A; RATI: MAPIKZ:

AKT1: JAKZ: PIKGRI; STAT3. MAPZKI; CONDI: AKTS;

STATI

Aroyotrophic Lateral

BiD; IGF] RACT BIRC4A; PGF;, CAPNS]; CAPNZ;

Sclerosis Signaling

PIK3CA; BCL2; PIK3CR,; PIK3C3; BOLZLY CAPNI;

7i}
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PIK3C2A; TPS3; CASPY; PIKAR1; RABSA; CASPL;

APAT . VEGFA; BIRCY; BAX, AKT3: CASP3: BIRC3

TAK/Stat Signaling

PTPNT; MAPKL PTPNIL AKT2; PIK3CA; STATSB;

PICICE; PIK3C3; MAPK3: KRAS; SOCST; STATSA;

PTPNo; PIKIC2A; RAFL CDKNIA; MAPZKD2: JAK T

AKT; JAKD; PIK3R T, STATS; MAPIKI; FRAPE AKT3;

STATI

Nicotinate and
Nicotinarmide

PRKCE: IRAKT; PRKAAZ; EIFZAKZ, GREKS; MAPKI;

Metabolism

PLKL, AKTZ; COKE; MAPKR; MAPKS; PREKCD; PRKAAL;

PBEF]; MAPKS, CDE2: PIML; DYRKTA; MAPZKZ;

MAPZICT; PAKS, NTSE; TTK; CSNEITAL BRAF; SGK

Chemokine Signaling

CXCR4;, ROCKZ: MAPKE; PTKZ; FOS; CFLT; GNA(Y,

CAMEZA; CXCL12; MAPKS; MAPK3; KRAS; MAPK 13,

RHOA; CCR3; SRC; PPPICC; MAPK 14, NOXI; RAFL,

MAPZKZ;, MAP2K L JUN; CCL2; PRKCA

{E-2 Signaling

ELEEH MAPK L PTPNI L AKT2; PIKICA; SYK; FOS;

STATSE; PIK3CR; PIC3C3; MAPKSR: MAPK3; KRAS;

SOCST STATSA; PIKICIA: LOK; RAFL, MAP2KZ:

TAK 1, AKT1; PIK3R1; MAP2KI: JUN: AKT3

Synaptic Long Term

PRECE; IGFT; PRKCZ; PRDX6; LYN; MAPKT GNAS;

Diepression

PRKCE GNAQ; PPPIRITA; IGFIR; PRKDI; MAPK3,

KRAS; GRN; PRKCD; NOS3; NOS2A; PPPICA:

YWHAZ, RAFL; MAP2KZ; PPPZRSC; MAP2K Y, PRKCA

Estrogen Receptor

TAF4R; EP300; CARMI; PCAF; MAPKI; NCORZ;

Signaling

SMARCA4: MAPK3; NRIPI; KRAS: SR(C; NR3CL;

HDAC3: PPARGCLA: RBM9; NCOA3; RAF1; CREBRP;

MAPZK2: NCOAZ: MAP2K1; PRKDC; ESR1; ERR?

Proten Ubiquitination

TRAFS; SMURFL BIRC4; BRCAT; UCHLL NEDDA,

Pathway

CRL; UBEZL BTRC; HSPAS; USP7, USP1G; FBXWT,

SPON; STUBT, USP27; B2M; BIRC?, PARK?; LJSPS;

USPL; VHL: HSP9OAATL, BIRCS

{E-10 Signaling

TRAFPS; CCR1; ELK 1, IKBKH; SP1; FOS; NFKB2;

MAP3IK 14; MAPKR; MAPK 13; RELA: MAPK 14, TNF;

TKBKG: RELB; MAP3K7; JAKI: CHUK: STAT3: NFKBI:

JUN; ILIR1: 116

VDR/RXR Activation

PRICE; EP300; PRKCZ; RXRA; GADDISA; HEST;

NCORZ; SP1: PRKCEL CDKNIB; PRKD1: PRKCD:

RUNXZ; KLF4, YY1 NCOAZ; CDENIA; NCOA2; SPPY;

LRPS; CEBPR; FOXO1; PRKCA

T(GF-beta Signaling

EPR300; SMADZ;, SMURFL MAPK T, SMAD3Z; SMADT,

FOS; MAPKE; MAPK3; KRAS; MAPKS; RUNXZ;

SERPINEL; RAFT MAP3K7; CREBBP; MAPZKZ;

MAP2K L TGEBRE; SMAD4, JUN; SMADS
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Toll-ltke Receptor
Signaling

[RAK ] EIFZAKZ: MYDSS: TRAFG, PPARA; ELK I,

IKBREB; FOS; NFKB2; MAP3K 14, MAPKEY;, MAPK13;

RELA; TLR4; MAPK 14; IKBKG; RELB; MAP3K7, CHUK;

NFRBI, TLRZ; JUN

138 MAPK Signaling

HSPBE; IRAKT, TRAFG, MAPKAPK2; ELK1; FADD; FAS;

CREBI; DDIT3; RPSGIA4; DAY, MAPK13; TRAF2;

MAPK 14; TNF: MAP3K7, TGFBR1: MYC, ATF4; ILIRI,

SRE; STATI

Newrotrophin/TRK
Signaling

NTRKZ, MAPK1: PTPN11; PIK3CA: CREBI: FOS;

PICICE; PIK3C3; MAPKE: MAPK3; KRAS; PIK3C2A;

RAF1, MAPIK2; AKT1; PIK3R1; PDPK 1, MAP2K 1,

CDCAZ JUN; ATH4

FXR/RXR Activation

INS; PPARA; FASN, RXRA; AKTZ; SDXCH MAPKS;

APOB; MAPKITO, PPARG; MTTE, MAPKY, PPARGCIA;

TNE, CREBBP; AKTI; SREBF]; FOFR4; AKT3, FOXO1

Synaptic Long Term

PRECE:; RAPIA; EP300; PRKCZ; MAPK T CREBI;

Potentiation

PRECT GNAQ; CAMEKZA; PRKDI; MAPK3E; KRAS;

PRECD; PPPICC; RAFL CREBBP; MAP2KZ; MAPZK;

ATE4: PRKCA

Calcium Signaling

RAPIA; BEP300; HDACA; MAPK 1 HDACS: CREBI;

CAMEZA, MYHY, MAPKS: HDAC2: HDACTA. HDACT 1

HDACY: HDACS: CREBBP; CALR; CAMKK?Z: ATF4;

HDACSH

EGF Signaling

ELKL, MAPK EGER; PIK3CA; FOS; PIK3ICH; PIK3C3;

MAPKSE, MAPK3; PIK3CIA; RAFL JAKL PIK3R1;

STATI, MAPZK T, JUN; PRKCA; SRFE; STATI

Hypoxia Signaling in the

EDNT; PTEN; EP300; NQO1; UBE2L CREBI; ARNT,

Cardiovascular System

HIFIA; SLO2A4: NOS3: TPS3: LDHA; AKT 1, ATM:

VEGFA; JUN: ATF4; VHL; HSPOOAA L

1 PS/IL-1 Mediated
Inhtbition

IRAK | MYDS8; TRAFG: PPARA, RXRA: ABCAL,

of RXR Function

MAPKS, ALDHIAL GSTP1; MAPKO; ABCB1, TRAF2;

TLR4: TNF: MAPRK7; NR1HZ; SREBF1; JUN; IL1R1

T XR/RXR Activation

FASN; RXRA: NCOR2: ABCAL; NFKB2; IRF3; RELA;

NOS2A: TLR4, TNF, RELB. LDLR: NR1H2: NFKBI:

SREBFL LR, CCL2; 16, MMPY

Aroylowd Processing

PRKCE: CRNKIE: MAPK L, CAPNST: AKT2; CAPNZ;

CAPNI MAPKS, MAPKI3 MAPT, MAPK14; AKTI;

PNENT, CSNEKIAT; GSK3B; AKT3; APP

1L-4 Sipnaling

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

PTPNG: NR3CT; PIK3C2A; JAKL; AKTI: JAKZ: PIK3RI,

FRAP, AKT3: RPS6KR!

Cell Cyele: G2/M DNA

EP300; PCAF: BRCA; GADD4SA; PLIL: BTRC;
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Damage Checkpoint

CHEK1; ATR; CHEKZ, YWHAZ, TP53; COKNIA;

Regulation

PRKDC; ATM: SEN; CDKN2A

Nitrie Oxide Signaling in
the

KDR, FLT1: PG, AKT2; PIK3CA; PIK3CR: PIN3C3:

Cardipvascular System

CAV1; PRECD; NOS3; PIK3C2A; AKT1: PIK3R1,

VEGEA; AKT3; HSPOOAAL

Purine Metabolism

NME2: SMARCA4: MYHO; RRM?2: ADAR; FIF2AKA:

PRM2; ENTPDI; RADST; RRMZE; TjP2: RADSIC;

NTSE; POLDI; NME]

cAMP-mediated
Signaling

RAPLA; MAPK T, GNAS; CREBI; CAME2A; MAPK3;

SRC; RAFL MAP2K?: STAT3; MAP2K1; BRAF: ATF4

Mitochondrial
Drysfunction

SOD2; MAPKE; CASPE; MAPKIO; MAPKSY; CASPY;

PARKT7; PSENT; PARKZ; APP; CASP3

Notch Signaling

HEST; JAGE, NUMB; NOTCH4; ADAML7: NOTCHZ,

PSENT, NOTCH3, NOTCHE, DLL4

Endoplasmic Reticalum

HSPAS: MAPKS: XBP1; TRAF2: ATF6: CASPY. ATF4

Stress Pathway

EIFIAKS; CASP3

Pyrimidine Mctabolism

NMEZ; AICDA; RRM?2; EIF2AK4S; ENTPD1, RRM2B;

INTSE; POLDI; NME]

Parkinson’s Signaling

UCHLL; MAPKE; MAPK13, MAPK 14; CASPY; PARKT,

PARK?2; CASP3

Cardiac & Beta
Adrenergic

GNAS; GNAQ; PPP2RIA; GNBZLL PPP2CA; PPPICC

Signaling

PPPIRSC

Glycolysis/Gluconeogene
318

HK?2;, GCK; GPL ALDHIAT; PKM2; LDHA; HK]

Hovh oy S als s
Interferon Signaling

IRT1: SOCST: JAK L JAKD, IFITMI: 8STATI: IFIT3

Sonte Hedgehog

ARRBZ; SMOy; GLIZ, DYRKIA; GLIT GSK3B; DYRKIB

Signaling

Gilyeerophospholipid PLDI; GRN, GPAM, YWHAZ, SPHKL; SPHK2
Metabohism

Phospholipid PRDXG; PLDT; GRN; YWHAZ,; SPHK; SPHK2
Dicgradation

Tryptophan Metabolism

SIAHZ; PRMTS; NEDD4;, ALDHIAL CYPIBL, SIAHT

Lysine Degradation

SUVIGHL EHMT2; NS SETDT, PPPIRSC

Nucleotide Excision

ERCCS; ERCCY; XPA; XPC; ERCCL

Repatr

Pathway

Starch and Sucrose UCHLL; HEK2; GCK; GPL HK1
Metabolism

Aminosugars Metabolism

NQOT; HKZ, GCK; HKL

Arachidonic Acid

PRDX6; GRN; YWHAZ; CYP1BI

Metabolism
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Circadian Rhythm
Signaling

CONKIE; CREBI; ATE4; NRIDI

Coagulation System

BDKRBI; F2R; SERPINE]; F3

Diopamine Recepior

PPPIRIA; PPPZCA; PPPICC; PPP2RSC

Signaling

Glutathione Metabolism

[DH2; GSTPI; ANPEP; IDH1

Giyeerolipid Metabolism

ATDHIAL GPAM, SPHIL; SPHK2

f inoleic Acid
Metabolism

PRDX6; GRN; YWHAZ; CYPIRI

Methionine Metabolism

DNMTIL; DNMT3B; AHCY; DNMT3A

Pyruvate Metabolism

GLOL ALDHIAL PKMZ; EDHA

Arginine and Proline

ALDHIAL NOS3; NOS2A

Metabolism

Ficosanoid Signaling

PRDX6; GRMN; YWHAZ

Fructose and Mannose

HKZ; GCK; HK

Netabolism

Cialactose Metabolism

HKZ; GCK; HK

Stilbene, Coumarine and

PRDX6, PRDXT; TYR

Lignin Biosynthesis

Antigen Presentation

CALKR; BZM

Pathway

Biosynthesis of Steroids

NQO!: DHCRY

Butanoate Metabolism

ALDHIAL NLGNI

Citrate Cyele

IDH2; DHI

Fatty Acid Metabolism

ALDHIAL CYPIRB]

Glycerophospholipid

PRIOXG; CHEA

Netabolism

Histidine Metabolism

PRMTS; ALDHIAL

fnositol Metabolism

EROTL APEX1

Metabolism of
Xenobiotics

GSTPL CYPIBI

by Cytochrome pdSQ

Methane Metabolism

PRDXG;, PRDX]

Phenylalanine
Netabolism

PREX6; PREX]

Propanocate Metabolism

ALDHIAL LDHA

Selenoaming Acid

PRMTS, AHCY

Metabolism

Sphingolipid Metabolism

SPHK L SPHK2

Arninophosphonate PRMTS
Meotabolista

Androgen and Estrogen  [PRMTS
Metabolisro

Ascorbate and Aldarate  [ALDHIAL

Metabolism

~
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Bile Acid Biogynthesis  [ALDHIAL
Cysteine Metabolism LDHA
Fatty Acid Biosynthesis  [FASN
Glutamate Receptor GNB2ZLE
Signaling

NRF2-roediated PRDX
Oxidative

Stress Response

Pentose Phosphate P

Pathway

Pentose and Glucuronate

UCHL

interconversions

Reiinol Metabolism ALDHTAL
Ribotlavin Metabolism  {TYR
Tyrosine Metabolism PRMTS, TYR

Ubiquinone Biosynthesis PRMTS
Valine, Leucine and ALDHIAL
Isoleucine Degradation

Glyeine, Serine and CHEKA
Threonine Metabolism

Lysine Degradation ALDHIAL

Pain/Taste TRPMS; TRPAL
Pain TREMT, TRPCS; TRPCS; TRPCH, Cnrl; enr2; GrkZ:

Trpal; Pomg; Ceorp; Crf, Pka; Era; Nr2b; TRPMS; Prkaca;

Pricach; Prkarla; Prkar2a

Miutochondrial Function

ATE; CyiC; SMAC (Diablo); Aifa-1; Aitm-2

Developmental
Neurology

BMP-4; Chordin {Chrd); Noggin (Nog); WNT (Wnt2;

Wnt2h, Wntlda; Waotd; Waotda; Wntt, Wnt7h; Wnilb;

WntSa;, WntSh; Wntlla; Wntilb;, Wntl6); beta-catenin

Dikk-1; Frizzied related proteins; Otx-2; Gbx2; FGE-¥;

Reehing Dabl; une-86 (Poudfl or Bra3a), Numb; Reln

{68178] Embodiments

knocking out genes, amplifying genes and repairing particular mutations associated with DNA
repeat instability and neurological disorders (Robert B, Wells, Tetsuo Ashizawa, Genetic
Instabilities and Neurological Diseases, Second Edition, Acadernie Press, Oct 13, 2011 -
Medical). Specific aspects of tandem repeat sequences have been found to be responsible for
more than twenty hurnan discases {(New insights into repeat instability: role of RNASDNA

hybrids, Melvor Ei, Polak U, Napicrala M. RNA Bioll 2010 Sep-Oct7(5)3:551-8). The CRISPR-

of the invention also relate to methods and compositions related to

Cas system may be harnessed to correct these defects of genomic instability.

