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CRISPR-CAS NICKASE SYSTEMS, METHODS AND COMPOSITIONS FOR
SEQUENCE MANIPULATION IN EUKARYOTES

RELATED APPLICATIONS AND INCORPORATION BY REFERENCE

{8081 This application claims priority to US provisional patent applications 61/736,527,
61/748,427, 61/791,409 and 61/835931 all ecntiticd SYSTEMS METHODS AND
COMPOSITIONS FOR SEQUENCE MANIPULATION filed on December 12, 2012, January
2, 2013, March 15, 2013 and June 17, 2013, respectively. This application alse claims priority to
US provisional patent application 61/802,174 entitled ENGINEERING AND OPTIMIZATION
OF SYSTEMS, METHODS AND COMPOSITIONS FOR SEQUENCE MANIPULATION,
filed on March 15, 2013,

{8062} Reference is made to US provisional patent applications 61/758,468,; 61/769,046;
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, 2013; March 28,
2013; April 20, 2013; May 6, 2013 and May 28, 2013 respectively, Reference 1s also made to US
provisional patent applications 61/835,936, 61/836,127, 61/836,101, 61/836,080 and 61/835,973
cach filed June 17, 2013, Reference is also made to US provisional patent application 61/842,322
and US patent application 14/054,414, each having Broad reference BI-20T1/00RA, entitled
CRISPR-CAS SYSTEMS AND METHODS FOR ALTERING EXPRESSION OF GENE
PRODUCTS filed on July 2, 2013 and October 15, 2013 respectively.

18083] The foregomng applications, and all documents cited therein or during their
prosecution “appin cited docurments”) and all documents cited or referenced i the appln ciled
documents, and all documents cited or referenced herein (“herein cited documents™), and all
documents cited or referenced mn herein cited documents, fogether with any mwanufacturer’s
instructions, descriptions, product specifications, and product sheets for any products mentioned
herein or in any docurnent 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 oxtent as if cach mndividual

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

{B004] The present invention gencrally relates to systerns, methods and compositions used
for the control of gene expression fuvolving sequence targeting, such as genore perturbation or
gene-cditing, that may use vector systems related to Clustered Regularly Interspaced Short

Palindromic Repeats {CRISPR) and components thercot,
STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

{B085] This mvention was made with government support under the NiIH Pioneer Award
DPIMHI00706, awarded by the National Institutes of Health. The government has cortain rights
in the invention.
BACKGROUND OF THE INVENTION

{6086] Recent advances in genome sequencing techniques and analysis methods have
significantly accelerated the abality to catalog and map genetic factors associated with a diverse
range of biological functions and discases. Precise genome targeting technologies are needed to
enable systematic reverse engincering of causal genetic varistions by allowing sclective
perturbation of individoal genetic clements, as well as to advance synthetic biology,
biotechnological, and medical applications.  Although genorne-cditing techniques such as
designer zinc fingers, transcription activator-hike effectors (TALES), or homing meganucleases
are available for producing targeted genome perturbations, there remains a need for new genome
engineering technologies that are affordable, casy to set up, scalable, and aracnable to targeting

multiple positions within the eukaryotic genome.
SUMMARY OF THE INVENTION

{B087] There exists g pressing need for alternative and robust systems and techniques for
sequence targeting with a wide array of applications. This invention addresses this need and
provides related advantages. The CRISPR/Cas or the CRISPR-Cas system (both terms arc used
interchangeably throughout this apphication) does not require the generation of customized
proteins o target specific sequences but rather a single Cas enzyme can be programmed by a
short RNA wolecule to recognize a specific DNA target, 1o other words the Cas enzyme can be
recruited to a specific DNA target using said short RNA molecule. Adding the CRISPR-Cas

system to the repertoire of genome sequencing technigues and analysis methods may
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significantly simplify the methodology and accelerate the ability to catalog and map genetic
factors associated with a diverse range of biological functions and diseases. To utihize the
CRISPR-Cas system effectively for genome editing without deleterious cffects, it is critical to
understand aspects of engincering and optimization of these genome engineering tools, which are
aspects of the claimed invention.

[8068]  In onc aspect, the invention provides a vector Systerm COMprising one or Mmore vectors.
In some embodiments, the system comprises: {a) a first regulatory element operably linked to a
tracr mate sequence and one or more insertion sites for mserting one or more guide sequences
upstrearn of the tracr mate sequence, whereim when expressed, the guide sequence dwrects
sequence-specific binding of a CRISPR complex to a target sequence in a cukaryotic cell,
wherein the CRISPR complex comprises a 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; and (b} 8 sccond regulatory clement operably linked to an
enzyme-~coding sequence encoding said CRISPR enzyme comprising a nuclear localization
sequence; wherein components {a) and (b} are located on the same or different vectors of the
systern. In some embodiments, component (a} further comprises the tracr sequence downstream
of the tracr mate sequence under the control of the first regulatory element. In some
embodiments, compounent {4} further comprises two or more guide sequences operably hinked to
the first regulatory element, wherein when expressed, cach of the two or more guide sequences
direct sequence specific binding of a CRISPR complex to a different target sequence in a
cukarvotic cell. In some embodiments, the system comprises the tracr sequence under the
control of a third regulatory clement, such as a polymerase I promoter. In some embodiments,
the tracr sequence exhibits at least S0%, 60%, 70%, 83%, 90%, 95%, or 99% of sequence
complementarity along the length of the tracr mate sequence when optimally aligned.
Determining optitnal ahigoroent s within the purview of one of skill in the art.  For example,
there are publically and commercially available alignment algorithms and programs such as, but
not limited to, ClustalW, Smith-Waterman in matlab, Bowtie, Gencious, Biopython and
SeqMan. In some embodiments, the CRISPR complex comprises one or more muclear
iocalization sequences of sufficiont strength to drive accurnulation of said CRISPR complex ina
detectable amount in the nucleus of a cukaryotic cell. Without wishing to be bound by theory, it

is believed that a nuclear localization sequence is not necessary for CRISPR complex activity in
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cukaryotes, but that including such sequences enhances activity of the system, especially as to
targeting nucleic acid molecules w the nucleus. In soroe embodiments, the CRISPR enzyme s
a type H CRISPR system enzyme. In some cmbodiments, the CRISPR enzyme 18 a Cas%
cozyme. 1o some cmbodiments, the Cas9 cnwyme s S prewmoniae, S, pyvogenes, or 5.
thermophilus Cas9, and may melude mutated Cas9 derived from these organisms. The enzyme
may be a Cas9 homolog or ortholog.  In some embodiments, the CRISPR cnzyme 18 codon-
optimized for expression in a cukaryvotic cell. In some embodiments, the CRISPR enzyme
dirccts cleavage of one or two strands at the location of the target scquence. In some
cmbodiments, the CRISPR enzyme Jacks DNA strand cleavage activity,  In some embodiments,
the first regulatory clement 18 a polymerase Ui promoter. In some cmbodiments, the second
regulatory cleroent 18 a polymerase H prowmoter. In sorae exabodiments, the guide sequence 1s at
fcast 15, 16, 17, 18, 19, 20, 25 nucleotides, or between 10-30, or between 15-25, or between 15-
20 nucicotides in length, In general, and throughout this specification, the term “vector” refers
to a nucleie acid molecule capable of transporting another nuclete acid to which it has been
hinked. Vectors include, but are not limited to, nucleic acid molecules that are single-stranded,
double-stranded, or partially double-stranded; nucieic acid molecules that comprise one or rore
free ends, no free ends {e.g. circular); nucleic acid molecules that comprise DNA, RNA, or
both; and other varieties of polynucieotides known wn the art. One type of vector 1s a “plasmid,”
which refers to a circular double stranded DNA loop into which additional DNA segments can
be 1nserted, such as by standard molecular cloning technigues. Another type of vector 1s a viral
vector, wherein virally-derived DNA or RNA sequences are present in the vector for packaging
mto 4 virns {C.g. retrovirases, replication defective retroviruses, adenoviruses, replication
defective  adenoviruses, and  adeno-associated  viruses). Viral vectors also  include
polynucleotides carried by a virus for transfection into a host cell. Certain vectors are capable
of autonoroous replication in a host cell into which they are introduced {e.g. bacterial vectors
having a bacterial origin of replication and episomal mammalian vectors). Other vectors (e.g.,
non-episomal wammahan vectors) are integrated into the genome of a host cell upon
introduction into the host cell, and thereby are replicated along with the host genome.
Morcover, cortain vectors are capable of directing the expression of genes to which they are
operatively-linked. Such vectors are referred to herein as “expression vectors.”  Common

expression vectors of utility in recombinant DNA techniques are often in the form of plasnuds.
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{6309] 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 s operatively-linked to the nucleic acd 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 seguence {e.g. in an in vitro transcription/translation
systern or in a host cell when the vector 18 introduced into the host cell),

{8010} The term “regulatory clement” is wtended to include promoters, enhancers, futernal
ribosomal entry sites (IRES), and other coxpression control clements {e.g. transcription
termination signals, such as polyadenylation signals and poly-U sequences).  Such regulatory
elements 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 i certain host cells
{e.g., tissue-specific regulatory sequences). A tissue-specific promoter may direct 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. tymophocytes). Regulatory clements
may also direct expression in a temporal-dependent manner, such as in a cell-cycle dependent or
developmental stage-dependent wanner, which way or may not also be tissue or celi-type
specific. In some embodiments, a vector comprises one or more pol I promoter (e.g. 1,2, 3, 4,
5, or more pol HI promoters), one or more pol I promoters (e.g. 1, 2, 3, 4, S, or more pol {I
promotersy, one or more pol I promoters {e.g. 1, 2, 3, 4, 3, or more pol I promoters), or
combinations thereof. Examples of pol HI promoters include, but are not himited to, U6 and H1
prometers.  Examples of pol H promoters 1ochade, but are not limited to, the retroviral Rous
sarcoma virus (RSV} LTR promoter (optionally with the RSV enhancer}, the cytomegalovirus
{CMV) promoter {optionally with the CMV enhancer) {see, ¢.g., Boshart ot al, Cell, 41:521-530
{1985}], the SV40 promoter, the dihydrofolate reductase promoter, the P-actin promoter, the
phosphoglycerol kinase (PGK) promoter, and the EFia promoter.  Also encompassed by the
term “regulatory element” are cnhancer elements, such as WPRE; UMV enhancers; the R-UY’

segment in LTR of HTLV-I (Mol. Cell. Biol,, Vol 8(1), p. 466-472, 198K); SV40 enhancer; and
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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
level of expression desived, eie. A vector can be introduced 1uto host cells to thereby produce
transcripts, proteins, or peptides, inchuding fusion proteins or peptides, encoded by nucleic acids
as described herein {e.g., clustered regularly interspersed short palindromic repeats (CRISPR)
transcripts, proteins, enzymes, mutant forms thereof, fusion proteins thereof, ete.).

{8011 Advantageous vectors include lentiviruses and adeno-associated viruses, and types of
such vectors can also be sclected for targeting particular types of cells.

{(812] In onc aspect, the invention provides a vector comprising a regulatory clement
operably linked to an enzyme-coding sequence encoding a CRISPR enzyme comprising one or
more nuclear localization sequences. In some embodiments, said regulatory clement drives
transcription of the CRISPR enzyme in a cukaryotic cell such that said CRISPR enzyme
accumulates 1o a detectable amount 1o the nucleus of the eukaryotic cell. In some embodiments,
the regulatory clement 18 a polymerase I promoter. I some embodiments, the CRISPR enzyme
is a type Il CRISPR system enzyme. In sormue embodiments, the CRISPR enzyme is a Cash
enzyme. In some embodiments, the Cas® enzyme is S preumoniae, S. pyogenes or S.
thermophifus Cas9, and may include mutated Cas® denived from these organisms.  In some
embodiments, the CRISPR enzyme is codon-optimized for expression in a cukaryotic cell. In
some embodiments, the CRISPR enzyme divects cleavage of one or two strands at the location of

the target sequence. In some embodiments, the CRISPR enzyme lacks DNA strand cleavage

activity.
{8013] fo one aspect, the invention provides a CRISPR enzyme comprising ong or more

nucicar localization sequences of sufficient strength to drive accummulation of said CRISPR
cuzyme in a detectable amound jo the vucleus of a eukaryotic cell. In some embodiments, the
CRISPR enzyme 18 a type I CRISPR system enzyme. In some embodiments, the CRISPR
enzyme 18 a CasY enzyme. In some embodiments, the Cas® enwzyme 8 S pneumoniae, 3.
pyogenes or 8. thermophilus Cas9, and may include mutated Cas? derived from these organisms.
The enzyme may be a Cas? homolog or ortholog. In some cmbodiments, the CRISPR enzyme

lacks the ability to cleave one or more strands of a target sequence to which it binds.
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{6014] In one aspect, the imvention provides a cukarvotic host cell comprising (a) a first
regulatory element operably hinked to a tracr mate sequence and one or more insertion stes for
inserting one or more guide sequences upstream of the tracr mate sequence, wherein when
expressed, the guide sequence directs sequence-specific binding of a CRISPR complex to a
target sequence in a eukaryotic cell, wherein the CRISPR complex coraprises a 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; and/or (b} a second regulatory element
opcrably linked to an enzyme-coding sequence encoding said CRISPR enzyme comprising a
nuclear localization sequence. In some embodirvoents, the host cell coraprises compounents {(a}
and {b}. In some embodiments, component (a}, component (b}, or components (a) and (b) arc
stably 1otegrated 1uto a genorne of the host eukaryotic cell. In some embodiments, componeut
(a} further comprises the tracr sequence downstrean of the tract mate sequence under the control
of the first regulatory clement. In some crobodiraents, component (a) further coraprises two or
more guide sequences operably linked to the first regulatory element, wherein when expressed,
cach of the two or more guide sequences direct sequence specific binding of a CRISPR corplex
to a different target sequence in a eukaryotic cell. In some embediments, the eukaryotic host cell
further comprises a third regulatory clement, such as a polymerase 1l promoter, operably linked
to said tracr sequence. In some crmbodiments, the tracr sequence exhibits at least 50%, 609,
70%, 80%, 90%, 95%, or 99% of scquence complementarity along the length of the tracr mate
sequence when optimally aligned. fo some ernbodiments, the CRISPR enzyme comprises oue or
more miclear localization sequences of sufficient strength to drive accumulation of said CRISPR
enzyme in a detectable amount in the nucleus of a cukaryotic cell. In some erabodiraents, the
CRISPR enzyme is a type H CRISPR system enzyme. In some embodiments, the CRISPR
cnzyme 18 a Cas9 cnzyme. In some embodiments, the CasS enzyme is 8. preumoniae, S.
pyogenes or S, thermophilus Cas9, and may inchude mutated Cas9 derived from these organistos.
The cnzyme may be a Cas® homolog or orthelog. In some embodiments, the CRISPR enzyme 18
codon-optimized for expression in a eukaryotic cell. In some embodiments, the CRISPR enzyme
directs cleavage of one or two strands at the location of the target sequence. In some
cmbodiments, the CRISPR cuzyme lacks DNA strand cleavage activity. In some embodiments,
the first regulatory element 13 a polymerase I promoter. In some embodiments, the second

regulatory clement 18 a polymerase H prorooter. In some embodiments, the guide sequence s at
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fcast 15, 16, 17, 18, 19, 20, 25 nucleotides, or between 10-30, or between 15-25, or between 15-
20 nucieotides in longth. In an aspect, the wnvention provides a nou-human cukaryotic organismyg
preferably a multicellular cukaryotic organism, comprising a cukaryotic host cell according to
any of the described embodiments. In other aspects, the invention provides a cukaryotic
organisny;, preferably a multiceliular eukaryotic organism, comprising a cukaryotic host cell
according to any of the described embodiments. The organism in some embodiments of these
aspects may be an animal; for example a mammal. Also, the organism may be an arthropod such
as an insect. The organism also may be a plant. Further, the organism ruay be a fungus.

{B015] In one aspect, the invention provides a kit compristng one or more of the coraponents
described hercin. In some embodiments, the kit comprises a vector system and instructions for
using the kit. In sowe embodiments, the vector system comprises {a) a first regulatory cleraent
operably linked to a tracr mate sequence and one or more inscrtion sites for inserting one or More
gutde scquences upstream of the tracr mate sequence, 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 corapiex comprises g CRISPR enzymc complexed with (13
the guide sequence that is hybridized to the target sequence, and (2) the tracr mate sequence that
is hybridized to the fracr sequence; and/or {b) a second regulatory clement operably linked to an
enzyme-coding sequence encoding said CRISPR cnzyme comprising a nuclear localization
sequence. In some embodiments, the kit comprises components (a) and (b} located on the same
or different vectors of the system.  In some emsbodiments, compouent {a) further comprises the
tracy sequence downstream of the tracr mate sequence under the conirol of the first regulatory
element. In some cmbodiments, component {a} further comprises two or more guide sequences
operably finked to the first regulatory clement, wherein when expressed, each of the two or more
guide sequences direct sequence specific binding of a CRISPR complex to a different target
sequence wm a cukaryotic celll  In some cmbodiments, the system further coroprises a thwd
regulatory clement, such as a polymerase I promoter, operably linked to said tracr sequence. In
some ernbodivaents, the tracr sequence exhibits at least 50%, 60%, 70%, 80%, 30%, 95%, or
9% of sequence complementarity along the length of the tracr mate sequence when optimally
aligned. In some cmbodiments, the CRISPR enzyme comprises one or more nuclear localization
sequences of sufficient strength to drive accumulation of said CRISPR enzyme in a detectable

amount in the nucleus of a cukaryotic cell. In some embodiments, the CRISPR enzyme 18 a type
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{f CRISPR systermn enzyme. In some embodiments, the CRISPR enzyme is a CasY enzyme. In
some embodiments, the Cas9 enzyme 8 8. prewmoniae, S. pyogenes ov 5. thermophilus Cas9,
and may include mutated Cas9 dertved from these organisms. The enzyme may be a Cash
homolog or ortholog.  In soroe embodiments, the CRISPR enzyme is codon-optimized for
expression in a enkaryotic cell. In some embodiments, the CRISPR enzyme directs cleavage of
one or two strands at the location of the target sequence. In sore cmbodiments, the CRISPR
enzyme lacks DNA strand cleavage activity. In some embodiments, the first regulatory element
is a polymerase HI promoter. In some cmbodiments, the sccond regulatory clement 18 a
polymerase H promoter. To some embodiments, the guide sequence 1s at least 15, 16, 17, 18, 19,
24, 25 mucleotides, or between 10-30, or between 135-25, or between 15-20 nucleotides in length.

{3016} In one aspect, the invention provides a method of modifyving a target polynucieotide
in a cukaryotic cell. In some embodiments, the method comprises allowing a CRISPR complex
to bind to the target polynucleotide to effect cleavage of said target polynucicotide thereby
modifying the target polynucleotide, wherein the CRISPR complex comprises a CRISPR enzyme
complexed with a guide sequence hybndized to a target sequence within said target
polynucieotide, wherein said guide sequence is linked to a tracr mate sequence which in furn
hybridizes to a tracr sequence. In some embodiments, said cleavage comprises cleaving one or
two strands at the location of the target sequence by said CRISPR enzyme. In some
embodiments, said cleavage results in decreased transcription of a target gene. In some
embodiments, the rocthod further comprises repairing said cleaved target polynucleotide by
homologous recombination with an exogenous tenmplate polynucicotide, wherein said repair
results in a mutation comprising an inscrtion, deletion, or substitution of one or more nucleotides
of said target polynuclestide. In some embodiments, said mutation resuits in one or wore amino
acid changes i a protein expressed from a gene comprising the target sequence. I some
cmbodiments, the method further comprises delivering one or more vectors to said eukaryetic
cell, wherein the one or more vectors drive expression of one or more of: the CRISPR enzyme,
the guide sequence hinked to the tracr wale sequence, and the tracr sequence. In some
embodiments, said vectors are delivered to the cukaryotic cell in a subject.  In some
cmbodiments, said modifying takes place m said cukaryotic cell 1n a cell culture. In soroe

embodiments, the method further comprises isolating said eukaryotic cell from a subject prior to
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satd modifying. In some embodiments, the method further comprises returning said cukaryotic
cell and/or cells devived therefrom to said subject.

{8617} In one aspect, the invention provides a method of modifying expression of a
polyoucleotide in a cukaryotic celll  In some erabodivaents, the rocthod comprises allowing a
CRISPR complex to bind to the polynucleotide such that said binding resuits in increased or
decreased expression of said polynucleotide; wherein the CRISPR complex comprises a CRISPR
enzyme complexed with a guide sequence hybridized to a target sequence within said
polynucleotide, wherein said guide sequence 18 linked to a tracr mate sequence which in turn
hybridizes to a fracr sequence. In some embodiments, the method further comprises delivering
one or more vectors o said cukaryotic cells, wherein the one or more vectors drive expression of
one or more of: the CRISPR enzyme, the guide sequence hinked to the tracr mate sequence, and
the tracr sequence.

{8018} In onc aspect, the invention provides a method of generating a model cukaryotic ccl
comprising a mutated disease gene. In some erubodiments, a disease gene is any gene associated
an increase m the risk of having or developing a discase. In some embodiments, the method
comprises {a) introducing one or more vectors into a eukaryotic cell, wherein the one or more
vectors drive expression of one or more oft a CRISPR enzyme, a guide sequence linked o a tracr
mate sequence, and a tracr sequence; and (b)Y allowing a CRISPR compiex to bind fo a target
polymucleotide to effect cleavage of the target polynucicotide within said discase gene, wherein
the CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide sequence
that is hybridized to the target sequence within the target polynucleotide, and (2) the tracr mate
sequence that 18 hybridized to the tracr scquence, thereby generating a model cukarvotic ccll
comprising a mutated discase gene. In some embodiments, said cleavage comprises cleaving
one or two strands at the location of the target sequence by said CRISPR enzyme. In some
cmbodiments, said cleavage results in decreased transcuption of a target gene.  In soroe
embodiments, the method further comprises repairing said cleaved target polynucleotide by
homologous recombination with an exogenous template polynucleotide, wherein sawd repair
results in a mutation comprising an insertion, deletion, or substitution of one or more nucleotides
of said target polynucleotide. In some embodiments, said mutation results in one or more aming

acid changes in a protein expression from a gene comprising the target sequence.
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{6019] In one aspect, the invention provides a method for developing a bislogically active
agent that modulates a cell signaling event associated with a discase gene.  In soroe
embodiments, a discase gene is any gene associated an increase in the risk of having or
developing a discase.  In some erobodimoents, the wethod comprises {(a) countacting a test
compound with a model cell of any one of the described embodiments; and (b) detecting a
change in a readout that s indicative of a reduction or an augmentation of a cell signaling cvent
associated with said mutation in said disease gene, thereby developing said biologically active
agent that modulates said cell signaling event associated with said disease gene.

{8020} In oune aspect, the mvention provides a recomwbinant polynucleotide comprising a
guide sequence upstream of a tracr mate sequence, wherein the guide sequence when expressed
divects sequence-specific binding of a CRISPR complex o a corresponding target sequence
present in a eukaryotic cell.  In some embodiments, the target sequence is a viral sequence
present in a cukaryotic cell. In sornc erabodiraents, the target sequence 18 4 proto-oncogens or an
oncogene.

{6021} In one aspect the mvention provides for a method of selecting one or more
prokaryotic cell{s} by introducing one or more mutations i a gene in the one or more
prokaryotic cell (s}, the method comprising: introducing one or more vectors into the prokaryotic
cell {s), wherein the one or more vectors drive expression of one or more of! a CRISPR enzyrae,
a guide sequence linked to a tracr mate sequence, a tracr sequence, and a editing template;
wherein the edifing teraplate coraprises the one or more mutations that abohish CRISPR enzyme
cleavage; allowing homologous recombination of the eoditing template with the target
polynucleotide in the cell{s) to be sclected; allowing a CRISPR complex to bind to a target
polynucleotide to effect cleavage of the target polynucleotide within said gene, wherein the
CRISPR complex comprises the CRISPR enzyrae complexed with (1) the guide sequence that is
hybridized to the target sequence within the target polyuoucleotide, and (2) the tracr mate
sequence that is hybridized to the tracr sequence, wherein binding of the CRISPR complex to the
target polynucicotide induces cell death, thereby allowing one or wore prokaryotic cell(s) n
which one or more mutations have been introduced to be selected. In a preferred embodiment,
the CRISPR enzyme is Cas9. In another aspect of the mvention the ccll to be selected may be a
cukaryotic cell. Aspects of the nvention allow for selection of specific cells without reguiring a

selection marker or a two-step process that may include g counter-selection system.
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{60221 Accordingly, it is an object of the invention not to encompass within the invention
any previously known product, process of roaking the product, or wethod of using the product
such that Applicants reserve the right and hereby disclose a disclaimer of any previously known
product, process, or method. 1t s further noted that the invention does not intend to encompass
within the scope of the invention any product, process, or making of the product or method of
using the product, which does not meet the written description and enablement requirements of
the USPTO (35 U.S.C. §112, first paragraph) or the EPO (Article 83 of the EPC), such that
Applicants reserve the right and hereby disclose a disclaimer of any proviously described
product, process of making the product, or method of using the product.

{3823] It is noted that in this disclosure and particularly in the claims and/or paragraphs,
terms such as "coroprises”, "comprised”, "comprising” and the like can have the meanmng
attributed to it in U.S. Patent law; e.g., they can mean "includes”, "included”, "including”, and
the like; and that terrns such as "consisting ossentially of " and "consists cssentially of " have the
meaning ascribed to them in UK. Patent law, e.g., they allow for elements not explicitly recited,
but exclude clernents that are found 1 the prior art or that affect 4 basic or novel characteristic of
the mvention. These and other embodiments are disclosed or are obvious from and encompassed

by, the following Detailed Description.
BRIEF DESCRIPTION OF THE DRAWINGS

19024} The novel features of the mvention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detatled description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:

{B025] Figure I shows a schematic model of the CRISPR system. The Cas® nuclease from
Streptococcus pyogenes {yellow) is targeted to genomic DNA by a synthetic guide RNA
{sgRNA) consisting of a 20-ut guide sequence (blue) and a scaffold (red). The guide sequence
base-pairs with the DNA target {blue), directly 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}.

12



WO 2014/093694 PCT/US2013/074790

{8026} Figure 2A-F shows an cxemplary CRISPR system, a possible mechanism of action,
an exarople adaptation for expression in cukarvotic cells, and resulis of tests assessing nuclear
localization and CRISPR activity.,

{8027} Figure 3 shows an exeroplary expression casscite for expression of CRISPR system
clements in eukaryotic cells, predicted structures of example guide sequences, and CRISPR

system activity as measured in cukaryotic and prokaryotic celis.

{8028} Figure 4A-D shows results of an evaluation of SpCas® specificity for an example
target,
[8029] Figure SA-G show an exemplary vector system and results for s use n directing

homologous recombination in cukaryotic cells.

{3036} Figure 6 provides a table of protospacer sequences and summarizes modification
efficiency results for protospacer targets designed based on exemplary S pyogenes and S
thermophiius CRISPR systerms with corresponding PAMs against loct in human and roouse
genomes. {ells were transfected with Cas9 and either pre-crRNA/racrRNA or chimeric RNA,
and analyzed 72 hours after transfection. Percent indels are caleulated based on Surveyor assay
results from indicated celi lines (N=3 for all protospacer targets, errors are S.EM., NI
indicates not detectable using the Surveyor assay, and N.T. indicates not tested in this study).
{80314 Figure 7A-C shows a comparison of different itracyRNA transcupts for Cas8-
mediated gene targeting.

{8032} Figure 8 shows a schewoatic of a surveyor nuclease assay for detection of double
strand break-induced micro-insertions and ~deletions.

{3033] Figure 9A-B shows exemplary bicistronic expression vectors for oxpression of
CRISPR systern elements in eukaryotic cells.

{6034} Figure 18 shows a bacterial plasmid transformation interfercnce assay, expression
cassettes and plasmids used therein, and transformation efficiencics of cells used therein.

{8035} ‘leure 11A-C shows histograms of distances between adjacent S, pvogenes SF370
locus 1 PAM (NGG) (Figure 10A) and S thermophilus LIMD9 locus 2 PAM (NNAGAAW)
{Figure 10B) in the human genome; and distances for cach PAM by chromosome (Chr) (Figure
16C).

18036} Figure 12A4-C shows an exemplary CRISPR systern, an example adaptation for

expression in cukarvotic cells, and results of tests assessing CRISPR activity.
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{68371 Figure 13A-C shows cxenplary manipulations of a CRISPR system for targeting of
genomic loct fo mammalian cells.

{8838} ‘igure 14A-8 shows the results of @ Northern blot analysis of crRNA processing in
marnalian cells.

{8039] Figure 15 shows an cxeraplary selection of protospacers in the buman PVALE and
mouse 74 loct.

{8048 Figure 16 shows cxample protospacer and corresponding PAM sequence targets of
the 5. thermophilus CRISPR systern in the human EMXT locus.

16041} Figure 17 provides a table of sequences for primers and probes used for Surveyor,
RFLP, genomic sequencing, and Northern blot assays.

180421 Figure 18A-C shows exemplary manipulation of a CRISPR system with chimeric
RNAs and results of SURVEYOR assays for system activity in cukaryotic cells.

{8043} Figure 19A-B shows a graphical representation of the results of SURVEYOR assays
for CRISPR systenm activity in eukaryotic cells.

{6044 Figure 28 shows an cxemplary visualization of sorae 8. pyogenes Cas9 target sites in
the human genowme using the UCSC genome browser.

{8045} ‘leure 21 shows predicted secondary structures for exemplary chimeric RNAs
comprising a guide sequence, tracr mate sequence, and tracr sequence.

{8046} Figure 22 shows cxemplary bicistronic expression vectors for expression of CRISPR
system elements n eukaryotic cells.

180471 Figure 23 shows that Cas9 nuclease activity against endogevous targets may be
exploited for genome editing. {a) Concept of genome cditing using the CRISPR system. The
CRISPR targeting construct directed cleavage of a chromosomal locus and was co-transformed
with an editing template that recorabined with the target to prevent cleavage. Kanarnycin-
resistant transformants that survived CRISPR attack contained modifications miroduced by the
editing template. fracr, frans-activating CRISPR RNA; apad-3, kanamycin resistance gene. (b}
Transformation of crR6M DNA in R6*72 cells with no editing template, the R6 wild-type srtA

or the R6370.1 editing templates. Recombination of either R6 srtd or RE™!

prevented cleavage
by Cas9. Transformation cfficiency was calenlated as colony forming units {cfu) per ug of
crR6M DINA; the mean values with standard deviations from at least three independent

experuments are shown, PCR analysis was performed on 8 clones 1 ecach transformation. “Un.”
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indicates the unedited sred locus of strain RE™?7; “Bd.” shows the editing template. R6™ and
R& M targets are distinguished by restriction with Eael.

{8048 ‘ieure 24 shows analysis of PAM and sced sequences that eliminate Cas? cleavage.
{a) PCR products with randomized PAM sequences or rasdomized sced sequences were
transformed in crR6 cells. These cells expressed Cas9 loaded with a ¢rRNA that targeted a

8232.5

chromosomal region of R& cells (highlighted i pink) that is absent from the R6 genome.
More than 27105 chloramphenicol-resistant transformants, carrying inactive PAM or seed
sequences, were combined for amphification and deep scquencing of the target region. (b)
Relative proportion of nursber of reads after transformation of the random PAM constructs in
crRE cells (compared to number of reads in RO transformants). The relative abundance for each
3-nucleotide PAM sequence is shown. Severely underrepresented sequences {(NGG) are shown 1o
red; partially underrepresented one in orange (NAG) {¢) Relative proportion of number of reads
after transformation of the random sced scquence constructs in orR6 celis {(compared to number
of reads in R6 transformants). The relative abundance of each mucleotide for each position of the
first 20 nucleotides of the protospacer sequence is shown. High abundance indicates lack of
cleavage by Cas9, L.e. a CRISPR inactivating mutation. The grey line shows the level of the WT
sequence. The dotted line represents the level above which a mutation significantly disrupts
cleavage (See section “Analysis of deep sequencing data” in Exaraple 53

{6049] Figure 258 shows intreduction of single and multiple mutations using the CRISPR
system in 8. prewmoniae. {a) Nucleotide and amino acid sequences of the wild-type and edited
{green pucleotides; underlined amino acid residues) bgad. The protospacer, PAM and restriction
sites are shown. (b) Transformation cfficiency of cells transformed with targeting constructs in
the presence of an editing template or conifrol. {¢} PCR analysis for 8 transformants of each
editing expertiment followed by digestion with BtgZl (R—A) and Tsel (NE—AA). Delction of
bgad was revealed as a smaller PCR product, (d) Milier assay to weasure the B-galactosidase
activity of WT and edited strains. (¢} For a single-step, double deletion the targeting construct
contained two spacers (1o this case roatching sred and bgad) and was co-transtorroed with two
different editing templates (£} PCR analysis for ¥ transformants to detect delctions in 514 and
bgad loct. 6/8 transformants contained deletions of both genes.

{8056} Figure 26 provides mechanisms underlying editing using the CRISPR system. {8} A

stop codon was introduced 1 the erythromycin resistance gene ermdM to generate strain JENS3,

[
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The wild-type sequence can be restored by targeting the stop codon with the
CRISPR:crmnAM(stop) coustruct, and using the ermAM wild-type sequence as an edifing
template. (b) Mutant and wild-type ermdM sequences. (¢} Fraction of erythromicyn-resistant
{erm™) ofu calenlated from total or kanamycin-resistant (kar’ ) cfu. (d) Fraction of total cells that
acquire both the CRISPR construct and the editing template. Co-transformation of the CRISPR
targeting construct produced more transformants {(i-test, p=0.011}. In all cases the values show
the meants.d. for three independent experiments.

{8051 Figure 27 illustrates genome cditing with the CRISPR system i E. coli. (a) A
kanamycin-resistant plasmud carvying the CRISPR array (pCRISPR) targeting the gene to odu
may be transformed in the HMEG3 recombineering strain containing a chloramphenicol-resistant
plastaid harboring cas9 and trace (pCas9y, together with an oligonucleotide specifying the
mutation. (b} A K421 mutation conferring sireptomycin resistance was introduced in the rpsi
gene {¢) Fraction of streptomicyn-resistant (strep™) cfu calculated from total or kanamycin-
resistant (kar’) cfu. (d) Fraction of total cells that acquire both the pCRISPR plasmid and the
editing oligonucleotide. Co-transtformation of the pCRISPR targeting plasmid produced more
transformants  {t-test, p=0.004). In all cases the wvahlies showed the meantsd. for three
independent experiments.

{8052} Figure 28 illustraies the transtormoation of crR6 gevormic DNA leads to editing of the
targeted locus (a) The £51767 clement of 8. preumoniae RS was replaced by the CRISPROT
locus of S, pvogenes SF370 to generate crR6 strain, This locus encodes for the Cas9 nuclease, a
CRISPR array with six spacers, the tractRNA that s required for ¢rRNA biogenesis and Casl,
Cas? and Csnl, proteins not necessary for targeting. Strain ctRO6M contains a minimal functional
CRISPR system without casi, cas? and csal. The aphd-3 gene encodes kanamycin resistance.
Protospacers frorn the streptococcal bacteriophages ¢8232.5 and ¢370.1 were fused to a
chloramphenicol resistance gene {caf) and integrated in the srtd gene of strain R6 {o generate
strains ROE232.5 and R6370.1. (b} Left pancl: Transformation of crR6 and crR6M genomic

DNA in R&%Y

32.8

63701 . . . .
and R™'™. As a control of cell competence a streptornycin resistant gene was

also transformed. Right panel: PCR analysis of 8§ R&M7

transformants with crRé genomic
DNA. Primers that amplify the sie4 locus were used for PCR. 7/8 genotyped colonies replaced

the ROK232.5 srtA locus by the WT locus from the ¢rR6 genomic DNA.
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study. In all cases the wild-type and mutant protospacer and PAM sequences (or their reverse
complement) are indicated. When relevant, the amino acid sequence encoded by the protospacer
is provided. For each editing experiment, all strains for which PCR and restriction analysis
corroborated the introduction of the desired modification were sequenced. A representative
chromatogram is shown. (a) Chromatogram for the introduction of a PAM mutation into the
R6%%%° target (Figure 23d). (b) Chromatograms for the introdﬁction of the R>A and NE>AA
mutations into B-galactosidase (bgad) (Figure 25¢). (¢) Chromatogram for the introduction of a
6664 bp deletion within bgad ORF (Figures 25¢ and 25f). The dotted line indicates the limits of
the deletion. (d) Chromatogram for the introduction of a 729 bp deletion within srt4 ORF '
(Figure 25f). The dotted liné indicates the limits of the deletion. (¢) Chromatograms for the
generation of a premature stop codon within ermAM (Figure 33). (f) rpsL editing in E. coli
(Figure 27).

[0054]  Figure 30 illustrates CRISPR immunity against random S. pneumoniae targets
containing different PAMs. (a) Position of the 10 random targets on the S. pneumoniae R6
genome. The chosen targets have different PAMs and are on both strands. (b) Spacers
corresponding to the targets were cloned in a minimal CRISPR array on plasmid pLZ12 and
transformed into strain crR6Rc, which supplies the processing and targeting machinery in trans.
(c) Transformation efficiency of the different plasmids in strain R6 and crR6Rc. No colonies
were recovered for the transformation of pDB99-108 (T1-T10) in crR6Rc. The dashed line
represents limit of detection of the assay.

[0055]  Figure 31 provides a general scheme for targeted genome editing. To facilitate
targeted genome editing, crR6M was further engineered to contain tracrRNA, Cas9 and only one
repeat of the CRISPR array followed by kanamycin resistance marker (aphd-3), generating
strain crR6Rk. DNA from this strain is used as a template for PCR with primers designed to
introduce a new spacer (green box designated with N). The left and right PCRs are assembled
using the Gibson method to create the targeting construct. Both the targeting and editing
constructs are then transformed into strain crR6Rc, which is a strain equivalent to ctR6Rk but
has the kanamycin resistance marker replaced by a chloramphenicol resistance marker (caf).

About 90 % of the kanamycin-resistant transformants contain the desired mutation.
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are considered to be valid PAMs. Data is shown for the S. pneumoniae R6 genome as well as for
a random sequence of the same length and with the same GC-content (39.7 %). The dotted line
represents the average distance (12) between PAMs in the R6 genome.

[0057)  Figure 33 illustrates CRISPR-mediated editing of the ermAM locus using genomic
DNA as targeting construct. To use genomic DNA as targeting construct it is necessary to avoid
CRISPR autoimmunity, and therefore a spacer against a sequence not present in the chromosome
must be used (in this case the ermAM erythromycin resistance gene). (a) Nucleotide and amino
acid sequences of the wild-type and mutated (red letters) ermAM gene. The protospacer and
PAM sequences are shown. (b) A schematic for CRISPR-mediated editing of the ermAM locus
using genomic DNA. A construct carrying an ermAM-targeting spacer (blue box) is made by
PCR and Gibson assembly, and transformed into strain crR6Rc, generating strain JEN37. The
genomic DNA of JEN37 was then used as a targeting construct, and was co-transformed with the
editing template into JEN38, a strain in which the srz4 gene was replaced by a wild-type copy of
ermAM. Kanamycin-resistant transformants contain the edited genotype (JEN43). (¢) Number of
kanamycin-resistant cells obtained after co-transformation of targeting and editing or control
templates. In the presence of the control template 5.4x10° cfu/ml were obtained, and 4.3x10°
cf/ml when the editing template was used. This difference indicates an editing efficiency of
about 99 % [(4.3x10°-5.4x10%/4.3x10°]. (d) To check for the presence of edited cells seven
kanamycin-resistant clones and JEN38 were streaked on agar plates with (erm+) or without
(erm-) erythromycin. Only the positive control displayed resistance to erythromycin. The
ermAM mut genotype of one of these transformants was also verified by DNA sequencing
(Figure 29e).

[0058]  Figure 34 illustrates sequential introduction of mutations by CRISPR-mediated
genome editing. (a) A schematic for sequential introduction of mutations by CRISPR-mediated
genome editing. First, R6 is engineered to generate crR6Rk. crR6Rk is co-transformed with a
srtA-targeting construct fused to cat for chloramphenicol selection of edited cells, along with an
editing construct for a Asrt4 in-frame deletion. Strain crR6 AsrtA is generated by selection on
chlramphenicol. Subsequently, the Asrid strain is co-transformed with a bgaA-targeting
construct fused to aphA-3 for kanamycin selection of edited cells, and an editing construct

containing a AbgaA in-frame deletion. Finally, the engineered CRISPR locus can be erased from



WO 2014/093694 PCT/US2013/074790

ST Ty TTTTT T T TTeTTTo oo osooooog T ST TS it T S msesmsiemmmog oo 71

plasmid carrying a bgad protospacer (pDB97), and selection on spectinomycin. (b) PCR analysis
for 8 chloramphenicol (Cam)-resistant transformants to detect the deletion in the srt4 locus. (c)
B-galactosidase activity as measured by Miller assay. In S. pneumoniae, this enzyme is anchored
to the cell wall by sortase A. Deletion of the srt4 gene results in the release of p-galactosidase
into the supernatant. Abgad mutants show no activity. (d) PCR analysis for 8 spectinomycin
(Spec)-resistant transformants to detect the replacement of the CRISPR locus by wild-type
IS1167.

[0059]  Figure 35 illustrates the background mutation frequency of CRISPR in &S
pneumoniae. (a) Transformation of the CRISPR::@ or CRISPR::erm(stop) targeting constructs in
JENS3, with or without the ermAM editing template. The difference in kan® CFU between
CRISPR::@ and CRISPR::erm(stop) indicates that Cas9 cleavage kills non-edited cells. Mutants
that escape CRISPR interference in the absence of editing template are observed at a frequency
of 3x107, (b) PCR énalysis of the CRISPR locus of escapers shows that 7/8 have a spacer
deletion. (¢) Escaper #2 carries a point mutation in cas9.

[0060]  Figure 36 illustrates that the essential elements of the S. pyogenes CRISPR locus 1
are reconstituted in E. coli using pCas9. The plasmid contained tractRNA, Cas9, as well as a
leader sequence driving the crRNA array. The pCRISPR plasmids contained the leader and the
array only. Spacers may be inserted into the crRNA array between Bsal sites using annealed
oligonucleotides. Oligonucleotide design is shown at bottom. pCas9 carried chloramphenicol
resistance (CmR) and is based on the low-copy pACYC184 plasmid backbone. pCRISPR is
based on the high-copy number pZE21 plasmid. Two plasmids were required because a
pCRISPR plasmid containing a spacer targeting the E. coli chromosome may not be constructed
using this organism as a cloning host if Cas9 is also present (it will kill the host).

[0061] Figure 37 illustrates CRISPR-directed editing in E.coli MG1655. An oligonucleotide
(W542) carrying a point mutation that both confers streptomycin resistance and abolishes
CRISPR immunity, together with a plasmid targeting rpsL (pCRISPR::rpsL) or a control plasmid
(pCRISPR::0) were co-transformed into wild-type E.coli strain MG1655 containing pCas9.
Transformants were selected on media containing either streptomycin or kanamycin. Dashed line

indicates limit of detection of the transformation assay.
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{8062] Figure 38 illustrates the background mutation frequency of CRISPR in £ coli
HME®63. {a} Transformation of the pCRISPR:@ or pCRISPRuxpsh plastmds inte HMEGS
competent cells. Mutants that escape CRISPR mterference were observed at a frequency of
265107 () Amplification of the CRISPR array of cscapers showed that 8/8 have deleted the
spacer.

{6063} Figure 39A-D shows a circular depiction of the phylogenctic analysis revealing five
families of Cas9s, including three groups of large Cas%s (~1400 amino acids) and two of small
Casfs {~1100 amino acids).

[6064] Figure 40A-F shows the Huoear depiction of the phylogenctic analysis revealing five
families of Cas®s, inchiding three groups of large Cas9s (~1400 amino acidsy and two of small
Cas9s (~1100 amino acids).

16065] Figure 41A-M shows scquences where the mutation points are located within the
SpCasY gene.

{33686] Figure 42 shows a schematic construct in which the transcriptional activation domain
{VP64) 18 tused to Cas® with two mutations in the catalytic domains (D10 and HE40).

{8067} Figure 43A-D shows genome editing via homologous recombination. {a) Schematic
of SpCas9 nickase, with DIOA mutation in the RuvC 1 catalytic domain. (b} Schematic
representing hornologous recombination (HR) at the human EMXT locus using cither sense or
antisense single stranded oligonucieotides as repair templates. Red arrow above indicates sgRNA
cleavage site; PCR primers for genotyping (Tables J and K) are indicated as avrows n right
panel. {c} Sequence of region modified by HR. d, SURVEYOR assay for wildtype {wt} and
nickase (DOA) SpCasS-mediated indels at the FMXT target 1 locus (n=3). Arrows indicate
positions of expected fragment sizes.

{068} Figure 44A-B shows single vector designs for SpCas.

{80691 Figure 45 shows quantification of cleavage of NES-Csnl counstructs NLS-Canl,
Csnl, Csni-NLS, NLS-Csn1-NLS, NLS-Csnl-GFP-NLS and UnTFN.

16679] Figure 46 shows 1ndex frequency of NLS-Cas8, Cash, Cas9-NLS and NLE-Cas-
{6071} Figure 47 shows a gel demonstrating that SpCas? with nickase mutations

{individually) do not induce double strand breaks.
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{6672} Figure 48 shows a design of the olige DNA used as Homologous Recombination
{(HR) template in this experimacot and a comparison of HR cfficiency induced by different
combinations of Cas? protein and HR template.

{8073} Figure 48A shows the Counditional Cas9, Rosa6 targeting vector map.

{8074} Figure 498 shows the Constitutive Cas9, Rosal6 targeting vector map.
{B075] Figure S0A-H show the sequences of cach clement present in the vector maps of

Figures 49A-B.

{8876] Figure 51 shows a schematic of the iroportant clements in the Constitutive and
Counditional Cas® constructs.

{6477} Figure 52 shows the functional validation of the expression of Constitutive and

Conditional Cas9 construcis.

{8078} Figure 53 shows the validation of Cas® nuclease activity by Surveyor.
{80791 Figure 54 shows the quantification of Cas9 nuclease activity.
{6083 Figure 85 shows construct design and homologous recombination (HR) strategy.

{B081}] Figure 56 shows the genomic PCR genotyping results for the constitutive (Right) and
conditional (Left) constructs at two different gel exposure timaes (top row for 3 min and bottom
row for | min).

{68821 Figure 87 shows Cas9 activation in mESCs.

{ (383} Figure 58 shows a schematic of the strategy used to mediate gene knockout via
NHET using a nickase version of Cas9 along with two guide RNAs.

{8084} Figure 59 shows how DNA double-strand break (DSB) repair promotes gene editing.
In the error-prone non-homologous cond joining {(NHE pathway, the ends of a DSB are
processed by endogenous BNA repair machineries and rejoined together, which can result in
random inscrtion/deletion {indel) mutations at the site of junction. Indel mutations occurring
within the coding region of a gene can result in frame-shift and a premature stop codon, leading
to gene knockout. Alternatively, a repair template in the form of a2 plasnud or single-stranded
oligodeoxynucleotides (ssODN} can be supphied to leverage the homology-divected repair (HDR)
pathway, which allows high fidelity and precisc editing.

{B085] Figure 60 shows the tineline and overview of experiments. Steps for reagent design,
construction, validation, and cell line expansion. Custorn sgRNAs {light blue bars} for each

target, as well as genotyping primers, are designed in silico via our online design tool (available
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at the website genome-cngineering.org/tools). sgRNA expression vectors are then cloned into a
plasmaid contamning Cas9 (PX330) and verified via DNA sequencing. Coropleted plasmids
{(pCRISPRs}, and optional repair templates for facilitating homology directed repair, are then
transtected mto cells and assayed for ability fo mediate targeted cleavage. Finally, transfected
cells can be clonally expanded to dertve 1sogenic cell lines with defined mutations.

{3086} Figure 61 shows Target sclection and reagent preparation. (a) For S, pyogences Cas9,
20-bp targets (highlighted 1n blue} must be followed by 5°-NGG, which can occur i either
strand on genomic DNA. We recommend using the online tool described in this protocol in
aiding target selection {(www. genome-engineering.org/tools). {(b) Schomatic for co-transfection
of Cas9 expression plasmid (PX1635) and PCR-amplified Us-driven sgRINA expression cassette.
Using a U6 promoter-containing PCR template and a fixed forward primer (U6 Fwd}, sgRNA-
encoding DNA can appended onto the U6 reverse primer {U6 Rev) and synthesized as an
extended DNA oligo (Ultramer oligos from [DT). Note the guide sequence (blue N's) in U Rev
is the reverse complement of the $7-NGG flanking target sequence. {¢) Schematic for scarless
cloning of the guide sequence oligos into g plasmid containing CasY and sgRNA scaffold
{(PX330). The guaide oligos {blue N's} contain overbangs for ligation into the pair of Bbsi sites on
PS330, with the top and botton strand orientations matching those of the genomic target {i.e. top
oligo is the 20-bp sequence preceding S™-NGG in genoric DNA). Digestion of PX330 with Bbsl
allows the replacement of the Type Hs restriction sites (blue outline) with direct insertion of
annealed oligos. |t 1s worth noting that an oxtra G was placed before the first base of the guide
sequence. Applicants have found that an extra G in front of the guide sequence does not
adversely affect targeting efficiency. In cases when the 20-nt guide sequence of choice does not
begin with guanine, the extra guanine will ensure the sgRNA is efficiently transcribed by the U6
prometer, which prefers a guanine in the first base of the transcript.

{B087] Figure 62 shows the anticipated results for multiplex NHEJ (a) Schematic of the
SURVEYOR assay used to determine indel percentage. First, genomic DNA from the
heterogencous population of Cas9-targeted cells 18 amphified by PCR. Amplicons are then
reanncaled slowly to gencerate heterodupiexes. The reanncaled heteroduplexes are cleaved by
SURVEYOR nuclease, whereas homoduplexes are left intact. Cas9-mediated cleavage etficiency
(% indel} is calculated based on the fraction of cleaved DNA, as determined by integrated

intensity of gel bands. (b Two sgRNAs {orange and blue bars) are designed to target the human
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GRINZB and DYRKIA loci. SURVEYOR gel shows modification at both loci in transfected
cells. Colored arrows indicated expected fragmeunt sizes for cach locus. (¢} A pair of sgRNAs
{light blue and green bars) are designed o excise an exon {dark biue} in the human EMX1 locus.
Target sequences and PAMs (ved) are shown in respective colors, and sites of cleavage indicated
by red triangle. Predicted junction i3 shown below. Individual clones isolated from cell
populations transfected with sgRNA 3, 4, or both are assayed by PCR {OUT Fwd, OUT Revy,
reflecting a deletion of ~270-bp. Representative clones with no modification (12/23), mono-
alichic (10/23}, and bi-allelic {1/23) modifications are shown. IN Fwd and IN Rev privners are
used to screen for mversion events (Fig. 64d). (d) Quantification of clonal lines with EMX1 exon
deletions. Two pairs of sgRNAs (3.1, 3.2 lefi-flanking sgRNAs; 4.1, 4.2, right flanking sgRNAs}
are used to mediate deletions of variable sizes around one EMX1 exon. Travsfected cells are
clonally isolated and expanded for genotyping analysis for deletions and inversion events. Of the
105 clones are screened, 51 (49%) and 11 (10%) carrying heterozygous and homozygous
deletions, respectively. Approximate deletion sizes are given since junctions may be variable.
{088} Figure 63A-C shows the application of ssODNs and targeting vector to mediate HR
with both wildtype and nickase mustant of Cas® in HEK293FT and HUESS cells with efficiencies
ranging from 1.6-27%.

{3889} Figure 64 shows a schematic of 4 PCR-based method for rapid and efficient CRISPR
targeting in mammalian cells. A plasmid containing the human RNA polymerase i promoter
U6 is PCR-amplified using a Ub-specific forward primer and a veverse primaer carrying the
reverse complement of part of the U6 promoter, the sgRNA{+R85) scaffold with guide sequence,
and 7 T nucleotides for transcriptional termination. The resulting PCR product is purified and co-
delivered with a plasmid carrying Cas9 driven by the UBh promoter.

{6090} Figure 65 shows SURVEYOR Mutation Detection Kit fromn Transgenomics results
for cach gRNA and respective coutrols. A positive SURVEYOR result is one large band
corresponding to the genomic PCR and two smaller bands that are the product of the
SURVEYOR nuclease making a double-strand break at the site of a mutation. Each gRNA was
validated in the mouse cell line, Neuro-NZa, by liposomal transient co-transfection with
18pCas9. 72 hours post-transfection genomic DNA was purified using QuickExtract DNA from

Epicentre. PCR was performed to amplify the locus of interest.
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{4091} Figure 66 shows Surveyor results for 3% live pups (lanes 1-38} 1 dead pup (lanc 39)
and 1 wild-type pup for comparison (lane 40}, Paps 1-19 were injected with gRNA Chd8.2 and
pups 20-3¥ were injected with gRNA Chd8.3. Of the 38 live pups, 13 were positive for a
mutation. The one dead pup also had a mutation. There was no mutation detected 1o the wild-
type sample. Genomic PR sequencing was consistent with the SURVEYOR assay findings.
{3692} Figure 67 shows a design of different Cas® NLS constructs. All Cas® were the
haman-codon-optimized version of the Sp Cas9. NLS sequences are linked to the cas9 gene at
gither N-terminus or C-terrainus. All Cas® vartants with different NLS designs were cloned into
a backbone vector containing so it 18 driven by EFla provooter. Ou the same vector there is a
chimeric RNA targeting human EMX1 locus driven by U6 promoter, together forming a two-
component system,

{8093} Figure 68 shows the cfficiency of genomic cleavage induced by Cas9 variants
bearmng different NLS designs. The percentage mdicate the portion of human EMXI genomic
INA that were cleaved by each coustruct. All experiments are from 3 biological replicates. o =
3, error indicates S.EM.

18094} Figure 6%A shows a design of the CRISPR-TF (Transcription Factor} with
transcriptional activation activity. The chimeric RNA is expressed by U6 promoter, while a
human-codov-optimized, double-mutant version of the Cas9 protein (hSpCasOmy, operably
{inked to triple NLS and a VP64 functional domain is expressed by a EFla promoter. The double
routations, D10A and HB40A, renders the cas9 protein unable to introduce any cleavage but
maintained its capacity to bind to target DNA when gutded by the chimeric RNA.

{B095] Figure 69B shows transcriptional activation of the human SOX2 gene with CRISPR-
TF system (Chimeric RNA and the (as9-NLS-VP64 fusion protein). 293FT cells were
transfected with plasmids bearing two components: (1) Us-driven different churaeric RNAs
targeting 20-bp sequences within or around the human SOX2 genomic locus, and (2) EFla-
driven hSpCasOm {double nutant}-NLS-VP64 fusion protein. 96 hours post transfection, 293FT
cells were harvested and the level of activation 18 measured by the indoction of mRNA
expression using a gRT-PCR assay. All expression levels are normalized against the control
group {grey bar), which represents rosults frora cells transfected with the CRISPR-TF backbone

plasmid without chimeric RNA. The qRT-PCR probes used for detecting the SOX2 mRNA s
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Tagman Human Gene Expression Assay {Life Technologies). All experiments represents data
from 3 biological replicates, w=3, ¢rror bars show s.e.m,

{8096} ‘ieure 70 depicts NLS architecture optimization for Sp{las9.

{8097} Figure 71 shows a Q( plot for NGGNN seguoences.

{8098] Figure 72 shows a histogram of the data density with fitted normal distribution (black
iine} and .99 quantile {dotted hine).

{8099 Figure 73A-C shows RNA-guided vepression of hgaed expression by
dgRNAcas9* ¥, a. The Cas9 protein binds to the tractRNA, and to the precursor CRISPR RNA
which s processed by RNAsell] o form the orRNA. The orRNA direets binding of Cas9 o the
bgad promoter and represses transcription. B. The targets used to direct Cas9** to the bgaA
prometer are represented. Putative -35, -10 as well as the sgad start codon are in bold. ¢
Betagalactosidase activity as measure by Miller assay in the absence of targeting and for the four
different targets.

{(3108]  Figure 74A-E shows characterization of Cas9™* mediated repression. a. The gfpmua?
gene and s promoter, including the -35 and -10 signals are represented together with the
position of the different target sites used the study. b. Relative fluorescence upon targeting of the
coding strand. €. Relative fluorescence upon targeting of the non-coding strand. d. Northern blot
with probes B477 and B478 on RNA exiracted from T35, T10, B10 or a control strain without a
target. e. Effect of an increased number of mutations in the 537 end of the crRNA of B, TS and
B0

{86181] The figures herein are for tllustrative purposes only and are not necessarily drawn to

scale,

DETAILED DESCRIPTION OF THE INVENTION

ER

{86162] The terms “polynucieotide”, “nucleotide”, "nucleotide sequence”, “nucleic acid” and
“oligonucicotide” are used interchangeably. They refer to a polymeric form of nucleotides of
any length, cither deoxyribonucicotides or ribonucleotides, or analogs thercof, Polyonucleotides
may have any three dimensional structure, and may perform any function, known or unknown.
The following arc non-hiniting cxamples of polynucleotides: coding or non-coding regions of a
gene or gene fragment, loci {locus) defined from linkage analysis, exons, infrons, messenger
RNA (mRNA}Y, transtor RNA, ribosomal RNA, short interfering RNA {(siRNA), short-hairpin
RNA {shRNA}, micro-RNA (miRNA}Y, ribozymes, c¢DNA, recombinant polynucleotides,
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branched polynucleotides, plasmids, vectors, isolated DNA of any sequence, isolated RNA of
any sequence, nucleic acid probes, and primers. A polynucleotide way comprise one or more
modified nucleotides, such as methylated nucleotides and nucleotide analogs.  If present,
maodifications to the nucleotide structure may be imparted before or after assembly of the
polymer. The sequence of nucleotides may be interrapted by non-mucleotide components. A
polymucleotide may be further modified after polymerization, such as by conjugation with a
labeling compounent.

{B0183] In aspects of the invention the terms “chimertie RNA”, “chirneric guide RNA”, “guide
RNA”, “single guide RNA” and “syuthetic 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 to the about 20bp sequence within the guide RNA
that specifies the target site and may be used interchangeably with the terms “guide” or “spacer”.
The term “fracr mate sequence” may also be used interchangeably with the term “direct
repeat{s)”.

{30184]  As used herein the term “wild type” 15 a 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 forms.

{BO105]  As used herein the term “variant” should be taken to rocan the exiibition of gualities
that have a pattern that deviates from what occurs in nature.

