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CRISPR- ITIO NS FOR

RELA ED APPLICATIONS AND INCORPORATION BY REFERENCE

[0001 ] This application claims priority to US provisional patent applications 61/736,527,

61/748,427, 61/791,409 and 61/835,931 all entitled SYSTEMS METHODS AND

COMPOSITIONS FOR SEQUENCE MANIPULATION filed on December 12, 2012, January

2, 2013, March 15, 2013 and June 17, 2013, respectively. This application also claims priority to

US provisional patent application 63/802,174 entitled ENGINEERING AND OPTIMIZATION

OF SYSTEMS, METHODS AND COMPOSITIONS FOR SEQUENCE MANIPULATION,

filed on March 5, 2013.

[0002] Reference is made to US provisional patent applications 61/758,468; 61/769,046;

61/802,174; 61/806,375; 61/814,263; 61/819,803 and 61/828,130, 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,

20 3; April 20, 2013; May 6, 2013 and May 28, 2013 respectively. Reference is also made to US

provisional patent applications 61/835,936, 61/836,127, 61/836,101, 61/836,080 and 61/835,973

each filed June 17, 2033. Reference is also made to US provisional patent application 61/842,322

and US patent application 14/054,414, each having Broad reference B -2 /008A, entitled

CRISPR-CAS SYSTEMS AND METHODS FOR ALTERING EXPRESSION OF GENE

PRODUCTS filed on July 2, 2013 and October 15, 20 3 respectively.

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

prosecution ("appln cite documents") an all documents cited or referenced in the app n cited

documents, and all documents cited or referenced herein ("herein cited documents"), and al

documents cited 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, al

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

document was specifically and individual ly indicated to be incorporated by reference.



FIELD OF THE INVENTION

[0004] 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 under the NIH Pioneer Award

DP1MH100706, awarded by the National Institutes of Health. The government has certain rights

i the i e tion.

BACKGROUND OF T ! F 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-like effectors (TALEs), or homing meganucleases

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

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

multiple positions within the eukaryotic genome.

SUMMARY OF THE INVENTION

[0007] There exists a pressing eed 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 in vention.

[0008] 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 eukaryotic cell,

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; and (b) a second regulatory 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 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 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 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.

Determining optimal alignment is within the purview of one of skill in the art. For example,

there are publically and commercially available alignment algorithms and programs such as, but

not limited to, ClustalW, Smith-Waterman in matlab. Bowtie, Geneious, Biopython and

SeqMan. 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 eukaryotic cell. Without wishing to be bound by theory, it

is believed that a nuclear localization sequence is not necessary for CRISPR complex activity in



eukaryotes, but that including such sequences enhances activity of the system, especially as to

targeting nucleic aci molecules in the nucleus. In so e embodiments, the CRISPR enzyme is

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

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

thermophilus Cas9, and may include mutated Cas9 derived from these organisms. The enzyme

may be a Cas9 homoiog or ortholog. In some embodiments, the CRISPR enzyme is codon-

optimized for expression in a eukaryotic cell. n 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. In some embodiments,

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

regulatory element is a polymerase I I 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 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, RNA, 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 vira!iy-derived DNA or RNA sequences are present in the vector for packaging

into a virus (e.g. retroviruses, replication defective retroviruses, adenoviruses, replication

detective adenoviruses, and adeno-associated viruses). Viral vectors also include

polynucleotides carried by a vims 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 ce l, and thereby are replicated along with the host genome.

Moreover, certain vectors are capable of directing the expression of genes to which they are

operatively-linked. Such vectors are referred to herein as "expression vectors." Common

expression vectors of utility in recombinant DNA techniques are often in the form of plasmids.



[0009] 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 thai the recombinant

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

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

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

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

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

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

[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 poiy-U sequences). Such regulatory-

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

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

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

of host ceil and those that direct expression of the nucleotide sequence only in certain host cells

(e.g., tissue-specific regulator}' 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 cell-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 po II

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

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

promoters. Examples of po 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 a , Cell, 41:521-530

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

piiosphoglycerol kinase (PGK) promoter, and the EFla promoter. A so encompassed by the

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

segment 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 , 1981). It will be appreciated by those skilled in the art that the design of the

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

level of expression desired, 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 lentiviruses and adeno-assoeiated viruses, a d types of

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

[0012] n 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. In 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 cel . In some embodiments,

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

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

enzyme. In some embodiments, the Cas9 enzyme is 5. pneumoniae, S. pyogenes or S.

thermophilus Cas9, and may include mutated Cas9 derived from these organisms. 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 CRISPR enzyme lacks DNA strand cleavage

activity.

[0013] n one aspect, the invention provides a CRISPR enzyme comprising one or more

uclear 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 CRISPR e zyme

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



[0014] n one aspect, the invention provides a eukarvotic host cell comprising (a) a first

regulatory element operably linked to a tract 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 comple to a

target sequence in a eukaryotie cell, wherein the CRISPR complex comprises a CRISPR enzyme

compiexed with (1) the guide sequence that is hybridized to the target sequence, a d (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 eukaryotie 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 whe 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 eukaryotie host cell

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 when 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 eukaryotie ceil. In some embodiments, the

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

enzyme is a Cas9 enzyme. I some embodiments, the Cas9 enzyme is 5 . 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. n some embodiments, the CRISPR enzyme is

codo -optimized for expression in a eukarvotic 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. In some embodiments,

the first regulatory element is a polymerase (If promoter. In some embodiments, the second

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



least 15, 16, 17, 18, , 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 eukaryotie organism, comprising a eukaryotic host cell according to

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

organism; preferably a multicellular eukaryotie 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

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 comple 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 kit comprises components (a) and (b) 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 eukaryotic cell. In some embodiments, the system further comprises a third

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

some ernbodirnenis, 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 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



I I CRISPR system enzyme n 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 codo -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. I 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 II promoter. In some embodiments, the guide sequence is at least 15, 6, 7, 18, 9,

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

[0016] 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. n 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 etho further comprises repairing sai 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

ce l, 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. In some

embodiments, said vectors are delivered to the eukaryotic cel 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 cel from a subject prior to



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

cell 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 cel ls, 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 cel

comprising a mutated disease gene I some embodiments, a disease gene is any gene associated

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

mate sequence, an a tracr sequence; and (b) allowing 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 cel

comprising a mutated disease gene n some embodiments, said cleavage comprises cleaving

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

embodiments, sai 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 expression from a gene comprising the target sequence.



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

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

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

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

compound wit 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 a augmentation of a ceil signaling event

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

agent that modulates said cell signaling event associated with said disease gene.

[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 CRJSPR 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. In 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 cel l (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;

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

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

polynucleotide in the cell(s) to be selected; allowing a CRJSPR complex to bind to a target

polynucleotide to effect cleavage of the target polynucleotide within said gene, wherein the

CRJSPR complex comprises the CRJSPR enzyme complexed with (1) the guide sequence that is

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

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

target polynucleotide 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 CRJSPR 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] 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 written 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

[0023] t is noted that in this disclosure and particularly in the claims and/or paragraphs,

terms such as "comprises", "comprised", "comprising" and the like ca 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

[0024] 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:

[0025] 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).



[0026] Figure 2A-F shows an exemplary CRISPR system, a possible mechanism of action,

a example adaptation for expression in eukaryotie cells, and results of tests assessing nuclear

localization and CRISPR activity.

[0027] Figure 3 shows an exemplary expression cassette for expression of CRISPR system

elements in eukaryotie cells, predicted structures of example guide sequences, and CRISPR

system activity as measured in eukaryotie and prokaryotic cells.

[0028] Figure 4A- shows results of an evaluation of SpCas9 specificity for an example

target.

[0029] Figure 5A-G show an exemplary vector system and results for its use in directing

homologous recombination in eukaryotie ceils.

[0030] Figure 6 provides a table of protospacer sequences and summarizes modification

efficiency results for protospacer targets designed based on exemplary S. pyogenes and S.

thermophilus CRISPR systems with corresponding PAMs against loci in human and mouse

genomes. Cells were transfected with Cas9 and either pre-erRNA/tracrRjN A or chimeric RNA,

and analyzed 72 hours after transfection. Percent indeis are calculated based on Surveyor assay-

results from indicated cell lines (N =3 for all protospacer targets, errors are S.E.M., N.D.

indicates not detectable using the Surveyor assay, and N.T. indicates not tested in this study).

[0031] Figure 7A-C shows a comparison of different iracrRNA transcripts for Cas9-

mediated gene targeting.

[0032] Figure 8 shows a schematic of a surveyor nuclease assay for detection of double

strand break-induced micro-insertions and -deletions.

[0033] Figure 9A-B shows exemplary bicistronic expression vectors for expression of

CRISPR syste elements in eukaryotie cells.

[0034] Figure 10 shows a bacterial plasmid transformation interference assay expression

cassettes and plasmids used therein, and transformation efficiencies of cells used therein.

[0035] Figure llA-C shows histograms of distances between adjacent S . pyogenes SF370

locus I PAM (NGG) (Figure 10A) and S . thermophilus LMD9 locus 2 PA. .V (NNAGAAW)

(Figure 10B) in the human genome; and distances for each PAM by chromosome (Chr) (Figure

IOC).

[0036] Figure A-C shows an exemplary CRISPR system, an example adaptation for

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



[0037] Figure 13A-C shows exemplary manipulations of a CRISPR system for targeting of

genomic loci in mammalian cells.

[0038] Figure 4A- shows the results of a Northern blot analysis of erR A processing i

mammalian cel ls.

[0039] Figure 15 shows an exemplary selection of protospacers in the human PVALB and

mouse Th loci.

[0040] Figure J6 shows example protospacer and corresponding PAM sequence targets of

the S. thermophilus CRISPR system in the human EMX1 locus.

[0041] Figure 17 provides a table of sequences for primers and probes used for Surveyor,

RFLP, genomic sequencing, and Northern blot assays.

[0042] Figure 18A-C shows exemplary manipulation of a CRISPR system with chimeric

RNAs and results of SURVEYOR assays for system activity in eukaryotic cells.

[0043] Figure 19A-B shows a graphical representation of the results of SURVEYOR assays

for CRJSPR system activity in eukaryotic cells.

[0044] Figure 20 shows an exemplary visualization of some S . pyogenes Cas9 target sites in

the human genome using the i CSC genome browser.

[0045] Figure 21 shows predicted secondary structures for exemplary chimeric RNAs

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

[0046] Figure 22 shows exemplaiy bicistronic expression vectors for expression of CRISPR

system elements in eukaryotic cells.

[0047] Figure 23 shows that Cas9 nuclease activity against endogenous targets may be

exploited for genome editing (a) Concept of genome editing using the CRISPR system. The

CRISPR targeting construct directed cleavage of a chromosomal locus and was c -transformed

with an editing template that recombined with the target to prevent cleavage. Kanamycin-

resistant transformants that survived CRISPR attack contained modifications introduced by the

editing template tracr, r -ac ivating CRISPR RNA; aphA-3, kanamycin resistance gene (b)

Transformation of crR6M DNA in " 2 cells with no editing template, the R6 wild-type srtA

or the R6370.1 editing templates. Recombination of either R6 srtA or R6 prevented cleavage

by Cas9. Transformation efficiency was calculated as colony forming units (cfu) per g of

crR6 DNA; the mean values with standard deviations from at least three independent

experiments are shown. PCR analysis was performed on 8 clones in each transformation. "Un."



indicates the unedited srtA locus of strain "Ed." shows the editing template. R6 5 and

6 " targets are distinguished by restriction with Eael.

[0048] Figure 24 shows analysis of PAM and seed sequences that eliminate Cas9 cleavage

(a) PCR products with randomized PAM sequences or randomized seed sequences were

transformed in crR6 cells. These cells expressed Cas9 loaded with a crRNA that targeted a

chromosomal region of R6' ceils (highlighted in pink) that is absent from the R6 genome.

More than 2* 05 chloramphenicoi-resistant transformants, carrying inactive PAM or seed

sequences, were combined for amplification and deep sequencing of the target region (b)

Relative proportion of number of reads after transformation of the random PAM constructs in

crR6 cells (compared to number of reads in R6 transformants). The relative abundance for each

3-nucleotide PAM sequence is shown. Severely underrepresented sequences (NGG) are shown in

red; partially underrepresented one in orange (NAG) (c) Relative proportion of number of reads

after transformation of the random seed sequence constmcts in crR6 ceils (compared to number

of reads in R6 transformants). The relative abundance of each nucleotide for each position of the

first 20 nucleotides of the protospacer sequence is shown. High abundance indicates lack of

cleavage by Cas9, i.e. a CRISPR inactivating mutation. The grey line shows the level of the WT

sequence. The dotted line represents the level above which a mutation significantly disrupts

cleavage (See section "Analysis of deep sequencing data" in Example 5)

[0049] Figure 25 shows introduction of single and multiple mutations using the CRISPR

system in S . pneumoniae (a) Nucleotide an amino acid sequences of the wild-type and edited

(green nucleotides; underlined amino acid residues) bgaA. The protospacer, PAM and restriction

sites are shown (b) Transformation efficiency of ceils transformed with targeting constmcts in

the presence of an editing template or control (c) PCR analysis for 8 transformants of each

editing experiment followed by digestion with BtgZI (R→A) and Tsel (NE→AA). Deletion of

bgaA was revealed as a smaller PCR product (d) Miller assay to measure the β-galactosidase

activity of WT and edited strains (e) For a single-step, double deletion the targeting construct

contained two spacers (in this case matching srtA and bgaA) and was co-transformed with two

different editing templates (f) PCR analysis for 8 transformants to detect deletions in srtA and

bgaA loci. 6/8 transformants contained deletions of both genes.

[00S0] Figure 26 provides mechanisms underlying editing using the CRISPR system (a) A

stop codon was introduced in the erythromycin resistance gene ermAM to generate strain JENS3 .



The wild-type sequence can be restored by targeting the stop codon with the

CRISPR: :ermAM(stop) construct, and using the rmAM wild-type sequence as an editing

template (b) Mutant and wild-type ermAM sequences (c) Fraction of erythromicyn-resistant

(erm cfu calculated from total or kanamycin -resistant (kanR) cfu. (d) Fraction of total cel ls that

acquire both the CRISPR construct and the editing template. Co-transformation of the CRISPR

targeting construct produced more transformants (t-test, p=0.01 1). In all cases the values show

the meani-s.d. for three independent experiments.

[0051] Figure 27 illustrates ge ome editing with the CRISPR system i E. coli. (a) A

kanamycin-resistant plasmid carrying the CRISPR array (pCRISPR) targeting the gene to edit

may be transformed in the HME63 reeombineering strain containing a chloramphenicol-resistant

plasmid harboring cas9 and tracr (pCas9), together with an oligonucleotide specifying the

mutation (b) A K42T mutation conferring streptomycin resistance was introduced in the rpsL

gene (c) Fraction of streptomicyn-resistant (strepR cfu calculated from total or kanamycin-

resistant (kanR) cfu. (d) Fraction of total cells that acquire both the pCRISPR plasmid and the

editing oligonucleotide. Co-transformation of the pCRISPR targeting plasmid produced more

transformants (t-test, p=0.004). In all cases the values showed the meani-s.d. for three

independent experiments.