-
(9]
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{B6179] A further aspect of the mvention relates to utilizing the CRISPR-Cas system for
correcting defects in the EMP2A and EMP2B genes that have been identified to be associated
with Lafora discase. Lafora disease is an auntosornal recessive condition which is characterized by
progressive myocionus epilepsy which may start as epileptic seizures in adolescence. A few
cascs of the discase may be caused by mutations in genes yet to be identified. The discase causes
seizures, muscle spasms, difficalty walking, dementia, and eventually death. There 1s currently
no therapy that has proven effective against discase progression. Other genetic abnormalities
associated with epilepsy may also be targeted by the CRISPR-Cas sytern and the underlying
genetics is further described in Genetics of Epilepsy and Genetic Epilepsies, edited by Giuliano
Avanzin, Jeffrey L. Noebels, Mariani Foundation Pacdiatric Neurology:20; 2009).

{B618¢] In vet another aspect of the invention, the CRISPR-Cas system may be used to correct
ocular defects that arise from several genetic mutations further described in Genetic Discases of
the Eve, Second Edition, edited by Hlias I, Traboulst, Oxford University Press, 2012,

{60181} Scveral further aspects of the invention relate to correcting defects associated with a
wide range of genetic discases which are further described on the website of the National
Institutes  of Health under the topic subsection Qenetic  Disorders  (website  at
health.nih.gov/topic/GeneticDisorders). The genetic brain discases may inclode but are not
iimited to Adrenoleukodystrophy, Agencsis of the Corpus Callosum, Aicardi Syndrome, Alpers’
Discase, Alzheimer's Discase, Barth Syndrome, Batten Dhsease, CADASIL, Cerchellar
Degeneration, Fabry's Discase, Gerstmann-Straussler-Scheinker Discase, Huntington™s Disecase
and other Triplet Repeat Dhsorders, Leigh's Discase, Lesch-Nyhan Syndrome, Menkes Dhscase,
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.
{B0182]  In some embodiments, the condition may be neoplasia. In some embodiments, where
the condition is neopiasia, the genes to be targeted are any of those listed in Table A {in this case
PTEN asn so forth). o some ewsbodivaents, the condifion may be Age-related Macular
Degeneration. In sore embodiments, the condition may be a Schizophrenic Dhsorder. In some
cmbodiments, the condition may be a Trinucleotide Repeat Disorder.  In some cmbodiments, the
condition may be Fragtle X Syndrome. In some embodiments, the condition may be a Secretase
Related Disorder. In some embodiments, the condition may be a Prion - related disorder. In

sorae embodiments, the condition maay be ALS. In some embodirents, the condition may be a

~
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drug addiction. In some embodiments, the condition may be Autism. In some ewbodiments, the
condition may be Alzheimer's Discase.  In some embodiments, the condition may be
inflaramation. In some embodiments, the condition may be Parkinson’s Disease.

{B3183]  Examples of proteins associated with Parkinson’s discase inchude but are not linaited
to g-synuclein, DJ-1, LRRKZ, PINKI, Parkin, UCHL1, Synphilin-1, and NURR1.

{86184] Examples of addiction-related proteins may inclade ABAT for example.

{60185] Examples of inflammation-related proteins  may inchude the monocyte
chemoattractant proten~1 (MCP1) encoded by the Cer2 gene, the C-C chemokine receptor type §
{CCR3S) encoded by the Cer3 gene, the IgG receptor HB (FCGR2b, also termed CD32) encoded
by the Fegr2b gene, or the Fe epsilon Rlg (FCER1g) protein coucoded by the Feerlg gene, for
example.

{60186] Examples of cardiovascular discases associated proteins may include ILIB
{inferleukin 1, beta), XDH {(xanthine dehydrogenase), TP33 {tumor protein pS3), PTGIS
{prostaglandin 12 {prostacychin} synthase), MB {(myvoglobin), 1L4 (nterleukin 4), ANGPTI
{angiopoictin 1), ABCGR {(ATP-binding cassctte, sub-farmly G (WHITE), member 83, or CTSK
{cathepsin K}, for example.

[B0187]  Examples of Alzheimer’s discase associated proteins may inchude the very low
density lipoprotein receptor protein (VEDLR) encoded by the VLDER gene, the ubiquitin-like
modifier activating enzyme 1 (UBA1) cncoded by the UBAT gene, or the NEDDSE-activating
enzyme El catalvtic subunit protein {UBEIC) eucoded by the UBA3Z gene, for example.

{B0188] Examples of proteins associated Autismm Spectrum Disorder may inchude the
benzodiazapine receptor {peripheral} associated protein 1 (BZRAP1) encoded by the BZRAPI
gene, the AF4/FMR2 family member 2 protein (AFF2)} encoded by the AFF2 gene {also termed
MFER2), the fragile X mental retardation avtosomal homolog 1 protewn (FXR1) encoded by the
FXRIT gene, or the fragile X mental retardation autosomal homolog 2 protein (FXR2) encoded by
the FXRZ gene, for exaraple.

{B318%]  Examples of proteins associated Macular Begeneration may inchude the ATP-binding
cassette, sub-family A (ABC1) momber 4 protein (ABCA4) encoded by the ABCR gene, the
apolipoprotein E protein {APOE) encoded by the APOE gene, or the chemokine (C-C motif)

Ligand 2 protein {CCL2) encoded by the CCL2 gene, for example.

~d
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{B019¢] Examples of proteins associated Schizophrenia may mnclude NRGH, EvbB4, CPLXY,
TPHI, TPH2, NRXNI1, GSK3A, BDNF, DISCH, GSK3B, and combinations thereof.

{B0191]  Examples of proteins involved in tumor suppression may include ATM {(ataxia
telangiectasia mutated), ATR {ataxia telangiectasia and Rad3 related}, EGFR {epidermal growth
factor receptor), ERBBZ (v-orb-b2 crythroblastic leukemia viral oncogene homolog 23, ERBB3
{v-crb-bZ erythroblastic lenkemia viral oncogene homolog 3), ERBB4 (v-erb-b2 ervthroblastic
leukemia viral oncogene homolog 4}, Neotch 1, NotchZ, Notch 3, or Notch 4, for example.
[66192]  Examples of proteins associated with a seoretase disorder may include PSENEN
{presenilin cnhancer 2 homolog (C. clegans}y, UTSB (cathepsin B, PSENT (presenilin 13, APP
{avayloid beta {Ad) precursor protein), APHIB (anterior pharyux defective 1 homolog B (C.
clegans)), PSEN2 (preseuilin 2 {Alzheimer disease 4}, or BACE!L (beta-site APP-cleaving
enzyme 1), for example,

{B3193]  Examples of proteins associated with Amyotrophic Lateral Sclerosis may include
SOD1 (superoxide dismutase 1), ALS2 {arayotrophic lateral sclerosis 2), FUS (fused in
sarcoma), TARDRP (TAR DNA binding protein), VAGFA (vascular endothehial growth factor
A}, VAGFB (vascular endothelial growth factor B}, and VAGFC (vascular endothelial growth
factor C), and any cornbination thereof,

{#3194] Examples of proteins associated with prion discases may include SOD1 {superoxide
dismutase 1), ALSZ {amyotrophic lateral sclerosis 2}, FUS (fused in sarcoma), TARDBP (TAR
DNA binding protein), VAGFA {vascular endothelial growth factor A}, VAGFB ({vascular
endothelial growth factor B), and VAGFC (vascular cndothelial growth factor C), and any
combination thereof.

{#3195]  Examples of proteins related to neuredegenerative conditions in prion disorders may
include AZM {(Alpha-2-Macroglobuling, AATF (Apoptosis antagonizing transcription factor),
ACPP {Acid phosphatase prostate), ACTAZ {Actin alpha 2 smooth muscle aorta), ADAM22
{ADAM metallopeptidase domainy, ADORAZ {(Adenosine A3 receptor), or ADRAID (Alpha-1D
adrenergic receptor for Alpha~-1D adrenoreceptor), for example.

{#6196] Examples of proteins associated with frnmunodeficioncy may include AZM [alpha-2-
macroglobulini, AANAT [arvialkylamine N-acetyitransferase], ABCAT [ATP-binding cassette,
sub-family A (ABCH), member 1}, ABCAZ [ATP-binding cassette, sub-family A {(ARBCH),

member 2} or ABCA3 [ATP-binding cassette, sub-family A {(ABC1), merber 31 for example.

LIRS
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{36197]  Examples of protewns associated with Trinucleotide Repeat Dhisorders mnclude AR
{androgen receptor), FMRI1 (fragile X mental retardation 1), HTT (huntingtin}, or DMPK
{dystrophia myotonica-protein Kinase), FXN (frataxin), ATXNZ {ataxin 2}, for example.

{BGI98]  Examples of proteins associated with Neurotransmission Disorders include S8T
{somatostatin}, NOSI (nttric oxide synthase 1 {ncuronal}), ADRAZA {adrenergic, aipha-2A-,
recepior), ADRAZC {(adrenergic, alpha-2C-, receptor), TACRI {tachvkinin receptor 1}, or
HTRZc¢ (S-hydroxytryptamine {scrotonin} receptor 2C}, for example.

[66199]  Examples of necurodeveloproental-associated sequences melude AZBPT fataxin 2-
binding protein 1}, AADAT [amincadipate aminotransferase], AANAT {arylalkylamine N-
acetyltransferase], ABAT [4-aminobutyrate aminotransferase], ABCAT [ATP-binding cassette,
sub-family A (ABCH), member 1], or ABCAI3 [ATP-binding cassette, sub-family A (ABC1},
member 13}, for example.

{(3208]  Further examples of preferred counditions treatable with the present system include
ray be sclected from: Alcardi-Goutidres Syndrome; Alcxander Dhscase; Allan-Herndon-Dudley
Syndrorne; POLG-Related Disorders; Alpha-Mannosidosis (Type H and ) Alstréro Syndrome,
Angelman;  Syndrome;  Ataxia-Telangiectasia;  Neuronal  Ceroid-Lipofuscinoses;  Beta-
Thalassemia; Bilateral Optic Atrophy and (Infantile} Optic Atrophy Type 1; Retinoblastoma
{bilateral}; Canavan  Disease;  Cercbrooculofacioskeletal  Syndrome 1 [COFSiL
Cercbrotendinous Xanthomatosis; Cornelia de Lange Syndrome; MAPT-Related Disorders;
Genetic Prion Diseases; Dravet Syndrome; Early-Onset Familial Alzheimer Disease; Friedreich
Ataxia [FRDAY; Fryns Syndrome; Fucosidosis; Fukuyama Coungenital Muscular Dystrophy;
(Galactosialidosis; Gaucher Bisease; Organic Acidernias; Hemophagocytic Lyrphohistiocytosis;
Hutchinson-Gilford Progeria Syndrome; Mucolipidosis 1L Infantile Free Sialic Acid Storage
Discase; PLA2G6-Associated  Neurodegeneration; Jervell and  Lange-Nielsen Syndrome;
Junctional  Epidermolysis  Bullosa; Huntington Discase; Krabbe [Discase {Infantiley;
Mitochondrial DNA-Associated Leigh Syndroroe and NARP; Lesch-Nyhan Syndrome; LIST-
Assoctated Lissencephaly; Lowe Syndrome; Maple Syrup Urine Bisease; MECP2 Duplication
Syndrome; ATP7A-Related Copper Transport Disorders; LAMAZ-Related Muscular Dystrophy;
Arylsulfatase A Deficiency; Mucopolysaccharidosis Types §, I or 11l Peroxisome Biogenesis
Disorders, Zellweger Syndrome Spectrura; Newrodegeneration with Brain Iron Accuraulation

Dhsorders; Acid Sphingomycehuoase Deficicocy, Niemaon-Pick Dhisease Type € Glyecine

-~
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Encephalopathy;  ARX-Related  Disorders; Urea Cycle  Disorders; COLIAT/2-Related
Osteogenesis Imperfecta; Mitochondrial DNA Deletion Syndromes; PLP1-Related Disorders;
Perry Syndrome; Phelan-McDermid Syndrorae; Glycogen Storage Discase Type U (Pompe
Dhsease) {(Infantidey MAPT-Related Disorders; MECPZ2-Related Bisorders; Rhizomelic
Chondrodysplasia Punctata Type 1; Roberts Syndrome; Sandhott Discase; Schindier Discase -
Type 1; Adenosine Deaminase Deficiency; Smith-Lemit-Opitz Syndrome; Spinal Muscular
Atrophy; Infantile-Onset Spinocercbeliar Ataxia; Hexosaminidase A Deficiency; Thanatophoric
Drysplasia Type 1; Collagen Type VI-Related Disorders; Usher Syndrome Type I, Congenital
Muscular Dystrophy;, Wolf-Hirschhorn Syndrome; Lysosomal Acid Lipase Deficiency; and
Xeroderma Pigrocntosur.

