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ENGINEERING OF SYSTEMS, METHODS AND OPTIMIZED GUIDE
COMPOSITIONS FOR SEQUENCE MANIPULATION

RELA ED APPLICATIONS AND INCORPORATION BY REFERENCE

[0001 ] This application claims priority to US provisional patent application 61/836,127

entitled ENGINEERING OF SYST Y S. METHODS AND OPTIMIZED COMPOSITIONS

FOR SEQUENCE MANIPULATION filed on June 17, 2013. This application also claims

priority 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 each 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 respective!)'. Priority is a so claimed to US provisional patent

applications 61/736,527 a d 61/748,427, both entitled SYSTEMS METHODS AND

COMPOSITIONS FOR SEQUENCE MANIPULATION filed on December 12, 20 2 and

January 2, 2013, respectively. Priority is also claimed to US provisional patent applications

61/791 ,409 and 61/835,931 both entitled BI-201 1/008/44790.02.2003 and BI~

201 1/008/44790.03.2003 filed on March 5, 2013 and June 17, 2013 respectively.

[0002] Reference is also made to US provisional paten applications 61/835,936, 61/836,101,

61/836,080, 61/836,123 a d 61/835,973 each filed June 17, 2013.

[0003] The foregoing applications, and all documents cited therein or during their

prosecution ("appln cited documents") and all documents cited or referenced in the appin cited

documents, and all documents cited or referenced herein ("herein cited documents"), a d all

documents cite or referenced in herein cited documents, together with any manufacturer's

instructions, descriptions, product specifications, and product sheets for any products mentioned

herein or in any document incorporated by reference herein, are hereby incorporated herein by

reference, and may be employed in the practice of the invention. More specifically, all

referenced documents are incorporated by reference to the same extent as if each individual

document was specifically and individually indicated to be incorporated by reference.

FIELD OF THE INVENTION

04] The present invention generally relates to systems, methods and compositions used

for the control of gene expression involving sequence targeting, such as genome perturbation or



gene-editing, that may use vector systems related to Clustered Regularly Interspaced Short

Palindromic Repeats (CRJSPR) and components thereof

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

[0005] This invention was made with government support awarded by the National Institutes

of Health, H Pioneer Award DP1MH 100706. The government has certain rights in the

invention

BACKGROUND OF THE IN VENTION

[0006] Recent advances in genome sequencing techniques and analysis methods have

significantly accelerated the ability to catalog and map genetic factors associated with a diverse

range of biological functions and diseases. Precise genome targeting technologies are needed to

enable systematic reverse engineering of causal genetic variations by allowing selective

perturbation of individual genetic elements, as well as to advance synthetic biology,

biotechnological, and medical applications. Although genome-editing techniques such as

designer zinc fingers, transcription activator- ike effectors (TALEs), or homing megamic leases

are available for producing targeted genome perturbations, there remains a need for new genome

engineering technologies that are affordable, easy to set up, scalable, and amenable to targeting

multiple positions within the eukaryotic genome.

SUMMARY OF THE INVENTION

[0007] There exists a 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 are used

interchangeably throughout this application) does not require the generation of customized

proteins to target specific sequences but rather a single Cas enzyme can be programmed by a

short RNA molecule to recognize a specific DNA target, in 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 techniques and analysis methods may

significantly simplify the methodology and accelerate the ability to catalog and map genetic

factors associated with a diverse range of biological functions and diseases. To utilize the

CRISPR-Cas system effectively for genome editing without deleterious effects, it is critical to



understand aspects of engineering and optimization of these genome engineering tools, which are

aspects of the claimed invention

[ ΘΘ8 In one aspect, the invention provides a vector system comprising one or more 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 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 cel , e.g., eukaryotie

cell, wherein the CRISPR complex comprises a CRISPR enzyme complexed with (I) the guide

sequence that is hybridized to the target sequence, and (2) the tracr mate sequence that is

hybridized to the tracr sequence; and (b) a second regulator} element 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

system. 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, component (a) further comprises two or more guide sequences operably linked to

the first regulatory element, wherein when expressed, each of the two or more guide sequences

direct sequence specific binding of a CRISPR complex to a different target sequence in a

eukaryotie cell. In some embodiments, the system comprises the tracr sequence under the

control of a third regulatory element, such as a polymerase III promoter. In some embodiments,

the tracr sequence exhibits at least 50%, 60%, 70%, 80%, 90%, 95%, or 99% of sequence

complementarity along the length of the tracr mate sequence when optimally aligned. In some

embodiments, the CRISPR complex comprises one or more nuclear localization sequences of

sufficient strength to drive accumulation of said CRISPR complex in a detectable amount in the

nucleus of a eukaryotie cell. Without wishing to be bound by theory, it is believed that a nuclear

localization sequence is not necessary for CR ISPR complex activity in eukaryotes, but that

including such sequences enhances activity of the system, especially as to targeting nucleic acid

molecules in the nucleus. In some embodiments, the CRISPR enzyme is a type II CRISPR

system enzyme. In some embodiments, the CRISPR enzyme is a Cas9 enzyme. In some

embodiments, the Cas9 enzyme is S. pneumoniae, S . pyogenes, or S. thertnophilus Cas9, and

may include mutated Cas9 derived from these organisms. The enzyme may be a Cas9 homo fog

or ortholog. In some embodiments, the CRISPR enzyme is 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 embodiments, the CR ISPR enzyme lacks

DNA strand cleavage activity. In some embodiments, the first regulatory element is a

polymerase III promoter. In some embodiments, the second regulatory element is a polymerase

II promoter. In some embodiments, the guide sequence is at least 15, 16, , 18, 19, 20, 25

nucleotides, or between 10-30, or between 15-25, or between 5-20 nucleotides in length. In

general, and throughout this specification, the term "vector" refers to a nucleic acid molecule

capable of transporting another nucleic acid to which it has been linked. Vectors include, but are

not limited to, nucleic acid molecules that are single-stranded, double-stranded, or partially

double-stranded; nucleic acid molecules that comprise one or more free ends, no free ends (e.g.

circular); nucleic acid molecules that comprise DNA, UNA, or both; and other varieties of

polynucleotides known in the art. One type of vector is a "plasmid," which refers to a circular

double stranded DNA loop into which additional DNA segments can be inserted, such as by

standard molecular cloning techniques. Another type of vector is a viral vector, wherein virally-

derived DNA or RNA sequences are present in the vector for packaging into a virus (e.g.

retroviruses, 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 autonomous 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 mammalian 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. Moreover, certain vectors are capable of directing the

expression of genes to which they are operativeiy-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 plasmids.

09] 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 recombinant

expression vectors include one or more regulatory elements, which may be selected on the basis

of the host cells to be used for expression, that is operativeiy-linked to the nucleic acid sequence

to be expressed. Within a recombinant expression vector, "operably linked" is intended to mean

that the nucleotide sequence of interest is linked to the regulatory element(s) in a manner that



allows for expression of the nucleotide sequence (e.g. in an in vitro traascription/translation

system or in a host cell when the vector is introduced into the host cell).

[0010] The term "regulatory element" is intended to include promoters, enhancers, internal

ribosomal entry sites (IRES), and other expression control elements (e.g. transcription

termination signals, such as polyadenylation signals and poly-U sequences). Such regulator}'

elements are described, for example, in GoeddeL GENE EXPRESSION TECHNOLOGY:

METHODS ΓΝ ENZYMOLOGY 185, Academic Press, San Diego, Calif. (1990). Regulatory

elements include those that direct constitutive expression of a nucleotide sequence in many types

of host cel an those that direct expression of the nucleotide sequence only in certain host cells

(e.g., tissue-specific regulatory sequences). A tissue-specific promoter may direct expression

primarily in a desired tissue of interest, such as muscle, neuron, bone, skin, blood, specific

organs (e.g. liver, pancreas), or particular cell types (e.g. lymphocytes). Regulatory elements

may also direct expression in a temporal-dependent manner, such as in a cell-cycle dependent or

developmental stage-dependent manner, which may or may not also be tissue or celS-type

specific. In some embodiments, a vector comprises one or more pol III promoter (e.g. 1, 2, 3, 4,

5, or more pol III promoters), one or more pol II promoters (e.g. 1, 2, 3, 4, 5, or more pol II

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

combinations thereof. Examples of pol III promoters include, but are not limited to, U6 and H

promoters. Examples of pol II promoters include, 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, e.g., Boshart et al, Cell, 4 :52 -530

(1985)], the SV40 promoter, the dihydrofolate reductase promoter, the β-actin promoter, the

phosphogSycerol kinase (PG ) promoter, and the EF promoter. Also encompassed by the

term "regulatory element" are enhancer elements, such as WPRE; CMV enhancers; the R-U5'

seg x ent in LTR of HTLV-I (Mol. Cell. Biol., Vol. 8(1), p . 466-472, 1988); SV40 enhancer; and

the intron sequence between exons 2 and 3 of rabbit β-globin (Proc. Natl. Acad. Sci. USA., Vol.

78(3), p. 1527-31, 98 ). It will be appreciated by those skilled in the art that the design of the

expression vector can depend on such factors as the choice of the host cell to be transformed, the

level of expression desired, etc. A vector can be introduced into host cells to thereby produce

transcripts, proteins, or peptides, including fusion proteins or peptides, encoded by nucleic acids



as described herein (e.g., clustered regularly interspersed short palindromic repeats (CRISPR)

transcripts, proteins, enzymes, mutant forms thereof, fusion proteins thereof, etc.).

[0011] Advantageous vectors include lcntiviruses and adeno-associated viruses, and types of

such vectors can also be selected for targeting particular types of cells.

0 2] In one aspect, the invention provides a vector comprising a regulatory element

operably linked to an enzyme-coding sequence encoding a CRISPR enzyme comprising one or

more nuclear localization sequences. n some embodiments, said regulatory element drives

transcription of the CRISPR enzyme in a eukaryotic cell such that said CRISPR enzyme

accumulates in a detectable amount in the nucleus of the eukaryotic cell. In some embodiments,

the regulatory element is a polymerase I promoter. In some embodiments, the CRISPR enzyme

is a type II CRISPR system enzyme. In some embodiments, the CR ISPR enzyme is a Cas9

enzyme. In some embodiments, the Cas9 enzyme is S. pneumoniae, S. pyogenes or S.

thermophilus Cas9, and may include mutated Cas9 derived from these organisms. In some

embodiments, the CRISPR enzyme is eodon-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 embodiments, the CRISPR enzyme lacks DNA strand cleavage

activity.

[0013] In one aspect, the invention provides a CRISPR enzyme comprising 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 eukaryotic cell. In some embodiments, the

CRISPR enzyme is a type II CRISPR system enzyme. In some embodiments, the CRISPR

enzyme is a Cas9 enzyme. In some embodiments, the Cas9 enzyme is S pneumoniae, S.

pyogenes or S. thermophilus Cas9, and may include mutated Cas9 derived from these organisms.

The enzyme may be a Cas9 homolog or orthoiog. In some embodiments, the CRISPR enzyme

lacks the ability to cleave one or more strands of a target sequence to which it binds.

[0014] In one aspect, the invention provides a eukaryotic host ceil comprising (a) a first

regulatory element operably linked to a tracr mate sequence an one or more insertion sites 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 comprises a CRISPR enzyme

complexed with (1) the guide sequence that is hybridized to the target sequence, and (2) the tracr



mate sequence that is hybridized to the tracr sequence; and/or (b) a second regulatory element

operably linked to an enzyme-coding sequence encoding said CRISPR enzyme comprising a

nuclear localization sequence. In some embodiments, the host cell comprises components (a)

and (b). In some embodiments, component (a), component (b), or components (a) and (b) are

stably integrated into a genome of the host eukaryotic cell. 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, component (a) further comprises two or

more guide sequences operably linked to the first regulatory element, wherein when expressed,

each of the two or more guide sequences direct sequence specific binding of a CRISPR complex

to a different target sequence in a eukaryotic cel . In some embodiments, the eukaryotic host cel

further comprises a third regulatory element, such as a polymerase III promoter, operably linked

to said tracr sequence. In some embodiments, the tracr sequence exhibits at least 50%, 60%,

70% , 80%, 90%, 95%, or 99% of sequence complementarity along the length of the tracr mate

sequence whe optimally aligned. In some embodiments, 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 eukaryotic cell. In some embodiments, the

CRISPR enzyme is a type II CRISPR system enzyme. In some embodiments, the CRISPR

enzyme is a Cas9 enzyme. In some embodiments, the Cas9 enzyme is S. pneumoniae, S .

pyogenes or S. thermophilus Cas9, and may include mutated Cas9 derived from these organisms.

The enzyme may be a Cas9 homolog or ortholog. In some embodiments, the CR ISPR enzyme is

codon-optimized for expression in a eukaryotic ce l. In some embodiments, the CRISPR enzyme

directs cleavage of o e or two strands at the location of the target sequence. In some

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

the first regulatory element is a polymerase III promoter. I some embodiments, the second

regulatory element is a polymerase II promoter. In some embodiments, the guide sequence is at

least 15, 16, 17, 18, 19, 20, 25 nucleotides, or between 10-30, or between 15-25, or between 15-

20 nucleotides in length. In an aspect, the invention provides a non-human eukaryotic organism;

preferably a multicellular eukaryotic organism, comprising a eukaryotic host ceil according to

any of the described embodiments. In other aspects, the invention provides a eukaryotic

organism; preferably a multicellular eukaryotic organism, comprising a eukaryotic 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 may be a fungus.

[0015] In one aspect, the invention provides a kit comprising one or more of the components

described herein. In some embodiments, the kit comprises a vector system and instructions for

using the kit. In some embodiments, the vector system comprises (a) a first regulatory element

operabiy linked to a tracr mate sequence and one or more insertion sites 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 comprises a CRISPR enzyme complexed with (!)

the guide sequence that is 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 operabiy linked to an

enzyme-coding sequence encoding said CRISPR enzyme 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. Irs 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, component (a) further comprises two or more guide sequences

operabiy linked to the first regulatory element, wherein when expressed, each of the two or more

guide sequences direct sequence specific binding of a CRISPR complex to a different target

sequence in a eukaryotic cell. In some embodiments, the system further comprises a third

regulatory element, such as a polymerase III promoter, operabiy linked to said tracr sequence. In

some embodiments, the tracr sequence exhibits at least 50%, 60%, 70%, 80%, 90%, 95%, or

99% of sequence complementarity along the length of the tracr mate sequence when optimally

aligned. n some embodiments, 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 euka otic cell. In some embodiments, the CR ISPR enzyme is a type

II CRISPR system enzyme. In some embodiments, the CRISPR enzyme is a Cas9 enzyme. In

some embodiments, the Cas9 enzyme is S. pneumoniae, S pyogenes or S . thermophilus Cas9,

and may include mutated Cas9 derived from these organisms. The enzyme may be a Cas9

homolog or ortholog. In some embodiments, the CRISPR enzyme is codon-optimized for

expression in a eukaryotic cell. In some embodiments, the CR ISPR enzyme directs cleavage of

one or two strands at the location of the target sequence. In some embodiments, the CRISPR



enzyme lacks DNA strand cleavage activity. In some embodiments, the first regulatory element

is a polymerase III promoter. In some embodiments, the second regulatory element is a

polymerase 1 1 promoter. In some embodiments, the guide sequence is at least 15, 16, 7, 18, 19,

20, 25 nucleotides, or between 10-30, or between 15-25, or between 15-20 nucleotides in length.

0 6 In one aspect, the invention provides a method of modifying a target polynucleotide

in a eukaryotic cell. In some embodiments, the method comprises allowing a CRISPR complex

to bind to the target polynucleotide to effect cleavage of said target polynucleotide thereby

modifying the target polynucleotide, wherein the CRISPR complex comprises a CRISPR enzyme

complexed with a guide sequence hybridized to a target sequence within said target

polynucleotide, wherein said guide sequence is linked to a tracr mate sequence which in turn

hybridizes to a tracr sequence. In some embodiments, said cleavage comprises cleaving one or

two strands at the location of the target sequence by said CRISPR enzyme. In some

embodiments, said cleavage results in decreased transcription of a target gene. In some

embodiments, the method further comprises repairing said cleaved target polynucleotide by

homologous recombination with an exogenous template polynucleotide, wherein said 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 amino

acid changes in a protein expressed from a gene comprising the target sequence. In some

embodiments, the method further comprises delivering one or more vectors to said eukaryotic

cell, wherein the one or more vectors drive expression of one or more of: the CR ISPR enzyme,

the guide sequence linked to the tracr mate sequence, and the tracr sequence. n some

embodiments, said vectors are delivered to the eukaryotic cell in a subject. In some

embodiments, said modifying takes place in said eukaryotic cell in a cell culture. In some

embodiments, the method further comprises isolating said eukaryotic cell from a subject prior to

said modifying. n some embodiments, the method further comprises returning said eukaryotic

ceil and/or cells derived therefrom to said subject.

[0017] In one aspect, the invention provides a method of modifying expression of a

polynucleotide in a eukaryotic cell. In some embodiments, the method comprises allowing a

CRISPR complex to bind to the polynucleotide such that said binding results in increased or

decreased expression of said polynucleotide; wherein the CRISPR complex comprises a CRISPR

enzyme complexed with a guide sequence hybridized to a target sequence within said



polynucleotide, wherein said guide sequence is linked to a tracr mate sequence which in turn

hybridizes to a tracr sequence. In some embodiments, the method further comprises delivering

one or more vectors to said eukaryotic cells, wherein the one or more vectors drive expression of

one or more of: the CRISPR enzyme, the guide sequence linked to the tracr mate sequence, and

the tracr sequence.

[0018] In one aspect, the invention provides a method of generating a model eukaryotic cell

comprising a mutated disease gene. In some embodiments, a disease gene is any gene associated

with an increase in the risk of having or developing a disease. 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 of: a CRISPR enzyme, a guide sequence linked to a tracr

ma e sequence, and a tracr sequence; and (b) al lowing a CRISPR complex to bind to a target

polynucleotide to effect cleavage of the target polynucleotide within said disease 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 is hybridized to the tracr sequence, thereby generating a model eukaryotic cell

comprising a mutated disease 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

embodiments, said cleavage results i decreased transcription of a target gene. In some

embodiments, the method further comprises repairing said cleaved target polynucleotide by

homologous recombination with an exogenous template polynucleotide, wherein said repair

results 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 amino

acid changes in a protein expression from a gene comprising the target sequence.

[0019] In one aspect, the invention provides a method for developing a biologically active

agent that modulates a cel signaling event associated with a disease gene. In some

embodiments, a disease gene is any gene associated with an increase in the risk of having or

developing a disease. In some embodiments, the method comprises (a) contacting a test

compound with a model cell of any one of the described embodiments; and (b) detecting a

change in a readout that is indicative of a reduction or an augmentation of a ceil signaling event

associated with said mutation in said disease gene, thereby developing said biologically active

agent that modulates said ce l signaling event associated with said disease gene.



[0020] In one aspect, the invention provides a recombinant polynucleotide comprising a

guide sequence upstream of a tracr mate sequence, wherein the guide sequence when expressed

directs sequence-specific binding of a CRISPR complex to a corresponding target sequence

present in a eukaryotic cell. In some embodiments, the target sequence is a viral sequence

present in a eukaryotic cell. n some embodiments, the target sequence is a proto-oncogene or an

oncogene.

[0021] In one aspect the invention provides for a method of selecting one or more

prokaryotic cell(s) by introducing one or more mutations in 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 enzyme,

a guide sequence linked to a tracr mate sequence, a tracr sequence, and a editing template;

wherem the editing template comprises the one or more mutations that abolish CRISPR enzyme

cleavage; allowing homologous recombination of the editing template with the target

polynuceltide in the cell(s) to be selected; 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 enzyme compiexed with (1) the guide sequence that is

hybridized to the target sequence within the target polynucleotide, and (2) the tracr mate

sequence that is hybridized to the tracr sequence, wherem binding of the CRISPR complex to the

target polynuceotide induces cell death, thereby allowing one or more prokaryotic cell(s) in

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 invention the cell to be selected may be a

eukaryotic cell. Aspects of the invention allow for selection of specific cells without requiring a

selection marker or a two-step process that may include a counter-selection system

[0022] In some aspects the invention provides a non-naturally occurring or engineered

composition comprising a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide

sequence, wherein the polynucleotide sequence comprises (a) a guide sequence capable of

hybridizing to a target sequence in a eukaryotic cell, (b) a tracr mate sequence, and (c) a tracr

sequence wherem (a), (b) and (c) are arranged in a 5' to 3' orientation, wherem when

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

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

CRISPR complex comprises a CRISPR enzyme compiexed with (1) the guide sequence that is



hybridized to the target sequence, and (2) the tracr mate sequence that is hybridized to the tracr

sequence,

[0023] or

[0024] a CRJSPR enzyme system, wherein the syste is encoded by a vector system

comprising one or more vectors comprising I . a first regulatory element operably linked to a

CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide sequence, wherein the

polynucleotide sequence comprises (a) one or more guide sequences capable of hybridizing to

one or more target sequences in a eukaryotic cell, (b) a tracr mate sequence, and (c) one or more

tracr sequences, and I a second regulatory element operably linked to an enzyme-coding

sequence encoding a CRISPR enzyme comprising at least one or more nuclear localization

sequences, wherein (a), (b) and (c) are arranged in a 5' to 3'orientation, wherein components I

and II are located on the same or different vectors of the system, wherein when transcribed, the

tracr mate sequence hybridizes to the tracr sequence and the guide sequence directs sequence-

specific binding of a CRISPR complex to the target sequence, wherein the CRISPR complex

comprises the CRISPR enzyme complexed with (1) the guide sequence that is hybridized to the

target sequence, and (2) the tracr mate sequence that is hybridized to the tracr sequence, or a

multiplexed CRISPR enzyme system, wherein the system is encoded by a vector system

comprising one or more vectors comprising I . a first regulatory element operably linked to (a)

one or more guide sequences capable of hybridizing to a target sequence in a ceil, and (b) at least

one or more tracr mate sequences, II a second regulatory element operably linked to an enzyme-

coding sequence encoding a CRISPR enzyme, and I I a third regulatory element operably linked

to a tracr sequence, wherein components I, II and III are located on the same or different vectors

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

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

sequence, wherein the CRISPR complex comprises the CRISPR enzyme complexed with (!) the

guide sequence that is hybridized to the target sequence, and (2) the tracr mate sequence that is

hybridized to the tracr sequence, and wherein in the multiplexed system multiple guide

sequences and a single tracr sequence is used; and wherein one or more of the guide, tracr and

tracr mate sequences are modified to improve stability.

[0025] In aspects of the invention, the modification comprises an engineered secondary

structure. For example, the modification can comprise a reduction in a region of hybridization



between the tracr mate sequence and the tracr sequence. For example, the modification also

may comprise fusing the tracr mate sequence and the tracr sequence through an artificial loop.

The modification may comprise the tracr sequence having a length between 40 and 120bp. In

embodiments of the invention, the tracr sequence is between 40 bp an full length of the tracr.

In certain embodiments, the length of tracRNA includes at least nucleotides -67 and in some

embodiments at least nucleotides -85 of the wild type tracRNA. In some embodiments, at least

nucleotides corresponding to nucleotides 1-67 or 1-85 of wild type S. pyogenes Cas9 tracRNA

may be used. Where the CRISPR system uses enzymes other than Cas9, or other than SpCas9,

then corresponding nucleotides i the relevant wild type tracRNA may be present. In some

embodiments, the length of tracRNA includes no more than nucleotides 1-67 or 1-85 of the wild

type tracRNA. The modification may comprise sequence optimization. In certain aspects,

sequence optimization may comprise reducing the incidence of polyT sequences in the tracr

and/or tracr mate sequence. Sequence optimization may be combined with reduction in the

region of hybridization between the tracr mate sequence and the tracr sequence; for example, a

reduced length tracr sequence.

[002 | In an aspect the invention provides the CRISPR-Cas syste or CRISPR enzyme

system wherein the modification comprises reduction in polyT sequences in the tracr and/or tracr

mate sequence. In some aspects of the invention, one or more Ts present in a poly-T sequence

of the relevant wild type sequence (that is, a stretch of more than 3, 4, 5, 6, or more contiguous T

bases; in some embodiments, a stretch of no more than 0, 9, 8, 7, 6 contiguous T bases) may be

substituted with a non-T nucleotide, e.g., an A, so that the string is broken down into smaller

stretches of Ts with each stretch having 4 or fewer than 4 (for example, 3 or 2) contiguous Ts.

Bases other than A may be used for substitution, for example C or G, or non-naturally occurmg

nucleotides or modified nucleotides. If the string of Ts is involved in the formation of a hairpin

(or stem loop), then it is advantageous that the complementary base for the non-T base be

changed to complement the non-T nucleotide. For example, if the non-T base is an A, then its

complement may be changed to a T, e.g., to preserve or assist in the preservation of secondary

structure. For instance, 5 -TTTTT can be altered to become 5 -TTTAT and the complementary

5'-AAAAA ca be changed into 5'-ATAAA.

[0027 In an aspect the invention provides the CRISPR-Cas syste or CRISPR enzyme

system wherein the modification comprises adding a polyT terminator sequence. I an aspect



the invention provides the CRISPR-Cas system or CRISPR enzyme system wherein the

modification comprises adding a polyT terminator sequence in tracr and/or tracr mate sequences.

In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme system wherein

the modification comprises adding a polyT terminator sequence in the guide sequence. The

pofyT terminator sequence may comprise 5 contiguous T bases, or more than 5.

[0028] In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme

system wherein the modification comprises altering loops and/or hairpins. In an aspect the

invention provides the CRISPR-Cas system or CRISPR enzyme system wherein the modification

comprises providing a minimum of two hairpins in the guide sequence. I an aspect the

invention provides the CRISPR-Cas system or CRISPR enzyme system wherein the modification

comprises providing a hairpin formed by complementation between the tracr and tracr mate

(direct repeat) sequence. In an aspect the invention provides the CRISPR-Cas system or

CRISPR enzyme system wherein the modification comprises providing one or more further

hairpin(s) at or towards the 3' end of the tracr A sequence. For example, a hairpin may be

formed by providing self complementary sequences within the tracRNA sequence joined by a

loop such that a hairpin is formed on self folding. In an aspect the invention provides the

CRISPR-Cas system or CRISPR enzyme system wherein the modification comprises providing

additional hairpins added to the 3' of the guide sequence. In an aspect the invention provides the

CRISPR-Cas system or CRISPR enzyme system wherein the modification comprises extending

the 5' end of the guide sequence. n an aspect the invention provides the CRISPR-Cas system or

CRISPR enzyme system wherein the modification comprises providing one or more hairpins in

the 5' end of the guide sequence. In an aspect the invention provides the CRISPR-Cas system or

CRISPR enzyme wherein the modification comprises appending the sequence (5'~

AGGACGAAGTCCTAA) to the 5 end of the guide sequence. Other sequences suitable for

forming hairpins will be known to the skilled person, and may be used in certain aspects of the

invention. n some aspects of the invention, at least 2, 3, 4, 5, or more additional hairpins are

provided. In some aspects of the invention, no more than 10, 9, 8, 7, 6 additional hairpins are

provided. In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme

system wherein the modification comprises two hairpins. In an aspect the invention provides the

CRISPR-Cas system or CRISPR enzyme system wherein the modification comprises three



hairpins. In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme

system wherein the modification comprises at most five hairpins.

[0029] In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme

system wherein the modifi cation comprises providing cross linking, or providing one or more

modified nucleotides in the polynucleotide sequence. Modified nucleotides and/or cross linking

may be provided in any or ail of the tracr, tracr mate, and/or guide sequences, and/or in the

enzyme coding sequence, and/or in vector sequences. Modifications may include inclusion of at

least one non naturally occurring nucleotide, or a modified nucleotide, or analogs thereof.

Modified nucleotides may be modified at the ribose, phosphate, and/or base moiety. Modified

nucleotides may include 2 -O-methyl analogs, 2 -deoxy analogs, or 2 -fluoro analogs. The nucleic

acid backbone may be modified, for example, a phosphorothioate backbone may be used. The

use of locked nucleic acids (LNA) or bridged nucleic acids (BNA) may also be possible. Further

examples of modified bases include, but are not limited to, 2-aminopurine, 5-bromo-uridine,

pseudouridine, inosine, -methyl guanosine.