[0052] Figure 28 illustrates the transformation of crR6 genomic DNA leads to editing of the

targeted locus (a) The IS1167 element of S. pneumoniae R6 was replaced by the CRISPROl

locus of S. pyogenes SF370 to generate crR6 strain. This locus encodes for the Cas9 nuclease, a

CRISPR array with six spacers, the tracrRNA that is required for crRNA biogenesis and Casl,

Cas2 and Csn2, proteins not necessary for targeting. Strain crR6M contains a minimal functional

CRISPR system without casl, casl and csn2. The aphA-3 gene encodes kanamycin resistance.

Protospacers from the streptococcal bacteriophages φ8232.5 a d φ370.1 were fused to a

chloramphenicol resistance gene (cat) and integrated in the srtA gene of strain R6 to generate

strains R68232.5 and R6370.1. (b) Left panel: Transfomiation of crR6 and crR6M genomic

DNA in R6 and R As a control of cell competence a streptomycin resistant gene was

also transformed. Right panel: PCR analysis of 8 R6 transformants with crR6 genomic

DNA. Primers that amplify the srtA locus were used for PCR. 7/8 genotyped colonies replaced

the R68232.5 srtA locus by the WT locus from the crR6 genomic DNA.



study. In all cases the wild-type and mutant protospacer and PAM sequences (or their reverse

complement) are indicated. When relevant, the amino acid sequence encoded by the protospacer

is provided. For each editing experiment, all strains for which PCR and restriction analysis

corroborated the introduction of the desired modification were sequenced. A representative

chromatogram is shown, (a) Chromatogram for the introduction of a PAM mutation into the

R68232 target (Figure 23d). (b) Chromatograms for the introduction of the R>A and NE>AA

mutations into β-galactosidase (bgaA) (Figure 25c). (c) Chromatogram for the introduction of a

6664 bp deletion within bgaA ORF (Figures 25c and 25f). The dotted line indicates the limits of

the deletion, (d) Chromatogram for the introduction of a 729 bp deletion within srtA ORF

(Figure 25f). The dotted line indicates the limits of the deletion (e) Chromatograms for the

generation of a premature stop codon within ermAM (Figure 33). (f) rpsL editing in E . coli

(Figure 27).

[0054] Figure 30 illustrates CRISPR immunity against random S. pneumoniae targets

containing different PAMs. (a) Position of the 10 random targets on the S. pneumoniae R6

genome. The chosen targets have different PAMs and are on both strands (b) Spacers

corresponding to the targets were cloned in a minimal CRISPR array on plasmid pLZ12 and

transformed into strain crR6Rc, which supplies the processing and targeting machinery in trans,

(c) Transformation efficiency of the different plasmids in strain R6 and crR6Rc. No colonies

were recovered for the transformation of pDB99-108 (T1-T10) in crR6Rc. The dashed line

represents limit of detection of the assay.

[0055] Figure 31 provides a general scheme for targeted genome editing. To facilitate

targeted genome editing, crR6M was further engineered to contain tracrRNA, Cas9 and only one

repeat of the CRISPR array followed by kanamycin resistance marker (aphA-3), generating

strain crR6Rk. DNA from this strain is used as a template for PCR with primers designed to

introduce a new spacer (green box designated with N). The left and right PCRs are assembled

using the Gibson method to create the targeting construct. Both the targeting and editing

constructs are then transformed into strain crR6Rc, which is a strain equivalent to crR6Rk but

has the kanamycin resistance marker replaced by a chloramphenicol resistance marker (cat).

About 90 % of the kanamycin-resistant transformants contain the desired mutation.



are considered to be valid PAMs. Data is shown for the S . pneumoniae R6 genome as well as for

a random sequence of the same length and with the same GC-content (39.7 %). The dotted line

represents the average distance (12) between PAMs in the R6 genome.

[0057] Figure 33 illustrates CRISPR-mediated editing of the ermAM locus using genomic

DNA as targeting construct. To use genomic DNA as targeting construct it is necessary to avoid

CRISPR autoimmunity, and therefore a spacer against a sequence not present in the chromosome

must be used (in this case the ermAM erythromycin resistance gene), (a) Nucleotide and amino

acid sequences of the wild-type and mutated (red letters) ermAM gene. The protospacer and

PAM sequences are shown, (b) A schematic for CRISPR-mediated editing of the ermAM locus

using genomic DNA. A construct carrying an r -targeting spacer (blue box) is made by

PCR and Gibson assembly, and transformed into strain crR6Rc, generating strain JEN37. The

genomic DNA of JEN37 was then used as a targeting construct, and was co-transformed with the

editing template into JEN38, a strain in which the srtA gene was replaced by a wild-type copy of

ermAM. Kanamycin-resistant transformants contain the edited genotype (JEN43). (c) Number of

kanamycin-resistant cells obtained after co-transformation of targeting and editing or control

templates. In the presence of the control template 5.4*10 cfu ml were obtained, and 4.3x10

cfu ml when the editing template was used. This difference indicates an editing efficiency of

about 99 % [(4.3xl0 5-5.4xl0 )/4.3xl0 5]. (d) To check for the presence of edited cells seven

kanamycin-resistant clones and JEN38 were streaked on agar plates with (erm+) or without

(erm-) erythromycin. Only the positive control displayed resistance to erythromycin. The

ermAM mut genotype of one of these transformants was also verified by DNA sequencing

(Figure 29e).

[0058] Figure 34 illustrates sequential introduction of mutations by CRISPR-mediated

genome editing, (a) A schematic for sequential introduction of mutations by CRISPR-mediated

genome editing. First, R6 is engineered to generate crR6Rk. crR6Rk is co-transformed with a

srtA -targeting construct fused to cat for chloramphenicol selection of edited cells, along with an

editing construct for a AsrtA in-frame deletion. Strain crR6 AsrtA is generated by selection on

chlramphenicol. Subsequently, the AsrtA strain is co-transformed with a bgaA -targeting

construct fused to aphA-3 for kanamycin selection of edited cells, and an editing construct

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



plasmid carrying a bgaA protospacer (pDB97), and selection on spectinomycin. (b) PCR analysis

for 8 chloramphenicol (Cam)-resistant transformants to detect the deletion in the srtA locus (c)

β-galactosidase activity as measured by Miller assay. In S. pneumoniae, this enzyme is anchored

to the cell wall by sortase A. Deletion of the srtA gene results in the release of β-galactosidase

into the supernatant. AbgaA mutants show no activity, (d) PCR analysis for 8 spectinomycin

(Spec)-resistant transformants to detect the replacement of the CRISPR locus by wild-type

IS 1167.

[0059] Figure 35 illustrates the background mutation frequency of CRISPR in S.

pneumoniae, (a) Transformation of the CRISPR: :0 or CRISPR: :erm(stop) targeting constructs in

JEN53, with or without the ermAM editing template. The difference in kan CFU between

CRISPR::0 and CRISPR: :erm(stop) indicates that Cas9 cleavage kills non-edited cells. Mutants

that escape CRISPR interference in the absence of editing template are observed at a frequency

of l 0-3. (b) PCR analysis of the CRISPR locus of escapers shows that 7/8 have a spacer

deletion, (c) Escaper #2 carries a point mutation in cas9.

[0060] Figure 36 illustrates that the essential elements of the S. pyogenes CRISPR locus 1

are reconstituted in E. coli using pCas9. The plasmid contained tracrRNA, Cas9, as well as a

leader sequence driving the crRNA array. The pCRISPR plasmids contained the leader and the

array only. Spacers may be inserted into the crRNA array between Bsal sites using annealed

oligonucleotides. Oligonucleotide design is shown at bottom. pCas9 carried chloramphenicol

resistance (CmR) and is based on the low-copy pACYC184 plasmid backbone. pCRISPR is

based on the high-copy number pZE21 plasmid. Two plasmids were required because a

pCRISPR plasmid containing a spacer targeting the E. coli chromosome may not be constructed

using this organism as a cloning host if Cas9 is also present (it will kill the host).

[0061] Figure 37 illustrates CRISPR-directed editing in E.coli MG1655. An oligonucleotide

(W542) carrying a point mutation that both confers streptomycin resistance and abolishes

CRISPR immunity, together with a plasmid targeting rpsL (pCRISPR: :rpsL) or a control plasmid

(pCRISPR::0) were co-transformed into wild-type E.coli strain MG1655 containing pCas9.

Transformants were selected on media containing either streptomycin or kanamycin. Dashed line

indicates limit of detection of the transformation assay.



[0062] Figure 38 illustrates the background mutation frequency of CRISPR in E. coli

ί:ΪΜ Ε63. (a) Transformation of the pCRISPR::0 or pCRISPR::rpsL plasmids into HME63

competent cells. Mutants that escape CRISPR interference were observed at a frequency of

2. (b) Anrplification of the CRISPR array of escapers showed that 8/8 have deleted the

spacer.

[0063] Figure 3 A D shows a circular depiction of the p y ogenetic analysis revealing five

families of Cas9s, including three groups of large Cas9s ( 400 amino acids) and two of small

Cas9s ( 100 amino acids)

[0064] Figure 40A-F shows the linear depiction of the phylogenetic analysis revealing five

families of Cas9s, including three groups of large Cas9s (-1400 amino acids) and two of small

Cas9s (~1 00 amino acids).

65] Figure 41A-M shows sequences where the mutation points are located within the

SpCas9 gene.

[0066] Figure 42 shows a schematic construct in which the transcriptional activation domain

(VP64) is fused to Cas9 with two mutations in the catalytic domains (D10 and H840).

[0067] Figure 43A-D shows genome editing via homologous recombination (a) Schematic

of SpCas9 nickase, with D10A mutation in the RuvC I catalytic domain (b) Schematic

representing homologous recombination (HR) at the human EMXl locus using either sense or

antisense single stranded oligonucleotides as repair templates. Red arrow above indicates sgRNA

cleavage site; PCR primers for genotyping (Tables J and ) are indicated as arrows in right

panel (c) Sequence of region modified by HR. d, SURVEYOR assay for wildtype (wt) and

nickase (D10A) SpCas9-mediated indels at the EMXl target 1 locus n =3) Arrows indicate

positions of expected fragment sizes.

[0068] Figure 44A-B shows single vector designs for SpCas9.

[0069] Figure 45 shows quantification of cleavage of NLS-Csnl constructs NLS-Csnl ,

Csnl, Csnl-NLS, NLS-Csnl-NLS, NLS-Csnl -GFP-NLS and UnTFN.

[0070] Figure 46 shows index frequency of NLS-Cas9, Cas9, Cas9-NLS and NLS-Cas9-

NLS.

[0071] Figure 47 shows a gel demonstrating that SpCas9 with nickase mutations

(individually) do not induce double strand breaks.



[0072] Figure 48 shows a design of the oligo DNA used as Homologous Recombination

(HR) template in this experiment an a comparison of R efficiency induced by different

combinations of Cas9 protein and HR template.

[0073] Figure 49A shows the Conditional Cas9, Rosa26 targeting vector map.

[0074] Figure 49B shows the Constitutive Cas9, Rosa26 targeting vector map.

[0075] Figure 50A-H show the sequences of each element present in the vector maps of

Figures 49A-B.

[0076] Figure 51 shows a schematic of the important elements in the Constitutive and

Conditional Cas9 constructs.

[0077] Figure 52 shows the functional validation of the expression of Constitutive and

Conditional Cas9 constructs.

[0078] Figure 53 shows the validation of Cas9 nuclease activity by Surveyor.

[0079] Figure 54 shows the quantification of Cas9 nuclease activity.

[0080] Figure 55 shows construct design and homologous recombination (HR) strategy.

[0081] Figure 56 shows the genomic PCR genotyping results for the constitutive (Right) and

conditional (Left) constructs at two different gel exposure times (top row for 3 min and bottom

row for 1min).

[0082] Figure 57 shows Cas9 activation in mESCs.

[0083] Figure 58 shows a schematic of the strategy used to mediate gene knockout via

NHEJ using a nickase version of Cas9 along with two guide As.

[0084] Figure 59 shows how DNA double-strand break (DSB) repair promotes gene editing.

In the error-prone non-homologous end joining (NHEJ) pathway, the ends of a DSB are

processed by endogenous DN A repair machineries and rejoined together, which can result in

random insertion'tieietion (indel) mutations at the site of junction. Indel mutations occurring

within the coding region of a gene can result in frame-shift and a premature stop codon, leading

to gene knockout. Alternatively, a repair template in the form of a plasmid or single-stranded

oligodeoxynucleotid.es (ssODN) can be supplied to leverage the homology-directed repair (HDR)

pathway, which allows high fidelity and precise editing.

[0085] Figure 60 shows the timeline and overview of experiments. Steps for reagent design,

construction, validation, and cell line expansion. Custom sgRNAs (Sight blue bars) for each

target, as well as genotyping primers, are designed in siiico via our online design tool (available



at the website genome-engineering.org/tools). sgRNA expression vectors are then cloned into a

plasmid containing Cas9 (PX330) and verified via DNA sequencing. Completed plasmids

(pCRISPRs), and optional repair templates for facilitating homology directed repair, are then

transfected into cells and assayed for ability to mediate targeted cleavage. Finally, transfected

cells can be clonally expanded to derive isogenic cell lines with defined mutations.

[0086] Figiire 61 shows Target selection a d reagent preparation (a) For S. pyogenes Cas9,

20-bp targets (highlighted in blue) must be followed by 5'-NGG, which can occur in either

strand on genomic DNA. We recommend using the online tool described in this protocol in

aiding target selection (www.genome-mgineering.org/tools). (b) Schematic for co-transfection

of Cas9 expression plasmid (PX165) and PCR-amplified U6-driven sgRNA expression cassette.

Using a U6 promoter-containing PCR template and a fixed forward primer (U6 Fwd), sgRNA -

encoding DNA can appended onto the U6 reverse primer (U6 Rev) and synthesized as an

extended DNA oligo (Ultramer oiigos from IDT). Note the guide sequence (b ue N's) in U6 Rev-

is the reverse complement of the 5'-NGG flanking target sequence (c) Schematic for scarless

cloning of the guide sequence oiigos into a plasmid containing Cas9 and sgRNA scaffold

(PX330). The guide oligos (blue N's) contain overhangs for ligation into the pair of Bbs sites on

PS330, with the top and bottom strand orientations matching those of the genomic target (i.e. top

oligo is the 20-bp sequence preceding 5 ~NGG in genomic DNA). Digestion of PX33Q with Bbs

allows the replacement of the Type is restriction sites (blue outline) with direct insertion of

annealed oiigos. It is worth noting that an extra G was placed before the first base of the guide

sequence. Applicants have found that an extra G in front of the guide sequence does not

adversely affect targeting efficiency. In cases when the 20-nt guide sequence of choice does not

begin with guanine, the extra guanine wi l ensure the sgRNA is effi cient]) transcribed by the U6

promoter, which prefers a guanine in the first base of the transcript.