{36186] The terros “nowu-naturally occurring” or “engineered” are used interchangeably and
indicate the involvement of the hand of man. The terms, when referring to nucleic acid
molecules or polypeptides mean that the nucleic acid molecule or the polypeptide is at least
substantially free from at least one other component with which they are vatarally associated in
nature and as found in nature,

01471 “Complementarity” refers to the ability of a nucleic acid to form hydrogen bond(s)
with another nucleic acid sequence by either traditional Watson-Crick base pairing or other non-
traditional types. A percent complementarity wdicates the percentage of residues 1 a nucleic
acid molecule which can form hydrogen bonds {e.g., Watson-Crick base pairing} with a second
nucleie acid sequence {e.g., 5, 6, 7, &, 9, 10 out of 10 being 50%., 60%, 70%, 80%, 90%, and
100% complementary). “Perfectly coraplementary” weans that all the contiguous residues of a

nucleic acid sequence will hydrogen bond with the same number of contiguous residues in g
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second mucleic acid sequence. “Substantially complementary” as used herein refers to a degree
of complementarity that is at least 60%, 65%, 70%, 75%, R0%, 85%, 90%., 95%, 97%, 98%,
99%, or 100% over aregion of 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, I8, 19, 20, 21, 22, 23, 24, 25,
30, 35, 40, 43, 50, or more nucleotides, or refers to two nucleic acids that hybridize under
stringent counditions.

{B0108]  As used herein, “stringent conditions” for hybridization refer to conditions under
which a nucletc acid having complementarity to a target sequence predominantly hybridizes with
the target sequence, and substantially does not hybridize to non-target sequences.  Stringent
conditions are generally sequence~dependent, and vary depending ou 4 number of factors. In
general, the longer the sequence, the higher the terperature at which the sequence specifically
hybridizes to its target sequence. Non-limiting exaroples of stringent conditions are described
detail in Tyssen (1993}, Laboratory Techniques In Biochemistry And Molecular Biology-
Hybridization With Nucleic Acid Probes Part 1, Sceond Chapter “Overview of principles of
hybridization and the strategy of nucleic acid probe assay”, Elsevier, NY.

{B610%]  “Hybridization” refers to a reaction in which one or more polynucleotides react to
form a complex that is stabilized via hydrogen bonding between the bases of the nucleotide
residucs. The hydrogen bonding may occur by Watson Crick base pairing, Hoogstein binding, or
in any other sequence specific manner. The complex may cowprise two strands forming a
duplex structure, three or more strands forming a multi stranded complex, a single self
hybridizang strand, or any combination of these. A hybridization reaction roay conshiute a step
in a more extensive process, such as the initiation of PCR, or the cleavage of a polynucleotide by
an enzyme. A sequence capable of hybridizing with a given sequence s reforred to as the
“complement” of the given sequence.

{B0118]  As used herein, “cxpression” refers to the process by which a polynucleotide is
transcribed frovo a DNA template (such as into and maRNA or other RNA transcript) and/or the
process by which a transcribed mRNA 13 subsequently translated into peptides, polypeptides, or
proteins.  Transcripts and encoded polypeptides mway be collectively referred to as “gene
product.” If the polynuclestide is derived from genomic DNA, expression may inchlude splicing
of the oRNA in a eukaryotic cell.

{86111] The terms “polypeptide”, “peptide” and “protein” are used interchangeably herein to

refer to polyrmers of amino acids of any length. The polymer may be linear or branched, it may
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comprise modified amino acids, and it may be interrupted by non amino acids. The terms also
cacompass an amino acid polymer that has been woditied; for example, disuifide bond
formation, glycosylation, lipidation, acetylation, phosphorylation, or any other manipulation,
such as conjugation with a labeling coroponent. As used herefn the term “aminoe acd” includes
natural and/or unnatural or synthetic amino acids, including glycine and both the D or L optical
isomers, and araino acid analogs and peptidomiractics.

{86112] The terms “subject,” “individual,” and “paticnt” are used interchangeably herein to
refer to a vertchbrate, preferably a roammal, more preferably a human., Maramals include, but are
not limited fo, rourines, simmans, humans, farm animals, sport antmals, and pets. Tissues, cells
and their progeny of a biclogical entity obtained in vive or cultured in vitro arc also
encompassed.

{80113] The terms “therapeutic agent”, “therapeutic capable agent” or “treatment agent” are
used interchangeably and refer to a molecule or compound that confers some bencficial effect
upon admimstration to a subject.  The beneficial effect includes enablement of diagnostic
determinations; amcloration of a discase, symptom, disorder, or pathological condition;
reducing or preventing the ouset of a disease, symptom, disorder or condition; and generally
counteracting a discase, symptom, disorder or pathological condition.

[B0114]  As used herein, “treatment” or “treating,” or “palliating” or “amcliorating” arc used
interchangeably. These terms refer to an approach for obtaining beneficial or desired results
including but vot lunuted to a therapeutic benefit and/or a prophylactic benefit. By therapeutic
benefit is meant any therapentically relevant improvement in or effect on one or more diseases,
conditions, or symptoms under treatment.  For prophylactic benefit, the compositions raay be
administered to a subject at risk of developing a particular disease, condition, or symptor, or to
a subject reporting one or more of the physiological symptoms of a disease, even though the
disease, condition, or symptom may vot have yet been mawmifested.

{80118} The term “effective amount” or “therapeutically effective amount” refers to the
amount of an agent that 1s sufficicut to cffect benehicial or desived results. The therapeutically
effective amount may vary depending upon one or more of! the subject and discase condition
being treated, the weight and age of the subject, the severity of the disease condition, the manner
of administration and the like, which can readily be determined by one of ordinary skill in the

art. The term also applics to a dose that will provide an froage for detection by any one of the
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imaging methods deseribed herein. The specific dose may vary depending on one or more of!
the particular agent chosen, the dosiug regimen to be followed, whether it 18 advoimstered 1
combination with other compounds, timing of adnunistration, the tissue to be imaged, and the
physical delivery system o which it is carried.

{#3116] The practice of the present mvention omploys, unless otherwise indicated,
conventional  tochnigues of fromunology, biochemistry, chemustry, molecular  biology,
microbiology, cell biology, genomics and recombinant BNA, which are within the skill of the
art.  Scc Sambrook, Fritsch and Mamatis, MOLECULAR CLONING: A LABORATORY
MANUAL, 2nd edition (1989); CURRENT PROTOCOLS IN MOLECULAR BIOLOGY (F. M.
Ansubel, et al. eds,, (1987)); the series METHODS IN ENZYMOLOQGY (Academic Press, Inc.):
PCR 2 A PRACTICAL APPROACH (M.J. MacPherson, B.D. Hames and G.R. Taylor eds.
(1995, Harlow and Lane, ods. {1988} ANTIBODIES, A LABORATORY MANUAL, and
ANIMAL CELL CULTURE (R.1L Freshney, ed. (1987},

{B8117]  Several aspects of the invention relate to vector systems comprising one of more
vectors, or vectors as such. Vectors can be designed for expression of CRISPR transcripts (¢.¢.
nucleic acid transcripts, proteins, or enzymes) in prokaryotic or eukaryotic cells. For example,
CRISPR transcripts can be expressed in bactenial cells such as Escherichia coli, insect cells
{using baculovirus expression vectors), yeast cells, or muawmalian cells. Suttable host cells are
discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN
ENZYMOLOGY 18S, Academic Press, San Diego, Calif. (1990).  Altematively, the
recombinant expression vector can be transcribed and translated 1o vitro, for example using T7
promoter regulatory sequences and T7 polymerase.

{BGIIR]  Vectors may be introduced and propagated in a prokaryote. In some embodiments, a
prokaryote is used to amphty copies of a vector to be introduced inte a cukaryotic cell or as an
intermediate vector w the production of a vecior to be infroduced into a cukaryotic cell {e.g.
amplifying a plasmid as part of a viral vector packaging system}. In some embodiments, a
prokaryote is used to amphty copies of a vector and express one or more nucleic acids, such as to
provide a source of one or more proteins for delivery to a host cell or host organism. Expression
of proteins in prokaryotes is most often carried out in Escherichia cofi with vectors containing
constitutive or inducible promoters directing the expression of either fusion or noun-fusion

proteins. Fusion vectors add a number of amino acids o a protein encoded therein, such as to the
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amino terminus of the recombinant protein.  Such fusion vectors may serve ong or more
purposes, such as: {1} to merease expression of recombinant protein; (1) to increase the solubility
of the recombinant protein; and (iii} to aid in the purification of the recombinant protein by
acting as a hgand in affiniy purification.  Often, n fusion expression vectors, a proteolytic
cleavage site is introduced at the junction of the fusion moiety and the recombinant protein o
cunable scparation of the recornbinant protein from the fusion moicty subsequent to purification
of the fusion protein. Such enzymes, and their cognate recognition sequences, include Factor
Xa, thrombin and caterokinase. Example fusion cxpression vectors include pGEX (Pharmacia
Biotech Inc; Sruth and Johunson, 1988, Gene 67: 31-40), pMAL (New England Biolabs, Beverly,
Mass.} and pRITS (Pharmacia, Piscataway, N1} that fuse glutathione S-transferase (GST),
rnaltose E binding protein, or protein A, respectively, to the target recorabinant protein.

{80119} Examples of suitable inducible non-fusion £, cofi expression vectors include plre
{Amrann of al.,, (1988} Gene 69:301-315) and pET 11d (Studicr ¢t al, GENE EXPRESSION
TECHNOLOGY: METHODS IN ENZYMOLOGY 18S, Academic Press, San Diego, Cahfl
{1990} 60-89).

{B0128]  In some embodiments, a vector is a yeast expression vector. Examples of vectors for
expression in yeast Saccharomyces cerivisae include pYepSecl (Baldari, et al,, 1987, EMBO J.
6: 2209-234), pMFa (Kuiyjan and Herskowitz, 1982, Cefl 30: 933-943), pIRYBR (Schultz ot al,
1987, Gene 34: 113-123}, pYES2 (Invitrogen Corporation, San Diego, (Califl), and picZ
{InVitrogen Corp, San Dicgo, Calill).

{80121}  In some embodiments, a vector drives protein expression in insect cells using
baculovirus expression vectors,  Baculovirus vectors available for expression of proteins in
cultured msect cells {e.g., SFO cells) include the pAc series {Smith, et al,, 1983, Mol Cell. Riol.
3:2156-2165) and the pVL series {Lucklow and Summers, 1989, Virelogy 170: 31-39)

{#6122]  In some combodiments, a vector s capable of driving expression of one or wore
sequences in mammalian cells using a mammalian expression vector. Examples of mammalian
expression vectors inchude pCDMSE (Seed, 1987, Nature 329: B40) and pMT2ZPC (Kaufman, ot
al., 1987, EMBO J. 6. 187-195). When used in manmalian cells, the expression vector’s control
functions are typically provided by one or more regulatory clements. For example, commonly
used promoters are derived from polyoma, adenovirus 2, cytomegalovirus, simatan virus 44, and

others disclosed herein and known in the art. For other suitable cxpression systems for both



WO 2014/093694 PCT/US2013/074790

prokaryotic and cukaryotic cells see, ¢.g., Chapters 16 and 17 of Sambrook, et al,
MOLECULAR CLONING: A LABORATORY MANUAL. 2nd eod, Cold Spring Harbor
Laboratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY ., 1989,

{B0123]  In some embodiments, the recombinant mammalian expression vector 1s capable of
directing expression of the nucleic acid preferentially in a particular cell type (e.g., tissue-
specific regulatory elernents are used to cxpress the nucleic acid). Tissue-specific regulatory
clements are known in the art. Non-hmiting examples of suitable tissue-specific promoters
include the albumin promoter (liver-specific; Pinkert, ot al, 1987, Gemes Dev. 10 2068-277),
tymphoid-specific promoters {Calamoe and Eaton, 1988, Adv. fmmunol 43: 235-275), in
particular promoters of T cell receptors (Winoto and Baltimore, 1989, EMBQ J. §8: 729-733) and
immunoglobulins (Baneyji, et al., 1983, Cefi 33: 729-740; Queen and Baltimore, 1983, Cell 33:
741-748), neuron-spectfic promoters {2.g., the neurofilament promoter; Byrne and Ruddle, 1989
Proc. Natl. Acad. Sci. USA 86 5473-5477), pancreas-specific promoters {Edlund, et al, 1983,
Science 230: 912-916}, and mammary gland-specific promoters {e.g., milk whey promoter; U.S.
Pat. No. 4,873,316 and European Application Publication No. 264,166). Developmentally-
regulated promoters are also encompassed, e.g., the murine hox promoters (Kessel and Gruss,
1990, Science 249 374-379) and the o-fotoprotein promoter {(Campes and Tilghman, 1989
Genes Dov. 3: 537-546).

{#6124] In some embodiments, a regulatory clement is operably linked to one or more
clements of a CRISPR system s0 as to duve expression of the one or wore elements of the
CRISPR system.  In general, CRISPRs (Clustered Regularly luterspaced 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 species. The CRISPR locus comprises
a distinet class of mnterspersed short sequence repeats (SSRs) that were recognized in F. cofi
{Ishino et al., J. Bacteriol,, 169:5420-5433 {1987}, and Nakata ¢t al, J. Bacteniol,, 171:3553-
3556 [1989]), and associated genes. Similar interspersed SSRs have been identified in Haloferax
mediterranei, Streptococcus pyogenes, Anabaena, and Myveohacterium  tuberculosis {See,
Groenen ¢t al., Mol Microbiol,, 10:1057-1065 [1993]; Hoc et al,, Emerpg. Infect. Dis., 5:254-263
[19991; Mascpohl et al., Biochim. Biophys. Acta 1307:26-30 [1996]; and Maojica ot 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,
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OMICS 1 Integ. Biol, 6:23-33 [2002]; and Muajica ot al., Mol. Microbiol,, 36:244-246 {20007}
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 Aeropvrum, Pyrobaculum, Suifolobus, Archaeogilobus,
Halocarcula, Methanobacterium, Methanococcus, Methanosarcing, Methanopyrus, Pyrococous,
Picrophilus, Thermoplasma, Corynebacterium, Mvcobacterium, Streptomyces, Aguifex,
Porphyromonas, Chlorabivum, Thermus, Bacillus, Listeria, Staphviococcus, Clostridium,
Thermoanaerobacter, Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria,
Nitrosomonas,  Desulfovibrio,  Geobacter,  Myxococcus,  Campylobacter,  Wolinella,
Acinetobacter, Erwinia, Escherichia, Legionella, Methviococcus, Pasieurella, Photobacterium,
Salmonella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

{86125] In general, “CRISPR system” refers collectively to trauscripts and other clements
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 tracrRNA-processed partial direct repeat in the context of an endogenous CRISPR system),
a wide sequence {also referred o as a “spacer” in the context of an endogenous CRISPR
systern), or other sequences and franscripts from a CRISPR locus. In some ernbodiments, one or
more elements of a CRISPR systen is derived from a type §, type 1L, or type I CRISPR system.
I sorae embodiments, one or more elements of a CRISPR system 1s derived from a particular
organism comprising an cndogeuous CRISPR system, such as Strepfococcus pyogenes. I
general, a CRISPR system 18 characterized by clements 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 fo have complementarity,
where hybridization between a target sequence and a guide sequence promotes the formation of a

CRISPR complex. Full complementarity is not necessarily required, provided there s sufficient
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complementarity to cause hybridization and promote formation of a CRISPR complex. A target
sequence may comprise any polynucleotide, such as DNA or RNA polynucieotides.  In sorue
embodiments, a target sequence is located in the nucleus or cytoplasm of a celll  In some
embaodiments, the farget sequence may be within an organclie of a eukaryotic cell, for example,
mitochondrion or chloroplast. A sequence or template that may be used for recombination into
the targeted locus comprising the target sequences 1s referred to as an “editing ternplate” or
“editing polynucleotide” or “editing sequence”. In aspects of the invention, an exogenous
teraplate polynucleootide may be referred to as an editing teraplate. In an aspect of the invention
the recombination is homologous recombination.

{#3126] Typically, in the context of an endogenous CRISPR system, formation of a CRISPR
complexr {comprising a guide sequence hybridized to a target sequence and complexed with oue
or more Cas proteins) results in cleavage of one or both strands in or near {e.g. within 1, 2, 3, 4,
5, 6,7, 8,9, 10, 20, 50, or more basc pairs from} the target sequence. Without wishing to be
bound by theory, the tracy sequence, which may comprise or consist of all or a portion of a wild-
type tracr sequence {c.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67, 85, or more
nucleotides of a wild-type tracr sequence}, may also form part of a CRISPR complex, such as by

hybridization along at least a portion of the tracr sequence to all or a portion of a iracr mate

[92]

equence that is operably hinked to the guide sequence.  In some embodiments, the tracr
sequence has sufficient complementarity to a tracr mate sequence to hybridize and participate in
formation of a CRISPR complex. As with the farget sequence, it is belicved that complete
complementarity 18 not needed, provided there s sufficient to be functional. In some
embodiments, the fracr sequence has at lcast 50%, 60%, 70%, 80%, 90%, 95% or 99% of
sequence complementarity along the length of the tracr mate sequence when optimally aligned.
In some ernbodiments, one or more vectors driving expression of one or more clements of a
CRISPR system are iotroduced into a host cell such that expression of the clemcuts of the
CRISPR system direct formation of a CRISPR complex at one or more target sites. For example,
a Cas enzyme, a guide sequence hinked to a tracr-mate sequence, and a tracr sequence could cach
be operably linked to separate regulatory clements on sceparate vectors.  Alternatively, two or
more of the cloments expressed from the same or different regulatory clements, may be
combined in a single vector, with one or more additional vectors providing any corponents of

the CRISPR system not included 1o the first vector. CRISPR system cloments that are combined
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in a single vector may be arranged in any suitable orientation, such as one clement located §7
with respect to (“upstream’” of} or 37 with vespect to (Mdowustream” of) a second ¢lernent. The
coding sequence of one clement may be located on the same or opposite strand of the coding
sequence of a second element, and oriented in the same or opposite divection.  In some
embaodiments, a single promoter drives expression of a transcript encoding a CRISPR enzyme
and one or more of the guide sequence, tracr mate sequence (optionally operably linked to the
guide sequence), and a tracr sequence embedded within one or more intron sequences {e.g. cach
in a different intron, two or more in at lcast one mtron, or all in & single ntron). In some
embaodiments, the CRISPR cozyme, guide sequence, tracy mate sequence, and racy sequence are
operably Hinked to and expressed from the same prometer.

301271 In some erbodiments, a vector comprises one or more inseriion sites, such as a
restriction endonuclease recognition sequence {(also referred fo 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,
14, or more insertion sites) are located upstream and/or downstream of one or more sequence
clements of one or more vectors. In some cmbodiments, 8 vector comprises an inserfion site
upstrears of a tracr mate sequence, and optionally downstream of a regulatory element operably
linked to the tracr mate sequence, such that following insertion of a guide sequence into the
insertion site and upon expression the guide sequence divects sequence-specific binding of a
CRISPR complex to a target sequence in a cukaryotic cell.  In some cmbodiments, a vector
comprises two or more nserfiion sites, each nsertion site being located between two tracr mate
sequences so as o allow insertion of a guide sequence at each site. In such an arrangement, the
two or more guide sequences may comprise two or more copies of a single guide sequence, two
or more different guide sequences, or combinations of these. When multiple different guide
sequences are used, a single expression construct may be used to target CRISPR activity to
roultiple differcut, corresponding target sequences within a cell. For example, a single vector
may comprise about or more than about 1, 2, 3, 4, 5, 6, 7, & 9, 10, 15, 20, or more guide
sequences. In some embodirnents, about or roore 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.
{B0128] In some crabodiments, a vector comprises g regulatory element operably linked to an
enzyme-~coding sequence encoding a CRISPR enzyme, such as a Cas protein.  Noun-limiting

examples of Cas proteins include Casl, CasiB, Cas2, Cas3, Casd, CasS, Cas6, Cas7, CasB, Cash
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{also known as Csnl and Csx12), Casi, Csyl, Csy2, Csy3, Csel, Cse2, Csel, Usc2, Csas,
Csn2, Cam2, Cam3, Csmd, CsmS, Csmé, Cowrl, Cmr3, Crd, Cones, Cord, Csbl, Csb2, Csb3,
Csx17, Csx14, Csxl0, Csxi6, CsaX, Csx3, Csxl, Csx15, Csfl, Csf2, Csf3, Csf4, homologs
thereof, or modified versions thereof, These enzymes are known; for example, the amino acid
sequence of S pyogenes Cas® protein may be found in the SwissProt database under accession
number Q99ZW2, In some embodiments, the unimodificd CRISPR enzyrue has DNA cleavage
activity, such as Cas®. In some embodiments the CRISPR enzyme is Cas9, and may be Cas9
from 8. pyogenes or S preumonige. In some cmbodiments, the CRISPR enzyme directs
cleavage of one or both strands at the location of a target sequence, such as within the target
sequence and/or within the complement of the target sequence. In some cmbodiments, the
CRISPR enzyme directs cleavage of one or both strands within about 1, 2, 3,4, 5, 6, 7, 8, 9, 14,
15, 20, 25, 50, 160, 200, 500, or more base pairs from the first or last nuclectide of a target
sequence.  In some embodiments, a vector encodes a CRISPR cnzyme that is mutated to with
respect to a corresponding wild-type enzyme such that the mutated CRISPR enzyme lacks the
ability to cicave one or both strands of a target polynucleotide containing a target sequence. For
example, an aspartate-to-alanine substitution (DI10A)Y in the Ruv( 1 catalytic domain of Cas9
from S. pvogenes converts Cas? from a nuclease that cleaves both strands to a nickase {cleaves a
single strand).  Other examples of mutations that render Cas® a wmickase iwnclude, without
fimitation, H840A, N854A, and NEO3A. In some embodiments, a Cas9 nickase may be used in
combination with guide sequenc{es), ¢.g., two gude sequences, which target respectively sense
and antisense strands of the DNA target. This combination allows both strands to be nicked and
used to induce NHEJ  Applicants have demonstrated {data not shown) the cfficacy of two
nickase targets (i.e., sgRNAGs targeted at the same location but to different strands of DNA} in
inducing mutagenic NHEJ A single nickase {(Cas9-DI0A with a single sgRNA) 18 unable to
induce NHEJ and create indels but Applicants have shown that double nickase (Cas9-DI0A and
two sgRNAs targeted to different strands at the same location) can do so in human embryonic
stem cells (hESCs). The efficiency s about $S0% of nuclease (ie, regular Cas9 without D10
mutation} in hESCs.

{B012%9]  As a further example, two or more catalytic domains of Cas® {(RavC §, RuvC H, and
Ruv(C i} may be mutated to produce a mutated Cas9 substantially lacking all DNA cleavage

activity. In sore crobodiraents, a DA mutation is combined with one or more of H840A,
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N854A, or NB63A mutations to produce a Cas9 enzyme substantially lacking all DNA cleavage
activity, In some embodiments, a CRISPR enzyme s considered to substantially lack all DNA
cleavage activity when the DNA cleavage activity of the mutated enzyme is less than about 25%,
10%, 5%, 1%, 0.1%, 0.01%, or lower with respect to its non~-mutated form. Other mutations may
be uscful; where the Cas9 or other CRISPR enzyme 18 from a species other than 5. pyogenes,
routations in corresponding aming acids may be made to achieve similar effects.

{8613¢] In some embodiments, an enzyme coding sequence encoding a CRISPR enzyme is
codon optumized for expression n particular cells, such as cukaryotic cells. The cukaryotic celis
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 general, codon optimization
refers to a process of modifying a nucleic acid sequence for enbanced 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, 10, 13, 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 in 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 being translated and the avaidability of particolar
transfer RNA (tRNA} molecules. The predominance of sclected tRNAs in a cell is generally a
reflection of the codons used wost frequently 1o 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 exaraple, at the “Codon Usage Database”, and these tables
can be adapted in a number of ways. See Nakamura, Y, et al. “Codon usage tabulated from the
international DNA sequence databases: status for the year 20007 Nucl Acids Res. 28:292
(2000). Computer algorithms for codon optinuzing a particular sequence for expression in a
particular host cell are also available, such as Gene Forge {Aptagen; Jacobus, PA), are also
available. In some embodiments, one or more codons {e.g. 1, 2, 3, 4, 5, 10, 15, 20, 25, 5O, or
more, or all codons) in a sequence encoding a CRISPR enzyme correspond to the most
frequently used codon for a particular amino acid.

{86131] In somwe embodiments, a vector encodes a CRISPR enzyme comprising oue or more

nuclear localization sequences (NLSs), such as about or more than about 1, 2, 3,4, 5, 6,7, 8,9,
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10, or more NLSs. In some embodiments, the CRISPR enzyme comprises about or more than
about 1,2, 3,4,5,6,7,8,9, 10, or more NLSs at or ncar the amino-terminus, about or more than
about 1,2,3, 4,5, 6,7, 8,9, 10, or more NLSs at or near the carboxy-terminus, or a combination
of these {c.g. one or more NLS at the amino-terminus and one or yore NLS at the carboxy
terminus). When more than one NLS i3 present, cach may be selected independently of the
others, such that a single NLS may be present in more than one copy and/or in combination with
one or more other NLSs present tn one or more copies. ln a preferred embodiment of the
invention, the CRISPR cnzyme comprises at most 6 NLSs. In some cmbodiments, an NLS 18
considered near the N- or C-terminus when the nearcst amine acid of the NLS 1s 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. Typically, an NLS consists of one or more short sequences of positively charged
lysines or arginines cxposed on the protein surface, but other types of NLS are known. Non-
ifrotting exarnples of NLSs include an NLS sequence derived from: the NLS of the SV40 viras
large T-antigen, having the amino acid sequence PKKKREV the NLS from nucleoplasmin (e.g.
the nuclcopiasmin bipartite NLS with the sequence KRPAATKKAGQAKKKK); the c-miye NLS
having the amine acid sequence PAAKRVKLD or ROQRRNELKRSP; the hRNPAT M9 NLS
having the sequence NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY: the
sequence RMRIZPEKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNY  of the 1BB
domain from importin-aipha; the scquences VSRKRPRP and PPKKARED of the myoma T
protetn; the sequence POPKKEKPL of human pS3; the sequence SALIKKKKEKMAP of mouse ¢~
abl 1V; the sequences DRLRR and PKOKKRK of the mfluenza virus NS, the sequence
REKLKKKIKKL of the Hepatitis virus delta antigen; the sequence REKKKFLEKRR of the mouse
Mx1 protein; the sequence KRKGBEVDGVDEVAKKKSKK of the human poly{ADP-ribose}
polymerase; and the scquence RKCLOAGMNLEARKTKK of the steroid hormone receptors
{human) glucocorticoid.

{80132} In general, the one or more NLSs are of sufficient strength to drive accumulation of
the CRISPR enzyme wn a detectable amount 1o the nucleus of a cokaryotic cell.  In general,
strength of nuclear localization activity may derive from the mumber of NLSs in the CRISPR
cuzyme, the particular NLS(s} used, or & combination of these factors.  Detection of
accumulation in the mucleus may be performed by any suitable technique. For example, a

detectable marker may be fused to the CRISPR cnzyme, such that location within a cell may be
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visualized, such as in combination with a means for detecting the location of the muclens {e.p. a
stain specific for the nucleus such as DAPI). Examples of detectable markers toclude fluorescent
proteins {such as Green fluorescent proteins, or GFP; RFP; CFP), and epitope tags (HA tag, flag
tag, SNAP tag). Cell nucler may also be 1solated from cells, the contents of which roay then be
analyzed by any suitable process for detecting protein, such as immunochistochemistry, Western
blot, or enzvime activity assay. Accumulation in the nucleus may also be determined indivectly,
such as by an assay for the effect of CRISPR complex formation {¢.g. assay for DNA cleavage or
ntutation at the target sequence, or assay for altered genc expression activity affected by CRISPR.
complex formation and/or CRISPR enzyme activity), as corapared to a control no exposed to the
CRISPR enzyme or complex, or exposed to a2 CRISPR enzyme lacking the one or more NLSs.
{B6133]  In general, a guide sequence is any polynuciecotide sequence having sufficient
complementarity with a target polynucleotide sequence to hybridize with the target sequence and
direct scguence-specific bindimg of a CRISPR complex to the target scquence. In some
embodiments, the degree of complementarity between a guide sequence and its corresponding
target sequence, when optirnally aligned using a suttable aligniment algorithim, 15 about or more
than about 50%, 60%, 75%, &0%, 85%, 90%, 95%, 97.5%, 99%, or more. Optimal alignment
may be determined with the use of any suitable algorithm for aligning sequences, non-limiting
example of which inchude the Smith-Waterman algorithm, the Needleman-Wunsch algorithm,
algorithms based on the Burrows-Wheeler Transform {e.g. the Burrows Wheeler Aligner),
ClustalW, Clustal X, BLAT, Novoalign (Novocraft Technologies, ELAND (Hlumiva, San Diego,
CA), SOAP {available at soap.genomics.org.en), and Mag {available at maqg.sourceforgenet). In
sorme embodiments, a guide sequence 1s about or more than about S, 10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24, 28, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or vaore nucleotides in
icngth. In some embodiments, a guide sequence is loss than about 75, 50, 45, 40, 33, 30, 25, 20,
15, 12, or fewer nucicotides in fength. The ability of a guide sequence to direct sequence-
specific binding of a CRISPR complex to a target sequence may be assessed by any suitable
assay. For example, the components of a CRISPR system sufficient to form a CRISPR complex,
including the guide sequence to be tested, may be provided to a host cell having the
corresponding target sequence, such as by transfection with vectors encoding the components of
the CRISPR sequence, followed by an assessment of preferential cleavage within the target

sequence, such as by Surveyor assay as described herein.  Simiarly, cleavage of a target
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polymucleotide sequence may be covaluated in a test tube by providing the target sequence,
components of a CRISPR complex, including the guide sequence to be tested and a condrol guide
sequence different from the test guide sequence, and comparing binding or rate of cleavage at the
target sequence between the test and control gnde sequence reactions. Other assays are possible,
and will occur to those skilled in the art.

{30134] A gude sequence may be sclected to target any target sequence.  In some
embodiments, the target sequence is a sequence within a genome of a cell. Exemplary target
sequences inchude those that are unique 1n the target genome. For example, for the S, pyogenes
Cas9®, a unigue target sequence in a genome may include a Cas9 target site of the form
MMMMMMMMNNNNNNNNNNNNXGG where NNNNNNKNNNNNNXGG (Nis A, G, T, or
C; and X can be anything) has a single occurrence in the genome. A unigue target seguence in a
genome  may  include  an 5 pyogemes  Cas®  target  site of  the  form
MMMMMMMMMNNNNNNNNNNNXGG where NNNNNNNNNNNXGG (Nis A, G, T, or
; and X can be anything) has a single occurrence in the genome. For the S, thermophiius
CRISPRI Cas9, a unigue target sequence in a genome ruay include a Cas9 target site of the form
MMMMMMMMNNNNNNNNNNNNXXAGAAW  where  NNNNNNNNNNNNXXAGAAW
(N8 A, G, T, or C; X can be anything; and W is A or T) has a single occurrence in the genome.
A unique target sequence w a genoroe maay include an 8 thermophiius CRISPRI Cas9 target site
of the form MMMMMMMMMENNENNNNNNNNEXXAGAAW where
NNNNNNNNNNNXXAGAAW (Nis A, G, T, or C; X can be anything; and Wis Aor Ty has a
single occurrence in the genome. For the S pyogenes (as9, a unique target sequence in a
Zenome may include ) Cas9 target site of the form
MMMMMMMMNNNNNNNNNNNNXGGXG where NNNNNNNNNNNNXGOXG (N is A,
G, T, or ; and X can be anything) has a single occurrence in the genorne. A unique target
sequence 1 a genome may foclude an S0 pyogenes Cas9 target site of the form
MMMMMMMMMNNNNNNNNNNNXGGXG where NNNNNNNNNNNXGGXG (N is A, G,
T, or C; and X can be anything) has a single occurrence 1n the genome.  In cach of these
sequences "M may be A, G, T, or C, and need not be considered in identifying a sequence as
unigue.

{B0135] In some embodiments, a guide sequence is selected to reduce the degree of secondary

structure within the guide sequence. Sccondary structure may be determined by any suitable
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polymucleotide folding algorithm. Some programs arc based on calculating the minimal Gibbs
free energy.  An exampie of one such algorithm 1s mFold, as described by Zuker and Stiegler
(Nucleic Acids Res. 9 (19813, 133-148).  Another example folding algorithm is the online
webserver RNAfold, developed at lostitute for Theoretical Chermstry at the Uwmiversity of
Vienna, using the centroid structure prediction algorithm (see e.g. AR, Gruber ef of., 2008, Cell
106(1), 23-24; and PA Carr and GM Church, 2009, Nature Biotechnology 27(12): 1151-62).
Further algorithms may be found in US. application Serial No. TBA ({attorney docket
44790.11.2022; Broad Reference BI-2013/004A); meorporated herein by reference.

[60136] o general, a iracr mate sequence wcludes apny sequence that has sufficient
complementarity with a tracr sequence fo promote one or more of: {1} excision of a guide
sequence flanked by tracr maie sequences 1o a cell containing the corresponding tracr sequence;
and {2} formation of a CRISPR complex at a target sequence, wherein the CRISPR complex
comprises the tracr mate sequence hybridized to the tracr sequence.  In general, degree of
complementarity is with reference to the optimal alignment of the tracr mate sequence and tracr
sequence, along the length of the shorter of the two sequences. Optimal alignmoent may be
determined by any suitable alignment algorithm, and way further account for secondary
structures, such as self-complementarity within cither the tracy sequence or tracr mate sequence.
In some embodiments, the degree of coroplementarity between the tracr sequence and tracr maile
sequence along the length of the shorter of the two when optimally aligned is about or more than
about 25%, 30%, 40%, 50%, 60%, 70%, B0%, 90%, 95%, 97.5%, 99%, or higher. Example
itfustrations of optimal alignment between a tracr sequence and a tracr mate sequence are
provided in Figures 12B and 13B. In some embodiments, the tracr sequence is about or more
than about 5, 6, 7, ¥, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50, or more
nucicotides in length. In some embodiments, the tracr scquence and fracr mate sequence are
contained within a single iranscript, such that hybridization between the two produces a
transcript having a sccondary structure, such as a hairpin. Preferred loop forming sequences for
use 1o hatrpto 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 mcelude a nucleotide triplet (for exarapie, AAA), and an additional
nucleotide {(for example C or ). Examples of loop forming sequences inchide CAAA and

AAAG. In an ermbodiment of the fnvention, the transcript or transcribed polynucleotide sequence
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has at least two or more hairpins, In preferred embodiments, the transcript has two, three, four or
five hatrpins. In a further embodiment of the invention, the franscript has at most five haupios.
in some embediments, the single transcript further includes a transcription termination sequence;
preferably this is a polyT sequence, for example six T nucleotides.  An example llustration of
such a hairpin stracture s provided in the lower portion of Figure 13B, where the portion of the
sequence ST of the final "N and upstream of the loop corresponds to the tracr mate sequence,
and the portion of the sequence 37 of the loop corresponds to the tracr sequence. Further non-

irotting examples of single polynucicotides coraprising a guide sequence, a tract mate sequence,

Ind

and a fracr sequence are as follows {listed 57 to 37), where “N” represents a base of a goide
sequence, the first block of lower case letters represent the tracr mate sequence, and the second
block of lower case letiers represent the fracr sequence, and the final poly-T sequence represents
the transcription terminator {1}
NNNKNNNNNNNNNNNNNNNNNgtitttgtactetcaagatitaG A A Ataaatcttgeagaagctacaaagataaggcett

catgeogaaatcaacaccotgicatittatggeagggtgitticgttatttaaTTTTTT, {2}
NNNNNNNNNNNNNNNNNNNNgtttitgtactetcaG A A Atgeagaagetacasagataaggetteatgeogasates
acacccigicatittatggeaggetatiticgttatitaa T TTTT, {3)
NINNINNNNNNNNNNNNNNNNNgtitttgtactctcalGAA Atgeagaagetacaaagataagpcticatgocgaaatea
acaccotgteatitiatggcaguetgt UTTTTT, {4)
NNNNNNNNNNNNNNNNNNNNgttttagagetaGAA Atageaagtiaaaataaggcetagtcogtiatcaactigasaa

agtggeacegagteggtee TTTTTT, {5}
NNNNNNNNNNNNNNNNNNNNgttttagagetaGAAATAGeaagitaaaataaggetagicegitatcaactigaa

agagtegTTTTTTT; and {6}
NNNNNNNNNNNNNNNNNNNNgtittagagetag A AATAGeaagttaaaataaggctagicegtiateaTTTTT

TTT. In some embodiments, sequences (1) to (3} arc used in combination with Cas9 from §
thermophifus CRISPRL. In some embodiments, sequences (4} to {6) are used in combination
with Cas9 from §. pvogenes. In some embodiments, the tracr scquence 18 a separate transcript
from a transcript comprising the tracr mate sequence {such as tlustrated 1o the fop portion of
Figure 138).

{B6137]  In somc embodiments, a recombination template is also provided. A recombination
template may be a component of another vecior as described herein, contained in a separate

vector, or provided as a scparate polynucleotide. In some embodiments, a recorabination
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temiplate is designed to serve as a template in homologous recombination, such as within or near
a target sequence nicked or cleaved by a CRISPR enzyme as a part of a CRISPR complex. A
template polynucleotide may be of any suitable length, such as about or more than about 10, 15

24, 25, 58, 75, 100, 130, 200, 580, 1000, or mwore nucleotides m length, In some ernbodiments,
the teruplate polynucleotide is complementary to a portion of a polynucleotide coraprising the
target sequence. When optimally aligned, a teraplate polynucicotide might overlap with one or
more nucleotides of a target sequences {e.g. about or more than about 1, 5, 10, 15, 28, 235, 34, 35,

40, 45, 50, 60, 70, 80, 90, 100 or more nucicotides). In some embodiments, when a template
sequence and a polynucleotide comprising a target sequence are optivoally ahigned, the nearest
nucleotide of the template polynucleotide is within about 1, 5, 10, 15, 20, 25, 50, 75, 100, 200,
300, 404, SO0, 1000, S804, 10000, or more nucleotides from the target sequence.

{B0138] In some embodiments, the CRISPR enzyme is part of a fusion protein comprising one
or more heterologous protein domains {¢.g. about or more than about 1, 2, 3, 4, 5,6, 7, 8, 9, 10,
or more domains in addition to the CRISPR enzyme). A CRISPR eunzyme fusion protein may
comprise any additional protein sequence, and optionally a linker sequence between any two
domains. 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 activities: methylase activity, demethylase activity, franscription activation achivity,
transcription roprossion activity, transcription release factor activity, histone modification
activity, RNA cleavage activity and nucleic acid binding activity.  Non-limiting examples of
epttope tags inchude histidine (His) tags, V5 tags, FLAG tags, influenza hemagglutinin {(HA)
tags, Mye tags, VSV-G tags, and thioredoxin (Trx) tags. Examples of reporter genes include, but
are not lmoited to, ghitathione-S-transferase  {(G8T), horseradish  peroxidase (HRP),
chloramphenicol acctyltransferase (CAT) beta-galactosidase, beta-glucuronidase, luciferase,
grecu fluorescent protein (GFP), HeRed, DsRed, cyan fluorescent protein (CFP), yellow
fluorescent proten (YFP), and autoflnorescent proteins inchuding blue fluorescent protein (BFP).
A CRISPR enzyme may be fused fo a gene sequence encoding a protein or a fragment of a
protein that bind DNA molecunles or bind other celiular molecules, including but not limited to
raltose binding protein (MBP), S-tag, Lex A DNA binding domain (DBD) fusions, GAL4 DNA
binding domain fusions, and herpes simplex virus (HSV) BP16 protein fusions.  Additional

domains that may form part of a fusion protein comprising a CRISPR cnzyme are described in
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USZ201100593502, incorporated herein by reference.  In some embodiments, a tagged CRISPR
cuzyme 18 used to 1dentify the location of a target sequence.

{80139] In some aspects, the invention provides methods comprising delivering one or more
polyoucleotides, such a8 or one or more vectors as described hercin, one or wore frauscripts
thereof, and/or one or proicins transcribed therefrom, o a host celll  In some aspects, the
invention further provides cells produced by such methods, and organistas (such as animals,
plants, or fungiy comprising or produced from such cells.  In some embodiments, a CRISPR
enzyme tn combination with (and optionally complexed with) a guide sequence 1s delivered to a
cell. Conventional viral and von-viral based gene transfer wocthods can be used to introdace
nucleic acids in mammalian cells or target tissues. Such methods can be used to administer
nucleic acids encoding components of a CRISPR systern o cells 1o culture, or 1o a host
organism. Non-viral vector delivery systems include DNA plasmids, RNA {c.g. a transcript of a
veetor described herein), naked nucleic acid, and nucleic acid complexed with a delivery vehicle,
such as a liposome. Viral vector delivery systems include BNA and RNA viruses, which have
cither episomal or integrated genomes after delivery to the celll For a review of genc therapy
procedures, see Anderson, Science 256:R08-813 {1992); Nabel & Felgner, TIBTECH 11:211-
207 (1993y, Mitanmi & Caskey, TIBTECH 11:162-166 (1993);, Dillon, TIBTECH 11:167-175
{1993}, Miller, Nature 357:455-460 (1992);, Van Bront, Biotechnology 6{10):1149-1154 (198K},
Vigne, Restorative Neurology and Neuroscience 8:35-36 (19935); Kremer & Perricaudet, British
Medical Bulletin ST{1)31-44 (1993); Haddada et al., in Current Topics 1 Microbiology and
fmmunology, Doerfler and Béhm (eds) (1995); and Yu et al,, Gene Therapy 1:13-26 (1994},
{80148] Mcthods of non-viral delivery of nucicic acids include hipofoction, nucleofection,
microinjection, biolistics, virosomes, liposomes, immmoliposomes, polycation or lipidmucieic
acid corjugates, naked DNA, artificial virions, and agent-enhanced uptake of DNA. Lipofection
is described ine.g., U.S, Pat. Nos. 5,049,386, 4,946,787, and 4,897,355) and hipofection reagents
are sold commercially {e.g., Transfectam™ and Lipofectin™). Cationic and ncutral lipids that
are suitable for efficient receptor-recogmition hipofection of polynucleotides mclude those of
Felgner, WO 91/17424; WO 91/16024. Delivery can be to cells {e.g. in vitro or ¢x vivo
administration) or target tissucs {¢.g. in vivo administration ).

{86141] The preparation of lipidinucleic acid complexes, including targeted liposomes such as

immunohlipid complexes, 18 well known to one of skill in the art (see, e.g., Crystal, Science
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2700404410 (1995); Blaese et al, Cancer Gene Ther. 2:291.207 (1993);, Behr ot al,
Bioconjugate Chero. 5:382-389 (1994); Remy et al., Bioconjugate Chem. 5:647-654 (1994); Gao
et al., Gene Therapy 2:710-722 {1995}, Ahmad et al., Cancer Res. 52:4817-482¢ (1992 U8
Pat. Nos. 4,186,183, 4,217,344, 4,235,871, 4,261,975, 4,485,054, 4,501,728, 4,774,085,
4,837,028, and 4,946,787},

{30142] The use of RNA or DNA viral based systems for the delivery of nucleic acids takes
advantage of highly ovolved processes for targeting a virus to specific cells in the body and
trafficking the viral payload to the nucleus. Viral vectors can be administered directly to paticnts
{in vivo) or they can be used fo treat cells in vitro, and the modified cells may optionally be
administered to patients (ex vive). Conventional viral based systems could inchude retroviral,
lentivirus, adenoviral, adeno-associated and herpes simplex viras vectors for gene transfer.
Integration in the host genome is possible with the retrovirus, lentivirus, and adeno-associated
virus gene transfer methods, often resulting in long torm cxpression of the inserted transgene.
Additionally, high transduction efficiencies have been observed in many different cell types and
target tissues.

{86143] The tropism of a retrovirus can be altered by incorporating foreign envelope proteins,
expanding the potential target population of target cells. Lentiviral vectors are retroviral vectors
that are able to trausduce ov infect non-dividing cells and typically produce high viral fiters.
Selection of a retroviral gene transfer system would therefore depend on the target tissue.
Retroviral vectors are comprised of cis-acting loug terminal repeats with packaging capacity for
up to 6-10 kb of foreign sequence. The minimum cis-acting L'TRs are sufficient for replication
and packaging of the vectors, which are then used to mtegrate the therapeutic gene into the target
cell to provide permanent transgene expression. Widely used retroviral vectors include those
based upon rourine leukernia virus (MuL V), gibbon ape leukermia virus (GalV), Sindan Immuno
deficiency virus {81V}, human iomuno deficiency viras (HIV), and combinations thereof (see,
e.g., Buchscher et al, J. Virol 66:2731-2739 (1992); Johann et al, J. Virol. 66:1635-1640
{1992}, Sommnerfelt et al, Vwol 176:58-39 (1990), Wilson ¢t al., J. Vwol. 63:2374-237K
{1989}, Miller et al, J. Virol 65:2220-2224 (1991} PCT/USS4/05700).In applications where
transicnt expression is preferred, adenoviral based systerms may be used.  Adenoviral based
vectors are capable of very high transduction efficiency i mauny cell types and do not require

cell division. With such vectors, high titer and levels of expression have been obtained. This
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vector can be produced in large quantities in a relatively simple system. Adeno-associated virus
{(“AAV”} vectors roay also be used to transduce cells with target nucleic acids, e.g., in the
vitrg production of nucleic acids and peptides, and for in vivo and ex vive gene therapy
procedures {see, e.g., West et al,, Virology 160:38-47 (1987, U.S. Pat. No. 4,797,368, WO
93/24641; Kotin, Human Gene Therapy 5:793-801 {1994); Muzyczka, J. Chin. Invest. 94:1351
{1994). Construction of recombinant AAV vectors are described n a number of publications,
including U.S. Pat. No. 5,173,414, Tratschin et al, Mol Cell. Biol. 5:3251-3260 (1985},
Tratschin, et al., Mol. Cell. Biol. 4:2072-2081 (1984}, Hermonat & Muzyczka, PNAS §1:6466-
6470 (1984); and Samulski et al., J. Virol, 63:03822-3828 (19K9).

{#3144] Packaging cells are typically used to form virus particles that are capable of infecting

~
I
i

a host cell. Such cells include 293 cells, which package adenovirus, and w2 cells or PA317 cells,
which package retrovirus. Viral vectors used in gene therapy are usually generated by producing
a cell line that packages a nucleic acid vector into a viral particle. The vectors typically contain
the mintmal viral sequences required for packaging and subsequent integration into a host, other
viral scquences being replaced by an cxpression cassette for the polynucieotide(s) to be

expressed. The missing 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 iotegration into the host genome., Vairal
DINA is packaged in a cell line, which contains a helper plasmid encoding the other AAV genes,
narocly rep and cap, but lacking ITR sequences. The ccll line may alse be infected with
adenovirus as a helper. The helper virus promotes replication of the AAV vector and expression
of AAV genes from the helper plasmid. The helper plasmid is not packaged in significant
amounts doe to a lack of ITR sequences. Contamination with adenovirus can be reduced by,
¢.g., heat treatment to which adenovirus 18 more sensitive than AAY. Additional methods for the
delivery of nucleic acids to cells are known to those skilled w the art. See, for oxample,
US20030087817, incorporated herein by reference.

{60145] 1o sowe cmbodiments, a host cell s transiently or non-trausiently transfected with
one or more vectors described herein. In some embodiments, a cell 18 transfected as it naturally
occurs i a subject. In some ermbodiments, g ccll that 1s transtected is taken from a subject. In
some embodiments, the cell 1s derived from cells taken from a subject, such as a cell line. A

wide variety of cell lines for tissuc culture are known in the art. Exaraples of cell lines melude,
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but are not limited to, C8161, CCRF-CEM, MOLT, miMCD-3, NHDF, HeLa-S3, Huhl, Huh4,
Huoh7, HUVEC, HASMC, HEKn, HEKa, MiaPaCell, Pancl, PC-3, TFL, CTLL-2, CIR, Rat6,
CV1, RPTE, A0, T24, J82, A375, ARH-77, Calul, SW4E(, SWOZ0, SKOVS, SK-UT, CaCol,
P3RRDM, SEM-K2, WEHI-231, HBS6, TIBSS, Jurkat, J45.01, LRMB, Bel-1, BC-3, 1021, DLDZ,
Raw264.7, NRK, NRK-52E, MRCS, MEF, Hep GZ, Hela B, Hela T4, COS, COS8-1, COS8-6,
COS-M6A, BS-C-1 monkey kidney « p}ﬂiu. ital, BALB/ 3T3 mouse cmbryo fibroblast, 373 Swiss,
3T3-L1, 132-d5 human fetal fibroblasts; 18.1 mouse fibroblasts, 293-T, 373, 721, 9L, AZ788,
AZTR0ADR, A2T780cis, A172, A20, AZ53, A431, A-549, ALC, Bl6, B35, BCP-1 cells, BEAS-
28, bEud.3, BHK-Z1, BR 293, BaPC3, C3H-10T1/2, €6/36, Cal-27, CHO, CHO-7, CHO-IR,
CHO-K1, CHO-K2, CHO-T, CHO Dhfr /-, COR-L23, COR-L23/CPR, COR-L23/501¢, COR
L23/R23, COS-7, COV-434, CML Ti, CMT, €126, D17, DHE2, DU14S5, DuCaP, EL4, EM2,
EM3, EMTO/ART, EMT6/ARIN.G, FM3, HI1299, He9, HB54, HBSS, HCA2, HEK-293, Hela,
Hepalclc7, HL-60, HMEC, HT-29, Jurkat, JY cells, K562 cells, KuB12, KCL22, KG1, KYO!,
LNCap, Ma-Mel 1-48, M{C-38, MCF-7, MCF-10A, MDA-MB-231, MDA-MB-468, MDA-MB-
435, MDCK 1, MDCK I, MOR/G.2ZR, MONO-MAC 6, MTD-1A, MyEnd, NCI-H69/CPR,
NCI-HOY/LX 10, NCEH6Y/LX20, NCI-H6Y/LX4, NIH-3T3, NALM-1, NW-145, OPCN / OPCT
cell lines, Peer, PNT-1A / PNT 2, RenCa, RIN-5F, RMA/RMAS, Saos-2 cells, 8£8, SkBr3, T2,
T-470, TR4, THPT cell line, U373, U7, U937, VCaP, Vero cells, WM39, WT-49, X63, YAC-1,
Y AR, and transgenic varicties thereof. Cell lines are avatlable from a variety of sources known
to those with skill fu the art (see, e.g., the Arvenican Type Culture Collection (ATCC) (Manassus,
Va.ii In some emboediments, a cell transfected with one or more vectors described herein is
used to cstablish a new cell line comprising one or more vector-derived sequences.  In some
embodiments, a cell transiently transfected with the components of a CRISPR system as
described herein {such as by transient transfection of one or more vectors, or transfection with
RNA}, and wodified through the activity of a CRISPR complex, 1s used to establish a new cell
line comprising cells containing the modification but lacking any other exogenous sequence. In
somae embodiments, cells transiently or von-transiently transfected with one or more vectors
described herein, or cell Hnes derived from such cells are used in assessing one or more test
compounds.

{80146]  In some cmbodiments, one or more vectors described herein are used to produce a

non-human transgenic animal or transgenic plant. In sorne embodiments, the transgenic amimal
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is a mammal, such as a mouse, rat, or rabbit. In certain embodiments, the organism or subject is
a plaot, In certain embodiments, the organism or sabject or plant is algae. Methods for
producing transgenic plants and animals are known in the art, and generally begin with a method
of cell transfection, such as described herein.

{80147}  In one aspect, the mvention provides for methods of modifying a target
polymacleotide 1n a cukaryotic cell.  In some cmbodiments, the method comprises allowing a
CRISPR complex to bind to the target polynucieotide to effect cleavage of said target
polynucleotide thercby modifying the target polynucleotide, whercin the CRISPR complex
comprises a CRISPR enzyme complexed with a goide sequence hybridized to a target sequence
within said target polynucieotide, wherein said gnide sequence is Hinked to a tracr mate sequence
which 1o turn hybridizes to a tracr sequence.

{80148} In onc aspect, the invention provides a method of modifying expression of a
polynucleotide in g cukaryotic celll  In some ermbodiments, the rocthod comprises allowing a
CRISPR complex to bind to the polynucleotide such that said binding results in increased or
decreased expression of said polymucleotide; wherein the CRISPR complex comprises a CRISPR
enzyme complexed with a guide sequence hybridized to a target sequence within said
polynmucleotide, wherein said guide sequence is linked to a tracr mate sequence which i tumn
hybridizes to a tracr sequence.

{$3149] With recont advances in crop genomics, the ability to use CRISPR-Cas systems to
perform ethicient and cost effective gene editing and voanmpulation will aliow the rapid selection
and comparison of single and muitiplexed genetic manipulations to transform such genomes for
improved prodoction 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 Uses Thereot and US
2009/0100536 - Traunsgenic Plants with Enbanced Agrovorsic Traits, all the contents and
disclosure of cach of which arc herein incorporated by reference in their entivety. In the practice
of the invention, the contents and disclosure of Morrell et al “Crop genomics:advances and
applications” Nat Rev Genet. 2011 Dec 29;13(2):85-96 are aiso herein incorporated by reference
in their entirety. In an advantageous embodiment of the mvention, the CRISPR/Cas9 system 18
used fo engineer microalgae (Example 153, Accordingly, reference herein to animal cells may

also apply, mutatis mutandis, to plant cells unless otherwise apparent.
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{GG158] In one aspect, the invention provides for methods of modifying a target
polynucleotide m a eukaryotic cell, which woay be 1o vive, ex vive or in vilro.  In some
embodiments, the method comprises sampling a cell or population of ceils from a human or non-
human animal or plant (ncluding vmero-algae), and modifying the cell or cells. Culturing may
occur at any stage ex vive., The cell or cells may even be re-introduced into the son-human
animal or plant (including micro-algac).

{86151] In plants, pathogens are often host-specific. For example, Fusarium axysporum £, sp.
fycopersici causes torate wilt but attacks only tomato, and F. exvsporum f. 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 reprodoce with more
frequency than plants. In plants there can be non-host resistance, e.g., the host and pathogen are
incompatible. 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 g pathogen but not to other vaces, tyvpically controlied by a fow genes. Ina
Gene-for-Oene level, plants and pathogens evelve together, and the genetic changes in one
balance changes in other. Accordingly, using Natural Variability, breeders combine most useful
genes for Yield, Quality, Uniformity, Hardiness, Resistance. The sources of resistance genes
include native or forcign Varicties, Heirloom Varicties, Wild Plant Relatives, and Induced
Mutations, e.g., treating plant matenial with mutagenic ageots. Using the present invention, plant
breeders are provided with a new tool to induce 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 inveuntion to induce the rise of resistance genes, with
rore precision than previous mutagenic agents and hence aceclerate and iraprove plant breeding
PrOgrams.

{80152] In onc aspect, the invention provides kits containing any one or more of the clements
disclosed in the above methods and coraposttions.  In some embodiments, the kit coraprises a
vector system and instructions for using the kit.  In some embodiments, the vector system
corapriscs {a) g first regulatory cleracnt operably linked to a tracr mate sequence and one or moore
insertion sites for inserting a guide sequence upstream of the tracr mate sequence, wherein when

expressed, the guide sequence directs sequence-specific binding of a CRISPR complex to a
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target sequence in a eukaryotic cell, wherein the CRISPR complex comprises a CRISPR enzyme
complexed with (1} the guide sequence that 18 hybridized to the target sequence, and (2) the tracr
mate sequence that is hybridized to the tracr sequence; and/or (b} a second regulatory element
operably linked to an enzyme-coding sequence encoding said CRISPR enzyme comprising a
nuclear localization sequence. Elements may be provide individuaily or in combinations, and
may be provided in any suttabic container, such as a vial, a botile, or a tube. In some
embodiments, the kit includes instructions in one or more languages, for example in more than
one language.

[B6183] 1o soroe embodiments, a kit coraprises one or more reagenis for use in a process
utilizing one or more of the clements described herein.  Reagents may be provided in any
suitable countainer. For example, a kit may provide one or wore reaction or storage bufters.
Reagents may be provided in a form that is usable in a particular assay, or i a form that requires
addition of one or more other componcents before use (¢.g. in concentrate or lyophilized forrm). A
buffer can be any buffer, inchuding but not Hmited to a sodium carbonate buffer, a sodinm
bicarbonate buffer, a borate buffor, a Tris buffer, a MOPS buffer, a HEPES buffer, and
combinations thereof. In some embodiments, the buffer is alkaline. In some embodimenis, the
buffer has a pH from about 7 to about 10, In some embodiments, the kit comprises one or more
oligonucleotides corresponding to a guide sequence for 1usertion wio a vector so as to operably
{ink the guide sequence and a regulatory clement. In some embodiments, the kit comprises a
homologous recombination template polynucleotide.

{86154] In oue aspect, the invention provides methods for using one or more clements of a
CRISPR system.  The CRISPR comaplex of the invention provides an effective means for
modifying a target polynucleotide. The CRISPR complex of the invention has a wide variety of
utility including modifying {e.g., deloting, mserting, translocating, inactivating, activating) a
target polynuclectide in a woultiphicity of cell types.  As such the CRISPR complex of the
invention has a broad spectrum of applications in, ¢.g., gene therapy, drug screening, disease
diagnosis, and prognosis.  An exeraplary CRISPR cowplex comprises a CRISPR enzyme
complexed with a guide sequence hybridized to a ftarget sequence within the target
polymuclootide. The guide sequence is linked to a tracr mate sequence, which in turn hybridizes

10 8 tracr sequence,
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{BG185] The target polynucleotide of a CRISPR complex can be any polynucleotide
cudogenous or exogenous to the cukaryotic cell. For example, the target polynucleotide can be a
polynucleotide residing in the nucleus of the eukaryotic cell. The target polynucleotide can be a
sequence coding a gene product {e.g., 8 protein} or a non-coding sequence {e.g., & regulatory
polynucleotide or a junk BNA). Without wishing to be bound by theory, it is believed that the
target scquence should be associated with a PAM (protospacer adjacent motif); that 1s, 4 short
sequence recognized by the CRISPR complex. The precise sequence and length reguirements
for the PAM differ depending on the CRISPR enzyme used, but PAMSs are typically 2-5 base
pair sequences adjacent the protospacer (that is, the target sequence) Examples of PAM
sequences are given in the examples section below, and the skilled person will be able to identify
further PAM sequences for use with a given CRISPR cnzyme.