[0030] It wil be understood that any or ail of the above modifications may be provided in

isolation or in combination in a given CRISPR-Cas system or CRISPR enzyme system. Such a

system may include one, two, three, four, five, or more of said modifications.

[0031] I an aspect the invention provides the CRISPR-Cas system or CR ISPR enzyme

system wherein the CRISPR enzyme is a type II CRISPR system enzyme, e.g., a Cas9 enzyme.

In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme syste wherein

the CRISPR enzyme is comprised of less than one thousand amino acids, or less than four

thousand amino acids. In an aspect the invention provides the CRISPR-Cas system or CRISPR

enzyme system wherein the Cas9 enzyme is StCas9 or StlCas9, or the Cas9 enzyme is a Cas9

enzyme from an organism selected from the group consisting of genus Streptococcus,

Campylobacter, Nitratifractor, Staphylococcus, Parvibaculum, Roseburia, Neisseria,

Gluconacetobacter, Azospirillum, Sphaerochaeta, Lactobacillus, Eubacterium or Corynebacter.

In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme system wherein

the CRISPR enzyme is a nuclease directing cleavage of both strands at the location of the target

sequence.

[ΘΘ32] In an aspect the invention provides the CRISPR-Cas syste or CRISPR enzyme

system wherein the first regulatory element is a polymerase III promoter. In an aspect the



invention provides the CRISPR-Cas system or CRISPR enzyme system wherein the second

regulatory element is a polymerase II promoter

[0033] In an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme

system wherein the guide sequence comprises at least fifteen nucleotides.

[0034] an aspect the invention provides the CRISPR-Cas system or CRISPR enzyme

system wherein the modification comprises optimized tracr sequence and/or optimized guide

sequence RNA and/or co-fold structure of tracr sequence and/or tracr mate sequence(s) and/or

stabilizing secondary structures of tracr sequence and/or tracr sequence with a reduced region of

base-pairing and/or tracr sequence fused RNA elements; and/or, in the multiplexed system there

are two R As comprising a tracer and comprising a plurality of guides or one RNA comprising a

plurality of chimerics.

35] In aspects of the invention the chimeric RNA architecture is further optimized

according to the results of mutagenesis studies. In chimeric RNA with two or more hairpins,

mutations in the proximal direct repeat to stabilize the hairpin may result in ablation of CRISPR

complex activity. Mutations in the distal direct repeat to shorten or stabilize the hairpin may have

no effect on CRISPR complex activity. Sequence randomization in the bulge region between the

proximal and distal repeats may significantly reduce CRISPR complex activity. Single base pair

changes or sequence randomization in the linker region betwee hairpins may result in complete

oss of CRISPR complex activity. Hairpin stabilization of the distal hairpins that follow the first

hairpin after the guide sequence may result in maintenance or improvement of CRISPR complex

activity. Accordingly, in preferred embodiments of the invention, the chimeric RNA architecture

may be further optimized by generating a smaller chimeric RNA which may be beneficial for

therapeutic delivery options and other uses and this may be achieved by altering the distal direct

repeat so as to shorten or stabilize the hairpin. In further preferred embodiments of the invention,

the chimeric RNA architecture may be further optimized by stabilizing one or more of the distal

hairpins. Stabilization of hairpins may include modifying sequences suitable for forming

hairpins. In some aspects of the invention, at least 2, 3, 4, 5, or more additional hairpins are

provided. In some aspects of the invention, no more than 10, 9, 8, 7, 6 additional hairpins are

provided. In some aspects of the invention stabilization may be cross linking and other

modifications. Modifications may include inclusion of at least one non naturally occurring

nucleotide, or a modified nucleotide, or analogs thereof. Modified nucleotides may be modified



at the ribose, phosphate, and/or base moiety. Modified nucleotides may include 2'-0-methyl

analogs, 2-deoxy analogs, or 2'-fiuoro analogs. The nucleic acid backbone may be modified, for

example, a phosphorothioate backbone may be used. The use of locked nucleic acids (LNA) or

bridged nucleic acids (BNA) may also be possible. Further examples of modified bases include,

but are not limited to, 2-aminopurine, 5-bromo-uridine, pseudouridine, inosine, 7-

methylguanosine

[0036 In an aspect the invention provides the CRISP -Cas syste or CRISPR η .γη ·

system wherein the CRISPR enzyme is codon-optimized for expression in a eukaryotic ceil.

[0037] Accordingly, in some aspects of the invention, the lengt of tracRNA required in a

construct of the invention, e.g., a chimeric construct, need not necessarily be fixed, and in some

aspects of the inven tion it can be between 40 an 120bp, and in some aspects of the invention up

to the full length of the tracr, e.g., in some aspects of the invention, until the 3' end of tracr as

punctuated by the transcription termination signal in the bacterial genome. In certain

embodiments, the lengt of tracRNA includes at least nucleotides 1-67 and in some

embodiments at least nucleotides 1-85 of the wild type tracRNA. In some embodiments, at least

nucleotides corresponding to nucleotides 1-67 or 1-85 of wild type S. pyogenes Cas9 tracRNA

may be used. Where the CRISPR system uses enzymes other than Cas9, or other than SpCas9,

then corresponding nucleotides in the relevant wild type tracRNA may be present. In some

embodiments, the length of tracRNA includes no more than nucleotides 1-67 or 1-85 of the wild

type tracRNA With respect to sequence optimization (e.g., reduction in polyT sequences), e.g.,

as to strings of Ts internal to the tracr mate (direct repeat) or tracrRNA, in some aspects of the

invention, one or more Ts present in a poly-T sequence of the relevant wild type sequence (that

is, a stretch of more than 3, 4, 5, 6, or more contiguous T bases; in some embodiments, a stretch

of no more than 10, 9, 8, 7, 6 contiguous T bases) may be substituted with a non-T nucleotide,

e.g., an A, so that the string is broken down into smaller stretches of Ts with each stretch having

4, or fewer than 4 (for example, 3 or 2) contiguous Ts. If the string of Ts is involved in the

formation of a hairpin (or stem loop), then it is advantageous that the complementary base for the

non-T base be changed to complement the non-T nucleotide. For example, if the non-T base is

an A, then its complement may be changed to a T, e.g., to preserve or assist in the preservation of

secondary structure. For instance, 5'-TTTTT can be altered to become 5 -TTTAT and the

complementary S'-AAAAA can be changed into S'-ATAAA. As to the presence of polyT



terminator sequences in tracr + tracr mate transcript, e.g., a po yT terminator (TTTTT or more),

i some aspects of the invention it is advantageous that such be added to end of the transcript,

whether it is in two RNA (tracr and tracr mate) or single guide R A form. Concerning loops

and hairpins in tracr and tracr mate transcripts, in some aspects of the invention it is

advantageous that a minimum of two hairpins be present in the chimeric guide RNA. A first

hairpin can be the hairpin formed by complementation between the tracr and tracr mate (direct

repeat) sequence. A second hairpin can be at the 3' end of the tracrRNA sequence, and this can

provide secondary structure for interaction with Cas9. Additional hairpins may be added to the

3' of the guide RNA, e.g., in some aspects of the invention to increase the stability of the guide

RNA. Additionally, the 5' end of the guide RNA, in some aspects of the invention, may be

extended. In some aspects of the invention, one may consider 20bp in the 5 end as a guide

sequence. The 5 portion may be extended. One or more hairpins can be provided in the 5*

portion, e.g., in some aspects of the invention, this may also improve the stability of the guide

RNA. In some aspects of the invention, the specific hairpin can be provided by appending the

sequence (5 -AGGACGAAGTCCTAA) to the 5' end of the guide sequence, and, in some aspects

of the invention, this may help improve stability. Other sequences suitable for forming hairpins

wil be known to the skilled person, and may be used in certain aspects of the invention. In some

aspects of the invention, at least 2, 3, 4, 5, or more additional hairpins are provided. In some

aspects of the invention, no more than 10, 9, 8, 7, 6 additional hairpins are provided. The

foregoing also provides aspects of the invention involving secondary structure in guide

sequences. In some aspects of the invention there may be cross Sinking and other modifications,

e.g., to improve stability. Modifications may include inclusion of at least one o naturally

occurring nucleotide, or a modified nucleotide, or analogs thereof. Modified nucleotides may be

modified at the ribose, phosphate, and/or base moiety. Modified nucleotides may include 2 -0-

methyl analogs, 2'-deoxy analogs, or 2'-fluoro analogs. The nucleic acid backbone may be

modified, for example, a phosphorothioate backbone may be used. The use of locked nucleic

acids (LNA) or bridged nucleic acids (BNA) may also be possible. Further examples of modified

bases include, but are not limited to, 2-aminopurine, 5-bromo-uridine, pseudouridine, inosine, 7-

methylguanosine. Such modifications or cross linking may be present in the guide sequence or

other sequences adjacent the guide sequence.



[0038] Accordingly, it is an object of the invention not to encompass within the invention

any previously known product, process of making the product, or method of using the product-

such that Applicants reserve the right and hereby disclose a disclaimer of any previously known

product, process, or method. It is further noted that the invention does not intend to encompass

within the scope of the invention any product, process, or making of the product or method of

using the product, which does not meet the writte description and enablement requirements of

the USPTO (35 U.S.C. § 2, first paragraph) or the EPO {Article 83 of the EPC), such that

Applicants reserve the right and hereby disclose a disclaimer of any previously described

product, process of making the product, or method of using the product

[0039] t is noted that in this disclosure and particularly in the claims and/or paragraphs,

terms such as "comprises", "comprised", "comprising" and the like can have the meaning

attributed to it in U.S. Patent law; e.g., they can mean "includes", "included", "including", and

the like; and that terms such as "consisting essentially of and "consists essentially of have the

meaning ascribed to them in U.S. Patent law, e.g., they allow for elements not explicitly recited,

but exclude elements that are found in the prior art or that affect a basic or novel characteristic of

the invention. These and other embodiments are disclosed or are obvious from and encompassed

by, the following Detailed Description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] The novel features of the invention are set forth with particularity in the appended

claims. A better understanding of the features and advantages of the present invention will be

obtained by reference to the following detailed description that sets forth illustrative

embodiments, in which the principles of the invention are utilized, and the accompanying

drawings of which:

[0041] Figure 1 shows a schematic model of the CRISPR system. The Cas9 nuclease from

Streptococcus pyogenes (yellow) is targeted to genomic DNA by a synthetic guide RNA

(sgRNA) consisting of a 20-nt guide sequence (blue) and a scaffold (red). The guide sequence

base-pairs with the DNA target (blue), directly upstream of a requisite 5'-NGG protospacer

adjacent motif (PAM; magenta), and Cas9 mediates a double-stranded break (DSB) 3 bp

upstream of the PAM (red triangle).



[0042] Figure 2A-F illustrates an exemplaiy CRISPR system, a possible mechanism of

action, an example adaptation for expression in eukaryotic cells, and results of tests assessing

nuclear localization and CRISPR activity.

[0043] Figure 3A-C illustrates an exemplary expression cassette for expression of CRISPR

system elements in eukaryotic cells, predicted structures of example guide sequences, and

CRISPR system activity as measured in eukaryotic and prokaryotic ceils.

[0044] Figure 4A- illustrates results of an evaluation of SpCas9 specificity for a example

target.

[0045] Figure 5A-G illustrates an exemplary vector system and results for its use in

directing homologous recombination in eukaryotic cells.

[0046] Figure 6A-C illustrates a comparison of different tracrRNA transcripts for Cas9-

mediated gene targeting.

[0047] Figure 7A-D illustrates an exemplary CRISPR system, an example adaptation for

expression in eukaryotic cells, and results of tests assessing CRISPR activity.

[0048] Figure 8A-C illustrates exemplary manipulations of a CRISPR system for targeting

of genomic loci in mammalian cells.

[0049] Figure A-B illustrates the results of a Northern blot analysis of crRNA processing in

mammalian cel ls.

[0050] Figure lOA-C illustrates a schematic representation of chimeric R As and results of

SURVEYOR assays for CRISPR system activity in eukaryotic cells.

[0051] Figure A-B illustrates a graphical representation of the results of SURVEYOR

assays for CRISPR system activity in eukaryotic cells.

[0052] Figure 12 illustrates predicted secondary structures for exemplary chimeric RNAs

comprising a guide sequence, tracr mate sequence, and tracr sequence.

[0053] Figure 13 is a phylogenetic tree of Cas genes

[0054] Figure 4 -F shows the phylogenetic analysis revealing five families of Cas9s,

including three groups of large Cas9s (-1400 amino acids) and two of small Cas9s (~1100 amino

acids).

[0055] Figure 15 shows a graph depicting the function of different optimized guide RNAs.

[0056] Figure 16 shows the sequence and structure of different guide chimeric RNAs.

[0057] Figure 17 shows the co-fold structure of the tracrRNA and direct repeat.



[0058] Figure 8 A and B shows data from the StlCas9 chimeric guide RNA optimization in

vitro.

[0059] Figure 19A-B shows cleavage of either unmethylated or methylated targets by

SpCas9 cell lysate.

[0060] Figure 20A-G shows the optimization of guide RNA architecture for SpCas9~

mediated mammalian genome editing (a) Schematic of bicistronic expression vector (PX330)

for U6 promoter-driven single guide RNA (sgRNA) and CBh promoter-driven human codon-

optimized Streptococcus pyogenes Cas9 (hSpCas9) used for all subsequent experiments. The

sgRNA consists of a 2Q~nt guide sequence (blue) and scaffold (red), truncated at various

positions as mdicated. (b) SURVEYOR assay for SpCas9-mediated indeis at the human EMXI

and PVALB loci. Arrows indicate the expected SURVEYOR fragments (n = 3). (c) Northern blot

analysis for the four sgRNA truncation architectures, with U l as loading control (d) Both

wildtype (wt) or nickase mutant (D10A) of SpCas9 promoted insertion of a Η ίηάϊΏ site into the

human EMXI gene. Single stranded oligonucleotides (ssODNs), oriented in either the sense or

antisense direction relative to genome sequence, were used as homologous recombination

templates (e) Schematic of the human SERPINB5 locus. sgRNAs and PAMs are indicated by

colored bars above sequence; methylcytosine (Me) are highlighted (pink) and numbered relative

to the transcriptional start site (TSS, +1). (f) Methylation status of SERPINB5 assayed by

bisulfite sequencing of 16 clones. Filled circles, methylated CpG; open circles, unmethylated

CpG. (g) Modification efficiency by three sgRNAs targeting the methylated region of

SERPINB5, assayed by deep sequencing (n = 2). Error bars indicate Wilson intervals (Online

Methods).

[006J] Figure A-B shows the further optimization of CRISP -Cas sgRNA architecture

(a) Schematic of four additional sgRNA architectures, I-IV. Each consists of a 20-nt guide

sequence (blue) joined to the direct repeat (DR, grey), which hybridizes to the tracrRNA (red).

The DR-tracrRNA hybrid is truncated at +12 or +22, as indicated, with an artificial GAAA stem

loop. tracrRNA truncation positions are numbered according to the previously reported

transcription start site for tracrRNA. sgRNA architectures I and IV cany mutations within their

poly-U tracts, which could serve as premature transcriptional terminators (b) SURVEYOR assay

for SpCas9~mediated indeis at the human EMXI locus for target sites 1-3. Arrows indicate the

expected SURVEYOR fragments (n = 3).



[0062] Figure 22 illustrates visualization of some target sites in the human genome.

[0063] Figure 23A-B shows (A) a schematic of the sgRNA and (B) the SURVEYOR

analysis of five sgRNA variants for SaCas9 for an optimal truncated architecture with highest

cleavage efficiency

[CI064] The figures herein are for illustrative purposes only and are not necessarily drawn to

scale.

DETAILED DESCRIPTION OF THE INVENTION

[0065] The terms "polynucleotide", "nucleotide", "nucleotide sequence", "nucleic acid" and

"oligonucleotide" are used interchangeably. They refer to a polymeric form of nucleotides of

any length, either deoxyribonucleotides or ribonucleotides, or analogs thereof. Polynucleotides

may have any three dimensional structure, and may perform any function, known or unknown.

The following are no limiting examples of polynucleotides: coding or non-coding regions of a

gene or gene fragment, loci (locus) defined from linkage analysis, exons, introns, messenger

RNA (mRNA), transfer RNA, ribosomal RNA, short interfering RNA (siRNA), short-hairpin

RNA (shRNA), m cro-RNA (miRNA), rihozymes, cDNA, recombinant polynucleotides,

branched polynucleotides, plasmids, vectors, isolated DNA of any sequence, isolated RNA of

any sequence, nucleic acid probes, and primers. A polynucleotide may comprise one or more

modified nucleotides, such as methylated nucleotides and nucleotide analogs. If present,

modifications to the nucleotide structure may be imparted before or after assembly of the

polymer. The sequence of nucleotides may be interrupted by non nucleotide components. A

polynucleotide may be further modified after polymerization, such as by conjugation with a

labeling component.

[0066] In aspects of the invention the terms "chimeric RNA", "chimeric guide RNA", "guide

RNA", "single guide RNA" and "synthetic guide RNA" are used interchangeably and refer to the

polynucleotide sequence comprising the guide sequence, the tracr sequence and the tracr mate

sequence. The term "guide sequence" refers to the about 20bp sequence within the guide RNA

that specifies the target site and may be used interchangeably with the terms "guide" or "spacer".

The term "tracr mate sequence" may also be used interchangeably with the term "direct

repeat(s)".



[0067] As used herein the term "wild type" is a term of the art understood by skilled persons

and means the typical fo r of an organism, strain, gene or characteristic as it occurs in nature as

distinguished from mutant or variant forms.

[0068] As used herein the term "variant" should be taken to mean the exhibition of qualities

that have a pattern that deviates from what occurs in nature.

[0069] The terms "non-iiaturaliy 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 naturally associated in

nature and as found in nature.

[0070] "Complementarity" refers to the ability of a nucleic aci to form hydrogen bond(s)

with another nucleic acid sequence by either traditional Watson-Crick base-pairing or other non-

traditional types A percent complementarity indicates the percentage of residues in a nucleic

acid molecule which can form hydrogen bonds (e.g., Watson-Crick base pairing) with a second

ucleic acid sequence (e.g., 5, 6, 7, 8, 9, 0 out of 10 being 50%, 60%, 70%, 80%, 90% and

100% complementary). "Perfectly complementary" means that all the contiguous residues of a

nucleic acid sequence will hydrogen bond with the same number of contiguous residues in a

second nucleic acid sequence. "Substantially complementary" as used herein refers to a degree

of complementarity that is at least 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%,

99%, or 100% over a region of 8, 9, 0, 1 , 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,

30, 35, 40, 45, 50, or more nucleotides, or refers to two nucleic acids that hybridize under

stringent conditions.

[007J] As used herein, "stringent conditions" for hybridization refer to conditions under

which a nucleic acid having complementarity to a target sequence predominantly hybridizes with

the target sequence, and substantially does not hybridize to non-target sequences. Stringent

conditions are generally sequence-dependent, and vary depending on a number of factors. n

general, the longer the sequence, the higher the temperature at which the sequence specifically

hybridizes to its target sequence. Non-limiting examples of stringent conditions are described in

detail in Tijssen (1993), Laboratory Techniques In Biochemistry And Molecular Biology-

Hybridization With Nucleic Acid Probes Part I, Second Chapter "Overview of principles of

hybridization and the strategy of nucleic acid probe assay", Elsevier, N.Y.



[0072] "Hybridization" refers to a reaction in which one or more polynucleotides react to

form a complex that is stabilized via hydrogen bonding between the bases of the nucleotide

residues. The hydrogen bonding may occur by Watson Crick base pairing, Hoogstein binding, or

in any other sequence specific manner. The complex may comprise two strands forming a

duplex structure, three or more strands forming a multi stranded complex, a single self

hybridizing strand, or any combination of these. A hybridization reaction may constitute a step

in a more extensive process, such as the initiation of P . or the cleavage of a polynucleotide by

an enzyme. A sequence capable of hybridizing with a give sequence is referred to as the

"complement" of the given sequence.

[0073] As used herein, "stabilization" or "increasing stability" with respect to components of

the CRISPR system relate to securing or steadying the structure of the molecule. This may be

accomplished by introduction of one or mutations, including single or multiple base pair

changes, increasing the number of hair pins, cross linking, breaking up particular stretches of

nucleotides and other modifications. Modifications may include inclusion of at least one non

naturally occurring nucleotide, or a modified nucleotide, or analogs thereof. Modified

nucleotides may be modified at the ribose, phosphate, and/or base moiety. Modified nucleotides

may include 2 -O-methyl analogs, 2'-deoxy analogs, or 2'-fluoro analogs. The nucleic acid

backbone may be modifi ed, for example, a phosphorothioate backbone may be used . The use of

locked nucleic acids (LNA) or bridged nucleic acids (BNA) may also be possible. Further

examples of modified bases include, bu are not limited to, 2-aminopurme, 5-bromo-uridine,

pseudouridine, inosine, 7-memylguanosine. These modifications may appl to any component of

the CRSIPR system. In a preferred embodiment these modifications are made to the RNA

components, e.g. the guide RNA or chimeric polynucleotide sequence.

[0074] As used herein, "expression" refers to the process by which a polynucleotide is

transcribed from a DNA template (such as into and mRN A or other RNA transcript) and/or the

process by which a transcribed mRNA is subsequently translated into peptides, polypeptides, or

proteins. Transcripts an encoded polypeptides may be collectively referred to as "gene

product." If the polynucleotide is derived from genomic DNA, expression may include splicing

of the mRNA in a eukaryotic ce l.

[0075] The terms "polypeptide", "peptide" and "protein" are used interchangeably herein to

refer to polymers of amino acids of any length. The polymer may be li ear or branched, it may



comprise modified amino acids, and it may be interrupted by non ammo acids. The terms also

encompass an amino aci polymer that has been modified; for example, disulfide bon

formation, glycosyiation, Hpidation, acetyiation, phosphorylation, or any other manipulation,

such as conjugation with a labeling component. As used herein the term "amino acid" includes

natural and/or unnatural or synthetic amino acids, including glycine and both the D or I , optical

isomers, and amino acid analogs and peptidomimetics.

| 76| The terms "subject," "individual," and "patient" are used i erchangea y herein to

refer to a vertebrate, preferably a mammal, more preferably a human. Mammals include, but are

not limited to, murines, simians, humans, farm animals, sport animals, and pets. Tissues, cells

and their progeny of a biological entity obtained in vivo or cultured in vitro are also

encompassed. In some embodiments, a subject may be an invertebrate animal, for example, an

insect or a nematode; while in others, a subject may be a plant or a fungus.

[0077] The terms "therapeutic agent", "therapeutic capable agent" or "treatment agent" are

used interchangeably and refer to a molecule or compound that confers some beneficial effect

upon administration to a subject. The beneficial effect includes enablement of diagnostic

determinations; amelioration of a disease, symptom, disorder, or pathological condition;

reducing or preventing the onset of a disease, symptom, disorder or condition; and generally

counteracting a disease, symptom, disorder or pathological condition.

[0078] As used herein, "treatment" or "treating," or "palliating" or "ameliorating" are used

interchangeably. These terms refer to an approach for obtaining beneficial or desired results

including but not limited to a therapeutic benefit and/or a prophylactic benefit. By therapeutic

benefit is meant any therapeutically relevant improvement in or effect o one or more diseases,

conditions, or symptoms under treatment. For prophylactic benefit, the compositions may be

administered to a subject at risk of developing a particular disease, condition, or symptom, or to

a subject reporting one or more of the physiological symptoms of a disease, eve though the

disease, condition, or symptom may not have yet been manifested.

[0079] The term "effective amount" or "therapeutically effective amount" refers to the

amount of an agent that is sufficient to effect beneficial or desired results. The therapeutically

effective amount may vary depending upon one or more of: the subject and disease 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 applies to a dose that will provide an image for detection by any one of the

imaging methods described herein. The specific dose may vary depending on one or more of:

the particular agent chosen, the dosing regimen to be followed, whether it is administered in

combination with other compounds, timing of administration, the tissue to be imaged, and the

physical delivery system in which it is carried.

[0080] The practice of the present invention employs, unless otherwise indicated,

conventional techniques of immunology, lyiochemistry, chemistry, molecular biology,

microbiology, cell biology, genomics and recombinant DNA, which are within the skill of the

art. See Sambrook, Fritsch and Maniatis, MOLECULAR CLONING: A LABORATORY

MANUAL, 2nd edition (1989); CURRENT PROTOCOLS IN MOLECULAR BIOLOGY (F. M.

Ausubel, et al. eds., (1987)}; the series METHODS IN ENZYMQLOGY (Academic Press, Inc.):

PCR 2 : A PRACTICAL APPROACH (M.J. MacPherson, B.D. ! la es and G.R. Taylor eds.

(1995)), Harlow and Lane, eds. (1988) ANTIBODIES, A LABORATORY MANUAL, and

ANIMAL CELL CULTURE i ll . Freshney, ed. (1987)).

[0081] Several aspects of the invention relate to vector systems comprising one or more

vectors, or vectors as such. Vectors can be designed for expression of CRISPR transcripts (e.g.

nucleic acid transcripts, proteins, or enzymes) in prokaryotic or eukaryotic cells. For example,

CRISPR transcripts can be expressed in bacterial cells such as Escherichia coli, insect cells

(using baculovirus expression vectors), yeast cells, or mammalian cells. Suitable host cells are

discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN

ENZYMOLOGY 185, Academic Press, Sa Diego, Calif. (1990). Alternatively, the

recombinant expression vector can be transcribed and translated in vitro, for example using T7

promoter regulatory sequences and T7 polymerase.

[0082] Vectors may be introduced and propagated in a prokaiyote. In some embodiments, a

prokaiyote is used to amplify copies of a vector to be introduced into a eukaryotic cell or as an

intermediate vector in the production of a vector to be introduced into a eukaryotic cell (e.g.

amplifying a plasmid as part of a viral vector packaging system). n some embodiments, a

prokaiyote is used to amplify 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 coli with vectors containing

constitutive or inducible promoters directing the expression of either fusion or non-fusion



proteins. Fusion vectors add a number of amino acids to a protein encoded therein, such as to the

amino terminus of the recombinant protein. Such fusion vectors may serve one or more

purposes, such as: (i) to increase expression of recombinant protein; (ii) to increase the solubility

of the recombinant protein; and (iii) to aid in the purification of the recombinant protein by

acting as a ligand in affinity purification. Often, in fusion expression vectors, a proteolytic

cleavage site is introduced at the junction of the fusion moiety a d the recombinant protein to

enable separation of the recombinant protein from the fusion moiety subsequent to purification

of the fusion protein. Such enzymes, and their cognate recognition sequences, include Factor

Xa, thrombin and enterokinase. Example fusion expression vectors include pGEX (Pharmacia

Biotech nc; Smith and Johnson, 1988. Gene 67: 31-40), pMAL (New England Bioiabs, Beverly,

Mass.) and pRIT5 (Pharmacia, Piscataway, N.J.) tha fuse glutathione S-transferase (GST),

maltose E binding protein, or protein A, respectively, to the target recombinant protein.

[0083] Examples of suitable inducible non-fusion E. coli expression vectors include pTrc

(Amranti et al, (1988) Gene 69:301-315) and pET l i d (Studier et al., GENE EXPRESSION

TECHNOLOGY: METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Calif.

(1990) 60-89).

[0084] 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 : 229-234), pMFa (Kuijan and Herskowitz, 1982. Cell 30: 933-943), pJRY88 (Schultz et al,

1987. Gene 54: 113-123), pYES2 ( nvitroge Corporation, San Diego, Calif.), and picZ

(InVitrogen Corp, San Diego, Calif ) .

[0085] In some embodiments, a vector drives protein expression in insect cells using

baculovirus expression vectors. Baculovirus vectors available for expression of proteins in

cultured insect ceils (e.g., SF9 cells) include the pAc series (Smith, et al., 1983. Mol. Cell. Biol.