{B0281]  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 discases that might be
usefuily treated using the present system are included in the Tables above and examples of genes
currently associated with those conditions are also provided there. However, the genes

exemplified are not exhaustive.
IXAMPLES

{(G3282] The following examples are given for the purpose of illustrating various embodiments
of the invention and are not meant to limit the present invention in any fashion. The present
examples, along with the methods deseribed herein are presently representative of preferred
embodiments, are exeraplary, and are not intended as limitations on the scope of the mvention.
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,

Examplie §: Improvement of the Cas¥ system for in vive application

{80283]  Apphicants conducted a Metagenomic scarch for a Cas9 with small molecular weight.
Most Cas9 homologs are fairdy large. For example the SpCas® 1s around 136Raa long, which s
too large to be casily packaged into viral vectors for delivery.

{30284] Through computational analysis, Applicants found that i the bacterial strain
Campylobacter, there are two Cas® proteins with less than 1000 amino acids. The sequence for
onc Cas9 trom Campyiobacter jejuni s presented below. At this length, CjCas9 can be casily

packaged mto AAY, lentiviruses, Adenoviruses, and other viral vectors for robust delivery into
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primary cells and in vivo in animal models. In a preferred embodiment of the fnvention, the Cas9
protein from S. aurens is used.

>Carapylobacter jejund Cas® (CjCas8)
MARILAFDIGISSIGWAFSENDELKDCOGVRIFTKVENPKTGESLALPRRLARSARKRELARR
KARLNHLEHUIANEFKINYEDYQSFDESLAKAYKGSLISPYELRFRALNELLSKQDFAR
VIEHIAKRRGYDDIKNSDDKEKGATLKAIKQNEEKLANYQSVGEYLYKEYFQKFKENSK
EFTNVRNKKESYERCIAQSFLKDELKLIFKKQREFGFSFSKKFEEEVESVAFYKRALKDFS
HLVONCSFFTDEKRAPKNSPLAFMEVALUTRINLINNLKNTEGILYTRKDRDLNALLNEVILEK
NGTLTYRKOQTKKLLGLSDDYEFKGEKGTYFIEFKKYKEFIKALGEHNLSQDDLNEIAKDIT
LIKDEIKLKKALAKYDENOQNQIDSLSKLEFK DHLNISFKALKLVTPLMLEGKKYDEACNE
LNLKVAINEDKKDFLPAFNETY YKDEVINPVVLRAIKEYREKVINALLKKYGKVHEINIE
LAREVGKNHSQRAKIEKEQNENY KAKKDAELECEKLGLKINSKNILKLRLFKEQKEFCA
YSOGERIKISDLODEKMLEIDHIYPYSRSFDDSYMNEVLVEFTKONQEKENQTPFEAFGNDS
AKWOKIEVLAKNLPTKEOQKRILDENYKDKEQKNFKDRNLNDTRYTARLVINYTKDYL
DFLPLSDDENTKENDTQKGSKVHVEAKSGMUTSALRHTWGFSAKDRNNHLHHAIDAV]
TAYANNSIVEAFSDFRKKEQESNSAELY AKKISELDYENKRKFFEPFSGFROQEVLDKIDELF
VSKPERKKPSGALHEETFRKEEEFYQSYGGKEGVLKALELGKIRKVNGKIVENGDMFER
VDIFKHKKTNKFYAVPIYTMDPFALKVEPNKAVARSKEGEIKDWIHILMDENYEFCFSLYK
DSLILIQTKDMOQEPEFVYYNAFTSSTVSLIVSKHDNEFETLSKNGKILFKNANEKEVIAKS
IGIONLKVFEKYIVSALGEVTKAEFROREDFKI

{80205  The putative tracrRNA element for this CjCas9 1s:

1002061  TATAATCTCATAAGAAATTTAAAAAGGGACTAAAATAAAGAGTTTGCGGG
ACTCTGCGGGGTTACAATCCCCTAAAACCGOTTTTAAAATT

(#0207}  The Direct Repeat sequence is:
ATTTTACCATAAAGAAATTTAAAAAGGGACTAAAAC

{B0288]  An cxample of a chimeric guideRNA for CjCas? is:

NINNNNNNNNNNNNNNNNNNGUUUUAGUCCCGAAAGGGACUAAAAUAAAGAGUU
UGCGGGACUCUGCGGGGUUACAAUCCCCUAAAACCGUUUUT

Example 2: Cas9 optimization

{86289] For enhanced function or to develop new functions, Applicants geserate chimeric
Cas? proteins by combining fragments from different Cas9 homologs. For example, two example
chimeric CasY proteins:

{#G218] For cxample, Applicants fused the N-term of St1Cas® {fragment from this protein is
in bold) with C-term of SpCas® (fragment from this protein is underlined).

(0211 >StIMNISp(C)Cash

MSDLVLGLGIGSVGVYVGILNKVTGEHHKNSRIFPAAQAENNLVRRTNRQGRRLAR
REKKHRRVRLNRLFEESGLITDNTRISINLNPYQLRVKGLTDELSNEELFIALKNMVK
HRGISYLDBDASDDGNSSVGDYAQIVKENSKQLETRTPGRIQLERYQTYGORLRGDFTY
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VEKDGKKHRLUINVFPTSAYRSEALRILOQTQQENNPQITDENINRYLEILTGKRKYYH
GPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEFRAAKASYTAQEFNLLNDL
NNLTVPTETKKLSKEQKNQGHNYVEKNEKAMGPAKLFRKYIAKLLSCDVADIKGYRID
KSGEKAFHTFEAYRKMKTLETLDIEQMDRETLDKLAYVLTLNTEREGIQEALEHEF
ADGSFSQRKOQVDELVOFRKANSSIFGRGWHNFSYRLMMELIPELYETSEEQMTILTR
LOGKQKTTSSSNKTKYIDEKLLTEEIVNPYVVAKSVRQAIKIVNAAIKEYGDFDNIVIEM
ARENQTTOKGOKNSRERMEKRIEEGIKELGSQILKEHPVENTOLONEKLYLYYLONGRD
MYVDOQELBDINRESDYDVDHIVPOSFLEDDSIDNKVETRSDENRGKSDNVESEEVVEKKM
KANYWROLINAKLITORKEDNETKAERGGLSELDKAGHIKROLVETROITKHVAQILDSR
MNIKYDENDKLIREVEVITLKSKLVSDEREKDFOFYKVREINNYHHABDAYINAVYVGTA
LIRKYPRLESEFVYGRYKYYDBVREMIAKSEQEIGKATAKYIFY SNIMNEFKTEITLANGE
IRKRPLIETNGETGEIVWRKOGRDEFATVREKVESMPOYNIVEKTEVOTGGESKESILEKRNSG
DRLUIARKKDWDPKKYGOFDSPTVAYSVIVVAKVEKGEKSKKEKSVKELLGITIMERSSHFE
KNPIDELEAKGYREVERKDLUKLPRYSLFELENGRKRMUASAGELOKGNELALPSKY VN
FLYLASHYEKLKGSPEDNEQKOLFVEOHKHYEDEUEQISEFSKRVILADANLIDKVLSAY
NEKHRDKPIREGAENITHLFTEINLOGAPAAFKYEDTTIDRERYTSTREVLDBATEIHOSITGL
YEIRIDLSOLGGD

>Sp(NISLHC)Cas9

MBKKYSIGEDIGTNSYVOGWAVITREYKVPSKEFKVLONTDRHSIKENLICGALLFDSGETA
EATRLKRTARRRYTRRENRICYLOEIFSNEMAKVDDSFFHREEESFLVEEDKKHERHPIF
ONIVDEVAYHEKYPTIVHILRKKLVDSTDKADLRLIVIALAHMIKFRGHFLIEGDINPDNS
DVDKLFIQLVOTYNQLFEENPINASGVDAKAILSARLSKSRRLENIIAQLPGEKKNGLFG
NLIALSLGLTENFKSNEFDLAEDAKLOLSKDTYDRDDLDNLLAGIGDOYADLFLAAKNLSD
ALLSBIHRVNTEITKAPLSASMIKRYDREHHODILTLLEKALVROQLPEKYRKEIFFDOSKNGY
AGYIDGGASQEEFYKFIKPILEKMDGTEELLVEKINREDLL RKOQRTEFDNGSIPHOIHLGEL
HAHLRROEDFYPFLKDONREKIEKILTFRIPYYVGPLARGNSRFAWMTIRKESEHETITPWNFEE
VVDEKGASAQSFIERMINFDENLPNERVEPEHSLLYEYFTVYNELTKVEKYVTEGMREPA
FESGEOKKAIWVDLLFK TNREKVIVEOLKEDRDYFKKIECFDSVEISGVEDRFNASLGTYHDLL
KUHKDEKDFLDNEENEDILEDIVITUTLFEDREMIEEREKTYAHLFDDEVMEKOLKRRRY TG
WERLESRKEINGIRDKOSGKTILDFLKSDGFANRNFMOLUIHDDSLTFKEDIOQKAQVSGQG
DSEHEHIANLAGSPAIKKGILOTVEVVDELVKYMGRHEKPENIVIEMARETNEDDEKKAL
QKIQKANKDEKDAAMLEKAANQYNGKAELPHSVFHGHKQLATKIRLWHQQGERC
LYTGKTISIHDLINNSNOQFEVDHILPLSITFDDSLANKVLVYATANQERGORTPY(QAL
DSMDDAWSFRELKAFVRESKTLSNEKKEYLLTEEDISKFDYVRKKFIERNLYDTRYA
SRVVLNALQEHFRAHKIDTKVSVVRGOFTSOLREHWGIEKTRDTYHHHAVDALTIA
ASSQINLWEKQKNTLYVSYSEDQLLDIETGELISDDEYKESVFRKAPYOQHFVDTLEKSK
FFEDSILEFSYOQVDSKFNRKISDATIVATRQAKVGKDKADETYVLGKIKDIYTQDGYD
AFMEKIVKKDRSKFEMYRHDPOTFEKVIEPILENYPNKQINEKGKEVPUONPFLKYKE
EHGYIRKYSREGNGPEIKSLKYVYDSKLGNHIDITPKDSNNRKVVLOSYVSPWRADVYF
NKITGKYRILGLEKYADLOFEKGTGTYKISQEKYNDIKKKEGVDSDSEFKFTLYKND
LELVKDTETKEQOLFRFLSRTMPROKBYVELEPYDKQKFEGGEALIKVLGNVANS
GOCKKGLGKSNISIVRKVRTDVLGNQHIKNEGDRPKLDF

{80212} The benefit of making chimeric Cas9 include:

a. reduce toxicity
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b, wmprove expression in cukaryotic cells

¢. enhance specificity

d. reduce melecular weight of protein, make protein smaller by combining the smallest
domains from different Cas® homologs.

¢. Altering the PAM sequence requirement

Example 3: Utitization of Cas¥ as a generic DNA binding protein

[66213]  Apphcants used Cas9 as a generic DNA binding protein by mutating the two catalytic
domains {D10 and H840} responsible for cleaving both strands of the BNA target. In order o
upregulate gene iranscription at a target locus Applicants fused the transcriptional activation
domatn (VP64) to Cas® (Figare 5). Applicants hypothesized that it would be important to see
strong nuclear localization of the Cas9-VP64 fusion protein because transcription factor
activation strength is a function of time spent at the target. Therefore, Applicants cloned a set of
Cas9-VP64-GFP constructs, transfected them into 293 cells and assessed their localization under
a fluorescent microscope 12 hours post-transfection (Figure 8).

{80214]  The same constructs were cloned as a 2A-GFP rather than a direct fusion in order to
functionally test the constructs without a bulky GFP present to interfere. Applicants elected to
target the Sox2 locus with the Cas% transactivator because it could be useful for cellular
reprogram and the locus has already been validated as a target for TALE-TF mediated
transcriptional activation. For the Sox2 locus Applicants chose cight tfargets near the
transcriptional start site {TSS). Each target was 20bp long with a neighboring NGG protspacer
adjacent motif (PAM) (Figure 12). Each Cas9-VP64 construct was co-transfected with cach PCR
generated chimeric crispr RNA {chiRNA) in 293 cells. 72 hours post transfection the
transcriptional activation was assessed using RT-gPCR. (Figure 6).