{80156] The target polynucleotide of a CRISPR complex may include a number of discase-
associated genes and polynucleotides as well as signaling biochemical pathway-associated genes
and polynucieotides as listed in US provisional patent applications 61/736,527 and 61/748,427
having Broad reference BI-2011/008/WSGR  Docket No.o  44063-701.101and 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 entirety.

{B6187]  Examples of target polynucicotides include a sequence associated with a signaling
biochemical pathway, ¢.g., a signaling biochemical pathway-associated gene or polynuclestide.
Examples of target polynucleotides include a discasc associated gene or polvnucleotide. A
“disease-associated” gene or polymucieotide refers to any gene or polynucieotide which is
viclding transcription or translation products at an abnormal level or in an abnormal form in cells
derived from a discase-affected tissucs compared with tissues or cells of a non disease control. {t
may be a gene that becomes expressed at an abnormally high level: it may be a gene that
becomes expressed at an abnormally low level, where the altered expression correlates with the
occurrence and/or progression of the disease. A disease-associated gene also refers to a gene
possessing mutation{s} or genctic variation that 18 divectly responsible or s in linkage
disequilibrium with a gene(s) that is responsible for the ctiology of a disecase. The transcribed or

translated products may be known or unknown, and may be at 8 normal or abnorrual fovel.
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{BGIS8] Examples of discasc-associated genes and pelynucleotides are available from
McKusick-Nathans Institute of Genetic Medicine, Johus Hoplans Undversity (Baltumore, Md.)
and National Center for Biotechnology Information, National Library of Medicine (Bethesda,
Md.), available on the World Wide Web.
{B31S8]  Examples of disease-associated genes and polynucleotides are listed in Tables A and
B. Discase spectfic information 18 available from McKusick-Nathans Institute of Genetic
Medicine, Johns Hopkins University (Baltimore, Md.} and National Center for Bistechnology
Inforrmuation, National Library of Medicine (Bethesda, Md.}, avatlable on the World Wide Web.
Examples of signahng biochemical pathway-associated genes and polynucieotides are listed in
Table C.
{B0166] Mutatious in these geoes and pathways can result 1o production of improper proteins
oF proteins in improper amounts which affect function. Further examples of genes, diseases and
proteins are hereby incorporated by reference from US Provisional applications 61/736,527 filed
on December 12, 2012 and 61/748,427 filed January 2, 2013, Such genes, proteins and pathways
rnay be the target polynucleotide of a CRISPR complex.

Table A

DISEASE/DISORDER  {GENE(S)
N)
Neooplasia PTEN; ATM; ATR; EGFR; ERBB2; ERBB3; ERBB4;
Notchi; NoitchZ; Notch3; Notchd; AKT; AKT2, AKT3; HIF;
HiFla; HiF3a; Met; HRG; Bel2; PPAR alpha; PPAR
carama; WT1 {(Wilms Tumeor); FGF Receptor Fanuly
members (S members: 1, 2, 3, 4, 5y, CDKN2a; APC, RB
{(retinoblastoma);, MENT; VHL; BRCAL; BRCAZ; AR

{ Androgen Receptor), TSGI01; IGF; IGF Receptor; Igfl (4
variants); lef2 (3 varianis), Igf' | Receptor; igf 2 Receptor;
Hax; Bel?: caspases family {9 members:

1,2,3,4,6,7, 89 12}, Kras; Apc

Age-related Macular Aber; Cel2: Ce2; op {coruloplasnuny; Timp3; cathepsind);
Degeneration Vidlr; Cerl

Schizophrenia Nearegulind (Nrgl); Erbd (receptor for Neureguliny,
Complexind (Cplx1); Tphl Tryplophan hydroxylase; Tph2
Tryptophan bydroxylase 2; Newrexin 1, GSK3; GSK3a;
OSK3b

{Haorders S-HTT {Slcbady, COMT, DRD (Dvdla}, SLC6A3 BAGA,;
YTNBPY, Dao (Daol)

Trinucleotide Repeat HTT (Huntington’s Dx}; SBMA/SMAXT/AR (Kennedy's
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Disorders

Dy FXN/X23 (Friedrich’s Ataxia), ATX3 (Machado-

Joseph’s Dxy, ATXNT and ATXN2 {spinocercbellar

ataxias), DMPK (myotonic dystrophy}; Atrophin-1 and Aml

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

{Alzheimer’s);, Atxn7; AtxniQ

Fragile X Syndrome

FMR2; FXRI; FXR2, mGLURS

Secretase Related

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

Disorders

{(Nestny, PEN-2

Cithers

Nosl; Parpl; Natl; Nat?

Prion - related disorders Prp

ALS

SODT ALSZ STEX, FUS; TARDBP; VEGF (VEGF-a;

VEGE-b; VEGF-¢)

Drrug addiction

Pricee (alcohol);, Drd2; Dedd; ABAT {alcoholy, GRIAZ;

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

Autism

Mecp2; BZRAPT MDGAZ; SemaSA; Neurexin 1 Fragile X

(FMR2 (AFF2), FXR1; FXR2; Malurs)

Alzheimer’s Disease

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

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

Aguaporin 1}; Uchll; Uchl3; APP

oflammation

IL-10; H~1 (L-1a; HL~Thy 13, H-17 (dL-17a (CTLAR); 1L-

176 I-17¢; 1-17d; IL-178); 123, Ox3erd; ptpn22; TNFa;

NODZ/CARDIS for 1BD; {L-6; 1L-12 (1L-12a; IL-12b);

CTLA4G; Cx3ell

Parkinson’s Discase

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

Table B:

Blood and
coagulation discases
and disorders

Ancemia {CDANI, CDAL, RPSI9, DBA, PKLR, PK1, NTSC3, UMPHI,
PSNE, RHAG, RHS0A, NRAMPZ, SPTB, ALASZ, ANHI1, ASH,
ABCB7, ABC7, ASAT);, Bare lymphocyte syndrome (TAPBP, TPSN,
TAPZ, ABCR3, PSF2, RING 1, MHC2TA, C2TA, RFXS, RFXAP,
REX35), Bleeding disorders (TBXAZR, P2RX1, 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 Xil deficiency (F12, HAF}; Factor XHIA
deficiency (FI3A1, F13A); Factor XUIB deficiency (F13B); Fancont
anemia {FANCA, FACA, FAL FA, FAA, FAAPOS, FAAPOQ, FLI34064,
FANCE, FANCC, FACC, BRCAZ, FANCD, FANCD2, FANCD,
FACD, FAD, FANCE, FACE, FANCF, XRCC9, FANCG, BRIPL,
BACHT, FANCY, PHF9, FANCL, FANCM, KIAA1596);
Hewophagooytic lymphohistiocytosis disorders (PRFT, HPLHZ,
UNCI3D, MUNC13-4, HPLH3, HLH3, FHL3}; Hemophilia A (F§, FRC,
HEMAY; Hemophilia B (F&, HEMRB), Hemorrhagic disorders (PI, ATT,
F3), Leuvkocyde deficiencies and disorders (ITGB2, CD18, LCAMB,
LAD, EIF2BE, EIF2BA, EIF2B2, EIF2B3, EIF2BS5, LVWM, CACH,

CLE, EIF2B4); Sickle cell anemia (HBBY; Thalassermia (HBA2, HBB,
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HBD, LCREB, HBAT}L

Cell dysregulation
and oncology
discases and disorders

B-cell non-Hodgkin bymphoma (BCL7A, BCL7); Leukemia (TALIL,
TCLS, SCL, TALZ, FLT3, NBS1, NBS, ZNFNIATL IKY, LYFL,
HOXD4, HOX4B, BCR, CML, PHE, ALL, ARNT, KRAS2, RASK?,
OMPS, AF10, ARHGEFI2, LARG, KIAAOQ3RZ, CALM, CLTH,
CEBPA, CEBP, CHICZ, BTL, FLT3, KIT, PBT, LPP, NPMI, NUP214,
DIS46E, CAN, CAIN, RUNXT, CBFAZ, AMLI, WHSCILI, NSD3,
FET3, AFTG, NPM, NUMAT, ANFI43, PLZF, PMIL, MYL, STATSB,
AFID, CALM, CLTH, ARLII, ARLTSI, P2RX7, PZX7, BCR, CML,
PHE, ALL, GRAF, NF1, VRNF, WSS, NENS, PTPNT, PTP2C, SHP2,
NS1, BCLZ, CONDIL, PRADIL, BCLY, TCRA, GATAL, GF1, ERYF],
NFEL, ABLE, NQOI, DIA4, NMOR1, NUPZ14, DOS46E, CAN, CAIN}.

Inflammation and
immune related
discases and disorders

AIDS (KIR3DLE, NKAT3, NKBL, AMBILI, KIR3DSE, IFNG, CXCL1Z,
SPFL); Autormmune lymphoproliferative syndrome {TNFRSF6, APTH,
FAS, CD95, ALPS1A); Combined immunodeficiency, (IL2RG,
SCIDX1, SCIDX, IMD4); HIV-1 (CCL5, SCYAS, DI7S136E, TCP228),
HIV susceptibility or infection (1L10, CSIF, CMKBR2, CURZ,
CMKBRS, CCCRRS (CCRS)y); Immunodeficiencies (CD3E, CD3G,
AICDA, ATD, HIGM2, TNFRSFS, CP40, UNG, DGU, HIGM4,
TNFSFS, CB40LG, HIGME, IGM, FOXP3, IFEX, AllD, XPID, PIDX,
TNFRSFH4B, TACH; Inflammation (JL-10, IL-1 (3L-1a, IL-1b}, IL-13,
[E-17 (1L-17a ({CTLAR), 1L-17b, IL-17¢, 1L-17d, IL-17¢), {1-23, Cx3crld,
ptpn22, TNFa, NOD2/CARDIS for IBD, IL-6, TL-12 (JL-124, TL-12b),
CTLA4, Cx3clly; Severe combined immuunodeficiencies (SCIDsHJAKS,
JAKL, DCLREIC, ARTEMIS, SCIDA, RAGT, RAGZ, ADA, PTPRC,
CD4s, LCA,IL7R, CD3D, T3D, IL2RG, SCHXI, SCIDX, IMD4).

Metabolic, Hver,
kidney and protein
diseases and disorders

Amyloid newropathy (TTR, PALB), Amvloidosis {(APOAT, APP, AAA,
CVAP, ADI, GSN, FGA, LYZ, TTR, PALB); Cirrhosis (KRT18, KRTE,
CIRHIA, NAIC, TEXZ92, KIAAT98Y); Cystic fibrosis {CFIR, ABCC7,
CF, MRP7); Glycogen storage diseases (SLC2AZ, GLUT?2, G6PC,
G6PT, GoPTI, GAA, LAMPZ, LAMPR, AGL, GDE, GBEL, GY52,
PYGL, PFKM); Hepatic adenoma, 142330 (TCF1, HNFIA, MODY3),
Hepatic failure, early ounset, and neurologic disorder (SCODI, SCOL),
Hepatic lipase deficiency (LIPC), Hepatoblastoma, cancer and
carcinoras {CTNNBI, PDGERL, PDGRL, PRUTS, AXING, AXIN,
CTNNBIE, TPS3, PS3, LFST, IGF2R, MPRI, MET, CASPS, MCHS;
Medullary cystic kidney disease (UMOD, HNFJ, FIHN, MCKD2,
ADMCKD2); Phenylketonunia (PAH, PKUL, QDPR, DHPR, PTS),
Polycystic kidney and hepatic discase (FCYT, PKHD1, ARPKD, PKD1,
PRD2, PRD4, PKDTS, PRECSH, G19P1, PCLD, SECH3).

Muscular / Skeletal
discases and disorders

Beocker muscular dystrophy (DMD, BMD, MYF6), Duchenne Muscular

Drystrophy (DMD, BMD), Emery-Dreifuss muscular dystrophy (LMNA,
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EMNT, EMD2, FPLD, CMIDTA, HGPS, LOMBIB, LMNA, LMNI,
EMDZ, FPLD, CMD1A}); Facioscapulohumeral muscular dystrophy
(FSHMDIA, FSHD1A) Muscular dystrophy (FKRP, MDCIC,
LOMD2EL LAMAZ, LAMM, LARGE, KIAAQ6G9, MDCID, FCMD,
TTID, MYOT, CAPN3, CANP3, DYSF, LGMD2E, SGCG, LGMD2C,
DMDAT, SCG3, SGCA, ADL, DAG2, LGMD2D, DMDAZ, SGCB,
EGMDZE, SGCD, SGD . LGMD2F, CMBIL, TCAP, LGMDIG,
CMDIN, TRIM32, H ) A, LOGMD2H, FKRP, MDCIC, LGMDZIL TTN,
CMDIG, TMD, LOMD2E POMTI, CAVE, LOMDIC, SEPNI, SEL N,
RSMD1, PLECI, PLTN, EBS‘EL Osteopetrosis (LRPS, BMNDI, LRP7,
LR3, OFPG, VBCHZ, CLONT, CLCT, OPTAZ, OSTMI, GL, TCIRGI,
TIRCT, OC116, OPTBI ) Muscular atrophy (VAPE, VAPC, ALSK,
SMNI, SMAT, SMAZ, Si‘\/iAS SMA4, BSCL2, SPG17, GARS, SMADI,
CMT2D, HEXHB, IGHMBR2, SMUBP2, CATFI, SMARDI).

Neurological and
neuronal diseases and
disorders

ALS (SODIL, ALSZ, STEX, FUS, TARDBP, VEGF (VEGF-a, VEGF-b,
VEGF-c);, Alzheimer disease {APP, AAA, CVAP, AD, APCE, ADZ,
PSENZ, AD4, STM2, APBB2, FE6SL1, NOS3, PLAU, URK, ACE,
DCP, ACEL MPO, PACIPL, PAXIPIL, PTIP, AZM, BLMH, BMH,
PSENT, AD"«%) Autisty (Mecp2, BZRAPL, MDGAZ, SemaSA, Neurexin
1, GLO1, MECP2, RTT, PPMX, MRX16, MRX79, NLGN3, \LG\M
KEXAEJ){) AUTSXZ), Fragile X Syndrome {§ ME{’Z, FXR1, FXRZ,
mGLURS) Huntington’s discase and disease hike disorders (HD, IT1S,
PRINP, PRIP, JPH3, JP3, HDL2, TBP, 8C; \17‘3 Pdikimon discase
(NR4AZ, NURRI, NOT, TINUR, SNCAIP, TBP, SCA17, SNCA,
NACP, PARKI, PARK?, BJL, PARKY, LRRK2,, PARKS, PINK,
PARKS, UCHLL, PARKS, ‘§I\ CA, NACP, PARK], PARKY, PRKN,
PARK2, PDJ, DBH, NDUFV2); Rett syadrome (MECP2, RTT, PPMX,
MRX 16, MRX79, CDKLS, STKS, MECP2, RTT, PPMX, MRX16,
MRX78, x-Synucletn, BI-1); Schizophrenia (Neuregulind (Nrgl), Erbd
{(receptor for Neareguling, Complexind (Cplx 1), Tphl Tryptophan
hydroxylase, Tph2, 'I‘nptophdn hydroxylase 2, Neurexin 1, GSK3,
GSK3a, GSK3b, S-HTT (Sleady, COMT, DRD (Drdla), SLUSAS,

DACA, DTNBPL, Dao (Dacl)); SCLTLE&S&. Related Disorders (APH-1
(alpha and beta), Presenilin (Psenl}, nicastrin, {Nestin), PEN-2Z, Nost,
Parpl, Natl, Nat2); Trinucleotide Repeat Disorders (HTT (Huntington’s
Do), SBMA/SMAXT/AR (Kennedy's P, FXON/X2S (Friedrich’s
Ataxia), ATX3 (Machado- Joseph’s Dx ), ATXNT and ATXNZ
{spinocercbellar ataxias), DMPK {myotonic dysirophy), Atrophin-1 and
Atnl (DRPLA Dx), CBP (Creb-BP - global instability), VEDLR
(Alzheimer’s}), Atxn7, AtxniQ).

Oecular diseases and
disorders

Age-related macular degeneration (Aber, Ccl2, Cc2, op (ceruloplasmin),
Timp3, cathepsinDy, Vidly, Cor2); Cataract {TRYAA, CRY AL CRYBRB2,
CRYB2Z, PITX3, BFESPL, CP49, CP47, CRYAA, CRYAL, PAXS6, ANZ,

MGDA, CRYBAL CRYBI, CRYGC, CRYG3, CCL, LIM2, MP19,
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CRYGD, CRYG4, BFSP2, CP49, CP47, HSF4, OUTM, HSF4, CT

MIP, AQPO, CRYAB,, CRYAM LTPP/“ CRYBBI, CRYGD, CRY G’L
CRYBBZ, CRYB2, CRYGC, CRYG3, CCL, CRYAA, CRY AT, GIASR,
CX50, CAEL GIA3, UX46, CAP3, CAE3, CCMI, CAM, KRITH)
Corneal clouding and dystrophy (APOAL TGFBI, CSD2, CBGGH,
CSD, BIGH3, CDG2, TACSTDZ, TROPZ, MIS], VX1, RINX, PPCD,
PPD, KTCN, COLRAZ, FECD, PPCDZ, PIPSKS, CFDy); Cornea plana
congenital (KERA, CNAZY, Glaucoma (MYOC, TIGR, GLCLA, JOAG,
GPOA, OPTN, GLCLE, FIPZ, HYPL, NRP, CYPIBI, GLC3A, OPAT,
NTG, NPG, CYPIBE, GLU3A); Leber congenttal amaurosis (CRBI,
RP12, CRX, CORDZ, CRD, RPGRIPL, LCAG, CORDO, RPESS, RP20,
ATPLY, LCA4, GUCY2D, GUCZD, LCAL CORDS6, RDHIZ, LCA3),
Macular dystrophy (ELOVLA, ADMD, STGD2, STGD3, RDS, RP7,

PRPH2, PRPH, AVMD, AQFMD, VMD2).

Table C:

CELLULAR
FUNCTION

GENES

PIIK/AKT Signaling

PRICE; ITGAM; ITGAS; IRAK I, PREKAAZ: EIFZAKZ;

PTEN; EIF4E; PRECZ; GRK6, MAPK 1, TSC1; PLEL;

AKT2, IKBKEB: PIK3CA, CDKR: CDKNIB; NFKB2, BCLY;

PIKACH; PPP2R 1A MAPKS: BCIJL1: MAPKS: TSC2,

FTGAL KRAS; EIFAEBRT; RELA; PRKCD; NOS3;

PRKAAL MAPKY; CDKZ; PPPZCA; PIM1; ITGHT;

YWHAZ, HLKG TPS3; RAFT IKBKG; RELB; DYRKIA;

CDENIA; ITGEL MAPZ KZ,J“\KE,AKEI JAKZ; PIK3RE;

CHUK, PDPK L PPP2RSC; CTNNBI MAPZK 1, NFKB1;

PAK3; ITGB&, CONDY GSK3A; FRAPL SEN; ITGAZ;

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

HSPOUAAL RPSO6KBI

ERK/MAPK Sigonaling  [PRKCE; ITGAM; ITGAS; HSPRI; IRAKT; PRKAAZ;

EIF2AKZ: RACL RAPIA; TLNI; EIF4E; ELKL GRES;

MAPKT RACZ; PLKE, AKT2; PIK3CA; CDKS; CREBI;

PRECT PTRZ: FOS; RES6KA4; PIK3CH; PPP2ZRIA;

PIK3CE; MAPK‘%, MAPK3: ITGAL ETST, KRAS; MYCN;

EIF4EBPL; PPARG; PRKCD; PRKAAL, MAPKS, SRC;

CDRZ; PPPZCA; PIMI; PIK3CZA; ITGB7, YWHAZ;

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

MAPZK2: PAKG, PIKAR1; STATS; PPPIRSC: MAP2K I,

PAKS; ITGR3: ESR 1 ITGAZ: MY(: TTK: CSNKIAL

CRKIL; BRAF, ATF4; PRKCA; SRFE; STATL; SGK

Glucocorticoid Receptor RACT; TAF4R, BR300, SMAD2, TRAFS, PCAF, ELKT,

Signahing

MAPK T, SMAD3Z; AKTYZ; IKBEEB; NCOR2; UBE2L

PIKICA; CREBI; FOS, HSPAS; NFKB2; BCL2;

MAP3IK 14; STAT3E; PIK3CB; PIKACS; MAPKS; BCL2LL:

|9 ]
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MAPKS3, TSC2203; MAPKI(; NRIPT; KRAS; MAPK 13,

RELA; STATSA; MAPKS; NOS2A; PEX1; NR3C1;

PIKIC2A; CDKNIC, TRAFD; SERPINEL; NCOAZ;

MAPK [4; TNF, RAF1; IKBKG; MAP3K7; CREBBP;

CDENIA; MAPZKZ; JAK T 1L8; NCOAZ: AKT1; JAK2;

PICIR L, CHUK; STATS; MAPZK T NFKBI; TGFBR1;

ESR 1 SMAD4; CEBPB; JUN; AR; AKT3; CCL2; MMP1;

STATE; 16, HSPOOAATL

Axonal Guidance
Signaling

PRIKCE. ITGAM; ROCK1: ITGAS, CXCR4: ADAMIZ;

IGEL: RACI; RAPIA; EIF4E: PRKCZ; NRPI: NTRKZ;

ARHGEF7; SMO; ROCK?; MAPK 1, PGF; RACZ;

PTPNIL GNAS; AKT2: PIK3CA: ERBR2; PRKCL PTK2:

CFL1; GNAQ; PIK3CR; CXCLIZ; PIK3C3 WNT11;

PREDE GNBZLL ABLL MAPKS; ITGAT; KRASN; RHOA;

PRECD; PIKIC2A; ITGB7, GLIZ, PXN; VASP; RAF;

FYN; ITGBL MAPZR2: PARK4; ADAMI7, AKTI; PIK3R 1,

GLI1; WNTSA; ADAMIO; MAPZK 1 PAKS: ITGR3;

CDC42, VEGFA, ITGAZ; EPHAS; CRKL; RNDE; GSK3B;

AKT3: PRKCA

Ephrin Receptor
Signaling

PRECE; ITGAM; ROCK!; ITGAS; CXCR4; IRAKL

PRKAAD; EIF2AKD; RACT; RAPIA; GRKG, ROCKD:

MAPK 1, POF; RACZ, PTPNI11; GNAS: PLK1: AKT2;

DOKL; CDKS; CREBI; PTK2; CFLL; GNAQ, MAP3K 14,

CXCLI2, MAPKR, GNBZLE ABLL; MAPK3; ITGAL;

KRAS; RHOA: PRKCD: PRKAA L, MAPKS: SRC: CDK2;

PIMI; ITGB7, PXN; RAFI: FYN: DYRK 1A, [TGB1,

MAPIKZ; PAKA, AT JAKZ;, STATI: ADAMIO;

MAPZIK L, PAKS, ITGBES, CDC4Z; VEGEA ITGAZ;

EPHAS, TTK; OSNEITAL CREL; BRAF; PTPNI3; ATF4;

AKT3; SGK

Actin Cytoskeleton

ACTNG, PREKCE; ITGAM; ROCKL; ITGAS; IRAK;

Signaling

PRKAAZ, EIF2AKD; RACT; INS: ARHGEFT; GRK6A:

ROCK2: MAPK L, RACZ: PLK1; AKT2; PIK3CA; CDKR;

PTIZ; CFLE; PIK3CB; MYHY, DHAPHT; PIK3C3; MAPKE;

FIR: MAPKS3: SLCOAL ITGA L KRAS; RHOA: PRECD:

PRKAATL MAPKSY; CDKZ; PIM1; PIK3CZA; ITGR7;

PPPICC; BXN; VIL2; RAFL GSN; DYRKIA; ITOGBI,

MAPIKZ; PAKA; PIPSKIA; PIK3RY; MAPIKT; PAKS;

TTGB3; CDU42; APC; TTGAZ; TTK; CSNKIAT CRKL,

BRAF: VAV3: SGK

Huntington’s Discase

PRECE; IGFL; EP300; RCORI; PRKCY; HDACY; TGM2;

Signaling

MAPK 1. CAPNSI; AKT2; EGFR; NCORZ; SP1; CAPN?2:

PIKACA: HDACS: CREBI; PRKCT, HSPAS, REST,
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ONAQ; PIKICB; PIK3C3; MAPKE, IGFIR; PRKDI;

INB2LT; BOL2LY: CAPNT, MAPK3; CASPR; HDAC?;

ADACTA; PRKCD: HDACH L, MAPKS; HDACY; PIK3C2A.

HDACS: TP53: CASP9: CREBBP; AKTI; PIK3R1;

PDPR 1, CASPL, APAFL: FRAPL: CASP2; TUN; BAX,

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

Apoptosis Signaling

PRECE; ROCK L BID; IRAK ! PRKAAZ EIFZAKYZ; BAKH,

RIRC4: GRK6: MAPK I CAPNST, PLK1; AKT2: IKBKB;
CAPNZ: CDKSR; FAS; NFKB2: BCL2; MAPIK 14; MAPKS;

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

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

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

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

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

CASP3; BIRC3; PARPI

B Cell Receptor
Signaling

RACT, PTEN, LYN: ELKI: MAPK1; RAC2: PTPNI1,

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

MAPIK 14 PIK3CE; PIK3C3; MAPKS: BCL2L1; ABLI;

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

EGR1: PIK3C2A; RTK; MAPK 14: RAF1; IKBKG, RELE;

MAPIKT7, MAPOK?2: AKT1: PIK3R1: CHUK: MAP2K 1,

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

GIK3B; ATH4: AKTY; VAV, RPS6KB

Leukocyte Extravasation

ACTNE: CD44; PRKCE: ITGAM: ROCKT: CXCR4: CYBA:

Signaling

RACT; RAPIA; PRKCZ; ROCKZ; RACZ, PTPNIL,

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

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

MAPK 13, RHOA, PRECD; MAPKS: SRC: PIK3(C2A; BTK:

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

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

CRKL; VAV3, CTTN; PRKCA; MMP1; MMBY

PRI QP e Do
Integrin Signahing

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

TLIND ARHGEF7, MAPK T, RACZ; CAPNST, AKT2;

CAPNZ; PIKICA; PTKZ; PUCGCE; PIK3C3; MAPKE;

CAV1 CAPNL ABLE MAPKS, 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

IRAKT: SOD2; MYDSR: TRAF6, ELK 1; MAPK 1L, PTPNIT:

Signaling

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

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

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

TRAF2; SERPINEL MAPK 14; TNF; RAFL, PDK 1,

(9]
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HCBKG; RELB; MAP3IKT7, MAP2KZ, AKTH; BAKIZ‘ PIK3R1;

CHUK, L,.I,\E?» MAPZE L, NFKBI; FRAPT; CEBPE; JUN;

AKTS; ILIRE; ILG

PTEN Signaling

TTGAM; ITGAS, RACT; PTEN; PRKOZ; BCLZLTL

MAPK 1, RAC2; AKT2; EGER; IKBKRB; CBL; PIK3CA.;

CDKNIR: PTK2; NFKR2; BCL2; PIKACE; RCIOLI;

MAPK3, ITTGAL; KRAS: ITGB7; ILK; PDGFRB; INSR;

RAFL IKBKG: CASPO;, CDENTA ITGB]: MAP2KZ;

AKTL PIK3R T CHUK; PDGERA; PDPK T, MAPIK;

NFRBE ITGR3, CDC42: CONDI; GSK3A; ITGAZ;

$SK3B; AKT3; FOXO1; CASP3; RPS6KEI

p33 Signaling

PTEN; EP300; BBU3; PCAF; FASN; BRCAT; GADIDM4SA;

BIRCS; AKTZ; PEKjL A; 'LH}Z‘,E\E TPS3INPL BCLZ;

PIKICH: PIK3C3; MAPKS; THBS1, ATR; BCL2L1; E2F1;

PMAIPL; CHEKZ; TNFRSFI0B; TP73: RB1; HDACSY:

CDIK2: PIKACIA: MAPK 14, TPS3; LRDD: CDKNIA;

HIPK 2, AKT1: PIK3R 1, RRM2B; APAFL; CTNNBI:

SIRTEH CONDI; PRKDC; ATM: SEN; CDEKNZA; JUN;

SNAIZ; GSK3B; BAX; AKT3

Aryl Hydrocarbon
Receptor

HSPBI ERP303; FASN; TGM2Z; RXRA; MAPK 1, NQOI;

Signaling

NCORZ; SP1; ARNT; CDKNIB; FOS; CHEKL,

SMARCA4: NFKB2; MAPKE; ALDHIATL ATR; H2FL,

MAPKS; NRIPT; CHEK?Z; RELA; TP73; GNTPI; RBI;

SRC: CDE2: AHR. NFE2L2. NCOAZ: TP53. TNF,

COKNIA; NCOAZ, APAFT, NFKBT, CONDT, ATM; ESR1;

CDKN2A; MYC, JUN: ESRZ; BAX: {16, CYPIBI,

HSPOUAAT

X enobiotic Metabolism

PRKCE: FP300; PRKCZ, RXRA; MAPKI; NQOL;

Signaling

NCORZ: PIK3CA: ARNT, PRKCTE: NFKRB2: CAMKJA:

PICICE; PPPIZRIA; PIK3C3; MAPKE; PRKDIL;

ALDHIAT, MAPK2: NRIP1; KRAS: MAPK 13, PRECD,

GNTPL MAPKS: NOS2A; ABCBL, AHR; PPPIUA; FTL;

NEEZLZ; PIK3CZA; PPARGUIA; MABK14; TNE, RAH

CREBBP; MAP2KZ: PIK3R 1, PPPZRSC; MAPIKI,

NFKB1: KEAPT; PRKCA; EIEJAKS, IL6, CYPIBIL

HSPOUAAT

SAPK/INK Sipgnaling

PRKCE; IRAK1; PRKAAY, BIF2AK?; RACT; LKL,

GRIG: MAPK 1, GADDA4SA; RAC2, PLE 1 AKT2; PIK3CA,

FADD: CDKR; PIKACE; PIK3C3; MAPKR: RIPKI:

GNB2LT IRST MAPKS; MAPKIG; DAXX, KRAS;

PRKOD:; PRKAAL MAPKS; CDKZ; PIMI; PIK3C2A;

TRAFZ, TP33, LOCK: MAPIKT; DYRKIA; MAPIK?Z: |

PIKIRL MAPZR T PAKS, CDOC4AZ;, FUNTTK, CSNKITATLL

CRKL; BRAF; SGK.
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PPAYRXR Signaling

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

RXRA; MAPK1; SMAD3; GNAS: IKBKB; NCOR2;

ABCAT, GNAQ; NFKB2, MAP3K14; STATSE;, MAPKS;

IRSH MAPK3; KRAS; RELA; PRKAATL PPARGCIA;

NCOA3; MAPK 14, INSR; RAFT; IKBK(; RELB; MAP3KT,

CREBBP. MAP2KZ: JAKD. CHUK. MAP2K 1. NFKBI

TGFBRI; SMAD4; JUN: ILIR1; PRKCA; 1L6; HSPOOAAL;

ADIPOC

NE-KB Signaling

IRAK Y BEIFZAKD; EP300; INS; MYDSS; PRECY; TRAFS;

TBKI; AE\TA? BEGEFR; IKBEER; PIK3CA; BTRC, NFKB2;

MAP3K 14; PIK3CB; PIK3C3; MAPKXK; RIPK L, HDACZ,

KRAS; RELA; PIK3CZA; TRAFZ; TLR4; PDGEFRB; TNF,

INSK; LOK: IKBKG: RELB; MAP3KT: CREBBP; AKT1;

PIK3RY; CHUK; PDGFRA; NFKBEI TLR2; BOCLIG;

GoK3B; AKT3; TNFAIPS; ILIR]

Nearegulin Signaling

ERBR4: PREKCE; ITGAM: ITGAS; PTEN; PRKCZ: ELKI;

MAPK L PTPNL; AKT2; EGFR; ERBR2; PREKCE

CDENIB; STATSE; PRKDI;, MAPKZ; ITGAL KRAS,

PRKCD: STATSA: SRC; ITGBT, RAFI: ITOR1: MAP2K 2,

ADAMIT, AKTIE; PHCGIRT; PDPKY MAPZK T TTORS;

EREG; FRAPL PSENTITGAZ, MYC; NRGE CRKL;

AT PRKCA; HSPOOAAT; RPSG6KBI

Wit & Beta catenin

CDd4; EP300; LRP6; DVE3; CSNKIE; GIAT; SM{Y;

Signaling

AKT2: PINT; CDH1; BTRC; GNAQ; MARK?; PPP2RIA;

WNT11: SRC: DKK 1 PPP2CA; SOX6; SFRPZ; 1LK:

LEF1; SOX9; TP53: MAP3K7:; CREBBP; TCF7L2; AKTI;

PPPIRSC: WNT3A: LRPS. CTNNRI: TGFBR1: CCNDI:

GIK3A; DVLL APC; COKN2A; MYC; CSNETAT, GIK3B;

AKT3: SOX2

{nsuhin Receptor
Signaling

PTEN; INKS; EIF4E; PTENI, PRECY; MAPKT TSCH

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

MAPK%, IRSH MAPKS, TSC2; KRAS; EIFAEBPI;

SLO2A4G; PIKICZA; PPRICC, INSR; RAFL FYN;

MAPIKZ; JAKT AKTL JAKZ, PHCGRT; PDPK L MAPZKT;

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

RPS6KBI

1L-6 Sipnaling

HSPBI, TRAFG, MAPKAPKY; ELK1; MAPKI; PTPNIT;

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

MAPKI0; IL6ST; KRAS: MAPKI3; IL6R; RELA; SOCSI;

MAPKS; ABCBI; TRAFZ, MAPK 14; TNF; RAFL; IKBK(G;

RELR: MAP3K 7, MAPZK2: 118, JAK?2; CHUK: STATS;

MAPJK1: NFKB1: CEBPR: JUN: ILIRI, SRF: [L6

Hepatic Cholestasis

PRKCE; IRAKT, INS; MYDRE; PREKCY, TRAFS; PPARA;

RXRA; IKBKEB; PRKCE NFKB2Z; MAP3K 14; MAPKS;
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PRKDE MAPKID; RELA; PRKCD: MAPKS, ABCBI;

TRAFZ; TLR4; TNF; INSR; IKBKG; RELB;, MAP3KT; 1LY,

CHUK; NRIHZ; TIP2; NFKBI; ESRE; SREBF1; FGFR4,

JUN; ILIRT; PRKCA; LS

{(3F-1 Signaling

{OFL PREKCZ; ELK L MAPKT PTPENLL NEDD4: AKT2;

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

IGFIR: IRS1: MAPK3; IGERPT; KRAS; PIK3(2A;

YWHAZ, PXN; RAFL CASPY; MAPIKYZ; AKTE PIK3RE;

PDPK L MAPZKT; FGERPZ: SEN; JUN; CYR61; AKTS;

FOXO1: SRF; CTGF; RPS6KRB1

NRF2-mediated
Oxadative

i

il

PRECE; EP308; SODZ; PRKCE; MAPKY; SQSTM

Stress Response

NQOT; PIKICA: PRKCE FOS; PIKACE; PIK3C3; MAPKE,

PRKDI: MAPK3; KRAS, PRKCD: GSTPL, MAPKS: FTL,

INFE2LD; PIK3CZA; MAPK 14; RAFL, MAP3K7, CREBBP;

MAPZK?; AKTI: PIK3R1; MAP2K 1 PPIB; JUN; KEAPI;

OSK3B; ATH4, PRKCA; EIF2AKS; HSPOOAATL

Hepatic Fibrosis/Hepatic

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

Stellate Cell Activation

SMAD3; EGER; FAS; CSFI; NFKB2; BCLZ; MYHS;

IGFIR; TLOR; RELA; TLR4; PDGEFREB; TNF; RELB; 1L,

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

{LIRY; CCL2, HGE, MMPL, STATL, T, CTGE, MMP9

PPAR Signaling

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

NCORZ; FOS; NFKBZ;, MAPIK 14 STATSBE, MAPK3,

NRIPH KRAS; PPARG; RELA; STATSA; TRAFZ;

PPARGUTA; PDOEFRE; TNF; INSR; RAFL, IKBK(;

RELB; MAP3K7, CREBBP, MAP2K?2; CHUK, PDGERA,

MAPZK T NFKBI; JUN; ILIRE; HSPOOAAT

e Epsilon RI Signaling

PRKCE: RACL; PRKCZ, LYN; MAPK I, RAC2; PTPNI1;

AKT2; PIK3CA; SYK, PRKCT PIK3CR: PIK3(3; MAPKS;

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

MAPKSY; PIK3CIA; BTK; MAPK14; TNEF, RAFI FYN;

MAPIKZ;, AKTL PIK3R, PDPK L MAPIKT, AKTS;

VAV PRKCA

(-Protein Coupled

PRKCE; RAPIA; RGSI6;, MAPK T, GNAS; AKT2; IKBKE;

Receptor Signaling

PIK3CA; CREB1; GNAQ: NFKRB2; CAMKZ2A; PIK3CB;

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

IKBKG, RELB; FYN; MAPZKZ; AKCTL; PECRT; CHUKS

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

PREKCA

fnositol Phosphate

PRIKCE, IRAK]: PREAAY: BIF2AK?Y; PTEN, GRKS;

NMetabolism

MAPK T, PLKI; AKTY; PIK3ICA; CDKE; PIK3CB; PIK3C3;

MAPKR: MAPK2: PRKCD: PREAA1: MAPKS: CDEZ;

PIMI; PIK3CZA; DYRKIA, MAPZK2; PIPSKIA; PIK3R];

MAPZET; PAKS ATM; TTK; CSNK 1AL BRAF, SGK
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PDOGEF Signaling EIFZAKDZ, BELKT ABL2; MAPKT, PIK3CA; FOS; PIK3CH;

PIK3C3; MAPKS; CAVE ABLT MAPRK3; KRAS; SRC,;

PIK3C2A; PDGERB: RAF1; MAP2ZKD: JAKL: 1AKZ:

PIK3RT; PDGFRA, STATS; SPHK 1 MAP2K 1 MYC;

JUN; CREKL;, PRKCA; SRF; STATI; SPHKZ

VEGF Signaling ACTNG, ROCKL KDR; FLTY, ROCK2; MAPK,; PGF;

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

RCI211: MAPKS, KRAS, HIFIA; NOS3: PIK3CZA: PXN;

RATL: MAPIKZ: ELAVII: AKT1; PIK3R1: MAPZK 1: SFN;

VEGFA; AKT3; FOXOL, PRECA

Natural Killer Cell PRECE; RACT; PRKCZ; MAPKT; RACZ, PTPNIL
Signaling

KIRZDLS, AT, PIK3CA; SYK; PREKCH PIK3CRB;

PIK3C3; PRKDI; MAPKS; KRAS; PRKCD; PTPNG,

PIKICZA; LOK; RAFL FYN; MAPZK D, PAK4; AKTI;

PIK3R1; MAP2K1; PAKS; AKT3; VAV3; PRKCA

Cell Cyele: GUS HDAC4E; SMAD3Z; SUVASHT; HDACS; CDENIB; BTRC,

Checkpoint Regulation  [ATR; ABLY; BZF1; HDAC2, HDACTA; RBI; HDACTL,

ADACS, CDK2; F2F2, HDACS: TP53; CDKN1A, CONDI,

E2F4; ATM: RBL2; SMAD4, CDKN2A; MYC; NRG1;

GSK3B; RBLI HDACS

T Cell Receptor RACT ELK; MAPK 1 IKBKEB,; CBL; PIK3CA; FOS;
Signaling

NFKRB2; PIK3CR: PIK303; MAPKS; MAPK3: KRAS,

RELA; PIN3C2A; BTK, LCK: RAFI; IKBKG: RELB: FYN;

MAPZK2: PIK3R1; CHUK; MAP2K1; NFKRBI; ITK: BCLI0;

JUN; VAV3

Death Receptor SignalingiCRADD; HSPRI; BIDy BIRC4A, TBKI; IKBKER; FADD;

FAS; NFKBZ; BOL2: MAP3K 14; MAPKSE, RIPK1; CASPE;

DAXX, TNFRSFIOB; RELA; TRAFZ; TNF, IKBKG; RELB;

CASPY CHUK; APAFT; NFKBI1; CASPZ; BIRCZ; CASP3;

BIRC3

FGE Signaling RACT; FGFRT, MET; MAPKAPKZ; MAPKT; PTPNITE

AKT2; PIK3CA; CREBIL; PIK3CH; PIK3C3; MAPKS;

MAPK 3 MAPK 13, PTPNG: PIK3C2A; MAPK 14; RAF1;

AKTI1: PIK3R1: STAT3: MAP2IK 1, FGFRA; CRKL: ATF4:

AKT3; PRECA; HGE

GM-CSF Signaling LYN;, ELKI MAPKT, PTPNTL AKTZ, PIK3CA; CAMKZA,

STATSE; PIK3CE; PIK3C3; GNBILL, BCLZLT, MAPK3,

TS KRAS, RUNXT, PIMIE; PIK3CZA RAFL MAP2KZ;

AT JAKZ: PIK3R1; STAT3, MAPZKI; COND1; AKTS;

STATI
Aryotrophic Lateral BID: IGF1; RACT BIRCY, PG, CAPNSI;, CAPNZ;
Sclerosis Signaling PIK3CA; BCLZ; PIKSCR; PIK3C3; BCL2LT; CAPNI;

PIKICIA; TPS3; CASPY; PIK3R1; RABSA; CASPL;

61



WO 2014/093694

PCT/US2013/074790

APAFL VEGFA; BIRCZ; BAX; AKT3; CASP3; BIRC3

JAK/Stat Signaling

PTENI; MABK; PTENTL AKTZ; PIK3CA; STATSE;

PIKICHE; PIK3C3; MAPK3; KRAS; SOCS1; STATSA,

PTPNG; PICIC2A; RAFL CDKNIA; MAPZKZ; JAKT;

AKTI; JAKZ; PIKART: STATS, MAP2KI; FRAPI, AKTS:

STATI

Nicotinate and
Nicotinamide

PRECE; IRAKE; PREKAAZ; EIFZAKZ; GRKS, MAPKI;

Metabolism

PLIL, AKT2; CDKS: MAPKS;, MAPK3: PRKCD; PRKAAL,

PREF1; MAPKS: (DK 2, PIMI: DYRKIA; MAP2KZ;

MAPZK L PAKS; NTSE; TTK; CSNK1AL; BRAF; SGK

Chemokine Signaling

CXCR4; ROCKZ; MAPKY; PTKZ; FOS; CFLL; GNAQ;

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

RHOA: CCR2: 8RC: PPPICC; MAPK 14; NOX1: RAFL;

MAPIKZ;, MAPZK T JUN; COLZ, PRECA

1L-2 Signaling

ELKL, MAPK PTPNIL; AKTZ; PIKICA; SYK; FOS;

STATSE; PIK3CB, PIK3C3; MAPKK; MAPK3; KRAS;

SOCST, STATSA; PIK3IC2A; LOCK; RAFI; MAPZKZ;

JAKE ARTE; PIK3RE; MAP2KL; JUN; AKTS

Synaptic Long Term

PRKCE: IGF1; PRKCZ: PRDX6; LYN: MAPK 1; GNAS:

Dieprossion

PRECE GNAQ; PPP2RIA; IGFIR; PREKDI; MAPK3;

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

Y WHAY, RAFL MAPZKZ; PPPIRSC; MAPZK T, PRKCA

Hstrogen Receptor

TAT4AB: EP300; CARMI; PCAF: MAPKI: NCOR2:

Signahing

SMARCA4; MAPK3; NRIPH KRAS; SRC; NR3CT,

HDACS; PPARGCTA; RBM9, NCOA3Z; RAFT; CREBBP,;

MAPZK?; NCOAZ, MAP2K T PRRDC; ESRI; ESR2

Protein Ubiquitination

TRAFS; SMURFKE; BIRC4; BRCAL UCHLL; NEDDY,

Pathway

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

USPOX; STUBL; USP22; B2M; BIRC2: PARK?Z: USPK;

USP1; VHL; HSPOOAAT; BIRC3

IL-10 Signahng

TRATG, CORL LK IKBKR: SP1: FOS: NFKR2:

MAPIK 14, MAPKR: MAPK13; RELA; MAPK 14; TNF,

IKBRG; RELB; MAP3K7: JAKT, CHUK:; STAT3; NFKB1;

JUN; ILIRT; LS

VIIR/RXR Activation

PRECE; EP300; PRKCZ; RXRA; GADD43A; HEST;

NCORZ; 8P, PRKCL CDKNIB; PREKD; PRKCD;

RUNX2: KLF4 YY1, NCOA3; CDKN1A; NCOA2; SPP1;

LRP3; CEBPR: FOXO1; PRKCA

TGF-beta Signaling

EP300; SMAD?: SMURF1; MAPK |; SMAD3; SMADI:

FOS; MAPKE; MAPK3; KRAS: MAPKS;, RUNXZ;

SERPINEL; RAFI: MAP3K7; CREBBP; MAP2KZ;

MAPZK L, TGFBRI; SMADY; JUN; SMADS3

Toll-itke Receptor
Signaling

RAK L BEIFZAKZ: MYDES: TRAF6, PPARA: ELK 1,
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HCBKEB; FOS; NFRBZ, MAP3K 14; MAPKS; MAPK13;

RELA; TLR4; MAPK 14; IKBK{G; RELB; MAR3KT, CHUK,

NFKBIE; TLR2; JUN

3% MAPK Signaling  [HSPB1; IRAK1; TRATS: MAPKAPKZ: ELKI; FADD: FAS;

CREBIL DDIT3; RPS6KAL DAXX; MAPK13; TRAF?;

MAPK 14; TNF, MAP3K7: TGFBR1, MYC: ATF4; ILIR1;

SRF; STATI

Newrotrophin/TRK NTREZ; MAPKL; PTPNLL, PIK3CA; CREBL FOK;
Signaling

PIK3CR: PIK3C3; MAPKS; MAPI3; KRAS: PIK3CZA:

RAFE MAP2KZ; AKTI; PIK3R]1; PDPKI; MAP2K;

CDC4AZ; JUN; ATF4

FXR/RXR Activation INS; PPARA; FASN, RXRA; AKTZ, SDCL, MAPKX,

APORB; MAPK IO, PPARG; MTTP; MAPKY; PPARGCIA;

INF, CREBBP; AKTI; SREBEFL, FGER4; AKT3; FOXO

Synaptic Long Term PRECE,; RAPLA; EP300; PRKCYZ; MAPKY, CREBI;

Potentiation PRECE GNAQ, CAME2A; PRKDT, MAPK 3 KRAK;

PRKCD; PPPICC; RAF L, CREBBP;, MAPZK2; MAPZK

ATE4; PRKCA

Calcium Signaling RAPLA; EP300; HDACY, MAPKI; HDACS; CREBI;

CAMKZA: MYHS: MAPKS; HDAC?, HDACTA: HDACI L,

HDACY: HDAC3: CREBBP: CALR: CAMKK2: ATF4:

HDACS
EGF Signaling HLKL MAPK T, EGEFR; PIK3CA; FOS, PIK3CR,; PIK3C3;

MAPKS; MAPK3, PIK3C2A; RAF]; JAK]T; PIK3R 1,

STATI; MAPZKI; JUN; PREKCA; SRE; STATI

Hypoxia Signaling in the [EDN1; PTEN; EP300; NQO1; UBEZL CREBI; ARNT,

Cardiovascular Systemm  HIFLA; SLC2A4; NOS3; TR33; LDHA; AKT; ATM;

VEGFA; JUN; ATF4; VHL; HSPOOAAL

§PS/AL-1 Mediated IRAKL; MYDRE: TRAFS; PPARA; RXRA; ABCAL,
Tnhibition
of RXR Function MAPKS; ALDHIAL GSTPIL, MAPKS; ABCBIL; TRAFZ;

TLR4; TNF;, MAP3K7; NRIHZ; SREBFI; JUN; ILIR1

LXR/RXR Activation FASN; RXRA; NCOR2; ABCAL; NFKR2; IRF3; RELA;

NOSZA; TLR4: TNF; RELB: LDLR; NR1HZ; NFKB1;

SREBFI ILIRY, CCLZ; TG, MMPY

Amvyloid Processing PRECE; CSNKIE;, MAPK1; CAPNST; AKTZ2, CAPNZ;

CAPNI; MAPK3; MAPK 13, MAPT, MAPK14: AKT],

PSENT; OSNEITAL GSK3B, AKTS; APP

{1 -4 Signaling AKTZ: PIK3CA; PIK3CE; PIK3C3; IRST; KRAS; SOCS1,

PTPNG, NR3C 1, PIKACIA: JAK L AKTE; JAKD; PIKGR1;

FRAPLH AKTS; RPS6KEL

Cell Cycle: G2/M DNA  [EP300; PCAF; BRCATL; GADD4SA; PLKI; BTRC;

Damage Checkpoint CHEK L ATR; CHEKZ;, YWHAY; TP33; CDENIA;

Repulation PRKDC;, ATM; SFN; CDKNZA
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Nitric Oxide Signaling in
the

KDR, FUTT, PGF, AKT?, PIK3CA; PIKACRE, PIK3CS,

Cardiovascular System

CAV1: PRKOD: NOS3: PIKAC2AT AKT1, PIK3R1:

VEGFA; AKT3: HSPOOAAL

Purine Metabolism

NMEZ SMARCA4, MYHY9: RRM2, ADAR; FIF2AKA,

PRM2, ENTPDI RADST; RRM2B; TIP2, RADSIC;

NTSE, POLDT, NME]

cAMP-mediated
Signaling

RAPIA; MAPK1; GNAS; CREBL, CAMK2A; MAPK3;

SR, RAFL; MAPR2KZ; STAT3, MAPZK]: BRAF, ATF4

Mitochondrial
Drystunction

SODZ; MAPKE; CASPE; MAPKIO; MAPKY;, CASPY,

PARKT, PSENT: PARKZ; APP; CASP3

Notch Signaling

HEST: JAGT; NUMB: NOTCH4: ADAMI7: NOTCHZ;

PSENT; NOTCHS3; NOTCHE, DLLA4

Endoplasmic Reticulum

HNPAS MAPKS, XBPL TRAFZ ATES, CASPY; ATH4,

Stress Pathway

EIFZAK3; CASP3

Pyrimidine Metabolism

NMED; AICDA; RRM2: FIFZAKA: ENTPDI; RRM2R;

NTSE; POLD1: NMEI

Parkinson’s Signaling

UCHL L, MAPKS: MAPK 13, MAPK i4; CASP; PARKT,

PARKZ: CASP3

Cardiac & Beta
Adrenergic

GNAS; GNAQ; PPP2RIA; GNB2LY; PPP2CA; PPPIC(C,

Signaling

PPPIRSC

Glyeolysis/Gluconcogene
Si8

AK 2. GCK: GPL ALDHIAL: PKMZ2: LDHA; HK1

Interferon Signaling

IRFL; SOCST; JAKT; JAKZ: IFITML; STATE, IFIT3

Sonic Hedgehog

ARRBZ, SMO; GLIZ; DYRKIA: GLI; GSK3B; DYRKIB

Signaling

itycerophospholipid PLDL; GRN; GPAM; YWHAY,; SPHK1, SPHK2
Metabolism

Phospholipid PROXG; PLDL GRN; YWHAZ; SPHK; SPHK2
Degradation

Tryptophan Metabolism

SIAHZ, PRMTS; NEDD4; ALDHIATL CYPIBI; SIAHI

Lysine Degradation

SUV3ISHT;, EHMTZ, NSD1; SETD7; PPP2RSC

Nucleotide Excision

ERCCS; ERCC4; XPA; XPC; ERCCH

Repair

Pathway

Starch and Sucrose UCHLL HKZ; GCK; GPIL HK
Metabolism

Aminosugars Metabolism

NQOL HRZ: GUK; HK

Arachidonic Acid

PRDX6: GRN, YWHAZ: CYPIB1

Metabolism

Circadian Rhythm
Signaling

CSNKIE; CREBI; ATF4; NRIBH
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Coagulation System

BOKRBL FIR; SERPINEL; F3

Dopamine Receptor

PPP2RIA; PPRICA, PPPICC, PPP2RSC

Signaling

Glutathione Metabolism

IDH2; GSTPI ANPEP; IDHI

Glycerolipid Metabolism

ALDHIAL GPAM; SPHKT; SPHKZ

T inoleic Acid
Metabolism

PRDX6: GRN, YWHAZ: CYPIB1

Methionine Metabolism

DNMTI DNMT3B; AHCY:; DNMT3A

Pyruvate Metabolism

GLOT; ALDHIAT; PKM2; LDHA

Arginine and Proline

ALDHIAL NOS3; NOSZA

Metabolism

Eicosanoid Signaling

PRDX6; GRN; YWHAZ

Fructose and Mannose

HEK2:, GUK HE

Metabolism

Oalactose Metabolism

HKZ, GOK; HK

Stilbene, Coumarine and

PROXG, PRDXL TYR

Lignin Biosynthesis

Antigen Prosentation

CALR; B2M

Pathway

Biosyithesis of Steroids

NOOT; DHCRT

Butanoate Metabolism

ALDHIAL NLGNI

Citrate Cyele

HDHZ; 1DHI

Fatty Acid Metabohsro

ALDHIAL CYPIBI

Glycerophospholipid

PRDX6; CHKA

Metabolism

Histidine Metabolism

PRMTS; ALDHIAL

Inositol Metabolism

EROIL; APEX]

Metabolism of
X enobiotics

GSTPL CYPIBI

by Cytochrome p43Q

Nethane Metabolism

PRDX6; PRDX

Phenylalanine
Metabolisro

PRDXG;, PRDX

Propanoate Metabolism

ALDHIAL LDHA

Selencamino Acid

PRMTS; AHCY

Metabolism

Sphingolipid Metabolism

SPHK; SPHK2

Anunophosphonate PRMTS
Metabolism

Androgen and Estrogen  [PRMTS
Metabolism

Ascorbate and Aldarate  JALDHIAL
Metabolism

Bile Acid Biosynthesis  JALDHIAL
Cysteine Metabolism LDHA

TN
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Fatty Acid Biosynthesis

FASN

CGlutamate Receptor

ANB2L

Signaling

NRF2-mediated PROXI
Oxadative

Stress Response

Pentose Phosphate Pl

Pathway

Pentose and Glucuronate JUCHLI
Interconversions

Retinol Metabolism ALDHIAL
Riboflavin Metabolism  {TYR

Tyrosine Metabolism PRMTS, TYR
Ubiguinone Biosynthesis IPRMTS

Valine, Leucine and ALDHIAL
Isoleucine Degradation

Glycine, Serine and CHKA
Threonine Metabolism

Lysine Degradation ALDHIAL
Pain/Taste TRPMS; TRPAL
Pain TRPM7, TRPCS, TRPCs, TRPCL; Corl; crn2; Grk2;

Trpal; Pome; Carp; Crf, Pka; Era; Nelb; TRPMS; Prkaca;

Prikach; Prkarla; PrkarZa

Nitochondrial Function

ATE, CytC; SMAC (Dhablo);, Aifim-1; Aifm-2

Developmental
Neurology

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

Wii2h: Watla; Waotd;, WatSa, Watd, Wit 7h; WniRkb;

Wit9a;, Wnt9h; Wnilla;, Wntllb; Waotl6), beta-catenin,

Dkk-1; Frizeled related proteins; Otx-2; Gbx2; FGF-K;

Reelin; Dabl; une-86 (Poud{l or Brn3a};, Numb; Reln

{80161

Embodiments of the invention also relate to methods and compositions related to

knocking out genes, amplifving genes and repairing particular mutations associated with DNA
repeat instability and neurological disorders (Robert D Wells, Tetsuo Ashizawa, Genctic
Instabilitics and Newrcological Discases, Second Edition, Academic Press, Oct 13, 2011 -
Medical). Specific aspects of tandern repeat sequences have been found to be respounsible for
more than twenty homan discases (New insights into repeat instability: role of RNADNA

hybrids. Mclvor El, Polak U, Napierala M. RNA Biol. 2010 Sep-Oct;7(5):551-8}). The CRISPR-

Cas system may be harnessed to correct these defects of genomic instability,
180162] A further aspect of the invention relates to utilizing the CRISPR-Cas system for

correcting defects 1 the EMP2A and EMP2B genes that have been 1dentified to be associated
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with Lafora discase. Lafora disease is an autosomal recessive condition which is characterized by
progressive myoclonas epilepsy which may start as eptleptic seizures in adolescence. A fow
s of the discase may be caused by mmtations in genes yet to be identified. The discase causes
sgrzures, muscle spasros, difficulty walking, demeuntia, and eventually death. There is currently
no therapy that has proven effective against disease progression. (ther genetic abnormalitics
associated with epilepsy may also be targeted by the CRISPR-Cas systern and the underlying
genetics is further described in Genetics of Epilepsy and Genetic Epilepsies, edited by Giuliane
Avanzint, Jetfrey L. Nocbels, Martani Foundation Pacdiatric Neurology:20; 2009},
[66163]  lo vet another aspect of the invention, the CRISPR-Cas system may be used fo correct
ocular defects that arise from several genetic nmutations further described in Genetic Diseases of
the Eye, Second Edition, edited by Ehas L Traboulst, Oxford University Press, 2012,
{80164]  Several further aspects of the invention relate to correcting defects associated with a
wide range of genctic discases which are further described on the website of the National
Institutes  of Health under the topic subsection Genetic  Dhsorders  (website  at
health.nih.gov/topic/GeneticDisorders). The genetic brain discases may include but are vot
limited to Adrenoleukodystrophy, Agenesis of the Corpus Callosum, Aicardi Syndrome, Alpers’
Discase, Alzheimer's [Mscase, Barth Syndrome, Batten Disease, CADASIL, Cerebellar
Diegencration, Fabry's Discase, Gerstrnann-Straussler-Scheinker Discase, Hunhington’s Discase
and other Triplet Repeat Disorders, Leigh's Disease, Lesch-Nyhan Syndrome, Menkes Dise
Mitochondrial Myopathies and NINDS Colpocephaly, These discases are further described on
the website of the National Institutes of Health under the subsection Genetic Brain Bisorders.
{B0165]  In somce embodimnents, the condition may be ncoplasia. In some embodiments, where
the condition is neoplasia, the genes to be targeted are any of those Hsted in Table A (in this case
PTEN and so forth). In some cmbodiments, the condition may be Age-related Macular
Degeneration. In some erbodivaents, the coundition may be a Schizophrenic Disorder. In some
embodiments, the condition may be a Trinucleotide Repeat Disorder. In some embodiments, the
condition may be Fragile X Syndrome. In some erobodiments, the condition woay be a Secrctase
Related Disorder. In some embodiments, the condition may be a Prion - related disorder. In
some ernbodiments, the condition may be ALS. In some embodiments, the condition may be a

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

N
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condition may be Alzheimer’s Disease. In some cmbodiments, the condition may be
nflammation. In some embodiments, the condition roay be Parkinson’s Discase.