3 : 2156-2165) and the pVL series (Lucklow and Summers, 1989. Virology 170: 31-39).

[0086] In some embodiments, a vector is capable of driving expression of one or more

sequences in mammalian cells using a mammalian expression vector. Examples of mammalian

expression vectors include pCDM8 (Seed, 1987. Nature 329: 840) and pMT2PC (Kaufman, et

al., 1987 EMBO J. 6 : 187-195). When used in mammalian ceils, the expression vector's control

functions are typically provided by one or more regulatory elements. For example, commonly

used promoters are derived from polyoma, adenovirus 2, cytomegalovirus, simian virus 40, and



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

prokaryotic and eukaryotic cells see, e.g., Chapters 16 and 17 of Sambrook, e a!.,

MOLECULAR CLONING: A LABORATORY MANUAL. 2nd ed., Cold Spring Harbor

Laboratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 989.

[0087] n some embodiments, the recombinant mammalian expression vector is capable of

directing expression of the nucleic acid preferentially in a particular ceil type (e.g., tissue-

specific regulatory elements are used to express the nucleic acid). Tissue-specific regulatory

elements are known in the art. Non-limiting examples of suitable tissue-specific promoters

include the albumin promoter (liver-specific; Pinkert, e al., 1987. Genes Dev. 1: 268-277),

iymphoid-specific promoters (Calame and Eaton, 1988. Adv. Immunol. 43: 235-275), in

particular promoters of T ce l receptors (Winoto and Baltimore, 1989. EMBO J. 8 : 729-733) and

immunoglobulins (Banefji, et al., 1983. Cell 33: 729-740; Queen and Baltimore, 1983. Cell 33:

741-748), neuron-specific promoters (e.g., the neurofilament promoter; Byrne and Ruddle, 1989.

Proc. Natl. Acad. Sci. USA 86: 5473-5477), pancreas-specific promoters (Edlund, et al., 985.

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). Deveiopmentaliy-

regulated promoters are also encompassed, e.g., the murine hox promoters (Kessel and Gruss,

1990. Science 249: 374-379) and the a-fetoprotein promoter (Campes and Tilghman, 1989.

Genes Dev. 3 : 537-546).

[0088] In some embodiments, a regulatory element is operably linked to one or more

elements of a CRISPR system so as to drive expression of the one or more elements of the

CRISPR system. In general, CRISPRs (Clustered Regularly Interspaced Short Palindromic

Repeats), also known as SPIDRs (SPacer Interspersed Direct Repeats), constitute a family of

DNA loci that are usually specific to a particular bacterial species. The CRISPR locus comprises

a distinct class of interspersed short sequence repeats (SSRs) that were recognized in E. coli

(Ishino et al., J . Bacteriol., 169:5429-5433 [1987]; and Nakata et al., J . Bacterid., 171 :3553-

3556 [1989]), and associated genes. Similar interspersed SSRs have been identified in Haloferax

mediterranei. Streptococcus pyogenes, Anahaena, and Mycobacterium tuberculosis (See,

Groenen et al., Mo . Microbiol, 10:1057-1065 [1993]; Hoe et al., Emerg. Infect. Dis., 5:254-263

[1999]; Masepohl et al., Biochim. Biophys. Acta 1307:26-30 [1996]; and Mojica et al, o .

Microbiol, 17:85-93 [1995]). The CRISPR loci typically differ from other SSRs by the structure



of the repeats, which have been termed short regularly spaced repeats (SRSRs) (Janssen et al,

OMICS J . Integ. Biol , 6:23-33 [2002]; and Mojica et al, Mol. Microbiol, 36:244-246 [2000]).

n general, the repeats are short elements that occur in clusters that are regularly spaced by

unique intervening sequences with a substantially constant length (Mojica et al , [2000], supra).

Although the repeat sequences are highly conserved between strains, the number of interspersed

repeats and the sequences of the spacer regions typically differ from strain to strain (van Embden

et al, J Bacterid., 82:2393-2401 [2000]). CRISPR loci have been identified in more than 40

prokaryotes (See e.g., Jansen et al, Mol. Microbiol., 43:1565-1575 [2002]; a d Mojica et al.,

[2005]) including, but not limited to Aeropyrum, Pyrobaculum, Sulfolobus, Archaeoglobus,

Halocarcula, Methanobacterium, Methanococcus, Methanosarcina, Methanopyriis, Pyrococcus,

Picrophilus, Thermoplasma, Corynebacterium, Mycobacterium, Streptomyces, Aquifex,

Porphyromonas, Chlorobium, Thermus, Bacillus, Listeria, Staphylococcus, Clostridium,

Thernioanaerobacter, Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria,

Nitrosomonas, Desulfovibrio, Geobacter, Myxococcus, Campylobacter, Wolinella,

Acinetobacter, Erwinia, Escherichia, Legionella, Methylococcus, Pasteurella, Photobacterium,

Salmonella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

[0089] In general, "CRISPR system" refers collectively to transcripts and other elements

involved in the expression of or directing the activity of CRISPR -associated ("Cas") genes,

including sequences encoding a Cas gene, a tracr (trans-activating CRISPR) sequence (e.g.

tracrRNA or an active partial tracrRNA), a tracr-mate sequence (encompassing a "direct repeat"

and a tracrRNA -processed partial direct repeat in the context of an endogenous CRISPR system),

a guide sequence (also referred to as a "spacer" in the context of an endogenous CRISPR

sy t ;·. or other sequences and transcripts from a CRISPR locus n some embodiments, one or

more elements of a CRISPR system is derived from a type I, type II, or type III CRISPR system.

In some embodiments, one or more elements of a CRISPR system is derived from a particular

organism comprising an endogenous CRISPR system, such as Streptococcus pyogenes. n

general, a CRISPR system is characterized by elements that promote the formation of a CRISPR

complex at the site of a target sequence (also referred to as a protospacer in the context of an

endogenous CRISPR system). In the context of formation of a CRISPR complex, "target

sequence" refers to a sequence to which a guide sequence is designed to have complementarity,

where hybridization between a target sequence and a guide sequence promotes the formation of a



CRISPR complex. Full complementarity is not necessarily required, provided there is sufficient

co ementari y to cause hybridisation and promote formation of a CR ISPR complex. A target

sequence may comprise any polynucleotide, such as DNA or R A polynucleotides. In some

embodiments, a target sequence is located in the nucleus or cytoplasm of a cell. In some

embodiments, the target sequence may be within an organelle of a eukaryotic cell, for example,

mitochondrion or chloroplast. A sequence or template that may be used for recombination into

the the targeted locus comprising the target sequences is refered to as an "editing template" or

"editing polynucleotide" or "editing sequence". In aspects of the invention, an exogenous

template polynucleotide may be referred to as an editing template. In an aspect of the invention

the recombination is homologous recombination.

[0090] Typically, in the context of an endogenous CRISPR system, formation of a CRISPR

complex (comprising a guide sequence hybridized to a target sequence and complexed with one

or more Cas proteins) results in cleavage of one or both strands in or near (e.g. within 1, 2, 3, 4,

5, 6, 7, 8, 9, 10 , 20, 50, or more base pairs from) the target sequence. Without wishing to be

bound by theory, the tracr sequence, which may comprise or consist of all or a portion of a wild-

type tracr sequence (e.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67, 85, or more

nucleotides of a wild-type tracr sequence), may also form part of a CRISPR complex, such as by

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

sequence that is operabiy linked to the guide sequence. In some embodiments, the tracr

sequence has sufficient complementarity to a tracr mate sequence to hybridise an participate in

formation of a CRISPR complex. As with the target sequence, it is believed that complete

complementarity is not needed, provided there is sufficient to be functional. In some

embodiments, the tracr sequence has at least 50%, 60%, 70%, 80%, 90%, 95% or 99% of

sequence complementarity along the length of the tracr mate sequence when optimally aligned.

In some embodiments, one or more vectors driving expression of one or more elements of a

CRISPR system are introduced into a host cel such that expression of the elements of the

CRI SPR system direct formation of a CRISPR complex at one or more target sites. For example,

a Cas enzyme, a guide sequence linked to a tracr-mate sequence, and a tracr sequence could each

be operabiy linked to separate regulatory elements on separate vectors. Alternatively, two or

more of the elements expressed from the same or different regulatory elements, may be

combined in a single vector, with one or more additional vectors providing any components of



the CRISPR system not included in the first vector. CRISPR system elements that are combmed

i a single vector may be arranged in any suitable orientation, such as one element located 5'

with respect to ("upstream" of) or 3 ' with respect to ("downstream" of) a second element. The

coding sequence of one element may be located on the same or opposite strand of the coding

sequence of a second element, and oriented in the same or opposite direction. In some

embodiments, a single promoter drives expression of a transcript encoding a CRISPR enzyme

and one or more of the guide sequence, tracr mate sequence (optionally operably linked to the

guide sequence), and a tracr sequence embedded within one or more intron sequences (e.g. each

in a different intron, two or more in at least one intron, or all in a single intron). In some

embodiments, the CRISPR enzyme, guide sequence, tracr mate sequence, and tracr sequence are

operably linked to and expressed from the same promoter.

[0091] In some embodiments, a vector comprises one or more insertion sites, such as a

restriction endonuclease recognition sequence (also referred to as a "cloni g site"). In some

embodiments, one or more insertion sites (e.g. about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9,

10, or more insertion sites) are located upstream and/or downstream of one or more sequence

elements of one or more vectors. In some embodiments, a vector comprises an insertion site

upstream of a tracr mate sequence, and optionally downstream of a regulatory element operably

linked to the tracr mate sequence, such tha following insertion of a guide sequence into the

insertion site and upon expression the guide sequence directs sequence-specific binding of a

CRISPR complex to a target sequence in a eukaryotic cell. In some embodiments, a vector

comprises two or more insertion sites, each insertion site being located between two tracr mate

sequences so as to allow insertion of a guide sequence at each site. In such an arrangement, the

two or more guide sequences may comprise two or more copies of a single guide sequence, two

or more different guide sequences, or combinations of these. When multiple different guide

sequences are used, a single expression construct may be used to target CRISPR activity to

multiple different, corresponding target sequences within a cel . For example, a single vector

may comprise about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, or more guide

sequences. In some embodiments, about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more

such guide-sequence-containing vectors may be provided, and optionally delivered to a cel .

|0092| In some embodiments, a vector comprises a regulatory element operably linked to an

enzyme-coding sequence encoding a CRISPR enzyme, such as a Cas protein. Non-limiting



examples of Cas proteins include Casl, CaslB, Cas2, Cas3, Cas4, Cas5, Cas6, Cas7, Cas8, Cas9

(also known as Csnl and Cs 2), CaslO, Csyl, Csy2, Csy3, Csel, Cse2, Csc , Csc2, Csa5,

Csn2, Csm2, Csm3, Csm4, Csm5, Csm6, Cmrl , Cmr3, Cmr4, Cmr5, Cmr6, Csbl, Csb2, Csb3,

Csx , Csxl4, CsxlO, Csx36, CsaX, Csx3, Csxl, Csxl5, Csfl, Csf2, CsO, Csf4, homologs

thereof, or modified versions thereof. These enzymes are known; for example, the amino acid

sequence of 5 . pyogenes Cas9 protein may be found in the SwissProt database under accession

number Q99ZW2. Irs some embodiments, the unmodified CRISPR enzyme has DNA cleavage

activity, such as Cas9 In some embodiments the CRISPR enzyme is Cas9, and may be Cas9

from S . pyogenes or S . pneumoniae. n some embodiments, the CRISPR enzyme directs

cleavage of one or both strands at the location of a target sequence, such as within the target

sequence and/or within the complement of the target sequence. In some embodiments, the

CRISPR enzyme directs cleavage of one or both strands within about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

15, 20, 25, 50, 100, 200, 500, or more base pairs from the first or last nucleotide of a target

sequence. In some embodiments, a vector encodes a CRISPR enzyme that is mutated to with

respect to a corresponding wild-type enzyme such that the mutated CRISPR enzyme lacks the

ability to cleave one or both strands of a target polynucleotide containing a target sequence. For

example, an aspartate-to-alanine substitution (D10A) in the RuvC I catalytic domain of Cas9

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

single strand). Other examples of mutations that render Cas9 a nickase include, without

limitation, H840A, N854A, and 63A In some embodiments, a Cas9 nickase may be used in

combination with guide sequene(es), e.g., two guide sequences, which target respectively sense

and aiitisense strands of the DNA target. This combination allows both stra ds to be nicked and

used to induce NHEJ. Applicants have demonstrated (data not shown) the efficacy of two

nickase targets (i.e., sgRNAs targeted at the same location but to different strands of DNA) in

inducing mutagenic NHEJ. A single nickase (Cas9-D10A with a single sgRNA) is unable to

induce NHEJ and create indels but Applicants have shown that double nickase (Cas9-D10A and

two sgRNAs targeted to different strands at the same location) can do so in human embryonic

stem cells (hESCs). The efficiency is about 50% of nuclease (i.e., regular Cas9 without D10

mutation) in hESCs.

]0 9 As a further example, two or more catalytic domains of Cas9 (RuvC I, RuvC II, and

RuvC III) may be mutated to produce a mutated Cas9 substantially lacking al DNA cleavage



activity. In some embodiments, a DIOA mutation is combined with one or more of H840A,

N854A, or N863A mutations to produce a Cas9 enzyme substantially lacking all DNA cleavage

activity. n some embodiments, a CRISP enzyme is considered to substantially lack ail 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 useful; where the Cas9 or other CRISPR enzyme is from a species other than S . pyogenes,

mutations in corresponding amino acids maybe made to achieve similar effects.

[0094] In some embodiments, a enzyme codi g sequence encoding a CRISPR e zyme is

codon optimized for expression in particular cells, such as eukaryotic cells. The eukaryotic cells

may be those of or derived from a particular organism, such as a mammal, including but not

limited to human, mouse, rat, rabbit, dog, or non-human primate. In general, codon optimization

refers to a process of modifying a nucleic acid sequence for enhanced expression in the host cells

of interest by replacing at least one codon (e.g. about or more tha about 1, 2, 3, 4, 5, 10, 15, 20,

25, 50, or more codons) of the native sequence with codons that are more frequently or most

frequently used in the genes of that host cell while maintaining the native amino acid sequence.

Various species exhibit particular bias for certain codons of a particular amino acid. Codon bias

(differences 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 availability of particular

transfer RNA (tRNA) molecules. The predominance of selected tRNAs in a ce l is generally a

reflection of the codons used most frequently in peptide synthesis. Accordingly, genes can be

tailored for optimal gene expression in a given organism based on codon optimization. Codon

usage tables are readily available, for example, at the "Codon Usage Database", and these tables

can be adapted in a number of ways. See Nakamura, Y., et a . "Codon usage tabulated from the

international DNA sequence databases: status for the year 2000" Nucl. Acids Res. 28:292

(2000). Computer algorithms for codon optimizing a particular sequence for expression in a

particular host ce l are also available, such as Gene Forge (Aptagen; Jacobus, PA), are also

available. In some embodiments, one or more codons (e.g. 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or

more, or al codons) in a sequence encoding a CRISPR enzyme correspond to the most

frequently used codon for a particular amino acid.



[0095] In some embodiments, a vector encodes a CRISPR enz e comprising one or more

nuclear localization sequences (NLSs), such as about or more than about 1, 2, 3, 4 , 5 , 6 , 7, 8, 9,

0, or more NLSs. In some embodiments, the CRISPR enzyme comprises about or more than

about 1, 2 , 3, 4 , 5 , 6 , 7, 8, 9 , 0 , or more NLSs at or near the amino-terminus, about or more than

about 1, 2 , 3, 4 , 5 , 6 , 7 , 8 , 9 , 10 , or more NLSs at or near the carboxy-termmus, or a combination

of these (e.g. one or more NLS at the amino-terminus and one or more NLS at the carboxy

terminus). When more than one NLS is present, each 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 in one or more copies. In a preferred embodiment of the

invention, the CRISPR enzyme comprises at most 6 NLSs. In some embodiments, an NLS is

considered near the N- or C-terrninus when the nearest amino acid of the NLS is within about 1,

2 , 3, 4 , 5, 0, 15, 20, 25, 30, 40, 50, or more amino 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 exposed on the protein surface, but other types of NLS are known. Non-

limiting examples of NLSs include an NLS sequence derived from: the NLS of the SV4Q virus

large T-antigen, having the amino acid sequence PK KR V; the NLS from nucleoplasmin (e.g.

the nucleoplasmin bipartite NLS with the sequence KRPAATKKAGQAKKKK); the c-myc NLS

having the amino acid sequence PAAKRVKLD or RQRRNELKRSP; the hRNPAl M9 NLS

having the sequence NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY; the

sequence RM R :IZF N G D T AE L RRRRV EVSVELRKAKKDEQILKRRNV of the IBB

domain from importin-alpha; the sequences VSR PR P and PPKKARED of the myoma T

protein; the sequence POPKKKPL of human p53; the sequence SALIKKKKKMAP of mouse c-

ab IV; the sequences DRLRR and PKQKKRK of the influenza virus N S 1; the sequence

RKLKKKIKKL of the Hepatitis virus delta antigen; the sequence REKKKFLKRR of the mouse

Mxl protein; the sequence KRKGDEVDGVDEVAKKKSKK of the human poly(ADP-ribose)

polymerase; and the sequence RKCL AGMNLE ARKTKK of the steroid hormone receptors

(human) glucocorticoid.

[0096] In general, the one or more NLSs are of sufficient strength to drive accumulation of

the CRISPR enzyme in a detectable amount in the nucleus of a eukaryotic cell. In general,

strength of nuclear localization activity may derive from the number of NLSs in the CRISPR

enzyme, the particular NLS(s) used, or a combination of these factors. Detection of



accumulation in the nucleus may be performed by any suitable technique. For example, a

detectable marker may be fuse to the CRISPR enzyme, such that location within a cell may be

visualized, such as in combination with a means for detecting the location of the nucleus (e.g. a

stain specific for the nucleus such as DAP I). Examples of detectable markers include fluorescent

proteins (such as Green fluorescent proteins, or GFP; RFP; CFP), and epitope tags (HA tag, flag

tag, SNAP tag). Ce l nuclei may also be isolated from ceils, the contents of which may then be

analyzed by any suitable process for detecting protein, such as immunohistochemistry, Western

blot, or enzyme activity assay. Accumulation in the nucleus may also be determined indirectly,

such as by an assay for the effect of CRISPR complex formation (e.g. assay for DNA cleavage or

mutation at the target sequence, or assay for altered gene expression activity affected by CRISPR

complex formation and/or CRISPR enzyme activity), as compared to a control no exposed to the

CRIS R enzyme or complex, or exposed to a CRISPR enzyme lacking the one or more NLSs.

[0097] In general, a guide sequence is any polynucleotide sequence having sufficient

complementarity with a target polynucleotide sequence to hybridize with the target sequence and

direct sequence-specific binding of a CRISPR complex to the target sequence. In some

embodiments, the degree of complementarity between a guide sequence and its corresponding

target sequence, when optimally aligned using a suitable alignment algorithm, is about or more

than about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%, or more. Optimal alignment

may be determined with the use of any suitable algorithm for aligning sequences, non-limiting

example of which include the Smith-Waterman algorithm, the Needlernan-Wunsch algorithm,

algorithms based on the Burrows-Wheeler Transform (e.g. the Burrows Wheeler Aligner),

ClustalW, Clustal X, BLAT, Novoalign (Novocraft Technologies, ELAND (Illumina, San Diego,

CA), SOAP (available at soap.genomics.org.cn), and Maq (available at maq.sourceforge.net). n

some embodiments, a guide sequence is about or more than about 5, 10, , 12, 13, 14, 15, 16,

17, 8, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nucleotides in

length. n some embodiments, a guide sequence is less than about 75, 50, 45, 40, 35, 30, 25, 20,

15, 12, or fewer nucleotides in length. The ability of a guide sequence to direc 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. Similarly, cleavage of a target

polynucleotide sequence may be evaluated in a test tube by providing the target sequence,

components of a CRISPR complex, including the guide sequence to be tested and a control guide

sequence different from the test guide sequence, and comparing binding or rate of cleavage at the

target sequence between the test and control guide sequence reactions. Other assays are possible,

and will occur to those skilled i the art.

[0098] A guide sequence may be selected to target any target sequence. In some

embodiments, the target sequence is a sequence within a genome of a cell. Exemplary target

sequences include those that are unique in the target genome. For example, for the S. pyogenes

Cas9, a unique target sequence in a genome may include a Cas9 target site of the form

MMMMMMMM N N N N N NXGG where NNNNNNNNNNNNXGG (N is A, G, T, or

C; and X can be anything) has a single occurrence in the genome. A unique target sequence in a

genome may include an S . pyogenes Cas9 target site of the form

MMMMMMMMM N N XGG where NNNNNNNNNNNXGG (N is A, G, T, or

C; and X can be anything) has a single occurrence in the genome. For the S . thermophilic

CRISPR 1 Cas9, a unique target sequence in a genome may include a Cas9 target site of the form

MMMMMMMMNNNNNNNNNNNNXXAGAAW where NNNNNNNNNNNNXXAGAAW

(N is A, G, T, or C; X can be anything; and W is A or T) has a single occurrence in the genome.

A unique target sequence in a genome may include an S. thermophiius CRISPR] Cas9 target site

of the form MMMMMMMMMNNNNNNNNNNNXXAGAAW where

N NNXXA GAAW (N is A, G, T, or C; X can be anything; and W is A or T) has a

single occurrence in the genome. For the S. pyogenes Cas9, a unique target sequence in a

genome mav include a Cas9 target site of the form

MMMMMMMMNNNNNNNNNNNNXGGXG where NNNNNNNNNNNNXGGXG (N is A,

G, T, or C; and X can be anything) has a single occurrence in the genome. A unique target

sequence in a genome may include an S pyogenes Cas9 target site of the form

MMMM MM MMMNNNNNNNNNNNXGGXG where NNNNNNNNNNNXGGXG (N is A, G,

T, or C; and X can be anything) has a single occurrence in the genome. In each of these

sequences " " may be A, G, T, or C, and need not be considered in identifying a sequence as

unique.



[0099] n some embodiments, a guide sequence is selected to reduce the degree of secondary

structure within the guide sequence. Secondary structure may be determined by any suitable

polynucleotide folding algorithm. Some programs are based on calculating the minimal Gibbs

free energy. An example of one such algorithm is mFo d, as described by Zuker and Stiegler

(Nucleic Acids Res. 9 (1981), 133-148). Another example folding algorithm is the online

webserver RNAfoid, developed at Institute for Theoretical Chemistry at the University of

Vienna, using the centroid structure prediction algorithm (see e.g. A R. Gruber et ., 2008, Cell

106(1): 23-24; and PA Carr and GM Church, 2009, Nature Biotechnology 27(12): 1151-62).

Further algorithms may be found i U.S. application Serial No. TBA (Broad Reference BI-

2012/084 44790.1 .2022); incorporated herein by reference.

[00100] In general, a tracr mate sequence includes any sequence that has sufficient

complementarity with a tracr sequence to promote one or more of: (1) excision of a guide

sequence flanked by tracr mate sequences in a ceil 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 alignment may be

determined by any suitable alignment algorithm, an may further account for secondary

stmciures, such as self-complementarity within either the tracr sequence or tracr mate sequence.

In some embodiments, the degree of complementarity between the tracr sequence and tracr mate

sequence along the length of the shorter of the two when optimally aligned is about or more than

about 25%, 30%, 40%, 50%», 60%, 70%», 80%, 90%», 95%, 97.5%, 99%», or higher. Example

illustrations 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, 8, 9, 10, 1, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50, or more

nucleotides in length. In some embodiments, the tracr sequence and tracr mate sequence are

contained within a single transcript, such that hybridization between the two produces a

transcript having a secondary structure, such as a hairpin. Preferred oop forming sequences for

use in hairpin structures are four nucleotides in length, and most preferably have the sequence

GAAA. However, longer or shorter loop sequences may be used, as may alternative sequences.

The sequences preferably include a nucleotide triplet (for example, AAA), and an additional



nucleotide (for example C or G). Examples of loop forming sequences include CAAA and

AAAG. In an embodiment of the invention, the transcript or transcribed polynucleotide sequence

has at least two or more hairpins. In preferred embodiments, the transcript has two, three, four or

five hairpins. In a further embodiment of the invention, the transcript has at most five hairpins.

Irs some embodiments, the single transcript further includes a transcription termination sequence;

preferably this is a polyT sequence, for example six T nucleotides. An example illustration of

such a hairpin structure is provided in the lower portion of Figure 13B, where the portion of the

sequence 5' of the final "N" and upstream of the loop corresponds to the tracr mate sequence,

and the portion of the sequence 3' of the loop corresponds to the tracr sequence. Further non-

limiting examples of single polynucleotides comprising a guide sequence, a tracr mate sequence,

and a tracr sequence are as follows (listed 5' to 3'), where "N" represents a base of a guide

sequence, the first block of lower case letters represent the tracr mate sequence, and the second

block of lower case letters represent the tracr sequence, and the final poly-T sequence represents

the transcription terminator: ( )

catgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT; (2)

N N N N N N gtttttgtactctcaGAA 'Vtgcagaagctacaaagataaggcttcatgccgaaatca

acaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT; (3)

N N N N NN gtttttgtactctcaGA 'VAtgcagaagctacaaagataaggcttcatgccgaaatca

acaccctgtcattttatggcagggtgtTTTTTT; (4)

NNNNNNNNNNNNNNNNNNNNgttttagagctaGAAAtagcaagttaaaataaggctagtccgttatcaacttgaaaa

agtggcaccgagtcggtgcTTTTTT; (5)

N N N N NN gttttagagctaGAAATAGcaagttaaaataaggctagtccgttatcaacttgaa

aaagtgTTTTTTT; and (6)

NNNNNNNNNNNNNNN

TTT. In some embodiments, sequences (1) to (3) are used in combination with Cas9 from S.

thermophilus CRISP . In some embodiments, sequences (4) to (6) are used in combination

with Cas9 from S . pyogenes. n some embodiments, the tracr sequence is a separate transcript

from a transcript comprising the tracr mate sequence (such as illustrated in the top portion of

Figure 13B).



[00 1] In some embodiments, a recombination template is also provided. A recombination

template may be a component of another vector as described herein, contained in a separate

vector, or provided as a separate polynucleotide. In some embodiments, a recombination

template is designed to serve as a tempi a e i homologous recombination, such as within or near

a target sequence nicked or cleaved by a CRISPR enzyme as a part of a CRISP complex. A

template polynucleotide may be of any suitable length, such as about or more than about , ,

20, 25, 50, 75, 100, 150, 200, 500, 1000, or more nucleotides in length. In some embodiments,

the template polynucleotide is complementary to a portion of a polynucleotide comprising the

target sequence. When optimally aligned, a template polynucleotide might overlap with one or

more nucleotides of a target sequences (e.g. about or more than about 1, 5, 10, 15, 20, 25, 30, 35,

40, 45, 50, 60, 70, 80, 90, 100 or more nucleotides). In some embodiments, when a template

sequence and a polynucleotide comprising a target sequence are optimally aligned, the nearest

nucleotide of the template polynucleotide is within about 1, 5, 10, 15, 20, 25, 50, 75, 100, 200,

300, 400, 500, 000, 5000, 10000, or more nucleotides from the target sequence.

[00102] In some embodiments, the CRISPR enzyme is part of a fusion protein comprising one

or more heterologous protein domains (e.g. about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

or more domains in addition to the CRISPR enzyme). A CRISPR enzyme fusion protein may

comprise any additional protein sequence, and optionally a linker sequence between any two

domains. Examples of protein domains that 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, transcription activation activity,

transcription repression activity, transcription release factor activity, histone modification

activity, RNA cleavage activity and nucleic acid binding activity. Non-limiting examples of

epitope tags include histidine (His) tags, V5 tags, FLAG tags, influenza hemagglutinin (HA)

tags, Myc tags, VSV-G tags, and thioredoxin (Trx) tags. Examples of reporter genes include, but

are not limited to, giutathione-S-transferase (GST), horseradish peroxidase (HRP),

chloramphenicol acetyltransferase (CAT) beta-galactosidase, beta-glucuronidase, luciferase,

green fluorescent protein (GFP), HcRed, DsRcd, cyan fluorescent protein (CFP), yellow

fluorescent protein (YFP), and autofluorescent proteins including blue fluorescent protein (BFP).