{80215]  To further optimize the transcriptional activator, Applicants titrated the ratio of
chiRNA {Sox2.1 and Sox2.5) to Cas® (NLS-VP64-NLS-hSpCasB-NLS-VP64-NLS), transfected
into 293 cells, and quantified using RT-gPCR (Figure 11). These results indicate that Cas® can
be used as a generic DNA binding domain o upregulate genc transcription at a target locus.
{86216]  Apphlicants designed a second geveration of constructs. (Table 1 below).

olenti-EF 1a-GFP-2A-6xHis-NLS-VP64-NLS-hSpCsn [(D10A,
HR40A)-NLS
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pLenti-EF1a-GFP-2A-6xHis-NLS-VP64-NLS-hSpCsn I{DTOA,

HE40A)
plenti-EF1a-GFP-2A-0xHis-NLS-VPO4-NLS-NLS-hSpCsn (D104,
HE40A)

pLenti-EF 1a-GFP-2 A-6xHis-NLS-hSpCsn 1{D10A, HEB40A-NLS
pLenti-EF1a-OFP-2 A-6xHis-NLS-hSpUsn 1{D10A, HR40A)
pLenti-EF1a-OFP-2 A-6xHis-NLS-NLS-hSpCsn 1 {D10A, HE40A)

{80217]  Apphlicants usc these constructs to assess transcriptional activation (VP64 fused
constructs) and repression (Cas9 oulyy by RT-gPCR. Applicants assess the cellular localization

of cach construct using anti-His antibody, nuclease activity using a Surveyor nuclease assay, and
DINA binding affinity using a gel shift assay. In a preferred embodiment of the mvention, the gel

shift assay is an EMSA gel shift assay.

Example 4: Cas9 repressor

{BG218] It has been shown previously that dCas9 can be used as a generic BNA binding
domain o repress gene expression. Applicants report an imaproved dCas9 design as well as
dCas? fusions to the repressor domains KRAB and SID4x. From the plasmid library created for
modulating transcription using Cas% in Table 2 below, and Figure 15, the following repressor
plasmids were functionally characterized by qPCR: pXRP27, pXRP2E, pXRP29, pXRP4K,
pXRP49, pXRP30, pXRPS1, pXRP32, pXRPS53, pXRP56, pXRPSE, pXRP39, pXRPOL, and
pXRPO2.

{80219]  Each dCas® repressor plasmid was co-transfected with two guide RNAs targeted to
the coding strand of the beta-catenin gene (gRNAs were designed by wy collaborator at the
Broad, Joseph Rosenbluh) RNA was isolated 72 hours after transfection and gene expression
was quantified by RT-gPCR (Figure 16). The endogenous control gene was GAPDH., Two
validated shRNAs were used as positive coutrols. Negative controls were certain plasmids
transfocted without gRNA, these are denoted as “pXRP## control” in Figure 16. The plasmids
pXRPZE, pXRP29, pXRP4E, and pXRP49 could repress the beta-catenin gene when using the
specified targeting strategy. These plasmids correspond to dCas® without a functional domain
{(pXBP2E and pXRPIR) and dCas? fused to SID4x (pXRP48 and pXRP49).

{B022¢]  Tabic2

pXRPO24-pLentiZ-EF1a-VP64-NLS-FLAG-Linker-dCas3-NLS-gluc-2 A-GFP-WPRE
pXRPO23-pLentiZ-EF1a-VPO4-NLS-GGGGS Linker-dCas9-NLS-gLuc-2 A-GFP-WPRE
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pXRPO26-pLentiZ-EF1a-VPO4-NLS-EAAAK ;Linker~-dCasO-NLS -gluc-2 A-GFP-WPRE

pXRPO27-pLenti2-EF1a-NLS-FLAG-Linker-dCas@-NLS-gluc-2A-GFP-WPRE

pXRPO28-pLenti2-EF 1a-NLS-GGGGS Linker-dCas®-NLS-gLuc-2 A-GFP-WPRE

pXRPO29-plenti2-EF la-NLS-EAAAK  Linker-dCas9-NLS-gluc-2A-GFP-WPRE

pXRPO30-pLenti2-pSVAD-VPE4-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRPO3-pLentiZ-pPGK-VPO4-NLS-FLAG-Linker-dCas®-NLS-gLuc-2 A-GFP-WPRE

pXRPO32-pLenti2-LTR-VP64-NLS-FLAG-Linker-dCas?-NLS-gLuc-2 A-GFP-WPRE

pXRPO33-pLentiZ-pSV4AL-VPO4-NLS-GGGES: Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRPO34-pLenti2-pPGK-VP64-NLS-GGGGS: Linker-dCasO-NLS-gLuc-2A-GFP-WPRE

pXRPO35-pLenti2-LTR-VP64-NLS-GGGGS: Linker-dCas3-NLS-gLuc-2 A-GFP-WPRE

pXRPU36-pLenti2-pSV40-VPE4-NLS-EAA AR Linker-dCs39-NLS-gLuc-2A-GFP-WPRE

pXRPI37-pLenti2-pPOK-VPO4-NLS-EAAAK ;Linker-dCas9-NLS-gluc-2A-GFP-WPRE

pXRPO38-pLentiZ-LTR-VPO4-NLS-EAAAKLinker-dCas9-NLS-gEnc-2 A-GFP-WPRE

pXRPO4S-pLeonti2-EF 1a-SID4x-NLS-FLAG-Linker-dCasS-NLS-gLuc-2 A-GFP-WPRE

pXRPO49-pLentiZ-EF 1a-SIDAX-NLS-GGGGS: Linker-dCas®-NLS-gluc-2A-GFP-WPRE

pXRPO5G-pLentiZ-EF1a-SID4X-NLS-EAAAK Linker-dCas9-NLS-gluc-2 A-GFP-WPRE

pXRPO5-pLenti2-EF 1a-KRAB-NLS-FLAG-Linker-dCas3-NLS-gbLuc-2 A-GFP-WPRE

pXRPOSZ-plenti2-EF la-KRAB-NLS-GGGGS s Linker-dCas3-NLS-gLuc-2 A-GFP-WPRE

pXRPOS3-pLenti2-EF la-KRAB-NLS-EAAA K Linker-dCasS-NLS-gLuc-2 A-GFP-WPRE

pXRPOS4-plenti2-EFa-dCas%-Linker-FLAG-NLS-VP64-gLuc-2 A-GFP-WPRE

pXRPOSS-pLeonti2-EF la~-dCasS-Linker-FLAG-NLS-SID4X-¢lLuc-2 A-GFP-WPRE

pXRPOS6-pLentiZ-EFTa-dCasO-Linker-FLAG-NLS-KRAB-gLuc-2A-GFP-WPRE

pXRPO57-pLentiZ-EF1a-dCasO-GOGGGS-NLS-VPo4-glLuc-2 A-GFP-WPRE

pXRPU3E-pLenti2-EF 1a-dCas9-GGGGGS - NLS-SID4 X -gLuc-2 A-GFP-WPRE

pXRPOSH-plenti2-EF 1a-dCas9-GGGGGS - NLS-KRAB-gluc-2A-GFP-WPRE

pXRPI6G-pLenti2-EFla-dCas3-EAAAK-NLS-VP&4-gLuc-2A-GFP-WPRE

pXRPO6-pLentiZ-EF1a-dCas3-EAAAK-NLS-SID4 X gL uc-2A-GFP-WPRE

pXRPO62-pLeonti2-EF 1a-dCas3-EAAAKG-NLS-KRAB-gLuc-2 A-GFP-WPRE

pXRP024-pLenti2-EF 1a-VPO4-NLS-FLAG-Linker-Cas®-NLS-gLuc-2 A-GFP-WPRE

pXRPO25-pLlenti2-EF 1a-VP64-NLS-GGGGS  Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO26-pLentiZ-EF1a-VPO4-NLS-EAAAK  Linker~-CasO-NLS-gLuc-2 A-GFP-WPRE

pXRPO27-pLentiZ-EF1a-NLS-FLAG-Linker-Cas9-NELS-gLuc-2A-GFP-WPRE

pXRPO2E-pLentiZ-EF1a-NLS-GGOGS: Linker-CasO-NLS-gluc-2A-GFP-WPREH

pXRPO29-pLentiZ-EF1a-NLS-EAAAK Linker-Cas9-NLS-gluc-2 A-GFP-WPRE

pXRPO30-pLenti2-pSV4A0-VP64-NLS-FLAG-Linker-Cas9-NLS-gluc-2 A-GFP-WPRE

pXRPO3-pLentiZ-pPGK-VPO4-NLS-FLAG-Linker-Cas3-NLS-gluc-2 A-GFP-WPRE

pXRPO32-pLentiZ-LTR-VPO4-NLS-FLAG-Linker-Cas®-NLS-gluc-2A-GFP-WPRE

pXRPI33-pLenti2-pSVAD-VPE4A-NLS-GOGGS Linker-Cas3-NLS-gluc-2 A~-GFP-WPRE
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pXRPO34-pLenti2-pPGK-VPS4-NLS-GOGOS  Linker-Cas9-NLS-pLuc-Z A-OFP-WPRE
pXRPOIS-pLenti2-LTR-VP64-NLS-GOGGS: Linker-Cas®-NLS-gluc-2 A-GFP-WPRE
pXRPO3I6-pLentiZ-pSV4AQG-VPO4-NLS-EAAAK Linker-Cas9-NLS-gluc-2 A-GFP-WPRE
pXRPO37-pLentiZ-pPOK-VP64-NLS-EAA AKLinker-Cas3-NLS-gluc-2A-GFP-WPRE
pXRPO3S-pLenti2-LTR-VPO4-NLS-EAA AK:Linker-CasO-NLS-gluc-2 A-GFP-WPRE
pXRPO4S-pLeonti2-EF 1a-SID4x-NLS-FLAG-Linker-Cas9-NLS-glnc-2 A-GFP-WPRE
pXRPO49-pLenti2-EF1a-SIDAX-NLS-GGGGS Linker-Cas®-NLS ~-gluc-2 A-GFP-WPRE
pXRPOSO-pLentiZ-EF1a-SID4X-NLS-EAAAK Linker-Cas9-NLS-gluc-2 A-GFP-WPRE
pXRPUS TpLlenti2-EFla-KRAB-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
pXRPUS2-pLenti2-EF1a-KRAB-NLS-GGOOS: Linker-Cas®-NLS-gLoc-2 A-GFP-WPRE
pXRPOS3-plenti2-EF la-KRAB-NLS-EAAAK Linker-CasS-NLS~glLuc-2 A-GFP-WPRE
pXRPU34-plenti2-EF la-CasO-Linker-FLAG-NLS-VP64-gLuc-2A-GFP-WPRE
pXRPU3S-plenti2-EF la-CasO-Linker-FLAG-NLS-SID4X -gLuc-2 A-GFP-WPRE
pXRPO56-pLenti2-EF{a-CasO-Linker-FLAG-NLS-KRAB-gluc-2 A-GFP-WPRE
pXRPO57-pLenti2-EF 1a-Cas0-GGGGGS-NLS-VP64-¢Luc-2 A-GFP-WPRE
pXRPO5E-pLentiZ-EF1a-CasO-GGGGGS-NLS-SIDAX g Luc-2 A-GFP-WPRE
pXRPOSO-pLenti2-EF1a-Cas®-GGGOGS-NLS-KRAB-gluc-2 A-GFP-WPRE
pXRPOGO-pLentiZ-EF1a-Cas9-EAAAK-NLS-VP64-gLuc-2 A-GFP-WPRE
pXRPO6-pLonti2-EF 1a-Cas-EAAAKS-NLS-SID4X-gLuc-2 A-GFP-WPRE
pXRPO62-pLeonti2-EF 1a-Cas?-EAAAKG-NLS-KRAB-gLuc-2 A-GFP-WPRE

>
>

Example 5: Cas¥9 transcriptional modulator and nuclear focalization

{G3221]  Cas9 Transcriptional Modulator. Applicants set out to turn the Cas%/gRNA CRISPR
system into a generalized DNA binding systern in which Applicands can exccute functions
beyond IINA cleavage. Whereby, fusing functional domains onto a catalytically inactive Cas9,
dCas?, Applicants can impart novel functions, such as transcriptional activation/repression,
methylation/demethylation, or chromatin modifications. To accomplish this goal Applicants
made a catalytically inactive Cas® mutant by changing two residucs essential for nuclease
activity, 310 and HB40, to alanive. It has been shown provicusly that by mutating these two
residucs the nuclease activity of Cas® is abolished while maintaining the ability to bind target
DINA. The functional domains Applicants decided to focus on to test Applicants” hypothesis are
the transcriptional activator VP64 and the transcriptional repressors SID and KRAB.

{#6222]  dCas% Nuclear localization. Applicants hypothesized that the most cffective dCas9
transcriptional modulator would be strongly localized to the nuclens where it would have iis

greatest influence on transcription. Moreover, any residual dCas® in the cytoplastn could have
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unwanted effects. In previous work Applicants determined that wild-type Cas9 does not localize
into the nucleus without including mulitiple nuclear localization signals (NLSs). Because multiple
NLS sequences were required Applicants reasoned that it is difficult to get Cas9 into the nucicus
and any additional domain that is fused to Cas9 could disrupt the nuclear localization. Therefore,
Applicants built five dCas9-VP64-GFP fusion constructs to optimize the position and nurber of
NLS sequences. A second version of each construct was made for functional testing, and these
constructs were not directly fused to GFP. A schematic of these designs is shown in Figure 7.
These constructs were cloned wnto a plenti2 backbone under the expression of the human EFla
promoter. The WPRE element was also added for more robust protein expression. Each construct
was transfected into HEK 293FT cells using Lipofoctarae 2000 and wmaged 24 hours post-
transfection (Figure ). Figure 8 shows that the best nuclear localization is obtained when the
fusion proteins have NLS sequences on both the N- and C-term of the fusion protein. The highest
obiserved nuclear localization occurred in the construct with four NLS elements.