[0087] Figure 62 shows the anticipated results for multiplex NHEJ. (a) Schematic of the

SURVEYOR assay used to determine inde percentage. First, genomic DNA from the

heterogeneous population of Cas9-targeted cells is amplified by PCR . Amplicons are then

reannealed slowly to generate heteroduplexes. The reannealed hcteroduplexes are cleaved by

SURVEYOR nuclease, whereas homoduplexes are left intact. Cas9-mediated cleavage efficiency

(% indel) is calculated based on the fraction of cleaved DNA, as determined by integrated

intensity of gel bands (b) Two sgRNAs (orange and blue bars) are designed to target the human



GRIN2B and DYRKIA loci. SURVEYOR gel shows modification at both loci in transfecied

cells. Colored arrows indicated expected fragment sizes for each locus (c) A pair of sgRNAs

(light blue and green bars) are designed to excise an exon (dark blue) i the human EM locus.

Target sequences and PAMs (red) are shown in respective colors, and sites of cleavage indicated

by red triangle. Predicted junction is shown below. Individual clones isolated from cell

populations transfecied with sgRNA 3, 4, or both are assayed by PCR (OUT Fwd, OUT Rev),

reflecting a deletion of ~270-bp. Representative clones with no modification (12/23), mono-

allelic (10/23), and bi-allelic (1/23) modifications are shown. IN Fwd and ΓΝ Rev primers are

used to screen for inversion events (Fig. 6d). (d) Quantification of clonal lines with EMXl exon

deletions. Two pairs of sgRNAs (3.1, 3.2 left-flanking sgRNAs; 4.1, 4.2, right flanking sgRNAs)

are used to mediate deletions of variable sizes around one EMXl exon. Transfecied cells are

clonaily isolated and expanded for genotyping analysis for deletions and inversion events. Of the

105 clones are screened, (49%) and 1 (10%) carrying heterozygous and homozygous

deletions, respectively. Approximate deletion sizes are given since junctions may be variable.

[0088] Figure 63A-C shows the application of ssODNs and targeting vector to mediate HR

with both wifdtype and nickase mutant of Cas9 in HEK293FT and UES9 cells with efficiencies

ranging from 1.0-27%.

[0089] Figure 64 shows a schematic of a PCR-based method for rapid and efficient CRISPR

targeting in mammalian ceils. A plasmid containing the human RNA polymerase III promoter

U6 is PCR-amplified using a U6-specific forward primer and a reverse primer carrying the

reverse complement of part of the U6 promoter, the sgRNA(+85) scaffold with guide sequence,

and 7 T nucleotides for transcriptional termination. The resulting PCR product is purified and co-

delivered with a plasmid carrying Cas9 driven by the CBh promoter.

[0090] Figure 65 shows SURVEYOR Mutation Detection Kit from Transgenomics results

for each gRNA and respective controls. A positive SURVEYOR result is one large band

corresponding to the genomic PCR and two smaller bands that are the product of the

SURVEYOR nuclease making a double-strand break at the site of a mutation. Each gRNA was

validated in the mouse cell line, Neuro-N2a, by liposomal transient co-transfection with

hSpCas9. 72 hours post-transfection genomic DNA was purified using QuickExtract DNA from

Epicentre. PCR was performed to amplify the locus of interest.



[0091] Figure 66 shows Surveyor results for 38 live pups (lanes 1-38) 1 dead pup (lane 39)

and 1 wild-type pup for comparison (lane 40). Pups 1-19 were injected with gRNA Chd.8.2 an

pups 20-38 were injected with gRNA Chd8.3. Of the 38 live pups, 13 were positive for a

mutation. The one dead pup also had a mutation. There was no mutation detected in the wild-

type sample. Genomic PCR sequencing was consistent with the SURVEYOR assay findings.

[0092] Figure 67 shows a design of different Cas9 NLS constructs. Ail Cas9 were the

human-codon-optimized version of the Sp Cas9. LS sequences are linked to the cas9 gene at

either N-terminus or C-terminus. All Cas9 variants with different NLS designs were cloned into

a backbone vector containing so it is driven by EFla promoter. On the same vector there is a

chimeric RNA targeting human EMXl locus driven by U6 promoter, together forming a two-

component system.

[0093] Figure 68 shows the efficiency of genomic cleavage induced by Cas9 variants

bearing different NLS designs. The percentage indicate the portion of human EMXl genomic

DNA that were cleaved by each construct. A experiments are from 3 biological repli cates n =

3, error indicates S.E.M

[0094] Figure 69A shows a design of the CRISPR-TF (Transcription Factor) wit

transcriptional activation activity. The chimeric RNA is expressed by U6 promoter, while a

human-codon-optimized, double-mutant version of the Cas9 protein (hSpCas9m), operably

linked to triple NLS and a VP64 functional domain is expressed by a EFla promoter. The double

mutations, DIOA an H840A, renders the cas9 protein unable to introduce any cleavage but

maintained its capacity to bind to target DNA when guided by the chimeric RNA.

[0095] Figure 69 shows transcriptional activation of the human SOX2 gene with CRISPR-

TF system (Chimeric RNA and the Cas9-NLS-VP64 fusion protein). 293FT cells were

transfected with piasmids bearing two components: (I) U6-driven different chimeric RNAs

targeting 20-bp sequences within or around the human SOX2 genomic locus, an (2) EFla-

driven hSpCas9m (double mutant)-NLS-VP64 fusion protein. 96 hours post transfection, 293FT

cells were harvested and the level of activation is measured by the induction of mRNA

expression using a qRT-PCR assay. Al expression levels are normalized against the control

group (grey bar), which represents results from cells transfected with the CRISPR-TF backbone

plasmid without chimeric RNA. The qRT-PCR probes used for detecting the SOX2 mRNA is



Taqman Human Gene Expression Assay (Life Technologies). All experiments represents data

from 3 biological replicates, n : :3, error bars show s.e.m.

[0096] Figure 70 depicts NLS architecture optimization for SpCas9.

[0097] Figure 7 1 shows a QQ plot for NGGNN sequences.

[CI098] Figure 72 shows a histogram of the data density with fitted normal distribution (black

line) and 99 quantile (dotted line).

[0099] Figure 73A-C shows RNA-guided repression of bgaA expression by

dgRNA::cas9**. a . The Cas9 protein binds to the tracrRNA, and to the precursor CRISPR RNA

which is processed by RN Asel to form the crRNA. The crRNA directs binding of Cas9 to the

bgaA promoter and represses transcri ption b . The targets used to direct Cas9** to the bgaA

promoter are represented. Putative -35, -10 as wel as the bgaA start codon are in bold. c .

Betagaiactosidase activity as measure by Miller assay in the absence of targeting and for the four

different targets.

0 0 Figure 74A-E shows characterization of Cas9** mediated repression . The gfpmui2

gene and its promoter including the 35 and -10 signals are represented together with the

position of the different target sites used the study b . Relative fluorescence upon targeting of the

coding strand c . Relative fluorescence upon targeting of the non-coding strand . Northern blot

with probes B477 and B478 on RNA extracted from T5, T10, B10 or a control strain without a

target e . Effect of an increased number of mutations in the 5 ' end of the crRNA of B , T5 and

B10.

[00101] The figures herein are for illustrative purposes only and are not necessarily drawn to

scale

DETAILED DESCRIPTION OF THE INVENTION

[00102] 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 deoxyribonueleotides or ribonucleotides, or analogs thereof. Polynucleotides

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

The following are non-limiting examples of polynucleotides: coding or non-coding regions of a

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

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

RNA (shRNA), micro-RNA (miRNA), ribozymes, cDNA, recombinant polynucleotides,



branched polynucleotides, plasmids, vectors, isolated D A of any sequence, isolated RNA of

any sequence, nucleic aci probes, and pri mers A polynucleotide may comprise one or more

modified nucleotides, such as methylated nucleotides and nucleotide analogs. f 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-nuc!eotide components. A

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

labeling component.

[00103] 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 ter "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)".

[00104] As used herein the term "wild type" is a term of the art understood by skilled persons

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

distinguished from mutant or variant forms.

[00105] 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.

[00106] The terms "non-naturally occurring" or "engineered" are used interchangeably an

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.

[00107] "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

nucleic 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, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,

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

strirsgen t condi tio s.

[00108] 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, a d substantially does not hybridize to non-target sequences. Stringent

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

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

hybridizes to its target sequence. No -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.

[00109] "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 PGR, or the cleavage of a polynucleotide by

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

"compl ement" of the given sequence.

[00110] 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 and 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 ceil.

[00111] The terms "polypeptide", "peptide" and "protein" are used interchangeably herein to

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



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

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

formation, glycosylation, lipidation, acetylation, 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.

[00 The terms "subject," "individual," and "patient" are used interchangeably 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.

[00113] 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.

[00 4] 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 on 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, even though the

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

[00115] 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 detennined 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 i

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

physical delivery system in which it is carried.

0 16 The practice of the present invention employs, unless otherwise indicated,

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

microbiology, cell biology, genomics and recombinant D A, 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 E ZYMOLOGY (Academic Press, Inc.):

PGR 2 : A PRACTICAL APPROACH (M.J. MacPherson, B.D. Flames and G.R. Taylor eds.

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

ANIMAL CELL CULTURE. (R.I. Fresliney, ed. (1987)).

[00117] 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 co i insect cells

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

discussed further in GoeddeL GENE EXPRESSION TECHNOLOGY: METHODS N

ENZYMOLOGY 185, Academic Press, San 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.

[00118] Vectors may be introduced and propagated in a prokaryote. In some embodiments, a

prokaryote is used to amplify copies of a vector to be introduced into a eukaryotic ce l or as an

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

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

prokaryote is used to amplify copies of a vector and express one or more nucleic acids, such as to

provide a source of 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 and the recombinant protem to

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

of the fusion protem. 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 Biolabs, Beverly,

Mass.) and pR T5 (Pharmacia, Piscataway, N.J.) that fuse glutathione S-transferase (GST),

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

[001191 Examples of suitable inducible non-fusion E. coli expression vectors include pTrc

(Amrann et a ., (1988) Gene 69:301-315) and pET d (Studier et al, GENE EXPRESSION

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

(1990) 60-89).

00120 In some embodiments, a vector is a yeast expression vector. Examples of vectors for

expression in yeast Saccharomyces cerivisae include pYepSeel (Baldari, et al., 87. EMBO J.

6 : 229-234), pMFa ( ij an and Herskovvitz, 1982. Cell 30: 933-943), pJRY88 (Schultz et al,

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

(InVitrogen Corp, San Diego, Calif).

[00121] 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 cells (e.g., SF9 cells) include the pAc series (Smith, et al., 1983. Mol. Cell. Biol.

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

[00122] 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 cells, 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, a d

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



prokaryotic and eukaryotie cells see, e.g., Chapters 16 and 17 of Sambrook, ct al.,

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

Laboratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1989.

[00123] I some embodiments, the recombinant mammalian expression vector is capable of

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

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

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

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

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

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

immunoglobulins (Baneiji, 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, 1985.

Science 230: 912-916), and mammary gland-specific promoters (e.g., milk whey promoter; U.S.

Pat. No. 4,873,316 and European Application Publication No. 264,166). Developmentally-

regulated promoters are also encompassed, e.g., the murine hox promoters ( essel and Grass,

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

Genes Dev. 3 : 537-546).

[00124] n 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 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 . Bacterid., 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, Anabaena, and Mycobacterium tuberculosis (See,

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

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

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

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



OM1CS J . Meg. Biol, 6:23-33 [2002]; and Mojica et al, Mo . Microbiol, 36:244-246 [2000]).

In general, the repeats are short elements that occur in clusters thai 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., 182:2393-2401 [2000]). CRISPR loci have been identified in more than 40

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

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

Halocarcula, Methanobacterium, Methanococcus, Methanosarcina, Methanopyrus, Pyrococcus,

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

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

Thermoanaerobacter, Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria,

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

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

Salmonella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

[00125] 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

system), or other sequences and transcripts from a CRISPR locus. In some embodiments, one or

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

I 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. In

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). n 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 a d a guide sequence promotes the formation of a

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



complementarity to cause hybridization and promote formation of a CRISPR complex. A target

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

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

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

mitochondrion or chlorop!ast. A sequence or template that may be used for recombination into

the targeted locus comprising the target sequences is referred 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.

[00126] 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 w d-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 a l 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 hybridize and 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 cell such that expression of the elements of the

CRISPR 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 combined



in 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 C ISPR 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.

[00 12 7] In some embodiments, a vector comprises one or more insertion sites, such as a

restriction endonuclease recognition sequence (also referred to as a "cloning site"). n some

embodiments, one or more insertion sites (e.g. about or more than about I , 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 regulator}' element operably

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

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

CRISPR complex to a target sequence in a eukaryotic ceil. 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 cell. 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-sequenee-containing vectors may be provided, and optionally delivered to a cel .

[00128] 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 Csxl2), Ca O, Csyl, Csy2, Csy3, Csel, Cse2, Cscl, Cse2, Csa5,

Csn2, Csm2, Csm3, Csm4, Csm5, Cmr , Cmr3, Cmr4, Cmr5, Cnrr6, Csbl, Csb2, Csb3,

Cs l 7, Csx , CsxlO, Cs l 6, CsaX, Csx3, Cs , Csxl5, Csfl, Csf2, Csf3, Csf4, homologs

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

sequence of S. pyogenes Cas9 protein may be found in the SwissProt database under accession

number Q99ZW2 In 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. In some embodiments, the CRISPR enzyme directs

cleavage of one or both strands at the location of a target sequence, such as within the target

sequence and/or within the complement of the target sequence. In some embodiments, the

CRISPR enzyme directs cleavage of one or both strands within abou 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 wifd-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-a!anine substitution (D10A) in the RuvC I catalytic domain of Cas9

from 5 . pyogenes converts Cas9 from a nuclease that cleaves both strands to a nickase (cleaves a

single strand). Other examples of mutations that render Cas9 a nickase include, without

limitation, 84 , N854A, and N863A. n some embodiments, a Cas9 nickase may be used in

combination with guide sequenc(es), e.g., two guide sequences, which target respectively sense

and antisense strands of the DNA target. This combination allows both strands to be nicked and

used to induce NHEJ. Applicants have demonstrated (data not shown) the 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 NBEJ and create indels but Applicants have shown that double nickase (Cas9~D10A an

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.

[00129] As a further example, two or more catalytic domains of Cas9 (RuvC I, RuvC II, and

RuvC II) may be mutated to produce a mutated Cas9 substantially lacking all DNA cleavage

activity. In some embodiments, a D 0A mutation is combined with one or more of H840A,



N854A, or N863A mutations to produce a Cas9 enzyme substantially lacking all DNA cleavage

activity. In some embodiments, a C SPR enzyme is considered to substantially lack all DNA

cleavage activity when the DNA cleavage activity of the mutated enzyme is less than about 25%,

10%, 5%, 1%, 0.1%, 0.01%, or lower with respect to its non-mutated form. Other mutations may

be useful; where the Cas9 or other CRISPR enzyme is from a species other than S. pyogenes,

mutations in corresponding amino acids may be made to achieve similar effects.

[00130] In some embodiments, an enzyme coding sequence encoding a CRISPR enzyme is

codon optimized for expression in particular ceils, such as eukaryotie ceils. 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 enhan ced expression in the host cells

of interest by replacing at least one codon (e.g. about or more than 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 tRN As in a ceil 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" Nuc . Acids Res 28:292

(2000) Computer algorithms for codon optimizing a particular sequence for expression in a

particular host ceil are also available, such as Gene Forge (Aptagen: Jacobus, PA), are also

available. n some embodiments, one or more codons (e.g. , 2, 3, 4, 5, 0, 5, 20, 25, 50, or

more, or all codons) in a sequence encoding a CRISPR enzyme correspond to the most

frequently used codon for a particular amino acid.