A CRISPR enzyme may be fused to a gene sequence encoding a protein or a fragment of a

protein that bind DNA molecules or bind other cellular molecules, including but not limited to



maltose binding protein (MBP), S-tag, Lex A DNA binding domain (DBD) fusions, GAL4 DNA

binding domain fusions, and herpes simplex virus ( SV) BP 16 protein fusions. Additional

domains that may form part of a fusion protein comprising a CRISPR enzyme are described in

US2Q1 1Q0595Q2, incorporated herein by reference. In some embodiments, a tagged CRISPR

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

[00103] In some aspects, the invention provides methods comprising delivering one or more

polynucleotides, such as or one or more vectors as described herein, one or more transcripts

thereof, and/or one or proteins transcribed therefrom, to a host cell. In some aspects, the

invention further provides cells produced by such methods, and organisms (such as animals,

plants, or fungi) comprising or produced from such cells. In some embodiments, a CRISPR

enzyme in combination with (and optionally complexed with) a guide sequence is delivered to a

ceil. Conventional viral and non-viral based gene transfer methods can be used to introduce

nucleic acids in mammalian cells or target tissues. Such methods can be used to administer

nucleic acids encoding components of a CRISPR system to cells in culture, or in a host

organism. Non-viral vector delivery systems Include DNA plasmids, RNA (e.g. a transcript of a

vector described herein), naked nucleic acid, and nucleic acid complexed with a deliver}' vehicle,

such as a liposome. Viral vector delivery systems include DNA and RNA viruses, which have

either episomal or integrated genomes after delivery to the cell. For a review of gene therapy

procedures, see Anderson, Science 256:808-813 (1992); Nabel & Feigner, TIBTECH 11:21 1-

217 (1993); tani & Caskey, TIBTECH 11:162-166 (1993); Dillon, TIBTECH 11:167-175

(1993); Miller, Nature 357:455-460 (1992); Van Brunt, Biotechnology 6(10): 1149-1 154 (1988);

Vigne, Restorative Neurology and Neuroscience 8:35-36 (1995); Kremer & Perricaudet, British

Medical Bulletin 51(l):31-44 (1995); addada et aL, in Current Topics in Microbiology and

Immunology Doerfler and Bohm (eds) (1995); and Yu et a , Gene Therapy 1:13-26 (1994).

[00104] Methods of non-viral delivery of nucleic acids include lipofection, nucleofection,

microinjection, biolistics, virosomes, liposomes, immunoiiposomes, polycation or lipidmueleie

acid conjugates, naked DNA, artificial virions, and agent-enhanced uptake of DNA . Lipofection

is described in e.g., U.S. Pat. Nos. 5,049,386, 4,946,787; and 4,897,355) and lipofection reagents

are sold commercially (e.g., Transfectam™ and Lipofectin™). Cationic and neutral lipids that

are suitable for efficient receptor-recognition lipofection of polynucleotides include those of



Feigner, WO 91/17424; WO 91/16024. Delivery can be to cells (e.g. in vitro or ex vivo

administration) or target tissues (e.g. in vivo administration).

[001051 The preparation of iipid:nuelcie acid complexes, including targeted liposomes such as

immunolipid complexes, is well known to one of skill in the art (see, e.g., Crystal, Science

270:404-410 (1995); Biaese et al., Cancer Gene Ther. 2:291-297 (1995); Behr et a .,

Bioconjugate C em. 5:382-389 (1994); Remy et al., Bioconjugate Chem. 5:647-654 (1994); Gao

et al, Gene Therapy 2:7 10-722 (1995); Ahmad et al, Cancer Res. 52:4817-4820 (1992); U.S.

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).

[00 6] The use of RNA or DNA viral based systems for the delivery of nucleic acids takes

advantage of highly evolved processes for targeting a vims to specific cells in the body an

trafficking the viral payload to the nucleus. Viral vectors can be administered directly to patients

(in vivo) or they can be used to treat cells in vitro, and the modified ceils may optionally be

administered to patients (ex vivo). Conventional viral based systems could include retroviral,

lentivirus, adenoviral, adeno-associated and herpes simplex vi s vectors for gene transfer.

Integration in the host genome is possible with the retrovirus, lentivirus, and adeno-associated

vims gene transfer methods, often resulting in long term expression of the inserted transgene.

Additionally, high transduction efficiencies have been observed in many different cell types and

target tissues.

[00107] The tropism of a retrovirus can be altered by incorporating foreign envelope proteins,

expanding the potential target population of target cells. Lentiviral vectors are retroviral vectors

that are able to transduce or infect non-dividing ce ls and typically produce high viral titers.

Selection of a retroviral gene transfer system would therefore depend on the target tissue.

Retroviral vectors are comprised of cis-acting long terminal repeats with packaging capacity for

up to 6- 0 kb of foreign sequence. The minimum cis-acting LTRs are sufficient for replication

and packaging of the vectors, which are then used to integrate the therapeutic gene into the target

cell to provide permanent transgene expression. Widely used retroviral vectors include those

based upon murine leukemia virus (MuLV), gibbon ape leukemia vims (GaLV), Simian Immuno

deficiency vims (SIV), human immuno deficiency vims (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, Virol. 176:58-59 (1990); Wilson et al., J . Virol. 63:2374-2378

(1989); Miller et al., J . Virol. 65:2220-2224 (1991); PCT/US94/0570Q).

[00108] In applications where transient expression is preferred, adenoviral based systems may

be used. Adenoviral based vectors are capable of very high transduction efficiency in many cell

types and do not require cel l division. With such vectors, high titer and levels of expression have

been obtained. This vector ca be produced in large quantities in a relatively simple system.

Adeno-associated virus ("AAV") vectors may also be used to transduce cells with target nucleic

acids, e.g., in the i vitro production of nucleic acids a d peptides, and for in vivo and ex vivo

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 . Clin.

Invest. 94:1351 (1994). Construction of recombinant AAV vectors are described in a number of

publications, including U.S. Pat. No. 5,173,414: Tratschin et al., Mol. Cell. Biol. 5:3251-3260

(1985); Tratschin, et al, Mol. Cell. Biol. 4:2072-2081 (1984); Hermonat & Muzyczka, PNAS

81:6466-6470 ( 984); and Samulski et al, J . Virol. 63:03822-3828 (1989).

[00109] Packaging cells are typically used to form virus particles that are capable of infecting

a host cell. Such cells include 293 cells, which package adenovirus, and 2 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 vira particle. The vectors typically contain

the minimal viral sequences required for packaging and subsequent integration into a host, other

viral sequences being replaced by an expression cassette for the polynucleotide(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 TR sequences from the

AAV genome which are required for packaging and integration into the host genome. Viral

DNA is packaged in a cell ine, which contains a helper plasmid encoding the other AAV genes,

namely rep and cap, but lacking ITR sequences. The cell line may also also infected with

adenovirus as a helper. The helper vims promotes replication of the AAV vector and expression

of AAV genes from the helper plasmid. The helper plasmid is not packaged in significant

amounts due to a lack of ITR sequences. Contamination with adenovirus can be reduced by,

e.g., heat treatment to which adenovirus is more sensitive than AAV. Additional methods for the

delivery of nucleic acids to cells are known to those skilled in the art. See, for example,

US20030087817, incorporated herein by reference.



[00110] In some embodiments, a host cell is transiently or non-transiently transfected with

one or more vectors described herein. In some embodiments, a cell is transfected as it naturally

occurs in a subject. In some embodiments, a cell that is transfected is taken from a subject. In

some embodiments, the ceil is derived from ceils taken from a subject, such as a cell line. A

wide variety of cel lines for tissue culture are known in the art. Examples of cell lines include,

but are not limited to, C8161, CCRF-CEM, MOLT, mIMCD-3, NHDF, HeLa-S3, Huhl, Huh4,

f m?. eiJVEC, AS C, HEKn, HEKa, MiaPaCell, Panel, PC-3, TF1 , CTLL-2, C , Rat6,

CV1, RPTE, A10, T24, J82, A375, ARH-77, Caiul, SW480, SW620, SKOV3, SK-UT, CaCo2,

P388D1, SEM-K2, WEHI-231, HB56, T1B55, Jurkat, J45.01, LRMB, Bcl-1, BC-3, IC21, DLD2,

Raw264.7, NR , NRK-52E, MRC5, MEF, Hep G2, HeLa B, HeLa T4, COS, COS-1, COS-6,

COS-M6A, BS~C~i monkey kidney epithelial, BALB 3T3 mouse embryo fibroblast, 3T3 Swiss,

3T3-L1, 132-d5 human fetal fibroblasts; 10.1 mouse fibroblasts, 293-T, 3T3, 721, 9L, A2780,

A2780ADR, A2780cis, A172, A20, A253, A431, A-549, ALC, B16, B35, BCP-1 cells, BEAS-

2B, bEnd.3, BHK-21, BR 293, BxPC3, C3H-10T /2, C6/36, Cal-27, CHO, CHO-7, CHO-IR,

CHO-K1, CHO-K2, CHQ-T, CHO Diifr -/-, COR-L23, COR-L23/CPR, COR-L23/5010, COR-

L23/R23, COS-7, COV-434, CML T CMT, CT26, D 7, I .) !182. DU145, DuCaP, EL4, EM2,

EM3, EMT6/AR1, EMT6/AR10.0, FM3, H I299, H69, HB54, HB55, HCA2, HEK-293, HeLa,

Hepaiclc7, I1.-60. HMEC, HT-29, Jurkat, JY cells, 562 cells, Ku812, KCL22, KGl, KYOl,

LNCap, Ma-Mel 1-48, MC-38, MCF-7, MCF-IOA, MDA-MB-231, MDA-MB-468, MDA-MB-

435, MDCK I. MDC II, MOR/0.2R, MONO-MAC 6, MTD-1A, MyEnd, NC1-H69/CPR,

Χ 6 X i . NCI-H69/LX20, NCI-H69/LX4, NIH-3T3, NALM-1, NW-145, OPCN / OPCT

cell lines, Peer, PNT-1A / PNT 2, RenCa, RIN-5F, RMA/RMAS, Saos-2 cells, Sf-9, SkBr3, T2,

T-47D, T84, THP1 ceil line, U373, U87, U937, VCaP, Vera cells, WM39, WT-49, X63, YAC-1,

YAR, and transgenic varieties thereof. Cell lines are available from a variety of sources known

to those with skill in the art (see, e.g., the American Type Culture Collection (ATCC) (Manassus,

Va.)). In some embodiments, a cell transfected with one or more vectors described herein is

used to establish 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

R A), and modified through the activity of a CRISPR complex, is used to establish a new cell

line comprising cells containing the modification but lacking any other exogenous sequence. In



some embodiments, cells transiently or non-transiently transfected with one or more vectors

described herein, or cell lines derived from such cells are use in assessing one or more test

compounds.

[00 ] In some embodiments, one or more vectors described herein are used to produce a

non-human transgenic animal or transgenic plant. In some embodiments, the transgenic animal

is a mammal, such as mouse, rat, or rabbit. In certain embodiments, the organism or subject is

a plant. In certain embodiments, the organism or subject or plant is algae. Methods for

producing transgenic plants and animals are known in the art, and generally begin with a method

of cell transfeetion, such as described herein. Transgenic animals are also provided, as are

transgenic plants, especially crops and algae. The transgenic animal or plant may be useful in

applications outside of providing a disease model. These may include food or feed production

through expression of, for instance, higher protein, carbohydrate, nutrient or vitamins levels than

would normally be seen in the wildtype. In this regard, transgenic plants, especially pulses and

tubers, and animals, especially mammals such as livestock (cows, sheep, goats and pigs), but

also poultry and edible insects, are preferred.

[00112] Transgenic algae or other plants such as rape may be particularly useful in the

production of vegetable oils or biofuels such as alcohols (especially methanol and cthanol ), for

instance. These may be engineered to express or overexpress high levels of oil or alcohols for

use in the oil or biofuel industries.

[00113] In one aspect, the invention provides for methods of modifying a target

polynucleotide in a eukaryotie cell. In some embodiments, the method comprises allowing a

CRISPR complex to bind to the target polynucleotide to effect cleavage of said target

polynucleotide thereby modifying the target polynucleotide, wherein the CRISPR complex

comprises a CRISPR enzyme complexed with a guide sequence hybridized to a target sequence

within sai target polynucleotide, wherein said guide sequence is linked to a tracr mate sequence

which in turn hybridizes to a tracr sequence.

[00114] In one aspect, the invention provides a method of modifying expression of a

polynucleotide in a eukaryotie cell. In some embodiments, the method comprises allowing a

CRISPR complex to bind to the polynucleotide such that said binding results in increased or

decreased expression of said polynucleotide; wherein the CRISPR complex comprises a CRISPR

enzyme complexed with a guide sequence hybridized to a target sequence within said



polynucleotide, wherein said guide sequence is linked to a tracr mate sequence which i turn

hybridizes to a tracr sequence.

[001151 With recent advances in crop genomics, the ability to use CRISPR-Cas systems to

perform efficient and cost effective gene editing and manipulation will allow the rapid selection

and comparison of single and and multiplexed genetic manipulations to transform such genomes

for improved production and enhanced traits. In this regard reference is made to US patents and

publications: US Patent No. 6,603,061 - Agrobacterium-Mediated Plant Transformation

Method; US Patent No. 7,868,149 - Plant Genome Sequences and Uses Thereof and US

2009/0100536 - Transgenic Plants with Enhanced Agronomic Traits, all the contents and

disclosure of each of which are herein incorporated by reference in their entirety. In the practice

of the invention, the contents and disclosure of Morreli et al "Crop genomics:advarices and

applications" Nat Rev Genet. 20 1 Dec 29;13(2):85-96 are also herein incorporated by reference

in their entirety. In an advantageous embodiment of the invention, the CRISPR/Cas9 system is

used to engineer microalgae (Example 14) Accordingly, reference herein to animal cells may

also apply, mutatis mutandis, to plant cells unless otherwise apparent

[001 In one aspect, the invention provides for methods of modifying a target

polynucleotide in a eukaryotic cell, which may be in vivo, ex vivo or in vitro. In some

embodiments, the method comprises sampling a cell or population of cells from a human or non-

human animal or plant (including micro-algae), and modifymg the cell or cells. Culturing may

occur at any stage e vivo. The cell or cells may even be re-introduced into the non-human

animal or plant (including micro-algae).

[00117] In one aspect, the invention provides kits containing any one or more of the elements

disclosed in the above methods and compositions n some embodiments, the kit comprises a

vector system and instructions for using the kit. In some embodiments, the vector system

comprises (a) a first regulatory element operably linked to a tracr mate sequence an one or more

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

target sequence in a eukaryotic cell, wherein the CRISPR complex comprises a CRISPR enzyme

complexed with (1) the guide sequence that is hybridized to the target sequence, and (2) the tracr

mate sequence that is hybridized to the tracr sequence; and/or (b) a second regulatory element

operably linked to an enzyme-coding sequence encoding said CRISPR enzyme comprising a



nuclear localization sequence. Elements may provide individually or in combinations, and may

provided i any suitable container, such as a vial, a bottle, or a tube. In some embodiments, the

kit includes instructions in one or more languages, for example in more than one language.

[00 8] I some embodiments, a kit comprises one or more reagents for use in a process

utilizing one or more of the elements described herein. Reagents may be provided in any

suitable container. For example, a kit may provide one or more reaction or storage buffers.

Reagents may be provided in a form that is usable in a particular assay, or in a form that requires

addition of one or more other components before use (e.g. in concentrate or lyophiiized form). A

buffer can be any buffer, including but not limited to a sodium carbonate buffer, a sodium

bicarbonate buffer, a borate buffer, a Tris buffer, a MOPS buffer, a HEPES buffer, and

combinations thereof. In some embodiments, the buffer is alkaline. In some embodiments, the

buffer has a pH from about 7 to about 10. In some embodiments, the kit comprises one or more

oligonucleotides corresponding to a guide sequence for insertion into a vector so as to operably

link the guide sequence and a regu lator) element. In some embodiments, the k t comprises a

homologous recombination template polynucleotide.

[00119] In one aspect, the invention provides methods for using one or more elements of a

C ISPR system. The CRISPR complex of the invention provides an effective means for

modifying a target polynucleotide. The CRISPR complex of the invention has a wide variety of

utility including modifying (e.g., deleting, inserting, translocating, inactivating, activating) a

target polynucleotide in a multiplicity of cell types. As such the CRISPR complex of the

invention has a broad spectrum of applications in, e.g., gene therapy, drug screening, disease

diagnosis, and prognosis. An exemplary CRISPR complex comprises a CRISPR enzyme

complexed with a guide sequence hybridized to a target sequence within the target

polynucleotide. The guide sequence is linked to a tracr mate sequence, which in turn hybridizes

to a tracr sequence.

[00120] The target polynucleotide of a CRISPR complex can be any polynucleotide

endogenous or exogenous to the eukaryotic cell. For example, the target polynucleotide can be a

polynucleotide residing in the nucleus of the eukaryotic cell. The target polynucleotide can be a

sequence coding a gene product (e.g., a protein) or a non-coding sequence (e.g., a regulatory

polynucleotide or a junk DNA). Without wishing to be bound by theory, it is believed that the

target sequence should be associated with a PAM (protospacer adjacent motif); that is, a short



sequence recognised by the CRJSPR complex. The precise sequence and length requirements for

the PAM differ depending on the CRJSPR enzyme used, but PAMs are typically 2-5 base pair

sequences adjacent the protospacer (that is, the target sequence) Examples of PAM sequences

are given in the examples section below, an the skilled person will be able to identity further

PAM sequences for use with a given CRJSPR enzyme.

[00121] The target polynucleotide of a CRISPR complex may include a number of disease-

associated genes and polynucleotides as well as signaling biochemical pathway-associated genes

and polynucleotides as listed in US provisional patent applications 61/736,527 and 61/748,427

having Broad reference BI-201 1/008/WSGR Docket No. 44063-701 .101 and BI-

2011/008/WSGR Docket No. 44063-701.102 respectively, both entitled SYSTEMS METHODS

AND COMPOSITIONS FOR SEQUENCE MANIPULATION filed on December 12, 2012 and

January 2, 2 3, respectively, the contents of all of which are herein incorporated by reference in

their entirety.

0 22 Examples of target polynucleotides include a sequence associated with a signaling

biochemical pathway, e.g., a signaling biochemical pathway-associated gene or polynucleotide.

Examples of target polynucleotides include a disease associated gene or polynucleotide. A

"disease-associated" gene or polynucleotide refers to any gene or polynucleotide which is

yielding transcription or translation products at an abnormal level or in an abnormal form in cells

derived from a disease-affected tissues 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 genetic variation that is directly responsible or is in linkage

disequilibrium with a gene(s) that is responsible for the etiology of a disease. The transcribed or

translated products may be known or unknown, and may be at a normal or abnormal level.

[0Θ123] Examples of disease-associated genes and polynucleotides are available from

McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore, Md.)

and National Center for Biotechnology Information, National Library of Medicine (Bethesda,

Md.), available on the World Wide Web.

[00124] Examples of disease-associated genes and polynucleotides are listed in Tables A and

B Disease specific information is available from McKusick-Nathans Institute of Genetic



Medicine, Johns Hopkins University (Baltimore, Md.) and National Center for Biotechnology

information, National Library of Medicine (Bethesda, Md.), available on the World Wide Web.

Examples of signaling biochemical pathway-associated genes and polynucleotides are listed in

Table (

0 5 Mutations in these genes and pathways can result in production of improper proteins

or proteins in improper amounts which affect function. Further examples of genes, diseases and

proteins are hereby incorporated by reference from US Provisional applications 61/736,527 and

61/748,427. Such genes, proteins and pathways may be the target polynucleotide of a CRISPR

complex.



Parkinson's Disease x-Synuclein; DJ-1; LRRK2; Parkin; PIN 1

Table B:



AF10, CALM, CLTH, ARL11, ARLTS1, P2RX7, P2X7, BCR, CML,
PHL, ALL, GRAF, NF1, VRNF, WSS, NFNS, PTP PTP2C, SHP2,
NS1, BCL2, CCND1, PRAD1, BCL1, TCRA, GATA , GF1, ERYF1,
NFE1, ABLl, NQOl, DIA4, NMOR1 , NUP214, D9S46E, CAN, CAIN).

Inflammation and AIDS (KIR3DL1, N AT3, NK 1, AM B 1 , KIR3DS1, FNG, CXCL12,
immune related SDF1); Autoimmune lymphoproliferaiive syndrome (TNFRSF6, APT1,
diseases and disorders FAS, CD95, ALPS1A); Combined immunodeficiency, (TL2RG,

SC1DX1, SCIDX, IMD4); HIV-1 (CCL5, SCYA5, D17S 36E, TCP228),
HIV susceptibility or infection (IL10, CSIF, CMKBR2, CCR2,
CMKBR5, CCCKR5 (CCR5)); immunodeficiencies (CD3E, CD3G,
AICDA, AID, HIGM2, TNFRSF5, CD40, UNG, DGLJ, FIIGM4,
TNFSF5, CD40LG, HIGML IGM, FOXP3, IPEX, A. I D. XPID, PIDX,
TNFRSF14B, TACI); Inflammation ( L- , IL-1 ( L a, IL-lb), L- 3,
L- 7 (IL-17a (CTLA8), IL- 7b, IL-1 7c, IL-17d, L.- 70 , H-23, Cx3crl,

ptpn22, I a. NOD2/CARD for IBD, IL-6, IL-12 (IL- 2a, li.- 12b
L i LA4, Cx3cI1); Severe combined immunodeficiencies SCIDs)(iA&3,
JAKL, DCLRE1C, ARTEMIS, SCIDA, RAG1, RAG2, ADA, PTPRC,
CD45, LC , IL7R, CD3D, T3D, IL2RG, SCIDXl, SCIDX, IMD4).

Metabolic, liver, Amyloid neuropathy (TTR, PALB); Amyloidosis (APOA1, APP, AAA,
kidney and protein CVAP, ADl, GSN, FGA, LYZ, TTR, PALB); Cirrhosis (KRT18, RT8,
diseases and disorders CIRHIA, NAIC, TEX292, KIAA1988); Cystic fibrosis (CFTR, ABCC7,

CF, MRP7); Glycogen storage diseases (SLC2A2, GLUT2, G6PC,
G6PT, G6PT1, GAA, LAMP2, LAMPB, AGL, GDE, GBE1, GYS2,
PYGL, PFKM); Hepatic adenoma, 142330 (TCF1, HNF1A, MODY3),
Hepatic failure, earl onset, and neurologic disorder (SCOD1, SCOl),
Hepatic lipase deficiency (LIPC), Hepatoblastoma, cancer and
carcinomas (CTNNB1, PDGFRL, PDGRL, PRLTS, AX l , AX1N,
CTN B 1, TP53, P53, LFS , 1GF2R, MPRI, MET, CASP8, MCH5;
Medullary cystic kidney disease (UMOD, HNFJ, FJHN, MCKD2,
ADMCKD2); Phenylketonuria (PAH, P U 1, QDPR, DHPR, PTS);
Polycystic kidney and hepatic disease (FCYT, PKHD1, ARP D, P D1,
PKD2, PKD4, PKDTS, PRKCSH, G19P1, PCLD, SEC63).

Muscular / Skeletal Becker muscular dystrophy (DMD, BMD, MYF6), Duchenne Muscular
diseases and disorders Dystrophy (DMD, BMD); Emery-Dreifuss muscular dystrophy (LMNA,

LMNl, EMD2, FPU). CMD A -GPS, LGMD1B, LMNA, LMN1,
EMD2, FPLD, CMD1A); Facioscapulohumeral muscular dystrophy
(FSHMD A, FSHD A); Muscular dystrophy (FKRP, MDC C,
LGMD2I, LAMA2, LAMM, LARGE, KIAA0609, MDC1D, FCMD,
TTID, MYOT, CAPN3, CANP3, DYSF, LGMD2B, SGCG, LGMD2C,
DMDA1, SCG3, SGCA, ADL, DAG2, LGMD2D, DMDA2, SGCB,
LGMD2E, SGCD, SGD, LGMD2F, CMD1L, TCAP, LGMD2G,
CMD1N, TRIM32, HT2A, LGMD2H, FKRP, MDC1C, LGMD2L TTN,
CMDIG, Ί Mi). LGMD2J, POMT1, CAV3. LGMD1C, SEFN1, SEEN,



RSMD1, PLEC1 , PLTN, EBSl); Osteopetrosis (LRP5, BMNDl, LRP7,
LR3, OPPG, VBCH2, CLCN7, CLC7, OPTA2, OSTM1, GL, TCIRGi,
TIRC7, OC1 16, OPTB1 ); Muscular atrophy (VAPB, VAPC, ALS8,
SMN1, SMAl, SMA2, SMA3, SMA4, BSCL2, SPG 7, GARS, SMAD1,
CMT2D, HEXB, IGHMBP2, SMUBP2, CATF1, SMARD1).

Neurological and ALS SODL ALS2, STEX, FUS, TARDBP, VEGF (VEGF-a, VEGF-b,
neuronal diseases and VEGF-c); Alzheimer disease (APP, AAA, CVAP, AD , APOE, AD2,
disorders PSEN2, AD4, STM2, APBB2, FE65L1, NOS3, PLAU, URK, ACE,

DCP1, ACE1, MPO, PACIP1, PAXIP 1L , PTIP, A2M, BLMH, BMH,
PSEN1, AD3); Autism (Mecp2, BZRAPl, MDGA2, SemaSA, Neurexin
1, G .O MECP2, RTT, PPMX, M RX 16, MRX79, NLG 3, NLGN4,
KIAA1260, AUTSX2); Fragile X Syndrome (FMR2, FXR1, FXR2.,
mGLUR Huntington's disease and disease like disorders (HD, Ί 5
PRNP. PR I . JPH3, JP3, 11)1 2. TBP, SCA17); Parkinson disease
(NR4A2, NURR1, NOT, TINUR, SNCA1P, TBP, SCA1 7, SNCA,
NACP, PAR , PARK4, DJ1 , PARK7, LRRK2, PARKS, ! .
PARK6, UCHL1, PARKS, SNCA, NACP, PARKl, PARK4, PRKN,
PARK2, PDJ, DBH:, NDUFV2); Rett syndrome (MECP2, RTT, PPMX,
MRX1 6, MRX79, CDKL5, STK9, MECP2, RTT, PPMX, MR 6,
MRX79, x-Synuclein, DJ-1); Schizophrenia (Neuregulinl (Nrgl), Erb4
(receptor for Neuregulin), Complexinl (CplxT ), Tph Tryptophan
hydroxylase, Tph2, Tryptophan hydroxylase 2, Neurexin 1, GSK3,
GSK3a, GSK3b, 5-H I T (Slc6a4), COMT, DRD (Drdla), SLC6A3,
DAOA, DTNBPl, Dao (Da ) ; Secretase Related Disorders (APH -
(alpha and beta), Preseniiin (Psenl), nicastrin, (Ncstn), PEN-2, Nosl,
Parp 1, Na , Nat2); Trinucleotide Repeat Disorders (HIT (Huntington's
Dx), SBMA/SMAXl/AR (Kennedy's Dx), FXN/X25 (Friedrich's
Ataxia), ATX3 (Maehado- Joseph's Dx), ATXN1 and ATXN2
(spinocerebellar ataxias), DMPK (myotonic dystrophy), Atrophin-1 and
Atnl (DRPLA Dx), CBP (Creb-BP - global instability), VLDLR
(Alzheimer's), Atxn7, AtxnlO).