180166] Examples of proteins associated with Parkinson’s discase include but are not Himited
o a-synuciein, DJ-1, LRREK2Z, PINK1, Parkin, UCHL1, Synphilin-1, and NURR1.

{#3167]  Examples of addiction-related proteins may inchude ABAT for example.

{B0168] Examples of inflammation-related  proteins may  include  the  monocyie
chemoattractant protein-1 (MUPT) encoded by the Cer2 gene, the C-C chemokine receptor type 5
(CCRS) encoded by the Cerd gene, the IgG receptor HB (FCGR2b, also termed CD32) encoded
by the Fegrlb gene, or the Fe epsilon Rig (FCER1g) protein encoded by the Feerlg gene, for
example.

{30169 Examples of cardiovascular discases assocuated protemns may nclude LB
(interleukin 1, beta), XDH (xanthine dehydrogenase), TP33 (tumor protein p33y, PTGIS
{prostaglandin I2 (prostacyclin} synthase}, MB (myoglobin), L4 (intericukin 4), ANGPTI
{angiopoietin 1), ABCGE {ATP-binding cassette, sub-family G (WHITE), member &), or CTSK
{cathepsin K, for example.

{8617¢] Examples of Alzheimer’s disease associated proteins may include the very low density
lipoprotein receptor protein { VLDLR) encoded by the VEDLR gene, the ubiquitin-like modifier
activating enzyrae 1 (UBA L) encoded by the UBATL gene, or the NEDDE-activating cozyme El
catalytic subunit protein {LIBE1C) encoded by the UBA3 gene, for example.

{B6171] EDExamples of proteins associated Antism Spectrura Disorder way include the
benzodiazapine receptor (peripheral) associated protein 1 (BZRAPI) encoded by the BZRAPI
gene, the AFY/FMR2 fanuly member 2 protein (AFF2) encoded by the AFF2 gene (also termed
MFEFR2), the fragile X mental retardation autosomal homolog 1 protem (FXR1) encoded by the
FXR1 gene, or the fragile X mental retardation autosomal homelog 2 protein (FXR2) encoded by
the FXR2 gene, for example.

{80172] Examples of proteins associated Macular Degeneration may include the ATP-binding
cassetie, sub-family A {ABC1) member 4 protein (ABCA4) cncoded 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 exarmple.

{86173] Examples of proteins associated Schizophrenia way include NRGH, ErbB4, CPLXI,

TPHI, TPH2, NRXN1, GSK3A, BDNF, DISCI, GSK3E, and combinations thereof,
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{#3174] Examples of proteins imvolved in tumor suppression may inclide ATM (ataxia
telangicctasia routated), ATR (ataxia telangiectasia and Rad3 related), EGFR {epidermal growth
factor receptor), ERBB2 (v-erb-b2 erythroblastic lcukemia viral oncogene homolog 2), ERBB3
{v-erb-b2 erythroblastic leukemia viral oncogene homolog 3), ERBB4 (v-erb-b2 crythroblastic
ieukemia viral oncogene homolog 4), Notch 1, Noteh2, Notch 3, or Notch 4, for example.
{B6175] Examples of proteins associated with a secrctase disorder may include PSENEN
{presenilin enbancer 2 homolog {C. elegans}), CTSB {cathepsin B), PSENT {presenilin 1), APP
{amvloid beta (A4} precursor proteiny, APHIB {(anterior pharynx defective 1 homolog B (C.
clegans})), PSENZ (presenihin 2 {Alzheimer discase 4)), or BACE! (beta-site APP-cleaving
enzyme 1), for example.

{#6176] Dxamples of profeins associated with Aroyotrophic Lateral Sclerosis may include
SODY (supcroxide dismmtase 1), ALS2 (amyotrophic lateral sclerosis 2), FUS {(fused in
sarcoma}, TARDBP (TAR DNA binding protein), VAGFA (vascular endothelial growth factor
Ay, VAGFB {vascular endothelial growth factor B), and VAQGFC (vascular endothelial growth
factor C}, and any combination thercof.

{86177] Examples of proteins associated with prion diseases may inchide SODI {(superoxide
dismutase 1}, ALSZ {amyotrophic lateral sclerosis 2), FUS {(fused in sarcoma), TARDBP (TAR
DNA binding protein), VAGFA (vascular endothehal growth factor A), VAGFB (vascular
endothelial growth factor B), and VAGFC (vascular endothelial growth factor €), and any
combination thereof.

{B6178] Examples of protcins related to newrodegenerative conditions in prion disorders may
include A2M (Alpha-2-Macroglobulin}, AATF (Apoptosis antagounizing transcription factor),
ACPP (Acid phosphatase prostate), ACTAZ {(Actin alpha 2 smooth muscle aorta), ADAMZ2
{ADAM metallopeptidase domainy, ADORAS {(Adenosine A3 receptor), or ADRAID (Alpha-1D
adrenergic veceptor for Alpha-1D adrenoreceptor), for example.

{80179] Examples of proteins associated with Immunodeficiency may include A2M [alpha-Z-
macroglobulin}, AANAT [arvialkylarmne N-acetyltransferase]; ABCAT [ATP-binding cassette,
sub-family A (ABC1), member 1}, ABCAZ2 [ATP-binding cassette, sub-family A {ABCI),
rmember 2§, or ABCA3 [ATP-binding cassctte, sub-family A (ABCH), member 3]; for example.
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{G01808] Examples of proteins associated with Trinucleotide Repeat Disorders include AR
{androgen receptor), FMRI1 (fragile X mental retardation 1), HTT (hustingting, or DMPK
{dystrophia myotonica-protein kinase), FXN (frataxin), ATXNZ (ataxin 2}, for example.

{B0181] Examples of protems associated with Newrotranstmssion Disorders melude S8T
{somatostatin}, NOST (nitric oxide synthase 1 (neuronal}), ADRAZA {adrenergic, alpha-2A-,
receptor), ADRAZC (adrenergic, alpha-2C-, receptor), TACRI (tachykinin receptor 1), or
HTRZe (S-hydroxytryptamine {serotonin} receptor 203, for example.

{00182} Examples of ncuredevelopmental-associated sequences include AZBPI {ataxan 2-
binding protern 1], AADAT [aminoadipate aminotransferase], AANAT [arvialloylamine N-
acetyltransferase], ABAT {4-aminobutyrate aminotransferase], ABCAT [ATP-binding cassette,
sub-family A (ABCL), member 1], or ABCAI3 [ATP-binding cassetie, sub-family A (ABCl),
member 13], for example.

{80183] Further examples of preferred conditions treatable with the present systern include
may be selected from: Aicardi-Goutidres Syndrome; Alexander Disease; Allas-Herndon-Dudley
Syndrore; POLG-Related Phsorders; Alpha-Mannosidosis (Type H and 1), Alstrdm Syndrome;
Angelman;  Syndrome;  Ataxia-Telangiectasia;  Newronal  Ceroid-Lipofuscinoses, Beta-
Thalassemia;, Bilateral Optic Atrophy and {Infantile} Optic Atrophy Type 1; Retinoblastoma
{(bilateraly;,  Canavan  Disease;  Cerebrooculofacioskeletal  Syndrome 1 [COFSIL
Cercbrotendinous Xanthomatosis; Cornelia de Lange Syndrome; MAPT-Related Disorders;
Genetic Prion Discases; Dravet Syndrome; Early-Onset Familial Alzheimer Disease; Friedreich
Ataxia [FRDAYL Fryns Syndrome; Fucosidosis; Fukuyama Congenital Muscular Dystrophy,
Galactosialidosis; Gaucher Discase; Organie Acidernias; Hemophagocoytic Lymphohistiocytosis;
Hutchinson-Gilford Progeria Syndrome; Mucolipidosis 1 Infautile Free Sialic Acid Storage
Discase; PLAZG6-Associated Neurodegeneration; Jervell and  Lange-Nielsen Syndrome;
Junctional  Epiderroolysis  Buollosa;  Huntington  Discase;  Krabbe Disease  (Infantiey,
Mitochondrial DNA-Associated Leigh Syndrome and NARP; Lesch-Nyhan Syndrome; LISI-
Associated Lissencephaly; Lowe Syndrowe; Maple Syrup Unine Disease; MECP2 Duplication
Syndrome; ATP7A-Related Copper Transport Disorders; LAMAZ-Related Muscular Dystrophy;
Arvylsulfatase A Deficiency; Mucopolysaccharidosis Types 1, I or I Peroxisome Biogenesis
Disorders, Zellweger Syndrome Spectram; Neurodegeneration with Brain Iron Accumulation

Disorders; Acid Sphingomyelinase Deficiency; Niemann-Pick Discase Type € Glycine
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Encephalopathy; ARX-Related Disorders; Urea Cycle Disorders; COLIAT/2-Related
Osteogenesis Traperfecta; Mitochoudrial DNA Deletion Syndvoroes; PLPI-Related Disorders;
Perry Syndrome; Phelan-McDermid Syndrome; Glycogen Storage Disease Type 1T (Ponpe
Disease) {Infantiley, MAPT-Related Disorders; MECP2-Related Disorders; Rhizomehic
Chondrodysplasia Punctata Type 1, Roberts Syndrome; Sandhoff Disease; Schindier DHsease -
Type 1; Adenosine Deaminase Deficiency; Smith-Lomdi-Opitz Syndrorne; Spinal Muscular
Atrophy, Infantile-Onset Spinocerebeliar Ataxia; Hexosaminidase A Deficiency; Thanatophoric
Diysplasia Type 1; Collagen Type VI-Related Disorders; Usher Syndrome Type I Congenital
Muscular Dystrophy, Wolt-Hirschhorn Syndrome; Lysosomal Acid Lipase Deficiency; and
Xeroderma Pigmentosum.

{B0184] As will be apparent, it 18 envisaged that the present system can be used to farget any
polynucleotide sequence of interest. Some examples of conditions or discases that might be
usctully treated using the present system are included in the Tables above and cxamples of genes
currently associated with those conditions are also provided there. However, the genes

exemplified are not exhaustive.
EXAMPLES

{B0185]  The following cxamples are given for the purpose of tlustrating varions embodiments
of the invention and arc not meant to limit the present invention in any fashion. The present
examples, along with the methods described herewn are presently representative of preferved
embodiments, are exemplary, and are not intended as liraitations on the scope of the invention.
Changes therein and other uses which are cncompassed within the spint of the invention as

defined by the scope of the claims will oceur to those skilied in the art,
Example 1: CRISPR Complex Activity in the Nucleus of a Evkaryotic Celf

{80186]  An cxample type I CRISPR system is the type I CRISPR locus from Strepiococcus
pyvogenes SFI70, which contains a cluster of four geunes Cas9, Casl, Cas2, and Csnl, as well as
two non-coding RNA clements, tracrRNA and a characteristic array of repetitive sequences
{direct ropeats) interspaced by short stretches of non-repetitive scquences {spacers, about 30bp
cach). In this system, targeted DNA double-strand break (IDSB) is geverated in four sequential
steps {Figure 2A).  First, two non-coding RNAs, the pre-crRNA array and tracrRNA, are

transcribed from the CRISPR locus. Second, tracrRNA hybridizes to the direct repeats of pre-
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crRNA, which is then processed into mature crRNAs containing individual spacer sequences.
Third, the mature orRNAtracrRNA complex divects Cas9 to the DNA target cousisting of the
protospacer and the corresponding PAM via heteroduplex formation between the spacer region
of the ¢rRNA and the protospacer DNA.  Finally, Cas9 mediates cleavage of target DNA
upstream of PAM to create a DSB within the protospacer (Figure 2A). This example describes
an example process for adapting this RNA-prograramable nuclease system to direct CRISPR
complex activity in the nuclei of eukaryotic cells.

100187} Celf culture and ransfection

[G0I88] Human erobryonic kidoey (HEK) cell hne HEK 293FT (Late Technologics) was
maintained in Bulbecco’s modified Eagle’s Medimum (DMEM) supplemented with 10% fetal
bovine serurn (HyClone), 2mM GlutaMAX (Life Technologies), 100U/mL pewmeillin, and
100ug/mL streptomycin at 37°C with 5% CO, incubation. Mouse ncurc2A (N2A) cell line
(ATCC) was maintained with DMEM supplemented with 5% fotal bovine serum (HyCloune),
ZmM GhataMAX (Life Techunologies), 100U/mL penicillin, and 100ug/mi streptomycin at 37°C
with 5% CO;.

{B0189] HEK 2093FT or N2ZA cells were seeded into 24-well plates (Corning) one day prior to
transfoction at a density of 200,000 cells per well. Cells were transfected using Lipofectamine
2000 (Life Technologies) following the manufacturer’s recommended protocol. For cach well of
a 24-well plate a total of 800ng of plasmids were used.

190198]  Surveyor assay and sequencing analysis for genome modification

[B0191] HEK 293FT or N2A cells were transfected with plasmid DNA as described above,
After transfection, the cells were mceubated at 37°C for 72 hours before genomic DNA extraction.
Genomic DNA was extracted using the QuickExtract DNA extraction kit {Epicentrey following
the manutacturer’s protocol.  Briefly, cells were resuspended 1 QuickExtract solution and
incubated at 65°C for 15 mumutes and 98°C for 10 mnutes.  Extracted genomic DNA was
immediately processed or stored at -20°C.

{B0192]  The genomic region surrounding a CRISPR target site for cach gene was PCR
amplified, and products were purified using QuaQuick Spin Columm (Quagen) following
reanutfacturer’s protocol. A total of 400ng of the purificd PCR products were mixed with 2l
10X Tag polymerase PCR buffer (Enzymatics} and ultrapure water to a final vohiae of 20ul,

and subjected to a re-anncaling process to enable heteroduplex formation: 95°C for 10min, 95°C
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to 85°C ramping at — 2°C/s, 85°C to 25°C at — 0.25°C/s, and 25°C held for 1 mimute. After re-
anunecaling, products were ftreated with Swrveyor wouclease and Suorveyor enhancer S
{Transgenomics) following the manufacturer’s recommended protocol, and analyzed on 4-20%
Novex TBE poly-acrvlarmide gels (Life Techoologies). Gels were stained with SYBR Gold
DINA stain (Life Techoologies) for 30 minutes and tmaged with a Gel Boe gel imaging system
{Bio-rad). Quantification was basced on relative band intensities, as a measure of the fraction of
cleaved DNA. Figare 8 provides a schematic illustration of this Surveyor assay.

{B0193]  Restriction fragment length polymorphism assay for detection of homologous
recombination

{G0194] HEK 293FT and N2A cells were transfected with plasmid DNA, and incubated at
37°C for 72 hours before genomic DNA extraction as described above. The target genomuc
region was PCR amplified using primers outside the homology arms of the homologous
recombination (HR) tomplate. PCR products were separated on a 1% agarose gel and extracted
with MinEhite GelExtraction Kit (Qiagen). Purified products were digested with HindIl
{Fermentas) and analyzed on a 6% Novex TBE poly-acrylamide gel (Life Technologies).

{B0195]  RNA secondary structure prediction and analysis

{80196] RNA sccondary structure prediction was performed using the online webserver
RNAfold developed at Institute for Theoretical Chemistry at the University of Vicuna, using the
centroid structure prediction algorithm {see ¢.g. AR, Gruber et al,, 2008, Cell 106(1): 23-24; and
PA Carr and GM Church, 2009, Nature Biotechnology 27(12): 1151-62).

{B0197F  Bacterial plasmid transformation interference assay

{80198] Eloments of the S, pyogenes CRISPR locus | sufficient for CRISPR activity were
reconstituted in E. coli using pCRISPR plasmid (schematically ithustrated 1o Figure 10A)
pCRISPR contained tracrRNA, SpCas?, and a leader sequence driving the ctRNA array. Spacers
{also referred to as “guide sequences”) were inserted into the orRNA array between Bsal sites
using anncaled oligonucieotides, as ilhustrated.  Challenge plasmids used in the interference
assay were constructed by nserting the protospacer (also referred to as a “target sequence”™)
sequence along with an adjacent CRISPR motif sequence (PAM) into pUCTS (see Figure 108).
The challenge plasmid contained ampicillin resistance.  Figure 10C provides a schematic
representation of the interference assay. Chemically competent E. coli strains already carrying

pCRISPR and the appropriate spacer were transformed with the challenge plasmud containing the

-3
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corresponding protospacer-PAM sequence.  pUCI® was used to assess the transformation
cthciency of cach pCRISPR-carrying competent sirain. CRISPR activity resulted i cleavage of
the pPSP plasmid carrying the protospacer, preciuding ampiciliin resistance otherwise conferred
by pUCIEY lacking the protospacer. Figure 10D illustrates competence of cach pCRISPR-
carrying E. coli strain used in assays illustrated tn Figure 4C.

{60199]  RNA purification

{B0206¢] HEK 293FT celis were maintained and transfected as stated above. Cells were
harvested by trypsinization followed by washing in phosphate buffered saline (PBS). Total cell
RNA was extracted with TRI reagent {(Sigma) following wanufacturer’s protocol.  Extracted
total RNA was quantificd using Naonodrop (Thermo Scientific) and normalized to same
concentration.

180201]  Northern blot analysis of crRNA and tracyRNA expression in mammalian cells
[60282]  RNAs were mixed with cqual volurues of 2X loading buffer {Arnbion), heated to
93°C for 5 min, chilled on ice for 1 min, and then loaded onto 8% denaturing polyacrylamide
gels (SequaGel, National Diagnostics) after pre-running the gel for at least 30 minutes. The
samples were electrophoresed for 1.5 hours at 40W limnit. Afterwards, the RNA was transferred
to Hybond N+ membrane (GE Healthcare) at 300 mA in a semi-dry transfer apparatus (Bio-rad)
at room temperature for 1.5 hours. The RNA was crosslinked to the membrane using
autocrosstink button on Stratagene UV Crosslinker the Stratalinker (Stratagene). The mewmbrane
was pre-hybridized in ULTRAhyb-Odige Hybridization Buffer (Ambion} for 30 min with
rotation at 42°C, and probes were then added and hybridized overnight. Probes were ordered
from IDT and labeled with {gamma~"P} ATP (Perkin Elmer) with T4 polynucicotide kinase
{New England Biclabs). The membrane was washed once with pre~-warmed (42°C) 2x8SC,
.5% SDS for I min followed by two 30 minute washes at 42°C. The membrane was exposed to
a phosphor screen for one hour or overnight at room temperature and then scanned with a
phosphonimager {Typhoon).

{88203]  Bacterial CRISPR svstem construction and evaluation

{30204] CRISPR locus clements, ncluding tractBRNA, Cas¥, and leader were PCR amplified
from Streptococcus pyogenes SF3T0 genomic DNA with flanking homology arms for Gibson
Assembly., Two Bsal type 1S sites were introduced in between two divect repeats to facilitate

casy insertion of spacers (Figure 9).  PCUR products were cloned into EcoRV-digested
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pACYCIR4 downstream of the tet promoter using Gibson Assembly Master Mix (NEB). Other
cudogenous CRISPR systern elernents were omitted, with the exception of the last 50bp of Csul.
Oligos {Integrated BNA Technology} encoding spacers with complimentary overhangs were
cloned into the Bsal-digested wvector pDCO00 (NEB) and then ligated with T7 ligase
{Enzymatics) to generate pUCRISPR plasmids. Challenge plasmids containing spacers with PAM
sequences {also referred to herein as “CRISPR motif sequences”) were created by ligating
hybridized oligos carrying compatible overhangs (Integrated DNA Technology) iuto BamHIi-
digested pUCIS. Cloning for all constructs was perforrned in £, coli strain IMIOS (Zymo
Research).

{63285] pCRISPR-carrying cells were made competent using the Z-Competent £, coli
Transformation Kit and Buffer Set (Fymo Research, T3001) according to wmanufacturer’s
instructions., In the transformation assay, S0ul. aliquots of competent celis carrying pCRISPR
were thawed on ice and transformed with Ing of spacer plasmid or pUCIY on ice for 30 minutes,
followed by 45 second heat shock at 42°C and 2 mimites ou ice. Subsequently, 250ul SQC
{Invitrogen) was added followed by shaking incubation at 37°C for lhr, and 100 ul of the post-
SOC outgrowth was plated onto double selection plates (12.5 ug/ml chloramphenicol, 100 ng/ml
ampicillin}. To obtain cfu/ng of DNA, total colony numbers were multiplied by 3.

{B0206]  To improve expression of CRISPR components in marmmalian cells, two genes from
the SF370 locus | of Streptococcus pyvogenes (8. pyogenesy were codon-optimized, Cas?
{(§pCas¥) and RNase [ (SpRNase Iy, To facilitate noclear locahzation, a nuclear localization
signal (NLS) was incladed at the amino (N} or carboxyl {Cy-termini of both SpCas9 and
SpRMNase I (Figure 2B}, To facilitate visualization of protein expression, a fluorescent protein
marker was also mchuded at the N- or C-termini of both proteins (Figure 2B). A version of
SpCas® with an NLS attached to both N- and C-terroimt (2xNLS-SpCas®) was also gencrated.
Constructs containdng NLS-fused SpCas% and SpRNase HI were transfected into 293FT bhuroan
embryonic kidney (HEK) cells, and the relative positioning of the NLS to SpCas9 and SpRNase
HE was found to affect thewr nuclear localization efficiency. Whereas the C-terminal NLS was
sufficient to target SpRNase il to the nucleus, attachment of a single copy of these particular
NES's to cither the N- or Cotermunus of SpCas9 was umable to achicve adequate nuclear
localization in this system. In this example, the Cterminal NLS was that of nucleoplasmin

(KRPAATKKAGQAKKKK), and the C-terrainal NLS was that of the SV40 large T-antigen
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{PKKKRKV}). Of the versions of SpCas9 tested, only 2xNLS-SpCas® exhibited nuclear
locabization (Figure 2B).

{80287] The tractRNA from the CRISPR locus of 8. pyogenes SF370 has two transcriptional
start sites, giving rise to two transcripts of 89-pucleotides (nt) and 171nt that arc subsequently
processed into identical 750t mature tractRNAs. The shorter 89nt tracrRNA was selected for
expression in moammalian colls (expression constructs tlustrated in Figure 7A, with functionality
as determined by resuits of the Surveyor assay shown in Figure 7B}, Transcription start sties are
marked as +1, and transcription terminator and the sequence probed by northern blot are also
indicated. Expression of processed tractRNA was also confirroed by Northern blot. Figure 7C
shows results of a Northern blot analysis of total RNA extracted from 293FT cells transfected
with Ud expression constructs carrying long or short tractBNA, as well as SpCas9 and DR-
EMXI(1»DR. Left and right pancls are from 293FT cells transfected without or with SpRNase
I, respectively. U6 indicate loading control blotted with a probe targeting human U6 snRNA.
Transfection of the short tracrRNA expression construct led to abundant levels of the processed
form of tractRNA (~75bp). Very low amounts of long tractRNA are detected on the Northern
blot.

{B0288] To promote precise transcriptional inifiation, the RNA polymerase [-based U6
promoter was selected to drive the expression of tracrRNA (Figure 2C).  Simmlarly, a U6
promoter-based construct was developed to express a pre-crRNA array consisting of a single
spacer flanked by two direet repeats (DRs, also encowpassed 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 phus a 3-bp CRISPR motit (PAM) sequence satisfying the NGG recognition
motif of Cas9) in the human EMXT locus (Figure 2C), a key gene in the development of the
cerebral cortex.

{30289]  To test whether beterologous expression of the CRISPR system (SpCas9, SpRNase
HI, tracrRNA, and pre-crRNA)Y in mammalian cells can achieve targeted cleavage of mammalian
chromosomes, HEK 293FT cells were transfected with combinations of CRISPR components,
Since DSBs in manunalian nuclei are partially repaired by the non-homologous end joining
{NHET} pathway, which leads to the formation of indels, the Surveyor assay was used to detect
potential cleavage activity at the target Z3X7 locus (Figure 8) {see e.g. Guschin e af, 2010,

Methods Mol Biol 649: 247y Co-transfection of all four CRISPR components was able to
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induce up to 5.0% cleavage in the protospacer {sce Figure 2D}, Co-transfection of all CRISPR
coraponents minus SpRNase HI also induced up to 4.7% ndel 1n the protospacer, suggesting that
there may be cndogenous mammalian RNases that are capable of assisting with crRNA
maturation, such as for example the velated Dicer and Drosha cpzymes. Removing any of the
remaining three components abolished the genome cleavage activity of the CRISPR system
{Figurc 2D3). Sanger sequencing of amplicons containing the target locus verified the cleavage
activity: in 43 sequenced clones, 5 mutated alleles (11.6%) were found. Similar experiments
using a variety of guide sequences produced indel percentages as high as 29% {(see Figures 4-7,
12, and 13). These results define a three-component system for efficient CRISPR-mediated
genome modification in mammalian cells. To optimize the cleavage efficiency, Applicants also
tested whether differcunt isoforms of tracrRNA affected the cleavage efficiency and found that, in
this example system, only the short (89-bp} transcript form was able to mediate cleavage of the
human FMXT genomic locus {(Figure 7B).

{B8218] Figure 14 provides an additional Northern blot analysis of ¢rRNA processing in
rammalian cells. Figure 14A illustrates a schematic showing the expression vector for a single
spacer flanked by two direct repeats {DR-EMXI(13-DR). The 30bp spacer targeting the human
EMX1 locus protospacer 1 {sce Figure 6) and the direct repeat sequences are shown in the
sequence benecath Figure 14A. The line indicates the rvegion whose reverse-complement
sequence was used to generate Northern biot probes for EMX1I(1) crRNA detection. Figure 14B
shows a MNorthern blot analysis of total RNA extracted from 293FT cells transfected with Ud
expression constructs carrying DR-EMXI{(1)3-DR. Left and right panels are from 293FT cells
transfocted without or with SpRNase IH respectively. DR-EMXI{1}-DR was processed into
mature ctRNAs only in the presence of SpCas% and short tractRNA and was not dependent on
the presence of SpRNase 1L The mature orRNA detected from transfected 293FT total RNA 1
~33bp and is shorter than the 39-42bp mature orRNA from 8 pvogenes.  These results
demonstrate that a CRISPR system can be transplanted into cukaryotic cells and reprogrammed
to facilitate cleavage of endogenous mammalian target polymucleotides.

{G6211] Figure 2 illustrates the bacterial CRISPR system described in this example. Figure
2A illustrates a schernatic showing the CRISPR locus 1 from Streprococcus pyogenes SF370 and
a proposed raechanism of CRISPR-mediated DNA cleavage by this systemn. Mature crRNA

processed from the direct repeat-spacer array directs Cas9 to genomic targets consisting of
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complimentary protospacers and a protospacer-adjacent motif (PAM}. Upon target-spacer base
pairing, Cas® mediates a double-strand break i the target DNA.  Figore 2B illustrates
engineering of S. pyogenes Cas? (SpCas®) and RNase IH (SpRNase 11} with nuclear localization
signals {NLSs) to enable moport wito the wammalian nucleus. Figore 2C dlustrates mammalian
expression of SpCas® and SpRNase HI driven by the constitutive HF la promoter and tractRNA
and pre-crRNA array {(DR-Spacer-DR) driven by the RNA Pol3 promoter Ub to promote precise
transcription initiation and termination. A protospacer from the human EMAT locus with a
satistactory PAM sequence 18 used as the spacer in the pre-crRNA array. Figure 2D illustrates
surveyor nuclease assay for SpCasS-mediated minor insertions and delctions,  SpCas9 was
expressed with and without SpRNase HI, tractRNA, and a pre-crRNA array carrying the EMXT -
target spacer. Figure 2F illustrates a schematic representation of base paining between target
locus and EMX/-targeting crRNA, as well as an example chromatogram showing a micro
deletion adjacent to the SpCas® cleavage site. Figure 2F illustrates mutated alleles identified
from sequencing analysis of 43 clonal amplicons showing a variety of micro insertions and
deletions.  Dashes indicate deleted bases, and non-aligned or mismatched bases indicate
insertions or mutations. Scale bar = 10pm.

{80212]  To further simplify the three-component system, a chimeric crRNA-tracrRNA hybrid
design was adapted, where a mature ctBNA {comwprising a guide sequence) s fused to a partial

tractRNA via a stem-loop to mimic the natural crRNAtracrRNA duplex (Figure 3A). To

expression of a chimeric RNA and SpCas9 in transfected cells (Figares 3A and &), In parallel,
the bicistronic vectors were used to express a pre-crRNA (DR-guide sequence-DR) with SpCas9,
to tnduce processing into crRNA with a separately expressed tracrRNA {compare Figure 138 top
and bottom). Figure 9 provides schematic illustrations of bicistronic cxpression veoctors for pre-
ctRNA array (Figure 9A) or chimeric crRNA (represented by the short line dowunstream of the
guide sequence insertion site and upstream of the EFie promoter in Figure 9B) with hSpCas9,
showing location of various elements and the point of goide sequence 1usertion. The expanded
sequence around the location of the guide sequence insertion site in Figure 9B also shows a
partial DR sequence  (GTTTAGAGCTAY and  a  partial tractRNA sequence
{(TAGCAAGTTAAAATAAGOCTAGTCCGTTTTT). Guide sequences can be inserted between

Bbsl sites using annealed oligonucleotides. Sequence design for the oligonucleotides are shown
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below the schematic illustrations in Figure 9, with appropriate ligation adapters indicated.
WPRE represeuts the Woodchuck hepatitis virus posi-trauscriptional regulatory clement. The
efficiency of chimeric RNA-mediated cleavage was tested by targeting the same ZMXTY locus
described above. Using both Surveyor assay and Sanger sequencing of amplicons, Applicants
confirmed that the chimeric RNA design facilitates cleavage of human FMX/ locus with
approximately a 4.7% modification rate (Figure 4).

{86213]  Generalizability of CRISPR-mediated cleavage in eukarvotic cells was tested by
targeting additional genomic loct i both human and mousc cells by designing chimeric RNA
targeting multiple sites in the human ZMXT and PVALR, as well as the mouse T4 loct. Figure 15
ithustrates the selection of some additional targeted protospacers in human PVALE (Figure 154}
and mouse Th (Figare 158} loci.  Schematics of the gene loct and the location of three
protospacers within the last exon of cach are provided. The underlined sequences include 30bp
of protospacer sequence and 3bp at the 37 cnd corresponding to the PAM sequences.
Protospacers on the sense and anti-sense strands are indicated above and below the DNA
sequences, respectively. A modification rate of 6.3% and 0.75% was achieved for the human
PVALE and mouse Th loct respectively, demonstrating the broad applicability of the CRISPR
systern in modifying different loci across multiple organisms  (Figures 3B and 63 While
cleavage was only detected with one out of three spacers for cach locus using the chimeric
constructs, all target sequences were cleaved with efficiency of indel production reaching 27%
when using the co-expressed pre-crRNA arrangerncnt (Figure 6).

{86214] Figure 13 provides a further tlustration that SpCas® can be reprogrammed to target
nultipic genomic loct in mammalian cells,  Figure 13A provides a schematic of the human
EMX{ locus showing the location of five protospacers, indicated by the anderlined sequences.
Figure 13B provides a schematic of the pre-ctRNA/MrerRNA complex showing hybridization
between the direct repeat region of the pre-ctBRNA and tracrRNA {top), and a schematic of a
chimeric RNA design comprising a 20bp guide sequence, and tracr mate and fracr sequences
consisting of partial direct repeat and tracrRNA sequences hybridized in a haupin structure
{bottom). Results of a Surveyor assay comparing the efficacy of CasS-mediated cleavage at five
protospacers i the human EAXY locus 1s illustrated 1n Figure 13C. Each protospacer 18 targeted

using etther processed pre-crRNA/tracrRNA coraplex {crRNA)Y or chimeric RNA (chiRNA}.
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(#0218}  Since the secondary structure of RNA can be crucial for intermolecular interactions, a
structure prediction algorithm based on minimum free energy and Boltzmann-weighted structure
ensemble was used to compare the putative secondary structure of all guide sequences used in
our genowe targeting experiment (Figure 3B) (sce e.g. Gruber e ¢/, 2008, Nucleic Acds
Research, 36: W70}, Analysis revealed that in most cases, the effective guide sequences in the
chimeric ctRNA context were substantially free of sccondary structure rootifs, whereas the
ineffective guide sequences were more likely to form internal secondary stractures that could
prevent base pairing with the target protospacer DNA. It is thus possible that vanability in the
spacer secondary stracture roight impact the efficiency of CRISPR-mediated wnierference when
using a chimeric crtRNA.

{#6216] Figure 3 illustrates exaraple expression vectors, Figure 3A provides a schematic of a
bi-cistronic vector for driving the expression of a synthetic ctRNA-tractRNA chimera {chimeric
RNA)Y as well as SpCas®.  The chimeric guide RNA contains a 20-bp guide sequence
corresponding to the protospacer in the genomic target site. Figure 3B provides a schematic
showing guwde sequences targeting the human EMX/, PVALR, and mouse Tk loct, as well as
their predicted secondary structures. The modification efficiency at each target site is indicated
below the RNA secondary structure drawing (EMX/, »n = 216 amplicon sequencing reads;
PVALB, n =224 veads; Th, n =265 vcads). The folding algorithm produced an output with cach
base colored according to its probability of assuming the predicted secondary structure, as
indicated by a rainbow scale that 1s reproduced in Figure 3B wn gray scale. Further vector designs
for SpCas® are shown in Figure 44, which illustrates single expression vectors incorporating a
Ut promoter linked to an insertion site for a guide oligo, and a Cbh promoter linked to SpCas9
coding sequence. The vector shown in Figure 44b includes a tracrRNA coding sequence linked
to an Hi promoter.

{#6217] To test whether spacers containing sccondary stroctures are able to function
prokaryotic cells where CRISPRs naturaily operate, transformation interference of protospacer-
bearing plasmids were tested i an £ cofli strain heterologously expressing the S, pvogenes
SF370 CRISPR locus 1 {Figure 10). The CRISPR locus was cloned mto a low-copy £, cofi
expression vector and the crRNA array was replaced with a single spacer flanked by a pair of
DRs (pURISPR). E cofi strains harboring different pCRISPR plasmids were transformed with

challenge plasmids containing the corresponding protospacer and PAM sequences (Figure 10C).
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in the bacterial assay, all spacers facilitated efficient CRISPR interference (Figure 4C). These
results suggest that there may be additional factors affecting the efficiency of CRISPR activity in
mamimalian cells.

[B0218] To investigate the specificity of CRISPR-mediated cleavage, the effect of single-
nucleotide mutations in the guide sequence on protospacer cleavage in the mammalian genome
was analyzed using a series of EMXtargeting chimneric crRNAs with single point mutations
{Figure 4A). Figure 4B illustrates results of a Surveyor nuclease assay comparing the cleavage
efficiency of Cas® when patred with different mutant chimeric RNAs, Single-base mismatch up
to 12-bp 57 of the PAM substavtially abrogated genomic cleavage by SpCas9, whereas spacers
with mutations at farther upstream positions retained activity against the original protospacer
target (Figure 4B). In addition to the PAM, SpCas9 has single-base specificity within the last
12-bp of the spacer. Furthermore, CRISPR is able to mediate genomic cleavage as efficiently as
a pair of TALE nucleases {TALEN) targeting the same ZMXT protospacer. Figure 4C provides a
schematic showing the design of TALENS targeting £MX/, and Figure 4D shows a Surveyor gel
comparing the efficiency of TALEN and Cas9 (n=3}.

{86219] Having cstablished a set of components for achieving CRISPR-mediated gene editing
in mammalian cells through the crror-prone NHEJ mechanism, the ability of CRISPR to
stimulate homologous recombination (HR), a high fidelity gene repair pathway for making
precise odits in the genome, was tested. The wild type SpCas9 is able to mediate site-specific
DSBs, which can be repaired through both NHEJ and HR. In addition, an aspartate-to-alanine
nuclease into a nickase (SpCastn; tllustrated 1 Figure SA) {sce e.g. Sapranauskas ef ¢f, 2011,
Nucleic Acids Research, 39: 9275, Gasiunas ef «f, 2012, Proc. Natl, Acad. Sci. USA,
109:E2579}, such that nicked genomic DNA undergoes the high-fidelity homology-directed
reparr {HDR). Surveyor assay confirmed that SpCasOn does not genervate indels at the EAMXY
protospacer target.  As illustrated in Figure 5B, co-cxpression of EMX[-targeting chimeric
crRNA with SpCas9 produced mdels 1o the target ste, whercas co-oxpression with SpCasOn did
not {(n=3). Moreover, sequencing of 327 amplicons did not detect any indels induced by
SpCas¥n. The same locus was sclected to test CRISPR-mediated HR by co-transfecting HEK
293FT cells with the chimeric RNA targeting £MXY, hSpCas9 or hSpCUas9n, as well ag a HR

teraplate to introduce a pair of restriction sites (Hindl and Niel) near the protospacer. Figure

oo
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3C provides a schematic tiustration of the HR strategy, with relative locations of recombination
points and primer apnealing sequences {arrows).  SpCas9 and SpCasOn wmdeed catalyzed
integration of the HR template into the £MX7 locus. PCR amplification of the target region
followed by restriction digest with Hindi revealed cleavage products corresponding to expected
fragment sizes {arrows in restriction fragment length polymorphisn gel analysis shown in Figare
S, with SpCas9 and SpCasOn mediating similar levels of HR efficiencics. Applicants turther
verified HR using Sanger sequencing of genomic amplicons (Figure SE).  These resulis
demonstrate the utility of CRISPR for facilitating targeted gene insertion in the manunalian
genome. Given the 14-bp (12-bp frove the spacer and 2-bp frora the PAM) target specificity of
the wild type SpCas?®, the availability of a nickase can significantly reduce the likelihood of off-
target modifications, since single strand breaks are not substrates for the crror-prone NHEJ
pathway.,

{B0226]  Expression constructs mumsicking the natural architecture of CRISPR loct with
arrayed spacers (Figare 2A) were constructed to test the possibility of multiplexed sequence
targeting. Using a single CRISPR array encoding a pair of EMXTY - and PVALB-targeting spacers,
etficient cleavage at both loct was detected (Figure 4F, showing both a schematic design of the
crRNA array and a Surveyor blot showing efficient mediation of cleavage). Targeted deletion of
larger genownc regions through concurrent DSBs using spacers agaiust two targets within ZMWXT
spaced by 119bp was also tested, and a 1.6% deletion efficacy (3 out of 182 amplicons; Figure
4G) was detected. This demonsirates that the CRISPR systern can mediate multiplexed editing

within a single genome.
Example 2: CRISPR system modifications and alternatives

{B06221] The ability to use RNA to program scquence-specific DNA cleavage defines 4 new
class of genome enginecring tools for a vanety of resecarch and industnial applhications. Several
aspects of the CRISPR system can be further improved to increase the efficiency and versatility
of CRISPR targeting. Optimal Cas9 activity may depend on the availability of free Mg at
icvels higher than that present in the mammalian nucleus {see e.g. Jinek er @f., 2012, Science,
337:816), and the preference for an NGG motif immediately downstream of the protospacer
restricts the ability to target on average every 12-bp 1n the buman genome (Figure 11, evaluating
both plus and minus strands of hurnan chromosomal sequences). Sorne of these constraints can

be overcome by exploring the diversity of CRISPR loci across the microbial metagenome {(see
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¢.g. Makarova ef af., 2011, Nat Rev Microbiol, 9:467). Other CRISPR loct may be transplanted
into the meammalian cellular milieu by a process similar to that described in Example 1. For
example, Figure 12 tllustrates adaptation of the Type I CRISPR system from CRISPR 1 of
Streprococcus thermophilus LMD-9 for heterologous expression in mammalian cells to achieve
CRISPR-mediated genome editing. Figure 12A provides a Schematic illustration of CRISPR 1
from S, thermophilus LMD-9. Figure 12B illustrates the design of an expression system for the
S. thermophilus CRISPR systemn.  Human codon-optimized A8:iCas¥% is expressed using a
constitutive EFla promoter. Mature versions of tractRNA and orRNA are expressed using the
U6 promoter to promote precise transcription itfation. Sequences froro the matare orRNA and
tractRNA are illustrated. A sinple base indicated by the lower case “a” in the ctRNA sequence is
used to remove the polylU sequence, which serves as a RNA pollll transcriptional terminator.
Figure 12C provides a schematic showing guide sequences targeting the human ZMXY locus as
well as their predicted sccondary structures. The modification cfficicncy at cach target sife is
indicated below the RNA secondary structures. The algorithm generating the structures colors
cach base according to its probability of assuming the predicted secondary structure, which s
indicated by a rainbow scale reproduced in Figure 12C in gray scale. Figure 12D shows the
results of hStCas®-mediated cleavage in the target locus using the Surveyor assay. RNA guide
spacers 1 and 2 mduced 14% and 6.4%, vespectively. Statistical analysis of cleavage activity
across biological replica at these two protospacer sites 15 also provided in Figure 6. Figure 16
provides a schematic of additional protospacer and corresponding PAM sequence targets of the
S. thermophifus CRISPR system in the human EMXYY locus. Two protospacer sequences are
highlighted and their corresponding PAM sequences satisfying NNAGAAW metif are indicated
by underlining 37 with respect to the corresponding bighlighted sequence. Both protospacers

target the anti-sense strand.
Example 3: Sample rarget sequence selection algorithm

[66222] A software program is desigoed to identify candidate CRISPR target sequences ou
both strands of an imput DNA sequence based on desired guide sequence length and a CRISPR
motif sequence (PAM) for 4 specified CRISPR enzyrae. For example, target sites for Cas9 from
S. pyogenes, with PAM sequences NGOG, may be identified by searching for 57-No-NGG-3 both
on the input sequence and on the reverse-coraplement of the mput.  Likewise, target sites for

Cas® of 8 thermophilus CRISPRI, with PAM sequence NNAGAAW, may be identified by

el
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searching for 57 -N-NNAGAAW-3 both on the input sequence and on the reverse-complement
of the wput. Likewise, target sites for Cas9 of § thermophilus CRISPR3, with PAM sequence
NGOGNG, may be identified by scarching for 57-N-NGGNG-3" both on the input sequence and
on the reverse-complement of the woput. The value “x” 1w Ny may be fixed by the program or
specified by the user, such as 20.

{#6223] Since multiple occurrences i the genome of the DNA target site may lead to
nonspecific genome editing, after identifying all potential sites, the program filters out sequences
based on the number of times they appear in the relevant reference genome, For those CRISPR
enzymes for which sequence specificity is determined by a “seed’ sequence, such as the 11-12bp
3’ from the PAM sequence, including the PAM sequence itself, the filtering step may be based
on the seed sequence. Thus, to avord editing at additional genornc locy, results are filtered based
on the number of occurrences of the seed: PAM sequence in the relevant genome. The user may
be aliowed to choose the length of the seed sequence. The user may also be allowed to specify
the number of occurrences of the seed:PAM sequence in a genome for purposes of passing the
filter. The default 18 to screen for unique sequences. Filtration level 1s aliered by changing both
the length of the seed sequence and the number of occurrences of the sequence i the genome.
The program may in addition or alternatively provide the sequence of a guide sequence
complernentary to the reported target sequence(s) by providing the reverse complemcut of the
identified target sequence(s),

{86224] Further details of methods and algorithms to optiniize sequence selection can be
found in U.S. application Serial No. 61/836,080 (attorney docket 44790.11.2022); incorporated

herein by reference.
Example 4: Evaluation of mudtiple chimeric crRNA-tracrBNA hybrids

{B0225]  This example describes results obtained for chimaeric RNAs (chiRNAs; coraprising a
guide sequence, a tracr mate sequence, and a tracr sequence in a single transcript) having tracr
sequences that incorporate different lengths of wild-type tracrRNA sequence.  Figure 1Ra
ithustrates a schematic of a bicistronic expression vector for chimeric RNA and Cas®. Cas9 s
driven by the CBh promoter and the churaeric RNA 15 driven by a U6 promoter. The chimeric
guide RNA consists of a 20bp guide sequence (Ns) joined to the tracr sequence (running from
the first “U” of the lower strand to the ond of the transcript), which is truncated at various

positions as indicated. The guide and tracr sequences are separated by the tracr-mate sequence
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GUUUUAGAGCUA followed by the loop sequence GAAA. Results of SURVEYOR assays for
CasS-mediated indels at the human ZMXT and PVALE loct are tlustrated in Figure 18b and 1R¢,
respectively, Arrows indicate the expected SURVEYOR fragments. ChiRNAs are indicated by
their "1 designation, and crRNA refers to a hybrid RNA where guide and tracr sequences are
expressed as separate transcripts. (Quantification of these resulis, performed in triplicate, are
ithustrated by histogram 1o Figures 19 and 19b, corresponding to Figures 18b and i8¢,

20

respectively ("N indicates no indels detected). Protospacer IDs and their corresponding
genomic target, protospacer sequence, PAM sequence, and strand location are provided in Table
. Guide sequences were designed to be coraplementary to the ontire protospacer sequence in
the case of separate transcripts in the hybrid system, or only to the underlined portion in the case
of chimeric RNAs.

Tabie I3:;

protfospace; genowmic protospacer sequence (37 to 3%) PAM | stran
iy target d
i
1 EMXT IGGACATCOATGTCACCTOCAATGACTAG 1 TGG T +
GG
2 EMYT CATTGOAGGTQACATCOATCTOOTOOCL 1 TGG -
AL
3 EMXT IGOAAGGGOCTGAGTCCOGAGCAGAAGAA |GGG +
GAA
4 PVALE (GGTGOCGAGAGGOGUCCAGATTIOGOOTOTI AGG | +
5 FPVALE IATGCAGGAGGUTIGHUGAGAGGOGLUCGA [ TGG +
OAT

{8822s]  Ccll culture and transfection

166227] Human embryonic kiduey (HEK) cell line 293FT (Life Technologies) was maintained
in Dulbecco’s modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum
{(HyClone), 2mM  GlutaMAX (Life Technologicsy, 100U/mL penwcilling and 100ug/mL
streptomyein at 37°C with 3% CO, incubation. 293FT celis were seeded onto 24-well plates
{Cormuing) 24 hours prior to transfection at a density of 150,000 cells per well,  Cells were
transfected using Lipofectamine 2000 {(Life Techunologiesy following the manufacturer’s
recommended protocol. For cach well of a 24-well plate, a total of S00ng plasmud was used.

802281 SURVEYOR assay for genome modification

e
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{00228)  293FT cells were transfected with plasmid DNA as described above., Cells were
incubated at 37°C for 72 hours post-transfection prior fo genomic BNA exiraction.  Genomic
DINA was extracted using the QuickExtract DNA Extraction Solution (Epicentre) following the
manufacturer’s protocol. Briefly, pelieted cells were resuspended in QuickExtract solution and
incabated at 65°C for 15 minutes and 98°C for 10 mimutes. The genomic region flanking the
CRISPR target site for cach gene was PCR aroplified (primers listed i Table E}), and products
were purified using QiaQuick Spin Column (Qiagen) following the manufacturer’s protocol.
400ng total of the purificd PCR products were mixed with 2l 10X Tag DNA Polymerase PCR
buffer (Evnzymatics) and ultrapure water to a final volume of 20ul, and subjected to a re-
anncaling process to enable heteroduplex formation: 95°C for 10min, 95°C to 85°C ramping at —
2°C/s, 85°C 0 25°C at — 0.25°C/s, and 25°C hold for 1 minute. After re-annealing, products were
treated with SURVEYOR nucicase and SURVEYOR enhancer 8 (Transgenomics) following the
marufacturer’s recommended protocol, and analyzed on 4-20% Novex TBE poly-acrvlamide
gels {Life Technologies). Gels were staimed with SYBR Gold BNA stain (Life Technologies)
for 30 minutes and imaged with a Gel Doc gel imaging systern (Bio-rad). Quantification was
based on relative band intensities.

Tahle E:

primer pame genomic target primer sequence (3’ to 3}
Sp-EMX1-F EMXI AAAACCACCCTTCTCTCTOGO
Sp-EMXI1-R EMXI GOAGATTGGAGACACGGAGA
G
Sp-PVALB-F PVALB CTOGAAAGUCAATGCUTGAL
Sp-PVALB-R PVALE HOCAGCAAACTCCTTIGTICCT

{8623¢] Computational wdentification of umque CRISPR target sites

{80231] To identify unique target sites for the S, pyogenes SF370 Cas9 (SpCas®) enzyme in
the hurnan, mouse, rat, zchrafish, fruit fly, and C. clegans genome, we developed g software
package to scan both strands of a BNA sequence and identify all possibie SpCas9 target sifes.
For this example, cach SpCas9 target sitc was operationally defined as & 20bp sequence followed
by an NGOG protospacer adjacent motif (PAM) sequence, and we identified all sequences
satisfying this 5'-Nye-NGG-37 definition on all chromosomes. To prevent non-specific genome
editing, after identifying all potential sites, all target sites were filtered based on the number of

times they appear in the relevant reference genome. To take advantage of sequence specificity of
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s

(as9 activity conferred by a ‘sced’ sequence, which can be, for example, approximately 11-12bp
sequence S7 from the PAM sequence, ST-NNNNNNNNNN-NGG-37 sequences were selected to
be unique in the relevant genome. All genomic sequences were downloaded from the UCSC
Genorne Browser (Human genome hgl9, Mouse genome mun9, Rat genome m3, Zebrafish
genome danRer7, D, melanogaster genome dmd and C. elegans genome cel@l). The full search
results are available to browse using UCSC Genome Browser information.  An example
visualization of some target sites in the human genome is provided in Figure 21,

1002321 Imtially, three sies within the EMXT locus in human HEK 293FT cells were
targeted. Genome modification efficiency of cach cRNA was assessed using the SURVEYOR
niuclease assay, which detects mutations resulting from DNA double-strand breaks (DSBs) and
thetr subsequent repair by the von-homelogous end joinung (NHEJ) DNA damage repair
pathway. Constructs designated chiRNA(-+n} indicate that up t© the +n nucleotide of wild-type
tracrRNA s included in the chimeric RMNA construct, with values of 48, 54, 67, and 85 used for
n.  Chimeric RNAs containing longer fragments of wild-type tracyRNA {chiRNA{+67} and
chiRNA(+R3Y) mediated DNA cleavage at all three EMX1 target sites, with chiRNA(+E5)
particolar demonstrating significantly higher levels of DNA cleavage than the corresponding
crRNA/tractRNA hybrids that cxpressed guide and fracr sequences in separate franscripts
{Figures 18b and 19a). Two sites in the PVALB locus that yvielded vo detectable cleavage using
the hybrid system (guide sequence and tracr sequence exprossed as separafe franscripts) were
also targeted using chiRNAs, chiRNA{+67) and chiRNA{+RS) were able to mediate significant
cleavage at the two PVALB protospacers {Figures 18c and 19b).