[00131] In some embodiments, a vector encodes a CRISPR enzyme comprising one or more

nuclear localization sequences (NLSs), such as about or more than about 1, 2 3, 4, 5, 6, 7, 8, 9,



10, or more NLSs. In some embodiments, the CRISPR enzyme comprises about or more than

about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more NLSs at or near the amino-termmus, about or more than

about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more NLSs at or near the carboxy-terminus, or a combination

of these (e.g. one or more NLS at the ammo-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. n 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-terminus when the nearest amino acid of the NLS is within about 1,

2, 3, 4, 5, 10, 15, 20, 25, 30, 40, 50, or more 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 SV40 virus

large T-antigen, having the amino acid sequence PKKKRKV; the NLS from nucleopSasmin (e.g.

the nucleoplasms bipartite NLS with the sequence KRPAATKKAGQAKKKK); the c-myc NLS

having the amino acid sequence PAA RV LD or RQRR.NELKRSP; the hRNPAl M9 NLS

having the sequence NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY; the

sequence R RIZ FK K G DTA ELRRRR VE S ELRKAKKDEQILKRRNV of the BB

domain from importin-alpha; the sequences VSRKRPRP and PPKKARED of the myoma T

protein; the sequence POP KPL of human p53; the sequence SA KKK AP of mouse c-

ab IV; the sequences DRLRR and PKQKKRK of the influenza vi s NS1; the sequence

RKLKKKIKKL of the Hepatitis virus delta antigen; the sequence REKKKFLKRR of the mouse

Mx1 protein; the sequence GDEVDGVDEVAK KSK of the human poly(ADP-ribose)

polymerase; and the sequence RKCLQAGMNLEARKTKK of the steroid hormone receptors

(human) glucocorticoid.

Θ 2 ] In general, the one or more NLSs are of sufficient strength to drive accumulation of

the CRISPR enzyme in a delectable 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 fused to the CRISPR enzyme, such that location within a cell may be



visualized, such as in combination with a means for detecting the location of the nucleus (e.g. a

stain specific for the nucleus such as DAPI). Examples of detectable markers include fluorescent

proteins (such as Green fluorescent proteins, or GFP; RFP; CFP), and epitope tags (HA tag, flag

tag, SNAP lag). Cell nuclei may also be isolated from cells, the contents of which may then be

analyzed by any suitable process for detecting protein, such as immunohistochemistry, Western

blot, or e zyme activity assay. Accumulation in the nucleus may also be determined indirectly,

such as by an assay for the effect of CRISPR complex formation (e.g. assay for DNA cleavage or

mutation at the target sequence, or assay for altered gene expression activity affected by CRISPR

complex formation and/or CRISPR enzyme activity), as compared to a control no exposed to the

CRISPR enzyme or complex, or exposed to a CRISPR enzyme lacking the one or more NLSs.

[00133] 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 Needleman-Wunsch algorithm,

algorithms based on the Burrows-Wheeler Transform (e.g. the Burrows Wheeler Aligner),

ClustalW, Ciustal X, BLAT, Novoalign (No v Cra ft Technologies, ELAND (Illumina, Sa Diego,

CA), SOAP (available a t soap.genomics.org.cn), and Maq (available a t maq.sourceforge.net). In

some embodiments, a guide sequence Is about or more tha about 5, 0, , 12, 13, 14, 5, 16,

17, 18, 9, 20, 2 1, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nucleotides in

length. In some embodiments, a guide sequence is less than about 75, 50, 45, 40, 35, 30, 25, 20,

15 , 12, or fewer nucleotides in length. The ability of a guide sequence to direct sequence-

specific binding of a CRISPR complex to a target sequence may be assessed by any suitable

assay. For example, the components of a CRISPR system sufficient to form a CRISPR complex,

including the guide sequence to be tested, may be provided to a host ceil 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 in the art.

[00134] 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 u ique 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

MMMMMMMMNNNNNNNNNNNNXGG 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

MMMMMMMMMNNN NN 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. thermophilics

CRISPRl Cas9, a unique target sequence in a genome may include a Cas9 target site of the form

MMMMM MMMNNNNNNNNNNNNXXAGAA W where NNNNN N NNNNNXXAGAAW

(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. thermophilus CRISPRl Cas9 target site

of the form MMMMMMMMMNNNNNNNNNNNXXAGAAW where

NNNNNNNNNNNXXAGAAW (N is A, G, T, or C; X can be anything; and W is A or T has a

single occurrence in the genome. For the S . pyogenes Cas9, a unique target sequence in a

genome may include a Cas9 target site of the form

MMMMMMMMNNNNNNNNNNNNXGGXG where N N N NNNNNNXGGXG (N is A,

G, T, or C; a d X can be anything) has a single occurrence in the genome A unique target

sequence in a genome may include an S . pyogenes Cas9 target site of the form

MMMMMMMMMNNNNNNNNNNNXGGXG where N N N N N NXGGXG (N is A, G,

T, or C; and can be anything) has a single occurrence in the genome. In each of these

sequences "M" may be A, G, T, or C, and need not be considered in identifying a sequence as

unique.

[00135] In 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 mFold, as described by Zuker and Stiegler

(Nucleic Acids Res. 9 (1981), 133-148). Another example folding algorithm is the online

webserver RNAfokl, developed at Institute for Theoretical Chemistry at the University of

Vienna, using the eentroid 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 in U.S. application Serial No. TBA (attorney docket

44790.1 1.2022; Broad Reference BI-2013/004A); incorporated herein by reference.

[00136] I 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 cell containing the corresponding tracr sequence;

and (2) formation of a CRISPR complex at a target sequence, wherein the CRISPR complex

comprises the tracr mate sequence hybridized to the tracr sequence. In general, degree of

complementarity is with reference to the optimal alignment of the tracr mate sequence and tracr

sequence, along the length of the shorter of the two sequences. Optimal alignment may be

determined by any suitable alignment algorithm, and may further account for secondary

structures, such as self-complementarity within either the tracr sequence or tracr mate sequence.

In some embodiments, the degree of complementarity between the tracr sequence and tracr mate

sequence along the length of the shorter of the two when optimally aligned 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 I3B. In some embodiments, the tracr sequence is about or more

than about 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50, or more

nucleotides in length. In some embodiments, the tracr sequence and tracr mate sequence are

contained within a single transcript, such tha hybridization between the two produces a

transcript having a secondary structure, such as a hairpin. Preferred loop forming sequences for

use in hairpin structures are four nucleotides in length, and most preferably have the sequence

GAAA. However, longer or shorter loop sequences may be used, as may alternative sequences.

The sequences preferably include a nucleotide triplet (for example, AAA), and an additional

nucleotide (for example C or G). Examples of oop 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.

In some embodiments, the single transcript further includes a transcription termination sequence;

preferably this is a polyT sequence, for example six T nucleotides. A n example illustration of

such a hairpin structure is provided i the lower portion of Figure 3B, 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 oo p 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: (1)

catgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT; (2)

s s s s s s s s s

acaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT; (3)

N N N N N N gtttttgtactctcaGA A 'Vtgcagaagctacaaagataaggcttcatgccgaaatca

acaccctgtcattttatggcagggtgtTTTTTT; (4)

NNNNNNNNNNNNNNNNNNNNgttttagagctaGAAAtagcaagttaaaataaggetagtcegttatcaacttgaaaa

agtggcaccgagtcggtgcTTTTTT; (5)

NN NN NN NN NN N gtt ttagagctaG AA A AGcaagttaaaataaggctagtccgttatcaacttgaa

aa gtgTTTTTTT; and (6)

N N NN N gttttagagctagAA ATA G caagttaaaataaggctagtccgttatcaTTTTT

TTT. In some embodiments, sequences (1) to (3) are used in combination with Cas9 from S .

thermophilus CRJSPR1. In some embodiments, sequences (4) to (6) are used in combination

with Cas9 from S. pyogenes. In some embodiments, the tracr sequence is a separate transcript

from a transcript comprising the tracr mate sequence (suc as illustrated in the top portion of

Figure 13B).

[00137] In some embodiments, a recombination template is also provided. A recombination

template may b e 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 template in homologous recombination, such as within or near

a target sequence nicked or cleaved by a CRISPR enzyme as a part of a CRISPR complex. A

template polynucleotide may be of any suitable length, such as about or more than about 10, 15,

20, 25, 50, 75, 100, 50, 200, 500, 1000, or more nucleotides in length. n some embodiments,

the template polynucleotide is com eme tary 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, , 20, 25, 30, 35,

40, 45, 50, 60, 70, 80, 90, 100 or more nucleotides). In some embodiments, when a template

sequence an 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, 1000, 5000, 10000, or more nucleotides from the target sequence.

Θ 8 ] 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: methyiase 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, glutathione-S-transferase (GST), horseradish peroxidase (HRP),

chloramphenicol acetyltransferase (CAT) beta-galactosidase, beta-glucuronidase, luciferase,

green fluorescent protein (GFP), HcRed, DsRed, 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, mcludmg but not limited to

maltose binding protein (MBP), S-tag, Lex A DNA binding domain (DBD) fusions, GAL4 DNA

binding domain fusions, and herpes simplex virus (HSV) BP 6 protein fusions. Additional

domains that may form part of a fusion protein comprising a CRISPR enzyme are described in



US201 10059502, incorporated herein by reference. In some embodiments, a tagged CRJSPR

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

[00139] 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 CRJSPR

enzyme in combination with (and optionally compiexed with) a guide sequence is delivered to a

cell. Conventional viral and non-viral based gene transfer methods can be use to introduce

nucleic acids in mammalian cells or target tissues. Such methods can be used to administer

nucleic acids encoding components of a CRJSPR 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 compiexed with a delivery 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); Nabef & Feigner, TIBTECH :2 11-

2 1 (1993); Mitani & Caskey, TIBTECH 1 : 162-166 (1993); Dillon, TIBTECH 11:167-175

(1993); Miller, Nature 357:455-460 (1992); Van Brunt, Biotechnology 6(10): 49- 1 54 (1988);

Vigne, Restorative Neurology and Neuroscience 8:35-36 (1995); Kremer & Perricaudet, British

Medical Bulletin 51(l):31-44 (1995); Ha da a e t a!., in Current Topics in Microbiology and

Immunology, Doerfler and J3ohm (eds) (1995); and Yu et a ., Gene Therapy 1:13-26 ( 1994) .

[00140] Methods of non-viral delivery of nucleic acids include lipofection, nucleofection

microinjection, biolistics, virosomes, liposomes, immunoliposomes, poiycation or lipid :nucleic

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).

[00141 The preparation of lipid:nucleic 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); Blaese et al., Cancer Gene Ther. 2:291-297 (1995); Behr et al,

Bioconjugate Chem. 5:382-389 (1994); Remy et al, Bioconjugate Chem 5:647-654 (1994); Gao

et al, Gene Therapy 2:710-722 (1995); Ahmad et al, Cancer Res. 52:4817-4820 (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).

[00142] The use of RNA or DNA viral based systems for the deliveiy of nucleic acids takes

advantage of highly evolved processes for targeting a virus to specific cells in the body and

trafficking the viral payload to the nucleus. Viral vectors can be administered directly to patients

(in vivo) or they ca be used to treat cells in vitro, and the modified cells may optionally be

administered to patients (ex vivo). Conventional viral based systems could include retroviral,

lentivirus, adenoviral, adeno-associaied and herpes simplex virus vectors for gene transfer.

Integration in the host genome is possible with the retrovirus, lentivirus, and adeiio-associated

virus gene transfer methods, often resulting in long term expression of the inserted transgene.

Additionally, high transduction efficiencies have been observed in m different cell types and

target tissues.

[00143 The tropism of a retrovirus can be altered by incorporating foreign envelope proteins,

expanding the potential target population of target cells. Lentiviral vectors are retroviral vectors

that are able to transduce or infect non-dividing cells and typically produce high viral tilers.

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 LT s 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 Immu o

deficiency vims (S ), 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 e 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/US94/05700).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

ce l division. With such vectors, high titer and levels of expression have been obtained. This



vector can be produced in large quantities in a relatively simple system. Adeno-associated vims

("AAV") vectors may also be used to transduce cells with target nucleic acids, e.g., in the in

vitro production of nucleic acids and peptides, and for in 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 (1984); and Samulski et al, J . Virol. 63:03822-3828 (1989).

[00144] 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 ψ2 cells or PA317 cells,

which package retrovirus. Viral vectors used in gene therapy are usually generated by producing

a cell line that packages a nucleic acid vector into a viral particle. The vectors typically contain

the minimal viral sequences required for packaging and subsequent integration into a host, other

viral sequences being replaced by an expression cassette for the polynucleotide^) 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 1TR sequences from the

AAV genome which are required for packaging and integration into the host genome. Viral

DNA is packaged in a cell line, which contains a helper plasmid encoding the other AAV genes,

namely rep and cap, but lacking TR sequences. The cell line may also be infected wit

adenovirus as a helper. The helper virus promotes replication of the AAV vector and expression

of AAV genes from the helper plasmid. The helper plasmid is not packaged in significant

amounts due to a lack of ITR sequences. Contamination with adenovirus can be reduced by,

e.g., heat treatment to which adenovirus is more sensitive than AAV. Additional methods for the

delivery of nucleic acids to cells are known to those skilled in the art. See, for example,

US200300878 17, incorporated herein by reference.

[00145] 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 cell is derived from cells taken from a subject, such as a cell line. A

wide variety of ce lines for tissue culture are known in the art. Examples of cel lines include,



but are not limited to, C8161, CCRF-CEM, MOLT, mlMCD-3, NHDF, HeLa-S3, Huhl, Huh4,

euh7, HUVEC, HASMC, E n, HE a, MiaPaCell, Panel, PC-3, TF1, CTLL-2, C 1 , Rat6,

CV1, RPTE, A10, T24, J82, A375, ARH-77, Calul, SW480, SW620, S OV3, SK-UT, CaCo2,

P388D1, SEM-K2, WEHI-231, HB56, T B55, Jurkat, J45.Q1, 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-1 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-10T1/2, C6/36, 'a -2 7 . CHO, CHO-7, CHO-IR,

CHO-K1, CHO-K2, CHO-T, CHO Dh -/-, COR-L23, COR-L23/CPR, COR-L23/5010, COR-

L23/R23, COS-7, COV-434, CML Tl, CMT, CT26, D17, DH82, DU145, DuCaP, EL4, EM2,

EM3, EMT6/AR1, EMT6/AR10.0, FM3, H I299, H69, HB54, HB55, HCA2, HEK-293, HeLa,

Hepalclc7, HL-60, HMEC, HT-29, Jurkat, JY cells, 562 cells, u812, CL22, G 1, KYOl,

L Cap, Ma-Mel 1-48, MC-38, MCF-7, MCF-IOA, MDA-MB-231, MDA-MB-468, MDA-MB-

435, MDCK IL MDCK II, MOR/0.2R, MONO-MAC 6, MTD-IA, MyEnd, NCI-H69/CPR,

NCI-H69/LX10, 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 cell line, U373, U87, U937, VCaP, Vero 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. ). Irs 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

RNA), and modified through the activity of a CR1SPR complex, is used to establish a new cell

line comprising ceils containing the modification but lacking any other exogenous sequence. n

some embodiments, cells transiently or non-transiently transfected with one or more vectors

described herein, or cell lines derived from such ceils are used in assessing one or more test

compounds.

|00146| 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 a 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 transfeeiion, such as described herein.