{60223} To more robustly understand the influence of NLS clements on dCas® Applicants
roade 16 dCasO-GFP fusions by adding the same alpha foportin NLS sequence on either the N-
or C-term looking at zero to three tandem repeats. The same cloning strategy was used as
explained previously. Each construct was transfected woto HEK 293FT cells using Lipofectame
2000 and 1maged 24 hours post-transfection {Figure 9). Notably, the number of NLS elements
does not directly correlate with the extent of nuclear localization. Adding an NLS on the Cerma
has a greater influence on nuclear localization than adding on the N-term. For future applications
it is more favorable to have smaller proteins. Thercfore, the optimal NLS architecture for dCas®
was having one NLS on the N-term and C-term (pXRPNLS806).

{#3224] One potential confounding factor of using a GFP fusion fo determine nuclear
localization 18 that the GFP uself could have a large influence on where the protein localizes in
the cell. Therefore, Applicants determined that a good approach would be to include a 6xHis tag
to dCas9, transfect into 293FT cells, and then stain with an anti-6xHis antibody. Applicants
made six versions utilizing this idea (Figure 18). Three were constructed for transcriptional
activation (VP64 fusions), and the other three were for transcriptional repression (no functional
domain). These constructs were also made so Applicants could purify the recombinant protein
using a nickel column. There are many applications of the 6xHis-dCas9 constructs, such as, to

perform an clectromobility gel shift assay to show that mutated Cas9 can indeed bind s DNA

-3
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target. The repression constructs (pXRPO13, pXRPG14, pXRPO1S) were transfected 1o HEK 293
FT cells and were immmnostained and imaged after 24 hours (Figure 11). Under this specific
context, dCas9 requires two NLS signals on the Ne-term to be localized mnto the nucleus.
Interestingly, one NLS on each terminus did not cause dCas% to be strongly nuclear localized.
Taken together, what this data suggests is that there 1s no generalized rule that can be made to
conclusively say that a dCas9 fusion protein will be localized into the nucleus. The construct of
interest must be validated in the system it will be used to determine if it is in fact localized to the
nucleus.

{BG3225] CasY Transcriptional Modulator Functional Testing. Applicants functionally tested
the dCasB-VP64 protein by targeting the Sox2 locus and guantifying franscriptional activation by
RT-qPCR. Hight DNA target sties were chosen to span the promoter of Sox2 {(Figure 12}, The
gRNA expression cassettes were cloned into a pAAV-UG-gRNAMrerRNA backbone plasmid,
pA6. The plasmid utihizes the type Us enzyme Bbsi to reveals sticky ends for annealed oligo
iigation. So for cach target all one needs is two coraplimentary oligos with the appropriate sticky
euds.

{80226] Each dCas9 containing construct was co-transfected with pA6 plasmids into HEK
293FT cells using Lipofectame 2000, 72 hours posi-transfection total RNA was extracted from
the cells. 1 ug of RNA was reverse transcribed into ¢EINA (gScript Supermix) in a 40 ul reaction.
2 ul of reaction product was added into a single 20 ul TagMan assay qPCR reaction. Each
experiment was performed in biological and technical triplicates. No RT control and no template
control reactions showed no amplification. The results of this experiment are shown in Figure 13,
Constructs that do not show strong nuclear localization, pXRP0OZ and pXRPH4, result in no
activation. For the construct that did show strong muclear localization, pXRPO8, moderate
activation was observed. Statistically sigmficant activation was observed io the casc of gRNAs
Sox2.4 and Sox2.5. OF the 6xHis-dCas9 constructs (pXRPO11, pXRPO13, pXRPG15) were also
tested using the same Sox2 targets (Figure 14), Corapared to no gRNA mock controls Applicants
could repress or activate Sox2.

{66227]  To turther optimize the dCas9 transeriptional activator and repressor Applicants built
31 constructs to explore different linkers, functional domains, and N- and C-term fusions. The
itst of constructs and the critical clements are shown i Figure 15, Three linkers were tested and

the first was an unusual linker that was published by Shen and collegues (Shen ot al. 2013, Cell
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Research paper from Xangxu Huang’s lab: Cell Rescarch 23, 720-723 (May 2013)) where they
showed it drastically improved nuclear localization and nuclease activity of Cas9. The second
and third linkers were very common hinkers known to be floxible (GGGGS3) and rigid
{HAAAK3). The functional domains tested were VP64 for activation and SID4x and KRAB for
repression, dCas® without a functional domain was alse made to test repression. The promoters
tested were human EFia, human pPGK, SV40, and the lack of a promoter where expression is
driven by the viral LTR.

160228] ANl wapscriptional activator constructs were targeted to the Sox2 locus using a
combination of two ¢gRNAs, hSox2.1 and hSoxZ.4. The dCas9 activator constructs were co-
transfected with the gRNAs wnto HEK 293FT cells and analyzed by ¢PCR after 72 hours {Figure
16}.

{B0229] A luciferase Sox2 reporter assay was adopted to siraplify the methods associated for
determaining levels of activation. The assay works by co-transfecting in three plasmids, 1) dCas9,
2y gRNA, 3} Sox2 responsive clement driving luciferase. So the level of luciferase is
proportional to the amount of Sox2. The Sox2 respousive plasmid was purchised from BioCat,
The Sox2 locus was targeted using different combinations of gRNAs and the constructs
pXRPOZ4 and pXRPO23. A “No dCas9” control was used to determive the basal level of
activation. The resuits shown in the top panel of Figure 11 suggest that 3-fold activation could be
reached compared to “No dCas9” and “No gRNA” controls.

{80238 A similar hnciferase assay was adopied to test dCasO transcriptional repression. The
candidate gene Applicants chose to repress was beta-catenin and the targets were located near the
57 end of the gene body on the non-coding strand. The first experiment utilizing this assay
compared the repressor pXRPNLSGG6 to the “dCas%” repressor published by Q1 and collegues
{1 et al. 2003, Cell papet from Wendel] Fim’s lab:
hitp//www.sciencedirect.com/science/article/pii/S0092867413002110). The luciferase assay
results (bottom panel of Figure 11) show that 3-fold repression can be reached and the
pXRPNLSG06 plasmid reported here works significantly better than the current standard,
“dCas9”.

Examplie 6: Cas¥ transcriptional activator in muvine and human cell lines

{80231] Apphicants previously demonstrated the capacity for CRISPR/Cas9 to act as a

transcriptional activator, In this example Applicants further test this capability in a murine cell
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line. Applicants also examined the voguided basal activity of the dCas9-VP64 (double mutant
DI10A HR40A Cash fused to the VP64 transcriptional activation domain). Applicants delivered
the Cas activator system to mouse cells and, separately, characterized the unguided effects of
dCas®-VP64 for several human genes.

{#6232] Mouse Cell Line Experiments: Applicants selected the locus for the mouse gene
Neuwrog2 for testing dCas3-VP64 iranscriptional activation in Newro 2A cells. Applicants also
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selected 7 sgRINA targeting sequences from a region 300 bp upstream to 100 bp downstream of

the annotated Newrog? trauscriptioval start site. These guide sequences were cloned by the
golden gate method into the px362 plasnud containing the U6 promoter upstream of a chimeric
3gRINA cloning backbone,

{B0233F  Neuro 2A cells were cultured in wmediom consisting of a 1:1 ratio of DS (1683:5:1
DMEM  high glucose w/Glutamax  and  sodiurn  pyruvate:  fetal  bovine  scrumu
penecillin/stretomyein). For transfection, 120K cells in 8.5 mlb. culture medium were plated in
cach well of a 24 well plate. After 22 b 1o culture, cach well of Neuro 2A cells was transfected
with 1 ug of DNA using 5 ul. of Lipofectarnine following the recommended sieps of the
marufacturer (Life Technologies). For all dCas9-VP64 + sgRNA samples, .5 ug dCas®-VPo4
plasmid and 0.5 ug sgRNA expression plasmid were used. For control samples, plasmmd masses
replaced GFP cxpressing plasmid as necessary. 4h after transfection, the medium was replaced
with 1 mL culture medium. 48h afier transfection, RNA was purified using the Macherey Nagel
Nucleospin 96 RNA kit. Reverse transcription was performed with gScript ¢DNA supermix
according to the manufacturer’s protocol. gPCR was performed using Tagman probes and
Tagman Fast Advanced Master Mix from Life Technologies on a Roche LightCyeler 480 H real-
time PCR machine.

{86234] Human Cell Line Experiments: Appheants selected 8 previously available sgRNA
sequences for testing m 293FT cells using Applicants” pXRPOS7 dCas9-VP64 activator
construct. Guide sequences were cloued by the golden gate method into the px362 plasmid
containing the Ub promoter upstream of a chimeric sgRNA cloning backbone.

{B0235]  293FT cells were cultured in DI medium (100:10:1 ratio of DMEM high glucose
w/Glatamax and sodium pyruvate: fetal bovine serum: 100x HEPES solution). For transfection,
100K cells in 0.5 mL culture medium were plated 1n each well of a 24 well plate. After 22 hin

culture, cach well of 293FT cells was transfected with 1 ug of DNA gsing 5 ul. of Lipofectamine

S{



WO 2014/093655 PCT/US2013/074736

following the recommended steps of the manufacturer {(Life Technologies). For all dCasS-VPo4
+ sgRNA samples, 0.5 ug dCas%-VP64 plasmid and 0.5 ug sgRNA expression plasmid were
used. For control samples, including those analyzed for unguided transcriptional cffects, plasmid
masses were replaced by GEP expressing plasmid as necessary. 4h after transfection, the medinm
was replaced with 1 mL culture medinm. 48h after transfoction, RNA was purtfied using the
Macherey Nagel Nucieospin 96 RNA kit. Reverse transcription was performed with ¢Script
cEINA supermix according o the manufacturer’s protocol. gPCR was performed using Tagman
probes and Tagman Fast Advanced Master Mix from Life Techunologics ou a Roche LaghtCyeler
480 1 real-time PCR machine.

{86236]  Experiroental results for Mouse Cell Line Experiments: As shown i Fig. 20, 6 out of
7 sgRMNAs targeted to the mouse Neurog2 locus were able to induce upregulation of Neurog?2
mRNA as measured by gPCR. With these results, Applicants demounstrated the utility of the Cas9
activator system for gene modulation in a mouse celiular model. The 7 sgRNa seguences are

fisted below:

soRNA SEQUENCE
sgRINAGOOT TGGTTCAGTGGOTGCGTGTO
spRNAGGOZ TGTTTTCTTGGTGGTATATA
seRNADND3 ATACGATGAAAAGAATAAGC
sgRNAQGG04 GGGGGAGAGGGACTAAAGAA
sgRNADOOS GGGCGGGGGAAGGGTAGGTG
sgRNADG06 ATTAGATAAAGGGGGGACGG
sgRNADOOT CGGUTTTAACTGGAGTGCOT

{86213] Experimental results for Human Cell Line Experiments: As shown in Fig. 21,
sgRMNAs targeted to several hurnan genes (ASCLIL, MYODI, VEGFA, and NTF3) successfully
induced upregulation of the desired mRNA using Applicants pXRP057 dCas3-VP64 construct
{Koncrmann et al., Optical control of mammalian endogenous transcription and epigenctic states.
Nature. 2013 Aug 22;500(74633472-6). Apphcants showed that savoples transfected with the
dCas2-VP64 construct, but without an sgRNA had significant changes in expression level for
several genes and further charactenization is to be carried out (Fig. 22). The PAM counts (100 to
+100 bp of TS8) are indicated below:

Gene Basal Fold Change  NGG + NAG counts

MNeurog? 3.60 213
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VEGEFA 123 211
NTF3 .94 203
ASCLI 4.19 235
MYODI (.90 204

Example 7: Further studies on the Cas9 modulator- activator and repressor data

{86237]  Apphicants carried out studies to further develop the dCas9 activator {(pXRPS7) and
repressor (pXRP4R) (Fig. 23). Applicants cloned plasmids pXRP37 and pXRP4R (Konermann ot
al., Optical control of mammalian endogenous frauscription and epigenetic states. Nature. 20613
Ang 22;500(7463):472-6). The Cas® activator sequence 18 indicated in Fig. 24 and the Cas9
repressor sequence 18 indicated in Fig. 25, Additional data was collected for the activator (Fig.