{B0233] For all five targets m the EMXI and PVALB loci, 4 consistent increase in genome
meodification efficiency with tnereasing tracr sequence length was observed. Without wishing to
be bound by any theory, the sccondary structure formed by the 37 cnd of the tractRNA may play
a role in enhancing the rate of CRISPR cowplex formation.  An dlustration of predicted
secondary structures for cach of the chimeric RNAs used in this example is provided in Figure
21, The sccondary structore was predicted using RNAfold (hitp://rna.tbiunivic.ac at/cgi-
bin/RNAfold.cgi) using minimum free energy and partition function algorithm. Pseudocolor for
cach based (reproduced in grayscale) indicates the probability of pairing. Because chiRNAs with
longer tracr sequences were able to cleave targets that were not cleaved by native CRISPR

crRNA/tractRNA hybrids, 1t is possible that chimeric RNA may be loaded onto Cas9 more
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cfficiently than its native hybrid counterpart. To facilitate the application of Cas® for site-
specific genome editing i cukarvotic cells and organisms, all predicted unmigue target sifes for
the S, pyogenes Cas® were computationally identified in the human, mouse, rat, zebra fish, C.
elegans, and . melanogaster genomes. Chimeric RNAs can be designed for Cas9 enzyroes
from other microbes to expand the target space of CRISPR RNA-prograramaable nucleases.
{60234 Figure 22 illustrates an exeroplary bicistronic oxpression vector for expression of
chimeric RNA inchiding up to the +83 nuclestide of wild-type tracr RNA sequence, and SpCas9
with nuclear localization sequences. SpCas9 is expressed from a CBh promoter and termmated
with the bGH peolyA signal (bGH pA). The expanded sequence illustrated iromediately below
the schematic corresponds to the region surrounding the guide scquence inscrtion site, and
mcludes, from 57 to 37, 37-portion of the U6 promoter (fivst shaded region), Bbsi cleavage sites
(arrows)}, partial direct repeat (fracr mate sequence GTTTTAGAGCTA, underlined}, loop
sequence GAAA, and +85 tracr sequence {underlined sequence following loop sequence). An
exemplary gmuide sequence insert is illustrated below the guide sequence insertion site, with
nucleootides of the guide sequence for a selected target represented by an "N

{80235]  Sequences described in the above examples are as follows (polynucieotide sequences
are 57 to 37)

[66236]  Ub-short traceRNA (Streptococcus pyogenes SFI70):

{66237 GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT
GTTAGAGAGATAATTGGAATTAATTTGACTCTAAACACAAAGATATTAGTACAAAA
TACGTGACGTAGAAAGTAATAATTTCTTGGOTAGTTTIGCAGTTTTAAAATTATGTTTY
AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTITCGATTTCTTGGCTTTAT
ATATCTTGTGOGAAAGGACGAAACACCGGAACCATTCAAAACAGCATAGCAAGTTA
AAATAAGGUTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTOGGTGOTTTY
180238] Uo-long tractRNA (Streptococcus pyogencs SF3701

{68238 GAGGGUCTATTITCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT
GTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA
TACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTY
AAAATGCACTATCATATOCTTACCGTAACTTGAAAGTATTTCCATTTCTTGGCTTTAT
ATATCTTGTGGAAAGGACGAAACACCGGTAGTATTAAGTATTGTTTTATGGCTGATA
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AATTTCTTTGAATTTCTCCTTGATTATTTGTTATAAAAGTTATAAAATAATCTTGTTG
GAACCATTCAAAACAGUCATAGCAAGTTAAAATAAGOGCTAGTCCGTTATCAACTTGA
AAAAGTGGCACCGAGTCGGTGCTTTTTIT
[66248]  U6-DR-Bbsl backbone-DR (Streptococcus pyogenes SF370):
1682417  GAGGGCUTATTITCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT
GTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA
TACGTGACGTAGAAAGTAATAATTTCTTGGOTAGTTTIGCAGTTTTAAAATTATGTTTY
AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTITCGATTTCTTGGCTTTAT
ATATCTTGTGGAAAGGACGAAACACCGGOTTTTAGAGCTATGCTGTTTTGAATGGTIC
CCAAAACGOGTCTTCGAGAAGACGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAA
AC
1802421  Ut-chimeric RNA-Bbsi backbone {Streptococcus pyogenes SF370)
1682437 GAGGGUCTATTTICCCATGATTCCTTCATATTTIGCATATACGATACAAGGCT
OTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA
TACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTY
AAAATGCACTATCATATOCTTACCGTAACTTGAAAGTATTTCOATTTCTTGGCTTTAT
ATATCTTGTGGAAAGGACGAAACACCGGGTCTTCGAGAAGACCTGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCG
{60244) NLS-SpCast-EGFP:
{86245] MDYEDHDGDYKDHDIDYKDDDDEKMAPKKKREVGIHGVPAADKKYSIGLDI
SINSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNUIGALLFDSGETAEATRELKRTARR
RYTRRKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHE
KYPTIYHLRKKLVYDSTDKADLRLIYLALAHMIKFRGHFLIEGDENPDNSDVDKLFIQLVQ
TYNQLFEENPINASGVDAKAILSARLSKSRREUENLIAQLPGEKKNGLFGNLIALSLGLTPN
FRKANFDLAEDAKLQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNT
EITKAPLSASMIKRYDEHHOQDLTLLKALVROQOQLPEKYKEIFFDOSKNGYAGYIDGGASQ
HEEFYKFIKPILEKMDGTEELLVKEINREDLLREQRTFDNGSIPHQIHLGELHAILRRQEDFRY
PFLKDNREKIEKILTFRIPYYVGPLARONSRFAWMTREKSEETITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVEPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKATY
DLELFKTNREVTIVRQLKEDYFKKIECFDSVEISGVEDRFNASLOTYHBLLKEKDKDFLDN
EENEDILEDIVLTLTLFEDREMIFFRLKTYAHLFDDKVMEQLKRRRYTGWGRLSRKLIN
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GIRDKQSGKTILDFLKSDGFANRNFMOQLIHDDSLTFKEDIOKAQVSGOGDSLHEHIANLA
GSPAIKKGILOTVKVVDELVKVMGRHKPENIVIEMARENGTTOKGOENSRERMKRIEEG
IKELGSGQILKEHPVENTQLONEKLY LY YLGNGRDMY VDOQELDINRLSDYDVDHIVPQOSE
LKDDSIDNKVLTRSDKNRGEKSDNVPSEEVVKEMENYWROLLNAKLITQRKFDNLTKAE
ROGGLSELDKAGFIKROQIVETROITKHVAQILDSRMNTKYDENDKLIREVEVITLKSKLYS
DFRKDFQFYKVREINNYHHAHDAY LNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMI
AKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATY
REVLSMPOVNIVEKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYS
VEVVAKVEKGKSKELKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVREKDLHKLPKYS
LFELENGREKRMLASAGELGKGNELALPSKYVNFLY LASHY EKLKGSPEDNEQKOQLFVE
QHKHYLDEHEQISEFSKRVILADANLDKVLSAYNEKHRDKPIREQGAENITHEFTLTNLGAPR
AAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDAAAVSKGEELFTG
VVPILVELDGDVNGHEFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTITLTYGV(E
CFSRYPDHMKQHDFFKSAMPEGY VOERTIFFKDDONYKTRAEVKFEGDTLVNRIFLKGI
DFKEDGNILGHKLEYNYNSHNVYIMADKQENGIKVNFRKIRHNIERDGSVQLADHYQONT
PIGDGPVLLPDNHYLSTQSALSKDPNERKRDHMVELEFVTAAGITLGMDBELYK

{86246]  SpCas®-EGFP-NLS:

{80247 MDEKYSIGLDIGTNSVOWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF
DSGETAEATRLKRTARRRYTRRENRICYLGEIFSNEMAKVDDSFFHRLEESFLVEEDKK
HERHPIFGNIVDEVAYHEKYPTIVHLRKEKLVDSTDEKADLRLIVLALAHMIKFRGHFLIEG
DENPDNSDVDBKLFIQLYVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KENGLFGNLIALSLGLTPNFKSNFDLAEDAKLOQLSKDTYDDDLDNLLAQIGDOYADLFL
AAKNLSDAILLSBDIERVNTEITKAPLSASMIKRYDEHHQDLTLLKALVROQOQLPEKYKEIFF
DOSKNGYAGYIDGGASQEFFYKFIKPILEKMDGTEELLVKENREDELRKOQRTFDNGSIPH
QIHLGELHAILRRQEDFYPFLEDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETH
TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVEPKHSLEYEYFTVYNELTKVKYVTE
GMREPAFLSGEQKKAIVDLLFKTNRKVTVEKQLEKEDYFKKIECFDSVEISGVEDRENASL
GTYHDLLKHKDKDFLDNEENEDILEDIVITUTLFEDREMIEERLKTY AHLFDDKVMKQL
KRRERYTGWGRISRKLINGIRDEKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIGK A
QVSGOGDSLHEHIANLAGSPAIKKGILOTVKVVDELVEVMGRHKPENIVIEMARENGTT
QKGOKNSRERMERIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQEL

5}
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DINRLSDYDVDHIVPOSFLKDDSIDNKVLTRSDENRGKSDNVPSEEVVEKEMENYWROL
LNAKLITORKFDNLTKAERGGLIELDEAGFIKROLVETROITKHVAQILDSRMNTKYDE
NDKLIREVKVITLKSKLVSDFRKDFOFY K VREINNY HHAHDAYLNAVVGTALIKK YPKL
ESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIET
NGETGEIVWDKGRDPATVRKVLSMPOVNIVRKK TEVQTOGFSKESILPKRNSDKLIARKK
DWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLE
AKGYKEVEKDLIKLPKYSLFELENGREKRMLASAGELOKGNELALPSKY VNFLYLASHY
EXLKGSPEDNEQKQLFVEQHKHY LDEHEQISEFSKRVILADANLDK VLS A YNKHRDKPT
REGAENTHLFTLINLGAPAAFKYFDTTIDRKRY TSTKEVLDATLIHOSITGLYETRIDLI(O
LGGDAAAVSKGEELFTGYVPILVELDGDVNGHKESVSGEGEGDATY GRLTLK FICTTGK
LEVPWPTLVTTLTYGVOCPSRYPDHMEQHDFFKSAMPEGY VOERTIFFKDDGNYK TRA
EVKFEGDTLYNRIBELKGIDFKEDGNILGHKLEYNYNSHNVYIMADK OKNGIK VNFKIRH
NIEDGSVOQLADHYQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAG
TLOMDELYKKRPAATKKAGOAKKKEK

[00248] NLS-SpCas9-EGFP-NLS:

160248  MDYKDHDGDYKBHDIDYKDDDDEMAPKKKRK VGIHGVPAADKK Y SIGLD
GTINSVGWAVITDEYK VPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLERTARR
RYTRRKNRICYLOEIFSNEMAK VDDSFFHRLEESFLVEEDK K HERHPIFGNIVDEVAYHE
KYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQ
TYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQUPGEKKNGLFGNLIALSLGLTPN
PRSNFDLAEDAKLOLSKDTYDDDLDNLLAQGIGDOY ADLFLAAKNLSDAILLSDILRVNT
EITKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDQSKNGYAGYIDGGASQ
FEFYKFIKPILEKMDGTEELLVKLNREDLLREQR TFDNGSIPHOIHLGELHAILRROEDFY
PFLKDNREKIEKILTFRIPY Y VGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVLPKHSLLY EYFTVYNELTK VK Y VTEGMRKPAFLSGEQKK ATV
DLLFKTNRKVTVKOLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLK HKDKDFLDN
EENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDEVMKQLKRRRY TGWGRLSRKLIN
GIRDKQSGKTILDFLKSDGFANRNFMOLIHDDSLTFKEDIOKAQVSGOGDSLHEHIANLA
GSPAIKKGILOTVKVVDELVKVMGRHKPENIVIEMARENGTTOK GOKNSRERMKRIEEG
IKELGSOILKEHPVENTOLONEKLY LY YLONGRDMY VDOELDINRLSDY DVDHIVPQST
LKDDSIDNK VLTRSDKNRGKSDNVPSEEVVKIKMENY WRQLENAK LITGQRKFDNLTKAE
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RGGLSELDKAGFIKROLVETROITKHVAQILDSRMNTK Y DENDKLIREVEVITLKSKLYS
DFRKDFOFYKVREINNYHHAHDAYLNAVVGTALIKK YPELESEFVYGDYKVYDVRKMI
AKSEQEIGKATAKYFFY SNIMNFEK TEITLANGEIRKRPLIETNGETGEIVWDKGRDFATY
RKVLSMPOVNIVKK TEVOTOGFSKESILPKRNSDKLIARKK DWDPKKYGGFDRPTVAYS
VLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIKLPKYS
LFELENGRKRMLASAGELGKGNELALPSKYVNFLY LASHY EKLKGSPEDNEQKQLFVE
OHKHYLDENEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIHLFTLTNLGAP
AAFKYFDTTIDRKRY TSTKEVLDATLIHOSITGLYETRIDLSQLGGDAAAVSKGEELFTG
VVPILVELDGDVNGHKFSVSGEGEGDATY GKLTLKFICTTGKLEVPWPTLVTTLTY GV
CESRYPDHMKOHDFFKSAMPEGY VOER TIFFKDDGNYK TRAEVKFEGD TLVNRIELKGH
DFKEDGNILGHKLEYNYNSHNVY IMADKGENGIK VNFKIRHNIEDGSVOLADHYQONT
PIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKKRPAATK
KAGQAKKKK

((0258]  NLS-SpCasy-NLS:

(06251] MDYKDHDGDYKDHDIDYKDDDDEMAPKKKREVGIHGVPAADKKYSIGLDI
TINSVGWAVITDEY K VPSKKFKVLONTDRHSIKKNLIGALLFDSGETAEATRLKRTARR
RY TRRENRICYLOEIFSNEMAK VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHE
KYPTIVHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVOQ
TYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGLTPN
FKSNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNT
EITKAPLSASMIKRYDEHHODLTLLEKALVRQOLPEK Y KEIFFDOSKNGYAGY IDGGASQ
EEFYKFIKPILEKMDGTEELL VK LNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY
PRLKDNREKIEKILTFRIPY Y VGPLARGNSREAWM TRKSEETITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVK Y VTEGMRKPAFLSGEQKK ATV
DLLFK TNRKVTVKOLEKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLEIK DKDFLDN
EENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDKVMKQLKRRRY TGWGRLSRKLIN
GIRDIKQSGKTILDFLESDGFANRNFMOLIHDDSLTFKEDIQOKAQVSGOGDSLHEHIANLA
GSPAIKKGILQTVKVVDELVK VMGRHKPENIVIEMARENQTTOK GOKNSRERMKRIEEG
IKELGSQILKEHPVENTQOLONEKLYLYYLONGRDMY VDQELDINRLSDY DVDHIVPQSF
LEDDSIDNKVLTRSDENRGKSDNVPSEEVVIKMENY WROLLNAKLITORKFDNLTKAE
RGGLSELDKAGFIKRQLVETROITKHVAQILDSRMNTK Y DENDKLIREVE VITLKSKLVS
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DFRKDFQGFYKVREINNYHHAHDAY LNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMI
AKSEQEIGKATARKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATY
REKVESMPOVNIVKKTEVQTGOFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPFIVAYS
VEVVAKVEKGKSKELKSVKELLGITIMERSSFERNPIDFLEAKGYKEVEKDLHKLPKYS
LFELENGRKRMLASAGELOKGNELALPSKYVNFLY LASHY EKLKGSPEDNEQKOQLFVE
QHKHYLDEUHEQISEFSKRVILADANLDKVLSAYNKHRDKPIREGAENITHLFTLTNLGAP
AAFKYFDTTIDRERYTSTKEVLOBATLIHOSITGLY ETRIDLSQLGGDKRPAATKEAGQAK
1002521 NLS-mCherry-SpRNase3:

{(3253] MFLFLSLTSFLSSSRTLVSKGEEDNMAHKEFMRFKVHMEGSYNGHEFEIEGE
GEGRPYEGTOQTAKLKVTKGGPLPFAWDILSPOFMYGSKAYVEKHPADIPDYLKLSFPEGF
KWERVMNFEDGGVVTVTQDSSLODGEFIYKVKLRGTNFPSDGPFVMOQKKTMGWEASSE
RMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNE
DYTIVEQYERAEGRHSTGGMDELYKGSKQLEELLSTSFDIQFNDLTLLETAFTHTSYANE
HRLENVSHNERLEFLGDAVLOLISEY LFAKYPKKTEGDMSKLRSMIVREESLAGFSRFC
SFDAYIKLGKGEEKSGGRRROTILGDLFEAFLGALLLDKGIDAVRRFLEKQVMIPOVEKG
NFERVKDYKTCLGEFLQTKGDVAIDYQVISEKGPAHAKQFEVSIVVNGAVLSKGLGKSK
KLAEQDAAKNALAQLSEV

{#3254]  SpRNase3-mCherry-NLS:

{668255] MEKQLEELLSTSFDIGFNDLTLLETAFTHTSY ANEHRLLNVSHNERLEFLGDAY
LOLBSEYLFAKYPKKTEGOMSKLRSMIVREESLAGFSRFCSFDAY IKLGKGEEKSGGRR
ROTILGDLFEAFLGALLLDKGIDAVRRFLEKQVMIPQVEKGNFERVEKDYKTCLOQEFLQTK
ODVAIDYQVISEKGPAHAKQFEVSIVYNGAVESKGLOKSKKLAEQDAAKNALAQLSEY
GSVSKGEEDNMAIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGP
LPFAWDILSPOFMY GISKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDS
SLOGDGEFIYKVKLRGTNFPSDGPVMOKKTMGWEASSERMY PEDGALKGEIKQRLKLKD
GGHYDAEVKTTYRKAKKPVOGLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMD
ELYKKRPAATKKAGQAKKKK

{302356] NLS-5pCastu-NLS {(the D10A nickase routation 18 lowercase):

1662587 MDYEKDHDGDYKDHDIDYKDDDDEKMAPKKKREVGIHGVPAADKKYSIGLal
GTNSVGWAVITDEYKVPSKKFKVLOGNTDRHSIKKNLIGALLFDSGETAEATRLEKRTARR.
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RYTRRKNRICYLOEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHE
KYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLV(
TYNQLFEENPINASGVDAKAILSARLSKSRREENLIAQLPGEKKNGLFONLIALSLGLTPEN
FKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNT
EITKAPLSASMIKRYBEHHODLTLLKALVRQOLPEKYKEIFFDQSKNGY AGYIDGGASQ
EEFYKFIKPILEKMDGTEELLY KLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY
PFLEDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDIKGASAQS
FIERMTNFDEKNLPNEKVLPKHSLLYEYFTVYNELTKVKY VIEGMRKPAFLSGEQKKATY
DLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIKDKDFLDN
EENEDILEDIVETUTLFEDREMIEERLKTY AHLFDDKVMEKQLKRRRYTGWGRLSRKLIN
GIRDKOSGKTILDFLKSDGFANRNFMOLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLA
GSPAIKKGILOQTVKVVDELVEKVMGRAKPENIVIEMARENQTTOKGOKNSRERMKRIEEG
IKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLETRSDKNRGKSDNVPSEEVVKEKMENYWROLINAKLITORKFDNLTKAE
RGGLSELDKAGFIKROQLVETROITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVYS
DFRKDFOFYKVREINNYHHAHDAYINAVVGTALIKKYPRLESEFVYGDRYKVYDVRKMI
AKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATY
REVLSMPOVNIVEKKTEVQTGOGFSKESILPKRNESDKLIARKKDWDPKKYGGFDSPTVAYS
VEVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLHKLPKYS
LFELENGREKRMLASAGELGKGNELALPSKY VNFLYLASHYEKLKGSPEDNEQKQLFVE
QHKHYLDEHEQISEFSKRVILABDANLDKVLSAYNKHRDKPIREQAENHHLFTLTNLGAP
AAFKYFDTTIDRKRYTSTRKEVLDATLIHOGSITGLYETRIDLSQLGGDEKRPAATKKAGRAK
KKK

{60258] hEMXI-HR Template-HindiI-Nhel:

1902891 GAATGCTGCCCTCAGACCCGUTTCCTCCCTGTCOTTGTCTGTCCAAGGAGA
ATGAGGTCTCACTGOTOGATTTCGGACTACCCTGAGGAGUTGGUCACCTGAGGGACA
AGGCCCCCCACCTGUOCCAGCTCCAGCUTCTCGATCGAGGGOGTGGGAGAGAGCTACATG
AGOTTGCTAAGAAAGCCTCCCOTGAAGOAGACCACACAGTGTGTCAGGTTGGAGTC
TCTAGCAGCGGGTTCTGTGUCCCCAGGGATAGTCTGGCTGTCCAGGCACTGCTCTTG
ATATAAACACCACCTCCTAGTTATGAAACCATGUCCATTCTGUUCTCTCTGTATGGAA
AAGAGCATGGGGCTOOCCCOGTGOGGTOOTGTCCACTTTAGGUCCTGTGGGAGATCA
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TGGGAACCCACGCAGTGGGTCATAGGCTCTCTCATITACTACTCACATCCACTCTGT
GAAGAAGCOATTATGATCTCTCOTCTAGAAACTCGTAGAGTCCCATGTCTGCCGGOT
TCCAGAGCCTGCACTOCTCCACCTIGGO T TGGCTTTGOTGGGGOTAGAGGAGCTAGG
ATGCACAGCAGCTCTGTGACCCTTTGTTTGAGAGGAACAGGAAAACCACCCTTOTCT
CTGGCCCACTGTGTCOTCTTCOTGCCCTGUCATCOCCTTO TG TGAA TG TTAGACCCAT
GGGAGCAGCTGATCAGAGGGGACCCCGOCCTGGGGCCCCTAACCCTATGTAGCCTC
AGTCTTCCCATCAGGCTCTCAGCTCAGCCTGAGTGTTGAGGCCCCAGTGGOTGCTCT
GOGOGCCTCCTGAGTTTCTCATCTGTGOCCCTCCCTCCCTGGOCCAGATGAAGGTGT
GGTTCCAGAACCGGAGGACAAAGTACAAACGGCAGAAGCTGGAGGAGGAAGGGCC
TGAGTCCGAGCAGAAGAAGAAGGGCTCOCATCACATCAACCGGTGGCGCATTGCCA
CGAAGCAGGCCAATGGGOAGGACATCGATGTCACCTCOCAATCGA Cangetigetage GATGG
GCAACCACAAACCCACGAGGGCAGAGTGCTGCTTGCTGCTGGCCAGGCCCCTGOGT
GOGCCCAAGCTOGACTCTGGCCACTCCCTGGCCAGGCTTTGGGCAGGCCTGGAGTC
ATGGCCCCACAGGOCTTGAAGCCOGGRGUCGCCATTGACAGAGGGACAAGCAATGG
GCTGGCTGAGCCCTGGGACCACTIGGCCTTCTCCTCGGAGAGCCTGCCTGOCTGGGO
IGGCOCGOCCGUCACCGCAGCCTCCCAGCTGOTCTCOGTGTCTCCAATCTCCCTTTTS
TTTTGATGCATTICTGTTTTAATTTATITTCCAGGCACCACTGTAGTITAGTGATCCCC
AGTGTCCCCOTTCCCTATGGOAATAATAAAAGTCTCTCTCTTAATGACACGGGOATC
CAGCTCCAGCCCCAGAGCCTGGGGTGGTAGATTCCGGCTCTGAGGGCCAGTGGGGG
CTGGTAGAGCAAACGCGTTCAGOGUCTGGGAGCCTGGGGTGGGGTAC TGO TGGAGH
IGGTCAAGGOTAATTCATTAACTCCTCTCTTETG TTGGGGGACCCTGGTCTOTACCTC
CAGCTCCACAGCAGGAGAAACAGGCTAGACATAGGGAAGGGCCATCCTGTATCTTG
AGGGAGOACAGGCCCAGGTCTTTOTTAACGTATTGAGAGGTGOGAATCAGGCCTAG
GTAGTTCAATGGGAGAGGGAGAGTGCTTCCCTCTGCCTAGAGACTCTGGTGGCTTCT
CCAGTTGAGGAGAAACCAGAGGAAAGGGGAGGATTGGGGTCTOGGGGAGGGAACA
CCATTCACAAAGGCTGACGGTTCCAGTCCGAAGTCGTGGGCCCACCAGGATGCTCA
COTGTOCTTGGAGAACCGCTGGGCAGOTTOAGACTGCAGAGACAGGGCTTAAGGCT
GAGCCTGCAACCAGTCCCCAGTOACTCAGGGCCTCCTCAGCCCAAGAAAGAGCAAC
GTGCCAGGGCCCGCTGAGCTCTTGTGTTCACCTS

100266] NLS-StCsnl-NLS:

N
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{80261} MEKRPAATKKAGQAKKKKSDLVLOGLBGIGSVOVGILNKVTGEHHKNSRIFPA
AQAENNLVRRTNROQGRRLARRKKHRRVRINRLUFEESGUITDERTRKISINENPYQLRVEGL
TDELSNEELFIALKNMVKHRGISYLDDASDDGNSSVODY AQIVKENSKQLETKTPGQIGL
ERYQTYGQLRGDFTVEKDGKKHRLINVEPTSAYRSEALRI LQTQQ EFNPOITDEFINRY L
EILTGKRKYYHGPGNEKSRTDYGRYRTSGETLONIFGILIGKCTFYPDEFRAAKASYTAQ
EFNLINDINNLTVPTETKEKLSKEQRKNQHNY VENEKAMGPAKLFKYIAKLLSCDVADIK
YRIDESGKAEIHTFEAYRKMKTLETLDIEQMDRETLDKLAYVLTINTEREGIQEALEHE
FADGSFSQKOQVDELVOFREKANSSIFGKGWHNFSVEKLMMELIPELYETSEEQMTILTRLG
KOKTTSSSNEKTKYIDEKLUTEEIYNPYVVAKSVROAIKIVNAAIKEYGDFDNIVIEMARETN
EDDEKKAIQKIQKANKDEKDAAMLKAANQGYNGKAELPHSVFHGHKQLATKIRLWHQQ
GERCLYTOKTISIHDLINNSNQFEVDHILPLSITFDDSLANKVLVYATANQEKGQRTPY(
ALDSMDDAWSFRELKAFVRESKTLONKKKEYLLTEEDISKFDVRKKFIERNLYVDTRYAS
RVVENALQEHFRAHKIDTEKVSVVRGOFTSQLRRHWGIEKTRDTYHHHAVDALHAASSQ
INLWKKOQKNTLYSYSEDQLLDIETGELISDDEYKESVFKAPYQHFVDTLKSKEFEDSILEF
SYQVDSKFNRKISDATIYATRQAKVGKDKADETYVLGKIKBDIYTQDGYDAFMEKIYKKD
KSKFLMYRHDPOTFEKVIEPILENYPNKQINEKGRKEVPONPFLKYKEEHOYIRKYSKKGN
GPEIKSLKYYDSKLONHIDITPRKDSNNKVVLQSVEPWRADVYFNKTTOGKYEILGLKYAD
LOFEKGTGTYRISQEKYNDIKKKEGVDSDSEFKFTLYKNDLLLVEKDTETKEQQLFRFLSR
TMPKOKHYVELKPY DKQKFEGGEALIKVLGNVANSGOQCKKGLOKSNISIYKVRTDVEG
NOHHEKNEGDKPKLDFKRPAATEKAGOQAKKEKK
[86262] UG-t tracrBRNA{7-97):
{80263] GAGGGCCTATTTCCCATCGATTCCTTCATATTITGCATATACGATACAAGGCT
OTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA
TACGTGACGTAGAAAGTAATAATTTCTTGOGGTAGTTTGCAGTTTITAAAATTATOGTITTT
AAAATGCACUTATCATATOGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGOTTTAT
ATATCTTOTGGAAAGGACGAAACACCGTTACTTAAATCTTGCAGAAGUTACAAAGA
TAAGGUTTCATGCCGAAATCAACACCUTOTCATTITTATGOCAGOGGTGTTTITCGTTATTY
TAA
{60264] U6-DR-spacer-DR (5. pyogenes SF370)
{80265] gagggcectattteccatgaticcticatatitgeatatacgatacaaggetgttagagagataatiggaattaatttpacigtaaa

cacaaggatatiagtacaaaatacgipacgtagaaagiaataattictiggpiagtitgeagtitiaaaattatgtittaaaaiggactateatatge
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ttaccgtaacitgaaagtatticgatttctiggctitatatatetigiggasagpacgaaacacegggitttagapctatpctptitivaatooicce

222 ae NNNNNNNNNNNNENNNNNNMNNNNNNNNNNNNgiittacacctatectetittoaatonicecaaaacT

TYFTTT {lowercase underline = direct repeat; N = guide sequence; bold = terminator)

{80266]  Chimeric RNA containing +48 fracr RNA (8. pyogenes SF370)

{80267]  gaggpectatiicccatgaticcticatatttgeatatacgatacaaggcigitagagagataatiggaattaatitgactgtaaa
cacaaagatattaglacaaaatacgtigacgtagaaagtaataattictigggtagtitgeagtittagaatiatgttitanaatggactaicatatge
ttaccgtaactigaaagtatitcgatitctiggetitatatatetigtggaaaggacgaaacace NNNNNNNNNNNNNNNNNN

NNgtittagagetagaaatapeaagttaasataaggctagtceg TTTTTTT (N = guide sequence; first underline =

tracr mate sequence; second underling = trace sequence; bold = termunator)
{(3268] Chimeric RNA containing +54 tracr RNA (8. pyogenes SF370)
802691  gagggoctaitteccatgattccttcatattigeatatacgatacaaggctyttagagagataattggaattaatitgacigtaaa

cacaaagatatiagtacaaaatacgtgacgtagaaagtaataatiictiggptagtitpeagtttiaaaatiatgtittaaaatggactatcatatge

tlacegtaactigaaagtatticgattictiggetttatatatetigiggasaggacgagacace NNNNNNNNNNNNNNNNNN

NNgtittagagetagaaatageaagttaaaataagectagtecattatca TTTTITTT (N = guide sequence; first
underline = fracr mate sequence; second underhine = tracr scquence; bold = terminator)

18027¢]  Chimeric RNA containing +67 tracr RNA (8. pyogenes SF370)

{80271}  papppcctatticccatgaticcticatatitpcatatacgatacaaggcetpttagagagataatigpgaattaatttpacigtaaa
cacaaagatatiagtacaaaatacgtgacgiagaaagiaataatitctiggotagtttgeagitttiaaaattaigtitisaaaiggactatcatatge

ttaccgtaacttgaaagtatttopatttetiggctitatatatetigigeaaaggacgaaacacc NINNNNNNNNNNNNNNNNN

NNgttitagagetagaaatagcaagiiaaaataagectagtecgitatcaactigaaasagte TTTTTTIT (N = guide

sequence; frst underline = tracr mate sequence; second underline = tracr sequence; bold =
terminator)

{#3272] Chimeric RNA containing +85 tracr RNA (8. pyogenes SF370)

{B0273]  gagggectatitcocatgaticeticatatitgeatatacgatacaaggeigttagagagataatiggaattaatitgacigtaas
cacaaagatattagiacaaaatacgigacgtagaaagtaataattictigggtagtitgeagttitanaatiatgttttaaaatggactatcatatge
ttaccgtaactigaaagtatitcgatitctippctitatatatetigigpasageacgaaacacc NN NNNNKNNNNNNNNNNNN

NiNgitttagagctagaaatageaacttasaataacectagicoottaticaacttoasaaaptoocacecactopated T T LI T

{N = guide sequence; first underline = tracr mate sequence; second underline = tracr sequence;
bold = termunator)

{80274F  CUBh-NLS-SpCas9-NLS
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(662787 CGTTACATAACTTACGGTAAATGGCCCGCCTGOGUTGACCOGUCCCAACGACT
CCCGCCCATTGACGTCAATAATCGACGTATGTTCCCATAGTAACGCCAATAGGGACTT
TCCATTGACGTCAATGGGTGGAGTATTITACGGTAAACTGCCCACTTGGCAGTACATC
AAGTGTATCATATGCCAAGTACGCCCCCTATTGACOTCAATCGACGGTAAATGGECCG
CCTOGCATTATGCCCAGTACATGACOTTATOGOACTTTCCTACTTGGUCAGTACATCTA
COTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTOTGCTTCACTCTC
CCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTITTTAATTATTITG
TGCAGCGATCGOGOCGGGOGEGEGELGHEGGLGCOLGCCAGGCGGEGLGHLEGLGH
GOGCGAGGOOCGGGOCGOGGCGAGOCGGAGAGOTGUGGCGGCAGCCAATCAGAGEG
GQCGCGUTCCCGAAAGTTTCCTTTITATGGUGAGOCGOCGGCOGUOGUGOCCCTATAAA

AAGCGAAGCGUGCEGUGGOCGOGAGTCOCTGUGACGUTGCCTTCGLCCOGTGOCCC
GCTCCGOCGCCGCCTCOCGUCGCCCGUCCCGLCTCTGACTGACCOCGTTACTCCCALC
AGGTGAGCGOGCGGGACGOCCCTTCTCCTCCOGOGOUTGTAATTAGCTGAGCAAGAGE
TAAGGOTTTAAGGOATGOTTCGOTTOGTCGOGTATTAATOTTITAATTACCTOGAGCAC
CTGCCTOGAAATCACTTTITTITCAGGTTGGaccggtpecaccATGOACTATAAGGACCACGA
COOAGACTACAAGOGATCATCATATICATTACAAAGACGATGACCATAAGATGOCCLT
CAAAGAAGAAGCGUGAAGGTCOGTATCCACGGAGTCCCAGCAGCCGACAAGAAGTA

CAGCATCOGUUTOUACATCGULACCAACTCTOTIGLGUTOUGUCUTGATCACCOALG

AGTACAAGOTGUCCAGCAAGAAATTCAAGOTGUTOGOCAACACCGACCOGUACAGE
ATCAAGAAGAACCTOATCGGAGCCCTGOUTOTTCOACAGCOGOUGAAALAGCCCGAGHC
CALCCOOGUTGAAGAGAACCOCCAGAAGAAGATACACCAGACGUAAGAALCGRATC

TGCTATCTGCAAGAGATCTTICAGCAACGAGATOGCCAAGOTGGACGACAGCTTICTTC
CACAGACTGOAAGAGTCUTTICCTOUTIGUAAGAGUGATAAGAAGLCALGALCGLUACCT
CATCTICGOCAACATCGTGOGACGAGOTGOCCTACCACGAGAAGTACCCCACCATCT

ACCACCTGAGAAAGAAACTOUTGUACAGCACCCGACAAGGUCCACCTGUOGUTGATO
TATCTGOCCCTOGUCCACATGATCAAGTTICCOGOGUCACTICCTOATCCAGGOCGAC
CTCAACCCOGACAACAGCCGACCTOCACAAGCTCTITCATCCAGCTOGOTGUAGACCTTA

CAACCAGCTGTITCOAGGAAAACCCCATCAACGUCAGCGOLGTGGACGUCAAGOCCA
TCCTOTCTGUCAGACTOAGCAAGAGCAGACGUGCTOCAAAATCTGATCGCCCAGCTG

CCCOGLOAGAAGAAGAATGOCCTGTTCOGUAACCTGATTOCCCTCAGCCTGOGLCT

GACCCCCAACTTICAAGAGCAACTTCCGACCTGGCCGAGOATOCCAAACTGCAGOTOA
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GUAAGUGACACCTACGACGACGACCTGGACAACCTGUTGGCCCAGATCGGCGACCAG
TACGCCGACUTOITTOTOGOUOGUUAAGAACUTGTOCCCGACGUCATCUTGUTGAGUOGAL
ATCCTOAGAQTGAACACCOAGATCACCAAGGUUCCCCTGAGUGUUTUTATGATCAA
GAGATACCGACGAGCACCACCAGOACCTCACCCTOUTOAAAGCTCTCOTOGCGOCAGT
AGCTOCCTGAGAAGTACAAAGAGATTTITCTTCOALCAGAGCAAGAALCGOCTALGCC
GOGCTACATTOGACGGUGOAGUCAGCCAGOAAGAGTICTACAAGTTICATCAAGCCCAT
CCTGHAAAAGATOOALGOLCALCGAGLAACTGUTCOTGAAGCTGAACAGAGAGUAL
CTGCTOCGUGAAGCAGCGUACCTTCGACAACGGCAGCATCCCCCACCAGATCCACTT
GUGAGAGCTOUACGUCATTICUTGUGGCOUCAGUGAACGATTTITACCCATICUTGAAGE
ACAACCOGUAAAAGATCGAGAAGATCCTCGACCTTCCGUATCCCCTACTACGTGHGL
COTCTOGOUCAGUGUAAACAGCAGATTCGUCTOGUATGACCAGAAAGAGLUGAGGAAA
CCATCACCCCCTGUAACTTCGAGUAAGTOGTGUACAAGOGLGCTTCCOGCCCAGAGE
TTCATCGAGUCGOATCACCAACTTCGATAAGAACCTGUCCAACGAGAAGOTGUTOOC
CAAGCACALCUTGUTGTACGAGTACTTICACCOTUGTATAACOGALCTGACCAAAGTGA
AATACGTOACCOGAGGUAATGAGAAAGCCCGCUTTCCTGAGCOGCGAGCAGAAAAA
FQCCATCGTOOACCTGUTOTTCAAGACCAACCOGAAAGTOGACCUTGAAGCAGUTGA
AAGAGOUACTACTTCAAGAAAATCGAGTGUTTCOACTOCGTGUAAATCTOCGOUGTS
GAAGATCOUTTCAACGUCTOCCCTGOGUACATACCACGATCTGUTGAAAATTATCAAG
OACAAGGACTTICCTOUGACAATCGAGGAAAACGAGUACATTICTGUAAGATATCOTOCT
CGACCCTGACACTOTITTIOGAGOGACAGAGAGATGATCGAGUAACGOUTGAAAACCTATG
CCCACCTOTTCOACGACAAAGTOATOAAGUAGUTGAAGUGOGLOGOAGATACACCGOC
TCOGHGCAGGUTOAGCCOGAAGUTGATCAACGGUATCCGUGACAAGCAGTCCGGCAA
QACAATCUTOGATTTCCTCAAQGTUCCGACOGLUITCGUCAACAGAAACTTCATOGUAGLT
OATCCACGACCGACAGCCTGACCTTITAAAGAGGACATCCAGAAAGCCCAGGTOGTICCG
GUCAGGUUCATAGCCTOGUACGAGCACATTIGUCAATCTOGUCGUCAGCCLCQUUATT
AAGAAGGUCATCCTGUAGACAGTGAAGGTOGTGOACCGAGUTOCOTGAAAGTOATGHG
COGGCACAAGCUUGAGAACATOGTGATCGAAATOGOCUAGAGAGAACCAGACCACTLY
AGAAGGUACAGAAGAACAGLCGLUOAGAGAATGAAGCGUATCGAAGAGGOGCATCAA
AGAGCTOGOCAGCCAGATCCTGAAAGAACACCCUCGTOOGAAAACACCCAGUTGCAGA
ACGAGAAGUTOGTACCTOTACTACCTGLAGAATGLOGUOGOATATOTACGTGOACCAG
GAACTOGACATCAACCGUCTOTCCOGACTACOGATOTGOACCATATCOTGUCTCAGAG
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CTTTCTGAAGGACCACTCCATCGACAACAAGGTOCTGACCAGAAGCGACAAGAALCC
GOGGCAAGAGCCACAACGTOCCOTCUUAAGAGOTICUTCAAGAAGATOAAGAALTA
CTGOCOGCAGUTOUTGAACOGCCAAGUTOGATTACCCAGAGAAAGTTICOACAATCTGA
CCAAGGCCGAGAGAGGCOGUUTOAGCGAACTGUGATAAGGCCOGUTTICATCAAGAG
ACAGCTOOTGOAAALCCOGOCAGATCACAAAGCACOTOGUACAGATCUTGOALTCECC
GUATGAACACTAAGTACGACGAGAATGACAAGCTOATCCOGUAAGTGAAAGTGATC
ACCCTOGAAGTCCAAGUTOUTOTCCUATTITOCCGOAAGOATTITCCAGTTTTACAAAGTG
COCCAGATCAACAACTACCACCACGUCCACOACGUUTACCTOAACGCCOGTCOTOOG
AACCGUCCTOATCAAAAAGTACCCTAAGCTGOAAAGLGACGTICOTGTACGOOGALCT
ACAAGGTGTACGACGTOCGOAAGATOATCGUCAAGAGUGAGCAGOAAATCOGUAA
GOCTACCGUCAAGTACTICTICTACAGCAACATCATCGAACTITITCAAGACCGAGAT
TACCCTGOCCAACGGUOAGATCCOGAAGCQGUUTCTOATCOAGACAAACGGUOAAA
CCOGOGAGATCOTGTOGUATAAGGOUCGGOATTITOGCCACCOTGCGGAAAGTGOTG
AGCATGCCCCAAGTOAATATCOTOAAAAAGALCOGAGOTCCAGACAGGLGOCTTICAG
CAAAGAGTCTATCCTGCCCAAGAGGAACAGCOATAAGCTCGATCGUCAGAAAGAAGE
ACTOGOACCCTAAGAAGTACOGLOGUITCOACAGCCCCACCOTOGUCTATIOTGTICL
TGOTOGETOGUCAAAGTGGAAAAGOGCAAGTCCAAGAAACTGAAGAGTGTIGAAAGA
GUTGUTOCOOGATCACCATCATGCAAAGAAGCAGUTTICCAGAAGAATCCCATCEALT
TTCTGOAAGCCAAGOGUTACAAAGAAGTGAAAAAGGACCTCATCATCAAGLTOLCY
AAGTACTCCCTOTTICCAGCTGOAAAACGOUCOGAAGAGAATCUTOQLCTOTGCCGG
COAACTOCAGAAGGOAAACGAACTGOCCCTOCCOCTCCAAATATOTOGAACTTICOTGT
ACCTGGCCAGQUCACTATGAGAAGCTOAAGGGCTCCCCCGAGOGATAATGAGCAGAAA
CAGCTOTTTOTGOAACAGCACAAGCACTACCTGUACOAGATCATCOAGCAGATCAG
COAQTTCICCAAGAGAGTOATCCTOGCCGACOGCTAATCTOGACAAAGTGCTOTCCGC
CTACAACAAGCACCGOOATAAGCCCATCAGAGAGCAGGUCCGAGAATATCATCCALCC
TOETTTACCCTOACCAATCTIGGOAGCCCCTIGUCOCOTTICAAGTACTITGACACCACCA
TCCACCCGOAAGAGOTACACCAGCACCAAAGAGOTOCTCGOACGUCACCUTOATCCAL
CAGAGCATCACCGUCCTOTACGAGACACGUGATCCGACCTGTICTCAGUTOGOAGGLGA
CITTCTIITTICTTAGCTTGACCAGCTTTCTTAGTAGCAGCAGGACGCTTTAA (underhine
= NLS-hSplas@-NLS)
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{63276] Example chimeric RNA for 8. thermophilus LMD-S CRISPRY Cas® (with PAM of

NNAGAAW)
188277) NNNNNKNNNNNNNNNNNNNNNetttttotacictcaapatttaG A A Ataaatctipcagaagctacaa

agataageettcatgccgaaatcascacctigteatttiatogcapputottiteptiatttaa TTTTTT (N = guide sequence;

first underline = tracr mate sequence; second underline = fracr sequence; bold = terminator)
{B0278] Example chimeric RNA for S, thermophilus LMD-9 CRISPRT Cas? (with PAM of
NNAGAAW)

(082791 NNNNNNNNNNNNNNNNNNN]

cttittptacictcalGA AAtpcagagectacaaagatdagectica

tgcoganatoaacaceeteteattttatugcaggatetittegtiattaa TTTTTT (N = gude sequence; first underiine

= tracr mate sequence; second underline = tracr sequence; bold = terminator)

{B0286¢] Example chimeric RNA for S, thermophilos LMD-S CRISPRI Cas® (with PAM of
NNAGAAW)

(002817 NNNNNNNNNNNNNNNNNNI

NetttttotactctcaGA AAtecagaacctacaaagataagoctica

tgccgaaatcaacaccctgteatttiatpgcappptot TTTTTT (N = guide sequence: first underline = tracr
rnate sequence; second underline = tracr sequence; bold = terminator)

{80282] Example chimeric RNA for 8. thermophilus LMB-G CRISPRT Cas9 (with PAM of
NNAGAAW)

[B8283] NNNNNNNNNNMNNNNNNNNNNMNgttattotactctcaagatitalGAA Ataasaicitpcagaagotacaa

agataacgcticatpccpaaatoaacacectpteattttatppcagpptotittegttatttaa TTTTTT (N = guide sequence;

fivst uonderhine = tracr woate sequence; second wnderline = tracr sequence; bold = terminator)
{80284 Example chimeric RNA for 8. thermophilas LMD-9 CRISPRT Cas9 (with PAM of
NNAGAAW)

{GB285] NNNNKNNNNNNNNNNNNNNNNgttattgtactctcalGAAAtgcagaagctacaaagataaggetica

tgcopagateasacacectpteatittatgpeagpatottttcattatttaa TYTTTT (N = guide sequence; first underline

= fract maate sequence; second underhine = tracr sequence; bold = terminator)

{60286] Example chimeric RNA for 8. thermophilus LMD-8 CRISPRT Cas9 (with PAM of
NNAGAAW)

{BO287]  NNNNNNNNNNNNNNNNNNNNgttattgtactetcalGGAAAlgcagaagctacaaagataagpctica

tgcopaaateasacacectptcatittatgpcapeptt TETTTT (N = guide sequence; first underline = tracr

mate sequence; second underline = tracr sequence; bold = terminator)
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{BG288]  Example chimeric RNA for 8. thermophilus LMD-S CRISPRY Cas® (with PAM of

NNAGAAW)
{B8289] NNNNNKNNNNKNNNNNNNNNNNettattotactctcaapatttaGAA Ataaatctipcagaagctacaa

tpataageciteatgecrasaicaacaccctigteatittatygcapputottiteptiattiaa TTTTTT (N = guide sequence;

first underline = tracr mate sequence; second underline = fracr sequence; bold = terminator)
{3029¢] Example chumeric RNA for S, thermophilas LMD-9 CRISPRT Cas? (with PAM of
NNAGAAW)

{B0291]  NNNNNNNNNNNNNMNNNNNNNgttattetactctcaGA AAlgcagaagctacaatoataagoctica

tgcoganatoaacaceeteteattttatugcaggatetittegtiattaa TTTTTT (N = gude sequence; first underiine

= tracr mate sequence; second underline = tracr sequence; bold = terminator)

{86292]  Example chimeric RNA for S, thermophitos LMD-9 CRISPRT Cas® (with PAM of
NNAGAAW)

(002931 NNNNNNNNNNNNNMNNNNNNNgttattetactctcaGA AAlgcagaagctacaatgataagectica

tgccgaaatcaacaccctgteatttiatpgcappptot TTTTTT (N = guide sequence: first underline = tracr

rnate sequence; second underline = tracr sequence; bold = terminator)

{80294] Example chimeric RNA for 8. thermophitus LMD-9 CRISPR3 Cas® (with PAM of
p p

NGGNG)
[BG285] NNNNNNNNNNNNNMNNNNNNNgttitagagetgteGAA Acacagegagitasaataagecttagic

cgtacicaacttpagaaggtegcaccgattcoptat TTTTTT (N = guide sequence; first underline = tracr mate

sequence; second underline = tracr sequence; bold = teronnator)

180296 Codon-optimized version of Cas9 from S, thermophilus LMD-9 CRISPR3 locus
{with art NLS at both 57 and 37 cnds)

(682977 ATGAAAAGGCCGGCGGCCACGAAAAAGGCUGGUCAGGUAAAAAAGAAA
AAGACCAAGCCCTACAGCATCGGCCTGGACATCGGCACCAATAGCGTGGGCOTGGGT
CGTGACCACCGACAACTACAAGGTGUCCAGCAAGAAAATGAAGGTGCTGGGCAACA
CCTCCAAGAAGTACATCAAGAAAAACCTGCTGGGCGTGCTGUTGTTCGACAGCGGC
ATTACAGCCGAGGGCAGACGGCTGAAGAGAACCGCCAGACGGCGGTACACCCGEC
GGAGAAACAGAATCCTGTATCTGCAAGAGATCTTCAGCACCGAGATGGCTACCCYG
GACGACGCCTTCTTCCAGCGGCTGGACGACAGCTTCCTGGTGCCCGACGACAAGCG
FGACAGCAAGTACCCCATCTTCGGCAACCTGOGTGGAAGAGAAGGUCTACCACGALG
AGTTCCCCACCATCTACCACCTGAGAAAGTACCTGGCCGACAGCACCAAGAAGGCC
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GACCTGAGACTGGTOTATCTGGCCCTOGUCCACATGATCAAGTACCGGGGUCCACTTC
CTCGATCCGAGGUGCOAGTTCAACAGCAAGAACAACGACATCCAGAAGAACTTCCAGGA
CTTCCTGOACACCTACAACGCCATOTTCGAGAGCGACCTGTCCCTGOGAAAACAGCAA
GCAGCTGOAAGAGATCGTGAAGGACAAGATCAGCAAGCTGGAAAAGAAGGACCGC
ATCCTGAAGCTOGTTCCCCGHGCGAGAAGAACAGUOGGAATCTTCAGUOGAGTTTUTGAA
GUTGATCGTOGOGGCAACCAGGCCGACTTCAGAAAGTGUTTCAACCTGGACGAGAAAG
CCAGCCTGCACTTCAGUAAAGAGAGCTACGACGAGGACCTOGAAACCUTGCTGGGA
TATATCOGCGACGACTACAGCGACGTOTTOCTGAAGGUCCAAGAAGCTGTACGACGC
TATCCTGUTGAGCGOGCTTCCTOGACCOGTOACCGACAACGAGACAGAGGCCUCACTGA
GCAGCGCCATOGATTAAGCGOTACAACGAGCACAAAGAGGATCTGOGUTCTGUTGAAA
GAGTACATCCGGAACATCAGUCTGAAAACCTACAATOGAGOGTOTTCAAGGACUGACALC
CAAGAACGOGCTACGCCGGUTACATCGACGGCAAGACCAACCAGGAAGATTTCTATG
TCTACCTGAAGAAGUTGCTGOCCGAGTTCGAGGGGUGCCCACTACTITCTGGAAAAA
ATCGACCGCCGAGOATTTCCTGCGGAAGUAGUGGACCTTCOACAACGOCAGCATCCC
CTACCAGATCCATCTGCAGGAAATGUOGGOCCATCCTGUACAAGCAGGCCAAGTTCT
ACCCATTCCTGGUCAAGAACAAAGAGUGGATCGAGAAGATCCTGACCTTCCGUATC
CCTTACTACGTOGGOCCCCCTOGGUCAGAGGUAACAGCGATTTTGCCTGUTCCATOCGH
AAGCGCAATOGAGAAGATCACCCCOTGUAACTTCGAGGACGTGATCGACAAAGAGTC
CAGCGUCGAGGUCCTTCATCAACCGGATGACCAGUTTCGACCTGTACCTGCCCGAGE
AAAAGGTGUTGCCCAAGCACAGCCTGUTOTACGAGACATTCAATGTGTATAACGAG
CTGACCAAAGTGUGOGTTTATCGUCGAGTCTATOGCGHGGACTACCAGTTCCTGGACTOC
AAGCAGAAAAAGGACATCOTGUOGUTOTACTTCAAGGACAAGCGGAAAGTGACCG
ATAAGGACATCATCOGAGTACUCTOGCACGUCATCTACGGUTACGATGGUATCGAGUTG
AAGGOCATCGAGAAGCAGTTCAACTCCAGCCTGAGCACATACCACGACCTGUTGAA
CATTATCAACGACAAAGAATTTCTOGGACGACTCCAGCAACGAGGUCCATCATCGAAG
AGATCATCCACACCCTOACCATCOTTTGAGOGACCGUGAGATOGATCAAGCAGCGGUTG
AGCAAGTTCCGAGAACATCTTCGACAAGAGCOGTGUTGAAAAAGUTGAGCAGACGGCA
CTACACCGOHCTGOGUCAAGCTGAGCGCCAAGUTGATCAACGOCATCCGLGACGAGA
AGTCCGGCAACACAATCCTGGACTACCTGATCGACGACGGCATCAGCAACCGGAAC
TTCATGUCAGCTGATCCACGACGACGUCCTGAGUTTCAAGAAGAAGATCCAGAAGGT
CCAGATCATCOGGGGACGAGUGACAAGGGLAACATCAAAGAAGTCOTGAAGTCCCTGC
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CCGOGCAGCCCCGCCATCAAGAAGGOAATCCTGUAGAGCATCAAGATCOGTGGACGAG
CTCOGTGAAAGTGATOGGGUGGCAGAAAGCCCGAGAGCATCGTOUTGGAAATGOCTAG
AGAGAACCAGTACACCAATCAGGGUCAAGAGUAACAGCCAGCAGAGACTGAAGAGA
CTGOAAAAGTCCCTGAAAGAGUTGOOUAGUAAGATTUTGAAAGAGAATATCOCTEC
CAAGUTGTCCAAGATCGACAACAACGCCCTOGCAGAACGACCOGUTOTACCTOTACT
ACCTGCAGAATGGCAAGGACATOTATACAGGUGACGACCTGOGATATCGACCGOCTG
AGCAACTACGACATCGACCATATTATCCCCCAGOUUTTCCTGAAAGAUAACAGUATT
GACAACAAAGTGUCTGOTOTCCTCCOGUCAGCAACCGUGGCAAGTCCGATGATGTGCC
CAGCCTGGAAGTCGTGAAAAAGAGAAAGACCTTCTGGTATCAGUTGUTGAAAAGCA
AGCTOGATTAGCCAGAGOAAGTTCOGACAACCTGACCAAGGUCCGAGAGAGGUGGLECTG
AGCCCTGAAGATAAGGCCGGCTTCATCCAGAGACAGUTOGUTGOAAACCCGGCAGAT
CACCAAGUACGTGGUCCAGACTGUTGOATGAGAAGTTTAACAACAAGAAGGACGAGA
ACAACCGOGGCCOTGCGHGACCOTGAAGATCATCACCCTGAAGTCCACCCTGOTGTOC
CAGTTCCOGAAGGACTTCGAGCTGTATAAAGTGCGUOAGATCAATOGACTTTCACCAL
GCCCACGACGUCTACCTGAATGCCGTGUTGOGCTTCCGCCCTGUTGAAGAAGTACCCT
AAGUTOGAACCCCGAGTTCOTGTACGGUGACTACCCCAAGTACAACTCCOTTCAGAGA
GCGGAAGTCOGCCACCGAGAAGGTOTACTTCTACTCCAACATCATGAATATOTTTAA
GAAGTCCATCTCCUTGGUCGATGGCAGAGTOATCGAGCGGCCCCTOATCGAAGTGA
ACGAAGAGACAGGUCGAGAGCOTOTGOAACAAAGAAAGCGACCTGGCCACCGTGOG
GUGGOTGUTGAGTTATCCTCAAGTOAATOGTCGTCGAAGAAGGTGGAAGAACAGAALCC
ACGGCCTGOGATCGGOGUAAGCCCAAGGOUCTOTTCAACGUCAACCTGTCCAGUAAG
CCTAAGCCCAACTCCAACGAGAATCTCGTOGGGGUCCAAAGAGTACCTGGACCCTAA
OAAGTACGOGCGOATACGCCGOUATCTCCAATAGCTTCACCOHTGUTCGTGAAGGOCA
CAATCGAGAAGGGUGCTAAGAAAAAGATCACAAACGTGCTGGAATTTCAGGGGATC
TCTATCCTGGACCGUGATCAACTACCGGAAGGATAAGUTGAACTTTCTGCTGGAAAAA
GOUTACAAGGACATTOAGCTGATTATCGAGCTGUUTAAGTACTCCCOTOTTCGAACTG
AGUGACGGCTCCAGACGGATGUTGGUCTCCATCCTOTCCACCAACAACAAGCGGGG
COAGATCCACAAGGUAAACCAGATUTTCCTGAGCCAGAAATTTGTGAAACTOCUTGT
ACCACGCCAAGCGOATCTCCAACACCATCAATCGAGAACCACCGGAAATACGTGGAA
AACCACAAGAAAGAGTTTGAGOAACTGTTCTACTACATCCTGOAGTTUAACGAGAA
CTATGTOGGOAGCCAAGAAGAACGGCAAACTOCTGAACTCCGUCTTCCAGAGCTGGO
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AGAACCACAGUATCGACGAGCTGTGCAGCTCCTTCATCGGUCCTACCGGCAGCGAG
COOGAAGGGACTGTTTGAGUCTGACCTCCAGAGGUTCTGUCGCCGACTTITGAGTTICCUTG
GOAGTGAAGATCCCCCGUTACAGAGACTACACCCCCTCTAGTCTGCTGAAGGACGC
CACCCTGATCCACCAGAGUGTCGACCGOUCTOTACGAAACCCGGATCGACCTGGCTA
AGCTOGOCGAGGGAAAGCGTCCTOCTGCTACTAAGAAAGUTOUTCAAGCTAAGAAA
AAGAAATAA

Exampie 5: RNA-guided editing of bacterial genomes using CRISPR-Caxs systems

[66298]  Apphcants used the CRISPR-associated codonuclease Cas9 to introduce precise
mutations in the genomes of Streprococcus preumoniae and Escherichia coli. The approach
relied on Cas9-~directed cleavage at the targeted stie to kil unmutated cells and circumvented the
need for selectable markers or counter-selection systems. Cas9 specificity was reprogrammed by
changing the sequence of short CRISPR RNA (crRNA) to make single- and multi-nucleotide
changes carried on editing templates. Simultancous use of two c¢rRNAs enabled multiplex
routagenesis. In 8 preumoniae, nearly 100% of cells that survived Cas? cleavage contained the
desired mutation, and 65% when used in combination with recombineering in £, cofi. Applicants
exhaustively analyzed Cas® target requirements to define the range of targetable sequences and
showed strategies for editing sites that do not meet these requirerents, suggesting the versatility
of this technique for bacterial genome engineering.

{80299 The understanding of gene function depends on the possibility of aliering DNA
sequences within the cell in a countrolied fashion. Site-specific mutagenesis in eukaryotes is
achicved by the use of sequence-specitic nucleases that promote homologous recombination of a
teraplate DNA containing the mutation of interest. Zinc finger nucleases (ZFNs), transcription
activator-like effector nuclcases {TALENS) and homing meganucicases can be programimed to
cleave genomes in specific locations, but these approaches reguire engineering of new enzymes
for cach target sequence. In prokaryotic organisms, mutagenesis methods cither mtroduce a
selection marker in the edited locus or require a two-step process that mcludes a counter-
selection system. More recently, phage recombination proteins have been used for
recombineering, 4 technique that promotes homologuous recombination of lincar DNA or
oligonucleotides. However, because there 1s no selection of nustations, recombineering efficiency
can be relatively low (0.1-10% for point mutations down to 107-10 for larger modifications), in

many cases requiring the screening of a large number of colonies. Therefore new technologies
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that arc affordable, casy to use and efficient are still in need for the genetic engineering of both
cukaryotic and prokaryofic organisms.

{80308} Recent work on the CRISPR {clustered, regularly interspaced, short palindromic
repeats) adaptive fromune system of prokaryotes bas led to the identification of nucleases whose
sequence spectficity is programmed by small RNAs, CRISPR loct are composed of a series of
repeats separated by ‘spacer’ seguences that match the genomes of bacteriophages and other
mobile genetic elements. The repeat-spacer array is trauscribed as a long precursor and processed
within repeat scequences to gencrate small orRNA that specity the target sequences {(also known
as protospacers) cleaved by CRISPR systems. Essential for cleavage is the presence of a
sequence motif immediately downstream of the target region, known as the protospacer-adjacent
oot {PAM). CRISPR-associated {cas) genes usually flank the repeat-spacer array and euncode
the enzymatic machinery responsible for orRNA biogenesis and targeting. Cas? 18 a dsDNA
endonuclease that uses a8 orRNA guide to specify the site of cleavage. Loading of the ctRNA
guide onto Cas® occurs during the processing of the crRNA precursor and requires a small RNA
antisense to the precursor, the tracrRNA, and RNAse 1L In contrast to genome cditing with
ZFNs or TALENS, changing Cas9 target specificity does not require protein engineering but only
the design of the short crRNA guide.

[60381]  Apphcants recently showed w5 prewmonice that the infroduction of a CRISPR
system targeting a chromosomal locus leads to the killing of the transformed cells. It was
obscrved that occasional survivors contained mutations n the target region, suggesting that Cas9
dsPINA endonucicase activity against endogenous targets could be used for genome editing.
Applicants showed that marker-less mutations can be introduced through the transformation of a
teraplate DNA  fragment that will recombine in the genome and eliminate Cas9 target
recognition. Directing the specificity of Cas9 with several different crRNAs allows for the
introduction of voultiple routations at the same time. Applicants also characterized 1o detail the
sequence requirements for Cas9 targeting and show that the approach can be combined with
recombineering for genome editing in & coll.

{(3382] RESULTS: Genome editing by Cas9 cleavage of a chromosomal farget

{60303 S preumoniae strain crR6 contains a CasY-based CRISPR system that cleaves a
target sequence preseut in the bacteriophage ¢8232.5. This target was integrated into the srid

-8232.5

chromosomal locus of g second strain Ré . An altered target sequence containing a routation
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in the PAM region was integrated into the srid locus of a third strain R6™", rendering this strain
‘“ramune’ to CRISPR cleavage (Figure 28a). Applicants transformed R6™° and R6™! cells
with genomic DNA from crR6 cells, expecting that successful transformation of R6™% cells

should lead to cleavage of the target locus and cell death. Conirary to this expectation,
Applicanis isolated R6%™ transformants, albeit with approximately 10-fold less efficiency than
RET wransformants (Figure 280). Genetic analysis of cight R6™™ transformants (Figure 28)
revealed that the great majority are the product of a double recombination event that eliminates
the toxicity of Cas9 targeting by replacing the $8232.5 target with the crR6 genome’s wild-type
srid locus, which does not contain the protospacer required for Cas9 recogottion. These results
were proof that the concurrent introduction of a CRISPR system targeting a genomic locus {the
targeting construct) together with a template for recombination ioto the targeted locus {the
editing template) led to targeted genome editing (Figure 23a).

{80384]  To create a simplified system for genome editing, Applicants modified the CRISPR
locus in strain ¢rR6 by deleting cas/, cas? and csa2, genes which have been shown fo be
dispensable for CRISPR targeting, yiclding strain orR6M (Figure 28a). This strain retained the
same properties of orR6 {(Figure 28b}. To increase the efficiency of Cas%-based editing and
demonstrate that a template DNA of choice can be used to control the mutation infroduced,
Applicants co-transformed R6%7%7 cells with PCR products of the wild-type s774 gene or the
mutant R6™ ! target, either of which should be resistant to cleavage by Cas?. This resulted in a
S- to 10-fold werease of the frequency of transformation compared with genomwic crR6 DNA
alone {(Figure 23b). The efficiency of editing was alse substantially increased, with 8/8
transformants tested containing a wild-type srtd copy and 7/8 containing the PAM routation
present in the R6™™ target (Figure 23b and Figure 294). Taken fogether, these results showed
the potential of genome oditing assisted by Cas9.

{B0365]  Analysis of CasVh target reguivements: To wntroduce specific changes in the
genome, one must use an editing template carrying mmutations that abolish Cas%-mediated
cleavage, thereby preventing cell death. This is easy to achieve when the deletion of the target or
its replacement by another sequence {gene insertion) is sought. When the goal s to produce gene
fusions or to gencrate single-nucleotide mutations, the abolishment of Cas® nuclease activity will
only be possible by introducing mutations 1un the editing template that alter either the PAM or the

protospacer seguences. To determine the constramnts of CRISPR-mediated cditing, Applicants
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performed an exhaustive analysis of PAM and protospacer mutations that abrogate CRISPR
targeting.

1803¢6]  Provious studies proposed that S, pvogenes Cas9 requires an NGG PAM immediately
downstream of the protospacer. However, becanse only a very lunited number of PAM-
inactivating mutations have been deseribed so far, Applicants conducted a systematic analysis to
find all S-nucleotide scquences following the protospacer that clinunate CRISPR cleavage.
Applicants used randomized oligonucleotides to generate all possible 1,024 PAM sequences in a
heterogencous PCR product that was transformed into orR6 or R6 cclis. Constructs carrying
functional PAMs were expecied to be recognized and destroyed by Cas9 in ¢eR6 but not Ré cells
{Figure 24a). More than 2x10” colonies were pooled together to extract DNA for use as template
for the co-amplification of all targets. PCR products were deep sequenced and found to contain
all 1,024 sequences, with coverage ranging from 3 to 42,472 reads (Sce section “Analysis of
deep sequencing data”). The functionality of cach PAM was estimnated by the relative proportion
of its reads in the crR6 sample over the RS sample. Analysis of the first three bases of the PAM,
averaging over the two last bases, clearly showed that the NGG pattern was under-represented in
crR6 transtormants {Figure 24b). Furthermore, the next two bases had no detectable effect on the
NGG PAM {See section “Analysis of deep sequencing data”), demonstrating that the NGGNN
sequence was sufficient o heense Cas9 activity. Partial targeting was observed for NAG PAM
sequences (Figure 24b}. Also the NNGGN pattern partially mactivated CRISPR targeting {Tabie
(3}, indicating that the NGG motif can still be recogrized by Cas® with reduced efficiency when
shifted by 1 bp. These data shed light onto the molecular maechanism of Cas9 target recognition,
and they revealed that NGG (or CCN on the complementary strand) sequences are sufficient for
{Cas9 targeting and that NGG to NAG or NNGOGN mutations in the editing terplate should be
avoided. Owing to the high frequency of these tri-nucleotide sequences {once every 8 bp), this
rocans that almost any position of the genome can be edited. Indeed, Applicants tested fen
randomly chosen targets carrying various PAMs and all were found to be functional (Figure 30}
{80307 Another way to distupt CasS-mediated cleavage is io introduce mutations m the
protospacer region of the editing template. it is known that point nmtations within the “seed
sequence’ {the 8 to 10 protospacer nucleotides immediately adjacent to the PAM) can abolish
cleavage by CRISPR nucleases. However, the exact length of this region 1s not known, and it s

unclear whether mutations to any nucleotide i the seed can disrupt Cas9 target recognition.
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Applicants followed the same deep sequencing approach described above to randomize the entire
protospacer sequence involved in base pair contacts with the ¢rRNA and to determine all
sequences that disrupt targeting. Each position of the 20 matching nucleotides (14} in the spef

32.8

target present fn RES27 cells (Figure 23a) was randomized and transformed into orR6 and R
cells (Figure 24a). Consistent with the presence of a seed sequence, only mutations in the 12
nucicotides immediately upstream of the PAM abrogated cleavage by Cas9 (Figure 24¢).
However, different mutations displayed markedly different effects. The distal (from the PAM)
positions of the sced (12 to 7) tolerated most mutations and only one particular base substitution
abrogated targeting. In countrast, mutations to any nucleotide m the proximal positions (6 {o 1,
except 3) climinated Cas9 activity, although at different levels for cach particular substitution. At
position 3, ouly two substitutions affected CRISPR activity and with different strength.
Applicants concluded that, aithough seed sequence mmtations can prevent CRISPR targeting,
there arc restrictions regarding the nucleotide changes that can be made in each position of the
seed. Moreover, these restrictions can most likely vary for different spacer sequences. Therefore
Applicants believe that mmtations in the PAM sequence, if possible, should be the preferred
editing strategy. Alternatively, multiple mutations in the seed sequence way be introduced to
prevent Cas9 nuclease activity.