[00147] I one aspect, the invention provides for methods 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.

Θ148] In one aspect, the invention provides a method of modifying expression of a

polynucleotide in a eukaryotic ceil. 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.

[00149] With recent advances in crop genomics, the ability to use CRISPR-Cas systems to

perform efficient an cost effective gene editing and manipulation will allow the rapid selection

and comparison of single 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 an

disclosure of each of which are herein incorporated by reference in their entirety. In the practice

of the invention, the contents and disclosure of Morrell et al "Crop genomicstadvances and

applications" Nat Rev Genet. 201 1 Dec 29;13(2):85-96 are a so herein incorporated by reference

in their entirety. In an advantageous embodiment of the invention, the CRISPR/Cas9 system is

used to engineer microalgae (Example 15). Accordingly, reference herein to animal cells may

also apply, mutatis mutandis, to plant cells unless otherwise apparent.



[00150] n 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 modifying the cell or cells. Calluring may

occur at any stage ex vivo. The cell or cells may even be re-introduced into the non-human

animal or plant (including micro-algae).

[00151] 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 employ 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.

[00152] 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 and 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

eompiexed 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 be provide individually or in combinations, and

may be provided in 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.

[00153] In 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 lyopiiiiized 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. n 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 regulatory element n some embodiments, the kit comprises a

homologous recombination template polynucleotide.

[00154] In one aspect, the invention provides methods for using one or more elements of a

CRISPR 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

eompiexed 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.



[00155] 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 regulator}'

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 recognized by the CRISPR complex. The precise sequence and length requirements

for the PAM differ depending on the CRISPR enzyme used, but PAMs are typically 2-5 base

pair sequences adjacent the protospacer (thai is, the target sequence) Examples of PAM

sequences are given in the examples section below, and the skilled person will be able to identify

further PAM sequences for use with a given CRISPR enzyme.

0Θ156] The target polynucleotide of a CRISPR complex may include a number of disease-

associated genes and polynucleotides as well as signaling biochemical pathway-associated ge es

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. Gland BI-

20 1/008/WSGR Docket No. 44063-701 .102 respectively, both entitled SYSTEMS METHODS

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

January 2, 2013, respectively, the contents of all of which are herein incorporated by reference in

their entirety.

[00157] 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 a an abnormal level or in a abnormal form in cells

derived from a disease-affected tissues compared with tissues or cel ls of a non disease control. It

may be a gene that becomes expressed at an abnormally high level; it may be a gene that

becomes expressed at an abnormally low level, where the altered expression correlates with the

occurrence and/or progression of the disease. A disease-associated gene also refers to a gene

possessing mutation(s) or genetic variation that is directly responsible or is i 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.



[00158] 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.

[00159] 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 C.

[00160] 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 61/736,52.7 filed

on December 12, 20 and 61/748,427 filed January 2, 20 . Such genes, proteins and pathways

may be the target polynucleotide of a CRISPR complex.

Table A



Parkinson's Disease x-Synuelcin: D - ; 1.RR 2: Parkin; PINK!

Blood and Anemia (CDA , CDA1 , RPS , DBA, P LR, PKl, NT5C3, UMP
coagulation diseases PSN1 , RHAG, RH50A, NRAMP2, SPTB, ALAS2, ANH1, ASB,
and disorders ABCB7, ABC7, ASAT); Bare lymphocyte syndrome (TAPBP, S

TAP2, ABCB3, PSF2, RING 1 , MHC2TA, C2TA, RFX5, RFXAP,
RFX5), Bleeding disorders (TBXA2R, P2RX1, P2X1); Factor H and
factor H-iike 1 (HF1, CFH, HUS); Factor V and factor VIII (MCFD2);
Factor VII deficiency (F7); Factor X deficiency (F10); Factor XI
deficiency (Fll); Factor XII deficiency (F HAF); Factor Χ Ϊ ΙΙΑ
deficiency (F13AL F13A); Factor X B deficiency (F13B); Fanconi
anemia (FANCA, FACA, FAl, FA, FAA, FAAP95, FAAP90, FLJ34064,
FA CB, FANCC, FACC, BRCA2, FANCD1, FA C 2, FANCD,
FACD, FAD, FANCE, FACE, FANCF, XRCC9, FANCG, BRIP1,
BACH1, FANCJ, PHF9, FANCL, FANCM, KIAA1596);
Hernophagocytic lynrphohistiocyiosis disorders (PRF1, HPLH2,
UNCI 3D, MUNCI3~4, HPLH3, HLH3, FHL3); Hemophilia A (F8, F8C,
HEMA); Hemophilia B 9. HEMB), Hemorrhagic disorders (PI, ATT,
F5); Leukocyde deficiencies and disorders (ITGB2, CD18, LCAMB,
LAD, EIF2B1 , EIF2BA, EIF2B2, EIF2B3, EIF2B5, LVWM, CACH,
CLE, EIF2B4); Sickle ce anemia (HBB); Thalassemia (HBA2, HBB,



HBD, LCRB, HBA1).

Cell dysregulation B-cell non-Hodgkin lymphoma (BCL7A, BCL7); Leukemia (TALI,
and oncology TCL5, SCL, TAL2, FLT3, NBS i , NBS, ZNFN1A1, , LYFi,
diseases and disorders HGXD4, HQX4B, BCR, CML, PHL, ALL, ARNT, KRAS2 RASK2,

GMPS, AF10, ARHGEF12, LARG, KIAA0382, CALM, CLTH,
CEBPA, CEBP, CHIC2, BTL, FLT3, KIT, PBT, 1PP. NPMi, NUP214,
D9S46E, CAN, CAIN, RUNX1, CBFA2, AMI i WHSC1L1, NSD3,
FLT3, AF1Q, NPMI, NUMA1 , ZNF145, PLZF, PML, MYL. STATSB,
AF10, CALM, CLTH, ARL ARLTS1, P2RX7, P2X7, BCR, CML,
PHL, ALL, GRAF, NF1, VRNF, WSS, NFNS, PTPN1 1, PTP2C, SHP2,
NSi, BCL2, CCNDi, PRA ) . BCLi, TCRA, GATAl, GFL ERYF1,
NFE1, ABLl, NQOl, DIA4, NMOR1, NUP214, D9S46E, CAN, CAIN).

Inflammation and AIDS (KIR3DL1, NKAT3. NKB1, AMB KIR3DS1, IFNG, CXCL12,
immune related SDF1); Autoimmune lymphoproliferative syndrome (TNFRSF6, APT1,
diseases and disorders FAS, CD95, ALPS 1A); Combined immunodeficiency, (IL2RG,

SCIDX1, SCIDX, IMD4); iV- i (CCL5, SCYA5, DI7S136E, TCP228),
HIV susceptibility or infection ILK), CSIF, CMKBR2, CCR2,
CMKBR5, CCCKR5 (CCR5)); Immunodeficiencies (CD3E, CD3G,
A CDA, AID, HIGM2, TNFRSF5, CD40, JN G, DGU, HIGM4,
TNFSF5. CD40LG. H GM IGM, FOXP3. 1PEX, A D, XPID. PIDX,
TNFRSF14B, TACI); Inflammation L- G, IL-1 (IL-la, IL-lb), IL-13,
fI - 7 .- i ?a (CTLA8), IL-17b, IL-17c, I .- d IL-17f), H-23, Cx3crl,
ptpn22, TNFa, NOD2/CARD15 for IBD, IL-6, IL-12 (IL- 2a, II,-12b),
CTLA4, Cx3cll); Severe combined Immunodeficiencies (SCIDs)(JAK3,
A L, DCLRE1C, ARTEMIS, SCIDA, RAG I , RAG2, ADA, PTPRC,

CD45, LCA, L7R, CD3D, T3D, IL2RG, SCIDX I, SCIDX, IMD4).

Metabolic, liver, Amyloid neuropathy (TTR, PALB); Amyloidosis (APOA1, APP, AAA,
kidney and protein CVAP, ADl, GSN, FGA, LYZ, TTR, PALB); Cirrhosis (KRT18, KRT8,
diseases and disorders CIRH1A, NAIC, TEX292, KJAA1988); Cystic fibrosis (CFTR, ABCC7,

CF, MRP7); Glycogen storage diseases (SLC2A2, GLUT2, G6PC,
G6PT, G6PTL GAA, LAMP2, LAMPB, AGL, GDE, GBE1, GYS2,
PYGL, PFKM); Hepatic adenoma, 142330 (TCFl, HNF A, MODY3),
Hepatic failure, early onset, and neurologic disorder (SCODL SCOl),
Hepatic lipase deficiency (LIPC), Hepatoblastoma, cancer and
carcinomas (CTNNBl, PDGFRL, PDGRL, PRLTS, AXI , AX N,
CTNNB1, TP53, P53, LFS1, IGF2R, MPRI, MET, CASP8, MCH5;
Medullary cystic kidney disease (UMOD, HNFJ, FJHN, MC D2,
ADMCKD2); Phenylketonuria (PAH, PKU1, QDPR, D P , PTS);
Polycystic kidney and hepatic disease (FCYT, PKHDl, ARPKD, PKDl,

. PKD4, PKDTS, PRKCSH, G19P1, PCLD, SEC63).

Muscular / Skeletal Becker muscular dystrophy (DMD, BMD, MYF6), Duchenne Muscular
d seases and disorders Dystrophy (DM D, BMD); Eniery-Dreifuss muscular dystrophy (LMNA,



LMN1, EMD2, FPU). C MD 1A, ! GPS. LGMD1 B, LMNA, LMNl ,
EMD2, FPLD, CMD1A); Facioscapulohumeral muscular dystrophy
(FSHMD A, FS A); Muscular dystrophy (FKRP, MDC 1C,
LGMD2I, L .AM A2, LAMM, LARGE, KIAA0609, MDC ID, FCMD,
TTID, MYOT, CAPN3, CANP3, DYSF, LGMD2B, SGCG, LGMD2C,
DMDA1 , SCG3, SGCA, ADL, DAG2, LGMD2D, DMDA2, SGCB,
LGMD2E, SGCD, SGD, LGMD2F, CMD L, TCAP, LGMD2G,
CMD1N, TRIM32, HT2A, LGMD2H, FKRP, MDC1C. LGMD2I, TTN.
CMD 1G, TMD, LGMD2.I, P T , CAV3, LGMD C, SEPN 1, SEEN,
RSM , PLEC1, PLTN, EBSl); Osteopetrosis (LRP5, BMND1, LRP7,
LR3, OPPG, VBCH2, CLCN7, CLC7, OPTA2, OSTMl, GL, TCIRG1,
TIRC7, OC 16, OPTBl); Muscular atrophy (VAPB, VAPC, ALS8,
SMN1. SMAL SMA2, SMA3, SMA4, BSCL2, SPG17, GARS, SMADI,
CMT2D, HEXB, IGHMBP2, SMUBP2, CATF 1, SMARDl).

Neurological and ALS (SOD1, ALS2, STEX, FUS, TARDBP, VEGF (VEGF-a, VEGF-b,
neuronal diseases and VEGF-c); Alzheimer disease iAPP, AAA, CVAP, AD 1, APOE, AD2,
disorders PSEN2, AD4, STM2, APBB2, FE65L1, NOS3, PLAU, URK, ACE,

DCPl , ACEL MPO, PACIP1, PAXIP1L, PTIP, A2M, BLMH, BMH,
PSEN1, AD3); Autism (Mecp2, BZRA P 1, MDGA2, SemaSA, Neurexin
1, GLOl, MECP2, RTT, PPMX, MRX16, MRX79, NLGN3, NLGN4,

IAA 260, AUTSX2); Fragile X Syndrome (FMR2, FXR1, FXR2,
mGLURS); Huntington's disease and disease like disorders (HD, IT15,
PRNP, PR1P, J P 3 . JP3, HDL2, TBP, SCA17); Parkinson disease
(NR4A2, NUR 1, NOT, TINUR, SNCAIP, TBP, SCA17, SNCA,
NACP, PARK I , PARK4, DJ1, PARK7, LRRK2, PARKS, ΡΓΝΚ1,

PARK6, UCHL1, PARKS, SNCA, NACP, PARK1, PARK4, PRKN,
P.ARK2, PDJ, DBH, NDUFV2); Rett syndrome (MECP2, RTT, PPMX,
MRX16, MRX79, CDKL5, STK9, MECP2, RTT, PPMX, MRX16,
MRX79, x-Synuclein, DJ-1); Schizophrenia (Neuregulinl (Nrgl), Erb4
(receptor for Neuregulin), Complexinl (Cplxl), Tph Tiyptophan
hydroxylase, Tph2, Tryptophan hydroxylase 2, Neurexin 1, GSK3,
GSK3a , GSK3b, 5-HTT (Slc6a4)," COMT, DRD (Drdla), SLC6A3,
DAOA, DTNBP1, Dao (Daol)); Secretase Related Disorders (APH-1
(alpha and beta), Presenilin (Psenl), nicastrin, (Ncstn), PEN-2, Nosl,
Par , Natl, Nat2); Trinucleotide Repeat Disorders (HTT (Huntington's
Dx), SBMA/SMAX1/AR (Kennedy's Dx), FXN/X25 (Friedrich's
Ataxia), ATX3 (Machado- Joseph's Dx), ATXN1 and ATXN2
(spinocerebellar ataxias), DMPK (myotonic dystrophy), Atrophin-1 and
Atn (DRPLA Dx), CBP (Creb-BP - global instability), VLDLR
(Alzheimer's), Atxn7, AtxrslO).

Occular diseases and Age-related macular degeneration (Abcr, Ccl2, Cc2, cp (ceruloplasmin),
disorders Timp3, cathepsinD, Vidir, Ccr2); Cataract (CRYAA , CRYA1, CRYBB2,

CRYB2, PITX3, BFSP2, CP49, CP47, CRYAA, CRYA1, PAX6, AN2,
MGDA, CRY BA 1, CRYB1 , CRYGC, CRYG3, (XL. L M2, MP19,



CRYGD, CRYG4, BFSP2, CP49, CP47, HSF4, CTM, FISF4, CTM,
MIP, AQPO, CRYAB, CRYA2, CTPP2, CRYBB1, CRYGD, CRYG4,
CRYBB2, CRYB2, CRYGC, CRYG3, CCL, CRYAA, CRYAl , GJA8,
CX50, CAEl, GJA3, CX46, CZP3, CAE3, CCMl, CAM, KRLTi);
Corneal clouding and dystrophy (APGA1, TGFBI, CSD2, CDGGl,
CSD, BIGH3, CDG2, TACSTD2, TROP2, S , VSX !. R NX, PPCD,
PPD, KTCN, CQL8A2, FECD, PPCD2, PIP5K3, CFD); Cornea plana
congenital (KERA, CNA2); Glaucoma (MYOC, TIGR, GLCIA, JOAG,
GPOA, OPTN, GLC1E, FIP2, FIYPL, NRP, CYPIBI , GLC3 A, OPA1 ,
NTG, NPG, CYP B , GLC3A); Leber congenital amaurosis CRB ,
RP12, CRX, CORD2, CRD, RPGRIPl, LCA6, CORD9, RPE65, RP20,
A PL , LCA4, GUCY2D, GUC2D, LCAi, CORD6, RDH12, LCA3);
Macular dystrophy (ELOVL4, ADMD, STGD2, STGD3, RDS, RP7,
PRPH2, PRPH, V . AOFMD, VMD2).