Occular diseases and Age-related macular degeneration (Abcr, Ccl2, Cc2, cp (ceruiopiasmin),
disorders Timp3, cathepsinD, Vldlr, Ccr2); Cataract (CRYAA, CRYA1 , CRYBB2,

CRYB2, PITX3, BFSP2, CP49, CP47, CRYAA, CRYA1 , PAX6, AN2,
MGDA, CRYBA1, CRY , CRYGC, CRYG3, CCL, LIM2, MP19,
CRYGD, CRYG4, BFSP2, CP49, CP47, HSF4, I FISF4, CTM,
M P, AQPO , CRYAB, CRYA 2, CTPP2, CRYBB 1, CRYGD, CRYG4,
CRYBB2, CRYB2, CRYGC, CRYG3, CCL, CRYAA, CRYAL GJA8,
CX50, CAE , GJA3, CX46, CZP3, "A 1:3. CCM1, CAM, KRJTL);
Corneal clouding and dystrophy (APOAL TGFBI, CSD2, CDGG1,
CSD, BJGH3, CDG2, TACSTD2, TROP2, 1S1, VS | X. PPCD,
PPD, KTCN, COL8A2, FECD, PPCD2, PIP5K3, CFD); Cornea plana
congenital (KERA, CNA2); Glaucoma (MYOC, TIGR, GLC1A, JOAG,
GPOA, OPTN, GLC E , FIP2, HYPL, NRP, CYP1B1 , GLC3A, OPA1 ,



INTO, NPG, CYP I B , GLC3A); Leber congenital amaurosis ( ' R B L

!R 2 , CRX, CORD2, CRD, RPGRIPl, LCA6, CORD9, RPE65, RP20,
PL , LCA4, GUCY2D, GUC2D, LCA1, CORD6, RD 2, LCA3);

Macu ar dystrophy (ELOVL4, ADMD, STGD2, STGD3, RDS, RP7,
[PRPH2, PRPH, AVMD, AOFMD, VMD2).

Table C :



poptos s gna ng ; ; ; ; ; ; ;









YWHAZ; PXN; RAFl; CASP9; MAP2K2; AKT1; PEK3R1;
PDP 1; MAP2K1; IGFBP2; SFN; JUN; CYR61; AKT3;
FOXOl; SRF; CTGF; RPS6KB1

NRF2-mediated PRKCE; EP30Q; SOD2; PRKCZ; MAPKl; SQSTM1;
Oxidative
Stress Response NQOl; PIK3CA; PRKCI; FOS; PIK3CB; PIK3C3; MAPK8;

PRKD1; MAPK3; K AS; PRKCD; GSTP1; MAPK9; FTL;
'NFE2L2; PIK3C2A; MAPK 4; RAFl; MAP3K7; CREBBP;
MAP2K2; AKT ; PIK3R1; MAP2K1; PPIB; JUN; KEAP1;
GSK3B; ATF4; PRKCA; EIF2AK3; HSP90AA1

Hepatic Fibrosis/Hepatic ED ; IGF1; KDR; FLT1; SMAD2; FGFR1; MET; PGF;
Stellate Cell Activation SMAD3; EGFR; FAS; CSF1; NFKB2; K 1 2: MYH9;

IGFIR; IL6R; RELA; TLR4; PDGFRB; TNF; RELB; IL8;
PDGFRA; NFKB1; TGFBR1; SMAD4; VEGFA; BAX;
IL 1R 1; CCL2; Hid ; MMP1; STATl ; IL6; CTGF; MMP9

PPAR Signaling EP300; INS; TRAF6; PPARA; RXRA; MAPKl; K BKB;
NCOR2; FOS; NFKB2; MAP3K14; STAT5B; MAPK3;
NR 1P ; KRAS; PPARG; RELA; STATSA; TRAF2;
PPARGC1A; PDGFRB; TNF; INSR; RAFl; IKBKG;
RELB; MAP3K7; CREBBP; MAP2K2; CHUK; PDGFRA;
MAP2K1; NFKB1; JUN; L I R ; HSP90AA1

Fc Epsilon R Signaling PRKCE; RACl; PRKCZ; LYN; MAPKl; RAC2; PTPNl ;
AKT2; PIK3CA; SYK; PRKCI; PIK3CB; PIK3C3; MAPK8;
PRKD ; MAPK3; MAPKl 0; KRAS; MAPKl 3; PRKCD;
MAPK9; PIK3C2A; BTK; MAPKM; TNF; RAFl; FYN;
MAP2K2; AKT1; PI 3R 1; PDPK ; MAP2K1; AKT3;
VAV3; PRKCA

G-Protein Coupled PRKCE; RAP LA; RGS16; MAPKl; GNAS; AKT2; 1KBKB;
Receptor Signaling PIK3CA; CREB 1; GNAQ; NFKB2; CAMK2A; PIK3CB;

PIK3C3; MAPK3; KRAS; RELA; SRC; PIK3C2A; RAFl;
IKBKG; RELB; FYN; MAP2K2; AKT ; PIK3R1 ; CHUK;
PDPK1; STAT3; M AP2 ; NFKB ; BRAF; ATF4; AKT3;
PRKCA

Inositol Phosphate PRKCE; IRAKI; PRKAA2; EIF2AK2; PTEN; GRK6;
Metabolism MAP ; PLK1; AKT2; PIK3CA; CDK8; PIK3CB; P:iK3C3;

MAPK8; MAPK3; PRKCD; PRKAAl ; MAPK9; CDK2;
PIM1; PIK3C2A; DYRK1A; MAP2K2; PIP5K1A; P1K3R1;
MAP2 1; PAK3; ATM; TTK; CSNK1A1; BRAF; SGK

PDGF Signaling EIF2AK2; ELKl; ABL2; MAPKl; PIK3CA; FOS; PIK3CB;
PIK3C3; MAPK8; CAV1; ABL1; MAPK3; KRAS; SRC;
PIK3C2A; PDGFRB; RAFl; MAP2K2; JAK1; JAK2
PIK3R1; PDGFRA; STAT3; SPHK1 ; MAP2K1; MYC;

CRKL ; PRKCA; SRF; STATl; SPHK2
VEGF Signaling ACTN4; ROCK KDR; FLT1; C ; MAPKl ; PGF;

AKT2; P1K3CA; ARNT; PTK2; BCL2; PIK3CB; P1K3C3;



Nicotinate and PRKCE; IRAKI; PRKAA2; EIF2AK2; GRK6; MAPKl;







Metabolism



Methionine Metabolism DNMTl; DNMT3B; ! Y. DNMT 3A
Pyruvate Metabo 1ism GLOl; ALD A ; P M2; LDHA
Arginine and Proline ALDH1A1; NOS3; NOS2A
Metabolism
Eicosanoid Signaling PRDX6; GRN; YWHAZ
Fructose and Mannose HK2; GCK; HK1
Metabolism
Galactose Metabolism HK2; GCK; UK I
Stilbene, Coumaririe and PR0X6; PRDXl; TYR
Lig n Biosynthesis
Antigen Presentation CALR; B2M
Pathway
Biosynthesis of Steroids NQOl; DHCR7
Butanoate Metabolism ALDH 1A ; NLG 1
Citrate Cvcie IDH2; IDH1
Fatty Acid Metabolism ALDH1A1; CYP1B1
GiyceiOphospholipld PRDX6; CHKA
Metabolism
Histi ine Metabo1ism PRMT5; ALDH1A1
Inositol Metabolism EROIL; APEX1
Metabolism of GSTP1; CY B
Xenobiotics
by Cytochrome p450
Methane Metabolism PRDX6; PRDX1
Phenylalanine PRDX6; PRDXl
Metabolism
Propanoate Metabolism ALDFIIAI; LDHA
Selenoamino Acid PRMT5; A CY
Metabolism
Sph ingo1ipid Metabo1ism SPBKl; SPHK2
Aminophosphonate P MT5
Metabolism
Androgen and Estrogen PRMT5
Metabolism
Ascorbate and Aidarate ALDH1A1
Metabolism
Bile Acid Biosynthesis ALDH1A1
Cysteine Metabolism LDH
Fatty Acid Biosynthesis FASN
Glutamate Receptor GNB2L1
Signaling
NRF2-mediated PRDXl
Oxidative
Stress Response
Pentose Phosphate P



Pathway
Pentose and Glucuronate UCHLl
Interconversions
Retinol Metabolism ALDH1A1
Riboflavin Metabolism TYR
Tyrosine Metabolism PRMT5, TYR
Ubiquinone Biosynthesis PRMT5
Valine, Leucine and ALDH1A1
Isoleucine Degradation
Glycine, Serine and CHKA
Threonine Metabolism
Lysine Degradation ALDH1A1
Pain/Taste TRPM5; TRPA1
Pain TRPM7; TRPC5; TRPC6; TRPC1; Cnrl; cnr2; Grk2;

Trpal ; Pome; Cgrp; Crf; Pka; Era; Nr2b; TRPM5; Prkaca;
Prkaeb; Prkarla; Prkar2a

Mitochondrial Function AIF; CytC; SMAC (Diablo); Aifm-1 ; Aifin-2
Developmental BMP-4; Chordin (Chrd); Noggin (Nog); WNT (Wn†2;
Neurology

Wnt2b; Wnt3a; Wnt4; Wnt5a; Wnt6; Wnt7b; WntSb;
W t9a; Wnt9b; WntlOa; W t l b; Wntl6); beta-catenin;
Dkk-1; Frizzled related proteins; Otx-2; Gbx2; FGF-8;
Reelin; Dabl; c~86 (Pou4 or Bra3a); Numb; Rein

[00126] Embodiments of the invention also relate to methods and compositions related to

knocking out genes, amplifying genes and repairing particular mutations associated with DNA

repeat instability and neurological disorders (Robert D . Wells, Tetsuo Ashizawa, Genetic

Instabilities and Neurological Diseases, Second Edition, Academic Press, Oct 13, 20 1 -

Medical). Specific aspects of tandem repeat sequences have been found to be responsible for

more than twenty human diseases (New insights into repeat instability: ro e of RNA DNA

hybrids. Mclvor E , 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

[00127] A further aspect of the invention relates to utilizing the CRISPR-Cas system for

correcting defects in the EMP2A and EMP2B genes that have been identified to be associated

with Lafora disease. Lafora disease is an autosomal recessive condition which is characterized by

progressive myoclonus epilepsy which may start as epileptic seizures in adolescence. A few-

cases of the disease may be caused by mutations in genes yet to be identified. The disease causes

seizures, muscle spasms, difficulty walking, dementia, and eventually death. There is currently

no therapy that has proven effective against disease progression. Other genetic abnormalities



associated with epilepsy may also be targeted by the CRJSPR-Cas sytem and the underlying

genetics is further described in Genetics of Epilepsy an Genetic Epilepsies, edited by Giuliano

Avanzini, Jeffrey L. Noebcls, Mariani Foundation Paediatric Neurology:20; 2009).

[00128] I yet another aspect of the invention, the CRISPR-Cas system may beCl used to

correct ocular defects that arise from several genetic mutations further described in Genetic

Diseases of the Eye, Second Edition, edited by Elias I . Traboulsi, Oxford University Press, 2012.

[00129] Several further aspects of the invention relate to correcting defects associated with a

wide range of genetic diseases which are further described on the website of the National

Institutes of Health under the topic subsection Genetic Disorders. The genetic brain diseases may

include but are not limited to Adrenoleukodvstrophy, Agenesis of the Corpus Cailosum, Aicardi

Syndrome, Aipers Disease, Alzheimer's Disease, Barth Syndrome, Batten Disease, CADASIL,

Cerebellar Degeneration, Fabry's Disease, Gerstmann-Straussler-Scheinker Disease,

Huntington's Disease and other Triplet Repeat Disorders, Leigh's Disease, Lesch-Nyhan

Syndrome, Menkes Disease, Mitochondrial Myopathies and KINDS Colpocephaly. These

diseases are further described on the website of the National Institutes of Health under the

subsection Genetic Brain Disorders.

[00130] In some embodiments, the condition may be neoplasia. In some embodiments, where

the condition is neoplasia, the genes to be targeted are any of those listed in Table A (in this case

Ρ Έ Ν asn so forth). In some embodiments, the condition may be Age-related Macular

Degeneration In some embodiments, the condition may be a Schizophrenic Disorder. In some

embodiments, the condition may be a Trinucleotide Repeat Disorder. In some embodiments, the

condition may be Fragile X Syndrome. In some embodiments, the condition may be a Secretase

Related Disorder. In some embodiments, the condition may be a Prion - related disorder. In

some embodiments, the condition may be ALS. In some embodiments, the condition may be a

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

condition may be Alzheimer's Disease. In some embodiments, the condition may be

inflammation. In some embodiments, the condition may be Parkinson's Disease.

[00131] Examples of proteins associated with Parkinson's disease include but are not limited

to a-synuclein, DJ-1, LRRK2, PIN 1. Parkin, UCHL1, Synphilin-1, and NURR1.

[00132[ Examples of addiction-related proteins may include ABAT for example.



[00133] Examples of inflammation-related proteins may include the monocyte

chemoattractant protem- (MCP encoded by the Ccr2 gene, the C-C chemokine receptor type 5

(CCR5 ) encoded by the Ccr5 gene, the ]gG receptor B (FCGR2b, also termed CD32) encoded

by the Fcgr2b gene, or the Fc epsilon Rig (FCERIg) protein encoded by the Fcerlg gene, for

example.

[00134] Examples of cardiovascular diseases associated proteins may include IL1B

(interleukin 1, beta), XDH (xanthine dehydrogenase), TPS3 (tumor protein p53), PTGIS

(prostaglandin 2 (prostacyclin) synthase), MB (myoglobin) IL4 (interleukin 4), ANGPT1

(angiopoietin 1), ABCG8 (ATP-binding cassette, sub-family G (WHITE), member 8), or CTS

(cathepsin ), for example.

[00135] Examples of Alzheimer's disease associated proteins may include the very low

density lipoprotein receptor protem (VLDLR) encoded by the VLDLR gene, the ubiquitin-iike

modifier activating enzyme (UBA1) e coded by the UBA1 ge e, or the NEDD8 -activating

enzyme E catalytic subu t protein (UBEIC) encoded by the UBA3 gene, for example.

[00136] Examples of proteins associated with Autism Spectrum Disorder may include the

benzodiazapine receptor (peripheral) associated protein 1 (BZRAP1) encoded by the BZRAP1

gene, the AF4/FMR2 family member 2 protein (AFF2) encoded by the AFF2 gene (also termed

MFR2), the fragile X mental retardation autosomal homolog I protem (FXRi) encoded by the

FXR1 gene, or the fragile X mental retardation autosomal homolog 2 protein (FXR2) encoded by

the FXR2 gene, for example.

[00137] Examples of proteins associated with Macular Degeneration may include the ATP-

binding cassette, sub-family A (ABC1) member 4 protein (ABCA4) encoded by the ABCR gene,

the ap lipoprotein E protein (APOE) encoded by the APOE gene, or the chemokine (C-C motif)

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

[00138] Examples of proteins associated with Schizophrenia may include NRG1, ErbB4,

CPLXl, TPHl, TPH2, NRXNl, GSK3A, BDNF, DISCI, GS 3B, and combinations thereof.

[00139] Examples of proteins involved in tumor suppression may include ATM (ataxia

telangiectasia mutated), ATR (ataxia telangiectasia and Rad3 related), EGFR (epidermal growth

factor receptor), ERBB2 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 2), ERBB3

(v-erb-b2 erythroblastic leukemia viral oncogene homolog 3), ERBB4 (v~erh-b2 erythroblastic

leukemia viral oncogene homolog 4), Notch 1, Notch2, Notch 3, or Notch 4, for example.



[00140] Examples of proteins associated with a secretase disorder may include PSENEN

(presenilin enhancer 2 ho o og (C. elegans)), CTSB (cathepsin B), PSENi (presenilin 1), APP

(amyloid beta (A4) precursor protein), APH1B (anterior pharynx defective 1 homolog B (C.

elegans)), PSEN2 (presenilin 2 (Alzheimer disease 4)), or BACE1 (beta-site APP-cieaving

enzyme 1), for example.

[00141] Examples of proteins associated with Amyotrophic Lateral Sclerosis may include

SOD1 (superoxide dismutase 1), ALS2 (amyotrophic lateral sclerosis 2), FUS (fused in

sarcoma), TARDBP (TAR DNA binding protein), VAGFA (vascular endothelial growth factor

A), VAGFB (vascular endothelial growth factor B), and VAGFC (vascular endothelial growth

factor C), and any combination thereof.

[00142] Examples of proteins associated with prion diseases may include SOD1 (superoxide

dismutase 1), ALS2 (amyotrophic lateral sclerosis 2), FUS (fused in sarcoma), TARDBP (TAR

DNA binding protein), VAGFA (vascular endothelial growth factor A), VAGFB (vascular

endothelial growth factor B), and VAGFC (vascular endothelial growth factor C), and any

combination thereof.

[00143] Examples of proteins related to neurodegenerative conditions in prion disorders may

include A2M (Alpha-2-Macroglobuim), AATF (Apoptosis antagonizing transcription factor),

ACPP (Acid phosphatase prostate), ACTA2 (Actin alpha 2 smooth muscle aorta), ADAM22

(ADAM metailopeptidase domain), ADORA3 (Adenosine A3 receptor), or ADRA1D (Alpha-ID

adrenergic receptor for Alpha- D adrenoreceptor), for example.

[00144] Examples of proteins associated with Immunodeficiency may include A2M [alpha-2-

macroglobulin]; AANAT [arylalkylamine N-acetyltransferase] ; ABCAl [ATP-binding cassette,

sub-family A (ABCl), member 1]; ABCA2 [ATP-binding cassette, sub-family A (ABC1),

member 2]; or ABCA3 [ATP-binding cassette, sub-family A (ABCl), member 3]; for example

[00145] Examples of proteins associated with Trinucleotide Repeat Disorders include AR

(androgen receptor), FMRl (fragile X mental retardation 1), HTT (huntingtin), or DMPK

(dystrophia myotonica-protein kinase), FXN (frataxin), ATXN2 (ataxin 2), for example.

[00146] Examples of proteins associated with Neurotransmission Disorders include SST

(somatostatin), NOS1 (nitric oxide synthase 1 (neuronal)), ADRA2A (adrenergic, alpha-2A-,

receptor), ADRA2C (adrenergic, alpha-2C-, receptor), TACR1 (tachykinin receptor 1), or

HTR2c (5-hydroxytryptarriine (serotonin) receptor 2C), for example.



[00147] Examples of neurodevelopmental-associated sequences include A2BP1 [ataxin 2-

binding protein 1], AADAT [aminoadipate aminotransferase] , AANAT [aryialkylamine N -

acetyltransferase] , ABAT [4-aminobutyrate aminotransferase] , ABCA1 [ATP-binding cassette,

sub-family A (ABCl), member 1], or ABCA [ATP-binding cassette, sub-family A (ABC1),

member 13], for example.

[00148] Further examples of preferred conditions treatable with the present system include

may be selected from: Aicardi-Goutieres Syndrome; Alexander Disease; A ! an-Heradon-Dudiey

Syndrome; POLG-Related Disorders; Alpha-Mannosidosis (Type II and III); Alstrom Syndrome;

Angelman; Syndrome; Ataxia-Telangiectasia; Neuronal Ceroid-Lipofuscinoses; Beta-

Thalassemia; Bilateral Optic Atrophy and (Infantile) Optic Atrophy Type 1; Retinoblastoma

(bilateral); Canavan Disease; Cerebrooculofacioskeletal Syndrome 1 [COFS1];

Cerebrotendinous Xanthomatosis; Cornelia de Lange Syndrome; MAPT-Related Disorders;

Genetic Prion Diseases; Dravet Syndrome; Early-Onset Familial Alzheimer Disease; Friedreich

Ataxia [FRDA]; Fryns Syndrome; Fucosidosis; Fukuyama Congenital Muscular Dystrophy;

Galactosialidosis; Gaucher Disease; Organic Acidemias; Hemophagocytic Lymphohistiocytosis;

Hutchinson-Gilford Progeria Syndrome; Mucolipidosis II; Infantile Free Sialic Acid Storage

Disease; PLA2G6-Associated Neurodegeneration; Jervell and Lange-Nielsen Syndrome;

Junctional Epidermolysis Bullosa; Huntington Disease; Krabbe Disease (Infantile);

Mitochondrial DNA-Associated Leigh Syndrome and NARP; Lesch-Nyhan Syndrome; LIS1-

Associated Lissencephaly; Lowe Syndrome; Maple Syrup Urine Disease; MECP2 Duplication

Syndrome; ATP7A-Related Copper Transport Disorders; LAMA2 -Related Muscular Dystrophy;

Arylsulfatase A Deficiency; Mucopolysaccharidosis Types I, II or III; Peroxisome Biogenesis

Disorders, Zellweger Syndrome Spectrum; Neurodegeneration with Brain Iron Accumulation

Disorders; Acid Sphingomyelinase Deficiency; Niemann-Pick Disease Type C; Glycine

Encephalopathy; ARX-Related Disorders; Urea Cycle Disorders; COL1A 1/2-Related

Osteogenesis Imperfecta; Mitochondrial DNA Deletion Syndromes; PLP1 -Related Disorders;

Perry Syndrome; Phelan-McDermid Syndrome; Glycogen Storage Disease Type II (Pompe

Disease) (Infantile); MAPT-Related Disorders; MECP2-Related Disorders; Rhizomelic

Chondrodysplasia Punctata Type 1; Roberts Syndrome; Sandhoff Disease; Schindier Disease -

Type ; Adenosine Deaminase Deficiency; Smith-Lemli-Opitz Syndrome; Spinal Muscular

Atrophy; Infantile-Onset Spinocerebellar Ataxia; Hexosaminidase A Deficiency; Thanatophoric



Dysplasia Type 1; Collagen Type VI-Related Disorders; Usher Syndrome Type I; Congenital

Muscular Dystrophy; Wo f- irsc o Syndrome; Lysosomal Aci Lipase Deficiency; and

Xeroderma Pigmentosum.

[00149] Chronic administration of protein therapeutics may elicit unacceptable immune

responses to the specific protein. The immunogenicity of protein drugs can be ascribed to a few

immunodominant helper T lymphocyte (HTL) epitopes. Reducing the MHC bi di g affinity of

these HTL epitopes contained within these proteins can generate drugs with lower

immunogenicity (Tangri S, et a . ("Rationally engineered therapeutic proteins with reduced

immunogenicity" J Immunol. 2005 Mar 5;174(6):3 187-96.) In the present invention, the

immunogenicity of the CRISPR enz e in particular may be reduced following the approach

first set out in Tangri et a l with respect to erythropoietin and subsequently developed.

Accordingly, directed evolution or rational design may be used to reduce the immunogenicity of

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

[00150] In plants, pathogens are often host-specific. For example, Fusarium oxysporum f . sp.

lycopersici causes tomato wilt but attacks only tomato, and F. oxysporum f . dianthii Puccinia

graminis f. sp. tritici attacks only wheat. Plants have existing and induced defenses to resist

most pathogens. Mutations and recombination events across plant generations lead to genetic

variability that gives rise to susceptibility, especially as pathogens reproduce 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, e.g., complete resistance

to some races of a pathogen but not to other races, typically controlled by a few genes. In a

Gene-for-Gene level, plants and pathogens evolve together, and the 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 foreign Varieties, Heirloom Varieties, Wild Plant Relatives, and Induced

Mutations, e.g., treating plant material with mutagenic agents. Using the present invention, plant

breeders are provided with a new tool to induce mutations. Accordingly, one skilled in the art

can analyze the genome of sources of resistance genes, and in Varieties having desired

characteristics or traits mploy the present invention to induce the rise of resistance genes, with



more precision than previous mutagenic agents and hence accelerate and improve plant breeding

programs

[00151 As wil he apparent, it is envisaged that the present system can he used to target any

polynucleotide sequence of interest. Some examples of conditions or diseases that might be

usefully treated using the present system are mcluded in the Tables above and examples of genes

currently associated with those conditions are also provided there. However the genes

exemplified are not exhaustive.

EXAMPLES

[00 2] The following examples are given for the purpose of illustrating various embodiments

of the invention and are not meant to limit the present invention in any fashion. The present

examples, along with the methods described herein are presently representative of preferred

embodiments, are exemplary, and are not intended as limitations on the scope of the invention.

Changes therein and other uses which are encompassed within the spirit of the invention as

defined by the scope of the claims will occur to those skilled in the art.

Example 1: CRISPR Complex Activity in the Nucleus of a Eukaryotic Cell

[00153] An example type II CRISPR system is the type CRISPR locus from Streptococcus

pyogenes SF370, which contains a cluster of four genes Cas9, Ca , Cas2, and Cs , as well as

two non-coding RNA elements, tracrRNA and a characteristic array of repetitive sequences

(direct repeats) interspaced by short stretches of non-repetitive sequences (spacers, about 30bp

each). In this system, targeted DNA double-strand break (DSB) is generated 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-

crRNA, which is then processed into mature crRNAs containing individual spacer sequences.

Third, the mature crRNA:tracrRNA complex directs Cas9 to the DNA target consisting of the

protospacer and the corresponding PAM via heteroduplex formation between the spacer region

of the crRNA and the protospacer DNA. Fina y, 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-programrnable nuclease system to direct CRISPR

complex activity in the nuclei of eukaryotic cells.



[00154] To improve expression of CRISPR components in mammalian cells, two genes from

the SF370 locus 1 of Streptococcus pyogenes (S pyogenes) were codon -optimized, Cas9

(SpCas9) and RNase III (SpRNase III). To facilitate nuclear localization, a nuclear localization

signal (NLS) was included at the amino (N)~ or carboxyl (C)-termini of both SpCas9 and

SpRNase III (Figure 2B). To facilitate visualization of protein expression, a fluorescent protein

marker was also included at the N- or C-termini of both proteins (Figure 2B). A version of

SpCas9 with an NLS attached to both N- and C-termini (2xNLS-SpCas9) was also generated.

Constructs containing NLS-fused SpCas9 and SpRNase III were transfected into 293FT human

embryonic kidney ( E ) cells, and the relative positioning of the NLS to SpCas9 and SpRNase

III was found to affect their nuclear localization efficiency. Whereas the C-tcrmina! NLS was

sufficient to target SpRNase II to the nucleus, attachment of a single copy of these particular

NLS's to either the N- or C-tcrminus of SpCas9 was unable to achieve adequate nuclear

localization in this system. In this example, the C-terminal NLS was that of nucieoplasmin

( RPAAT AGQA , and the C-terminal NLS was that of the SV40 large T-antigen

(PKKKRKV). Of the versions of SpCas9 tested, on y 2xNLS-SpCas9 exhibited nuclear

localization (Figure 2B).

[001551 The tracrRNA from the CRISPR locus of S . pyogenes SF370 has two transcriptional

start sites, giving rise to two transcripts of 89-nucleotides (nt) and 171nt that are subsequently

processed into identical 75nt mature tracrRNAs. The shorter 89nt tracrRNA was selected for

expression in mammalian cells (expression constructs illustrated in Figure 6, with functionality

as determined by results of Surveryor assay shown in Figure 6B). Transcription start sites are

marked as + , and transcription terminator and the sequence probed by northern blot are a so

indicated. Expression of processed tracrRNA was also confirmed by Northern blot. Figure 7C

shows results of a Northern blot analysis of total RNA extracted from 293FT cells transfected

with U6 expression constructs carrying long or short tracrRNA, as well as SpCas9 and DR-

EMX1(1)-DR. Left and right panels are from 293FT ceils transfected without or with SpRNase

Ι , 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 tracrRNA (~75bp). Very low amounts of long tracrRNA are detected on the Northern

blot.



[00156] To promote precise transcriptional initiation, the R A polymerase Ill-based U 6

promoter was selected to drive the expression of tracrRNA (Figure 2C). Similarly, a U 6

promoter-based construct was developed to express a pre-crRNA array consisting of a single

spacer flanked by two direct repeats (DRs, also encompassed by the term "tracr-mate

sequences"; Figure 2C). The initial spacer was designed to target a 3 -base-pair (bp) target site

(30-bp protospacer plus a 3-bp CRISPR motif (RAM) sequence satisfying the NGG recognition

motif of Cas9) in the human Ε Ί locus (Figure 2C), a key gene in the development of the

cerebral cortex.