160388] Cas%-mediated genome editing in & prenmonia:To develop a vapid and efficient
method for targeted genome coditing, Applicants engineered strain crRORK, a strain in which
spacers can be casily wntroduced by PCR {(Figore 33). Applicanis decided to edit the B-
galactosidase (bgad) gene of S, prewmoniae, whose activity can be easily measured. Applicants
introduced alanine substitutions of arnino acids in the active sife of this enzyrue: R48TA (R—A)
and NS63AES64A (NE--AA) mutations. To illustrate different editing strategies, Applicants
designed routations of both the PAM sequence and the protospacer seed. In both cases the sarue
targeting construct with a crRNA complementary to a region of the P-galactosidase gene that i
adjacent to a TGG PAM sequence {(CCA in the complementary strand, Figure 26} was used. The
R—A editing template created a three-nucleotide mismatch on the protospacer seed sequence
{CGT to GCA, also introducing a BigZl restriction site). In the NE-—~AA cditing template
Applicants simultancously introduced & synonyroous mutation that created an inactive PAM
(TGO to TTG) along with mutations that are 21K nt downstream of the protospacer region {AAT

GAA to GCT GCA, also generating a Tsel restriction site). This last cditing strategy
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demonstrated the possibility of using a remote PAM to make mutations in places where a proper
target may be hard to choose. For exarople, although the 8 preumoniae RO genome, which has a
39.7% GC content, contains on average one PAM motif every 12 bp, some PAM molifs are
sgparated by up to 194 bp (Frigure 33). Io addition Applicants designed a Abgad w-frame
deletion of 6,664 bp. In all three cases, co-transformation of the targeting and editing templates
produced 10-tiraes more kanamycin-resistant cells than co-transformation with a control editing
template containing wild-type bgad sequences (Figure 25b). Applicants genotyped 24
transformants (8 for each cditing cxperiment) and found that all but one incorporated the desired
change (Figure 25¢). DNA sequencing also confirmed not only the presence of the introduced
mutations but also the absence of secondary mutations in the target region {(Figure 20b.c).
Finally, Applicants measured B-galactosidase activity to confirm that all edited cells displayed
the expected phenotype {(Figure 25d3.

{08309  CasY-mediated editing can also be used to generate multiple mutations for the study
of bislogical pathways. Applicants decided to illustrate this for the sortase-dependent pathway
that anchors surface proteins to the envelope of Gram-positive bacteria. Applicants wmitroduced a
sortase deletion by co-transformation of a chloramphenicol-resistant targeting construct and a
Asred editing template (Figure 33a,b), followed by a Abgad deletion using a kanamycin-resistant
targeting construct that veplaced the previous one. In 8 prewmoniae, P-galactosidase is
covalently linked to the cell wall by sortase. Therefore, deletion of sr#4 results i the relcase of
the surface protein into the supernatant, whereas the double deletion has no detectable B-
galactosidase activity {Figure 34¢). Such a sequential selection can be iterated as many times as
reguired to generate multiple mutations.

{$3318]  These two mutations may also be introduced at the same time. Applicants designed a
targeting construct containing two spacers, one matching sr74 and the other matching bgad, and
co-transformed it with both editing templates at the same time (Figure 25¢). Genetic analysis of
transformants showed that editing occurred in 6/8 cases (Figure 251). Notably, the remaining two
clones each contained either a4 Awid or a Abgad delotion, suggesting the possibility of
performing combinatorial mmtagenesis using Cas9. Finally, to chiminate the CRISPR sequences,
Applicants introduced & plastaid containing the bgad target and a spectinomyein rosistance gene
along with genomic DNA from the wild-type strain R6. Spectinomycin-resistant transformants

that retain the plasmid clirniated the CRISPR sequences (Figure 34a,d).
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{$6311] Mechanism and efficiency of editing: To understand the mechanisms underlying
genome editing with Cas9, Applicants designed an experiment in which the editing efficiency
was measured independently of Cas® cleavage. Applicants integrated the ermAM erythromycin
resistance gene i the s#i4 locus, and introduced a premature stop codon using CasS-mediated
editing (Figure 33}, The resulting strain (JENS3) contains an ermdM(stop) allele and 18 sensitive
to erythromycmn. This strain may be usced to assess the efficiency at which the ermAM gene 18
repatred by measuring the fraction of cells that restore antibiotic resistance with or without the
use of Cash cleavage. JENS53 was transformed with an editing template that restores the wild-
type allele, together with cither a kanamycin-resistant CRISPR. construct targeting the
ermAMstop)  alicle (CRISPRuermAM({stop)) or a control construct without a  spacer
{(CRISPR::Q) (Figure 26ab). In the absence of kanaroyon selection, the fraction of edited
colonies was on the order of 107 (erythromycin-resistant cfu/total cfu) (Figure 26¢), representing
the bascline frequency of recorabination without CasS-mediated selection against unedited cclls,
However, it kanamycin selection was applied and the control CRISPR construct was co-
transformed, the fraction of edited colonies incressed to about 107 (kanamycin- and
erythromycin-resistant  ciwkavamycin-resistant cfu) (Figure 26¢). This result shows that
selection for the recombination of the CRISPR locus co-selected for recombination in the
ermAM locus independently of Cas9 cleavage of the genome, suggesting that a subpopulation of
cells 18 more prone to transformation and/or recombination. Transformation of the
CRISPRiermAM({stop) construct followed by kanamyeimn selection resulted in an increase of the
fraction of crythromycin-resistant, edited cells to 99 % (Figure 26¢). To determive if this
inerease 18 caused by the killing of non-edited cells, Applicants corapared the kanamycin-
resistant colony forming units (cfu) obtained after co-travsformation of JENS3 cells with the
CRISPRermAM{stop ) or CRISPR O constructs.

{80312]  Applicants counted 5.3 times less kanamycin-resistant colonies after transformation
of the ermAM(stop) construct (2.5x10%4.7-10°, Figure 35a), a result that suggests that indeed
targeting of a chromosomal locus by Cas9 leads to the killing of non-edited cells. Finally,
because the introduction of dsPNA breaks in the bacterial chromosome is known to trigger
repatr mechanistas that increase the rate of recombination of the damaged DNA, Applicants
investigated whether cleavage by Cas® induces recombination of the editing template. Applicants

counted 2.2 tiracs more colonies after co-transformation with the CRISPRcrm(stop) construct
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than with the CRISPR O construct (Figure 264}, indicating that there was a modest induction of
recombination. Taken together, these resuls showed that co-selection of transformable cells,
induction of recombination by Cas®-mediated cleavage and sclection against non-edited cells,
cach coniributed to the high cfficiency of genome editing in S, prewmonive.

{$3313]  As cleavage of the genome by Cas® should kill non-edited cells, one would not
expect to recover any cells that received the kanamycin resistance—containing Cas9 cassctic but
not the editing template. However, in the absence of the editing template Applicants recovered
many kanamycin-resistant colonics after transtormation of the CRISPRermAM{stop) construct
{Figure 35a). These cells that “escape’ CRISPR-induced death produced a background that
determined a fimit of the method. This background frequency may be calculated as the ratio of
CRISPR et AM(stopCRISPR 0 cfu, 2.6x107 (7.1x107/2.7x10% in this experiment, meaning
that if the recombination frequency of the editing template 18 less than this value, CRISPR
sclection may not cfficicontly recover the desired mutants above the background. To understand
the origin of these cells, Applicants genotyped 8 background colonies and found that 7 countamed
deletions of the targeting spacer (Figure 35b) and one harbored a presumably inactivating
mutation in Cas9 (Figure 35¢).

{80314] Genome editing with Cas9 in £ cefi: The activation of Cas® targeting through the
chromosomal integration of a CRISPR-Cas system is ounly possible in organisrus that are highly
recombinogenic. To develop a more general method that is applicable to other microbes,
Applicants decided to perform genome editing in £ coli using a plasmid-based CRISPR-Cas
system. Two plasmids were constructed: a plas9 plasmid carrying the tractRNA, Cas9 and a
chloramphenicol resistance cassette (Figure 363, and a pCRISPR kanamycin-resistant plasmid
carrying the array of CRISPR spacers. To measure the efficiency of editing independently of
CRISPR sclection, Applicants sought to introduce an A to C transversion in the rpsl gene that
confers streptomycin resistance. Apphcanis coustructed a pCRISPRrpsh plasmid harboring a
spacer that would guide Cas9 cleavage of the wild-type, but not the mutant rpsi allele (Figure
276). The pCas9 plastoid was first introduced 1oto & coli MG16SS and the resulting stramn was
co-transformed with the pCRISPRurpsL plasmid and W342, an cditing oliponucicotide
containing the A to C mutation. streptomycin-resistant colonies after transformation of the
pCRISPRurpsh, plasmid were only recovered, suggesting that Cas9 cleavage induces
37

recombination of the oligonucleotide (Figure 37). However, the number of streptomycin-resistant
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colonics was two orders of magnitude lower than the number of kanamycin-rosistant colonies,
which are prosumably cells that escape cleavage by Cas®, Thercfore, i these conditions,
cleavage by Cas9 facilitated the introduction of the mutation, but with an cfficiency that was not
enough to select the mutant cells above the background of ‘escapers’,

{BE318] To improve the efficiency of genowe editing i £, ¢ofi, Applicants applied their
{CRISPR system with recombinecring, using CasS-induced cell death 1o select for the desired
mutations. The pCas9 plasmid was introduced into the recombinecering strain HMESI (31},
which contains the Gam, Exo and Beta functions of the T-red phage. The resulting strain was 2o-
transtorroed with the pCRISPRumpsl plastmd {or 8 pCRISPR:E controly and the W342
oligonucieotide (Figure 27a4). The recombinecring officioncy was 5.3%107, calculated as the
fraction of total cells that becorse streptomycin-resistant when the control plasmid was nsed
(Figure 27¢). In contrast, transformafion with the pURISPRurpsL plasmid increased the
percentage of mutand colls to 65 £ 14 % (Figures 27¢ and 29} Applicants observed that the
sumber of ofy was reduced by about three orders of magnitude after ransformation of the
pCRISPR: rpsL plasmid than the control plasmid (4851077532107, Figure 382}, suggesting that
selection results from CRISPR-indaced death of non-edited cells. To measure the rate at which
Cast cleavage was inactivated, an tmportant parameter of Applicants’ methed, Apphicanis
transtormed cells with either pCRISPRmpsL. or the control plasrnd without the W42 cditing
oligonucleotide {(Figure 3¥a}. This background of CRISPR “ecscapers’, measured as the ratic of
PCRISPR: rpsL/pURISPR O ofy, was 2.55107 (1.2910%4.810%). Genotyping eight of these
cacapers revealed that in all cases there was a deletion of the targeting spacer {Figure 38b). This
background was higher than the recombinecring efficiency of the rpsf mutation, 5.3 107, which
suggested that to obtain 65% of edited cells, Cas% cleavage must induce oligonucleotide
recombination. To confirra this, Applicants compared the pumber of kanamyein- and
streptoroyei-resistant ofu aftfer transformation of pCRISPR urpsh, or pCRISPR G (Figure 2740
As in the case for S. preumoniae, Applicants observed a modest induction of recombination,
about 6.7 fold (2.091072.0x107), Taken together, these resalts indicated that the CRISPR
system provided a method for selecting mutations intreduced by recombineering.

{#6316] Appheants showed that CRISPR-Cas systeras may be used for targeted genome
editing in bacteria by the co-introduction of a targeting construct that killed wild-type cells and

an cditing termplate that both chminated CRISPR cleavage and mdroduced the desired mutations.
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Different types of nmutations {(inscrtions, delctions or scar-less single-nucleotide substitutions)
ray be generated. Multiple mutations may be wotroduced at the same time. The specificity and
versatility of editing using the CRISPR system relied on several unique properties of the Cas9
endonuclease: (1) s target specificity may be programumed with a sroall RNA, without the need
for enzyme eugineering, (it} target specificity was very high, determined by a 20 bp RNA-DBNA
interaction with low probability of non-target recognition, (111} almost any sequence may be
targeted, the only requirement being the presence of an adjacent NGG sequence, {iv} almost any
mutation in the NGG sequence, as well as mutations in the seed sequence of the protospacer,
chiminates targeting.

{G3317]  Apphicants showed that genome engineering using the CRISPR system worked not
only 1o highly recombinogenic bacteria such as S, prewmoniae, but also in £, cofi, Results in £
coli suggested that the method may be applicable to other microorganisms for which plasmids
may be mtroduced. In £ cofi, the approach comploments recombineering of mutagenic
oligonucleotides. To use this methodology in microbes where recombineering is not a possible,
the host homologous recombination machinery may be used by providing the editing template on
a plasmid. In addition, becanse accumulated evidence indicates that CRISPR-mediated cleavage
of the chromosome leads to cell death in many bacteria and archaea |, it is possible to envision
the use of endogenous CRISPR-Cas systems for editing purposes.

{GG318] In both 8 preumoniae and £. cofi, Applicants observed that although editing was
facilitated by a co-selection of transformable cells and a small induction of recombination at the
target site by Cas® cleavage, the mechanism that coniributed the most to editing was the
sclection against non-edited cells. Therefore the major limitation of the ructhod was the presence
of a background of cells that escape CRISPR-induced cell death and lack the desired mutation.
Applicants showed that these “escapers’ arose primarily through the deletion of the targeting
spacer, presumably after the recombination of the repeat sequences that flank the targeting
spacer. Future improvements may focus on the enginecring of flanking sequences that can still
support the biogenesis of functional crRNAS but that are sufficiently different from one another
to climinate recombination. Alternatively, the direct transformation of chimeric ctRNAs may be
explored. In the particular case of &, cofi, the construction of the CRISPR-Cas systern was not

possibie if this organism was also used as a cloning host. Applicants solved this issue by placing

114



WO 2014/093694 PCT/US2013/074790

(as% and the tractRNA on a different plasmid than the CRISPR array. The engineering of an
inducible system may also circuravent this limitation,

{80319]  Although new DNA synthesis technolopies provide the ability to cost-effectively
create any sequence with a mgh throughput, it reroaing a challenge to integrate synthetic DNA in
living cells to create functional genomes. Recently, the co-selection MAGE strategy was shown
to improve the mutation efficiency of recombineering by selecting a subpopulation of cells that
has au increased probability to achieve recombination at or around a given locus. In this method,
the ntroduction of selectable mutations 1s used to increase the chances of gencrating nearby non-
selectable mutations. As opposed to the indivect selection provided by this strategy, the use of the
CRISPR systeny makes it possible to directly select for the desired mutation and o recover it
with a high efficiency. These technologies add to the toolbox of genctic engincers, and together
with DNA synthesis, they may substantially advance both the ability to decipher gene function
and to manipulatc organisms for biotechnological purposes. Two other studics also relate to
CRISPR-assisted engineering of mammalian genomes. It i3 expected that these crRNA-directed
genome editing technologies may be broadly useful in the basic and medical sciences.

{8632¢] Strains and culture conditiens. S preumonice strain RS was provided by Dr.
Alexander Tomasz. Strain crR6 was generated in a previous study. Liquid cultures of &
prewmoniae were grown in THYE medivro (30g/1 Todd-Hewitt agar, 5 ¢/t yeast extract). Cells
were plated on tryptic soy agar {TSA) supplemented with 5 % defibrinated sheep blood. When
appropriate, anfibiotics were added as followings: kanarmyein (400 pg/ml), chloramphenicol (5
ug/mly, erythromycin {1 ug/ml) streptomycio {160 pg/ml) or spectinomycin (180 pg/mi)
Measureraents of P-galactosidase activity were made using the Miller assay as previously
described.

{80321] £ coli strams MG16355 and HMEG3 {derived from MG1653, AfargF-lac) U692 A
cI8S7 Acro-biocA galK tyr 145 UAG mutS<>amp) (31} were provided by Jeff Roberts and
Donald Court, respectively. Liguid cultures of £, ¢ofi were grown in LB medium (Difco). When
appropriate, antibiofics were added as followings: chioramphenicol (25 pg/ml), kanamycin (25
ug/mily and streptomyein (50 pg/mly.

160322] & pmenmonige transformation. Competent cells were prepared as deseribed
previously (23). For all genome editing transformations, cells were gently thawed on ice and

resuspended in 10 volumes of M2 medium supplemented with 100 ng/mal of competence-
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stimulating peptide CSP1(40), and followed by addition of cditing constructs {editing constructs
were added to cells at 4 final concentration between 8.7 ng/ul to 2.5 pg/ul). Cells were mcubated

20 min at 37 °C before the addition of 2 ul of targeting constructs and then incubated 40 min at

(42

~n o
70
:

C. Serial dilutions of cells were plated on the appropriate wediom to determine the colony
forming vnits {cfu) count.

{60323} £ cofi Lambda-red recombineering, Strain HME63 was used for all
recombineering experiments. Recombineering cells were prepared and handled according to a
previously published protocol (6). Briefly, 2 2 ml overnight culture (LB medium} inoculated
from a single colony obtained from a plate was grown at 30 °C. The overnight colture was
diluted 100-fold and grown at 30 °C with shaking (200mpm) until the ODygy is from 0.4-0.3
{approximsately 3 hrs). For Lambda-red wduction, the culture was transferred to a 42 “C water
bath to shake at 200rpm for 15 min. Immediately after induction, the culture was swirled in an
ice-water slurry and chilled on 1ce for 5-10 min. Cells were then washed and aliquoted according
to the protocol. For electro-transformation, 53¢ ul of cells were mixed with ImaM of salt-free
oligos (IDT) or 100-150 ng of plasraid DNA (prepared by QlAprep Spin Miniprep Kit, Qragen).
Cells were electroporated using Tmm Gene Pulser cuvette (Bio-rad) at 1.8V and were
immediately resuspended in 1 mi of room temperature LB medium. Cells were recovered at 30
°C for 1-2 hrs before being plated on LB agar with appropriate antibiotic resistance and
incubated at 32 °C overnight.

{#0324] Preparation of 8 preamoniae genomic DNA, For transformation purposes, S
preumoniae genomic DNA was extracted using the Wizard Genomic DNA Purification Kit,
following instructions provided by the manufacturer (Promacga). For genotyping purposes, 700ul
of overnight 8. preumonice cultures were pelleted, resuspended in 60ul of lysozyme solution
{Zmg/mal}y and mcubated 30min at 37°C. The genomic DNA was extracted using QlAprep Spin
Miniprep Kit ((iagen).

{B0325]  Strain censtructien. All primers used in this study are provided in Table G. To
generate S, preumonice crRO6M, an intermediate stramm, LAMI26, was made. In this strain the
aphd-3 pene (providing kanamycin resistance) adjacent to the CRISPR array of S. preumoniae

crRO strain was replaced by a car gene (providing chioramphenicol resistance). Briefly, ¢rR6

genomic DNA was amplified using primers L448/1.444 and 1.447/1.481, respectively. The car

gene was amplified fromn plasmid pCl94 using primcrs L445/1446. Each PCR product was gel-
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purified and all three were fused by SOHing PCR with primers L448/L481. The resulting PCR
product was trapsformed wnto corapetent S, preumoniae ¢rR6 cells and chloramphenicol-resistant
transformants were sclected. To generate §. preumoniae crR6M, 8. preumoniae ctR6 genomic
DINA was amplified by PCR using primers LA09/LA4A8E and L448/L481, respectively. Each PCR
product was gel-purified and they were fused by SOEmmg PCR with primers L409/1481. The
resulting PCR product was transformed into competent S pmewmonice LAMZ226 cells and
kanamycin-resistant transformants were selected.

{80326] To gencrate S0 pmeumoniae orR6Re, 5. pneumoniae crRO6M genomic DNA was
amplified by PCR using primers L43W/W2RE, and 5. preumonice LAM226 genomic BNA was
amplified by PCR using primers W288/L481. Each PCR product was gel-purified and they were
fused by SOEmng PCR with primers LA30/L48 1. The resulting PCR product was transformed into
competent S, prewmonice crRO6M cells and chloramphenicol-resistant transformants were
selected.

{B3327]  To generate S prewmoniae crRORk, S preumonice crR6M genomic DNA was
amplified by PCR using primers L430/W286 and W2K87/L481, respectively. Each PCR product
was gel-purified and they were fused by SOEing PCR with primers LA430/L481. The resulting
PCR product was transformed into competent 8. prewmoniae crR6Re cells and kanamycin-
resistant transformants were selected,

{BG328] To generate JEN3IT, S. preumonice ctR6Rk genomic DNA was amplified by PCR
using primoers LA30/W356 and W3S7/LARE, respectively, Hach PCR product was gel-purified
and they were fused by SOEing PCR with primers L43(3/L481. The resulting PCR product was
transformed into competent 8. preumonice ctRORe cells and kanamycin-resistant transformarnts
were selected.

{3032%] To generate JEN3R, R genonmic DNA was amplified using primers 1422/1461 and
LASY/LAZ6, vespectively. The ermAM gene {(specifying erythrorayein resistance) was amplified
from plasmid pFW15 * using primers L457/L458. Each PCR product was gel-purified and all
three were fused by SOEmng PCR with primers 1422/1426. The resulting PCR product was
transformed into  competent S, prewmonige cxR6Re  cells and  erythromycin-resistant

transformants were selected,
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{G8338] S preumoniae JENS3 was generated in two steps. First JEN43 was constructed as
ithastrated in Figure 33, JENS3 was geunerated by transforroing genomic DNA of JENIS wnto
competent JEN43 cells and sclecting on both chloramphenicol and erythromycin.

{B8331]  To gencrate 3. preumoniae JENG2Z, 5. pneumonice crR6Rk genomic DNA was
amplified by PCR using primers W236/W3635 and W366/L403, respectively. Each PCR product
was purificd and ligated by Gibson asserably, The assembly product was transtormed nto
competent S, preumoniae ceR6Re cells and kanamycin-resistant transformants were selected.
{60332] Plasmid construction. pDBY97 was constructed through phosphorylation and
annealing of ohgounucleotides B296/B297, followed by hgation w pLZiZspec digested by
EcoR¥/BamH!I. Applicants fully sequenced pLZ12spec and deposited its sequence in gencbank
{accession: KCTI2384),

{80333] pDHBHOY was obtained after cloning the CRISPR leader sequence was cloned together
with a repeat-spacer-repeat unit into pLZ12spec. This was achieved through amplification of
crRORe DNA with primers B298/8B320 and B299/B321, followed by SOEing PCR of both
products and cloning in pLZ12spec with restriction sites BaraHIEcoRIL In this way the spacer
sequence in pDBOR was engineered o contain two Bsal restriction sites in opposite directions
that aliow for the scar-less cloning of new spacers.

166334] pDB99 to pDBIOE were constructed by annealing of oligonucieotides B30U/B301
{(pDBa9), B302/B303 (pDBEI00), B304/8305 {(pDB101), B306/B307 (pDBI02), B308/H309
(pDB103), B31W/RB311 (pDB104), BI1Z/B313 (phB1035), B3I4/B3IS (pDBI06), B315/B317
(pDB107), B318/B3 19 (pDB1{8), followed by ligation in pDBEIE cut by Bsal.

{80335  The pCas® plasmid was constructed as follow. Essential CRISPR clernents were
amplified from Streprococcos pyogenes SF3I70 genoric DNA with flanking bomology arms for
Gibson Asserably. The tracrRNA and Cas® were amplified with oligos HC00S and HCO10. The
leader and CRISPR sequences were amplified HCO11/HCO14 and HCOIS/HC009, so that two
Ssal type HS sites were introduced in between two direct repeats to facilitate casy insertion of
spacers.

{#3336] pCRISPR was constructed by subcloning the pCasS CRISPR array in pZE21-MCSH
through amplification with oligos B298-+B299 and restriction with EcoRI and BamHI The rpsL
targeting spacer was cloned by annealing of oligos B3532+8353 and cloning in the Bsal cut

pCRISPR giving pCRISPRrpsL.
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{#3337] Generation of targeting and editing constructs. Targeting constructs used for
genome editing were roade by Gibson assembly of Left PCRs and Right PCRs (Table ). Editing
constructs were made by SOEing PCR fusing PCR products A (PCR A), PCR products B (FCR
B} and PCR products C (PCR () when applicable (Table G). The CRISPR:Q and
CRISPR::ermAM(stop) targeting constructs were generated by PCR amplification of JENG2 and
ctR6 genomic DNA respectively, with oligos L409 and 1481,

{80338] Generation of targets with randomized PAM or protospacer sequences. The 5
nucleotides following the spacer 1 target were randomized through amplification of R
genomic DNA with primers W377/ L426. This PCR product was then assembled with the cat
gene and the srtd upstream region that were amplified from the same template with primers
LAZ2/W376. 80 ng of the asserabled DNA was used fo trapsform strains R6 and ¢rR6. Saroples
for the randomized targets were prepared using the following primers: B2R0-BZ90/L426 to
randomize bascs [-10 of the target and B269-B278/1426 to randomize bases 10-20. Primers
LA422/8268 and 1422/B279 were used to amplify the car gene and sred upsiream region to be
assembled with the first and last 10 PCR products respectively. The assembled constructs were
pooled together and 30 ug was transformed in R6 and crR6. After transformation, cells were
plated en chioramphenicol selection. For cach sample more than 2x1¢° cells were pooled
together w1 md of THYE and genomic DNA was exiracted with the Promega Wizard kit
Primers B250/B2351 were used to amplify the target region. PCR products were tagged and run
on one Blurmina MiSeq paired-end lane using 300 cycles.

1303391 Analysis of deep sequencing data,

{80348} Randomized PAM: For the randomized PAM experiment 3,429,406 reads were
obtained for crR6 and 3,253,998 for Ré. It is expected that only half of them will correspond to
the PAM-target while the other half will sequence the other end of the PCR product. 1,623,008
of the orR6 reads and 1,537,131 of the R6 rcads carried aun crrov-free target sequence. The
occurrence of cach possible PAM among these reads is shown in supplementary file. To estimate
the functionality of a PAM, s relative proportion i the crR6 sample over the Ré sample was
computed and is denoted rjuw where Lk, lm are one of the 4 possible bases. The following
statistical model was constructed:

1003411 iag(rgjkm) =4+ b2+ b3 it bdy +b2 b-gi,-j + b3 b4j’k'+‘ Eijkims
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{#8342]  where ¢ is the residual error, b2 is the effect of the 2™ base of the PAM, b3 of the
third, b4 of the fourth, b2b3 is the interaction between the second and third bases, b3b4 between
the third and fourth bases. An analysis of variance was performed:

{68343] Anovatable

{80344] When added to this model, bl or b5 do not appear to be significant and other
interactions than the ones mcluded can also be discarded. The model choice was made through
successive comparisons of more or less complete models using the avova method in R, Tukey’s
honest significance test was used to deternmune if pairwise differences between effects arce
significant.

{80345] NGGNN patterns are signtficantly different from all other patterns and carry the

strongest effect {see table below).

{80346]  In order to show that positions 1, 4 or 5 do not affect the NGGNN pattern Applicants
looked at theses sequences only. Their effect appears to be normally distributed (see QQ plot in
Figure 71}, and model comparisons using the anova mcethod in R shows that the null model 18 the

best one, i.e. there is no significant role of bi, b4 and bS.

1863471 Model comparison using the anova method in R for the NGGNN sequences

e

A48
L]

{B0348]  Partial interference of NAGNN and NNGGN patterns
{(334%] NAOGNN patterns are significantly different from all other patterns but carry a much

smaller effect than NGGNN {(sce Tukey's honest significance test below).
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{$G358] Finally, NTGGN and NCGON patterns are simlar and show significantly more
CRISPR interference than NTGHN and NCGHN patterns {where H is AT or C}, as shown by a
bonferront adjusted pairwise student-test.

{88351] Parwise comparisons of the effect of b4 on NYGNN scquences using t iesis with

pocled S

{80352] Taken together, these results allow concluding that NNGGN patterns in general
produce cither a complete wterference 1n the case of NGGGN, or a partial interference in the

case of NAGGN, NTGGN or NCGON,
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point mutation, 217,656 and 353,141 reads remained for crR6 and R6 respectively. The relative
proportion of cach mutant 1o the orR6 sample over the R6 sample was computed (Figure 24¢).
All mutations outside of the seed sequence (13-20 bases away from the PAM) show full
interference. Those sequences were used as a reference to determine if other mutations inside the
seed sequence can be said to significantly distupt interference. A normal distribution was fitted
to theses sequences using the fitdistr function of the MASS R package. The 0.99 quantile of the
fitted distribution is shown as a dotted line in Figure 24c. Figure 72 shows a histogram of the
data density with fitted normal distribution {black line} and .99 guantile {(dotted line}.

{66356] Table F. Relative abundance of PAM sequences 1n the orR6/R6 samples averaged

over bases | and 3.
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Example 6: Optimization of the guide RNA for Streptococcus pyogenes Cas (referved to as
SpCas¥).

180359]  Applicants mutated the tracrRNA and direct repeat sequences, or mmtated the
chimeric guide RNA fo enhance the RNAs 1o cells.

{88368] The optimization is based on the observation that there were stretches of thymines
{Ts) i the tractRNA and guide RNA, which mught lead to carly transcription termuination by the
pol 3 promoter. Therefore Applicants generated the following optimized sequences. Optimized
tractRINA and corresponding optimized direct repeat are presented in pairs.

[60361] Optimized tractRNA 1 (mutation enderlined):

{68362] GOGAACCATTCAIAACAGCATAGCAAGTTAIAATAAGGCTAGTCCGTTATCA
ACTTGAAAAAGTGGCACCGAGTCGGTGOTTITYT

180363}  Optimized direct repeat 1 {mutation underlined):

{80364] GTTaTAGAGUTATGCTOTTaTGAATGGTCCCAAAAL

{#3365]  Optimized tracrRNA 2 {mutation anderlined):

{30366] GOAACCATTCAAACAGCATAGCAAGTTAALATAAGGCTAGTCCGTTATCA
ACTTGAAAAAGTOGCACCGAGTCGOGTGUTTTTY

180367  Optimized direct repeat 2 {mutation underlined):

160368] GTaTTAGAGUTATOCTOTATTGAATGGTCCCAAAAL

{#336%]  Applicants also optimized the chimeric guideRNA for optimal activity in eukaryotic
cells.

{B0378]  Original guide RNA:

[B0378] NNNNNNNNNNNNNMNNNNNNNGTTTTAGAGCTAGAAATAGCAAGTTAAAA
TAAGGCTAGTCCOTTATCAACTTGAAAAAGTOGCACCCAGTCGOTGOTTTTTIT
{#6372]  Optimired chimerie guide RNA sequence 1

{B0373] NNNNNNNNNNNNNNNNNNNNGTATTAGAGCTAGAAATAGCAAGTTAATA

TAAGGCTAGTCCGTTATCAACTTOAAAAAGTGOCACCGAGTCGGTOUCTTITTTT

168374] Optimized chimenie guide RNA sequence 2:

(R378]  NNNNNNNNKNNKNNNNNNNNNNGTTTTAGAGCTATGOTGTTTTOGGAAACAA
AACAGCATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC
CGAGTCGGTOCTTTTTTY

{80376]  Optimized chimeric guide RNA sequence 3:
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{RE377]  NNKNNNNNNKNNNNNNNNNNNNGTATTAGAGCTATGCTGTATTGGAAACAA
GAGTCOGTGCTTTTITT

[B0378]  Apphicants showed that optimized chimeric guide RNA works better as indicated in
Figure 3. The experiment was conducted by co-transfecting 293FT cells with Cas9 and a Ub-
guide RNA DNA cassette to express one of the four RNA forms shown above. The target of the
guide RNA is the same target site in the human Emxl locus: “GTCACCTCCAATGACTAGGH”
Example 7: Optimization of Streprococcus thermophiles LMD-9 CRISPRI Cas¥ (referved to as
StiCas?;.

{80379]  Apphlicants designed gude chimeric RNAs as shown in Figure 4,

{B038¢] The StiCas9 guide RNAs can undergo the same type of optimization as for SpCas9
guide RNAs, by breaking the stretches of poly thymines (Ts)

Example 8: Cas¥ diversity and muitations

{86381] The CRISPR-Cas systemm is an adaptive imname mechanism against iovading
exogenous DNA employed by diverse species across bacteria and archaca. The type I CRISPR-
Cas® systern consists of a set of genes encoding proteins responsible for the “acquisition” of
foreign DNA into the CRISPR locus, as well as a set of genes encoding the “execution” of the
DNA cleavage mechanism; these nclude the DNA nuclease (Cas®), a non~coding transactivating
cr-RMNA {tracyRNA), and an array of foreign DNA-derived spacers flanked by direct repeats
{crRNAs). Upon maturation by Cas9, the tracRNA and orRNA duplex guide the Cas9 nuclease
to a target DNA sequence specified by the spacer gunde sequences, and mediates double-stranded
breaks in the DNA near g short sequence motif in the target DNA that is required for cleavage
and specific to cach CRISPR-Cas systerns. The type I CRISPR-Cas systems are found
throughout the bacterial kingdom and highly diverse in in Cas9 protein sequence and size,
tractRNA and crBNA direct repeat sequence, genome orgamzation of these clements, and the
motif requirement for target cleavage. One species may have multiple distinct CRISPR-Cas
systems,

{86382]  Apphlicants evaluated 207 putative Cas9s from bacterial species identified based on

sequence homology to known Cas%s and structurcs orthologous to known subdomains, including
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the HNH endonucicase domain and the Ruv(C endonuclease domains [information from the
Fugene Koounin and Kira Makarova]. Phylogenetic analysis based on the protein sequence
conservation of this set revealed five families of Cas9s, including three groups of large CasSs
{~1400 amino acids) and two of small Cas9s (~1100 arnno acids) (Figures 39 and 40A-F).
{$3383]  In this example, Applicants show that the following nautations can convert SpCas9®
into 4 nicking cnzyme: DI0A, ET62A, H840A, NES4A, NR63A, DOBGA,

{80384]  Apphlicants provide sequences showing where the mutation points are located within
the SpCas9 gene (Figure 41). Applicants also show that the nickases are still able to mediate
homologous recombination {Assay indicated v Figure 2). Furthermore, Applicants show that
SpCasY with these mutations {individually) do not induce double strand break (Figure 47},
{B0385] Furthermore, potential wicking mutation sites were chosen based on sequence
homology between Cas9 orthologs {(named original set below). The nickase mutant Cas9s were
re~-cloned to mcorporate both N7 and C'-NLS sequences as in Cong, L ot al., Multiplex genome
engineering using CRISPR/Cas systems, Science. 2013 Feb 15336121 3:819-23. (sequences for
NLS-E762A-NLS and >NLS-DO986A-NLS listed below),

{B0386] Nuclease and double-nicking activities for these potential nickases were tested in
HEK 2Z93FT cells as follows: co-transfection of 400ng of nickase and 100 ng of Ub-driven
sgRNA (100ng for one guide, or 50ng cach for a pair of sgRNAs) by Lipofectamive 2000 mto
~200,000 cells. DNAs from transfected cells were collected for SURVEYOR analysis. Nickases
do vot result 1o indel mutations when co-transfected with a single sgRNA, but do when co-
transfected with a pair of appropriately off-set sgRNAs. Based on data from the original DI0A
SpCasY nickase, the pair of sgRNA chosen (A1/CH) for RuvC domain mutants have {-bp offsct

and 5"-overhang for maximal cleavage.

Original set: Mutant domain Functional?
Chh-hSpCasHDT0ARNLS Ruv{Ci nickase activity
Cbh-hSpClasHETH2A J-NLS RuvCli

Cbh-hSpCasS{HE40A-NLS HNH no activity
Chh-hSpCasHNBS4A-NLS HNH wt nuclease activity
Chh-hSpCasBNREIA-NLS HNH nickase activity
Chh-hSpCasH{DUE6A-NLS Ruv{Cii
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{B3387]  >NLS-E762A-NLS
ATGOGUCCCAAAGAAGAAGCGGAAGUGTCGUTATCCACGGAGTCCCAGCAG
CCGACAAGAAGTACAGCATCGGUCCTGOGACATCGGCACCAACTCTGTOGGGCTGOGGUC
GTOATCACCOQACGAGTACAAGOTGCCCAGCAAGAAATTCAAGGTGUTGGGCAACALC
COACCGOCACAGCATCAAGAAGAACCTGATCGGAGCCUOTGCTGTTCGACAGUGGTG
AAACAGCCCAGGUCACCCGOUTGAAGAGAACCGUCAGAAGAAGATACACCAGACG
fAAGAACCGOATCTGUTATCTGCAAGAGATCTTCAGCAACGAGATGGUCAAGGTOG
ACGACAGCTTCTTCCACAGACTGUAAGAGTCCTTCCTGGTOGGAAGAGGATAAGAAG
CACGAGCGGCACCCCATCTTCGGCAACATCOTGCACGAGGTGGUCTACCACGAGAA
OGTACCCCACCATCTACCACCTGAGAAAGAAACTGGTOGACAGCACCGACAAGGUCG
ACCTGCGGUTGATCTATCTGOGUCCTGGUCCACATCGATCAAGTTICCGOGGGUCACTTCOC
TGATCGAGOGGUGACCTGAACCCCGACAACAGUGACGTGOACAAGUTGTTCATCCAG
CTGOTGCAGACCTACAACCAGCTGTTCOCAGGAAAACCCCATCAACGUCAGCGOCGT
GGACGCCAAGGCCATCCTOTCTGUCAGACTOAGCAAGAGCAGACGOGUTGGAAAATC
TOATCGCCCAGCTOCCCGGUGAGAAGAAGAATGOCCTGTTCGGAAACCTGATTGCC
CTGAGUCTOOGOHCCTGACCCCCAATTTCAAGAGUCAACTTCGACCTGOCCGAGGATOC
CAAACTGCAGUTGAGCAAGUACACCTACGACGACGACCTGGACAACCTGCTGOCCC
AGATCGOCGACCAGTACGUCGACCTGTTTCTOGOCUGCCAAGAACCTGTCCGACGUD
ATCCTGUTOCAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGUCCCUUTGAG
COGCCTCTATGATCAAGAGATACGACGAGUCACCACCAGGACCTGACCCTGUTGAAAG
CTCTCGTOCGGCAGCAGUTOCUTGAGAAGTACAAAGAGATTTTUTTCOACCAGAGCA
AGAACGGCTACGUCGOGUTACATTGACGGUGUAGCCAGCCAGGAAGAGTTCTACAAG
TTCATCAAGCCCATCUTGGAAAAGATGGACGOGCACCGAGGAACTGUTCOTGAAGCT
GAACAGAGAGGACCTOCTGUOGGAAGCAGUCGGACCTTCGACAACGGCAGCATCCCCC
ACCAGATCCACCTGGGAGAGCTOGCACGUCATTCTGCGGUGGCAGGAAGATTTTTAC
CCATTCCTGAAGUACAACCGOGAAAAGATCGAGAAGATCCTCACCTTCCGCATCCC
CTACTACOTGOGGUCCTCTGGCCAGGOGGAAACAGUAGATTCGUCTGGATGACCAGAA
AGAGCGAGGAAACCATCACCCCOTGGAACTTCGAGGAAGTGGTOGACAAGGGUGET
TCCGCCCAGAGUTTCATCGAGCGOGATGACCAACTTCCATAAGAACCTGCCCAACGA
SAAGGTOCTGUCCAAGCACAGUCTOCTOGTACGAGTACTTCACCOTUGTATAACGAGOT
GACCAAAGTGAAATACGTGACCGAGGUAATCAGAAAGCCCGUCTTCCTCGAGCGGCG
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AGCAGAAAAAGGCUCATCGTOGGACCTGUTGTTCAAGACCAACCGGAAAGTOGACCETG
AAGCAGCTGAAAGAGGACTACTTCAAGAAAATCCAGTGUTTCGACTCOGTGGAAAT
CTCCOGGUOTGOAAGATCGOTTCAACGUUTCCCTGOGLACATACCACGATCTGUTGAA
AATTATCAAGGACAAGGACTTCCTGCACAATGAGCGAAAACGAGGACATTICTGGAAG
ATATCOTOGCTGACCCTOACACTGTTTGAGOGACAGAGAGATGATCGAGGAACGGUTO
AAAACCTATGCCCACCTOGTTCGACGACAAAGTGATGAAGCAGCTOGAAGUCGGUGGAG
ATACACCGOGCTGOGGOGCAGGUTOAGCCOGGAAGCTGATCAACGGUATCCGHGACAAGC
AGQTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGUGUTTCGUCAACAGAAALC
TTCATGCAGCTGATCCACGACGACAGUCTGACCTTTAAAGAGGACATCCAGAAAGT
CCAGGTGTCCGOCCAGGGUOATAGCUTGCACGAGUCACATTGCCAATCTGOCCGGLA
GUCCCGCCATTAAGAAGGGUATCCTGCAGACAGTOGAAGUGTGUTGGACGAGUTCOTO
AAAGTGATGGGUCOGGUACAAGCCCGAGAACATCGTGATCGecATOGUCAGAGAGAA
CCAGACCACCCAGAAGGGACAGAAGAACAGCCGUGAGAGAATGAAGCGGATCGAA
OGAGGOGCATCAAAGAGUTGGGUAGUCAGATCCTGAAAGAACACCCCGTGGAAAACA
CCCAGCTGCAGAACGAGAAGUTGTACCTGTACTACCTGCAGAATGOGUGGUATATG
TACOGTGGACCAGGAACTGOACATCAACCGOGUTGTCCOACTACGATOGTGGACCATAT
CGTOGCCTCAGAGUTTTICTGAAGGACGACTCCATCGACAACAAGGTGUTGACCAGAA
GCGACAAGAACCGOUGOCAAGAGCGACAACGTGUCCTCCGAAGAGGTCOTGAAGAA
OGATGAAGAACTACTGOCGHGCAGUTGCTGAACGCCAAGUTGATTACCCAGAGAAAGT
TCCGACAATCTGACCAAGGCCGAGAGAGGUGGUUTGAGCGAACTGUATAAGGUCGGC
TTCATCAAGAGACAGUTOGUTOGAAACCCOGGUAGATCACAAAGCACGTGGCACAGAT
CCTGUACTCCCGGATOGAACACTAAGTACGACGAGAATGACAAGUTGATCCGGGAAG
TGAAAGTOATCACCCTOAAGTCCAAGUTGOTUGTCCGATTTCCOGAAGGATTTUCAGT
TTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGUCTACCTGAALC
GCCOTCOCTOGOAACCOCCUTGATCAAAAAGTACCCTAAGUTGGAAAGCGAGTTCOT
GTACGGCGACTACAAGOTGTACGACGTGCGOAAGATGATCGUCAAGAGCGAGCAGG
AAATCGOCAAGGUTACCGCCAAGTACTTCTTICTACAGCAACATCATGAACTTTTTCA
AGACCGAGATTACCCTGOGUCCAACGGUGAGATCCGGAAGUGGUCTCTGATUGAGACA
AACGGUGAAACCGGOGAGATCGTGTGGOGATAAGGOGCCGGGATTTTGCCACCGTGCG
SAAAGTOCTGAGCATGUCCCCAAGTOGAATATCOGTOAAAAAGACCGAGOTGUAGACAG
GCOGGUTTCAGCAAAGAGTCTATCCTGUCCAAGAGGAACAGCGATAAGCTGATCGLC
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AGAAAGAAGGACTGOGACCCTAAGAAGTACGOCGOUTTCGACAGUCCCACCETOGEO
CTATTCTGTGCTGOTOUTGGUCCAAAGTGGAAAAGGGUAAGTCCAAGAAACUTGAAGA
GTOTGAAAGAGCTGCTGGGGATCACCATCATGOAAAGAAGCAGUTTCGAGAAGAAT
CCCATCGACTTTCTGGAAGUCAAGGUOGUTACAAAGAAGTGAAAAAGGACUTGATCAT
CAAGUTGCCTAAGTACTCCCTGTTCGAGCTGGAAAACGOGCCOGAAGAGAATGUTGG
CCTCTGCCGOGCGAACTGCAGAAGGGAAACGAACTOGGCCCTGCCCTCCAAATATGTG
AACTTCCTGTACCTGOCCAGUCACTATOGAGAAGUTOAAGOGUTCCCCCGAGGATAA
TCGAGCAGAAACAGUTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCG
AGCAGATCAGCCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGUTAATCTGGACAAA
OTGCTOTCCGUCTACAACAAGCACCGUGATAAGCCCATCAGAGAGUAGGCCGAGAA
TATCATCCACCTGTTTACCCTGACCAATCTOGOAGCCCCTGCOGCCTTCAAGTACTTT
GACACCACUCATCOACCGOAAGAGGTACACCAGCACCAAAGAGGTGUTGOACGUCALC
CCTGATCCACCAGAGCATCACCGGUCTGTACGAGACACGGATCGACCTGTCTCAGCT
GGOAGGUOACAAAAGOCCGGUGGUCACOAAAAAGGLCGOCCAGGCAAAAAAGAA
AAAGtas

{B0388] >NLS-DOROA-NLS
ATGOCCCCAAAGAAGAAGCGGAAGOTCGUTATCCACGGAGTCCCAGCAG
CCGACAAGAAGTACAGUATCGGUUTOGACATCGGCACCAACTCTOTGLGUTOGGHOC
GTGATCACCGACGAGTACAAGUTGUCCAGUAAGAAATTCAAGGTGCTGGGCAACAC
COGACCOGUACAGUCATCAAGAAGAACUTOGATCGGAGUUCTGUTGTTCOACAGCGGLG
AAACAGCCGAGGUCCACCCOGUTOAAGAGAACCGUCAGAAGAAGATACACCAGACG
OAAGAACCGGATCTGCTATCTGUAAGAGATUTTCAGUAACGAGATGGCCAAGHTGO
ACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGOTGOAAGAGOGATAAGAAG
CACGAGUGUGCACCCCATUTTCGOGCAACATCGTOGACGAGOTGGUCTACCACGAGAA
GTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGUACAGCACCGACAAGOGCCG
ACCTGCGGUTGATCTATCTGOGCCUTGGUCCACATCGATCAAGTTCCGGGGUCACTTCC
TOATCGAGGOGCGACCTGAACCCCOACAACAGCGACGTGGACAAGUTGTTCATCCAG
CTOOGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAACGUCAGCGGUGT
sOACGCCAAGGUCCATCCTOTCTGUCAGACTGAGUAAGAGCAGACGGUTGGAAAATC
TCATCGCCCAGCTGUOCCGHGUGAGAAGAAGAATOGUCTOTTICGOGAAACCTGATTGCC
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CTOAGCCTGGGCCTGACCCCCAACTTCAAGAGCAACTTCGACCTOGGUCGAGGATGC
CAAACTOGCAGUTGAGCAAGOGACACCTACGACGACGACCTGGACAACCTOGCTGGCCC
AGATCOGUGACCAGTACGCCOACCTOTTTOTGGUCGUCAAGAACCTOTCCGACGCC
ATCCTGUTGAGCGACATCCTCGAGAGTGAACACCGAGATCACCAAGGCCCCOUTGAG
COUCTCTATOGATCAAGAGATACGACGAGCACCACCAGGACCTGACCUTGOTGAAAG
CTCTCOTGCOOGCAGCAGCTGUCTCGAGAAGTACAAAGAGATTTTICTICGACCAGAGCA
AGAACGGUTACGUCGGCTACATTGACGGCGOAGCCAGUCAGOAAGAGTTUCTACAAG
TTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTOCTCGTGAAGCT
GAACAGAGAGGACCTOCTGUGGAAGCAGUGGACCTTCGACAACGGCAGCATCCCCC
ACCAGATCCACCTGGCAGAGUTGCACGUCCATTCTGCGGUOOGGUAGGAAGATTTTTAC
CCATTCCTGAAGGACAACCGOGGAAAAGATCOGAGAAGATCCTGACCTTCCGCATCCC
CTACTACGTOGOCCOTCTOGUCAGOGGUAAACAGCAGATTCGCCTGUATGACCAGAA
AGAGCGAGGAAACCATCACCCCCTGUAACTTCGAGGAAGTGUOTGUACAAGGGCGET
TCCGCCCAGAGUTTCATCGAGCGOGATGACCAACTTCGATAAGAACCTGUCCAACGA
GAAGOGTGCTGUCCCAAGCACAGUUTGUTOTACCGAGTACTTICACCGTOTATAACGAGCT
fACCAAAGTGAAATACGTGACCGAGGOAATGAGAAAGUCCGUUTTCCTGAGCGGUG
AGCAGAAAAAGGCCATCGTGUACCTGCTGTTCAAGACCAACCGGAAAGTGACCOTG
AAGCAGUTGAAAGAGGACTACTTCAAGAAAATCGAGTGUTTCGACTCCGTGGAAAT
CTCCGOGCGTOGGAAGATCOGGTTCAACGCCTCCUTOGGOCACATACCACGATUTGUTGAA
AATTATCAAGGACAAGGACTTCUTGCGACAATCGAGGAAAACGAGGACATTCTGGAAG
ATATCGTGUTGACCCTGACACTOTTTOGAGGACAGAGAGATOGATCGAGGAACGOCTG
AAAACCTATGCCCACCTGTTCCACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAG
ATACACCGGUTOGOGGUCAGOUCTGAGUCGUAAGUTOATCAACGGCATCCGGHGACAAGC
AGTCCGGCAAGACAATCCTGOATTTCCTGAAGTCCGACGGUTTCGCCAACAGAAAC
TTCATGCAGCTGATCCACGACGACAGCCTGACUTTTAAAGAGGACATCCAGAAAGC
CCAGOTOTCCOGGUCAGGGLGATAGUCCTGUACGAGCACATTGCCAATOTOGGUCGGCA
GCCCCOCCATTAAGAAGGGCATCUTGCAGACAGTOAAGOTGOGTGCACGAGCTCGTG
AAAGTOATGGGCCGOCACAAGUCCGAGAACATCGTOATCGAAATOGGUCAGAGAGA
ACCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAATCAAGCGOATCGA
AGAGGOCATCAAAGAGCTGOGCAGCCAGATCUTGAAAGAACACCCCGTOGAAAAL
ACCCAGUTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGOGUOGGUATAT
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OTACOGTGOACCAGUAACTGUACATCAACCGOUTGTCCOACTACGATGTGGACCATA
TCOTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGUTGACCAGA
AGCGACAAGAACCGGGGCAAGAGCGACAACGTGUOCCTCCGAAGAGGTUGTGAAGA
AGATGAAGAACTACTGGUGGCAGCTGUTGAACGUCAAGUTGATTACCCAGAGAAAG
TTCGACAATCTGACCAAGGUCGAGAGAGOGCOGGUUTOGAGCGAACTOGATAAGGUUGG
CTTCATCAAGAGACAGCTOGUTGUAAACCCGGCAGATCACAAAGCACGTGGCACAGA
TCCTGOACTCCCGOATOGAACACTAAGTACGACGAGAATGACAAGUCTOGATCCGOGAA
GTOAAAGTOGATCACCCTGAAGTCCAAGCTOUTOTCCGATTTCCGGAAGGATTTCCAG
TTTTACAAAGTGCGUGAGATCAACAACTACCACCACGCCCACGeCGCCTACCTGAAL
GCCOGTCGTGGGAACCGUCCTGATCAAAAAGTACCUCTAAGUTGOAAAGCGAGTTCGT
GTACGOGCGACTACAAGGTGTACGACGTOGUGGAAGATOATCGUCAAGAGCGAGCAGE
AAATCOGUAAGGUCTACCGCCAAGTACUTTCTTCTACAGUCAACATCATGAACTTTTTCA
AGACCGAGATTACCCTGGUCAACGOGUCGAGATCCGGAAGCGOGUCTCTGATCGAGACA
AACGGUGAAACCGGGOAGATUGTOGTOGOATAAGGOGCCGGGATTTTOGCCACCGTGOG
GAAAGTGCTOGAGCATOGUCCCAAGTCGAATATCOTGAAAAAGACCGAGGTGCAGACAG

CGGUTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAGCGATAAGCTCGATCGUC
AGAAAGAAGGACTOGUACCCTAAGAAGTACGGUGGUTTCGACAGCCCCACCOTGEL
CTATTCTOTGUTGOTOGOTOGCCAAAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGA
OTGTGAAAGAGUCTGUTGGOGATCACCATCATOGAAAGAAGCAGCTTCGAGAAGAAT
CCCATCCACTTTCTGGAAGCCAAGGGUTACAAAGAAGTGAAAAAGGACCTGATCAT
CAAGCTGCCTAAGTACTCCCTOTTCGAGUTGGAAAACGGUCGOAAGAGAATGOTGE
CCTCTGUCGGCGAACTOGCAGAAGGOAAACGAACTGOCCCTOCCCTCCAAATATGTG
AACTTCCTOTACCTOGUCAGCCACTATCGAGAAGCTCGAAGGOUTCCCCCGAGOATAA
TOAGCAGAAACAGCTGTTTGTGCGAACAGCACAAGCACTACCTGUGACGAGATCATCG
AGCAGATCAGCCGAGTTCTCCAAGAGAGTGATCCTGGUCCGACGCTAATCTGGACAAA
GTOGCTGTCCGCCTACAACAAGUACCOGUATAAGCCCATCAGAGAGCAGGUCGAGAA
TATCATCCACCTGTTTACCCTCGACCAATCTGGGAGUCCCTGUCGUCTTCAAGTACTTT
GACACCACCATCGACCOGUAAGAGGTACACCAGCACCAAAGAGOGTGUTGGACGUCAL
CCTCGATCCACCAGAGCATCACCGGUCTOTACGAGACACGGATCGACCTGTCTCAGCT

FOGAGOCGACAAAAGGUCGOCGOCCACGAAAAAGOUCCOGGUCAGGUAAAAAAGAA
AAAG
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Example 9: Supplement ro DNA targeting specificity of the RNA-guided Cash nuciease

186389]  Ccll culture and transfection

[66398] Human embryonic kiduey (HEK) cell line 293FT (Life Technologies) was maintained
in Dulbecco’s moditied Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
{HyClone), 2mM GlutaMAX (Lifc Technologics), 100U/mL penicillin, and 100ug/mL
streptomyein at 37°C with 5% CO2 incubation.

{B0391]  293FT cells were sceded cither onto 6-well plates, 24-well plates, or 96-well plates
{Corning) 24 hours prior to transfection, Cells were transfected using Lipofectamine 2000 (Life
Technologies} at 80-90% confluence following the manufacturer’s recommended protocol. For
cach well of a 6-well plate, a total of 1 ug of CasS+sgRNA plasmud was used. For cach well of a
24-well plate, a total of 300ng Cas%+sgRNA plasmid was used unless otherwise indicated. For
cach well of a 26-well plate, 63 ng of Cas9 plasmid was used at a8 111 molar ratio to the Ub-
sgRMNA PCR product.

{#6392] Human ombryonic stern coll line HUESY (Harvard Stera Cell Institute core) was

maintained in feeder-free conditions on GelTrex {(Life Technologies) in mTesR medium

were transtected with Amaxa P3 Privoary Cell 4-D Nucleofector Kit (Lonza) following the
manufacturer’s protocol.

{#6393] SURVEYOR nuclease assay for genome modification

180394]  293FT celis were transfected with plasmid DNA as described above. Cells were
incubated at 37°C for 72 hours post-transfection prior to genomic DNA extraction. Genomic
INA was extracted using the QuickExtract DNA Extraction Solution (Epicentre} following the
roanutacturer’s protocol. Briefly, pellcted cells were resuspended in QuickExtract solution and
incubated at 65°C for 15 munutes and 98°C for 10 minutes.

{80395] The genomic region flanking the CRISPR target site for cach gene was PCR
amplified {primers Hsted in Tables I and K, and products were purified using GiaQuick Spin
Column (Qiagen} following the manufacturer’s protocol. 400ng total of the purified PCR
products were mixed with 2ul 10X Tag DNA Polymerase PCR buffer (Enzymatics) and
ultrapure water to a final volurne of 20pi, and subjected to a re-annealing process to enable

heteroduplex formation: 95°C for 10min, 95°C to B5°C ramping at — 2°C/s, 85°C to 25°C at —
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0.25°C/s, and 25°C hold for 1 minute. After re-anncaling, products were treated with
SURVEYOR nuclease and SURVEYOR cenhancer § (Transgenomics) following the
manufacturer’s recommended protocol, and analyzed on 4-20% Novex TBE poly-acrylamide
gels (Life Techuologies). Gels were stamed with SYBR Gold DNA stamn (Life Techuologies) for
30 minutes and mmaged with a Gel Doc gel imaging system {Bio-rad). Quauntification was based
on relative band intensitics.

{80396]  Northern blot analysis of tracrRNA expression in human cells

{80397]  Northern blots were performed as previously described !, Briefly, RNAs were heated
to 95°C for 5 vown before loading on R% denatuning polvacrylamide gels {SequaGel, National
Dhagnostics}. Afterwards, RNA was transferred to a pre-hybridized Hybond N+ membrane (GE
Healtheare) and crosslinked with Stratagene UV Crosslinker (Stratagene). Probes were labeled
with {gamma-32P] ATP (Perkin Elmer) with T4 polynucleotide kinase (New England Biolabs),
After washing, membrane was exposed to phosphor screen for one hour and scanned with
phosphorimager {Typhoon).