P KD ; MAPK ; RELA; P KCD; MAPK9; ABCB1 ;
TRAF2; TLR4; TNF; INSR; BKG; RELB; MAP3K7; IL8;
CHUK; N H2; TJP2; NFKB1; ESR1; SREBF1; FG FR4;
JUN; L R ; PRKCA; L6

GF-1 Signaling IGF1; PRKCZ; ELK1; MAPKl; PTPN1 1; NEDD4; AKT2;
PIK3CA; PRKCI; PTK2; FOS; PIK3CB; PIK3C3; MAPK8;
IGF1R; IRS1; MAPK3; IGFBP7; KRAS; PIK3C2A;
YWHAZ; PXV. RAF1; CASP9; MAP2 2; AKT1; PJK3R1;
PDPK1; MAP2K1; IGFBP2; S N; JUN; CYR61; AKT3;
FOXOl; SRF; CTGF; RPS6KB1

NRF2~mediated PRKCE; EP300; SOD2; PRKCZ; MAPKl; SQSTMl;
Oxidative
Stress Response NQOl; PIK3CA; PRKCI; FOS; PIK3CB; PIK3C3; MAPK8;

PRKDl; MAPK3; KRAS; PRKCD; GSTP1; MAPK9: FTL;
NFE2L2; PIK3C2A; MAPK 4; RAF1; MAP3K7; CREBBP;
MAP2K2; A KT 1; PIK3 ; MAP2K1; PPIB; JUN; KEAP1;
GSK3B; ATF4; PRKCA; EIF2AK3; ! !SPv

Hepatic Fibrosis/Bepatic EDN1; GFl ; KDR; FLTl; SMAD2; FGFR1; MET; PGF;
Stellate Cell Activation SMAD3; EGFR; FAS; CSF1 ; NFKB2; BCL2; MYH9;

GF R; IL6R; RELA; TLR4; PDGFRB; TNF; RELB; IL8;
PDGFRA; NFKB TGFBR1; SMAD4; VEGFA; BAX;
L R ; CCL2; HGF; MMPl; STAT1; IL6; CTGF; MMP9

PPAR Signaling EP300; : TRAF6; PPARA; RXRA; MAPKl; K BKB;
NCOR2; FOS; NFKB2; MAP3K14; STAT5B; MAPK3;
NRJP1 ; KRAS; PPARG; RELA; STATSA; TRAF2;
PPARGC1A; PDGFRB; TNF; INSR; RAF1; IKBKG;
RELB; MAP3K7; CREBBP; MAP2K2; CeiJK; PDGFRA;
MAP2K1; NFKBI; JUN; IL1R1; HSP90AA1

Fc Epsilon R Signaling PRKCE; RAC 1; PRKCZ; LYN; MAPKl ; RAC2; PTPN1 ;
AKT2; PIK3CA; SYK; PRKCI; PIK3CB; PIK3C3; MAPK8;
PRKD1; MAPK3; MAPK10; KRAS; MAPKl 3; PRKCD;
MAPK9; PIK3C2A; BTK; MAPK14; TNF; RATI; FYN;
MAP2K2; AKT1; PIK3R1; PDPK1; MAP2K1; AKT3;
VAV3; PRKCA

G-Protein Coupled PRKCE; RAP! A; RGSI6; MAPKl; GNAS; AKT2; 1KBKB;
Receptor Signaling P1K3CA; CREB1; GNAQ; NFKB2; CAMK2A; P1K3CB;

PIK3C3; MAPK3; KRAS; RELA; SRC; PIK3C2A; RAF1;
IKBKG; RELB; FYN; MAP2K2; AKT1; P K3 ; CHUK;
PDPK1; STAT3; MAP2KI; NFKBI; BRAF; ATF4; AKT3;
PRKCA

Inositol Phosphate PRKCE; IRAKI; PRKAA2; EIF2AK2; PTEN; GRK6;
Metabolism MAP ; PLKl; AKT2; PIK3CA; CDK8; PIK3CB; PIK3C3;

MAPK8; MAPK3; PRKCD; PRKAAl ; MAPK9; CDK2;
PIM1; PIK3C2A; DYRK!A; MAP2K2; PIP5K1 A; PIK3R1;
MAP2K1 ; PAK3; ATM; TTK; CSNK1A1; BRAF; SGK





Signaling



Regulation PRKDC; ATM; SFN; CDKN2A



Signaling



Coagulation System BD KR B F2 ; SERPINE1; F3
Dopamine Receptor PPP2R1A; PPP2CA; PP CC ; PPP2R5C
Signaling

Glutathione Metabolism 1) 2 : GSTP1; ANPEP; ! l i l

Glyeerolipid Metabolism ALDH1A1; GPAM; SPHK l ; SPH 2
Liiioleic Acid PRDX6; GR ; YWHAZ; CYPIBI
Metabolism
Methionine Metabolism DNMT1; DNMT3B; AHCY; DNMT3A

Pyruvate Metabolism GLOl; ALDHIAI ; PKM2; LDHA
Argiiiine and Proline ALDH1A1; NOS3; NOS2A
Metabolism

Eicosanoid Signaling PRDX6; GRN; YWHAZ
Fructose and Mannose H 2 ; GC ; UK I
Metabolism
Galactose Metabolism HK2; GCK; HK1

Sti!bene, Coumarirse and PRDX6; PRDX1; TYR

Lignin Biosynthesis
Antigen Presentation CALR; B2M
Pathway
Biosynthesis of Steroids NQ01; DHCR7
Butanoate Metabolism ALDHIAI; NLGN1
Citrate Cvcle 11» 12; DH l
Fatty Acid Metabolism ALDHIAI; CYPIBI

Glyeerophospholipid PRDX6; CHKA
Metabolism

Histidirse Metabolism PRMT5; ALDHIAI
Inositol Metabolism EROIL; APEX1
Metabolism of GSTP1; CY B I
Xenobiotics
by Cytochrome p450
Methane Metabolism PRDX6; P RDX
Phenylalanine PRDX6; PRDX1
Metabolism

Propanoate Metabolism ALDHIAI; LDHA

Selenoamino Acid PRMT5; A1:-ICY

Metabolism

Sphingolipid Metabolism SPHKl; SPHK2
Aminophosplionate PRMT5
Metabolism

Androgen and Estrogen PRMT5
Metabolism

Ascorbate and Aldarate ALDHIAI
Metabolism

Bile Acid Biosynthesis ALDHIAI
Cysteine Metabolism LDHA



Fatty Acid Biosynthesis FASN
Glutamate Receptor GNB2L1
Signaling
NRF2 -mediated PRDX1
Oxidative
Stress Response
Pentose Phosphate GP
Pathway
Pentose and Glucuronate UCHL1
Iiiterconversions
Retinol Metabolism ALDH1A1
Riboflavin Metabolism TYR
Tyrosine etabolism PRMT5, TYR
Ubiquinone Biosynthesis PRMT5
Valine, Leucine and ALDH1A1
Isoleucine Degradation
Glycine, Serine and CH A
Threonine Metabolism
Lysine Degradation ALDH1A1
Pai Taste TRPM5; TRPA1
Pain TRPM7; TRPC5; TRPC6; TRPC1; ( m l : cnr2; Grk2;

Trpal ; Pome; Cgrp; Crf; Pka; Era; Nr2b; TRPM5; Prkaca;
Prkacb; Prkarla; Prkar2a

Mitochondrial Function A F; CytC; SMAC (Diablo); Aifm-1; Aifm-2
Developmental BMP-4; Chordin (Chrd); Noggin (Nog); WNT (Wnt2;
Neurology

Wnt2b; Wnt3a; Wnt4; WntSa; Wnt6; Wnt7b; Wnt8b;
Wnt9a; Wnt9b; WntlOa; WntlOb; Wn 6); beta-catenin;
Dkk-1; Frizzled related proteins; Otx-2; Gbx2; FGF-8;
Reelin; Dab!; unc-86 (Pou4 or Brn3a); Numb; Re n

[00161] Embodiments of the invention also relate to methods and compositions related to

knocking out genes, amplifying genes and repairmg 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, 201 1 -

Medical). Specific aspects of tandem repeat sequences have been found to be responsible for

more than twenty human diseases (New insights into repeal instability: role of RNA DNA

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

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

[00162] 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



wit Lafora disease. Lafora disease is an autosomal recessive condition which is characterized by

progressive myoclonus epilepsy which may start as epileptic seizures i 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 CRISPR-Cas system a d the underlying

genetics is further described in Genetics of Epilepsy and Genetic Epilepsies, edited by Giuliano

Avanzini, Jeffrey L. Noebels, Mariani Foundation Paediatric Neurology:20; 2009)

[00 3] In yet another aspect of the invention, the CRISPR-Cas system may be used to correct

ocular defects that arise from several genetic mutations further described in Genetic Diseases of

the Eye, Second Edition, edited by Elias I . Traboulsi, Oxford University Press, 2012.

[ 01 4] 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 ea th under the topic subsection Genetic Disorders (website at

health.nih.gov/topic/GeneticDisorders). The genetic brain diseases may include but are not

limited to Adrenoleukodystrophy, Agenesis of the Corpus Callosum, Aicardi Syndrome, Alpers'

Disease, Alzheimer's Disease, Barth Syndrome, Batten Disease, CADASIL, Cerebellar

Degeneration, Fabry's Disease, Gerstmann-Straussier-Scheinker Disease, Huntington's Disease

and other Triplet Repeat Disorders, Leigh's Disease, Lesch-Nyhan Syndrome, Menkes Disease,

Mitochondrial Myopathies and DS Colpocephaly. These diseases are further described on

the website of the National Institutes of Health under the subsection Genetic Brain Disorders.

[00165] In some embodiments, the condition may be neoplasia. In some embodiments, where

the condition is neoplasia, the genes to be targeted are any of those listed in Table A (in this case

PTEN and 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 e 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.

[00166] Examples of proteins associated with Parkinson 's disease include but are not limited

to a-synuclein, DJ~1, LRRK2, ΡΓΝ 1, Parkin, UCHL1, Synphilin-1, and RR .

0 7 Examples of addiction-related proteins may include ABAT for example.

[00168] Examples of inflammation-related proteins may include the monocyte

ehemoattraetant protein- ( CP ) encoded by the Ccr2 gene, the C-C chemokine receptor type 5

(CCR5) encoded by the Ccr5 gene, the IgG receptor IIB (FCGR2b, also termed CD32) encoded

by the Fcgr2b gene, or the Fc epsilon Rig (FCERlg) protein encoded by the Fcerlg gene, for

example.

[00169] Examples of cardiovascular diseases associated proteins may include IL1B

(mter e km 1, beta), XDH (xanthine dehydrogenase), TPS3 (tumor protein p53), PTGIS

(prostaglandin 2 (prostacyclin) synthase), MB (myoglobin), TLA (interieukm 4), ANGPT1

(angiopoietin 1), ABCG8 (ATP-binding cassette, sub-family G (WHITE), member 8), or CTS

(cathepsin K) for example.

[00170] Examples of Alzheimer's disease associated proteins may include the very low density

lipoprotein receptor protein (VLDLR) encoded by the VLDLR gene, the ubiquitin-like modifier

activating enzyme I (UBA1) encoded by the UBA1 gene, or the NEDD8~activating enzyme E

catalytic subunit protein (UBE1C) encoded by the UBA3 gene, for example.

[00171] Examples of proteins associated Autism Spectrum Disorder may include the

benzodiazepine 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 1 protein (FXR1) encoded by the

FXR1 gene, or the fragile X mental retardation autosomal homolog 2 protein (FXR2) encoded by

the FXR2 gene, for example.

0Θ172] Examples of proteins associated Macular Degeneration may include the ATP-binding

cassette, sub-family A (ABCl) member 4 protein (ABCA4) encoded by the ABCR gene, the

apolipoprotein E protein (APOE) encoded by the APOE gene, or the chemokine (C-C motif)

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

[00173] Examples of proteins associated Schizophrenia may include NRGl, ErbB4, CPLX!,

TPHl, TPH2, NRXNl, GS 3A BDNF, DISCI, GSK3B and combinations thereof.



[00174] 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 homoiog 2), ERBB3

(v-erb-b2 erythroblastic leukemia viral oncogene homoiog 3), ERBB4 (v-erb-b2 erythroblastic

leukemia viral oncogene homoiog 4), Notch 1, Notch2, Notch 3, or Notch 4, for example.

[00175] Examples of proteins associated with a secretase disorder may include PSENEN

(presenilis e ha cer 2 homoiog (C. elegans)), CTSB (cathepsin B), PSEN1 (preseniSin 1), APP

(amyloid beta (A4) precursor protein), APH1B (anterior pharynx defective 1 homoiog B (C

elegans)), PSEN2 (presenilin 2 (Alzheimer disease 4)), or BACE1 (beta-site APP-cleaving

enz e 1), for example.

[00176] Examples of proteins associated with Amyotrophic Lateral Sclerosis may include

SODl (superoxide dismutase 1), ALS2 (amyotrophic lateral sclerosis 2), FUS (fused in

sarcoma), TARDBP (TAR DNA binding protein), VAGFA (vascular endothelial growth factor

A), VAGFB (vascuiar endothelial growth factor B), and VAGFC (vascular endothelial growth

factor C), and any combination thereof.

[00177] Examples of proteins associated with prion diseases may include SODl (superoxide

dismutase 1), ALS2 (amyotrophic lateral sclerosis 2), FUS (fused in sarcoma), TARDBP (TAR

DNA binding protein), VAGFA (vascular endothelial growth factor A), VAGFB (vascuiar

endothelial growth factor B), and VAGFC (vascular endothelial growth factor C), and any

combination thereof.

[00178] Examples of proteins related to neurodegenerative conditions in prion disorders may

include A2M (Alpha-2-Macroglobulin), 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 ADRAID (Alpha- ID

adrenergic receptor for Alpha- D adrenoreceptor), for example.

[00179] Examples of proteins associated with Immunodeficiency may include A2M [aipha-2-

macroglobulinj; AANAT [arylalkylamine N-acetyltransferase] ; ABCA1 [ATP-binding cassette,

sub-family A (ABC1), member 1]; ABCA2 [ATP-binding cassette, sub-family A (ABO),

member 2]; or ABCA3 [ATP-binding cassette, sub-family A (ABC1), member 3]; for example.



[00180] Examples of proteins associated with Trinucleotide Repeat Disorders include AR

(androgen receptor), FMR1 (fragile X mental retardation 1), HTT (huntingtm), or DMP

(dystrophia myotonic a-protem kinase), FXN (frataxin), ATXN2 (ataxin 2), for example.