[00157] To test whether heterologous expression of the CR SPR system (SpCas9, SpRNase

11, tracrRNA, and pre-crRNA) in mammalian cells can achieve targeted cleavage of mammalian

chromosomes, H E 293FT cells were transfected with combinations of CRISPR components.

Since DSBs in mammalian nuclei are partially repaired by the non-homologous end joining

(NHEJ) pathway, which leads to the formation of indels, the Surveyor assay was used to detect

potential cleavage activity at the target EMX1 locus (see e.g. Guschin ei ah, 2010, Methods o

Biol 649: 247). Co-transfection of all four CRISPR components was able to induce up to 5.0%

cleavage in the protospacer (see Figure 2D). Co-transfection of all CRISPR components minus

SpRNase III also induced up to 4.7% indel in the protospacer, suggesting that there may be

endogenous mammalian RNases that are capable of assisting with crRNA maturation, such as for

example the related Dicer and Drosha enzymes. Removing any of the remaining three

components abolished the genome cleavage activity of the CRISPR system (Figure 2D). Sanger

sequencing of amplicons containing the target locus verified the cleavage activity: in 43

sequenced clones, 5 mutated alleles ( 1.6%) were found. Similar experiments using a variety of

guide sequences produced indel percentages as high as 29% (see Figures 4-8, 10 and ) . These

results define a three-component system for efficient CRISPR-mediated genome modification in

mammalian cells.

[00158] To optimize the cleavage efficiency, Applicants also tested whether different

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 EMX1 genomic

locus. Figure 9 provides an additional Northern blot analysis of crRNA processing in

mammalian cells. Figure 9A illustrates a schematic showing the expression vector for a single

spacer flanked by two direct repeats (DR-EMXl(l)-DR). The 30bp spacer targeting me human



EM locus protospacer 1 and the direct repeat sequences are shown in the sequence beneath

Figure . The line indicates the region whose reverse-complement sequence was used to

generate Northern blot probes for E ( 1) crRNA detection. Figure 9B shows a Northern blot

analysis of total RNA extracted fro 293FT cells transfected with U6 expression constructs

carrying D -E X 1(l)-DR. Left and right panels are from 293 T cells transfected without or

with SpRNase III respectively DR-EMXI(1)-DR was processed into mature crRNAs only in

the presence of SpCas9 and short tracrRNA and was not dependent on the presence of SpRNase

III The mature crRNA detected from transfected 293FT total RNA is ~33bp and is shorter than

the 39-42bp mature crRN A from S . pyogenes. These results demonstrate that a CRISPR system

can be transplanted into eukaryotic cells and reprogrammed to facilitate cleavage of endogenous

mammalian target polynucleotides.

Θ159] Figure 2 illustrates the bacterial CRISPR system described in this example. Figure

2A illustra tes? a schematic showing the CRISPR locus 1 from Streptococcus pyogenes SF370 and

a proposed mechanism of CRISP R-mediated DNA cleavage by this system. Mature crRNA

processed from the direct repeat-spacer array directs Cas9 to genomic targets consisting of

complimentary protospacers and a protospacer-adjaeent motif (PA ). Upon target-spacer base

pairing, Cas9 mediates a double-strand break in the target DNA. Figure 2B illustrates

engineering of . pyogenes Cas9 (SpCas9) and RNase II (SpRNase III) with nuclear localization

signals (NLSs) to enable import into the mammalian nucleus. Figure 2C illustrates mammalian

expression of SpCas9 and SpRNase III driven by the constitutive EF a promoter and tracrRNA

and pre-crRNA array (DR-Spacer-DR) driven by the RNA Pol3 promoter U6 to promote precise

transcription initiation and termination. A protospacer from the human EMXl locus with a

satisfactory PAM sequence is used as the spacer in the pre-crRNA array. Figure 2D illustrates

surveyor nuclease assay for SpCas9-mediated minor insertions and deletions. SpCas9 was

expressed with and without SpRNase III, tracrRNA, an a pre-crRNA array carrying the EMXl-

target spacer. Figure 2E illustrates a schematic representation of base pairing between target

locus and EMXl -targeting crRNA, as well as an example chromatogram showing a micro

deletion adjacent to the SpCas9 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 = Ι Οµ .



[00 0] To further simplify the three-component system, a chimeric crRNA-tracrRNA hybrid

design was adapted, where a mature crRNA (comprising a guide sequence) is fused to a partial

tracrRNA via a stem-loop to mimic the natural crRNA rtracrRNA duplex (Figure 3A).

[00161] Guide sequences can be inserted between Bbs sites using annealed oligonuc eotides

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

PVALB and mouse Th loci respectively, demonstrating the broad applicability of the CRISPR

system in modifying different loci across multiple organisms While cleavage was only detected

with one out of three spacers for each locus using the chimeric constructs, all target sequences

were cleaved with efficiency of inde production reaching 27% when using the co-expressed pre-

crRNA arrangement (Figures 4 and 5).

[ 01 2] Figure 5 provides a further illustration that SpCas9 can be reprogrammed to target

multiple genomic loci in mammalian cells. Figure 5A provides a schematic of the human EMXl

locus showing the location of five protospacers, indicated by the underlined sequences. Figure

5B provides a schematic of the pre-crRNA'trcrRNA complex showing hybridization between the

direct repeat region of the pre-crRNA and tracrRNA (top), and a schematic of a chimeric RNA

design comprising a 20bp guide sequence, and tracr mate and tracr sequences consisting of

partial direct repeat and tracrRNA sequences hybridized in a hairpin structure (bottom). Results

of a Surveyor assay comparing the efficacy of Cas9-mediated cleavage at five protospacers in the

human EMXl locus is illustrated in Figure 5C. Each protospacer is targeted using either

processed pre-crRNA/tracrRNA comple (crRN A) or chimeric RN A (ch A).

[00163] 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 ail guide sequences used in

our genome targeting experiment (Figure 3B) (see e.g. Gruber et ., 2008, Nucleic Acids

Research, 36: W70). Analysis revealed that in most cases, the effective guide sequences in the

chimeric crRNA context were substantially free of secondary structure motifs, whereas the

ineffective guide sequences were more likely to form internal secondary structures that could

prevent base pairing with the target protospacer DNA. It is thus possible that variability in the

spacer secondary structure might impact the efficiency of CRJSPR-mediated interference when

using a chimeric crRNA.



[00164] Figure 3 illustrates example expression vectors. Figure 3A provides a schematic of a

bi-eistromc vector for driving the expression of a synthetic crRNA-tracrRNA chimera (chimeric

RNA) as well as SpCas9. The chimeric guide R A contains a 20-bp guide sequence

corresponding to the protospacer in the genomic target site. Figure 3B provides a schematic

showing guide sequences targeting the human EMXL PVALB, and mouse Th loci, as well as

their predicted secondary structures. The modification efficiency at each target site is indicated

belo the RNA secondary structure drawing (EMXL n : : 216 amp! icon sequencing reads;

PVALB, n = 224 reads; 7%, n = 265 reads). The folding algorithm produced an output with each

base colored according to its probability of assuming the predicted secondary structure, as

indicated by a rainbow scale that is reproduced in Figure 3B in gray scale. Further vector designs

for SpCas9 are shown in Figure 3A, including single expression vectors incorporating a U6

promoter linked to an insertion site for a guide oligo, and a Cbh promoter linked to SpCas9

coding sequence.

[00165] To test whether spacers containing secondary structures are able to function in

prokaryotic cells where CRISPRs naturally operate, transformation interference of protospacer-

bearing piasmids were tested in an E. coli strain heterologous!)-- expressing the S. pyogenes

SF370 CRISPR locus 1 (Figure 3C). The CRISPR locus was cloned into a low-copy E. coli

expression vector and the crRNA array was replaced with a single spacer flanked by a pair of

DRs (pCRISPR). E. coli strains harboring different pCRISPR piasmids were transformed with

challenge piasmids containing the corresponding protospacer and PAM sequences (Figure 3C).

In the bacteria! assay, al spacers facilitated efficient CRISPR interference (Figure 3C). These

results suggest that there may be additional factors affecting the efficiency of CRISPR activity in

mammalian cells.

[00166] 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 EMX1-targeting chimeric crRNAs with single point mutations

(Figure 4A). Figure 4B illustrates results of a Surveyor nuclease assay comparing the cleavage

efficiency of Cas9 when paired with different mutant chimeric RNAs. Single-base mismatch up

to 12-bp 5' of the PAM substantially 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 EMXI protospacer. Figure 4C provides a

schematic showing the design of TALENs targeting EMXI, and Figure 4D shows a Surveyor gel

comparing the efficiency of TALEN and Cas9 (n=3).

0 7 Having established a set of components for achieving CRISPR -mediated gene editing

in mammalian ceils through the error-prone NHEJ mechanism, the ability of CRISPR to

stimulate homologous recombination ! 1 a high fidelity gene repair pathway for making

precise edits in the genome, was tested. The wild type SpCas9 is able to mediate site-specific

DSBs, which can be repaired through both NHEJ and BR. In addition, an aspartate-to-alanine

substitution (D10A) in the RuvC I catalytic domain of SpCas9 was engineered to convert the

nuclease into a nickase (SpCas9n; illustrated in Figure A) (see e.g. Sapranausaks et a!., 201 ,

Cucleic Acis Research, 39: 9275; Gasiunas etal, 2012, Proc. Natl. Acad. Sci. USA, 109:E2579),

such that nicked genomic DNA undergoes the high-fidelity homoiogy-directed repair (HDR).

Sun'eyor assay confirmed that SpCas9n does not generate indeis at the EMXI protospacer target.

As illustrated in Figure 5B, co-expression of EMXI -targeting chimeric crRNA with SpCas9

produced indeis in the target site, whereas co-expression with SpCas9n did not (n = 3). Moreover,

sequencing of 327 amplicons did not detect any indeis induced by SpCas9n. The same locus was

selected to test CRISPR-mediated HR by co-transfecting FJEK 293 FT cells with the chimeric

RNA targeting EMXI, hSpCas9 or hSpCas9n, as well as a HR template to introduce a pair of

restriction sites (H d and Nhel) near the protospacer. Figure 5C provides a schematic

illustration of the HR strategy, with relative locations of recombination points and primer

annealing sequences (arrows). SpCas9 and SpCas9n indeed catalyzed integration of the HR

template into the EMXI locus. PGR amplification of the target region followed by restriction

digest with in Ul revealed cleavage products corresponding to expected fragment sizes (arrows

in restriction fragment length polymorphism gel analysis shown in Figure 5D), with SpCas9 and

SpCas9n mediating similar levels of HR efficiencies. Applicants further verified HR using

Sanger sequencing of genomic amplicons (Figure 5E). These results demonstrate the utility of

CRISPR for facilitating targeted gene insertion in the mammalian genome. Given the 14-bp (12-

bp from the spacer and 2-bp from the PAM) target specificity of the wild type SpCas9, the

availability of a nickase can significantly reduce the likelihood of off-target modifications, since

single stra d breaks are not substrates for the error-prone NHEJ pathway.



[00168] Expression constructs mimicking the natural architecture of CRISPR loci with

arrayed spacers (Figure 2A) were constructed to test the possibility of multiplexed sequence

targeting. Using a single CRI SPR array encoding a pair of EMXl- and PVALB-taxgcting spacers,

efficient cleavage at both loci 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 genomic regions through concurrent DSBs usi g spacers against two targets within EMXl

spaced by bp was also tested, and a 1.6% deletion efficacy (3 out of 182 ampficons; Figure

5G) was detected. This demonstrates that the CRISPR system ca mediate multiplexed editing

within a single genome.

Example 2: CRISPR system modifications and alternatives

[001691 The ability to use R A to program sequence-specific DNA cleavage defines a new

class of genome engineering tools for a variety of research and industrial applications. Several

aspects of the CRISPR system can be further improved to increase the efficiency and versatility

of CRISPR targeting. Optimal Cas9 activity may depend on the availability of free Mg at

levels higher than that present in the mammalian nucleus (see e.g. Jinek e a . 2012, Science,

337:8 16), and the preference for an NGG motif immediately downstream of the protospacer

restricts the ability to target on average every 12-bp in the human genome. Some of these

constraints can be overcome by exploring the diversity of CRISPR oci across the microbial

metagenome (see e.g. Makarova et al., 201 , Nat Rev Microbiol, 9:467). Other CRISPR loci

may be transplanted into the mammalian cellular milieu by a process similar to that described in

Example 1. The modification efficiency at each target site is indicated below the RNA

secondary structures. The algorithm generating the structures colors each base according to its

probability of assuming the predicted secondary structure. RNA guide spacers 1 and 2 induced

14% and 6.4%, respectively. Statistical analysis of cleavage activity across biological replica at

these two protospacer sites is also provided in Figure 7 .

Example 3: Sample target sequence selection algorithm

[00170] A software program is designed to identify candidate CRISPR target sequences on

both strands of an input DNA sequence based on desired guide sequence length and a CRISPR

motif sequence (PAM) for a specified CRISPR enzyme. For example, target sites for Cas9 from

S . pyogenes, with PAM sequences NGG, may be identified by searching for 5'-N -NGG-3' both



on the input sequence and on the reverse-complement of the input. Likewise, target sites for

Cas9 of S . thennopkilus CR SPR , with PAM sequence NNAGAAW, may be identified by

searching for 5' -N - AGAAW-3 ' both on the input sequence and on the reverse-complement

of the input. Likewise, target sites for Cas9 of S. thermophilus CRISPR3, wit PAM sequence

NGGNG, may be identified by searching for 5'-N ~NGGNG~3' both on the input sequence and

on the reverse-complement of the input. The value "x" in N may be fixed by the program or

specified by the user, such as 20.

[00171] Since multiple occurrences in 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 ll-12bp

5 " from the PAM sequence, including the PAM sequence itself, the filtering step may be based

on the seed sequence. Thus, to avoid editing at additional genomic loci, results are filtered based

on the number of occurrences of the seed: PAM sequence in the relevant genome. The user may

be allowed to choose the length of the seed sequence. The user may 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 is to screen for unique sequences. Filtration level is altered by changing both

the length of the seed sequence and the number of occurrences of the sequence in the genome.

The program may in addition or alternatively provide the sequence of a guide sequence

co ementary to the reported target sequence(s) by providing the reverse complement of the

identified target sequence(s).

[00172] Further details of methods and algorithms to optimize sequence selection can be

found found in U.S. application Serial No. TBA (Broad Reference B -2012/084 44790.1 .2022);

incorporated herein by reference.

Example 4: Evaluation of multiple chimeric crRNA-tracrRNA hybrids

[00173] This example describes results obtained for chimeric RNAs (chiRNAs; comprising 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 18a

illustrates a schematic of a bicistronic expression vector for chimeric RNA and Cas9. Cas9 is

driven by the CBh promoter and the chimeric RNA is driven by a U6 promoter. The chimeric

guide RNA consists of a 20bp guide sequence (Ns) joined to the tracr sequence (running from



the first "U" of the lower strand to the end of the transcript), which is truncated at various

positions as indicated. The guide and tracr sequences are separated by the tracr-mate sequence

GUUUUAGAGCUA followed by the loop sequence GAAA. Results of SURVEYOR assays for

Cas9-mediated indels at the human EMX1 and PVALB loci are illustrated in Figure 18b and 18c,

respectively. Arrows indicate the expected SURVEYOR fragments. ChiRNAs are indicated by

their "+n" designation, and crRNA refers to a hybrid RNA where guide and tracr sequences are

expressed as separate transcripts. Quantification of these results, performed in triplicate, are

illustrated by histogram in Figures 11a and ib, corresponding to Figures 10b and 0c,

respectively ("N.D." indicates no indels detected). Protospacer IDs and their corresponding

genomic target, protospacer sequence, PAM sequence, and strand location are provided in Table

D. Guide sequences were designed to be complementary to the entire protospacer sequence in

the case of separate transcripts in the hybrid system, or only to the underlined portion in the case

of chimeric RNAs.

Table I):

Cell culture and transfection

[00174] Human embryonic kidney (HEK) cell line 293FT (Life Technologies) was maintained

in Dulbecco's modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum

(HyClone), 2mM G aMAX (Life Technologies), lOOU/mL penicillin and OO g/m L

streptomycin at 3 °C with 5% C0 2 incubation. 293 FT cells were seeded onto 24-well plates

(Coming) 24 hours prior to transfection at a density of 150,000 ceils per well. Cells were



transfected using Lipofcctamme 2000 (Life Technologies) following the manufacturer's

recommended protocol. For each well of a 24-weil plate, a total of 500ng plasmid was used.

SURVEYOR assayfor genome modification

[00175] 293 FT cells 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

DNA was extracted using the QuickExtract DNA Extraction Solution (Epicentre) following the

manufacturer's protocol. Briefly, pelleted cells were resuspetided in QuickExtract solution and

incubated at 65°C for 15 minutes and 98°C for 0 minutes. The genomic region flanking the

CRISPR target site for each gene was PGR amplified (primers listed in Table E), and products

were purified using QiaQuick Spin Column (Qiagen) following the manufacturer's protocol.

400ng total of the purified PGR products were mixe th 2µ1 I OX Taq DNA Polymerase PGR

buffer (Enzymatics) and ultrapure water to a final volume of 20µ1, and subjected to a re-

amiealing process to enable lieteroduplex formation: 95°C for in 95°C to 85°C ramping at -

2°C/s, 85 C to 25°C at - 0.25°C/s, a d 25°C hold for 1 minute. After re-annealing, products were

treated with SURVEYOR nuclease and SURVEYOR enhancer S (Transgenomics) following the

manufacturer's recommended protocol, and analyzed on 4-20% Novex TBE poly-acryfamide

gels (Life Technologies). Gels were stained with SYBR Gold DNA stain (Life Technologies)

for 30 minutes and imaged with a Gel Doc gel imaging system (Bio-rad). Quantification was

based on relative band intensities.

primer name genomic target primer sequence (5' to 3')
Sp-EMXl-F EMX1 AAAACCACCCTTCTCTCTGGC
Sp-EMXl-R EMX1 GGAGATTGG AGACACGGAGA

G
Sp-PVALB-F PVALB CTGGAAAGCCAATGCCTGAC
Sp-PVALB-R PVALB GGCAGCAAACTCCTTGTCCT

Computational identification of unique CRISPR target sites

[00176] To identify unique target sites for the S. pyogenes SF370 Cas9 (SpCas9) enzyme in

the human, mouse, rat, zebrafish, fruit fly, and C. eiegans genome, we developed a software

package to scan both strands of a DNA sequence and identify all possible SpCas9 target sites.

For this example, each SpCas9 target site was operationally defined as a 20bp sequence followed

by an NGG protospacer adjacent motif (PAM) sequence, and we identified all sequences



satisfying this 5'-N 2o-NGG-3' definition on all chromosomes. To prevent non-specific genome

editing, after identifying all potential sites, all target sites were filtered based o the number of

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

Cas9 activity conferred by a 'seed' sequence, which can be, for example, approximately J~12bp

sequence 5' from the PAM sequence, 5'-NNNNNNNNNN-NGG~3' sequences were selected to

be unique in the relevant genome. Ail genomic sequences were downloaded from the UCSC

Genome Browser (Human genome hg 9, Mouse genome mm9, Rat genome rn5, Zebrafish

genome danRer?, D. melanogaster genome dm 4 and C. elegans genome celO). The foil 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 22.

[00177] Initially, three sites within the EMX1 locus in human HE 293FT cells were targeted.

Genome modification efficiency of each chiRNA was assessed using the SURVEYOR nuclease

assay, which detects mutations resulting from DNA double-strand breaks (DSBs) and then-

subsequent repair by the non-homologous end joining ( HEJ) DNA damage repair pathway.

Constructs designated chiRNA(+n) indicate that up to the +n nucleotide of wild-type tracrRNA

is included in the chimeric RNA construct, with values of 48, 54, 67, and 85 used for n .

Chimeric RNAs containing longer fragments of wild-type tracrRNA (chiRNA(+67) and

chiRNA(+85)) mediated DNA cleavage a all three EMX1 target sites, with chiRNA(+85) in

particular demonstrating significantly higher levels of DNA cleavage than the corresponding

crRNA/rracrRNA hybrids that expressed guide and tracr sequences in separate transcripts

(Figures 10b and 10a). Two sites in the PVALB locus that yielded no detectable cleavage using

the hybrid system (guide sequence and tracr sequence expressed as separate transcripts) were

also targeted using chiRNAs. chiRNA(+67) and chiRNA( 85) were able to mediate significant

cleavage at the two PVALB protospacers (Figures 10c and 10b).

[00178] For all five targets in the EMXl and PVALB loci, a consistent increase in genome

modification efficiency w h increasing tracr sequence length was observed. Without wishing to

be bound by any theory, the secondary structure formed by the 3' end of the tracrRNA may play

a role in enhancing the rate of CRISPR complex formation. An illustration of predicted

secondary structures for each of the chimeric RNAs used in this example is provided in Figure

2 1. The secondary structure was predicted using RNAfo!d (http://rna.tbi.univie.ac.at/cgi-

bm/RNAfold.cgi) using minimum free energy and partition function algorithm. Pseudocolor for



each based (reproduced in grayscale) indicates the probability of pairing. Because chi J A s with

longer tract sequences were able to cleave targets that were not cleaved by native C IS R

crRNA/tracrRNA hybrids, it is possible that chimeric RNA may be loaded onto Cas9 more

efficiently than its native hybrid counterpart. To facilitate the application of Cas9 for site-

specific genome editing in eukaryotic cells and organisms, all predicted unique target sites for

the S . pyogenes Cas9 were computationally identified in the human, mouse, rat, zebra fish, C.

elegans, and D. nielanogaster genomes. Chimeric RNAs can be designed for Cas9 enzymes

from other microbes to expand the target space of CRISPR RNA-programmable nucleases.

[00179] Figures 11 and 2 1 illustrate exemplary bicistronic expression vectors for expression

of chimeric RNA including up to the +85 nucleotide of wild-type tracr RNA sequence, and

SpCas9 with nuclear localization sequences. SpCas9 is expressed from a CBh promoter an

terminated with the bGH polyA signal (bGH pA). The expanded sequence illustrated

immediately below the schematic corresponds to the regio surrounding the guide sequence

insertion site, and includes, from 5' to 3', 3 -portion of the U6 promoter (first shaded region),

Bbsl cleavage sites (arrows), partial direct repeat (tracr mate sequence GTTTTAGAGCTA,

underlined), loop sequence GAAA, and +85 tracr sequence (underlined sequence following loop

sequence). An exemplary guide sequence insert is illustrated below the guide sequence insertion

site, with nucleotides of the guide sequence for a selected target represented by an "N".

[00180] Sequences described in the above examples are as follows (polynucleotide sequences

are 5' to 3'):

I 0 18 1 U6-short tracrRNA {Streptococcus pyogenes SF370):

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGA

GAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTAX^AAAATACGTG

ACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAAT

GGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATC

TTGTGGAAAGGACGAAACACCGGAACCATTCAAAACAGCATAGCAAGTTAAAAT

AAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

(bold = tracrRNA sequence; underline = terminator sequence)

[00182] U6-long tracrRNA {Streptococcus pyogenes SF370):

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCA^

GAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTG



ACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAAT

GGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTT TATATC

TTGTGGAAAGGACGAAACACCGGTAGTATTAAGTATTGTTTTATGGCTGATAAATTT

CTTTGAATTTCTCCTTGATTATTTGTTATAAAAGTTATAAAATAATCTTGTTGGAACC

ATTCAAAACAGCATAGCAAGTTAAAATAAGGC AGTCC TTATCAACTTGAAAAAG

TGGCACCGAGTCGGTGCTTTTTTT

[001831 U6-DR~BbsI backbone-DR (Streptococcuspyogenes SF370):

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGA

GAGATAATTGGAATTAATTTGACTGTAAACACAAAGAT TTAGTACAAAATACGTG

ACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAAT

GGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTT TATATC

TTGTGGAAAGGACGAAACACCGGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAA

ACGGGTCTTCGAGAAGACGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC

0 4 U6-chiraeric RNA-BbsI backbone (Streptococcus pyogenes SF370)

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGA

ΛΛ Ί Χ ΛΛΊ Ί Α ΛΊ Ί Λ( Ί Χ: ΛΛΛ( ί ΛΛΛ ( Λ ΛΊ Ί Λ( ! Λ( ΛΛΛΛ Ί Α Χ Χ

ACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAAT

GGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATC

TTGTGGAAAGGACGAAACACCGGGTCTTCGAGAAGACCTGTTTTAGAGCTAGAAAT

AGCAAGTTAAAATAAGGCTAGTCCG

[00185] NLS-SpCas9-EGFP:

MDYKDHDGDY DHDIDY DDD AP VGIHGVPA DK YSIGLDIGTNSVG

WAVITDEY VPS KF VLGNTD SI KNLIGALLFDSGETAEATRL TARR YT R

NRICYLQEIFSNEMAKVDDSFFHRLEESFLATEDKKHERHPIFGNIVDEVAYHEKYPTIYH

LRXKLVDSTDKADLRLIYLAIAfiMIKFRGBFLlEGDLNPDNSDVDKLFIQLVQTYNQLFE

ENPrNASGVDAKAlLSARLSKSRRLENLIAQLPGEKKNGLFGNLL\LSLGLTPNFKSNFDL

AEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKjNLSDAILLSDILRVNTEITKAPLS

ASMI RYDEH QDLTLLi ALVRQQLPEKYKEIFFDQSK GYAGYIDGGASQEEFY FI

PILEKA1DGTEELLA KLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNR

E E LTF R PY YVGPLARG SRFAW TR SEET T PW FEE VVD GASAQSFIERMTN

FDKNLPNEKVLPKHSLEYEYTTVYNELTK\XYVTEGA1PJCPAFLSGEQKIC\IVDLLFKTN



RKVTVKQLKEDYFKKIECFDSVE1SGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE

DIVLTLTLFEDREMIEERLKTTAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG

KTILDFLiCSDGFANRNFMQLlHDDSLTFKEDIQiCAQVSGQGDSLHEHIANLAGSPAIKKG

ILQTVKA VDELVK MGR KPEN V EMARE QTTQ GQ NSRERM RlEEG KELGSQ

LiCEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDrNRLSDYDVDHIVPQSFLKDDSID

VLTRSDK RGKSDNVPSEE VKK¾'1KNYWRQLLNAKLJTQRKFDNLTKAERGGLSE

LDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVrrLKSKLVSDFRKDF

QFYKVPJ^.¾WHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYD\ RKiv'lIAKSEQE

G ATA YFFYSN ίMNFF TEIT LANGEIRKRPLIETNGETGEΪVWDKGRDFAT R VLS

MPQVNIVKXTEVQTGGFSKESILPKRNSDKJ.IARKKJ3WDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGIT1MERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELE

NGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKH

YLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKY

FDTTIDRKRYTSTKEVLDATLIHQSITGLYETRJDLSQLGGDAAAVSKGEELFTGVVPILV

ELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYP

DHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKED

GNILGHKlEYNYNSHNVYlMADKQKNGIKVNFKIRHNIEDGSVQLADeYQQNTPIGDGP

VLLPDNfiYLSTQSALSKDPNEKRDBMVLLEFVTAAGITLGMDELYK

[00 86] SpCas9-EGFP-NLS:

MD YS GLD GTNSVGWA ITDEY VPS F VLGNTDR S KNLIGALLFDSGETA

EiATRLKRTARRRYTRRKNRlCYLQEIFSNEMAKVDDSFFilRLEESFLVEEDKKHERilPIF

GNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNS

DVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFG

NLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSD

AlLLSDILRVNTEiTKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEiFFDQSKNGY

AGYlDGGASQEEFYiiFlXPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGEL

HAILRRQEDFYPFLKDNREKIEKJLTFRIPYYVGPLARGNSRPAWMTRKSEETITPWWEE

VVDKGASAQSFIERMTNFDKNLPOTKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPA

FLSGEQKKAWDLLFKTNRICVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLL

KDKDFLDNEENED LED VLTLTLFEDREMIEERLKTY AHLFDDKVMKQL RRR YTG

WGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQG



DSLHEHIAmAGSPAIKXGILQWKWDELVKVMGRHKPENIVIEMARENQTTQKGQKN

SRERMK EEG ELGSQ L E PVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSD

YDVDHIVPQSFLK^DSIDNKVLTRSDKNRGK-SDNVPSEEVVKXMKNYWRQLLNAKLIT

QRKFDNLTKAERGGLSELDKAGFIKRQLVETRQrTKI-rVAQiLDSRMNTKYDENDKLIRE

VKVITLKSKLVSDFRiCDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYG

DYKVYDVRKiv'lIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

V\V KG R)) IV T Y R Vl .SV1PQV\)VKKTi

YGGFDSPTVAYSVL\ VAK\TKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE

VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASBYEKLKGS

PEDNEQKQLFVEQHKHYLDEIJEQISEFSKJIVILADANLDKVLSAYNKHRDKJ'IREQAEN]

IBLFTLTNLGAPAA F YFDTTID R RYTSTKEV ATL HQSITGLY ETR:IDL QLGGDAA

AVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWP

TL TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGY\ QERTIFFKDDGNYKTRAEVKFEG

DTLV R L G DF EDG LGB LEY NS VY AD Q NG VNF R NIEDGSV

QLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMD

ELY KRPAAT AG A K

!0 8 7 NLS-SpCas9-EGFP-NLS:

MDYKDFIDGDYKDHDLDYKDDDDKMAPKKKRKVGLHGVPAADKKYSIGLDIGTNSVG

WAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK

NRJCYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYH

! R ! V S !) A ( .iY [. . . ! f ! ! ! ! ! !) .\ ) .) ! Π Y

ENPINASGVDAK.AILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDL

AEIDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDLLRVNTEITKAPLS

ASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIK

P LE MDGTE X VKL REDLLR QRTFDNGS PBQ f LGELHAlLRRQEDFYPFLKDNR

EKJEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTN

FDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKA 1VDLLF TN

RKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE

DIVLTLTLFEDREMIEERLKTYAHLF DD VMKQLKRRR YTGWGR SR L GIRDKQSG

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQICAQVSGQGDSLHEHIANLAGSPAIKKG

ILQTV V DELVKVMGRHKPENIVIEMARENQTTQKGQKNSREP MKRIEEGIKELGSQI



LKEHPVENTQLQNEKLYLYYLQNGilDlVlYVDQELDINRLSDYDVDHiVPQSFLKDDSID

N VLTRSDK RG SDNVPSEEVV K NYWRQLLNA L TQRK DNLTKAERGGLSE

LDKAGFIKRQLVETRQn VAQ LDS MNTKYDE D LIREV VITLKSKLVSDFRKDF

QFYKVREINNYHEiAHDAYLNAWGTALlKKYPIO ESEFVYGDYKVYDVRKMIAKSEQE

IGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS

AlPQ\¾nVKKTEYQTGGFSKT.SILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVL\ V

AKVEKGKSK L -SVKELLGITIMERSSFE NPIDFLEAKGYKEV KDLIIKLP YSLFELE

NGRKRA'ILASAGELQKGNELALPSKYWFLYLASHYEKLKGSPEDNEQKQLFVEQHKH

YLDEIIEQiSEFSKRViLADANLDKYLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKY

FDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDAAAVSKGEELFTGVVPILV

ELDGDV GHKFSVSGEGEGDATYG LTL F1CTTG LPVPWPTLVTTLTYGVQCFSRYP

DHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKG1DFKED

GNILGHKLEYNYNSHN\ YIMADKQKNGIK\T^FKIRHNIEDGSVQLADHYQQNTPIGDGP

VLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKKRPAATKKAGQA

KKK

188 NLS-SpCas9-NLS:

MDYKDHDGDYKDHDroYKDDDDKMAPKKKRKVGfflGVPAADKKYSIGLDIGTNSVG

WAVITDEY VPS F VLGNTDR S KNLIGALLFDSGETAEATRLKRTARR YTRR

NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKiCHERHPIFGNIVDEVAYHEKYPTIYH

LRKKLVDSTDKADLRLIYLAIAfiMIKFRGBFLlEGDLNPDNSDVDKLFIQLVQTYNQLFE

EiNP ASGV A AlLSARLS SRRLENL AQLPGEi NGLFG L]ALSLG I F S FDL

AEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRWTEITKAPLS

ASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIK

PILEKlvlDGTEELLA'KLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNR

EKIEKJLTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTN

FDiOSfLPNEKVLPKHSLLYEYFTvYNELTKVKYWEGMRKPAFLSGEQKKAWDLLFKTO

RKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE

D VLTLTLFEDREMIEERLKTYAHLFDDKVM QLKJ RRYTGWG LSR Ll G D QSG

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKG

ILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQiCNSRERMKRIEEGIKELGSQI

LKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSID



N VL SDKN GKSD VPSEEVVK i jNiYAVRQLLNAiCLITQRKFDNLTKAERGGLSE

LDKAGFIKRQLVETRQITKHVAQ1LDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDF

QFYKVilElNNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMlAKSEQE

G ATA YFFYSN ίMNFF TEIT LANGEIRKRPLIETNGETGE ΪVWDKGRDF AT R VLS

MPQVNIVKKTEVQTGGFSKESILPKRNSDKU^

A VE G SK L S ELLGITIMERSSFEKNPIDFLEA GYKEVKKDLIIKLP YSLFELE

NGRiCRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKH

YLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKY

FDTTiDRKRYTSTKEVLDATLn-lQSiTGLYETRJDLSQLGGDKRPAATKKAGQAKKKK

[00 89] NLS-mCherry-SpRNase3 :

MFLFLSLTSFLSSSRTLVSKGEEDNMAIIKEFMRFKVeMEGSVNGHEFEIEGEGEGRPYE

GTQTAKLKVTKGGPLPFAWDILSPQFMYGSiCAYViCHPADlPDYLKLSFPEGFKWERVM

NFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPED

GALKGEIKQRLKXKDGGHYDAEVKTTYKAKiCPVQLPGAYNVNIKLDITSHNEDYTIVE

QYERAEGRHSTGGMDELYKGSKQLEELLSTSFDIQFNDLTLLETAFTHTSYANEHRLLN

V S l\ . .GDAV ! i A

iCLGKGEEKSGGRRRDTILGDLFEAFLGALLLDKGIDAVRRFLKQVMIPQVEKGNFERVK

AAKJNALAQLSEV

[00190] SpRNase3-mCherry-NLS :

MKQLEELLSTSFDIQFNDLTLLETAFTHTSYANEHRLLNVSHNERLEFLGDAVLQLIISEY

LFAKYPKKTEGDMSKLRSMWREESLAGFSRFCSFDAYIKLGKGEEKSGGRRRDTILGDL

FEAFLGALLLDKGID AVRRFLKQ V IPQVEKGN FERVKDYKTC LQEFLQTKGD VAIDYQ

VISEKGPAFIAKQFEVSIVVT^GAVLSKGLGKSKXLAEQDAAKNALAQLSEVGSVSKGEE

DNMAIMFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDIL

SPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGWTVTQDSSLQDGEFI

YKVKLRGTT^FPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAE

VKTTYKAKKJ'VQLPGAYNVNJKLDLTSBNEDYTJVEQYEILAEGRBSTGGMDELYKKRP

AATKKAGQAKKKK

[00191] NLS-SpCas9n-NLS (the D10A nickase mutation is lowercase):



MDYKDHDGDYKDHDIDYKDDDDKMAPKKKRKVGIHGVPAADKKYSIGLaiGTNSVGW

AV TDEY VPS KF VLGNTDR S L GALLFDSGETAEATRL RTARRRYTRRK

RICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKiCHERHPIFGNIVDEVAYHEKYPTIYHL

RKKLVDSTDKADLRIJYLALAHMiKFRGHFLIEGDLNPDNSDVDKLFiQLVQTYNQLFEE

NPINASGVDAKAILSARLSKSRRLENLJAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLA

EDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRWTEITKAPLSA

SMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPI

LEK^1DGTEELLA KLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREK

IEKILTFRIPYYVGPLARGNSRFAWMTOKSEETITPWNFEEVVDKGASAQSF1ERMTNFD

NLPNE VLP SLLYEYFTVY ELTKVKYYTEGMR J AFXSGEQKKAIYDLLFKTNR

KVTVKQLKEDYFKKiECFDSVEISGVEDRFNASLGTYHDLLKJIKDKDFLDNEENEDlLE

D1VLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKG

lLQTV VVDE YMGR PE i V E ARE iQTTQ GQ NSRERM R EEG ELG SQ

LKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIWQSFLKDDSro

NKVLTRSDiCNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSE

LDKAGFIKRQLVETRQn VAQ LDS MNTKYDEND LIREV ITLKSKLVSDFRKDF

QFYKVREINNYHEiAHDAYLNAWGTALlKKYPIO ESEFVYGDYKVYDVRKMIAKSEQE

IGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEiVWDKGRDFATVRKVLS

MPQVNiVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLiCSVKELLGrriMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELE

NGRKR^'iLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKH

YLDEIIEQISEFSKRVILADANLDKVLSAYNiCHRDKPIREQAENIIHLFTLTNLGAPAAFKY

FDTTIDRKRYTSTKTYLDATLIHQSITGLYETRIDLSQLGGDKRPAATKKAGQAKKKK

[00192] EMX -F R Template-Hindll-Nhel:

GAATGCTGCCCTCAGACCCGCTTCCTCCCTGTCCTTGTCTGTCCAAGGAGAATGAGG

TCTCACTGGTGGATTTCGGACTACCCTGAGGAGCTGGCACCTGAGGGACAAGGCCC

CCCACCTGCCCAGCTCCAGCCTCTGATGAGGGGTGGGAGAGAGCTACATGAGGTTG

CTAAGAAAGCCTCCCCTGAAGGAGACCACACAGTGTGTGAGGTTGGAGTCTCTAGC

Λ ί · ·'Π { Τ J' C ί C'CCAGGGAT G { iG ί 'f'C' ( ( G Λ ( Ί ί · "f' "Π Ί Λ.

ACACCACCTCCTAGTTATGAAACCATGCCCATTCTGCCTCTCTGTATGGAAAAGAGC



ATGGGGCTGGCCCGTGGGGTGGTGTCCACTTTAGGCCCTGTGGGAGATCATGGGAA

CCCACGCAGTGGGTCATAGGCTCTCTCATTTACTACTCACATCCACTCTGTGAAGAA

GCGATTATGATCTCTCCTCTAGAAACTCGTAGAGTCCCATGTCTGCCGGCTTCCAGA

GCCTGCACTCCTCCACCTTGGCTTGGCTTTGCTGGGGCTAGAGGAGCTAGGATGCAC

CACTGTGTCCTCTTCCTGCCCTGCCATCCCCTTCTGTGAATGTTAGACCCATGGGAGC

Α ( Ί '( ( Α Α ( · Λ ( ί ( ( Χ :Χ Ί ( ( ί Ί Α Α ΧΧ Ί Λ ΓΛ ( Ί Χ-Λ ί Χ Ί Ί

CCATCAGGCTCTCAGCTCAGCCTGAGTGTTGAGGCCCCAGTGGCTGCTCTGGGGGCC

TCCTGAGTTTCTCATCTGTGCCCCTCCCTCCCTGGCCCAGGTGAAGGTGTGGTTCCAG

AACCGGAGGACAAAGTACAAACGGCAGAAGCTGGAGGAGGAAGGGCCTGAGTCCG

AGCAGAAGAAGAAGGGCTCCCATCACATCAACCGGTGGCGCATTGCCACGAAGCAG

GCCAATGGGGAGGACATCGATGTCACCTCCAATGACaagcttgctagcGGTGGGCAACCAC

AAACCCACGAGGGCAGAGTGCTGCTTGCTGCTGGCCAGGCCCCTGCGTGGGCCCAA

G T G G A T CΊ Χ ΧΑ ( Ί ΧΊ Χ : A A Χ ' Λ

CAGGGCTTGAAGCCCGGGGCCGCCATTGACAGAGGGACAAGCAATGGGCTGGCTGA

CGCCACCGCAGCCTCCCAGCTGCTCTCCGTGTCTCCAATCTCCCTTTTGTTTTGATGC

ATTTCTGTTTTAATTTATTTTCCAGGCACCACTGTAGTTTAGTGATCCCCAGTGTCCC

( ΧΊ Ί ΧΧ Ί Λ Χ ·ΓΛΑ Ί Λ Λ ( Ί Ί Ί Ί Ί \ ΑΊ Χ Λ { \ Α Ί ί Ί ΧΧ Α

GCCCCAGAGCCTGGGGTGGTAGATTCCGGCTCTGAGGGCCAGTGGGGGCTGGTAGA

GCAAACGCGTTCAGGGCCTGGGAGCCTGGGGTGGGGTACTGGTGGAGGGGGTCAAG

GGTAATTCATTAACTCCTCTCTTTTGTTGGGGGACCCTGGTCTCTACCTCCAGCTCCA

C ' Λ ί · ' A G G A AG · " ΓΛ ί ·Λ ( ΓΛ ί XX JA A G G G C ' Λ Ί ( ( C·Τ Λ C T G AG G AG ·Λ

CAGGCCCAGGTCTTTCTTAACGTATTGAGAGGTGGGAATCAGGCCCAGGTAGTTCAA

TGGGAGAGGGAGAGTGCTTCCCTCTGCCTAGAGACTCTGGTGGCTTCTCCAGTTGAG

GAGAAACCAGAGGAAAGGGGAGGATTGGGGTCTGGGGGAGGGAACACCATTCACA

AAGGCTGACGGTTCCAGTCCGAAGTCGTGGGCCCACC AGGATGCTCACCTGTCCTTG

GAGAACCGCTGGGCAGGTTGAGACTGCAGAGACAGGGCTTAAGGCTGAGCCTGCAA

CCAGTCCCCAGTGACTCAGGGCCTCCTCAGCCCAAGAAAGAGCAACGTGCCAGGGC

( C (Ί Ί C.iA.C.i( Ί Ί ί Χ Γ Λ ί T G

[001931 NLS-StCsnl-NLS:



MKRPAATKKAGQAKKKKSDLVLGLDIGIGS

LVRRTN QGRRLA R f RRVRLN LFEESGL TDFT S L PYQLRV GLTDELSNE

ELFIALKNMVKHRGISYLDDASDDGNSSVGDYAQIVKENSKQLETKTPGQIQLERYQTY

GQLRGDFTVEKDGKKHRIJNVFPTSAYRSEALRILQTQQEFNPQITDEFINRYLEILTGKR

KYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEFRAAKASYTAQEFNLLND

LNNLTVPTETKXLSKEQKNQIINYVKNEKAMGPAKLFKYIAKLLSCDVADIKGYRIDKS

GKAEIHTFEAYRiCMKTLETLDIEQMDRETLDKLAYVLTLNTEREGIQEALEHEFADGSFS

QKQVDELVQFRKANSSIFGKGWHNFSVKLMMELIPELYETSEEQMTILTRLGKQKTTSS

SNKTKYiDEKLLTEE^IYNPVVAKSVRQAiKIVNAAIKriYGDFDNWIEMARETNEDDEKK

AiQKIQKANKDEKDAAMLKAANQYNGKAELPHSVFHGHKQLATKiRLWHQQGERCLY

TGKTlSIHDLiNNSNQFEVDBiLPLSITFDDSLANKVLVYATANQEKGQRTPYQALDSMD

DAWSFRELKAFVRESKTLSNKKKEYLLTEEDISKFDVRKBCFIERNLVDTRYASRVVLNA

LQEHFRAHKIDTKVS VVRGQFT SQLRRHWGIEKTRDT YHHHAVD ALIIAAS SQLNLWK

QKNTLVSYSEDQLLDIETGELISDDEYKESVFKAPYQHFVDTLKSKEFEDSILFSYQVDSK

FNRKISDATIY ATRQAKVGKDK DET A G IKDI TQDGYDAFMKIY KKDKSKFLMY

RHDPQTFEKVIEPILENYPNKQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLK

YYDSKIGNHIDITPKDSNNKVVLQSVSPWRADVYFNKTTGKYEILGLKYADLQFEKGT

GTYK SQE YND K EGVDSDSEFKFTLY NDLLLV DTET EQQLFRFLSRTMP Q

HYVELKPYDKQKFEGGEALIKVLGNVANSGQCKKGLGKSNISIYKVRTDVLGNQHIIKN

EGDKPKLDFKRPAATKKAGQAKKKK

[00194J U6-St_tracrRNA(7-97):

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGA

GAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTG

ACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAAT

GGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATC

TTGTGGAAAGGACGAAACACCGTTACTTAAATCTTGCAGAAGCTACAAAGATAAGG

CTTCATGCCGAAATCAACACCCTGTCATTTTATGGCAGGGTGTTTTCGTTATTTAA

[00 5] U6-DR-spacer-DR (S. pyogenes SF370)

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagaiaattggaattaatttgactgtaaa

tagtacaaaatacgtgacgtagaaagtaataaittcitgggtagtttgcagttttaaaatiatgttttaaaatggaciatcatatgcttaccgtaactt

gaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgggtttto



N N N N N N N N N N N Ng tttagagctatgct gt t tgaa tggtcccaaaacT T T T T T T

(lowercase underline direct repeat; N guide sequence; bold terminator)

[00196] Chimeric RNA containing +48 tracr RNA (S. pyogenes SF370)

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgtta

tagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaactt

gaaagtatttcgatttettggctttatatateft^

S SS SS ( = guide sequence; first underline = tracr mate

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

[00197] Chimeric RNA containing +54 tracr RNA (S. pyogenes SF370)

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaacacaaagatat

tagiacaaaatacgtgacgtagaaagtaataatttett^

gaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccNNNNNNNNNNNNNNNNNNNNgtttta^

gctagaaatagcaagttaaaataaggctagtccgttatcaTTTTTTTT ( S = guide sequence; first underline =

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

[00198] Chimeric RNA containing +67 tracr RNA (S pyogenes SF370)

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaacacaaagatat

tagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagtrttaaaattatgttttaaaatggactatcatatgcttaccgtaactt

gaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaaca

gctagaaatageaagttaaaataaggctagtccgttatcaacttgaaaaagtgTTTTTTT (N = guide sequence; first

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

[00199] Chimeric RNA containing -+ 85 tracr RNA S pyogenes S i 370)

gagggcctatttcccatgattcxttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaaca

tagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaactt

gaaagtatttcgatttcttggctttatatatcttgtggaaaggac^

gctagaaatagcaagttaaaataaggctagtocgttatcaacttgaaaaagtggcaccgagtcggtgcTTTTTTT (N = guide

sequence; first underline = tracr mate sequence; second underline = tracr sequence; bold =

temiinaior)

[00200] CBh-NLS-SpCas9-NLS

CGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCC

Λ Ί ' ί ·Λ ( C ' ' / f'GAC ' GTATC Ί Χ C A T A G A A C X AATAGi ;G A C Π C G

ACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTA



TCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCA

TTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTA

GT G C'T A GG i GAG GAG XXX A CX G Π ( AC < j ( ( ί <Ί
CCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCG

G X XX XXX X X X X X X ·( XX X XXX AG ·( X X XXXX XX XXX XX G

GGGCGGGGCGGGGCGAGGCGGAGAGGTGCGGCGGCAGCCAATCAGAGCGGCGCGC

X A ΊΊΊ ΛΊ ( (ΊΑΊΛΛΛΛΛ ( Χ Λ

AGCGCGCGGCGGGCGGGAGTCGCTGCGACGCTGCCTTCGCCCCGTGCCCCGCTCCG

CCGCCGCCTCGCGCCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGGTGA

GCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGCTGAGCAAGAGGTAAGGG

TTTAAGGGATGGTTGGTTGGTGGGGTATTAATGTTTAATTACCTGGAGCACCTGCCT

GAAATCACTTTTTTTCAGGTTGGaccggtgccaccATGGACTATAAGGACCACGACGGAGA

CTACAAGGATCATGATATTGATTACAAAGACGATGACGATAAGATGGCCCCAAAGA

( A(X Α ( ( ' A C ( X GT( ACi( A ( X { CiA( AA(iAAGTA(A(X ΑΊΧ'

GGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAA

G G G XX G A A T ( 7\AGG

AGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCACCCGG

CTGAAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTATCT

GCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTCCACAGAC

TGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGCACCCCATCTTC

GG A A Γ( Χ. Χ

GAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGACCTGCGGCTGATCTATCTGG

' X' G Ci(X X ΑΧ ΊΧ ΑΊX A A C Ί ' X X XX A C" FTC ' GΑ Χ AG( XX G A( X" X A( X

CCGACAACAGCGACGTGGACAAGCTGTTCATCCAGCTGGTGCAGACCTACAACCAG

CTGTTCGAGGAAAACCCCATCAACGCCAGCGGCGTGGACGCCAAGGCCATCCTGTC

TGCCAGACTGAGCAAGAGCAGACGGCTGGAAAATCTGATCGCCCAGCTGCCCGGCG

AGAAGAAGAATGGCCTGTTCGGCAACCTGATTGCCCTGAGCCTGGGCCTGACCCCC

AACTTCAAGAGCAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGA

CACCTACGACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCG

TG T X G G XA A X X G ( AT G GAG AT X TGA

GAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGAGATAC



GACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGCAGCTGCC

TGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGCTACGCCGGCTACA

TTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGAA

AAGATGGACGGCACCGAGGAACTGCTCGTGAAGCTGAACAGAGAGGACCTGCTGCG

Λ A ( ί ' Λ { ' ( C Λ C C FTC G A ' Λ A ( ' ( ί ( ' A G A ( ' ( '( A ( A. ( A. C C ' " '( ( ·( A ( A (

TGCACGCCATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGGACAACCGGG

A A A A G A G A G A G A C ' A ' Ί ' ( ' ( ' Λ Ί ( ' ( ( ' Α ( Ί Α ( ( ( ( ' ( ' "( ' "( { ( ' ( ' A

GGGGAAACAGCAGATTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCC

CTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGC

GGATGACCAACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGC

CTGCTGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGACC

GAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAAGGCCATCGTGG

ACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAAGAGGACTAC

T ( A A C A A AATCGA GTC Ί Ί Χ ' G A ·Τ ( sA A C C C Χ ΧΧ ·AAG ATC XX FF C

AACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTATCAAGGACAAGGACTT

CCTGG

TGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAACCTATGCCCACCTGTTC

GACGACAAAGTGATGAAGCAGCT^

TGAGCCGGAAGCTGATCAACGGCATCCGGGACAAGCAGTCCGGCAAGACAATCCTG

GATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAACTTCATGCAGCTGATCCACGAC

GACAG(XriOACCTTTAAAGAGGACATCX^AGAAAG(XCAGGTGTCCGGCCAGGGCGA

TAGCCTGCACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATTAAGAAGGGCA

T C C" X ' A G A C' A C ' FG A A C;GT( ;G ' G C A X;ACX I C Cs' FG A AAG ' j G Α Ί G C G ( XXX i ' G

CCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAAGGGAC

CAGCCAGATCCTGAAAGAACACCCCGTGGAAAACACCCAGCTGCAGAACGAGAAG

CTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTACGTGGACCAGGAACTGGA

CATCAACCGGCTGTCCGACTACGATGTGGACCATATCGTGCCTCAGAGCTTTCTGAA

GGACGACTCCATCGACA,ACA,AGGTGCTGACCAGA,AGCGACAAGAACCGGGGCA,AG

AGCGACAACGTGCCCTCCGAAGAGGTCGTGAAGAAGATGAAGAACTACTGGCGGCA

GCTGCTGAACGCCAAGCTGATTACCCAGAGAAAGTTCGACAATCTGACCAAGGCCG



AGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCATCAAGAGACAGCTGGTG

GAAACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACAC

TAAGTACGACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGT

CCAAGCTGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGATCA

Λ ( Λ Ί ( η ( Χ ' Λ ( ( ( Λ ( Λ ( ( Ί ( ΧΊ Χ Λ Λ{ ( ( A ' - ' '

ATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACTACAAGGTGTA

( ( ·Λ Ci ( Α { Λ Ί ( {;( Χ ' Λ Λ ( ·Λ (·( Χ Λ ( ( Λ ( ί( ΪΑΛΑ Ί X . AAGG ACXX C

AAGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAGACCGAGATTACCCTGGCC

AACGGCGAGATCCGGAAGCGGCCTCTGATCGAGACAAACGGCGAAACCGGGGAGA

TCGTGTGGGATAAGGGCCGGGATTTTGCCACCGTGCGGAAAGTGCTGAGCATGCCC

CAAGTGAATATCGTGAAAAAGACCGAGGTGCAGACAGGCGGCTTCAGCAAAGAGTC

TATCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACC

CTAAGAAGTACGGCGGCTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGG

CCAAAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTGCTGGG

GATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCTGGAAG

( ( ACiGCi A( A ( AG ( A A ( iA( X X X V ( Λ Λ ( Ί Χ ( j ' AC Ί Λ Ί

CTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAACTGCA

GA GG AAAC

GCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGAGCAGAAACAGCTGTTT

GTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCAGCGAGTTCTC

( A A GTGAT( GGC( ( AAT( GGA G ' G " G ' ( X G(X " A( AA

AGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCATCCACCTGTTTACC

Ί ΧΪΛ ' ' A. " G ;GAGC CXX' G C XX CΤ ( CiTA T GA ' CXV\C CA' ( · C C ( ί

AAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCACCCTGATCCACCAGAGCAT

CAOIGGilClGTACGAGACACG

TCTTAGCTTGACCAGCTTTCTTAGTAGCAGCAGGACGCTTTAA (underline = NLS-

hSpCas9-NLS)

[00201] Example chimeric RNA for S. thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)



N N N N N gt tttg actctcaagatttaGA taaatcttgcagaagctacaaagataaggctt

catgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT (N = guide sequence; first

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

[00202] Example chimeric RNA for S . thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

a ct ti (N = guide sequence; first underline = tracr

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

[00203] Example chimeric RNA for S . thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

N N

acaccctgtcattttatggcagggtgtTTTTTT (N = guide sequence; first underline = tracr mate sequence;

second underline = tracr sequence; bold = terminator)

[00204] Example chimeric RNA for S. thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

NNNNNNNNNNNNNNNNNN^

catgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT (N = guide sequence; first

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

[00205] Example chimeric RNA for S. thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

NNNNNNNNNNNNNNNNNNNNgttattgtactctcaGAAAtgcagaagctacaaagataaggcttcatgccgaaatc

aacacectgtcatrttatggcagggtgttttcgttatttaaTTTTTT (N = guide sequence; first underline = tracr

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

[00206] Example chimeric RNA for S thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

NNNNNNNNNNNNNNNNNNNNgttattgtactctcaGAA^\tgcagaagctacaaagataaggcttcatgccgaaatc

s g£ (N = guide sequence; first underline = tracr mate

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

[00207] Example chimeric RNA for S thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)



N N N N gt attgtactctcaaga aGAAAtaaa cttgcagaagctacaa gataaggcit

catgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT (N = guide sequence; first

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

[00208] Example chimeric RNA for S . thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

a ct ti (N = guide sequence; first underline tracr

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

[00209] Example chimeric RNA for S . thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

acaccctgtcattttatggcagggtgtTTTTTT (N = guide sequence; first underline = tracr mate sequence;

second underline = tracr sequence; bold = terminator)

[002 O] Example chimeric RNA for S. thermophilus LMD-9 CRISPR3 Cas9 (with PAM of

NGGNG)

NNNNNNNNNNNNNNNNNNN^

gaaaaggtggcaccgattcggtgtTTTTTT (N = guide sequence; first underline = tracr mate sequence;

second underline = tracr sequence; bold = terminator)

[0021 1] Codon-optimized version of Cas9 from S. thermophilus LMD-9 CRISPR3 locus (with

an NLS at both 5' and ends)