26}, and repressor (Fig. 27). A list of guide RNAs used in the experiment is histed below:

hSox2-1 GTGGCTGGCAGGCTGEOTCT
hSox2-2 GOCCTCCCCCGLGLGOLCEE
hSox2-3 GCCCCCTTTCATGCAAAALC
hSox2-4 GACAGCCCCCGTCACATGRA
hSox2-5 GGUAGGUGAGGAGGGGEGAGS
hSox2-6 GGUGGGGECCTCCCGIGLIGT
hSox2-7 GCTGCCGGETTTTGCATGAA
hSox2-8 GGGGCTGTCAGGGAATAAAT
hKH4-1 CAGAGAACGAACGTETCTGC

hikid-2 GAGGGTCACTCGGLGGEOTCC
hich4-3 GCGCGUTCCACACAACTCAL
hKif4-4 GOGECTGTGELLGREHRLGET
hKH4-5 GGUGACCGCGACAGTGETGG
hKH4-6 GCAAAAATAGACAATCAGCA
hikH4-7 GAAGGATCTCGGCCAATTIGC
hiKH4-38 GTGGGEGGCCCAGAAGGTLCT

hiNanog-1 | GCCACGQCCTCCCAATTTAL
hNanog-2 | GGAATATGGTTCAACAGGAA
hNanog-3 | GUTGCAGAGTAACCCAGACT
hNanog-4 | GCCTTGGTGAGACTGGTAGA
hNanog-5 | GATTAACTGAGAATTCACAA
hNanog-6 | GTGTGCCCGCCAGGAGRGRGT
hNanog-7 | GTTGCCTGCATAATAACATG
hNanog-8 | GGAGGAAAAAATTTAAGAGG
hOctd-1 GGACCGGGATTGTCCAGCCA
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hQctd-2 GAGTGATAAGACACCCGOTT
hQctd-3 GCAGCTGGUCATTGTGCTTA
hctd-4 GGAGAGGGGEGETCAAGCACTT
hOct4-5 GCGGGTTGGGAGTTGAAAGT
hQctd-6 GCTCCAGCCTCCTAAGTGGL
hQctd-7 GGAGGTGGGGGEAGAAALTG
hQctd-8 GOTOAAATGAGGGCTTGLGA

Example 8: CRISPR/Cas¥ activator system with the light-inducibility of the LITE svstem

{B8238]  Applicants combined the RNA guidance of the CRISPR/Cas9 activator systern with
the light-imducibility of the LITE system. An inducible cxpression system based on
CRISPR/Cas9 may make the inducible screen of many gene targets much faster and casier than
previously possible, while also providing the opportumity to castly multiplex different targets by
combining sgRNAs targeted to disparate genetic loct,

{$323%]  Materials and methods: The CasLITE system consists of 3 components: a dCas9-
CIB1 fusion protein, the CRYZPHR-VP64 construct, and an sgRNA guide sequence. Applicanis
synthesized 3 different versions of dCas®-CIB1: (1) dCas9-GS-NLS-CIBT comprising the double
mutant {D10A HB840A) dCas9 from our pXRPOST plasmid, a glycine serine linker, SV40 nuclear
locabization signal, and CIBU from LITELGS. (23 dCas9-GS-NLS-NLS-CIBI comprising the
double mutant dCas9, ghycine serine linker, 2 SV40 NLS sequences, and CIB1 from LITELQ.
{3} dCas8-GS-CIBIGNLS d318-334) comprising the double routant dCas9, glycine serine
linker from LITE2.0, and CIBY from LITEZ.0. Vectors used i the practice of the invention are
illustrated in Figs. 28, 29, 30

{$3248]  Apphicants selected sgRNA sequences targeted to ASCL1 and MYODI, previously
validated with a constitutive dCasS-VP64 activator, for testing the CasLITE systems in hurnan
cells. Guide sequences were cloved by the golden gate method nto the px362 plasmid containing
the U6 promoter upstream of a chimeric sgRNA cloning backbone.

{B0241] 293FT cells were cultured 1 DI mediom without HEPES (16:1 ratio of BDMEM
high glucose w/Glutamax and sodium pyruvate: fetal bovine serum}. For transfection, 100K celis
in 0.5 ral culture medium were plated m cach well of a 24 well plate. After 22 h 1o calture, cach

well of 293FT cells was transfected with 1.5 ug of DNA using 7.5 ul. of Lipofectamine
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following the recomroended steps of the wanufacturer (Life Technologies). For all CasLITE +
sgRINA samples, (.5 ug dCas9-CiB1 plasmid, 0.5 ug of CRYZPHR-VP64 plasmid (LITEL.O or
LITEZ.0 to moatch CIB1), and 0.5 ug sgRNA expression plasmid were used. Experiments with 4
sgRMNAs used equal masses of cach of 4 sgRNAs totaling 0.5 ug. For control samples, plasmid
rnasses were replaced by GFP expressing plasmid as necessary. 4h after transfoction, the medium
was replaced with 1 mL culture medium. 48h after transfection excitation was started on light
stimulated samples using 5 mW/em2 475 nm blue light. 1Zh after starting stimulation, all
samples, meluding all controls, were harvested for RNA using the Macherey Nagel Nucleospin
96 RNA kit. Reverse transcription was performed with gScript ¢cDNA supermix according to the
ranutfacturer’s protocol. gPCR was performed using Tagman probes and Tagman Fast
Advanced Master Mix from Life Technologies on a Roche LightCycler 480 U real-time PCR
machine.

{#3242] Results:  CasLiTE  constructs  exhibited  varying  levels  of  light-inducible
transcriptional activation (Fig. 31} Though the iutial functionality of the system appears to be
rmodest, calling for repeated experimentation, these results suggest the possibility for hght-

inducible RNA-guided transcriptional activation.

Example Y: Cas? mouse model and validation of mouse embrvonic stem cell line

{30243]  Apphicants validated a mousc embryonic stem cell hine that was modified to melude
the Cre~dependent Cas9 cassette (pUM2} into the Rosal6 locus (Fig. 32) and obtained
genotyping results for germ line transmutted founders (Fig. 33).

{88244] To validate that the Cas® cassetic was functional, the modified mESC line was
clectroporated with the designated constructs in Fig. 32, The mESC line was used for blastocyst
injection o CSTRL/GT recipients (perforroed by the DCM at MIT). Swx chivacnic progeny were
produced and then backcrossed to the C578BL/6] background. Successful germ line transmission
was identified ou the basis of agouti coat color. Two of the six chimeries produced germ line
transmitted pups. Genomic DNA was extracted from tissue from the Cas® mice and Rosal6 short
arm genotyping PCR was performed (Fig. 33). A 1.5kb band 1 the correct size for correctly
inserted transgenes into the Rosal6 locus. These results demonstrate the successful germ hine

transmission of the Cre-dependent Cas9 transgene in the Rosa6 locus.

94



WO 2014/093655 PCT/US2013/074736

{80245] The beoefit of the Rosa26 Cre-dependent Cas9 knockin hine is that it can be crossed
to any Cre driver line to cnable Cas9 expression. Moreover, Cas® can be activated by the
delivery of Cre by viral vector or other delivery means. This cnables cell type, tissue, and
developmental specificity of Cas® expression. An additional benefit is that the mouse can be
used for isolation of primary cells. This would be particularly nsctul in the case of a primary cell
type that is not amenable to the delivery of mucleic acids or cannot be coltured long enough for

the utilization of viral veciors.

Example 10: RNA-targeted CRISPR-based platform for mammalian epigenome engineering
{80246] Apphcants develop an RNA-targeted CRISPR-based platform for mammalian
eptgenome engineering. Two RNA-targeted CRISPR-mediated immune systems, CRISPR/Cuor
ipct, were recently characterized from Pyrococcus furiosus and Sulfolobus solfataricus. Based on
protein homology these CRISPR/Crar loct are part of a much larger family that exists within a
diversity of bacterial and archacal genornes. Simular to RNA1 and Cas9 the mterference
roechanism of a CRISPR/Crar locus is based on the homology of a short stretch of nucleotides
and is thus amenable to genome-wide screens. Moreover, the homology region to the target site
is significantly incrcased maldug the potential for specificity much greater.

{#3247]  Applicants conduct a metagenomic analysis of the CRISPR/Cow family, development
of an in vitro assay system to identity functional locy, and characterization of the specificity and
capacity for multiplexing in mammalian cells. A site-specific RNA-targeted CRISPR-based
genome enginecering platform (Fig. 34) can replace the many utilitics of RNAT and provide a
syster for perturbing RNA biology that has never before been possible.

{BG248]  Prcliminary work with the CRISPR/Crr locus from £. furiosus: Based on the
extensive knowledge base on the CRISPR/Crwr locus from P furiosus Appheants investigated
the feasibility of expressing the Cmr genes within mammalian cells. Genomic DNA from P
furiosus was obtaned froma ATCC and used as a PCR template to arophify the six Cmr geves
{Corl-6). Applicants also amplified another protein within the locus, Casd. Casé is mvolved
with the processing of ¢rRNA imto its mature form. Although only five Cror genes
{(Cmri1,2,3,4,6) arc essential Applicants considered that Cas6 may aid in troubleshooting if the

five Cror genes happened to be insufficiont in the marnmalian context.
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180249F Cmrl-6 and Castd were cloned into maramalian expression plastmds and transfected
into HEK 293FT cells. For casy visualization the cloning plasmid contained an HA tag and a
PZA-EGFP sequence. The P2A sequence causes a ribosomal skip resulting in two mature
proteins from the same frasscript. 72 hours post-transfection EGFP fluorescence was observed
for cach Cror cxpression plasmid (Fig. 35A), suggesting that Crarl-6 and Cas6 are successfully
being expressed. To validate that the proteins are stable within the mammalian cell environment
and are also the correct size Applicants performed a western blot (Fig. 35B). Within each lane
there 18 a band of the expected size, suggesting that cach protein s being expressed and is stable
within mammalian cells. The larger second band that appears within cach lane may be a resuit of
fatture of the PZA sequence to cause a ribosomal skip and thus one protewn fusion 1s created and
not two individual protein products. The band located above the predicted size is ~30 kDa larger
than the expected size, which corresponds to P2A-EGEFP. Applicants will confirm this by
immunostaining the same blot using an anti-EGFP antibody and should see two bands per lane,
one that 18 the size of P2A-EGFP and another larger band the size of Cnu-P2ZA-EGFP. The
western blot results also show variable expression for the seven proteins, whereas, Cmrl, Cror3,
and Cmr6 have low expression while Cnwr2, Cmrd, and Cinr3 have high expression. Applicants
demeonstrated that it s wndeed possible to cxpress Cmy protemns frovn P furiosus within
mammalian cells.

{B023¢]  In this cxample, Applicants identify putative RNA-targeted CRISPR/Cror loct and
validate the expression of individual proteins and corresponding ¢rRNAs in mammalian cells.
Using a homology-based approach Applicants identify putative RNA-targeted CRISPR/Cry loct
across a diversity of bacterial and archacal genomes. Cor proteins and ¢rRNAs from each locus
are identified and validated through cloning, transfection into mammalian cells, and detection by
western blot and northern blot, respectively. The methodology s as follows:

180251 1. identify RNA-targeted CRISPR loci: Identification of RNA-targeted CRISPR loci
from published work s the fivst step in understanding the essential components of a functional
Type B CRISPR/Cmr system. Two RNA-targeted loci from two different organisms have
been published and characterized to different extents.

{86252] 2. identify putative RNA-targeted CRISPR loci across a diversity of bacterial and
archacal species: Extensive work has been done towards classifying all known CRISPR loct into

phylogenetic groups and has thus resulted in high confidence databases of orthologous proteins.
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Using the most extensive and manually curated databases Appheants dentify putative
CRISPR/Cmr loct based on the presence of multiple Crr protein orthologs. I will pick a subset
that spans the diversity of CRISPR/Cmr loct for further molecular characterization in a broad
attempt to sample the natural diversity.

{#62353] 3. ldentify Cor proteins and orRNAs within CRISPR/Chw loct: CRISPR/Crnr loct
are well studied and many bacterial and archacal genomes have been extensively annotated so
the identification of Cmr proteins should be straightforward in these cases. However, m the
absence of good anvotation the problem will be more complicated. For this reason Appheants
preferentially select CRISPR/Cmir loci from organisims where good annotations are available. If
these sirategies do not provide comprehensive coverage of the diversity CRISPR/Cror loat
Applicants use a homology-based approach combined with ORF prediction algorithms to
identity the Crmr proteins. CRISPR repeat arrays have predictable structures and are located near
the Crar CRISPR associated proteins. The CRISPR array consists of a leader sequence that
drives expression of the entire array of repeats and spacers creating 8 primary transcript that is
extensively processed to wmake mature CRISPR RNAs (crRNAjs. Existing computational tools
(CRISPRFinder) will allow for identification of the repeat arrays. Predicting the mature crRNA
from each locus may not be as straightforward and may requive optimization. There are general
features known about mature crRNAs from Type HI-B CRISPR/Crur loci that Applicants use to
predict novel crRNAs. All wdentificd mature orRNAs from Type HI-B CRISPR loct have 4 57
handle that is part of the repeat sequence followed by a spacer. The 57 handle functions in the
recognition of the crRNA by the Cror complex and the spacer guides the Cror complex to target
RNA through Watson-Crick base pairing. Applicants design a panel of likely crRNA
architectures that are of different total length and have 57 handles of different length as it is
difficult to predict any specific unmque features of novel erRNAs a priori.

180284} 4. Clone Cmr proteins and crRNAs into mammalian expression vectors: Cmir
proteins are wndividually cloued into two different wmammalian expression vectors (Fig. 363 The
first vector {V1.0} expresses individual Cmyr proteins using 8 CMV promoter, bovine growth
hormone polyA tail sequence, and a WPRE eolement to maximize protein expression. The second
vector {(V1.2) uses the same elements as in V1.0 but will include an N-term HA tag and a C-term
P2ZA-EGFP scquence. The HA tag cnables protein detection and quantification and the P2A-

EGFP enables an casy visual voethod for detecting expression in mammalian cells. Applicants
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roake both versions because the impact of adding an HA tag and a P2A peplide on Ty proteins
and how that influences correct formation of the Cnwr complex s unknown. crRNAs s expressed
using the human U6 promoter, which has been successfully used to express noncoding RNAsg
utilized for RNA1 and DNA-targeted CRISPR/Cas9.

{B02S5] 5. Validate Cowr protein and crRNA expression: Crnr protein expression is validated
by transfecting V1.2 plasmids juto HEK 203FT cells and observing EGEFP expression. To further
validate that the protein is expressed and the correct size Applicants prepare protein fysates from
transfected cells and perform a western blot using an anti-HA tag antibody. To validate ctRNA
expression Applicants purify small RNAs from transfected celis and probe by northern blot.
{80256] Apphicants demonstrate RNA cleavage in an in vitre maromalian cell lysate assay
using naturally encoded ctRNAs. Applicants develop a simple mammalian cell lysate in vitro
assay to rapidly validate putative CRISPR/Cmr loct. Cell lysates of mammalian cells transtected
with Cmr proteins are prepared and incubated with naturally encoded orRNAs and a
corresponding RNA target. Functioning CRISPR/Cmy loci are identified on the bases of
correctly sized cleavage products using gel clectrophoresis. The methodology s as follows:
{80257] 1. Expression of Cmr proteins in mammalian cells and preparation of cell lysates:
Applicants transtect individual expression plasmmds for all Cror proteins of a species into HEK
293FT cells and wait 72 hours for robust protein expression to occur, The cells are lysed,
homogenized, and alignoted for future use. Although not all cells are transfected with cach Cmr
plasmid, ounce the lysates are prepared all Cor proteins will be in the same mixture. This is a
beneficial over the live cell model where cotransfection of seven components may be
challenging. Moreover, this will give Applicants absolute control over the final concentration of
the crRINA and target RNA in the reaction.