[00181 ] Examples of proteins associated with Neurotransmission Disorders include SST

(somatostatin), NOS (nitric oxide synthase (neuronal)), ADRA2A (adrenergic, a!pha-2A-,

receptor), ADRA2C (adrenergic, alpha-2C-, receptor), TACR1 (tachykinin receptor 1), or

HTR2c (5-hydroxytryptamme (serotonin) receptor 2C), for example.

[00182] Examples of neurodevelopmental-associated sequences include A2BP1 [ataxin 2-

binding protein 1], AADAT [ammoadipate aminotransferase] , AANAT [arylalkyiamine N-

acetyltransferase], ABAT [4-aminobutyrate aminotransferase], ABCA1 [ATP-binding cassette,

sub-family (ABO), member 1], or ABCA13 [ATP-binding cassette, sub-family A (ABO),

member 3], for example.

[00183] Further examples of preferred conditions treatable with the present system include

may be selected from: Aieardi-Goutieres Syndrome; Alexander Disease; Allan-Herndon-Dudiey

Syndrome; POLG-Related Disorders; Alpha-Mannosidosis (Type II and III); Alstrom Syndrome;

Angelman; Syndrome; Ataxia-Telangiectasia; Neuronal Ceroid-Lipofuscinoses; Beta-

rhalassemia; Bilateral Optic Atrophy and (Infantile) Optic Atrophy Type 1; Retinoblastoma

(bilateral); Canavan Disease; Cerebrooculofacioskeletal Syndrome 1 [COFS1];

Cerebrotcndinous Xanthomatosis; Cornelia de Lange Syndrome; MAPT-Reiated 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;

Hutehin son-Gilford Progeria Syndrome; Mucolipidosis II; Infantile Free Sialic Acid Storage

Disease; PLA2G6-Associated Neurodegeiieration; Jervell and Lange-Nielsen Syndrome;

Junctional Epidermolysis Bullosa; Huntington Disease; Kxabbe 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; COL 1A /2-Related

Osteogenesis Imperfecta; Mitochondrial DNA Deletion Syndromes; PLP1 -Related Disorders;

Perry Syndrome; Phelan-McDermid Syndrome; Glycogen Storage Disease Type 1 (Pompe

Disease) (Infantile); MAPT-Related Disorders; MECP2-Related Disorders; Rhizomelic

Chondrodysplasia Punctata Type 1; Roberts Syndrome; Sandhoff Disease; Sehindler Disease -

Type 1; 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; Wolf-Birsehhora Syndrome; Lysosomal Acid Lipase Deficiency; and

Xeroderma Pigmentosum.

[00184] As wil l be apparent, it is envisaged that the present system can be used to target any

polynucleotide sequence of interest. Some examples of conditions or diseases that might be

usefully treated using the present system are included in the Tables above and examples of genes

currently associated with those conditions are also provided there. However, the genes

exemplified are not exhaustive.

EXAMPLES

[00185] 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 exemplar}', 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 I : CRISPR Complex Activity in the Nucleus of a Eukaryotic Cell

[00186] An example type II CRISPR system is the type II CRISPR locus from Streptococcus

pyogenes SF370, which contains a cluster of four genes Cas9, Casl, Cas2, and Csnl, 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). n 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 heterodupiex formation between the spacer region

of the crRNA and the protospacer DNA. Finally, Cas9 mediates cleavage of target DNA

upstream of PAM to create a DSB within the protospacer (Figure 2A). This example describes

an example process for adapting this RNA-programmable nuclease system to direct CRISPR

complex activity in the nuclei of eukaryotic cells.

[00187 Cell culture and transfection

[00188] Human embryonic kidney ( E ) cell line HEK 293FT (Life Technologies) was

maintained in Duibeeeo's modified Eagle's Medium (DMEM) supplemented with 10% fetal

bovine serum (HyClone), 2mV GlutaMAX ( e Technologies), lOOU/mL penicillin, and

100p.g/mL streptomycin at 37°C with 5% C0 2 incubation. Mouse neuro2A (N2A) cell line

(ATCC) was maintained with DMEM supplemented with 5% fetal bovine semm (HyClone),

2mM GlutaMAX (Life Technologies), lOOU/mL penicillin, and Q g/m streptomycin at 37°C

with 5% CO;.

[00189] HEK 293 T or N2A cells were seeded into 24-wel! plates (Corning) one day prior to

transfection at a density of 200,000 ceils per well. Cells were transfected using Lipofectamine

2000 (Life Technologies) following the manufacturer's recommended protocol. For each well of

a 24-weil plate a total of 800ng of plasmids were used.

[00190] Surveyor assay and sequencing analysisfor genome modification

[00191] HEK 293FT or N2A cells were transfected with plasmid DNA as described above.

After transfection, the cells were incubated at 37°C for 72 hours before genomic DNA extraction.

Genomic DNA was extracted using the QuickExtract DNA extraction kit (Epicentre) following

the manufacturer's protocol. Briefly, cells were resuspended in QuickExtract solution and

incubated at 65°C for 5 minutes and 98°C for 10 minutes. Extracted genomic DNA was

immediately processed or stored at -20°C.

[00192] The genomic region surrounding a CRISPR target site for each gene was PGR

amplified, and products were purified using QiaQuick Spin Column (Qiagen) following

manufacturer's protocol. A total of 00ng of the purified PGR products were mixed with 2µ1

0 Taq polymerase PGR buffer (Enzymaties) and ultrapure water to a final volume of 20µ1,

and subjected to a re-annealing process to enable heterodupiex formation: 95°C for lOmin, 95°C



to 85°C ramping at - 2°C/s, 85°C to 25°C at - 0.25°C/s, and 25°C hold for 1 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-acrylamide gels (Life Technologies). Gels were stained with SYBR Gold

DNA stain (Life Technologies) for 30 minutes and imaged with a Gel Doc gel imaging system

(Bio-rad). Quantification was based on relative band intensities, as a measure of the fraction of

cleaved DNA. Figure 8 provides a schematic i llustration of this Surveyor assay.

[00193] Restriction fragment length polymorphism assay for detection of homologous

recombination

[00194] HE 293FT and N2A cells were transfected with plasmid DNA, and incubated at

37°C for 72 hours before genomic DNA extraction as described above. The target genomic

region was PGR amplified using primers outside the homology arms of the homologous

recombination (HR) template. PGR products were separated on a 1% agarose gel and extracted

with MinElute GelExtraetion Kit (Qiagen). Purified products were digested with Hmdl

(Fermentas) and analyzed on a 6% Novex TBE poly-acrylamide gel (Life Technologies).

[00195] NA secondary structure prediction and analysis

[00196] RNA secondary structure prediction was performed using the online webserver

RNAfold developed at Institute for Theoretical Chemistry at the University of Vienna, using the

centroid structure prediction algorithm (see e.g. A.R. Gruber et at, 2008, Cell 106(1): 23-24; and

PA Carr and GM Church, 2009, Nature Biotechnology 27(12): 1151-62).

[00197] Bacterial plasmid transformation interference assay

[00198] Elements of the S. pyogenes CRISPR locus 1 sufficient for CRISPR activity were

reconstituted in E. coli using pCRISPR plasmid (schematically illustrated in Figure 0A)

pCRISPR contained tracrRNA, SpCas9, and a leader sequence driving the crRNA array. Spacers

(also referred to as "guide sequences") were inserted into the crRNA array between Bsal sites

using annealed oligonucleotides, as illustrated. Challenge plasmids used in the interference

assay were constructed by inserting the protospacer (also referred to as a "target sequence")

sequence along with an adjacent CRISPR motif sequence (PAM) into pUC19 (see Figure 10B).

The challenge plasmid contained ampicillin resistance. Figure IOC provides a schematic

representation of the interference assay. Chemically competent E. coli strains already carrying

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



corresponding protospacer-PAM sequence. pUC was used to assess the transformation

efficiency of each pC SPR-carrying competent strain. CRISPR activity resulted in cleavage of

the pPSP piasmid carrying the protospacer, precluding ampicillin resistance otherwise conferred

by pUC19 lacking the protospacer. Figure 0D illustrates competence of each pCRISPR-

carrying E. cofi strain used in assays illustrated in Figure 4C.

[00199] RNA purification

[00200] F EK 293FT cells were maintained and transfected as stated above. Cells were

harvested by trypsinization followed by washing in phosphate buffered saline (PBS). Total cell

RNA was extracted with T I reagent (Sigma) following manufacturer's protocol. Extracted

total RNA was quantified using Naonodrop (Thermo Scientific) and normalized to same

concentration.

[00201] Northern blot analysis ofcrRNA and tracrKNA expression in mammalian cells

[00202] RNAs were mixed with equal volumes of 2X loading buffer (Ambion), heated to

95°C for 5 min, chilled on ice for 1 min, and then loaded onto 8% denaturing polyacrylamide

gels (SequaGel, National Diagnostics) after pre-running the gel for at least 30 minutes. The

samples were electrophoresed for 1.5 hours at 40W limit. Afterwards, the RNA was transferred

to Hybond N+ membrane (GE Healthcare) at 300 A in a semi-dry transfer apparatus (Bio-rad)

at room temperature for 1.5 hours. The RNA was crosslinked to the membrane using

autocrossiink button on Stratagene UV Crosslinker the Stratalinker (Stratagene). The membrane

was pre-hyhridized in ULTRAhyb-Oligo Hybridization Buffer (Ambion) for 30 min with

rotation at 42°C, and probes were then added and hybridized overnight. Probes were ordered

from IDT and labeled with [gamma- ? ] ATP rkin Elmer) with T4 polynucleotide kinase

(New England Biolabs). The membrane was washed once with pre-warmed (42°C) 2xSSC,

0.5% SDS for 1 min followed by two 30 minute washes at 42°C. The membrane was exposed to

a phosphor screen for one hour or overnight at room temperature and then scanned with a

phosphorimager (Typhoon).

[0Θ203] Bacterial CRISPR system construction and evaluation

[00204] CRISPR locus elements, including tracrRNA, Cas9, and leader were PGR amplified

from Streptococcus pyogenes SF370 genomic DNA with flanking homology arms for Gibson

Assembly. Two Bsal type IIS sites were introduced in between two direct repeats to facilitate

easy insertion of spacers (Figure 9). PGR products were cloned into EcoRV-digested



pACYC184 downstream of the tet promoter using Gibson Assembly Master Mix (NEB). Other

endogenous CRISPR system elements were omitted, with the exception of the last 50bp of Csn2.

Oligos (Integrated DNA Technology) encoding spacers with complimentary overhangs were

cloned into the i&al-digested vector pDCOOO (NEB) and then ligated with T7 ligase

(Enzymatics) to generate pCRISPR plasmids. Challenge pfasmids containing spacers with PAM

sequences (also referred to herein as "CRISPR motif sequences") were created by ligating

hybridized oligos carrying compatible overhangs (Integrated DNA Technology) into BanMl-

digested pUC19. Cloning for all constructs was performed in E. coli strai JM109 f'Zymo

Research).

[00205] pCRJSPR-carrying cells were made competent using the Z-Competent E. coli

Transformation Kit and Buffer Set (Zymo Research, T3001) according to manufacturer's

instructions. In the transformation assay, 50uL aliquots of competent cells carrying pCRISPR

were thawed on ice and transformed with lug of spacer plasmid or pUC19 on ice for 30 minutes,

followed by 45 second heat shock at 42°C and 2 minutes on ice. Subsequently, 250ul SOC

(Invitrogen) was added followed by shaking incubation at 37°C for Ihr, and 100 uL of the post-

SOC outgrowth was plated onto double selection plates (12.5 g/m chloramphenicol, 00 ug/ml

ampicillin). To obtain cfu/ng of DNA, total colony numbers were multiplied by 3 .

[00206] 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 (HEK) cells, and the relative positioning of the NLS to SpCas9 and SpRNase

III was found to affect their nuclear localization efficiency. Whereas the C-terminal 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-terminus of SpCas9 was unable to achieve adequate nuclear

localization in this system. In this example, the C-termina NLS was that of nucleoplasmin

(KRPAATKKAGQAKKKK), and the C-terminal NLS was that of the SV40 large T-antigen



(P KK KV). Of the versions of SpCas9 tested, only 2xNLS-SpCas9 exhibited nuclear

localization (Figure 2B).

[002071 The tracrRNA from the CRISPR locus of S . pyogenes SF370 has two transcriptional

start sites, giving rise to two transcripts of 89~nucleotid.es (nt) and 171nt that are subsequently

processed into identical 75nt mature tracrR As. The shorter 8 nt tracrRNA was selected for

expression in mammalian cells (expression constructs illustrated in Figure 7A, with functionality

as determined by results of the Surveyor assay shown in Figure 7B). Transcription start sites are

marked as + , and transcription terminator and the sequence probed by northern blot are also

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 cells transfected without or with SpRNase

III, respectively. U6 indicate loading control blotted with a probe targeting human U6 s RNA.

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.

[00208] To promote precise transcriptional initiation, the RNA polymerase Ill-based U6

promoter was selected to drive the expression of tracrRNA (Figure 2C). Similarly, a U6

promoter-based construct was developed to express a pre-crRNA array consisting of a single

spacer flanked by two direct repeats (DRs, also encompassed by the term "tracr-mate

sequences"; Figure 2C). The initial spacer was designed to target a 33-base-pair (bp) target site

(30-bp proto spacer plus a 3-bp CRISPR motif (PAM) sequence satisfying the NGG recognition

motif of Cas9) in the human EMXl locus (Figure 2C), a key gene in the development of the

cerebral cortex.

[00209] To test whether heterologous expression of the CRISPR system (SpCas9, SpRNase

III, tracrRNA, and pre-crRNA) in mammalian cells can achieve targeted cleavage of mammalian

chromosomes, HEK 293FT cells were transfected with combinations of CRISPR components.

Since 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 EMXl locus (Figure 8) (see e.g. Guschin et al., 2010,

Methods Mo Biol 649: 2.47). Co-transfection of ail four CRISPR components was able to



induce up to 5.0% cleavage in the protospacer (see Figure 2D). Co-transfection of al CRJSPR

components minus SpRNase III also induced up to 4.7% indel in the protospacer, suggesting that

there may he endogenous mammalian RNases that are capable of assisting with crRNA

maturation, suc 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 ( .6%) were found. Similar experiments

using a variety of guide sequences produced indel percentages as high as 29% (see Figures 4-7,

12, and 13). These results define a three-component system for efficient CRISPR-mediaied

genome modification in mammalian cells. 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 7B).

[ 0 O] Figure 14 provides an additional Northern b ot analysis of crRNA processing in

mammalian ceils. Figure 14A illustrates a schematic showing the expression vector for a single

spacer flanked by two direct repeats (DR-EMXl(i)-DR). The 30bp spacer targeting the human

EMX1 locus protospacer 1 (see Figure 6) and the direct repeat sequences are shown in the

sequence beneath Figure 4A. The line indicates the region whose reverse-complement

sequence was used to generate Northern blot probes for EMX1(1) crRNA detection. Figure 14B

shows a Northern blot analysis of total RNA extracted from 293 FT cells transtected with U6

expression constructs carrying DR-EMX 1(1 )-DR. Le t and right panels are from 293FT cells

transtected without or with SpRNase III respectively. DR-EMX1 ( 1)-DR was processed into

mature crR As only in the presence of SpCas9 and short tracrRNA and was not dependent on

the presence of SpRNase III. The mature crRNA detected from traiisfected 293FT total RNA is

~33bp and is shorter than the 39-42bp mature crRNA 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.