{B0398]  Bisulfite sequencing to assess DNA methylation status

{80399]  HEK 293FT cells were transfected with Cas9 as described above. Genomic BNA was
isolated with the DNeasy Blood & Tissue Kit {Qiagen) and bisulfite converted with EZ DNA
Methylation-Lightmng Kit (Zywo Research). Bisulfite PCR was conducted using KAPA2G
Robust HotStart DNA Polymerase {(KAPA Biosystemis) with primers designed using the
Bisulfite Primer Secker (Zymo Research, Tables T and K. Resulting PCR amplicons were gel-
purified, digested with EcoRI and HindHl, and ligated into a pUCI9 backbone prior to
transformation. Individual clones were then Sanger sequenced to assess DNA micthylation status,
{(3488]  In vigro transcription and cleavage assay

{60401  HEK 293FT cells were transfected with Cas9 as described above. Whole cell lysates
were then prepared with a lysis buffer (20 voM HEPES, 160 mM KCi, 5 M MgCl2, 1 M
DTT, 5% giycerol, 8.1% Triton X-100) supplemented with Protease Inhibitor Cocktail (Roche}.
T7-driven sgRNA was w vitro transcribed using custom oligos (Exaraple 18} and HiScribe T7 In
Vitre Transcription Kit {NEB}, following the manufacturer’s recommended protocol. To prepare
racthylated target sites, pUCTY plasnid was methylated by M.Sssl and then linearized by Nhel.
The in vitro cleavage assay was performed as follows: for a 20 ul. cleavage reaction, 10 ol of

cell tysate with incubated with 2 ull cleavage bufter (100 mM HEPES, 500 mM K, 25 raM
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% glycerol), the m vitro transcribed RNA, and 300 ng pUCHY plasmid

MpCl2, 5 mM BTT, 25
DNA,

180482]  Dceop scquencing o assess targeting specificity

1B3483] HEK 293FT colls plated 1o 96-well plates were transtecied with Cas? plastmd DNA
and single gnde BNA (3gRNA}Y POR casaette 72 howrs prior to genoraie DNA extraction {(Fig.
723 The genomie region flanking the CRISPR target site for cach gone was amplified (Fig. 74,
Fig. 8@, (Example 10) by a fusion PCR method o attach the Humina PS adapters as well as
untgue sample-specific barcodes to the target amplicons (schomatic described in Fig, 73). PCR
products were puritied using HeonoSpin 96-well Filter Plates (Epoch Life Sciences) following
the manufacturer’s reconmmended protocnl

186484] Barcoded and punfied DNA samples wore guantified by Quant-iT PicoGrecn deDNA
Assay Kit or (ubit 2.0 Fluorometer {Life Technologics) and pooled in an cquimolar ratio.
Sequencing hbrarics were then deep sequenced with the IHununs MiSeq Personal Sequencer
{Life Technologics}.

{B0485]  Sequencing data analysis and indel detection

1B040¢6]  MiSeq reads were filtered by requiring an average Phred quality (Q score) of at least
23, as well as perfect sequence matches to barcodes and amplicon forward primers. Reads from
on- and off-target loci were avalyzed by fivst portorrmng Soth-Watcrman aligruments against
amplicon sequences that inclnded 50 rucleotides upsiream and downstream of the target site {a
total of 120 bp). Alignments, meanwhile, were analyzed for indels from 3 nucleotides upsiream
to S nuclestides downstream of the target site (a total of 38 bp). Aunalvzed target vegions were
discarded if part of their alignmert fell outside the MiSeq read self, or if matched base-pairs
comprised loss than 5% of their total fength.

1R0487] Negative controls for cach sample provided a gauge for the inchusion or exclusion of
indels as putative cutting eveots. For cach sample, an indel was counted only 1f s quality score
exeeeded 8~ 9, where & was the mean qualiv-score of the negative control corresponding 1o
that saropic and & was the standard deviation of same. This yiclded whole target-region mdel
rates for both negative coutrols and their corresponding samples. Using the negative control’s
per-target-region-per-read crror vate, ¥, the savople’s observed ndel count ¥, and s read-count
B, g maximum-likelihood estimate for the fraction of reads having target-regions with true-

inddels, P, was derived by applving a binoroial error maodel, as follows,
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{B03488]  Letting the (unknown) number of reads in a sample having target regions incorrectly
counted as having at least 1 indel be £, we can write (without making any assumptions about the
number of truc indels)

(B —p)

Prob{Ejp) = {1 TP g1 — g)®
Y, E -

) 5 D an . . ) - . , , ) .
1804891 since RI1 =¥} is the number of reads having target-regions with no troe indels.

5]

. ) - | . C e ey — TN ;
Meanwhile, because the vurnber of reads observed to have indels is %, R =5 T AP in other
words the number of reads having target-regions with crrors but no true indels plug the number

of reads whose targot-regions correctly have indels. We can then re-write the above

oY and
Frobifint = Frobin=F + E,}A;E.w\, _{ Bl —y z\\i gRmRp ] — i
FIOOIDHRF S FIOMMA = £ 7 SRy = i\ - T \;'s" 3, &

L3 s Ca

1B84108]  Taking all values of the frequency of targetregions with ruc-indels # to be cqually
. . <y B {"-.-.‘E‘;,;' ra ] "'.,\ % - . . e . N .
proabable g prior, Probinip) @ Prob{pivl The maximum-likelthood estimnate (MLE) for the

fregquency of target regions with truc-indels was therefore set as the value of F that maximzed

' This was evaluated numerically,

1B6411) In order to place crror bounds on the true-indel read frequencics in the sequencing
librarics themselves, Wilson score intervals (2} were caleulated for cach sample, given the MLE-
estimate for true-indel target-regions, ¥, and the number of reads 8 Explicitly, the lower

bound ¢ and upper bound ¥ were caleulated as

{80413 where Z, the standard score for the confidence required in novmal distribution of
variance 1, was set to 1.96, meaning a confidence of 953%. The maximum upper bounds and
minimum lower bounds for cach hological replicate are listed in Figs, 80-83.

188413]  gRT-POR analysis of refative Cas9 and sgRNA expression

[B0414]  293F7 cells plated in 24-well piates weore tfransfected as described above. 72 hours
post-transfection, total RMA was harvesied with iR Neasy Micro Rit (Qiagen). Reverse-sirand

synthesis for sgRMNAsS was performed with gScript Flex cDNA kit (VWR) and custom first-
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strand synthesis primers {Tables 1 and K. gPCR analysis was performed with Fast SYBR Green

Master Mix {Life Technologies) and custom primers (Tables T and K), using GAPDH as an

endogenous control. Relative quantification was calculated by the AACT method.

[00415]

Table I Target site sequences. Tested target sites for 5. pyvogenes type H CRISPR

systera with the requisite PAM. Cells were transfected with Cas® and either crRNA-tracyRNA or

chimeric sgRINA for cach target.

’}‘arig site g:’;‘;g:j ¢ Target site sequence (3" t6 3%) PAM | strand
1 EMXI GTCACCTCCAATGACTAGGG TGG
2 EMXIT GACATCOGATOTCCTCCCCAT TGO ~
3 EMXI GAGTCCGAGCAGAAGAAGAA GGG +
6 EMXT GCGCCACCGGTTGATGTGAT GGG -
10 EMXI GGOGCACAGATGAGAAACTC AGG -
11 EMXT GTACAAACGGCAGAAGCTGE AGG
12 EMXI GGCAGAAGCTGGAGGAGGAA GGG
13 LMXT GGAGCCCTTOTTCTTCTGOT CGG -
14 EMXI FGGCAACCACAAACCCACGA GGG
15 RMXT GCTCCCATCACATCAACCGE TGG +
16 EMXI GTGGCGCATTGCCACGAAGE AGG
17 EMXT GGCAGAGTGCTGCTTGCTGC TGG +
18 EMXT GCCCCTGCGTGGGUCCAAGT TGG +
19 EMXT GAGTGGCCAGAGTCCAGCTT GGG -
20 EMXT GGCCTCCCCAAAGCCTGGCC AGG -
4 PVALR GOGOGCCGAGATTGOGTETTC AGG
3 PVALE GTGGCGAGAGGGGCCGAGAT TGG +
1 SERPINBS GAGTGCCGCCGAGGUGGGGC GGG +
2 SERPINBS GGAGTGCCGLCGAGGCGHGH CGG +
3 SERPINBS GGAGAGGAGTGCCGCCGAGG CGG +
[60416] Table ]| Pamer sequences

SURVEYUR assay
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primer name genomic target primer sequence (8 t0 37}
Sp-EMX1-F1 EMXI AAAACCACCCTTCTCTCTGGC
Sp-EMX1-R1 EMXI GGAGATTGGAGACACGGAGAG
Sp-EMXI-F2 EMXI CCATCCCCTTCTGTGAATGT
Sp-EMXI-R2 EMXI IGAGATTGOAGACACGGAGA
Sp-PVALB-F PVALB CTGGAAAGCCAATGCCTGAC
Sp-PVALB-R PVALB GGCAGCAAACTCCTTGTCCT

gRT-PCR for Cas9 and sgRNA cxpression

primer name primer sequence (5" te 37)

sgRNA reverse-
strand synthesis
EMX1.1 sgRNA

AAGCACCGACTCGGTGUCAL

TCACCTCCAATGACTAGGGE

GPCR F

EMX1.1 sgRNA CAAGTTGATAACGGACTAGCCT
qPCR R

EMX1.3 sgRNA AGTOCGAGCAGAAGAAGAAGTTT
(}P(_.R ¥

EMX1.3 sgRNA A AT AT A A et ApT A et
PR R TTTCAAGTTGATAACGGACTAGCCT

A A ATTA IO A T AT SN SNV SN Y A
:“\,‘\_'f%,:“\,‘\{\du(:\&\\j LAUGAT FUGLUUTGUGA

Cas9 gPCRF

Cas9 gPCR R TCATOCGUTCGATGAAGOTC
(GAPDH gPCR F TCCAAAATCAAGTGGGGCGA
GAPDH gPCR R TGATGACCCTTTTGGCTCCC
Bisuifite PCR and sequencing
primer name primer sequence (8" to 3°)
Bisulfite BCRF GAGGAATTCTTTITTTITGTTYGAATATGTTGGAGGT
(SERPINSS locus) TTTTTGGAAG
Bisulfite PCR R GAGAAGCTTAAATAAAAAACRACAATACTCAACC
(SERPINAS locus) CAACAACC
pUCY sequencing CAGOAAACAGCTATGAC

{#3417]  Table K | Sequences for primers to test sgRNA architecture. Primers hybridize to the
reverse strand of the U6 promoter unless otherwise indicated. The U6 priming site s in éralics,
the guide sequence is indicated as a streteh of Ns, the direct repeat sequence is highlighted in
bold, and the tractRNA scquence underlined. The secondary structure of cach sgRNA

architecture is shown in Fig, 43,
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primer name

primer sequence (3° (g 3%}

Us-Forward GCCTCTAGAGGTACCTGAGGGUCTATTICCCATCATICC
ACCTCTAGAAAAAAAGCACCOGACTCGGTGCCACTTITICAAGT
I sgRNA(DR +12, | TGATAACGGACTAGCCTTATTITAACTTGCTATTTICTAGCYCT
fractRNA +85) AAAACNNNNNNNNNNNNNNNNNNNNGGTGTTTICGTCCTTICC
ACAAG
ACCTCTAGAAAAAAAGCACCOACTCGGTGCCACTTITICAAGT

I sgRNA(DR +12,
tracrRINA +85)

TOATAACGOACTAGUCTTATATTAACTTIGUTATTITCTAGOTCY
AATACNNNNNNNNNNNNNNNNNNNNGGTGITTCGTOCTTICCS

mul2 CAAG
ACCTCTAGAAAAAAAGCACCGACTOGGTGCCACTTITITCAAGT
I sgRNA(DR +22, | TGATAACGGACTAGCCTTATITTAACTTGCTATGCTGTTTTIGTT
tractRNA +85) TCCAARAACAGCATAGOCTCTAAA ACNNNNNNNNNNNNNNNN
NNNNGGIGITTICGTOUTTITCCACAAG

1V sgRNA(DR ACC?CTA_GAAAA;_AAAQQAC;CG._A_CTCG_G_ TGC _CACTT?TTCAAQT
o0 “tTLa:::rRN A +85) 'E‘GA'i‘AAi?G&LXC’E'AGCQ'E?’I‘:—\',EA’E" E‘Af—\C E",E‘GC’L’-‘(E‘GC}'G’I‘f—“}'i"l';G' P
’ ST TICCAATACAGCATAGUTCTAATACKNNNNNNNNNNNNNNN

muid

NNNNGGTGITTCGTCUCTTTCCACAAG

{B0418] Table L | Target sites with alternate PAMSs for testing PAM specificity of Cas9. All

target sites for PAM specificity testing are found within the huran EMXT locus.

Target site sequence (5’ 1o 37 PAM
AGGCCCCAGTGGCTEOTCT NAA
ACATCAACCGGTGGCGCAT NAT
AAGGTGTOGTTCCAGAACC NAC
CCATCACATCAACCGGTGG NAG
AAACGGUAGAAGCTGGAGG NTA
GGCAGAAGCTGGAGGAGGA NTT
GGTGTGGTTCCAGAACCGG NTC
AACCGGAGGACAAAGTACA NTG
TTCCAGAACCGGAGGACAA NCA
STGTGOGTTCCAGAACCGGA NCT
TCCAGAACCGGAGGACAAA NCC
CAGAAGUTGGAGGAGGAAG NCG
CATCAACCGGTGGCGCATTY NGA
GCAGAAGUTGGAGGAGGAA NGT
CCTCCCTCCCTGGCCCAGS NGC
TCATCTGTOGCCCOTCCCTC NAA
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GGCGAGGACATCGATGTCAC NAT
CAAACGGCAGAAGCTGGAG NAC
GGGTGGOGCAACCACAAACC NAG
GOGTGOGCAACCACAAACCC NTA
GOCTCCCATCACATCAACT NTT
GAAGGOCCTGAGTCCGAGC NTC
CAACCOGGTCGCGCATTGCC NTG
AGGAGOAAGOGUCTGAGIC NCA
AGCTGGAGGAGGAAGGGCC NCT
GCATTGCCACGAAGCAGGC NCC
ATTGCCACGAAGCAGGCCA NCG
AGAACCGGAGGACAAAGTA NGA
TCAACCGOTGOCGUATTGL NGT
GAAGCTGGAGGAGGAAGGG NGC
Example {0 Supplementary Sequences

{30419] Al scquences are m the 57 to 37 direction. For U6 transcription, the string of
underlined Ts serve as the transcriptional terminator.

180428] > Us-short tracrRNA (Streptococcus pyogenes SF370)

{00421}  gagggectatticecatgaticcticatatttgeatatacgatacaaggctgtiagagagataatiggaattaattigactgtaaa
cacaaagatattagtacaaaatacgigacgtagaaagtaataattictigegtagtitgeagtittanaatiatgittiaaaaipggactatcatatpe
ttaccgtaactigaaagtatttegatttcttggettiatatateitgtggaaaggacgaaacacc GGAACCATTCAAAACAGC
ATAGCAAGTTAAAATAAGGUTAGTCCGTTATCAACTTGAAAAAGTGGCACCGA
GYCGGTGCTITITET

{33422]  {tracrRNA segquence in bold)

180423 >Us-DR-guide sequence-DR {(Streptococcus pvogenes SF370)

130424] gagggcoctattteccatgaticettcatattigeatatacgatacaagpctgttagagagataatiggaattaattigacigtaaa
cacaaagatatiagtacaaaatacgtgacgtagaaagtaataatiictiggptagtitpeagttttaaaatiatgtittaaaatggactatcatatge
tlacegtaacttgaasgtatiicgatitctiggeitiatataictigiggaaaggacgasacacoggat
azasc NNNNNNNNNNNMENNRNNNNRNRNNNNNNNNNNy
FNNNEN)

{80425]  (direct repeat sequence is highlighted 1n grav and the guide sequence is in beld Ns)

{B0426] > sgRNA containing +48 tractRNA (Streprococcus pyogenes SE370%
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{80427]  gaggpectatitcoccatgaticcticatatitgeatatacgatacaaggeigitagagagataattggaatiaatitgacigtaaa
cacaaagatattagiacasaatacgigacgtagaaagtaataatitetigggtagtitgeagttitanaatiatgtittaaaatggactatcatatge
ttaccgtaactigaaagtatitcgatitctiggctitatatatctigigpaaaggeacpaaacace NNNNNNNNNNNNNNNNNN

NNt fagasatageaagitasaataaggetagteeg P UTTITE

{B3428]  (mude sequence s in beld Ns and the tractRNA fragment is in beld)
[00429] > spgRNA containing +54 tractRNA (Strepiococcus pyvogenes SF370)
108430

[¢1o]

aggpcectatticocatgaticetitcatatiigeatatacgatacaaggoetgttagagagataatiggaatiaaittgacigtaas
cacaaggatatiagtacaaaatacgipacgtagaaagtaataattictigppiagtitgeagititaaaattaigittisaaaiggactatcatatge
ttaccgtaacttgaaagtatticgatitetiggetttatatatetigiggaaaggacgaaacacCNNMNNMNNNNMNNMNMNNMNNMN
{30431  {guide sequence 18 1 beld Ns and the tracrRNA fragment 1s 1o beld)

tugaaatageaagiiaaaatasggetagteegttatea 1T TTTTTTT

{80432] > sgRNA containing +67 tractRNA (Streprococcus pyogenes SF370)

180433]  gapggectatticecatgaticcticatatttgeatatacgatacaaggctptiagagagataatigpgaattaattipactgtaaa
cacaaagataltagtacaaaatacgigacgtagaaagtaataatiictigggtagittgeagtttiaaaattatgittiaaaaiggactatcatalge
ttaccgtaactigaagagtatitcgatitctigectitatatatetigtgcanaggacgaaaca cCONNNNNNNNNNNMNNMNNNNN

ANy iagaaatageaagtiaaaataaggctagiccgtiateaactigaaaaagig I TITT

{80434 (guide sequence is in beld Ns and the tracrRNA fragment is in bold)

[B0435] > sgRNA coutaining +83 tractRNA (Streprococcus pyogenes SF370)

{80436] gaggpcectatttcccatgaticcticatatttgeatatacgatacaaggeigitagagagataattggaattaatitgactgtaaa
cacaaagatattagiacaaaatacgigacgtagaaagtaataattictigggtagtitgeagttitanaatiatgttttaaaatggactatcatatge
ttaccgtaactigaaagtatitcgatttctiggetitatatatettgiggasaggacgaaaca ce NNNNNMNMNNMNNNNNNNENN
NNt
T
{30437]  {guide scquence 1s 1 beld Ns and the tracrRNA fragment 18 in beld)

{30438] > CBh-NLS-SpCas9-NLS

084397 COTTACATAACTTACGOTAAATGGCCCGCOTOGUTGACCGUCCAACGACT
CCCGCCCATTGACGTCAATAATGACGTATCTTCCCATAGTAACGCCAATAGGGACTT
TCCATTGACGTCAATGGOTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATC
AAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGUTAAATGGCCCG
CCTGOCATTATCGCCCAGTACATCACCTTATGOGACTTTCCTACTTGOCAGTACATCTA
COTATTAGTCATCGCTATTACCATGGTCGAGOTGAGCCCCACGTTCTGCTTCACTCTC

ingaaatageaagitasaaiaaggetagicegitatcanctigaaaaagigeeacegagieggige T TTTTT
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CCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTITATTTATTITTTTAATTATTITG
TGCAGCGATGGGCGGCGGEHGGEGEGEGGEEGEGCELGTCAGGCOGGGLGEGELIGE
GOCGAGGGOCOGHGCOGOGUGAGHCGOAGAGGTOCOGGUOGCAGUCAATCAGAGCG
GCGCGUTCCGAAAGTTTCOTTTITATGGCGAGGCGOCGGUGGUGGUGECCCTATAAA
AAGCGAAGCGCGUGOCGOGCCGOOAGTCGCTOGCOACOCTGUCTTCGCCCCGTOCCCT
GCTCCGCCGCCGCCTCGCOCCGCCCOCCCCGOGCTCTCGACTGACCGCGTTACTCCCALC
AGGTGAGCGGGUGGGACGOCCUTTCTCCTCCOGGCTGTAATTAGUTGAGCAAGAGEH
TAAGGGTTTAAGGGATGOTTGGTTGGTGOGOTATTAATGTTITAATTACCTGGAGCAC
CTGCCTGAAATCACTTITTTTCAGGTTGGacegetgecacc ATGGACUTATAAGGACCALG
ACGGAGACTACAAGGATCATGATATTGATTACAAAGACGATGACGATAAGATG
GCCCCAAAGAAGAAGCGGAAGGTUGGTATCCACGGAGTCCCAGCAGUCGACAA
GAAGTACAGCATCGGCCTGGACATCGGCACCAACTOTGTGGGOTGGGLCGTGA
TCACCGACGAGTACAAGGTGLCCAGCAAGAAATTCAAGGTGUTGGGCAACALCCO
GACCGGCACAGCATCAAGAAGAACCTGATCGGAGCCCTGUTGTTCGACAGCGG
CGAAACAGCCGAGGUCACCUGGUTGAAGAGAACCGUCAGAAGAAGATACACCA
GACGGAAGAACCGGATCTGUTATOTGCAAGAGATCTTCAGCAACGAGATGGEC
AAGGTGGACGACAGUTTCTTCCACAGACTGGAAGAGTCOTTCCTGETGGAAGA
GGATAAGAAGCACGAGUGGCACCCCATOTTUGGUAACATCGTGGACGAGHGTGG
CCTACCACGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAAUTGGTGGAL
AGCACCGACAAGGCCGACCTGUGGUTGATCTATCTGGCCCTGGCCCACATGAT
CAAGTTCCGGGGCCACTTCOCTGATCGAGGGUGACOTGAACCCCGACAACAGLG
ACGTGGACAAGUTGTTCATCCAGUTGGTGCAGACCTACAACCAGCTGTTCGAG
GAAAACCUCATCAACGCCAGCGLUGTGGACGLCAAGGCCATCCTOGTCTGCCAG
ACTGAGCAAGAGCAGACGGUTGGAAAATCTGATCGCCCAGCTGCCOGGUGAGA
AGAAGAATGGCCTGTTOGGCAACCTGATTGCCCTGAGCCTGGGUUTGACCOCT
AACTTCAAGAGCAACTTICGACCTGGUCGAGGATGUCAAACTGCAGUTGAGCAA
GGACACCTACGACGACGACCTGGACAACCTGCTGGUCCAGATCGGUGACCAGT
ACGCCGACCTGTTTCTGGUCGCCAAGAACOTGTCCGACGCCATCCTGUTGAGT
GACATCCTGAGAGTGAACACCGAGATCACCAAGGLCCCCCTGAGOCGCOTCTAT
GATCAAGAGATACGACGAGCACCACCAGGACCTGACCOTGOTGAAAGCTCTCG
TGOGGCAGCAGOCTGCCTGAGAAGTACAAAGAGATTTTICTTCGACCAGAGCAAG
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AACGGUTACGOCCGGUTACATTGACGGUGHGAGUCAGCCAGGAAGAGTTUTACAA
GTTCATCAAGCCCATCCTGGAAAAGATGGACGGLACCGAGGAACTGUTCGTGA
AGCTGAACAGAGAGGACCTGUTGUOGGAAGCAGCGGACCTTCGACAACGGUAG
CATCCCCCACCAGATCCACCTGGGAGAGUTGCACGUCATTICTGCGGUGGCAGE
AAGATTTTTACCCATTOCTGAAGGACAACCGGGAAAAGATCGAGAAGATCOTG
ACCTTCCGCATCCCCTACTACGTGGGLCOTCTGGUCAGGGGAAACAGCAGATT
CGOCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCOTGGAACTTICGAGEG
AAGTGGTGGACAAGGGUGUTTCCGUCCAGAGUTTCATCGAGUGGATGACCAALC
TTCGATAAGAACCTGUCCAACGAGAAGGTGUTGUCCAAGCACAGCCTGUTGTA
CGAGTACTTCACCGTGTATAACGAGUTGACCAAAGTGAAATACGTGAUCGAGE
GAATGAGAAAGCCOGCCTTICCTGAGUGGCGAGCAGAARAAAGGUCATCGTGGALC
CTGOTGTTCAAGACCAACCGGAAAGTGACCGTGAAGUCAGUTGAAAGAGGATTA
CTTCAAGAAAATCGAGTOGUTTCGACTOCGTGHAAATCTCCGGUGTGGAAGATC
GGTTCAACGUUTCCCTGGGCACATACCACUGATUTGUTGAAAATTATCAAGGAL
AAGGACTTCCTGGACAATGAGGAAAACUGAGGACATTUCTGGAAGATATCGTGOT
GACCOTGACACTGTTITGAGGACAGAGAGATGATCGAGGAACGGUTGAAAALCCTY
ATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGUTGAAGCGGUGGAGATALC
ACCGHGUTGGGGCAGGUTGAGCCGGAAGCTGATCAACGGLATCCGGGACAAGT
AGTCCGGLAAGACAATUCTGGATTTCCTGAAGTCCGACGGUTTUGCCAACAGA
AACTTCATGCAGUTGATCCACGACGACAGCCTGACCTTTAAAGAGGACATCCA
GAAAGUCCAGGTGTCCGGUCAGGGUGATAGUCTGUCACGAGCACATTIGCCAATC
TGGUCGGLAGCCCOCGUCATTAAGAAGGGUATCCTGCAGACAGTGAAGGTGGTG
GACGAGUTUCGTGAARAAGTGATGOGUCGGCACAAGUCCCGAGAACATOGTGATOGA
AATGGUCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGUCUGLGAG
AGAATGAAGUGGATCGAAGAGGGUATCAAAGAGUTGGGUCAGCCAGATCCTGAA
AGAACACCCOGTOGGAAMMUACCCAGUTGCAGAACGAGAAGUTGTACCTGTACT
ACCTGCAGAATGOGGOGGGATATGTACGTGGACCAGGAACTGGACATCAACCGG
CTGTCCGACTACGATOTGGACCATATCGTGUCTCAGAGUTTTIUTGAAGGACGA
CTCCATCGACAACAAGGTGUTGACCAGAAGUGACAAGAACCGGGGUAAGAGOG
ACAACGTGCCCTUCGAAGAGGTOGTGAAGAAGATGAAGAACTACTGGOGGCAG
CTGCTGAACGUCAAGUTGATTACCCAGAGAAAGTTCGACAATCTGACCAAGGT
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CGAGAGAGGUCGGUCTGAGCGAACTGGATAAGGUCGGUTTCATCAAGAGACAG
CTGGTGGAAACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACTCCCG
GATGAACACTAAGTACGACGAGAATCGACAAGCTGATCUGGGAAGTGAAAGTGA
TCACCCTGAAGTCCAAGCTGGTGTCCGATTTCOCGGAAGGATTTCCAGTTTTACA
AAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGUCTACCTGAALCGLCC
GTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGUCGAGTTCGTY
GTACGGCGACTACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGC
AGGAAATCGGCAAGGUCTACCGCCAAGTACTTIOTYTCTACAGUAACATCATGAALTY
TTTTCAAGACCGAGATTACCCTGGCCAACGGUGAGATCCGGAAGOCGGLOTCTG
ATCGAGACAAACGGCGAAACCGLGGAGATCOTETGUGGATAAGGGCCGGGATTY
TTGCCACCGTGOGGAAAGTGUTGAGCATGCCCCAAGTGAATATCGTGAAAAAG
ACCGAGGTGCAGACAGGUGGUTTCAGCAAAGAGTCTATCOTGUCCAAGAGGAA
CAGUGATAAGUTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGLG
GCTTCGACAGCCCCACCOTGGOCTATTICTGTGCTGOTGOTGGUCAAAGTGGAA
AAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTGUTGGGGATCACCAT
CATGGAAAGAAGCAGCTTCOGAGAAGAATCCCATCGACTTITCTGGAAGCCAAGG
GUTACAAAGAAGTGAAAAAGGACCTGATCATCAAGUTGCCTAAGTACTCLCTYG
TTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAACTGCA
GAAGGGAAACGAACTGECCCTGUCOTCCAAMATATGTGAACTTCCTIGTACUYGG
CCAGCCACTATGAGAAGUTGAAGGGCTCCCCCGAGGATAATGAGCAGAAACAG
CTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCAG
CGAGTTCTCCAAGAGAGTGATCCTGGUCGACGUTAATCTGGACAAAGYGCTGY
CCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGGUCGAGAATATC
ATCCACCTGTTTACCOCTGACCAATCTGGGAGUCCCTGCOCGCOTTCAAGTACTTY
GACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGTGCYGGACGO
CACCCTGATCCACCAGAGCATCACCGGCUTGTACGAGACACGGATCGACCTGY
CTCAGCTGGGAGGUGACTTTOTTITTCTTAGCTTGACCAGCTTITCTTAGTAGCA
GCAGGACGUTTTAA

{30440]  (NLS-hSpCas9-NLS is highlighted in bold)

{80441] > Sequencing amplicon for EMX1 guides 1.1, 1.14, 1.17
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{68442] CCAATGOGGAGGACATCGATOTCACCTCCAATGACTAGGGTGGGCAACT
ACAAACCCACGAGGOGCAGAGTGUTGCTTGCTGCTGGCCAGGCCCCTGUGTGHGOCC
AAGCTOGACTCTGOCCAC

160443] > Sequencing amplicon for EMX 1 gundes 1.2, 1.16

{08444] COAGUCAGAAGAAGAAGGOUTCCCATCACATCAACCOUGTOGCOGCATTOCC
ACGAAGCAGGCCAATGOGOCAGGACATCCGATGTCACCTCCAATGACTAGGUGTGGGCA
ACCACAAACCCACGAG

{80445] > Sequencing amplicon for EMX1 guides 1.3, 1.13, 115

160446] GGAGGACAAAGTACAAACGGCAGAAGCTGOAGGAGGAAGGGUCTGAGTC
COAGCAGAAGAAGAAGGOUTCCCATCACATCAACCOGGTOGUCOCATTGCCACGAAGC
AGGCCAATGOGGAGGACATCGAT

{80447] > Sequencing amplicon for EMX1 guides 1.6

084487 AGAAGCTGCGAGCGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGCTC
CCATCACATCAACCGOTOGUGCATTOCCACGAAGCAGOCCAATGOGOAGGACATCG
ATGTCACCTCCAATGACTAGGUGTGE

{80449] > Sequencing amplicon for EMX1 guoides 1.10

084567 COTCAGTCTTCCCATCAGGUTCTCAGCTCAGCCTGAGTOTTGAGGCCCCAG
TCGCTCCTCTGOGGGECTCCTGAGTTTCTCATCTGTGCCCOTCCCTCCCTGGCCCAGE
TOAAGOTGTGOTTCCA

{30451] > Scquencing amplicon for EMXT goides 11, 112

1084527 TCATCTOTGCCCCTCCOTCCOTOGUCCAGUTGAAGGTOTGOTTCCAGAALCC
GOAGGACAAAGTACAAACQGCAGAAGCTGUAGGAGUGAAGGGCCTGAGTCCGAGCA
CAAGAAGAAGOGUTCCCATCACA

{30453] > Scquencing amplicon for EMXT guides 11, 119

{80454] CTCCAATCGACTAGGGTGOGCAACCACAAACCCACGAGGGCAGAGTGOTG
CTTGCTOGCTGOCCAGGUCCCTGCGTOGGGCCCAAGCTGGACTCTGGUCACTCCOTOGO
CAGGCTTTGGGGAGGCCTGGAGT

{#3455] > Scquencing amplicon for EMX1T guides 1.20

{68456] CTOCTTGCTOCTGOCCAGGCCCCTOCGTOGOGOGUCCAAGCTGOACTCTGGCC
ACTCCCTGGCCAGGUTTTGGOGUGAGGUCTUGOAGTCATOGUCCCACAGGGUTTGAAGE
CCGOGGGCCGCCATTGACAGAG
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{B34587]  >T7 promoter F primer for anncaling with target strand

{30438] GAAATTAATACGACTCACTATAGGG

{80459]  >oligo containing pUCI9 target site 1 for methylation (T7 reverse}

1604608] AAAAAAGCACCGACTCOGTGCCACTITITCAAGTTGATAACGGACTAGCC
TTATTTTAACTTGCTATTTCTAGUTCTAAAACAACGACGAGUGTGACACCACCCTAT
AGTGAGTCGTATTAATTIC

{80461 >oligo containing pUCIO target site 2 for methylation {T7 reverse)

180462] AAAAAAGCACCGACTCGOTGCCACTITTITCAAGTTGATAACGGACTAGCC
TTATTTTAACTTGCTATTTICTAGCTCTAAAACGCAACAATTAATAGACTGGACCTATA

OTGAGTCOGTATTAATTTC

Example {1 Oligo-mediated Cas¥-induced Homologous Recombination

{80463] The oligo homologous recombination test 18 a comparison of cfficiency across
different CasY variants and different HR template (ohigo vs. plasmid).

{00464]  293FT cells were used. SpCas® = Wildtype Cas9 and SpCasOn = nickase Cas9
{DI0A). The chimeric RNA target is the same FMX{ Protospacer Target 1 as in Examples 5, 9
and 10 and oligos synthesized by DT using PAGE purification.

[60465]  Figure 44 depicts a desigo of the oligo DNA used as Horoologous Recombination
{HR)} template in this cxperiment. Long oligos contain 100bp homology to the ZMXY locus and a
HindHi rvestriction sute. 293FT cells were co-transfocted with: first, a plasmid containing a
chimeric RNA targeting buman EMXT locus and wild-type cas® protein, and second, the oligo
DNA as HR teroplate. Samples are from 293FT cells collected 96 hours post transfoction with
Lipofectamine 2000, Al products were amplified with an EMX7 HR Primer, gel purified,
followed by digestion with HindII to detect the cthiciency of integration of HR teraplate into the
Human genome.

{80466] Figures 45 and 46 depict a comparison of HR efficiency induced by different
combination of Cas? protein and HR teroplate. The Cas® construct used were either wild-type
(CasY or the nickase version of Cas9 {CasOn). The HR template used were: antisense olige DNA
{Antisense-Oligo in above figure), or scnse oligo PNA (Sense-Oligo in above figure), or plasrmid
HR termaplate (HR template in above figure). The sense/anti-sense definition is that the actively-

transcribed strand with sequence corresponding to the transcribed raRNA s defined as the sense
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strand of genome. HR Efficiency is shown as percentage of HindlH digestion band as against all

genomic PCR amplified product (bottom numbers).

Example 12 Autistic Mouse

{#3467] Recent large-scale sequencing inttiatives have produced a large sumber of genes
associated with discase. Discovering the genes 18 only the beginning in understanding what the
gene does and how it leads to a discased phenotype. Current technologies and approaches to
study candidate genes are slow and laborious. The gold standards, gene targeting and genetic
konockouts, require a significant investment n tivoe and vesources, both mounctary and i terros of
research personnel. Applicants set out to utilize the hSpCas® nuclease to target many genes and
do so with higher efficiency and lower turnaround compared to any other technology. Becanse of
the high efficiency of h8pCas9 Applicants can do RNA injection into mouse rygotes and
immediately get genome-modified animals without the need to do any preliminary gene targeting
in mESCs.

{#0468] Chromodomain helicase DNA binding protein 8 (CHDE®} 1s a pivotal gene in mmvolved
in carly vertebrate development and wmorphogenesis. Mice lacking CHDE die during embryonic
development, Mutations in the CHDS8 gene have been associated with autism spectrum disorder
in humans, This association was mwade in three different papers pubhshed simultancously in
Nature. The same three studics identified a plethora of genes associated with autism spectrum
disorder. Applicants” aim was fo create knockout mice for the four genes that were found in all
papers, Chdg, Katnal2, Kctdl3, and SenZa. In addition, Applicants chose two other genes
associated with autism spectrum disorder, schizophrenia, and ADHD, GITH CACNAIC, and
CACNB2. And finally, as a posttive control Applicants decide to target MeCPZ2.

{30469  For cach gene Applicants designed three gRNAs that would likely knockout the gene.
A knockout wounld occur after the hSpCas9 nuclease roakes a double strand break and the error
prone DNA repair pathway, non-homologous end joining, corrects the break, creating a
mutation. The most likely result 18 a frameshift muotation that would knockout the gene. The
targeting strategy mmvelved finding proto-spacers in the exons of the gene that had a PAM
sequence, NGG, and was unigue in the genome. Preference was given to proto-spacers in the

first exon, which would be most deleterious to the gene.
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{#3478] Each gRNA was validated in the mouse cell line, Neuro-NZ2a, by liposomal transient
co-transfection with hSpCas8. 72 hours post-iransfection genomic DNA was porified using
QuickExtract DNA from Epicentre. PCR was performed to amplify the locus of interest
Subsequently the SURVEYOR Mutation Detection Kit from Transgenomics was followed. The
SURVEYOR results for cach gRNA and respective controls are shown in Figure Al. A positive
SURVEYOR result is one large band corresponding to the genomic PCR and two smaller bands
that are the product of the SURVEYOR nuclease making a double-strand break at the site of a
mutation. The average cutting efficiency of cach gRNA was also determined for each gRNAL
unique within the genome.

{B0471]  RNA (hSpCas9+gRNA RNAY was injected juto the promuclens of a zygote and later
transplanted into a foster mother. Mothers were allowed to go full term and pups were sampled
by tail snip 10 days postnatal. DNA was extracted and used as a temnplate for PCR, which was
then processed by SURVEYOR. Additionally, PCR products were sent for sequencing. Animals
that were detected as being positive in etther the SURVEYOR assay or PCR sequencing would
have their genomic PCR products cloned into a pUCITS vector and sequenced to determine
putative mutations from cach allele.

[60472]  So far, mice pups from the ChdR targeting experiment have been fully processed up
to the point of alicle sequencing. The Surveyor resuits for 38 live pups {lanes 1-38} 1 dead pup
{lanc 39} and 1 wild-type pup for companison (lane 40} are shown in Figure A2, Pups 1-19 were
injected with gRNA Chd®.2 and pups 20-38 were injected with gRNA Chd8.3. Of the 38 hive
pups, 13 were positive for a mutation. The one dead pup also had a mutation. There was no
mutation detected in the wild-type sample. Genomic PCR sequencing was consistent with the

SURVEYOR assay findings.

Example 13: CRISPR/Cas-Mediated Transcriptional Modulation

{60473] Figure 67 depicts a design of the CRISPR-TF (Transcription Factor) with
transcriptional activation activity. The chimeric RNA is expressed by U6 promoter, while a
human-codon-optimized, double-mutant version of the Cas9 protein (hSpCasm), operably

linked to triple NLS and a VP64 functional domain is expressed by a EFla promoter. The double
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mutations, D10A and HE40A, renders the cas9 protein unable to introduce any cleavage but
mainiaived its capacity to bind to target DNA when guided by the chimeric RNA,

{80474] Figure 08 depicts transcriptional activation of the human SOX2 gene with CRISPR-
TF system {(Chimeric RNA and the Cas9-NLS-VP64 fusion protein). 293FT cells were
transfected with plasmids bearing two components: (1) Ub-driven different chimeric RNAs
targeting 20-bp sequences within or around the human SOXZ genomic locus, and (2) EFla-
driven hSpCasOm {double mutant}-NLS-VP64 fusion protein. 96 hours post transfection, 293FT
cells were harvested and the loevel of activation 18 measured by the indoction of mRNA
expression using a qRT-PCR assay. All expression levels are vormalized against the control
group {grey bary, which represents results from cells transfected with the CRISPR-TF backbone
plasmid without chimenic RNA. The qRT-PCR probes used for detecting the SOX2 mRNA
Tagman Human Gene Expression Assay {Life Technologiesy. All experiments represents data

from 3 biological replicates, n=3, error bars show s.c.m.

Example 14: NLS: Cas9 NLS

{80475]  293FT cells were transfected with plasmid countaining two components: {1) EFla
promoter driving the expression of Cas® {wild-type human-codon-optimized Sp Cas®) with
different NLS designs (2) U6 promoter dniving the sarne chimeric RNA targeting human EMX1
locus.

{86476]  Cells were collect at 72k time point post transfection, and then extracted with 50 plof
the QuickExtract genomic DNA extraction solution following manufacturer’s protocol. Target
EMX]1 genomic DNA were PCR amplified and then Gel-purtfy with 19 agarose gel Genomie
PCR product were re-anneal and subjected to the Surveyor assay foliowing manunfacturer’s
protocol. The genomic cleavage cfficiency of different counstructs were measured using SDS-
PAGE on a 4-12% TBE-PAGE gel {Life Technologies), analyzed and quantified with Imagelab
{Bio-rad} software, all following manufacturer’s protocol.

{60477] Figure 69 depicts a design of different Cas9 NLS constructs. All Cas9 were the
human-codon-optimized version of the Sp Cas9®. NLS sequences are linked to the cas9 gene at
cither N-terminus or C-ternmunus, All Cas9 variants with ditferent NLS designs were cloned into

a backbone vector containing so it is driven by EFla promoter. On the same vector there is a
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chimeric RNA targeting human EMX1 locus driven by U6 promoter, together forming a two-
component system,

{80478] Table M. Cas® NLS Desipn Test Results. Quantification of genomic cleavage of

different cas9-nls constructs by surveyor assay.
Percentage . . . . . .
= Biological Biological Biological Error (S.E.M.,

Genorne Cleavage

) ) Replicate I Replicate 2 [Replicate 3 [Average (%) [standard ervor
as measured by

G {0/ G ~F the e
Surveyor assay (%) (%) {0} of the mean)
Cas® (No NLKX)Y {2.50 3.30 2.73 2.84 (.24
O with Notar 7 , |
{as® with N-term 761 6.9 546 645 063

NLS

Cas? with Cerm <

NI 575 4.86 4.70 310 {$5.33
Cas® with Double
{(N-term and C-  9.08 8 85 778 8 .90 (.60

term ) NLS

[60479]  Figure 70 depicts the efficiency of genomic cleavage induced by Cas9® variauts
bearing different NLS designs. The percentage indicate the portion of human EMX1 genomic
DNA that were cleaved by cach construct. All experiments ave from 3 biological replicates. no=

3, error indicates 8. E.M,

Example 15: Engineering of Microalgae using Cas¥

{30480] Mothods of delivering Cas9

{30481] Moethod 1 Applicants deliver Cas9 and guide RNA using a vector that expresses Cas9
under the contro! of a constitutive promoter such as Hsp70A-Rbe 52 or BetaZ-tubulin,

{B0482] Method 2: Applicants deliver Cas9 and T7 polymerase using vectors that expresses

(as% and T7 polymerase under the control of a constitutive promoter such as Hsp70A-Rbe 82 or
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BetaZ-tubulin, Guide RNA will be debivered using a vector containing T7 promoter driving the
guide RNA,
{80483} Mcthod 3: Applicants deliver Cas9 mRNA and in vitro transcribed guide RNA to
algac cells. RNA can be in vitro transcribed. Cas9 mRNA will consist of the coding region for
{Cas® as well as 3"UTR from Copl to ensure stabilization of the Cas® mRNA.
{#0484] For Homologous recombination, Applicants provide an additional homology directed
repatr template.
{B0485]  Sequence for a cassette driving the expression of Cas9 under the control of beta-2
tubulin promoter, followed by the 3" UTR of Copl.
{66486] TCOTTTCTTGCOCTATOACACTTCCAGCAAAAGGTAGGGCGGOCTGUGAGA
COGGCTTCCCGGCGUTGCATGCAACACCGATOATOCTTCGACCCCCCGAAGCTCCOTTC
GOGOCTGCATGOGUGUTCCGATOCCGCTCCAGGUCGAGCGUTOTTTAAATAGCCAG
GCCCCOCGATTGCAAAGACATTATAGUGAGCTACCAAAGCCATATTCAAACACCTAG
ATCACTACCACTTCTACACAGGCCACTCOAGCTTGTGATCGUACTCOGUTAAGGGGE
COCCTCTTCCTCTTCOTTTCAGTCACAACCCGCAAACATGTACCCATACGATOTTCCA
IATTACGCTTCGCCOAAGAAAAAGCGUAAGGTCOAAGCGTCCOGACAAGAAGTACAG
CATCOGCCTGOACATCGOCACCAACTCTGTGGOCTGOGUCGTGATCACCGACGAGT
ACAAGOTGCCCAGCAAGAAATTCAAGOGTCGCTOGGOGCAACACCGACTGGCACAGCATC
AAGAAGAACCTGATCGGAGCCCTGUCTOTTCGACAGCGGUGAAACAGUCGAGGCCAL
CCOGCTCAAGAGAACCGUCAGAAGAAGATACACCAGACGOAAGAACCGGATCTGC
TATCTGCAAGAGATCTTCAGCAACGAGATGOCCAAGUGTGOACGACAGCTTCTTCCALC
AGACTGGAAGAGTCCTTCCTGOTGOAAGAGGATAAGAAGCACGAGCGGCACCCCAT
CTTCOGCAACATCOTGOACGAGGTGOCCTACCACGAGAAGTACCCCACCATOTALCC
ACCTGAGAAAGAAACTGOTGGACAGCACCGACAAGGCCGACCTGCGGCTGATCTAT
CTGGCCCTGGUCCACATCGATCAAGTTCCCGGOGGCCACTTCCTCGATCGAGGUGUGACCTG
AACCCCGACAACAGCGACGTGOACAAGCTGTTCATCCAGCTGOTGUCAGACCTACAA
CCAGCTGTTCGAGGAAAACCCCATCAACGCCAGCGGUGTGGACGCCAAGGUCATCC
TOTCTOCCAGACTGAGCAAGAGCAGACGGUTGGAAAATCTGATCGUCCAGCTGUCC
GGCCAGAAGAAGAATGOCCTOTTCGGCAACCTGATTGCCCTCAGCCTGOGCCTGALC
CCCCAACTTCAAGAGCAACTTCGACCTOGCCGAGGATGUCAAACTOCAGUTGAGCA
AGGACACCTACGACGACGACCTGGACAACCTGUTOGCCCAGATCGOGCGACCAGTAC
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GCCGACCTOTTTCTOGUCGUCAAGAACUTOTCCGACGCCATUCCTOUCTGAGUGACATC
CTGAGAGTGAACACCGAGATCACCAAGGUCCCCUTOAGCGUCTUTATGATCAAGAG
ATACGACGAGCACCACCAGUACCTGACCCTGUTOGAAAGCTCTCGTGUGGUAGCAGO
TOGCCTCGAGAAGTACAAAGAGATTTTICUTTCGACCAGAGCAAGAACGGUTACGCCGGT
TACATTGACGGUOGGAGUCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCT
GGAAAAGATGGACGGCACCGAGUAACTGCTCGTGAAGUCTGAACAGAGAGGACCTG
CTGUGGAAGUAGUGGACUTTCGACAACGGUAGCATCCCCCACCAGATCCACCTOGE
AGAGCTGCACGCCATTCTGCGOGCOGCAGGAAGATTTTITACCCATTCCTGAAGGACAA
CCGGGAAAAGATCGAGAAGATCCTGACCTTCCGCATCOCCCTACTACGTGGGCCCTCT
GGUCAGGGGAAACAGCAGATTOCGCCTGGATGACCAGAAAGAGCGAGGAAACCATC
ACCCCCTGGAACTTCGAGOGAAGTGUTGGACAAGGGUGUTTCCGCCCAGAGUTTCAT
CGAGUCGOATGACCAACTTCOATAAGAACCTGUCCAACGAGAAGOTGUTGCCCAAGC
ACAGCCTGCTOTACGAGTACTTCACCOGTOTATAACGAGUCTGACCAAAGTGAAATALC
OTGACCGAGGGAATOAGAAAGCCCGUUTTCUTGAGCGOUCGAGCAGAAAAAGGUCA
TCOTGGACCTOCTGTTCAAGACCAACCGUAAAGTGACCGTGAAGCAGCTGAAAGAG
SACTAUTTCAAGAAAATCGAGTOGCTTCCACTCCGTGGAAATCTCCGGUGTGGAAGAT
CGUTTCAACGCCTCCCTGOGUACATACCACGATCTGUTGAAAATTATCAAGGACAA
GCACTTCCTGOACAATGAGGAAAACGAGGACATTCTGGAAGATATCGTGCTCGACCO
TOACACTGTTTGAGOACAGAGAGATGATCGAGGAACGGUTGAAAACCTATGCCCAC
CTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAGATACACCGOUTGGGE
CAGGCTOAGCCOGAAGCTGATCAACGGUATCCGGGACAAGCAGTCCGGUAAGACA
ATCCTOGATTTCCTGAAGTCCCACGOGCTTCGCCAACAGAAACTTCATGCAGUTGATC
CACGACGACAGCCTGACCTTTAAAGAGGACATCCAGAAAGCCCAGGTOTCCGGUCA
GGOGCOGATAGCCTGCACGAGCACATTGCCAATCTGOGUCGGCAGCCCCGUCATTAAGA
AGGGCATCCTGCAGACAGTGAAGOTGOGTOGOACGAGUTCOTGAAAGTGATGGGCCGE
CACAAGCCCGAGAACATCOTOATCOGAAATOGGUCAGAGAGAACCAGACCACCCAGA
AGGUGACAGAAGAACAGCCGCGAGAGAATGAAGUGGATCGAAGAGGGUCATCAAAGA
GCTGOGUCAGCCAGATCCTGAAAGAACACCCOOTGOGAAAACACCCAGCTGUAGAACG
AGAAGUTGTACCTGTACTACCTGCAGAATGOGUOGGUGATATGTACGTGGACCAGGAA
CTGOACATCAACCOGUTOTCCGACTACGATOTGOACCATATCGTGUCTCAGAGCTTT
CTGAAGGACGACTCCATCGACAACAAGGTOGUTGACCAGAAGCGACAAGAACCGOG
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GCAAGAGCGACAACGTOCCUTCCGAAGAGGTCOTGAAGAAGATOAAGAACTACTGEG
COGCAGUTGCTCGAACGCCAAGUTCGATTACCCAGAGAAAGTTCGACAATCUTGACCAA
GOCCGAGAGAGGUGGCCTGAGUGAACTGOATAAGGUCGGUTTCATCAAGAGACAG
CTGOGTGOAAACCCGGCAGATCACAAAGCACGTGOGCACAGATCCTGGACTCCCGGAT
GAACACTAAGTACGACGAGAATGACAAGCTGATCCOGGLAAGTGAAAGTOATCACCO
TOAAGTCCAAGUTGUTOTCCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCG
AGATCAACAACTACCACCACGUCCACGACGUUTACCTGAACGUUGTCOTGGHAACC
GCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCUTGTACGGCGACTACAA
GOTCTACGACGTGUCGGAAGATOATCGCCAAGAGCGAGUCAGOAAATCGGCAAGECT
ACCGCCAAGTACTTCTTCTACAGCAACATCATOGAACTTTTTCAAGACCGAGATTACC
CTGOGCCAACGGUCOAGATCCGLGAAGUGGUCTCTOATCGAGACAAACGGUGAAACCGG
GOAGATCOTGTGGGATAAGOGUCGOGATTTTGCCACCGTGUCGOAAAGTGUTGAGCA
TCCCCCAAGTOGAATATCOTGAAAAAGACCGAGOTGCAGACAGGUGOGUTTCAGCAAA
CAQTCTATCCTGUCCAAGAGGAACAGUGATAAGCTGATCGUCAGAAAGAAGDACTG
GGACCCTAAGAAGTACGOGUGOUTTCGACAGCCCCACCOTGGUCTATTCTGTGCTGOT

OTGOCCAAAGTGOAAAAGOGUAAGTCCAAGAAACTOAAGAGTOTOGAAAGAGUTG
CTGOGGUATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCT
GOGAAGCCAAGGGUTACAAAGAAGTCGAAAAAGGACCTGATCATCAAGCTGCUTAAGT
ACTCCOTOTTCOAGUTGGAAAACOGGUCGGAAGAGAATGUTGGUCTCTGOCGGUGAA
CTGCAGAAGGGAAACGAACUTGUGUCCTGUCUCTCCAAATATGTCGAACTTICUTGTACCOTG

CCAGCCACTATGAGAAGCTGAAGOGOUTCCCCCGAGOATAATGAGUAGAAACAGCT
GTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCAGCGAGT
TCTCCAAGAGAGTCGATCCTGOCCGACGUTAATCTGGACAAAGTOCTGTCCGCUTACA
ACAAGCACCGGUATAAGCCCATCAGAGAGCAGGUCGAGAATATCATCCACCTOTTT
ACCCTCGACCAATCTGGCAGCCCCTGUCGUOTTCAAGTACTTTGACACCACCATCGALC
CGGAAGAGGTACACCAGUACCAAAGAGOTGUTOGACGCCACCCTGATCCACCAGAG
CATCACCGGCCTGTACGAGACACGOGATCGACCTOTCTCAGUCTGGGAGGUGACAGCC
CCAAGAAGAAGAGAAAGUHTGGAGGUCAGUTAAGGATCCOGGUAAGACTOGUCCCGC
TTGGCAACGCAACAGTGAGCCCCTCCCTAGTOTGTTTOCGOGATGTGACTATGTATTIC

TOTOTTGGCCAACGGOTCAACCCGAACAGATTGATACCCGUCTTOGGUATTTCOTGT
CAGAATGTAACGTCAGTTGATGGTACT
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{G0487]  Sequence for a cassette driving the expression of T7 polymerase under the control of
beta-2 tubulin promoter, followed by the 3 UTR of Copl:

180488 TCTTTCTTOGCGUTATGACACUTTCCAGCAAAAGOTAGGGUGGGUTGCGAGA
COGCTTCCCGOGCGUTGCATGCAACACCGATGATGUTTCGACCCCCCGAAGUTOCTTC
GGOGCTOCATOGOCGUCTCCGATGUCGUTCCAGOGUGAGCOCTGTTTAAATAGCCAG
GUCCCCGATTGCAAAGACATTATAGCCGAGCTACCAAAGUCATATTCAAACACCTAG
ATCACTACCACTTCTACACAGOCCACTCGAGUTTOTOATCOCACTCCGUTAAGGGGE
CGCCTCTTCCTCTTCOTTTCAGTCACAACCCGUA A A Catgectaagaagasagaggaaggtiaacacgatt
aacategetaagaacgacticictgacatcgaactggetgotatecogiicaacacictggcigaccatiacgetgagegiitageiogegaa
caghtggcoctigageatgagicttacgagatppptpaageacgettccgeaagaigtitigagegicaacttaaagetggtgagpticcggat
aacgetgecgecaagecicteatcactacectaciocctaagalgatigeacgoatcaacgactggttigaggaagigaaagetaagegog
geaagegeccgacagecticcagticctgeaagaaatcaagoecggaageegtagegtacatcaccatiaagaccacictgoetigectaac
cagtoctgacaatacaacegttcaggctgtageaagegeaateggtcgeoccatigageacgagpeicgetteggtogtatecgtgacett
gaagetaageacticaagaaaaacgiigaggaacaactcaacaagegegtagggeacgictacaagaaageatttaigeaagtigicgag
getgacatgctetctaagggtctaciogeiggopageeptpgicticgigpeatanggaagactctaticatgtaggagtacgetigeatogag
atgetcatigagtcaaccggaatggitageiiacaccgecaaaatgetgpegtagtaggicaagacicigagactategaactegeacciga
atacgetgaggctategeaaccoegigeagptpegeigectpgeatetcicegatgitccaacctigogtagticctectaageegiggacipy
cattactggtegtgectattgggctascggicgtegicctetggegotggtgegiacteacagtaagaaageacigatgogoiacgasgacg
ttacatgectpagpiptacaaagegattaacatigegeaaaacaccgeatgpaaaatcaacaagaaagicotageggtcgecaacgiaate
accaagtggaageatigtecggicgaggacatccotgogatigagegigaagaacicocgatgaaaceggaagacategacatgaatect
gaggctcicaccgegtggaaacgigctgeegeigetgtgtacegeaaggacaaggoicgoaagticicgeogtatcagectigagitcaige
tigageaagecaataagtitgotagecataaggecatctggticectiacaacatggactggegeggtegtgtitacgeigtgicaatgttcaac
ccgeaaggtaacgatatgaccaaaggacigettacgetggegasaggtaaaccaatcggtaaggaaggtiactactggcigaaaatecac
gotecanactgipegrgtgtcgacaaggticegticectgagegeatcaagitcatigagpagaaccacgagaacatcatggetigegeiaa
giciccactggagaacactiggtggectgageaagaticteogitcigeticettgeglictgetitgagtacgetggggtacagoaccacgge
ctgagetataactgoteccitecgotggegtiigacgggtctigetciggeatccageactictcegegatpctecgagatgaggtagetaaic
gogeggttaactigeticctagigaaacogiicaggacatctacgggatigitgctaagaaagicaacgagattctacaageagacgeaatea
atgpepaccgataacgaagitagitaccgtgacepatgagaacaciggioaaatctetgagaaagicaagetggpcactaaggeacigpcty
gicaatggotggctiacgetigtiactogeagtgtpactaagegitcagicatgacgeiggettacgggiceaaagagitoggeticegteaac
aagigetggaagataccaticagocagctattgaticoggeaagggtictigatglicacicageogaateaggeigetggatacatggctaag

ctgattigppaatctgigagogtgacggtpgtageteepettpaageaatgaactgpetiaagtotgetgctaagetgetggotoctgagpte
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aaagataagaagactppagagaticticgeaagegitgepctgtgcattggptaactcetpatgptticectgipgtpgcagpaatacaagaa
goctattcagacgegetigaacctigatgticoteggteagttecgetiacagectaceattaacaccaacasagatagegagatigatgeacs

caaacaggagtctpptatcgetectaacttigtacacagecaagacggtagecaccticgtaagacigtagigiggpcacacgagaagtac

graatcgaatctitigeacigattcacgactecticggtacgaticoggeigacgetgegaaccigticasageagtgegegadactatggtty
acacatatgagicttgtgatgtaciggetgatitctacgaccaghicgetgaccagiigeacgagictcaatiggacaaaatgocageactice

ggctaaaggtaacttgaacctccgigacatettagagicggacticgegttegegtaaGUATCCGGLCAAGACTGGCCCC

CTTGGCAACGCAACAGTOAGCCCCTCCCTAGTOTGTTTGOGOATOTGACTATGTAT
TCGTOGTOGTTGGCCAACGGOTCAACCCGAACAGATTGATACCCGCCTTGGCATTTCLCT

GTCAGAATOTAACGTCAGTTGATGOTACT

{B0489]  Secquence of guide RNA driven by the T7 promoter (T7 promoter, Ns represent
targeting sequence):

{8049¢] pasatTAATACGACTCACTATANNNNNNNNNNNNNNNNNNNNgttttagagetaG

AAAtagcaagttasaataaggctagicogtiatcaactigasaaagtggeaccgagtoggtgottitttt

{80491} Gene debivery:

{#6492] Chlarmnydomonas reinhardtu strain CC-124 and CC-125 from the Chlamydomonas
Resource Center will be used for electroporation. Electroporation protocol follows standard
recommended protocol from the GeneArt Chlamydomonas Engineering kit

160493]  Also, Apphicants generate a hine of Chlamydoroonas reinhardinn that expresses Cas9
constitutively. This can be done by using pChlamyl (lincarized using Pvul} and selecting for
hygromycin resistant colonies. Sequence for pChlamyl contaiming Cas® is below. o this way to
achieve gene knockout one simiply needs to deliver RNA for the guideRNA. For horologous
recombination Applicants deliver guideRNA as well as a lincarized homologous recombination
teraplate.