{B0288] 2. Preparation of ¢crBNAs: For ecach CRISPR/Cwmr locus Apphcants make mature
crRNAs containing the endogenous spacer. Specifically Applicants utilize the spacer sequence of
the crBRNA nearest the leader. As was discussed previously Applicants experiment with different
crRNA architectures with different S7 ends. A direct method for creating mature crRNA of a
defined sequence 18 in vitro transcription using commercially available T7 transeription kits.
{8625%) 3. In vitro transcribe RNA harboring orRNA target sequences: T7 oxpression

plasmids arc cloned to uniquely harbor sequences targeted by the endogenous spacer of each
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CRISPR/Cmy locus. This target will be cloned into the middie of a ~1 kb piece of RNA so that
resulting cleavage products will be casily visualized on an agarose gel.

{B0266] 4. Porform and optimize in vitro mammalian cell lysate cleavage experiment: Ounce
all of the components are prepared Applicants combine and incubate the cell lysates, individual
ctRINAs, and target RNA followed by visushization on an agarose gel. Functional CRISPR
systems are identified on the basis of cleavage products of the correct size. Certain parameters
are kept in mind. Parameters for optimization are Crar protein identity and concentration, crRNA
architecture and coucentration. Less significant parameters for optinnization are buffer content
and concentration, crRNA and RINA stability, reaction time, and RNA visualization.

{30261] Apphicants demonstrate and characterize knockdown of endogenous maromalian
genes using novel crRNAs. crRNAs are engineered fo target endogenous mammalian genes and
cotransfected with Cowr cxpression plasmids into mammalian cells. mRNA and protein
knockdown are quantified by quantitative PCR and western blot. The multiplexing capability is
investigated by targeting multiple genes at the same time. The specificity is characterized and
compared to RNA using RNA-seq. The methodology 1s as follows:

{80262] 1. Target crRNAs to endogenous mammalian genes: With functionally validated
RNA-targeted CRISPR/Crar loct Apphceants design novel cvRNAs targeting three genes that are
therapeutically validated RNAI targets, namely, P53, VEGF, and CTNNB1 (Beta-catenin).
Applicants pick cight target sites within cach gene to help resolve any sequence-specific
limitations of the technology. For different CRISPR/Cmr loet the exact target sight may differ by
a few bases because of the unigque required festurcs of cach crRNA but Applicants target a
consistent region to aid in comparisons.

{66263] 2. Quantify and characterize mRNA knockdown: Applicants test the CRISPR/Cmr
systems in HEK 293FT cells by transtecting maroroalian expression plasmids for Cmr proten
components and individual crRNAs. Cleaved mRNAs are rapidly degraded in the cell, whereas,
the resulting RNA fragments do not bave both a 57 cap and a polyA tail. Apphceants quantity the
extent of mRNA knockdown by performing quantitative PCR. When mRNA knockdown is
observed Applicants perforn a western blot for the targeted protein.

{86264] In addition to single crRNA transfection experiments Applicants add muitiple
crRNAs targeted to the same gene. It was observed previously that other transcriptional

maodulators work synergistically when targeted to multiple sites within the same region. This is
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also a useful strategy to identify suboptimal CRISPR/Crvr systerus that do not function when
using single crRNAs but can function overall and just need to be optimized for one reason or
another. Applicants also add multiple crRNAs targeting different genes in the same condition to
further consider multiplexing in this system. This has broad iraplications for pathway
cngineering and genome-scale sereens.

{86265] 3. Characterize specificity by RNA-seq: A major motivation of this work s to
develop an RNA-targeting platform with greater specificity than RNAL Inherently there 15 a
greater opportunity for the CRISPR/Ci system to have better specificity because the extended
complementarity to the target site. However, cach base pair within the guide may not be
necessary or there may be sorae tolerance to mismatches. To understand these charactenistics of
the CRISPR/Cmr system Applicants will use an HEK 2937 derived cell line that expresses a
single copy of EGFP. Applicants target EGFP for knockdown using 24 unique ctRNAs. Using an
HEK/GFP cell line makes the off-target amalysis straightforward because EGFP way be
considered an innocuous protein that has no influence on cellular processes so any altered
transcripts are likely off-target cffects. Resolts are comapared to an siRNA targeting EGFP with
known off-target effects. Due to the extended base patring capacity of the CRISPR/Crmr complex
Applicants expect the off-targets to be reduced. The tolerance to mismatches 1s also explored and
this will be important for future development of the CRISPR/Cmr platform.

{#0266] Given that an RNA-targeted CRISPR/Cnyr systern functions in mammalian colis
Applicants initially pursae two applications: genome-~scale screens and a catalytically inactive
RNA-binding platform. A genome-scale RINAL screen 18 a powerful method for probing biology.
However, high off-target effects severely limit the approach. A platform with higher specificity
could either replace RNAI genomic-screens or provide an orthogonal approach that would aid in
identifying frue posttives. An RNA-targeted CRISPR/Cror platform is amenable to genomic
screens because cach target is programed by only a few mucleotides, whereby, a complex library
could casily be synthesized and delivered.

{#3267] A catalytically inactive RNA-binding platform is an enabling technology for the
development of effector complexes that aid 1 the probing of RNA. Applicants identify the
catalytically active components of the Omyr complex and mutate the specific residues responsible.
This has been done successfully in a number of cases, ¢.g. this was done for CRISPR/Cas? to

create a nickase and a transcriptional modulator. Utiizing this platform Applicants develop a
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technology to detect and wmage RNA transcripts inside the cell. This has applications for
understanding the influence of RNA localization on cellular processes and in vive detection and
quantification of RNA. Alternatively Applicants add effector melecules onto an RNA-binding
platform towards probing and understanding areas of RNA biology that are not well understood,
naracly RNA cditing and epigenctics.

801971  While preferred cembodiments of the present invention have been shown and
described herein, it will be obvious to those skilled in the art that such embodiments are provided
by way of exarople ondy. Nurocrous variations, changes, and substitutions will now oceur o
those skilled in the art without departing from the invention. it should be understood that various
alternatives o the embodimeunts of the wvention described herein way be employed 1o practicing
the invention.
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What is clairaed 1s:

1. A non-naturally occurring or cngincercd composition comprising a vector system
COMPrisSiNg ONe OF MOTS VECtors Comprising

I a first reguiatory 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 cell,

{b} a tracr mate sequence, and

(¢} a tracr sequence, and

I1. a second regulatory clement operably linked to an enzyme-coding sequence encoding
a CRISPR enzyme comprising at least one or more nuclear localization sequences,

wherein {a), {b} and (¢} arc arranged 1n a2 57 to 3 orientation,

wherein components T and I are located on the same or different vectors of the system,

wherein when trauscribed, the tracr mate sequence hybridizes to the tracr sequence and
the guide scquence directs sequence-specific binding of a CRISPR coraplex to the target
sequence,

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,

wherein the CRISPR enzyme comprises two or more mutations, such that the enzyme has
altered nuclease compared with the wild type enzyme, and

wherein the cnzyme-coding scquence further encodes one or more heterologous
functional domains.

2. A multiplexed CRISPR enzyme system composition comprising a vector system
COMPTISING 0UC OF YO0Te veCtors coruprising

I a first regulatory element operably hinked 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 cell,

{b) a tracr mate sequence, and

{¢) a fracr sequence, and

L a sceond regulatory element operably linked to an enzyme-coding sequence encoding

a CRISPR enzyme comprising at least oue or roore nuclear localization sequences,
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wherein {8}, {b) and {¢) are arranged 1n a 57 {o 3 orientation,

wherein components I and {1 are located on the same or different vectors of the system,

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,

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 trace sequence,

wherein the CRISPR enzyme comprises two or more mutations, such that the enzyme has
altered nuclease activity compared with the wild type enzyme,

wherein the enzyme-coding sequence further encodes one or more heterologous
functional domains, and

wherein i the multiplexed systern composition multiple chiRNA  polynucleotide
sequence are used.

3. A non-naturally occurring or engineered coraposition comprnising a vector system
comprising one or more vectors comprising

I. a first regulatory clernent operably linked to

{a} a guide sequence capable of hybridizing to a target sequence in a cell, and

{b) at least one or moore tract Mate sequences,

i1, a second regulatory element operably lnked to an enzyme-coding sequence encoding
a CRISPR corzyme, and

1. a third regulatory element operably linked to a tracr sequence,

wherein components I, {f and HI are located on the same or different vectors of the
system,

wherein when {ranscribed, the tracr mate sequence hybridizes o the tracr sequence and
the gmde sequence divects sequence-specific binding of a CRISPR complex to the target
sequence,

wherein the CRISPR complex comprises the CRISPR cnzyme 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,
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wheretn the CRISPR cnzyme comprises two or more mutations, sach that the enzyroe has
altered nucicase compared with the wild type enzyme, and

wherein the cnzyme-coding sequence further encodes one or more heterologous
functional domains.

4. A multiplexed CRISPR enzyme system composition comprising a vector systera
COMPrising oue Of MOere vectors comprising

I a first regulatory clement operably linked to

{(a} a guide sequence capable of hybnidizing to a target sequence w a cell, and

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

. a second regulatory clement operably Huked to an enzyme-coding sequence encoding
a CRISPR enzyme, and

I a third regulatory cleraent operably hunked to a tracr sequence,

wherein components I, I and HI are located on the same or different vectors of the
systent,

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
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 scquence that s
hybridized to the tracr sequence,

wherein the CRISPR enzyre comprises two or more mutations, such that the enzyme has
altered nuciease compared with the wild type enzyme,

wherein the enzyme-coding sequence further oncodes one or more heterologous
functional domains, and

wherein in the multiplexed system composition multiple guide sequences capabie of
hybrnidizing to multiple target sequences are used.

5. The composttion of auy preceding claim, wherein the CRISPR enzyme comprises
one or more mutations in two or more catalytically active domains.

6. The composition of any preceding claim, wherein the CRISPR enzyme has

reduced or abolished nuclease activity compared with the wild type enzyme.
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7. The composition of any preceding claim, whereim the two mutations are DIJA
SpCas® in a first catalytically active domain and HS840A SpCasY m a second catalytically active
domain or corresponding residues of other CRISPR enzymes.

K. The composttion of any preceding claim, wherein the CRISPR enzyme comprises
two or more mutations i a residue sclected from the group consisting of D10, E762, HE40,
NE54, N863, or DORS,

9. The composition of any preceding claim, wherein the CRISPR enzyme comprises
two or more autations selected from the group comprising DI10A, E762A, HB40A, NES4A,
NR63A or DIBGA.

10, The composition of any preceding claim, wherein the CRISPR enzyme 1s a DNA
binding protein that does not direct cleavage of cither strand at the location of the target
sequence.

11, The composition of any preceding claim, wherein each of the two or more
rutations is 1 a catalytically active domaimn of the CRISPR enzyme selected from the group
comprising RuvCl, RuvCH, RovCi or HNH domain.

12, The composition of any preceding claim, farther comprising at least two or more
nuclear localization sequences.

13, The composition of any preceding claim, wherein the functional domain is a
transcriptional activation domain

14, The composition of claim 13, wherein the transcriptional activation domain is
VP64,

15, The composition of any preceding claim, wherein the functional domain is a

transcriptional repressor domain.

16,  The composition of clazm 15, wherein the transcriptional repressor domain is a
KRAB domain.
17.  The composition of claiva 13, wherewn the trapscriptional repressor dovoan 18 a

SID domain or a SID4X domain.

18 The composition of any preceding claim, wherein the enzyme coding sequence
encodes one or more heterologous functional domains fused to the CRISPR enzyme.

19, The composition of any preceding claim, wherein the enzyme coding scquence

encodes two or roore heterologous functional domains.
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20.  The composition of any preceding claim, wherein the enzyme coding sequence
further comprises one or more linker sequences between any twa domains.

21.  The composition of any preceding claim, wherein the one or more functional
domains have one or more of the following activities: methylase activity, demethylase activity,
transcription activation activity, transcription repression activily, transcription release factor
activity, histone modificalion activity, RNA cleavage activity and nucleic acid binding activity.

22. 'The composition of any preceding c¢laim, wherein the functional domain binds
DNA.

23.  The composition of any preceding claim, wherein the functional domain affects
transcription of the targct nucleic acid.

24.  The composition of any preceding claim. wherein the cell is a prokaryotic or
eukaryatic cell.

25. The composition of any preceding claim, wherein the cell is a eukaryotic cell.
26. The composition of claim 25, wherein the eukaryotic cell is a mammalian cell.
27. The composition of ¢laim 26, wherein the mamrmalian cell is a human cell.

28. The composition of any preceding claim, wherein the CRISPR enzyme is codon
optimized for expression in a eukaryotic cell.

29. The composition of any preceding claim, wherein the CRISPR enzyme is a type 11
CRISPR enzyme.

30. The composition of any preceding ¢laim, wherein the CRISPR enzyme is a Cas9
enzyme.

31. The composition of any preceding claim, wherein the Cas9 enzyme is from an
organism selected from the group comprising of genus Sireptococcus, Campylobacter,
Nitratifractor, Staphylococcus, Parvibaculum, Roseburia, Neisscria, Gluconacetabacter,

Azospirillum, Sphaerochaeta, Lactobacillus, Eubacterium or Corynebacter.