ATGAAAA<5G(XXiGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGACCA

AGCCCTACAGCATCGGCCTGGACATCGGCACCAATAGCGTGGGCTGGGCCGTGACC

Λ ( GA C Λ A CΎ Λ Λ JG X· XX AG( A G A TGA X· Ί Χ G( Λ Λ ί Λ ( X ΧX Λ A

GAAGTACATCAAGAAAAACCTGCTGGGCGTGCTGCTGTTCGACAGCGGCATTACAG

CCGAGGGCAGACGGCTGAAGAGAACCGCCAGACGGCGGTACACCCGGCGGAGAAA

CAGAATCCTGTATCTGCAAGAGATCTTCAGCACCGAGATGGCTACCCTGGACGACG

CCTTCTTCCAGCGGCTGGACGACAGCTTCCTGGTGCCCGACGACAAGCGGGACAGC

AAGTACCCCATCTTCGGCAACCTGGTGGAAGAGAAGGCCTACCACGACGAGTTCCC

CACCATCTACCACCTGAGAAAGTACCTGGCCGACAGCACCAAGAAGGCCGACCTGA

G ( "! GG G AT ' l ( ( X ( A iX Λ Λ ί 'f' ( ί (Χ ί(Χ ί '( 'Λ ( ί ( Ί Χ Λ ί Ci

AGGGCGAGTTCAACAGCAAGAACAACGACATCCAGAAGAACTTCCAGGACTTCCTG



GACACCTACAACGCCATCTTCGAGAGCGACCTGTCCCTGGAAAACAGCAAGCAGCT

GGAAGAGATCGTGAAGGACAAGATCAGCAAGCTGGAAAAGAAGGACCGCATCCTG

AAGCTGTTCCCCGGCGAGAAGAACAGCGGAATCTTCAGCGAGTTTCTGAAGCTGAT

CGTGGGCAACCAGGCCGACTTCAGAAAGTGCTTCAACCTGGACGAGAAAGCCAGCC

! A " f'T C AGC ΛΛί J Λί C'GAG ·Λί T C G A AA XX X i TG ΛΊ 'ΛΊ Λ (

GGCGACGACTACAGCGACGTGTTCCTGAAGGCCAAGAAGCTGTACGACGCTATCCT

GCTGAGCGGCTTCCTGACCGTGACCGACAACGAGACAGAGGCCCCACTGAGCAGCG

CCATGATTAAGCGGTACAACGAGCACAAAGAGGATCTGGCTCTGCTGAAAGAGTAC

ATCCGGAACATCAGCCTGAAAACCTACAATGAGGTGTTCAAGGACGACACCAAGAA

CGGCTACGCCGGCTACATCGACGGCAAGACCAACCAGGAAGATTTCTATGTGTACC

TGAAGAAGCTGCTGGCCGAGTTCGAGGGGGCCGACTACTTTCTGGAAAAAATCGAC

CGCGAGGATTTCCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCATCCCCTACCA

GATCCATCTGCAGGAAATGCGGGCCATCCTGGACAAGCAGGCCAAGTTCTACCCAT

Ί Ί Χ ΧΑ Λ ΛΛ Ί Ί Ί ( ( Ί Ί 'Λ Ί

ACGTGGGCCCCCTGGCCAGAGGCAACAGCGATTTTGCCTGGTCCATCCGGAAGCGC

ΑΛ ! G G Ci Λ( Χ ί ΧΊ Χ =ΛΑ( Ί Ί GAG( = ( ί Χ ΑΊ X A A A AG AG A G

CGAGGCCTTCATCAACCGGATGACCAGCTTCGACCTGTACCTGCCCGAGGAAAAGG

TGCTGCCCAAGCACAGCCTGCTGTACGAGACATTCAATGTGTATAACGAGCTGACCA

AAGTGCGGTTTATCGCCGAGTCTATGCGGGACTACCAGTTCCTGGACTCCAAGCAGA

AAAAGGACATCGTGCGGCTGTACTTCAAGGACAAGCGGAAAGTGACCGATAAGGAC

A T < GT A X XsC A{ G X Α Γ ΤΛ( Χ

CGAGAAGCAGTTCAACTCCAGCCTGAGCACATACCACGACCTGCTGAACATTATCA

A ( X=A A A A X ' X - Ci CiG -AlX V X AAG AG AT A T

CACACCCTGACCATCTTTGAGGACCGCGAGATGATCAAGCAGCGGCTGAGCAAGTT

CGAGAACATCTTCGACAAGAGCGTGCTGAAAAAGCTGAGCAGACGGCACTACACCG

GCTGGGGCAAGCTGAGCGCCAAGCTGATCAACGGCATCCGGGACGAGAAGTCCGGC

AACACAATCCTGGACTACCTGATCGACGACGGCATCAGCAACCGGAACTTCATGCA

GCTGATCCACGACGACGCCCTGAGCTTCAAGAAGAAGATCCAGAAGGCCCAGATCA

TCGGGGACGAGGACAAGGGCAACATCAAAGAAGTCGTGAAGTCCCTGCCCGGCAGC

( X X A AAGAA C G C AA G C A ( · ( · Χ AA C A ( C Χ A C A C ( ! ( -TC AA

AGTGATGGGCGGCAGAAAGCCCGAGAGCATCGTGGTGGAAATGGCTAGAGAGAAC



CAGTACACCAATCAGGGCAAGAGCAACAGCCAGCAGAGACTGAAGAGACTGGAAA

AGTCCCTGAAAGAGCTGGGCAGCAAGATTCTGAAAGAGAATATCCCTGCCAAGCTG

TCCAAGATCGACAACAACGCCCTGCAGAACGACCGGCTGTACCTGTACTACCTGCA

GAATGGCAAGGACATGTATACAGGCGACGACCTGGATATCGACCGCCTGAGCAACT

A( G A A X iA X /Υ Α Ί ( ( C X ' AG G " " ! 'TGAA A A A A AG AT ( ·Α ( A A C

AAAGTGCTGGTGTCCTCCGCCAGCAACCGCGGCAAGTCCGATGATGTGCCCAGCCT

GGAAGTCGTGAAAAAGAGAAAGA(XJrT(TrGGTAT(lAGCTGCTGAAAAGCAAGCTGA

TTAGCCAGAGGAAGTTCGACAACCTGACCAAGGCCGAGAGAGGCGGCCTGAGCCCT

GAAGATAAGGCCGGCTTCATCCAGAGACAGCTGGTGGAAACCCGGCAGATCACCAA

GCACGTGGCCAGACTGCTGGATGAGAAGTTTAACAACAAGAAGGACGAGAACAACC

GGGCCGTGCGGACCGTGAAGATCATCACCCTGAAGTCCACCCTGGTGTCCCAGTTCC

GGAAGGACTTCGAGCTGTATAAAGTGCGCGAGATCAATGACTTTCACCACGCCCAC

GACGCCTACCTGAATGCCGTGGTGGCTTCCGCCCTGCTGAAGAAGTACCCTAAGCTG

AA( { G A F Χ ' f' .\ TA X { C AAG ' A C A A C" f'C' ( " ' f'C' AG AG A C 'G G A A

GTCCGCCACCGAGAAGGTGTACTTCTACTCCAACATCATGAATATCTTTAAGAAGTC

CATC A ' A

AGACAGGCGAGAGCGTGTGGAACAAAGAAAGCGACCTGGCCACCGTGCGGCGGGT

GCTGAGTTATCCTCAAGTGAATGTCGTGAAGAAGGTGGAAGAACAGAACCACGGCC

TGGATCGGGGCAAGCCCAAGGGCCTGTTCAACGCCAACCTGTCCAGCAAGCCTAAG

CCCAACTCCAACGAGAATCTCGTGGGGGCCAAAGAGTACCTGGACCCTAAGAAGTA

AGAAGGGCGCTAAGAAAAAGATCACAAACGTGCTGGAATTTCAGGGGATCTCTATC

CΊ X sA( ( C G A AA A C C'G G AAGG ATA A( · " !'GA A( Τ Π GCTGGA AA AAGC ' A

CAAGGACATTGAGCTGATTATCGAGCTGCCTAAGTACTCCCTGTTCGAACTGAGCGA

CGGCTCCAGACGGATGCTGGCCTCCATCCTGTCCACCAACAACAAGCGGGGCGAGA

TCCACAAGGGAAACCAGATCTTCCTGAGCCAGAAATTTGTGAAACTGCTGTACCACG

CCAAGCGGATCTCCAACACCATCAATGAGAACCACCGGAAATACGTGGAAAACCAC

AAGAAAGAGTTTGAGGAACTGTTCTACTACATCCTGGAGTTCAACGAGAACTATGTG

GGAGCCAAGAAGAACGGCAAACTGCTGAACTCCGCCTTCCAGAGCTGGCAGAACCA

( AGi X X A Α Ί Χ Χ Ί Ί Χ ( ( ( Ί ·Λ ( ί CiG( A X G CiG A Ci

GACTGTTTGAGCTGACCTCCAGAGGCTCTGCCGCCGACTTTGAGTTCCTGGGAGTGA



AGATCCCCCGGTACAGAGACTACACCCCCTCTAGTCTGCTGAAGGACGCCACCCTGA

TCCACCAGAGCGTGACCGGCCTGTACGAAACCCGGATCGACCTGGCTAAGCTGGGC

GAGGGAAAGCGTCCTGCTGCTACTAAGAAAGCTGGTCAAGCTAAGAAAAAGAAATA

A

Example 5: Optimization of the guide RNA for Streptococcus pyogenes Cas9 (referred to as

SpCas9).

[00212] Applicants mutated the tracrRNA and direct repeat sequences, or mutated the

chimeric guide RNA to enhance the R As in ceils.

[00213] The optimization is based on the observation that there were stretches of thymines

(Ts) in the tracrRNA and guide RNA, which might lead to early transcription termination by the

po 3 promoter. Therefore Applicants generated the following optimized sequences. Optimized

tracrRNA and corresponding optimized direct repeat are presented in pairs.

[00 ] Optimized tracrRNA 1 (mutation underlined):

GGAACCATTCAtAACAGCATAGCAAGTTAtAATAAGGCTAGTCCGTTATCAACTTGAA

AAAGTGGCACCGAGTCGGTGCTTTTT

[00215] Optimized direct repeat 1 (mutation underlined):

GTTaTAGAGCTATGCTGTTaTGAATGGTCCCAAAAC

[00216] Optimized tracrRNA 2 (mutation underlined):

GGAACCATTCAAtACAGCATAGCAAGTTAAtATAAGGCTAGTCCGTTATCAACTTGAA

AAAGTGGCACCGAGTCGGTGCTTTTT

[00217] Optimized direct repeat 2 (mutation underlined):

[00218] Applicants also optimized the chimeric guideRNA for optimal activity in eukaryotic

cells.

[00219] Original guide RNA:

TAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

[00220] Optimized chimeric guide RNA sequence 1:

NNNNNNNNNNNNNNNNNNNNGTATTAGAGCTAGAAATAGCAAGTTAATATAAGGC

TAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT



[00221] Optimized chimeric guide RN A sequence 2 :

\ \ \ \ \ \ \ \ \ X( r ! i Ί ΛΊ ί Ί ΊΊΊ -ΛΛΛ ΛΛΛΛ ί ί ' Λ

TAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG

GTGCTTTTTTT

[00222] Optimized chimeric guide RNA sequence 3 :

ATAGCAAGTTAA ATAAGG rAGTCXX TTA CAA TTGAAAAAGTGGCACCGAGTC

GGTGCTTTTTTT

[00223] Applicants showed that optimized chimeric guide RN A works better as indicated in

Figure 9. The experiment was conducted by co-transfecting 293FT cells with Cas9 and a U6-

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: "GTCACCTCCAATGACTAGGG"

Example 6: Optimization of Streptococcus thennophiius LMD-9 CRJSPR I Cas9 (referred to as

Sti Cas9)

[ 224 Applicants designed guide chimeric RNAs as shown in Figure 12.

[00225] The StlCas9 guide RNAs can under go the same type of optimization as for SpCas9

guide RNAs, by breaking the stretches of poly y es (Ts).

Example 7: Improvement of the Cas9 systemfor in vivo application

[00226] Applicants conducted a Metagersoniic search for a Cas9 with small molecular weight.

Most Cas9 homologs are fairly large. For example the SpCas9 is around 1368aa long, which is

too large to be easily packaged into viral vectors for delivery. Some of the sequences may have

been mis-annotated and therefore the exact frequency for each length may not necessarily be

accurate. Nevertheless it provides a glimpse at distribution of Cas9 proteins and suggest thai-

there are shorter Cas9 homologs.

[00227] Through computational analysis, Applicants found that in the bacterial strain

Campylobacter, there are two Cas9 proteins with less than 1000 amino acids. The sequence for

one Cas9 from Campylobacter jejuni is presented below. At this length, CjCas9 can be easily

packaged into AAV, lentiviruses, Adenoviruses, and other viral vectors for robust delivery into

primary ceils and in vivo in animal models.



[00228] Campylobacter jejuni Cas9 (CjCas9)

MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLALPRRLARSARKRLARR
KARLNHLKHLIANEFKLNYEDYQSFDESLAKAYKGSLISPYELRFRALNELLSKQDFAR
VILHIAiCRRGYDDIKNSDDKEKGAILiCAIKQNEEKLANYQSVGEYLYKEYFQKFKENSK
EFTNVR KKESYERCIAQSFL DEL L F QREFGFSFS KFEEEVLSVA Y RAL DFS
HLVGNCSFFTDEKRAPKNSPLAFMFVALTRIINLLNNLKNTEGILYTKDDLNALLNE\ L

iGTLTYKQTKKLLGLSDDYF F GE G F] F KY EF ALGEHNLSQDDLNE A DIT
L KDF L ALA YDLNQNQIDSL5 LFiFK ISFKALKLVTPLMLEGKKYDEACNE
LNLKVAI EDK DFLPAFNETYY DEV VVLRAIKEYR VL ALLK YGKVH NIE
LA EVG N SQRA EKEQNENYKA i DAELECE X GL INSKN L LRLFKEQ EFCA
YSGEK1KISDLQDEK¾'1LEIDHIYPYSRSFDDSYMNK\ LVFTKQNQEKLNQTPFEAFGNDS
A WQ IEVLA LPTK QKJ ILD NY D EQKNFKDRNLNDTRYIARLVLNYT DYL
DFLPLSDDENTKLNDTQKGSKVHVEAKSGMLTSALRIITWGFSAKDRNNFILHfiAIDAVI
IAYAN SI K,AFSDFKKEQESNSAELYAKKISELDYKNKRKFFEPFSGFRQK\ LDKIDEIF
VSKPERK PSGAL EETFR EEEFYQSYGGi EGVLKALELG RKVNG V NGDMFR
VDIF F T FYAVP YTMDFAL VLPN AVARSKKGE DW LMDENYEFCFSLY
DSL L QT D QEPEFVYYNAFTSS SLIVSK DN FETLS QKILFK A E EVIA S
IGIQNLKVFEKYIVSALGEvTKAEFRQREDFKK.

[00229] The putative tracrRNA element for th s CjCas9 is:

TATAATCTCATAAGAAATTTAAAAAGGGACTAAAATAAAGAGTTTGCGGGACTCTG
CGGGGTTACAATCCCCTAAAACCGCTTTTAAAATT

[002301 The Direct Repeat sequence is:

ATTTTACCATAAAGAAATTTAAAAAGGGACTAAAAC

[00231] The co-fold structure of the tracrRNA and direct repeat is provided in Figure 6 .

[00232] An example of a chimeric guideRNA for CjCas9 is:

NNNNNNNNNNNNNNNNNNNNGIJUIJUAGUCCCGAAAGGGACUAAAAIJAAAGAGUIJ
UGCGGGACUCUGCGGGGUUACAAUCCCCUAAAACCGCUUUU

[00233] Applicants have also optimized Cas9 guide RNA using in vitro methods. Figure 18

shows data from the StlCas9 chimeric guide RNA optimization in vitro

[00234] While preferred embodiments of the present invention have been shown and

described herein it will be obvious to those skilled in the art that such embodiments are provided

by way of example only. Numerous variations, changes, and substitutions will now occur to

those skilled in the art without departing from the invention. It should be understood that various

alternatives to the embodiments of the inven tion described herein may be employed in practicing

the invention. t is intended that the following claims define the scope of the invention and that

methods and structures within the scope of these claims and their equivalents be covered thereby.



Example 8: Sa sgRNA Optimization

[00235] Applicants designed five sgRNA variants for SaCas9 for an optimal truncated

architecture with highest cleavage efficiency. In addition, the native direct repeattracr duplex

system was tested alongside sgRNAs. Guides with indicated lengths were -trans fected with

SaCas9 and tested in HEK 293FT cells for activity. A total of lOOng sgRNA U6-PCR amp icon

(or 50ng of direct repeat and 50ng of tracrRNA) and 400ng of SaCas9 plasmid were co-

transfected i to 200,000 Hepal-6 mouse hepatocvtes, and DNA was harvested 72-hours post-

transfection for SURVEYOR analysis. The results are shown in Fig. 23.
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alternatives to the embodiments of the invention described herein may be employed in practicmg

the invention.



CLAIMS

WHAT IS CLAIMED IS:

1. A non-natural y occurring or engineered composition comprising:

A) a CRISPR--Cas system chimeric RNA (chiR A polynucleotide sequersce, wherem the

polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequersce irs a eukaryotic cell,

(b) a tracr mate sequence, and

(c) a tracr sequence

wherein (a), (b) and (c) are arranged in a 5' to 3 orientation,

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

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

sequence,

wherein the CRISPR complex comprises a CRISPR enzyme compiexed with (1) the

guide sequence that is hybridized to the target sequence, and (2) the tracr mate sequence that is

hybridized to the tracr sequence,

or

B a CRISPR enzyme system, wherein the system is encoded by a vector system

comprising one or more vectors comprising

I . a first regulatory element operabiy linked to a CRISPR-Cas system chimeric RNA

(chiRNA) polynucleotide sequence, wherein the polynucleotide sequence comprises

(a) one or more guide sequences capable of hybridizing to one or more target sequences

in a eukaryotic cell,

b) a tracr mate sequence, and

(c) one or more tracr sequences, and

II a second regulatory element operabiy linked to an enzyme-coding sequence encoding

a CRISPR enzyme comprising at least one or more nuclear localization sequences,

wherein (a), ( ) and (c are arranged in a 5' to 3"orientation,

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

wherem when transcribed, the tracr mate sequence hybridizes to the tracr sequence and

the guide sequence directs sequence-specific binding of CRISPR complex to the target

sequence,



wherein the CRISPR complex comprises the CRISPR enzyme compiexec! with (1) the

guide sequence thai is hybridized to the target sequence, an d 2) the tracr mate sequence that is

hybridized to the tracr sequence,

or

C) a multiplexed C SP enzyme system, wherein the system is encoded by a vector

system comprising one or more vectors comprising

a first regulatory element operabiy linked to a CRISPR -Cas system chimeric RN A

(chiRNA) polynucleotide sequence, wherein the polynucleotide sequence comprises

(a) one or more guide sequences capable of hybridizing to one or more target sequences

in a eukaryotic cell,

(b) tracr mate sequence, an

(c one or more tracr sequences, and

II. second regulatory element operabiy linked to an enzyme-coding sequence encoding

a CRiSPR enzyme comprising at least one or more nuclear localization sequences,

wherein (a), (b) and (c) are arranged in a to ' orientation,

wherei components and I are located on the same or different vectors of die system,

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

the guide sequence directs sequence-specific binding of a CR SPR complex to the target

sequence,

wherein the CRJSPR complex comprises the CRISPR enzyme complexed with (1) the

guide sequence tha is hybridized to the target sequence, and (2) the tracr mate sequence that is

hybridized to the tracr sequence,

wherein in the multiplexed system mu iple chiRNA polunucleoiide sequences are used

or

D) a multiplexed CRISPR enzyme system, wherein the system is encoded by a vector

system comprising one or more vectors comprising

I . first regulatory element operabiy linked to

(a) one or more guide sequences capable of hybridizing o a target sequence in a cell, and

(b at least one or more tracr ma e sequences,

. a second regulatory element operabiy linked to an enzyme-coding sequence encoding

a CRISPR enzyme, and



Ι a third regulatory element operably linked to a tracr sequence.

wherein components an I I are located on the same or different vectors of the

syste

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

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

sequence,

wherein the CRJSPR complex comprises the CRISPR enzyme complexed w th (1) the

guide sequence that is hybridized to the target sequence, and (2) the tracr mate sequence that is

hybridized to the tracr sequence, and

wherein · · the multiplexed system multiple guide sequences and a s g e tracr sequence

is used;

and

wherein, in the polynucleotide sequence of A) or in the system of B , C or D , one or

more of the guide, tracr and tracr mate sequences are modified to improve stability.

2 . The CRISPR-Cas system chiRNA or CRJSPR enzyme system of claim 1 wherein

the modification comprises an engineered secondary structure.

3 . The CRISPR-Cas system chiRNA or CR ISPR enzyme system of claim or claim

2 wherein the modification comprises a reduction in a region of hybridization between the tracr

mate sequence and the tracr sequence.

4 . The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

c laim wherein the modification comprises fusing the tracr mate sequence and the tracr sequence

through an artificial loop

5 . The CRISPR-Cas system chiRNA or CRJSPR enzyme system of any preceding

clai wherein the modification comprises the tracr sequence having a length between 40 and

120bp.

6 . The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the tracr sequence is between 40 bp and full length of the tracr.

7 . The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the tracr sequence includes at least nucleotides 1-67 of the corresponding wild

type tracRNA.



8. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the tracr sequence includes at least nucleotides 1-85 of the corresponding wild

type tracRNA.

9 . The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the tracr sequence comprises nucleotides corresponding to nucleotides 1-67 of

wild type S. pyogenes Cas9 tracRNA.

10. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the tracr sequence comprises nucleotides corresponding to nucleotides 1-85 of

wild type S. pyogenes Cas9 tracRNA

1 . The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 9wherein

the tracr sequence consists essentially of nucleotides corresponding to nucleotides 1-67 of wild

type S. pyogenes Cas9 tracRNA.

12. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim lOwherein

the tracr sequence consists essentially of nucleotides corresponding to nucleotides 1-85 of wild

type S. pyogenes Cas9 tracRNA

13. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the modification comprises sequence optimization.

4 . The CRJSPR-Cas system chiRNA or CR SPR enzyme system of claim 13

wherein the modification comprises reduction in po yT sequences in the tracr and/or tracr mate

sequence.

15. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 14

wherein one or more Ts present i a poly-T sequence of the relevant wild type sequence have

been substituted with a non-T nucleotide.

16. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 13, 14, or

15 wherein the modified sequence does not comprise any polyT sequence having more than 4

contiguous Ts.

7 . The CRISPR-Cas system chiRNA o CRJSPR enzyme system of any preceding

claim wherein the modification comprises adding a polyT terminator sequence.

18. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 17

wherein the modification comprises adding a pofyT terminator sequence in tracr and/or tracr

mate sequences.



. 'The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim or 18

wherein he odification comprises adding a polyT terminator sequence in the guide sequence.

20. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the modification comprises altering loops and/or hairpins.

2 . The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 20

wherein the modification comprises providing a minimum of two hairpins in the guide sequence.

22. The CRJSPR-Cas syste chiRNA or CRISPR enzyme system of claim 20 or

wherein the modification comprises providing a hairpin formed by complementation between the

tracr and tracr mate sequence.

23. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 20 to 22

wherein the modification comprises providing one or more further hairpin(s) at the 3' end of the

tracrRNA sequence.

24. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 20 to 23

wherein the modification comprises providing one or more additional hairpin(s) added to the 3

of the guide sequence.

25. The CRJSPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the modification comprises extending the 5' end of the guide sequence.

26. The CRJSPR-Cas system chiRNA or CRISPR enzyme system of claim 25

wherein the modification comprises providing one or more hairpins in the 5' end of the guide

sequence.

27. The CRJSPR-Cas system chiRNA or CRIS R enzyme system of claim 25 or 26

wherein the modification comprises appending the sequence (5 -AGGACGAAGTCCTAA) to

the 5' end of the guide sequence

28. The CRJSPR-Cas system chiRNA or CRISPR enzyme system of any preceding

clai wherein the modification comprises providing cross linking or providing one or more

modified nucleotides in the polynucleotide sequence.

29. The CRISPR-Cas system chiRNA or CRISPR enzyme system of c ann 28

wherein modified nucleotides are provided in any or all of the tracr, tracr mate, and/or guide

sequences, and/or in the enzyme coding sequence, and/or in vector sequences.



30. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 28 or 29

wherein providing modified nucleotides comprises inclusion of at least one on naturally

occurring nucleotide, or a modified nucleotide, or analogs thereof.

31. The CRJSPR-Cas system chiRNA or CRJSPR enzyme system of claim 30

wherein the modified nucleotides are modified at the ribose, phosphate, and/or base moiety.

32. The CRISPR-Cas system chiRNA or CRISPR enzyme system of claim 30

wherein the modified nucleotide is selected from the group consisting of 2'~0-methyi analogs, 2 -

deoxy analogs, or 2'-fiuoro analogs

33. The CRJSPR-Cas system chiRNA or CRJSPR enzyme system of claim 30

wherein the modified nucleotide is selected from the group consisting of 2-aminopurine, 5-

bromo-uridine, pseudouridine. inosine, 7-methylguanosme.

34. The CRISPR-Cas system chiRNA or CRJSPR enzyme system of any preceding

claim wherein the modification comprises two hairpins.

35. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the modification comprises three hairpins.

36. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the modification comprises at most five hairpins.

37. The CRISPR-Cas system chiRNA o CRISPR enzyme system of any preceding

claim wherein the CRISPR enzyme is a type II CRISPR system enzyme.

38. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

c laim wherein the CR SPR enzyme is a Cas9 enzyme.

39. The CRISPR-Cas system chiRNA or CRJSPR enzyme system of any preceding

claim wherein the CRJSPR enzyme is comprised of less than one thousand amino acids

40. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any of claims 1

to 38 wherein the CRISPR enzyme is comprised of less than four thousand amino acids

4 1. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the Cas9 enzyme is StCas9 or StlCas9.

42. The CRISPR-Cas system chiRNA or CRISPR enzyme system o any preceding

claim wherein the Cas9 enzyme is a Cas9 enzyme from an organism selected from the group

comprising of genus Streptococcus, Campylobacter, Nitratifractor, Staphylococcus,



Parvibaculum, Rosehuria, Neisseria, Gluconacetobacter, Azospirillum, Sphaerochaeta,

Lactobacillus, Eubacterium or Corynebacter.

43. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the CRISPR enzyme is a nuclease directing cleavage of both strands at the

location of the target seq uence.

44. The CRISPR-Cas system chiRNA or CRISPR enzyme system of a y preceding

c laim , wherein the first regulatory element is a polymerase i l l promoter.

45. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the second regulatory element is a polymerase promoter.

46. The CRISPR-Cas system chiRNA or CRISPR enzyme system of any preceding

claim wherein the guide sequence comprises at least fifteen nucleotides.

47. The CRISPR-Cas system chiRNA or CRiSPR enzyme system of any preceding

claim wherein the modification comprises optimized tracr sequence and/or optimized guide

sequence RN A and/or, co-fold strucutre of tracr sequence and/or tracr mate sequence(s) and/or

stabilizing secondary structures of tracr sequence and/or tracr sequence with a reduced region of

base-pairing and/or tracr sequence fused RNA elements: and/or, n the multiplexed system there

are two RNAs comprising a tracer and comprising plurality of guides or one RNA comprising a

plurality of chimerics.

48. The CRISPR-Cas system chiRNA or CRiSPR enzyme system of any one of

claims 1-47 wherein the CRiSPR enzyme is codon-opiimized for expression in a eukaryotic ce l.

49. The composition of an preceding claim wherein the composition comprises a

CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide sequence.

50. The composition of claim 49, wherein the composition further comprises a

polynucleotide sequence encoding a CRISPR enzyme comprising at least one or more nuclear

localization sequences.

5 1. The CRISPR enzyme system o any preceding claim

52. The multiplexed CRISPR enzyme system of any preceding claim.

53. The transcription or translation product of the composition of claim 49 or 50, the

CRISPR enzyme system of claim 5 , or the multiplexed CRISPR enzyme system of claim 52.
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