{30494] pChlarnyl-CasO:

1084937 TCOCOGUTATTTCACACCGCATCAGOTOGGCACTTTTCGGGGAAATGTGCGCG

GAACCCCTATTTGTTTATITITCTAAATACATICAAATATOGTATCCGCTCATGAGATT

ATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAAT

CTAAAGTATATATGAGTAAACTTGOTCTGACAGTTACCAATGCTTAATCAGTGAGGC
ACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTG

TACGATAACTACGATACGGOAGGOCTTACCATCTGOCCCCAGTGCTGCAATOATACCE
COAGACCCACGUTCACCGOCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAG
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GGUCGAGUGCAGAAGTOGTUOCTGCAACTTTATCCGCOTCCATCCAGTCTATTAATTG
TTOCCGGOGAAGUTAGAGTAAGTAGTTCGCCAGTTAATAGTITGCGUCAACGTTGTTGC
CATTGCTACAGOCATCGTGOUTGTCACGUTCGTCGTTTGOTATOGUTTCATTICAGETCC
GUTTCCCAACGATCAAGGCCGAGTTACATGATCCCCCATGTTIGTGCAAAAAAGCGOTT
AGCTCCTTCOGGTCCTCCGATCOGTTGTCAGAAGTAAGTTGGCUGCAGTGTITATCACTC
ATGOGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTT
CTOGTGACTOGTGAGTACTCAACCAAGTCATTCTGAGAATAGTOGTATGUGGUGACCGA
GTTGCTCTTOGCCCOGCOGTCAATACGGUATAATACCGUCGUCACATAGCAGAACTTTAA
AAGTGUTCATCATTCGGAAAACGTTICTTCGGGUGUCOAAAACTCTCAAGGATCTTACCGC
TOTTOAGATCCAGTTCOGATGTAACCCACTCGTGUACCCAACTGATCTTCAGCATCTTT
TACTTTCACCAGCGTTTCTGOGTGAGCAAAAACAGGAAGGUAAAATGCCGCAAAAA
AGGOAATAAGOGUCACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATT
ATTGAAGCATTTATCAGGOTTATTGTCTCATGACCAAAATCCCTTAACGTGAGTTTTIC
OTTCCACTOAGCOGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTOGAGATOCTTT
TTTTCTGCOGCGTAATCTGUTGCTTGCAAACAAAAAAACCACCGUTACCAGCGOGTOGET
TTOTTTGCCGGATCAAGAGUTACCAACTUTTTTTCCGAAGGTAACUTGGUTTCAGCAG
AGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCOGTAGTTAGOGCCACCACTTCAA
GAACTCTGTAGCACCGOCTACATACCTCGUTCTGCTAATCCTGTTACCAGTGGOTGTT
GCCAGTGGUCOATAAGTCGTGTCTTACCGOGTTGGACTCAAGACGATAGTTACCGGAT
AAGGCGCAGCOGOTCGOUUTGAACGGGGUOUTTCGTGCACACAGUCCAGCTTGGAGCG
AACGACCTACACCGAACTGAGATACCTACAGUGTGAGUTATGAGAAAGUCGUCACGC
TTCCCGAAGGGAGAAAGGUCGUACAGUTATCCGGTAAGCGGCAGOGTCOGAACAGE
AGAGCGCACGAGOGAGUTTCCAGGGGGAAACGCUTGOTATCTTTATAGTCCTOTCG
GOTTTCGUCACCTCTGACTTCGAGCGTCCGATTTTTGTGATGCTCOTCAGGOGGGCGHA
GUCTATGGAAAAACGCCAGCAACGUGGUCTTTTITACGGTTCCTGGCCTTITGOTGGE
CTTTTOCTCACATGTTCTTTCCTGUGTTATCCCCTGATTICTOTGGATAACCOTATTACT
GCCTTTCGAGTCGAGUTOGATACCGUTCGUCGCAGUCGAACGACCGAGUGCAGCGAGTC
AGTGAGCGAGOAAGCGOTCGCTGAGGUTTGACATOATTGGTGUGTATOTTTOTATGA
AGCTACAGGACTGATTITGGUOGOGCTATCGAGGGCOGGOGUAAGCTCTGGAAGGGCCGC
ATGOGOCGUGUGGUOTCCAGAAGGUGCCATACGGUCCGUTGGUGGCACCCATCCG
GTATAAAAGCCCGUCGACCCCOGAACGGTCGACCTCCACTTTCAGCGACAAACGAGCAC
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TTATACATACGUGACTATTICTGUCGUTATACATAACCACTCAGCTAGCTTAAGATCC
CATCAAGUTTCGUCATGUCGOGGUGCGUCAGAAGGAGCGCAGCCAAACCAGGATGATGT
TTGATOGOGTATTTGAGCACTTGCAACCOTTATCCGGAAGCCCCCTGOCCCACAAAG
GCTAGGUGCCAATGCAAGCAGTTCGCATGCAGUCCCTGGAGCGOTGUCCTCCTGAT
AAACCGGUCAGGOGGOCCTATOTTCTTITACTTTTTTACAAGAGAAGTCACTCAACATC
TTAAAATGOCCAGGTCAGTCGACGAGCAAGCCCGOUCGGATCAGGCAGCGTGOTTGC
AGATTTGACTTGCAACGCCCGUCATTOTGTCGACGAAGGUTTTTGGCTCCTCTGTOGCT
GTCTCAAGCAGCATCTAACCCTGCGTCGUCGTTTCCATTTGCAGGAGATTCGAGHTA
CCATGTACCCATACGATGTTCCAGATTACGUTTCGUCCGAAGAAAAAGCGCAAGGTC
GAAGUGTCCGACAAGAAGTACAGCATCGOGCCTGHACATCGGCACCAACTOTGTOGE
CTGOGCCOTCGATCACCGACGAGTACAAGOTGUCCAGCAAGAAATTCAAGGTGUTGG
GUAACACCGACCGUGCACAGCATCAAGAAGAACCTGATCGGAGCCUTGCTGTTCGALC
AGCGGCGAAACAGCCGAGOUCCACCCOGGUTOAAGAGAACCGCCAGAAGAAGATACA
CCAGACGGAAGAACCOGATOTGUTATUTGCAAGAGATCTTCAGCAACGAGATGGOC
AAGGTGGACGACAGUTTCTTCCACAGACTOGAAGAGTCCTTCCTGOTGOAAGAGGA
TAAGAAGCACGAGUOGGUACCCCATCTTCGOCAACATCGTGOGACGAGOHTGOGCCTACC
ACGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTOGTGGACAGCACCGALC
AAGGUCGACCTCGUGGUTGATCTATCTGOGUCCTGGUCCCACATGATCAAGTTCCGGGGT
CACTTCCTGATCGAGOGUGACCTGAACCCCGACAACAGUGACGTGGACAAGUTOTT
CATCCAGCTGOGTOCAGACCTACAACCAGUTOTTCGAGGAAAACCCCATCAACGCCA
CGGUGTOGOACGUCAAGGUCATCCTOTCTGUCAGAUTGAGCAAGAGUAGACGGUTG
GAAAATCTOATCGCCCAGCTOGCCCOGLGAGAAGAAGAATGOCCTGTTOCGGCAACCT
OATTGUCCTGAGUUTOOGOCCTGACCUCCAACTTCAAGAGUAACTTCGACCTGOCCGA
GGATGCCAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGC
TOQGCCCAGATCGOCCGACCAGTACGCCOACCTGTTTICTGGCCGUCAAGAACCTOTCCG
ACGCCATCCTGUTOGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGLCCCC
CTGAGCGCCTCTATGATCAAGAGATACGACGAGUACCACCAGGACUTCACCOTGOT
GAAAGCTCTCGTOGCGGUCAGCAGUTOUCTGAGAAGTACAAAGAGATTTTICTTCGACC
AGAGCAAGAACGGUTACGCCGOCTACATTIGACGGCGUAGCCAGCCAGGAAGAGTTC
TACAAGTTCATCAAGCCCATCCTGOGAAAAGATGGACGGCACCGAGGAACTGOTCGT
GAAGCTGAACAGAGAGGACCTGUTGCGGAAGCAGCGUACCTTCGACAACGGCAGC
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ATCCCCCACCAGATCCACCTGOGGAGAGUTGCACGCCATTCTGCOGUGGUAGGAAGA
TTTTTACCCATICCTGAAGGACAACCGUGUGAAAAGATCGAGAAGATCCTGACCTTCUG
CATCCCCTACTACGTOGOCCCTCTGGUCAGOGHAAACAGCAGATTCGCCTGGATGA
CCAGAAAGAGUCGAGOGAAACCATCACCCCCTGGAACTTCGAGGAAGTGUGTGGACAA
GGOCOCTTCCGUCCAGAGCTTCATCGAGCGUATOACCAACTTCGATAAGAACCTOL
CCAACGAGAAGGTOGCTGCCCAAGCACAGUCTOUTGTACGAGTACTTCACCGTGTAT
AACGAGCTGACCAAAGTOGAAATACOTCGACCGAGGGAATGAGAAAGCCCGOUTTOCT
GAGCOGGCGAGCAGAAAAAGGCCATCOTGGACCTGUTGTTCAAGACCAACCGGAAA
GTCGACCOGTGAAGCAGUCTGAAAGAGGACTACTTCAAGAAAATCGAGTGUTTCGACTC
COTGUAAATCTCCGGUGTGGAAGATCGOGTTCAACGCCTCCCTOGGGCACATACCACG
ATCTGCTCGAAAATTATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGAC
ATTCTGOGAAGATATCOTGUTGACCCTCGACACTOTTTGAGGACAGAGAGATGATCGA
GOAACGGCTGAAAACCTATGCCCACCTGTTCGACGACAAAGTOATGAAGCAGCTGA
AGUGGUGGAGATACACCGGUTGGGGCAGGUTOAGCCGGAAGCTGATCAACGGCATC
COGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGOGUTTCGC
CAACAGAAACTTCATGCAGCTOGATCCACGACGACAGCCTGACCTTTAAAGAGGACA
TCCAGAAAGCCCAGUTGTCCGGCCAGGOGCGATAGCCTGCACGAGCACATTGCCAAT
CTGOCCGGCAGCCCCOCCATTAAGAAGGGCATCUTGLCAGACAGTGAAGOGTGOGTGGA
COAGUTCOTGAAAGTGATGOGUCGGLACAAGUCCUCGAGAACATCGTGATCGAAATGEH
CCAGAGAGAACCAGACCACCCAGAAGGOACAGAAGAACAGUCGUGAGAGAATGAA
CGGATCGAAGAGGGUATCAAAGAGCTGOGUAGUCCAGATOUTOAAAGAACACCCOC
GTGGAAAACACCCAGCTOCAGAACGAGAAGUTOTACCTOTACTACCTGCAGAATGG
GCOGGOGATATOGTACGTGGACCAGOAACTGOACATCAACCGGUTGTCCGACTACGATG
TOGGACCATATCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGC
TOACCAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTUCGAAGAGGT
CGTOGAAGAAGATGAAGAACTACTGOGCGGCAGUTOGCTGAACGCCAAGCTGATTACCO
AGAGAAAGTTCGACAATCTGACCAAGGUCGAGAGAGGCGGUUTOAGCGAACTGGAT
AAGGUCGOGCTTCATCAAGAGACAGUTOGTOGAAACCCGGUAGATCACAAAGCACGT
GGCACAGATCCTGGACTCCCGUATOAACACTAAGTACGACGAGAATGACAAGCTGA
TCCGHGAAGTCGAAAGTGATCACCUTGAAGTCCAAGCTGOTGTCCOATTTCCGGAAG
GATTTCCAGTTTTACAAAGTOGCOGUGAGATCAACAACTACCACCACGCCCACGACGCC
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TACCTGAACGCCOTCOGTOGOAACCGUCCTGATCAAAAAGTACCCTAAGUTGGAAAG
CGAGTTCGTGTACGOGUCGACTACAAGUGTGTACGACGTGUGGAAGATGATCGCCAAGA
GUCGAGCAGOGAAATCGGUAAGGCTACCOCCAAGTACTTCTTCTACAGCAACATCATG
AACTTTTTCAAGACCGAGATTACCCTGOGUCAACGGUGAGATCCGGAAGCGGUUTCT
OATCGAGACAAACGGUOGAAAUCGOGOAGATCOTETGGGATAAGHGGUCGOGATTTTO
CCACCOGTGCGGAAAGTGUTGAGCATGUCCCCAAGTOGAATATCOTGAAAAAGACCGAG
FTOCAGACAGGUCGGUTTCAGUAAAGAGTCTATCCTGUCCAAGAGOGAACAGUGATAA
GCTOGATCGCCAGAAAGAAGGACTGOGGACCCTAAGAAGTACGOCGGCTTCGACAGCC
CCACCOTGOGCCTATTICTGTOCTOGOTGOTGOCCAAAGTGGAAAAGGGCAAGTCCAAG
AAACTGAAGAGTGTGAAAGAGCTGUTGGOGATCACCATCATOGAAAGAAGCAGOTT
CGAGAAGAATCCCATCGACTTTCTOGAAGCCAAGGOCTACAAAGAAGTGAAAAAGG
ACCTGATCATCAAGUTGCCTAAGTACTCOCTOTTCGAGCTGGAAAACGGUCGOAAG
AGAATGCTGGUCCTCTGCCGGUGAACTGCAGAAGGGAAACGAACTOGCCCTGCCCTC
CAAATATOTOAACTTCCTGTACCTOGGUCAGUCACTATOGAGAAGCTGAAGGGCTCCCU
CGAGGATAATGAGCAGAAACAGCTGTTTOTGGAACAGCACAAGCACTACCTGGACG
AGATCATCGAGUCAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGUCGACGUTAAT
CTGUACAAAGTOGCTOTCCGCCTACAACAAGCACCGOGATAAGCCCATCAGAGAGCA
GOGCCGAGAATATCATCCACCTGTTITACCCTCGACCAATCTCGGAGCCCCTGOCGECTT
CAAGTAUTTTGACACCACCATCOGACCGOAAGAGOTACACCAGCACCAAAGAGHTGC
TGOGACGCCACCCTGATCCACCAGAGCATCACCGGUCTOGTACGAGACACGGATCGAC
CTGTCTCAGUTGGGAGGUGACAGCCCCAAGAAGAAGAGAAAGGTOGAGOGCCAGOT
AACATATGATTCCAATGTCTTTCTTGUOGCTATGACACTTCCAGCAAAAGGTAGGGCG
GGUTOCGAGACGGUTTCCCGGCGUTOGCATOCAACACCGATGATGUTTCGACCCCOCG
AAGCTCCTTCGOGOGCTGCATGOGCGUTCCGATOGCOGUTCCAGGUUGAGCGUTUTTTA
AATAGCCAGGUCCCCGATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCA
AACACCTAGATCACTACCACTTCTACACAGOUCCACTCGAGUTTGTOGATCGCACTCCG
CTAAGGOGGOGCGCCTCTTCCTCTTCGTTTCAGTCACAACCCGCAAACATCGACACAAGA
ATCCCTGTTACTTCTCGACCGTATTOGATTCOGATCGATTCCTACGCGAGUCTGCGGAA
COACCAGGAATTCTOGGGAGGTGAGTCGACGAGCAAGCCCOGUGLATCAGGCAGCGT
CTTGCAGATTTGACTTGCAACGCCCGCATTOTETCGACGAAGOUTTTTOGUTCCTOT
GTCOCTGTCTCAAGCAGCATCTAACCCTGUGTCOGCCGTTTCCATTTGCAGCCGUTGG
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CCCGUCGAGCCCTGOAGGAGCTCOGOCTGUCCGOTOCCOCCOGTGCTOCOGHTOCCC
GOGCGAGAGCACCAACCCCGTACTGGTCOGCGAGCCCGGUCCOOTOATCAAGUTETT
CGGCOAGCACTOGTOCGUTCCGGAGAGCCTCGCOTCGOAGTCGOAGGUGTACGCGG
TCCTGGCGGACGCCCOGOTOCCGOTECCCCGCCTCCTCOGCCGCOGLGAGCTGOGET
CCGOCACCGOAGCOTGOCCOTGOCCCTACCTGGTOATCAGCCGGATOACCGGCALCC
ACCTGGCGOTCCGCGATGOACGGCACCGACCGACCGGAACGCGCTGCTCGCCCTOGC
CCOCGAACTCGGOCGOGTOCTCGOCCOGUTGCACAGOGGTGCCGCTGACCGGGAACA
CCOTGCTCACCCCCCATICCGAGOGTCTTCCCOGAACTGCTGCGGUAACGCCGCGCGE
COACCOTCGAGGACCACCGCGOETOOGGITACCTCTCGCCCCGGUTGUTGGACCGT
CTOGAGOACTOGUTGCCGGACGTOGACACGCTGCTGOCCGOCCGCGAACCCCOGTT
COTCCACGGUGACCTGCACGGGACCAACATCTTCGTGGACCTGGCOGCCACCGAGE
TCACCGOGATCGTCOACTTCACCGACOTCTATGCGOGAGACTCCCGCTACAGUCTOG
TGCAACTGCATCTCAACGCCTTCCOGGUGCCGACCGCCGAGATCCTGUCCGCGCTOUTCG
ACGGGGUGCAGTGOAAGCGUGACCOGAGCGACTTCGUCCGUGAACUTGUCTCGUCTTCACT
TTCCTGCACGACTTCCAGGTOTTCCAGGAGACCCCGCTGGATCTCTCCGGUTTCACC
IATCCGOGAGGAACTGOCGCAGTTCOTCTOGOGOCCGCCGOACACCGCCCCCGOCGT
CTGATAAGCATCCOGUAAGACTGGCCCCOGCTTGOCAACGUCAACAGTGAGCCCCTCC
CTAGTOGTOTTTGGGGATGTCACTATGTATTCGTOTGTTGGCCAACGGOTCAACCCGA
ACAGATTGATACCCGCCTTGGCATTTCCTGTCAGAATOTAACGTCAGTTGATGGTALC
T

{86496] For all modified Chlamydomonas reinhardtii cells, Applicants used PCR,

SURVEYOR nuclease assay, and DNA sequencing to verify successful roodification.

Example 16: Use of Cas9 as a transcriptional repressor in bacteria

{#0497]  The ability to artificially control transcription s essential both to the study of gene
function and to the construction of synthetic gene networks with desired properties. Applicants
describe here the use of the RNA-~guided Cas9 protein as a programmable frauscriptional
FEPICSSOT.

{B0498]  Apphicants have previously demonstrated how the Cas9 protein of Streprococcus
progenes SF370 can be used to direct genome editing 1n Streptococcus prewmoniae. 1o this study

Applicants engineered the ¢rRORK strain containing a munimal CRISPR system, consisting of
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cas¥, the tractRNA and a repeat. The DI10A-HS40 mutations were introduced into casy in this
strain, giving strain crRO6RK®¥. Four spacers targeting different positions of the bgad B-
palactosidase gene promoter were cloned in the CRISPR array carried by the previously
described pDBIR plasmd. Applicants observed a X fo Y fold reduction m P-galactosidase
activity depending on the targeted position, demonsirating the poiential of Cas9 as a
programunable repressor (Figure 73).

180499]  To achieve CasO** repression in Escherichia coli a green fluorescence protein (GFP)
reporter plasimd (pDB127) was constructred to express the gfmus? gene from a constituitive
prowooter. The promoter was designed to carry several NPP PAMSs on both strands, to measure
the effect of Cas3** binding at various positions. Applicants introduced the DI0A-HR40
routations wnto plas9, a plasmid descuibed carrying the tracrRNA, cas¥ and a mivumal CRISPR
array designed for the casy cloning of new spacers. Twenty-two different spacers were designed
to target different regions of the gfpmusl promoter and open reading frarmae. An approximately
20-fold reduction of fluorescence of was observed upon targeting regions overlapping or
adjacent to the -35 and -10 promoter elements and to the Shine-Dalgarno sequence. Targets on
both strands showed similar repression levels. These results suggest that the binding of Casg®*%*
t¢ any position of the promoter region prevents transcription initiation, presumably through steric
inhibition of RNAP binding.

{BG888] To determine whether Cas9** could prevent transcription elongation, Applicants
divected i to the reading frame of gpfmue2. A reduction wn fluorescence was observed both when
the coding and non-coding strands where targeted, suggesting that Cas9 binding 1s actually
strong enough to represent an obstacle to the running RNAP. However, while a 40% reduction in
expression was observed when the coding strand was the target, a 20-fold reduction was
observed for the non-coding strand (Fig 21b, compare T9, T10 and T1 to B9, Bl0 and B11). To
divectly determine the cffects of Cas9¥* binding on trauscription, Applicants extracted RNA
from strains carrying either the T5, T10, B10 or a control construct that does not target pDBI27
and subjected it to Northern blot analysis using cither a probe binding before (B477) or after
{B510) the B10 and T10 target sites. Consistent with Applicants’ fluorescence methods, no
gipmutl fravscription was detected when Cas9** was directed to the promoter region (T3 target)
and a transcription was observed after the targeting of the T10 region. Interestingly, a smaller

transcript was obscrved with the B477 probe. This band corresponds to the expected size of a
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transcript that would be interrupted by Cas®**, and is a direct mdication of a transcriptional
termination caused by dgRNACas®** binding to the coding strand. Surprisingly, Applicants
detected no transcript when the non-coding strand was targeted (B10). Since Cas®** binding to
the B10 region is unlikely to interfore with transcription wmtiation, this result suggests that the
MmRNA was degraded. DgRNA:Cas® was shown to bind ssRNA in virro. Applicants speculate
that binding may trigger degradation of the mRNA by host nucleases. Indeed, ribosorme stalling
can induce cleavage on the transiated mBNA in & ¢oli.

{B0381]  Some applications require g precise tuning gene expression rather than its complete
repression. Applicants sought to achieve mtermediate repression evels through the introduction
of mismatches that will weaken the crRINA/target interactions. Applicants created a series of
spacers based on the B, TS and B10 constructs with increasing wumbers of mutations in the 57
end of the crRNA. Up to ¥ mmutations in Bl and T35 did not affect the repression level, and a
progressive nereased in fluorescence was observed for additional mutations.

1305621 The observed repression with only an 8nt match between the crRNA and its target
raises the question of off-targeting effects of the use of Cas9** ag a transcriptional regulator.
Since a good PAM (NGG) is also required for Cas9 binding, the number of nucleotides to
match 0 obtain some level of respiration is 10, A [0nt match occurs randomly once every
~1Mbp, and such sites are thus likely to be found even w small bactenal genomes. However, to
effectively repress transcription, such site needs to be in the promoter region of gene, which
makes off-targeting mouch less hikely, Applicants also showed that gene expression can be
affected if the non-coding strand of a gene is targeted. For this to happen, a randowm target
would have to be in the right orientation, but such events relatively more likely to happen. As a
matter of fact, during the course of this study Applicants were unable to construct one of the
designed spacer on pCas®**, Applicants later found this spacer showed a 12bp match next to a
good PAM 1o the essential mur( gene. Such off-targeting could easily be aveided by a
systematic blast of the designed spacers.

1885031 While preferred embodiments of the present invention have been shown and
described herein, it will be obvious to those skilled in the art that such embodiments are
provided by way of exaraple only. Numecrous variations, changes, and substitutions will now
occur to those skilled in the art without departing frorn the invention. It should be understood

that various alternatives to the erabodiments of the invention described herein may be employed
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in practicing the invention. It is intended that the following claims define the scope of the
invention and that methods and structures within the scope of these claims and thew equivalents

be covered thereby.
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1 or systemn of any of claims 16 to 21, wherein the CRISPR enzyme
comprises one or more NLSs of sufficient strength to drive accumulation of said CRISPR
enzyme in a detectable amount in the nucleus of a cukaryotic cell.

23, The composition or system of any of clauims 16 to 22, wherein the tracr sequence
exhibits at least 30% of sequence complementarity along the length of the tracr mate sequence

when optimally aligned.

& 1 YENEY QA T OYE N o S 7 T N e &I TS o
24, The composition or system of any of claims 16 10 23, wherein the R 15
3 16 to 24, wherein the CRISPR enzyvme 18

1 : o e
(L wrherain the R
s 16 1o Lo, WHETSH tnd L

27. The compaosition or systern of any of claimns 16 to 26, wherein the guide sequence is
at least 15 nucleotides in length.

28. The composition or system of any of clairas 16 to 27, wherein the catalytic domain is
selected from the group comprising RuvCl, RovCH, RovCHH or HNH domain.

29. The composition or system of any of claims 16 to 2§, wherein the CRISPR enzyme
comprises a mutation i a residue selected from the group consisting of D18, E762, HR40, N34,

N863, or D986 of SpCas9, or corresponding residues in other CRISPR enzymes.

[,

30. The compostiion or sysiern of any of claims 16 o 29, wherem the CRISPR enzyme
comprises a mutation selected from the group comprising DIDA, E762A, HR40A, NR34A,
NB6IA or DOBOA of SpCas?, or corresponding residues in other CRISPR enzyrmes.

31. A eukaryotic bost cell comprising the composition of any of the preceding claims.

(a2
b2

2. An organism cormprising the cukaryotic host cell of claim 31.

52
53

. A non-human organism coraprising the cukaryotic host cell of claim 3L

00
Ja

. A kit comprising the composition or system of any of claims | to 30 and instructions
for using said kit
35. A method of altering the expression of a genonuic locus of interest in a cukaryotic cell
COMPrising

contacting the genomic locus with the composition or system of any of claims 1 to 30,

and
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determining if the expression of the genomic locus has been altered.
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chimeric guide sequence
U6 RANA EFla NLS hSpCas®? NLS WPRE 5§ . NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAG A
sPLHs L
R ¥- UUUUGCCTGATCGGMUAAMU\(); A%GAUA A
chimeric guide RNA
2kb C
 m——
hEMX1  5—IB { —5 3
e : 2
guide sequence 1 guide sequence 2 guide sequence 3 z
GAGUCCGAGCAGAAGAAGAA GACAUCGAUGUCCUCCCCAY GUCACCUCCAAUGACUAGGG <
E
[+3
]
g c:o0 ]
) G”& G L
.D g
G c 096 G@.. £
indels (36) 4.7 N.O. N.D. mﬁ: %!
1kb
—
hPVALB  5'— —t—t B} ¥
..... FEECTT
,,,,, """"“-":-v"' } * ®
‘‘‘‘‘‘ A e . -
guide sequence 1 guide sequence 2 guide sequence 3 §
AUUGGGUGUUCAGGGCAGAG GUGGCGAGAGGGGCCGAGAY GGGGCCBAGAULGEEUGUUC 2
N L3
® 6 7 ®
%% 9. ; :
G 3 3G P 3
4 : £
o b oe &
o & ) % s
Wych g
. 0 1
indels (%) 6.3 ND. ND. REDT
1kb
,,,,,,, g
guide sequence 1 guide sequence 2 guide sequence 3 &
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indels (%) 0.78 ND.

SUBSTITUTE SHEET (RULE 26)



WO 2014/093694 8/116 PCT/US2013/074790

protospacer (1) y PA‘M

Etapmpes QWMWWW 3

humanﬁEMX1 55'.-,.;CTGGAGGAGGAAGGGCCTG"AGTC@ GAAG GAAGGGCTCCCAT

locus . LECLIELTET T Bl ‘3%}f|\|||||1||| _
U 37 GACCTECTCCTTCCCGE. CCCGAGGGTA. . -5

| TN
wt crBNA 5 GAGUCCGAGCAGAAGAAGAAGUUUUAGAGC -3
mi -GAGUCCG‘AGCAG‘AAGAAGAUT,
m2 GAGUCCGAGCAGAAGAAGUA:
m3 -GAGUCCGAGCAGAAGAACAA.
mé4 GAGUCCGAGCAGAAGAUGAA,

gﬁg?;lc:g'- m5 GAGUCCGAGCAGAAGUAGAA.
quide m7 GAGUCCGAGCAGAUGAAGAA.
Seduences m9 GAGUCCGAGCACAAGAAGAA
quences. 11 GAGUCCGACGAGAAGAAGAA
m13 ';GAGU‘CCGUGCAGAAGAAGAA
mi5 GAGUCGGAGCAGAAGAAGAA
m17 - GAGACCGAGCAGAAGAAGAA
B -
mismatched spacers
684bp »
367bp >
317bp »
indel (%)
C
human 5'-.
EMX1
locus 3" -

rlght TALEN bmdlng site

" FIG.4A-C
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human: EMX1
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HR Template

D hSpCas?
hSpCasgn
HR template’

2281bp »

10'92bp 1=

HR (%) 0 70 0. 46
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short tracrRNA
(89bjp)

- -
- -
- -
- -~
-
- -
-~
-

H, northern blot probe target ~ ™ ~~.__
GGACGAAACACCGGAACCATTCAAAACAGCATAGCAAGTTAAAATAAGG '
CTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT .

UB-terminator

-
-
.-
-
-
-
-
-
-

U6 long tracrBNA

(171bp).

-

- -
-----
_________
~~~~~
————————

GGACGAAACACCGGTAGTATTAAGTATTGTTTTATGGCTGATAAATTTC
TTTGAATTTCTCCTTGATTATTTGTTATAAAAGTTATAAAATAATCTTGTT

GGAACCATTCAAAACAGCATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
ACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT . .

U6 terminator

B
SpCas9 + + + +
long tracrRNA + + - -
short tracrRNA. - - + +
SpRNase il + + + +
DR-EMX1(1)-DR + + + +

684bp P

367bp
317bp -

indel (%) 060 14 11

FIG. 7A-B
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SURVEYOR ,
Sp-EMXI-F EMXI AAAACCACCCTTCTCTCTGOC
assay, sequencing
SURVEYOR
Sp-EMXI1-R } _ EMX] GGAGATTGGAGACACGGAGAG
assay, sequencing
‘SURVEYOR : -
Sp-PVALB-F _ PVALB CTGGAAAGCCAATGCCTGAC
assay. sequencing
SURVEYOR ‘
Sp-PVALB-R ' PVALB GGCAGCAAACTCCTTGTCCT
assay, sequencing
SURVEYOR B -
Sp-Th-F Th GTGCTTTGCAGAGGCCTACC
assay, sequencing
SURVEYOR ‘ ‘ .
Sp-Th-R Th CCTGGAGCGCATGCAGTAGT
assay, sequencing
SURVEYOR ‘ AT
St-EMX1-F EMX] ACCTTCTGTGTTTCCACCATTLC
assay. sequencing :
SURVEYOR o e
St-EMXI-R EMX? TTGGGGAGTGCACAGACTTC
assay, sequencing
Sp-EMX!1- RFLP, ,
EMX]! GGCTCCCTGGGTTCAAAGTA
RFLP-F- sequencing
Sp-EMX1- RFLP. N , A
EMX] AGAGGGGTCTGGATGTCGTAA
RFLP-R sequencing
Northern Blot Not A
Pb_EMXI spl TAGCTCTAAAACTTCTTCTTCTGCTCGGAC
Probe applicable
Northern Blot Not , _ .
Pb_uactRNA CTAGCCTTATTTTAACTTGCTATGCTGTTT
Probe applicable
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pCAG

ccgtttaaacaattctgcaggaatctagttattaatagtaatcaattacggg gtcattagttcatageccatatatggagttccgegtiacataactt
acggtaaatggecegectggetgaccgeccaacgacccecgeccattgacgtcaataatgacgtatgiteccataglaacgecaataggga
ctttccattgacgtcaatgggtggagtatttacggtaaactgeccacttggeagtacatcaagtgtatcatatgecaagtacgeeecctattgac
gtcaatgacggtaaatggeccgectggeattatgeccagtacatgacctatgggactitectactiggeagtacatctacgtattagicatcge
tattaccatggtegaggtgagecccacgttetgeticactetececatetecccceectececacceccaattitgtatitatttattttttaattatttt
gtgcagegatggopecggaogueeggegaaaacacgcgccaggcgguacgguucggoecgagreacgeegcegagcLagic
ggagaggtgegyc ggcagccaatcagagcggcgcgctccgaaagtttccttttatggcgaggcggcggcggcggcggccctataaaaa
gcgaagcgcgcggcgggcggaAGTCGCTGCGcgctgccttcgccccgtgccccgctccgc-cgccgcctcgcgccgcccgcc
ceggcetetgactgacegegttacteecacaggtgagegggegggacggecctictectcegggetgtaattagegettggtitaatgacgge
ttgtitetittctgtggctgegtgaaagecttgaggggetcegggagggecctitgtgeggggggageggeteggggggtacgtgestgtgt
gtgtgegtggggagegecgegtgeggetecgegetgeecggeggetgtgagegetgegggegeggegeggggctitgigegetecge
agtgtgegegaggggagegeggeegggggeggtgeccegeggtgegggggpgactgegaggggaacaaaggetgeglgegaget
gtgtgegtggegegotgagecagggaatgtgggcgegtcggteggactgeaacceeccctgeaccecceteece gagttgctgageacg
geeeggcttcgggtgeggggcteegtacgggpegtggegeggggetegeegtgcegggegggeagtegegecagelgggsetece
gggeggggcggggecgectegggeeggggageactegggggaggegcgeggeggoecceggagegeeggeggeiglegagecy
cggcgagecgeagecattgecttttatggtaatcgtgegagaggpcgeag ggacttcetttgicccaaatctgtgeggagecgaaatctgg
gaggcgccgccgcacccccuxagcgggcgcggggcgaagcggxgcggcgccggcaggaaggaaatgggcggggagggccncgt
gegtegeecgegeegecgleeectictecctetccagectegggectgteegeggggggacggetgecticggggaggacggeecagyy
cggggticggetictggegtgteaccggeggctctagagectetgetaaccatgttcatgectiettctitttcctacagetectgggeaacgty
ctggttatigtectgtetcatcattitggcaaa

NLS-Cas9-NLS
ATGGACTATAAGGACCACGACGGAGACTACAAGGATCATGATATTGATTACAAAGA
CGATGACGATAAGATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCC
CAGCAGCCGACAAGAAGTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGGC
TGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGG
CAACACCGACCGGCACAGCATCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGACA
GCGGCGAAACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACAC
CA(}ACGGAAGAACCGGATCTGCTATCTGCAAGAGATCTTCAGCAACGAGATGGCCA
AGGTGGACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGAT
AAGAAGCACGAGCGGCACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCA
CGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACA
AGGCCGACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCC
ACTTCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTTC
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ATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAACGCCAG
CGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCAGACGGCTGG
AAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGaAACCTG
ATTGCCCTGAGCCTGGGCCTGACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAG
GATGCCAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGCT
GGCCCAGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCG
ACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCC
CTGAGCGCCTCTATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCT
GAAAGCTCTCGTGCGGCAGCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACC
AGAGCAAGAACGGCTACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTC
TACAAGTTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGT
GAAGCTGAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGC
ATCCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGA
TTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGACCTTCCG
CATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATGA
CCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGGAAGTGGTGGACAA
GGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACCAACTTCGATAAGAACCTGC
CCAACGAGAAGGTGCTGCCCAAGCACAGCCTGCTGTACGAGTACTTCACCGTGTAT
AACGAGCTGACCAAAGTGAAATACGTGACCGAGGGAATGAGAAAGCCCGCCTTCCT
GAGCGGCGAGCAGAAAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAA
GTGACCGTGAAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTC
CGTGGAAATCTCCGGCGTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACG
ATCTGCTGAAAATTATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGAC
ATTCTGGAAGATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGA
GGAACGGCTGAAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGA
AGCGGCGGAGATACACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACGGCATC
CGGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGGCTTCGC
CAACAGAAACTTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACA
TCCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAAT
CTGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGA
CGAGCTCGTGAAAGTGATGGGCCGGCACAAGCCCGAGAACATCGTGATCGAAATGG
CCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAATGAA
GCGGATCGAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGAACACCCC
GTGGAAAACACCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGG
GCGGGATATGTACGTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGAT
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GTGGACCATATCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTG
CTGACCAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGG
TCGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACC
CAGAGAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGG
ATAAGGCCGGCTTCATCAAGAGACAGCTGGTGGAAACCCGGCAGATCACAAAGCAC
GTGGCACAGATCCTGGACTCCCGGATGAACACTAAGTACGACGAGAATGACAAGCT
GATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCAAGCTGGTGTCCGATTTCCGGA
AGGATTTCCAGTTTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGAC
GCCTACCTGAACGCCGTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGA
AAGCGAGTTCGTGTACGGCGACTACAAGGTGTACGACGTGCGGAAGATGATCGCCA
AGAGCGAGCAGGAAATCGGCAAGGCTACCGCCAAGTACTTCTTCTACAGCAACATC
ATGAACTTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCC
TCTGATCGAGACAAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATT
TTGCCACCGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACC
GAGGTGCAGACAGGCGGCTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAGCGA
TAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGGCTTCGACA
GCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCC
AAGAAACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCA
GCTTCGAGAAGAATCCCATCGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAA
AAGGACCTGATCATCAAGCTGCCTAAGTACTCCCTGTTCGAGCTGGAAAACGGCCG
GAAGAGAATGCTGGCCTCTGCCGGCGAACTGCAGAAGGGAAACGAACTGGCCCTGC
CCTCCAAATATGTGAACTTCCTGTACCTGGCCAGCCACTATGAGAAGCTGAAGGGCT
CCCCCGAGGATAATGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTG
GACGAGATCATCGAGCAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGC
TAATCTGGACAAAGTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAG
AGCAGGCCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCG
CCTTCAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAG
GTGCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGAT
CGACCTGTCTCAGCTGGGAGGCGACAAAAGGCCGGCGGCCACGAAAAAGGCCGGC
CAGGCAAAAAAGAAAAAG

P2A-EGFP .
ggaagcggageeactaacttctecctgttgaaacaageaggggatgtcgaagagaateecgegccaGTGAGCAAGGGCGA
GGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG
GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCT
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GCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACG
GCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGT
CCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGC
AACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCAT
CGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGG
AGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGC
ATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGC
CGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACA
ACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGAT
CACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAG
CTGTACAAG

WPRE
Cgataatcaacctetggattacaaaatttgtgaaagatigactggtaticttaactatgtigetecttitacgetatgtggatacgetgetitaage '
ctttgtatcatgetattgeticecgtatggcttteatttictectectigtataaatcetggttgetgtetetitatgaggagttgtggecegttgicagg
caacgtggegtggtgtgeactgtgtitgetgacgeaacecccactggitgggecattgecaccacctgteagetectttcegggactticgett
tccecctecctattgecacggeggaacteategeegectgecttgecegetgetggacagggpeteggetgtigggcactgacaattecgtg
gtgttgtcggggaaatcatogtectttcetiggotgetegectgtgtigecacctggatictgegegggacgtectietgetacgrecctiegee
ceteaatecageggacctiecticcegeggectgetgeeggetetgeggecteticegegicticgeettegeceteagacgagteggatete
cetttgggccgecteccegeateg

bGHpolyA
cgacCTCGACtgtgecttctagttgceagecatetgtigtitgecectccceegtgecticettgaceetggaaggtgecacteccactgt
cctttcctaataaaatgaggaaattgeatcgeattgietgagtaggtgteattetattctggggegtogpgiggggcaggacageaaggges
aggattggpaagacaatGgcaggcatg

loxP-SV40polyAx3-loxP
ataacttcgtataatgtatgctatacgaagttattcgegatgaataaatgaaagcettgeagatetgegactctagaggatetgegactctagagg
atcataatcageentaccacattitgtagaggttttactngetttaaaaaacctcccacacctecccctgaacctgaaacataaaatgaatgeaa
ttgttgttgtiaacttgtttattgcagettataatggttacaaataaageaatagcatcacaaatttcacaaataaageatttttitcactgeatictagt
tatgetttetccaaactcatcaatgtatettatcatgtetggatotgegactotagaggateataatcagecataccacatttgtagaggteitactt
gctitaaaaaacctcecacacctececctgaacctgaaacataaaatgaatgeaattgligtigttaactigtitattgeagettataatggttaca
aataaagcaatagcatcacaaatttcacaaataaagcatﬁttttcactgcattc-ta gttgtggtttgtccaaactcatcaatgtatcttatcatgtct
ggatctgcgactctagaggatcataatcagecataccacattigtagaggttttacttgetttaaaaaaccteccacaccteeccctgaacctga
aacataaaatgaatgcaattgttgttgttaactigtitattgcagettataatggttacaaata
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aagcaatagcatcacaaatttcacaaataaagcatitititcactgeattctagtigtggittgtccaaactcatcaatgtatettatcatgtctggat
ccccatcaagetgatceggaacccttaatataacttcgtataatgtatgetatacgaagttat

Rosa26 short homology arm
caggeecteegagegtggtggagecgttctgtgagacageegggtacgagtegigacgetggaaggggcaagegggleglegecagg
aatgcggtecgecctgeageaaccggagggggagggagaagggageggaaaagictecaccggacgeggecatggeteggeggeg
geggpecagegpaggaGegetteeggeegacgtetegtegetgattggettCiticcteccgecgtgtgtgaaaacacaaatggegtgtt
ttggttggegtaaggegectgtcagttaacggeagecggagtgegeagecgeeggeagectegetetgeccactgggtgggacgagag
gtaggiggagtgaggcgagctgGacgtgeggecgeggteggectetegeggeacggeggageggagsgagggteagegaaagta
getegegegegageggecgeecacecteecctteotetgggggagtegttttaccegecgecggecgggectegtegtetgattggetete
gggecccagaaaactggeecttgecattggetegtgttegtgcaagtigagtecatecgeeggerageggegecagcgaggaggcegele
ccaggttecggecetececteggeccegegecgeagagietggeegegegeeectgegeaacgtggcaggaagegegcactggggsc
ggggacgggcagtagggctgageggetgeggggecgggtgeaageacgittecegactigagttgectcaagaggggcgtgetgagecag
acctccatcgegeactecggggagtggagggaaggagegagggetcagitgggetgtittggaggcaggaageacttgetetcccaaagt
cgctetgagttgttatcagtaagggagetgecagtggagtaggeggggagaaggecgeaccettcteeggaggggggaggggagtatige
aatacctttetgggagttetetgetgectectggetictgaggaccgecetgggectgggagaateccttceccetcticectegigatctgeaa
ctecagtcttictag

Rosa26 long homology arm
agatgggcgggagtettctgggeaggettaaaggctaacctggtatgtgggcgttgtectgeaggggaattgaacaggtotaaaattggag
ggacaagacttcccacagattitcggtitigtcgggaagtittttaatagggecaaataaggaaaatgggaggataggtagieatctggggtitt
atgcagcaaaactacaggttattattgetigtgatcegectcggagtattttccatcgaggtagattaaagacatgetcaccegagititatactet
cctgcttGAGA"l"CC’I‘TACTACAGTA’I’GAAATTACAGTG’I’CGCGAGT’I"AGAC’I‘ATGTAAGC
AGAATTTTAATCATttttaaagageccagtacttcatatecatttetecegetecttetgeagecttatcaaaaggtaTittagaaca
cteattttagceccattttcatttattatactggetratccaaccectagacagagcattggceatttteccttteetgatettagaagtctgatgactca
tgaaaccagacagattagttacatacaccacaaatcgaggetgtagetggggectcaacactgeagttettttataactcettagtacactttitg
ftgatcctttgecttgatecttaattitcagtgtetatcacctetecegteaggtggtgticcacatitgggectaticteagtccagggagttiaca
acaatagatgtattgagaatccaacctaaagettaactttecacteccatgaatgectetetectttttctecatt TATAAACTGAGCT
ATTAACCATTAATGGTTTCCAGGTGGATGTCTCCTCCCCCAATATTACCTGATGTATC
TTACATATTGCCAGGCTGATATTTTAAGACATTAAAAGGTATATTTCATTATTGAGCC
ACATGGTATTGATTACTGCTtactaaaattttgtcattgtacacatctgtaaaaggtgottcctittggaatgcaaagttcaggt
gtttgttgtetttectgacctaaggtottgtgagettgtatttttictatttaageagtgetitetettggactggettgactcatggeatictacacgtia
ttgctggtotaaatgtgattitgecaageticticaggacctataattttgettgacttgtagccaaacacaagtaaaatgattaagcaacaaatgt
atttgtgaagcttggtititaggegtigtgtigtgtgtactigtgctetataataatactatccaggggetggagaggtggcicggagitcaagag
cacagactgetcttccagaagic

FIG. 50E

SUBSTITUTE SHEET (RULE 26)



WO 2014/093694 91/116 - PCT/US2013/074790

ctgagttcaattcccagcaaccacatggiggcelcacaaccatetgtaatgggatetgatgeectetteiggtgtgtctgaagaccacaagtgta
ttcacattaaataaataaa TCCTCCTTCTTCTTCTTTTTTTTTTTTTtAAAGAGAATACTGTCTCCAG
TAGAAITTACTGAAGTAATGAAATACTTTGTGTTTGTTCCAATATGGTAGCCAATAAT
CAAATIACTCTTTaAGCACTGGAAATGTtACCAAGGAACTAaTTTTtATTTgAAGTGTaA
CTGTGGACAGAGGAGCCATAACTGCAGACTTGTGGGATACAGAAGACCAATGCAGA
CITTAATGTCTTTTCTCTTACACTAAGCAATAAAGAAATAAAAATTGAACTTCTAGTA
TCCTATTTGTTtAAACTGCTAGCTTTACITAACTTTTGTGCTTCATCTATACAAAGCTG
AAAGCTAAGTCTGCAGCCATTACTAAACATGAAAGCAAGTAATGATAATTTTGGATT
TCAAAAATGTAGGGCCAGAGTTTAGCCAGCCAGTGGTGGTGCTTGCCTTTATGCCLTT
AATCCCAGCACTCTGGAGGCAGAGACAGGCAGATCTCTGAGTTTGAGCCCAGCCTG
GtCTACACATCAAGTTCTATCTAGGATAGCCAGGAATACACACAGAAACCCTGTTGG
GGAGGGGGGCTCTGAGATTTCATAAAATTATAATTGAAGCATTCCCTAATGAGCCAC
TATGGATGTGGCTAAATCCGTCTACCTTTCTGATGAGATTTGGGTATTATTTTTTCTG
TCTCTGCTGTTGGTTGGGTCTTTTGACACTGTGGGCTTTCTTIAAAGCCTCCTTCCTGC
CATGTGGTCTCTTGTTTGCTACTAACTTCCCATGGCTTAAATGGCATGGCTTTTTGCC
TTCTAAGGGCAGCTGCTGAGATTTGCAGCCTGATTTCCAGGGTGGGGTTGGGAAATC
TTTCAAACACTAAAATTGTCCTTTAAITTTTTTTTTAAAAAATGGGTTATATAATAAA
CCTCATAAAATAGTTATGAGGAGTGAGGTGGACTAATATTAAaTGAGTCCCTCCCCT
ATAAAAGAGCTATTAAGGCTTTTTGTCTTATACTIAACTTTTTTTTTAAATGTGGTATC
TTTAGAACCAAGGGTCTTAGAGTTTTAGTATACAGAAACTGTTGCATCGCTTAATCA
GATTTTCTAGTTTCAAATCCAGAGAATCCAAATTCTTCACAGCCAAAGTCAAATTAA
GAATTTCTGACTTTtAATGTTAaTTTGCITACTGTGAATATaAAAATGATAGCTTTTCCT
GAGGCAGGGTCTCACTATGTATCTCTGCCTGATCTGCAACAAGATATGTAGACTAAA
GTTCTGCCTGCTTTTGTCTCCTGAATACTAAGGTTAAAATGTAGTAATACTTTTGGAA
CTTGCAGGTCAGATTCTTTTATAGGGGACACACTAAGGGAGCTTGGGTGATAGTTGG
TAAAtgtgtttaagtgatgaaaacttgaattattatcaccgeaacctactititaaaaaaaaaagccaggectgttagageatget Taaggg
atccctaggacttgetgageacacaAGAGTAGITACTTGGCAGGCTCCTGGTGAGAGCATATTTCAA
AAAACAAGGCAGACAACCAAGAAACTACAGTIAAGGTTACCTGTCTTTaAACCATCT
GCATATACACAGGGATATTAAAATATTCCAAATAATATTTCATTCAAGTTTTCCCCC
ATCAAATTGGGACATGGATTTCTCCGGTGAATAGGCAGAGTTGGAAACTAAACAAA
TGTTGGTTTTGTGATTTGTGAAATTGTTTTCAAGTGATAGTTAAAGCCCATGAGATAC
AGAACAAAGCTGCTATTTCGAGGTCTCTTGGTTIATACTCAGAAGCACTTCTTTGGGT
TTCCCTGCACTATCCTGATCATGTGCTAGGCCTACCTTAGGCTGATTGTTGTTCAAAT
aAACTTAAGTTTCCTGTCAGGTGATGTCATATGATTTCATATATCAAGGCAAAACATG
TTATATATGTTAAACATTTGTACTTAATGTGAAAGTTAGGTCTTTGTGGGTT
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TGATTTTtAAtTTTCAAAACCTGAGCTAAATAAGTCATTTTtACATGTCTTACATTTGGT
GgAATTGTATaATTGTGGTTTGCAGGCAAGACTCTCTGACCTAGTAACCCTaCCTATA

GAGCACTTTGCTGGGTCACAAGTCTAGGAGTCAAGCATTTCACCTTGAAGTTGAGAC
GTTTTGTTAGTGTATACTAGTTIATATGTTGGAGGACATGTTTATCCAGAAGATATTC

AGGACTATTTTTGACTGGGCTAAGGAATTGATTCTGATTAGCACTGTTAGTGAGCAT
TGAGTGGCCTTTAGGCTTGAATTggagtcacttgtatatctcaaataatgctggecttttttaaaageecttgtictitatca
ccctgtttictacataatttttgttcaaagaaatacttgtttgga TCTCCTTTTGACAACAATAGCATGTTTTCAAG

CCATATTTTTTTTCCTTTTTTTTTTTTTTTTTGGTTTTTCGAGACAGGGTTTCTCTGTAT
AGCCCTGGCTGTCCTGGAACTCACTTTGTAGACCAGGCTGGCCTCGAACTCAGAAAT
CCGCCTGCCTCTGCCTCCTGAGTGCCGGGATTAAAGGCGTGCACCACCACGCCTGGC
TAAGTTGGATATTTTGTtATATAACTATAACCAATACTAACTCCACTGGGTGGATTTT
TAATTCAGTCAGTAGTCTTAAGTGGTCTTTATTGGCCCTTCATTAAAATCTACTGTTC

ACTCTAACAGAGGCTGTTGGtACTAGTGGCACITAAGCAACTTCCTACGGATATACTA
GCAGAtTAAGGGTCAGGGATAGAAACTAGTCTAGCGTTTTGTATACCTACCAGCTTA
TACTACCTTGTTCTGATAGAAATATTTcAGGACATCTAGCTT

pPGK-Neo-pPGK-polyA
aattctaccgggtaggggaggegctittcccaaggeagictggageatgegcetitageageecegetgggeacttggegetacacaagigg
cetetggectegeacacattccacatccaccggtaggegecaaccggetecgtictitggtggececttegegeeacettetactecteceet
agtcaggaagttcceccecgeeccgeagetegegtegtgeaggacgtgacaaatggaagtageacgtetcactagtetegtgcagatgga
cagcaccgetgageaatggaagegggtaggectitggggeageggecaatageagetttgetecttegetttetgggetcagaggcetggg
aaggggtggelceggeggcggacicaggggegggeicaggggeggagegggcgeecgaaggieciceggaggeecggeatietge
acgcttcaaaagegeacgtetgecgegetgttctectettecteatetcegggectitegacetgeaategeegetagegaagttectattetet
agaaagtataggaacttcgccaccatgggateggecatigaacaagatggattgeacgeaggticteeggeegettgggtggagaggctat
tcggctatgactgggcacaacagacaatcggetgetetgatgeegeegtgttecggetgtcagegeaggggegeceggticttttgtcaag
accgacctgtecggtgccctgaatgaactgeaggacgaggeagegeggetatcgtggctggccacgacgggegttectigegeagetgt
getegacgttgtcactgaagegggaagggactggetgctatigggegaagtgecggggceaggateteetgteatctcacctigerectgee
gagaaagtatccatcatggcetgatgcaatgeggeggctgeatacgcettgatccggcetacctgeccattcgaccaccaagegaaacategea
tcgagegageacgtacteggatggaageeggtettgtcgatcaggatgatctggacgaagageatcaggggetegegecagecgaacty
ttcgecaggetcaaggegegeatgeeccgacggegatgatetegtegtgacecatggegatgectgettgecgaatatcatgglggaaaatg
geegettttetggattcategactgrggecggetgggtgtggcggace gctatcaggacatagcgttggctacccgtgatattgctgaagag
cttggeggegaatggpetgaccgettectegtgetitacggtatcgeegeteccgattcgeagegeatcgecttetatcgecttctigacgagt
tctt'ctgaggggatccgctgtaagtctgcagaaattgatgatctattaaacaataaagatgtécactaaaatggaagtttttcctgtcatactttgtt
aagaagggtgagaacagagtacctacattttgaatggaaggattggagctacgggootogpgeetgggotggoattagataaatgectget
ctttactgaaggctctitactattgetttatgataatgtitcatagitg
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gatatcataatttaaacaagcaaaaccaaattaagggecageteattecteccactcatgatetatagatctatagateictegtgggatcattgt
tittctottgattcecactttgtggtictaagtactgtggtitccaaatgtgteagtttcatagectgaagaacgagatcageagectetgticeaca
tacacttcattctcagtattgttitgccaagttctaattccatcagaaage

pPGK-DTA
TACCGGGTAGGGGAGGCGCTTTTCCcAAGGCAGTCTGgAGCATGCGCTTAGCAGCCC
CGCTgGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCCACATCCA
CCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCACCTTCTACTCC
TCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCGCGTCGTGeAGGACGTGACA
AATGGAAGTAGCACGTCTCACTAGTCTCGTgCAGATGGACAGCACCGCTGAGCAATG
GAAGCGGGTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTG
GGCTCAGAGGCTGGGAAGGGGTGGGTCCGGGGGCGGGCTCAGGGGCGGGCTCAGG
GGCGGGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAA
GCGCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTGCAGG
TCCTCGCCATggatcctgatgatgttgttGattettctaaAtcttttgtGatggaaaacttttettcgtaccacgggactaaacctggtt
atgtagattccattcaaaaaggtatacaaaagecaaaatctggtacacaaggaaattatgacgatgattggaaagggttttatagtaccgacaa
taaatacgacgctgcgggatactetgtagataatgaaaaccegetctetggaaaagetggaggegtggtcaaagtgacgtatccaggactg
acgaaggttetcgeactaaaagtggataatgccgaaactattaagaaagagttaggtitaagteteactgaaccgttgatggageaagiegga
acggaagagtttatcaaaaggttcggtaatggtgcticgegtgtagtgetcagecticecticgetgaggggagtictagegttgaatatattaa
taactgggaacaggcgaaagegttaagegtagaacttgagattaatttigaaacccgtggaaaacgtggecaagatgegatgtatgagtata
tggctcaagectgtgeaggaaategtgtecaggegatetctitgigaaggaaccitacttctgtggtgtgacataattggacaaactacctacag
agatttaaagctctaaggtaaatataaaatttttaagtgtataatgtgttaaactactgattctaatigtttgtgtattitagattccaacctatggaact
gatgaatgggageagtggtggaatgcagatcetagagetegcetgatcagectegactgtgcettctagtigecagecatergtigtitgeccct
cecoegtgecttecttgacectggaaggtgccacteecactgtectitcetaataaaatgaggaaattgeategeattgtelgagtaggtgieat
tetattetggggagtegagtgepocaggacageaaggggpaggattgguaagacaatageaggcatg

SoSS

FIG. 50H

SUBSTITUTE SHEET (RULE 26)



94/116 PCT/US2013/074790

WO 2014/093694

LG Old

VAIOdHDq FHIM d4D vZ STIN 6SeEDdSY STIN dxol yd dxof ©vod

|leuonIpuod

VAI0OdHDq JHAM d4D V2 STIN 6SeDdsy SN Dy od

SAINISUOD

SUBSTITUTE SHEET (RULE 26)



95/116 PCT/US2013/074790

WO 2014/093694

49

¢S 9ld

vZd-nue

siond

..uu.mu.w.,

ZsiNBse sy

SN

2D+

d49-VZ:5IN-65e sy

d45VZ-S IN-65228SU-STN-DV D

SIN-

-dxo|(yd)dxo

dxo|(yd)dxoj

ovod’

9vod

SUBSTITUTE SHEET (RULE 26)



96/116 PCT/US2013/074790

Validation of Cas9 nuclease activity by Surveyor
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Average StDev
pCAG-loxp{pA)loxp-NLS-hSpCas9-NLS-2A-GFP Clone 1 32.1 7.1
Clone2 273 3.5
Clone 3 359 14
Cloned4  39.0 4.7
pCAG-NLS-hSpCas9-NLS-2A-GFP Clone1 = 269 1.3
Clone 2 331 2.7
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C
OUT Fwd eegANA 31 NFwd o5 sgRNA 4T
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_______ ; INRsv: se.._ OUTRev

§': 66TGAGTGTTGAGGCCCCAGTGGGTGCT ACGAGGGCAGAGTGCTGCTTGCTGCTGGCCAGGCCCC 3’

-----
------------
.......
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5. .. CATCAGGCTCTCAGCTCAGCCTGAGTGUGAGGCGC‘[GCTGGCCAGGCCCCTGCGTGGGCCCMGCTG L3
' A289bp.

sgRNA: - 31 42 31+4.2
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RNA) gRNA2. gRNA3 None Avg % Cutting
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BioRep: 123123123123123123123 gRNAT gRNA2 gRNA3
> 5,
SCN2A ND 22
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CHDB ND
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Gm €] 28 63
MECP2 22 27
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SHANK3 202 98
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gRNA sequences for Chd$ targeting:

Chd8.1 - agctgttttactggteggct
Chd8.2 - aatggatacacctggtcgaa
Chd8.3 - caatggatacacctggtcga
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NLS architecture optimization for SpCas$

indel (%)
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