32. The composition of any preceding claim, wherein the vectors of the system are viral
vectors selected from the group comprising of a lentiviral vector, an adenoviral vector or an

AAY vector.

33. A method of modulating gene expression at a genomic locus of interest in a cell by

contacting the cell with the composition of any of the preceding claims.
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Figure 1
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From top to bottom:

pXRPOZ- pLentiZ-EF1a-NLS-hSpCsn 1{10A 840A }-NLS-VP64-EGFP

pXRPO4- pLentiZ-EF1a-NLS-hSpCsn 1{10A 840A -NLS-VP64-2A-EGFP-NLS
pXRPOG~ pLentiZ-EF la-NLS-EGFP-VPo4-NLS-hSpCso 1{10A R40A)-NLS

pXRPO8- pLenti2-EF 1a-NLS-VPO4-NLS-hSpCsnl (10A,840A )-NLS-VP64-EGFP-NLS
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Counstructs have the following names:
pXRPNLSOOT  oXRPNLSOOS  pXRPNLSGOY pXRPNLS013
pXRPNUSO02  pXRPNLSOOG  pXRPNLSO1O  pXRPNLS014
pXRPNLSO0Z  pXRPNLSOG7  pXRPNLI0O11 pXRPNLSOLS
PXRENLS004  pXRENLSOOE  pXRPNLSO12  pXRPNLS0O16

Importin alpha NLS sequence:
AAAAGGCCGGLGOCCACGAAAAAGGUCGGUCAGGUAAAAAAGAAAAAG
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gRNA gRNA seguence {5'-39)
hSox2.1  GTGGLTGGCAGGLTGGEITCT
hSox2.2  GGULTCCCCCGUGLGELLGE
hSox2.3  GCCCCCTTTCATGCAAAACT
hSox2.4  GACAGCCCCCGTCACATGGA
hSox2.5 GGCAGGCGAGGAGGGGGAGE
hSox2.6  GGLGGGGLCTCLCGLGICGL
hSox2.7  GCTGCCGGGTTTTGCATGAA
hSox2.&8  GGGGCTGTCAGGGAATAAAT

FIG. 12

................

Rox

NEN

......... N
Tin B¢

L A RS
N N

TR STE S IE

e

From top to bottom:
pXRPOO!

pXRPOOS

pXRPOGT
Chbh-VP64-NLS-dCas3-NLS

FIG. 13

]
[ e

NN
ey




WO 2014/093655 PCT/US2013/074736
25/48

\\\\\\\\\\\\\\\\\\\\\\\m ““““ B

\\\\\\\\\\\\\\\\\\\\\\\\\\\

N
W
\mmmmm. -

e

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\

5"/

u';f.s 0.5 1y T3

From top to bottom:
pXRPGLS
pXRPG13
pXRPOIT

FIG. 14



WO 2014/093655 PCT/US2013/074736
26/48

pXRPOZ24-plenti2-EF1a-VP64-NLS-FLAG-Linker-dCas9-NLS-gluc-2A-GFP-WPRE

pXRPU25-plenti2-EF1a-VP64-NLS-GGGLSaLinker-dCas9-NLS-gluc-ZA-GFP-WPRE

pXRPOZ26-plentiZ-EF1a-VP64-NLS-EAAAK:Linker-d{as9-NLS-gluc-2A-GFP-WPRE

pXRPFO27-plentiZ-EF1a-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRPOZ28-pLentiZ-EF1a-NLS-GGGGS;sLinker-dCas®-NLS-gLuc-2A-GFP-WPRE

pXRPOZ29-plentiZ-EFia-NLS-EAAAKLinker-dCas8-NLS-gLuc-2A-GFP-WPRE

pXRPO30-plentiZ-pSV40-VP64-NLS-FLAG-Linker-dCas3-NLS-gLuc-ZA-GFP-WPRE

pXRPO31-plenti2-pPGK-VP&64-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRPU3Z-plenti2-LTR-VP64-NLS-FLAG-Linker-dCas9-NLS-gLuc-ZA-GFP-WPRE

pXRPO33-plentiZ-pSv4Q-VPe4-NLS-GGGGS; Linker-dCas®-NLS-gluc-2A-GFP-WPRE

pXRF(34-pLenti2-pPGK-VP64-NLS-GGGGS: Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRPO35-pLentiZ-LTR-VP64-NLS-GGGGSLinker-das9-NLS-gluc-ZA-GFP-WPRE

pXRPOZ6-plentiZ-pSV40-VP64-NLS-EAAAK;Linker-dCas9-NLS-gLuc-ZA-GFP-WPRE

pXRPO37-plentiZ-pPGK-VP64-NLS-EAAAK Linker-dCas®-NLS-gLuc-2A-GFP-WPRE

pXRPO38-plentiZ-LTR-VP64-NLS-EAAAK:Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP48-plenti2-EF1a-SID4x-NLS-FLAG-Linker-dCas9-NLS-gLuc-ZA-GFP-WPRE

pXRPO4S-pLenti2-EF1a-SID4X-NLS-GGGHGS:Linker-dCas9-NLS-gLuc-ZA-GFP-WPRE

pXRPOB0-pLentiZ-EFia-SID4X-NLS-EAAAK Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRPO51-pLentiZ-EF1a-KRAB-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRPOSZ-plentiZ-EF1a-KRAB-NLS-GGGGSsLinker-das®-NLS-gluc-2A-GFP-WPRE

pXRPO53-plentiZ-EF1a-KRAB-NLS-EAAAKLinker-dCas®-NLS-gLuc-2A-GFP-WPRE

pXRPOS4-plenti2-EFla-dCasY-Linker-FLAG-NLS-VP64-ghuc-2A-GFP-WPRE

pXRPU55-plenti2-EFla-dCas9-Linker-FLAG-NLS-SID4X-gLuc-ZA-GFP-WPRE

pXRPO56-plentiZ-EFia-dCas9-Linker-FLAG-NLS-KRAB-gLuc-2A-GFP-WPRE

pXRPO5E7-pLentiZ-EFia-dCas9-GGGGGSs-NLS-VP64-gluc-ZA-GFP-WPRE

pXRPO58B-pLentiZ-EF1a-dCas9-GGGGGS:-NLS-SID4X-gluc-2A-GFP-WPRE

pXRPO59-plentiZ-EF1a-dCas9-GHGGGS:-NLS-KRAB-gLluc-ZA-GFP-WPRE

pXRPOG0-plentiZ-EF1a-dCasY-EAAAKS-NLS-VP64-gluc-ZA-GFP-WPRE

pXRPO6T-plenti2-EF la-dCas9-EAAAK;-NLS-SID4X-gLuc-2A-GFP-WPRE

pXRPO6Z-plentiZ-EFla-dCas®-EAAAK-NLS-KRAB-gluc-2A-GFP-WPRE

pXRPOZ4-plentiZ-EF1a-VP64-NLS-FLAG-Linker-Cas9-NLS-gluc-2A-GFP-WPRE

pXRPOZ25-plentiZ2-EFia-VP&4-NLS-GGGGSsLinker-Cas9-NLS-gLuc-ZA-GFP-WPRE

pXRPOZ26-pLentiZ2-EF1a-VP64-NLS-EAAAK:Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO27-plentiZ-EF1a-NLS-FLAG-Linker-Cas9-NLS-gLuc-ZA-GFP-WPRE

pXRPU28-plenti2-EF1a-NLS-GGGGS;Linker-Cas9-NLS-gluc-ZA-GFP-WPRE

pXRP(I28-plenti2-EF1a-NLS-EAAAK: Linker-Cas8-NLS-ghuc-ZA-GFP-WPRE
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pXRPO30-plentiZ-pSV4AD-VP64-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO31-pLentiZ-pPCK-VPB4-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO32-plentiZ-LTR-VP64-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO33-pLentiZ-pSVA0-VPE4-NLS-GGGGS;Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO34-pLentiZ2-pPGK-VP64-NLS-GGGGSsLinker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP035-pLenti2-LTR-VP64-NLS-GGGGSsLinker-Cas9-NLS-ghuc-2ZA-GFP-WPRE

pXRPO36-plentiZ-pSv4(-VPo4-NLS-EAAAK:Linker-Cas9-NLS-gluc-ZA-GFP-WPRE

pXRPO37-plentiZ-pPGR-VP64-NLS-EAAAKLinker-Cas®-NLS-gLuc-2 A-GFP-WPRE

pXRPO38G-pLenti2-LTR-VPG4-NLS-EAAAK: Linker-Cas9-NLS-gluc-2A-GFP-WPRE

pXRPU48-plenti2-EF1a-SID4x-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO49-pLenti2-EF 1a-SIDAX-NLS-GGGGSsLinker-Cas9-NLS-gLuc-ZA-GFP-WPRE

pXRPOS0-plenti2-EF1a-SIDAX-NLS-EAAAK Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRPO51-plentiZ-EF1a-KRAB-NLS-FLAG-Linker-Cas9-NLS-gLuc-ZA-GFP-WPRE

pXRPOSZ2-plentiZ-EF1a-KRAB-NLS-GGGGSsLinker-Cas9-NLS-gluc-ZA-GFP-WPRE

pXRPOS3-plentiZ-EF1a-KRAB-NLS-EAAAK s Linker-Cas9-NLS-gLuc-ZA-GFP-WPRE

pXRPO54-plentiZ-EF1a-Cas9-Linker-FLAG-NLS-VP64-gluc-2A-GFP-WPRE

pXRPO55-plentiZ-EF1a-Cas9-Linker-FLAG-NLS-SID4X-gluc-ZA-GFP-WPRE

pXRPOB6-plentiZ2-EF1a-CasY-Linker-FLAG-NLS-KRAB-gLuc-2A-GFP-WPRE

pXRPO57-plentiZ-EF1a-Cas3-GGGGGS;-NLS-VPB4-gLuc-ZA-GFP-WPRE

pXRPO58-pLentiZ-EF1a-Cas3-GGGGGS;-NLS-SID4X-gluc-ZA-GFP-WPRE

pXRPO5S-plentiZ-EF1a-Cas9-GLGGGS:-NLS-KRAB-gLuc-2ZA-GFP-WPRE

pXRPU60-pLlentiZ-EF1a-Cas9-EAAAK:-NLS-VP64-gluc-ZA-GFP-WPRE

pARPO6T-plenti2-EF1a-Cas9-EAAAK:-NLS-SID4X-gLuc-2A-GFP-WPRE

pARPOGZ-plentiZ-EF1a-Cas9-EAAAK-NLS-KRAB-gLuc-2A-GFP-WPRE
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Neurog2 CRISPR/Cas9 Activators
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GFP vs. dCas9-VP64 Only Controls
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hSpCasHD10A HS840A AN

MDKKYSIGLAIGTNSVGWAVITDEYK VPSKKFKVLGNTDRHSIKKNLIGALLEDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIF
GNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNS
DVDKILFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFG
NLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSD
AILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDQSKNGY
AGYIDGGASQEEFYKFIKPILEKMDGTEELLVKINREDLLRKQRTFEDNGSIPHQIHLGEL
HAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEE
VVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPA
FLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLL
KIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLEDDK VMKQLKRRRYTG
WGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNEMOLIHDDSLTFKEDIQKAQVSGOG
DSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTOKGOQKN
SRERMKRIEEGIKELGSQILKEHPVENTOLONEKLYLYYLONGRDMYVDOQELDINRLSD
YDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNY WRQLINAKLIT
QRKFDNLTKAERGGLSELDKAGFIKRQLVETROITKHVAQILDSRMNTKYDENDKLIRE
VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYILNAVVGTALIKKYPKLESEFVYG
DYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI
VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKK
YGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKY VNFLYLASHYEKLKGS
PEDNEQKOQLFVEQHKHYLDEIEQISEFSKR VILADANLDKVILSAYNKHRDKPIREQAENI
IHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHOSITGLYETRIDLSQLGGDSA
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hSpCasH(D10A,HE40A)-NEN

YSIGLAIGTNSVGW
LIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLOQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFR
GHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLI
AQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQ
YADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQOLPE
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLYVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRROEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMT
RKSEETITPWNFEEVVDKGASAQSFIERMTNEDKNLPNEKVLPKHSLLYEYFTVYNELTK
VKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RENASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDK
VMKOQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMOLIHDDSLTFK
EDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMA
RENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLQONGRDM
YVDQELDINRLSDYDVDAIVPQSFLKDDSIDNK VLTRSDKNRGK SDNVPSEEVVKKMK
NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRM
NTKYDENDKLIREVKVITLKSKLVSDERKDFQFYKVREINNYHHAHDAYLNAVVGTALI
KKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIR
KRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDK
LIARKKDWDPKKYGGEDSPTVAYSVL VVAKVEKGKSKKI KSVKELLGITIMERSSFEKN
PIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLY
LASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDKVLSAYNKH
RDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSOLGGDRRNANIR N
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MESCs (ROSAZS-CAG-loxP-polyA-loxP-Casd)
72 howr post-magnetofection
Fluorescence imaging and Surveyor assay

Top: sgRMA_mShank3.1
Bottom: sgRNA_mShank3.1 + Cre

4.20% PR qal

Lane % Cutting
1. Neg

2. GFP

3. Cre

4. sgRNA_mShank3.1 + Cre 18

5. sgRNA_mShank3.2 4 Cre 18

6. 5gRNA_mShank3.3 + Cre 22

7. sgRNA_ mShank3.} 32

8. sgRNA_mShank3.2 28

9. sgRNA_mShank3.3 27
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