[00211] Figure 2 illustrates the bacterial CRISPR system described in this example. Figure

A illustrates a schematic showing the CRISPR locus 1 from Streptococcus pyogenes SF370 and

a proposed mechanism of CRISPR-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-adjacent motif (PAM). Upon target-spacer base

pairing, Cas9 mediates a double-strand break in the target DNA. Figure 2B illustrates

engineering of S . pyogenes Cas9 (SpCas9) and RNase III (SpRNase III) with nuclear localization

signals (NLSs) to enable import into the mammalian nucleus. Figure 2C illustrates mammalian

expression of SpCas9 and SpRNase 11 driven by the constitutive EFla 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, and a pre-crRNA array carrying the EMX1-

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 O m.

Θ212] To further simplify the three-component system, a chimeric crRNA-tracrRNA hybrid

desig 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:tracrRNA duplex (Figure 3A). To

increase co-delivery efficiency, a bicistronic expression vector was created to drive co-

expression of a chimeric RNA and SpCas9 in transfected ceils (Figures 3A and 8). In parallel,

the bicistronic vectors were used to express a pre-crRNA (DR-guide sequence-DR) with SpCas9,

to induce processing into crRNA with a separately expressed tracrRNA (compare Figure 13B top

and bottom). Figure 9 provides schematic illustrations of bicistronic expression vectors for pre-

crRNA array (Figure 9A) or chimeric crRNA (represented by the short line downstream of the

guide sequence insertion site and upstream of the EF la promoter in Figure 9B) with hSpCas9,

showing locatio of various elements and the point of guide sequence insertion. The expanded

sequence around the location of the guide sequence insertion site in Figure 9B also shows a

partial DR sequence (GTTTAGAGCTA) and a partial tracrRNA sequence

(TAGCAAGTTAAAATAAGGCTAGTCCGTTTTT). Guide sequences can be inserted between

Bbsl sites using annealed oligonucleotides. Sequence design for the oligonucleotides are shown



below the schematic illustrations in Figure 9, with appropriate ligation adapters indicated.

WPRE represents the Woodchuck hepatitis virus post-transcription a regulatory element. The

efficiency of chimeric RNA-mediated cleavage was tested by targeting the same EMXl locus

described above. Using both Surveyor assay and Sanger sequencing of amplicons, Applicants

confirmed that the chimeric RNA design facilitates cleavage of human EMXl locus with

approximately a 4.7% modification rate (Figure 4).

[00213] Genera!izability of C ISPR-mediated cleavage in eukaryotic ceils was tested by

targeting additional genomic loci in both human and mouse ceils by designing chimeric RNA

targeting multiple sites in the human EMXl and PVALB, as well as the mouse Th loci. Figure 15

illustrates the selection of some additional targeted protospacers in human PVALB (Figure 5A)

and mouse Th (Figure 15B) loci. Schematics of the gene loci and the location of three

protospacers within the last exon of each are provided. The underlined sequences include 30bp

of protospacer sequence and 3bp at the 3 ' end corresponding to the PAM sequences.

Protospacers on the sense and anti-sense strands are indicated above and below the DNA

sequences, respectively. A modification rate of 6.3% and 0.75% was achieved for the human

P VALB and mouse Th loci respectively, demonstrating the broad applicabi lity of the CRISPR

system in modifying different loci across multiple organisms (Figures 3B and 6). While

cleavage was only detected with one out of three spacers for each locus using the chimeric

constructs, all target sequences were cleaved w h efficiency of indel production reaching 27%>

when using the co-expressed pre-crRNA arrangement (Figure 6).

[00214] Figure 3 provides a further illustration that SpCas9 can be reprogrammed to target

multiple genomic loci in mammalian cells. Figure 13A provides a schematic of the human

EMXl Socus showing the location of five protospacers, indicated by the underlined sequences.

Figure 13B 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 13C. Each protospacer is targeted

using either processed pre-crRNA/tracrRNA complex (crRNA) or chimeric RNA (chiRNA).



[00215] Since the secondary stmcture of RNA can be crucial for intermolecuiar interactions, a

structure prediction algorithm based on minimum free energy and Boltzmann-weighted structure

ensemble was used to compare the putative secondary structure of a l guide sequences used in

our genome targeting experiment (Figure 3B) (see e.g. Gruber et al, 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 CRISPR-mediated interference when

using a chimeric crRNA.

[00216] Figure 3 illustrates example expression vectors. Figure 3A provides a schematic of a

bi-cistronic vector for driving the expression of a synthetic crRNA-tracrRNA chimera (chimeric

RNA) as well as SpCas9. The chimeric guide RNA contains a 20-bp guide sequence

corresponding to the protospacer in the genomic target site. Figure 3B provides a schematic

showing guide sequences targeting the human EMXI, PVALB, and mouse Th loci, as well as

their predicted secondary structures. The modification efficiency at each target site is indicated

below the RNA secondary structure drawing (EMXI, n = 216 amplicon sequencing reads;

PVALB, n 224 reads; Th, 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 44, which illustrates 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. The vector shown in Figure 44b includes a tracrRNA coding sequence linked

to an HI promoter.

[00217] To test whether spacers containing secondary structures are able to function in

prokaryotic cells where CRISPRs naturally operate, transformation interference of protospacer-

bearing plasmids were tested in an E coli strain heterologously expressing the S. pyogenes

SF370 CR1SPR locus 1 (Figure 10). 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 (pCRlSPR). E. coli strains harboring different pCRlSPR plasmids were transformed with

challenge plasmids containing the corresponding protospacer and PAM sequences (Figure IOC).



In the bacterial assay, all spacers facilitated efficient CRISPR interference (Figure 4C). These

results suggest that there may be additional factors affecting the efficiency of CRISPR activity in

mammalian cells.

[00218] 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 EMXl -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 EMXl protospacer. Figure 4C provides a

schematic showing the design of TALENs targeting EMXL and Figure 4D shows a Surveyor gel

comparing the efficiency of TALEN and Cas9 (n=3).

[00219] Having established a set of components for achieving CRISPR-mediated gene editing

in mammalian cells through the error-prone N E mechanism, the ability of CRISPR to

stimulate homologous recombination (HR), a high fidelity gene repair pathway for making

precise edits in the genome, was tested. The wild type SpCas9 is able to mediate site-specific

DSBs, which can be repaired through both NHEJ and HR. In addition, an aspartate-to-alanine

substitution (D 0A) in the RuvC I catalytic domain of SpCas9 was engineered to convert the

nuclease into a nickase (SpCas9n; illustrated in Figure 5A) (see e.g. Sapranauskas et al, 2011,

Nucleic Acids Research, 39: 9275; Gasiunas et al, 2012, Proc. Natl. Acad. Sci. USA,

109:E2579), such that nicked genomic DNA undergoes the high-fidelity homology-directed

repair (HDR). Surveyor assay confirmed that SpCas9n does not generate indels at the EMXl

protospacer target. As illustrated in Figure 5B, co-expression of EMXl -targeting chimeric

crRNA with SpCas9 produced indels in the target site, whereas co-expression with SpCas9n did

not (n=3). Moreover, sequencing of 327 amplicons did not detect any indels induced by

SpCas9n. The same locus was selected to test CRISPR-mediated HR by co-transfecting HE

293FT cells with the chimeric RNA targeting EMXl, hSpCas9 or hSpCas9n, as well as a HR

template to introduce a pair of restriction sites (Hind and Nhe 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 EMXl locus. PCR amplification of the target region

followed by restriction digest with H d 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 -bp from the PA ) target specificity of

the wild type SpCas9, the availability of a nickase can significantly reduce the likelihood of off-

target modifications, since single strand breaks are not substrates for the error-prone NHEJ

pathway.

[00220] 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 CRISPR array encoding a pair of EMXl- and Z2 -targeting 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 using spacers against two targets within EMXl

spaced by 1 bp was also tested, and a 1.6% deletion efficacy (3 out of 82 amplicons; Figure

4G) was detected. This demonstrates that the CRISPR system can mediate multiplexed editing

within a single genome.

Example 2: CRISPR system modifications and alternatives

[00221] The ability to use RNA to program sequence-specific DNA cleavage defines a new

class of genome engineering tools for a variety of research and industrial applications. Several

aspects of the CRISPR system can be further 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 et al, 2012, Science,

337:816), and the preference for an NGG motif immediately downstream of the protospacer

restricts the ability to target on average every 12-bp in the human genome (Figure , evaluating

both plus and minus strands of human chromosomal sequences). Some of these constraints can

be overcome by exploring the diversity of CRISPR loci 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 . For

example, Figure 12 illustrates adaptation of the Type II CRISPR system from CRISPR 1 of

Streptococcus thennophilus LMD-9 for heterologous expression in mammalian cells to achieve

CRISPR-mediated genome editing. Figure 2A provides a Schematic illustration of CRISPR

from S . thennophilus LMD-9. Figure 12B illustrates the design of an expression system for the

S. thermophilus CRISPR system. Human eodon-optimized hSiCas is expressed using a

constitutive EFla promoter. Mature versions of tracrRNA and crRNA are expressed using the

U6 promoter to promote precise transcription initiation. Sequences from the mature crRNA and

tracrRNA are illustrated. A single base indicated by the lower case "a" in the crRNA sequence is

used to remove the po yU sequence, which serves as a RNA polIII transcriptional terminator.

Figure 12C provides a schematic showing guide sequences targeting the human EMX1 locus as

well as their predicted secondary structures. 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, which is

indicated by a rainbow scale reproduced in Figure 12C in gray scale. Figure 2D shows the

results of hStCas9-mediated cleavage in the target locus using the Surveyor assay. RNA guide

spacers an 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 6 . Figure 16

provides a schematic of additional protospacer and corresponding PAM sequence targets of the

S. thermophilus CRISPR system in the human EMX! locus. Two protospacer sequences are

highlighted and their corresponding PAM sequences satisfying NNAGAAW motif are indicated

by underlining 3' with respect to the corresponding highlighted sequence. Both protospacers

target the anti-sense strand.

Example 3: Sample target sequence selection algorithm.

[00222] 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. thermophilus CRISPR 1, with PAM sequence NNAGAAW, may be identified by



searching for 5'-N -NNAGAAW-3 ' both on the input sequence and on the reverse-complement

of the input. Likewise, target sites for Cas9 of S . thermophihis CRISPR3, with PAM sequence

NGGNG, may be identified by searching for 5'-N -NGGNG-3' both on the input sequence and

o the reverse-complement of the input. The value "x" i N may be fixed by the program or

specified by the user, such as 20.

[00223] 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 l i~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

complementary to the reported target sequence(s) by providing the reverse complement of the

identified target sequence(s).

[00224] Further details of methods and algorithms to optimize sequence selection can be

found in U.S. application Serial No. 61/836,080 (attorney docket 44790.1 .2022); incorporated

herein by reference.

Example 4: Evaluation of multiple chimeric crRNA-tracrRNA hybrids

[00225] 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 tha incorporate different lengths of wild-type tracrRNA sequence. Figure 8a

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 SU RVEYOR assays for

Cas9-mediated indels at the human EMX1 and PVALB loci are illustrated in Figure 8b and 8c,

respectively. Arrows indicate the expected SURVEYOR fragments. ChiRNAs are indicated by

their "+n" designation, and crRNA refers to a hybrid NA where guide and tracr sequences are

expressed as separate transcripts. Quantification of these results, performed in triplicate, are

illustrated by histogram in Figures 19a and 19b, corresponding to Figures 18b and 18c,

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.

[00226] Cell culture and transfection

[00227] 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 GlutaMAX (Life Technologies), 0! . penicillin, and IQQjig/mL

streptomycin at 37°C with 5% C0 2 incubation. 293FT 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 Lipofectamine 2000 (Life Technologies) following the manufacturer's

recommended protocol. For each well of a 24-well plate, a total of 500ng plasmid was used.

00228] SURVEY OR assay for genome modification



[00229] 293FT 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 resuspended in QuickExtract solution and

incubated at 65°C for 5 minutes and 98 C for 10 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 PCR products were mixed with 2µ1 10X Taq DNA Polymerase PGR

buffer (Enzymatics) and ultrapure water to a final volume of 20µ1, and subjected to a re-

annealing process to enable heteroduplex formation: 95°C for lOmin, 95°C to 85°C ramping at -

2°C/s, 85°C to 25°C at - 0.25°C/s, and 25°C hold for 1 minute. After re-annealing, products were

treated with SURVEYOR nuclease and SURVEYOR enhancer S (Transgcnomies) following the

manufacturer's recommended protocol, and analyzed on 4-20% Novex TBE poly-acrylamide

gels (Life Technologies). Gels were stained with SYBR Gold DNA stain (Life Technologies)

for 30 minutes and imaged with a Gel Doc gel imaging system (Bio-rad). Quantification was

based on relative band intensities.

Table E:

[00230] Com tatio al identification of unique CRISPR target sites

[00231] To identify unique target sites for the S. pyogenes SF370 Cas9 (SpCas9) enzyme in

the human, mouse, rat, zebrafish, fruit fly, and C. elegans 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'-N2o-NGG-3' definition on all chromosomes. To prevent non-specific genome

editing, after identifying all potential sites, all target sites were filtered based on the number of

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



Cas9 activity conferred by a 'seed' sequence, which can be, for example, approximately 1-12bp

sequence 5' from the PAM sequence, 5'-NNNNNNNNNN-NGG-3 ' sequences were selected to

be unique in the relevant genome. All genomic sequences were downloaded from the UCSC

Genome Browser (Human genome hgl9, Mouse genome mm9, Rat genome rn5, Zebrafish

genome danRer?, D. melanogaster genome dm4 and C. elegans genome ce ). The full search

results are available to browse using UCSC Genome Browser information. An example

visualization of some target sites in the human genome is provided in Figure 2 .

[00232] Initially, three sites within the EMX1 locus in human HEK 293FT cells were

targeted. Genome modification efficiency of each cm'RNA was assessed using the SURVEYOR

nuclease assay, which detects mutations resulting from DNA double-strand breaks (DSBs) and

their subsequent repair by the non-homologous end joining (NHEJ) DNA damage repair

pathway. Constructs designated chiRNA(+n) indicate that up to the +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 tracrRN A (chiRNA(+67) and

chiRNA(+85)) mediated DNA cleavage at all three EMX1 target sites, with chiRNA(+85) in

particular demonstrating significantly higher levels of DNA cleavage than the corresponding

crRNA/tracrRNA hybrids that expressed guide and tracr sequences in separate transcripts

(Figures 18b and 19a). 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 8c and 19b).

[00233] For all five targets in the EMX1 and PVALB loci, a consistent increase in genome

modification efficiency with 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 CR1SPR complex formation. An illustration of predicted

secondary structures for each of the chimeric RNAs used in this example is provided in Figure

21. The secondary structure was predicted using RNAfold (http://ma.tbi.univie.ac.at/cgi-

bin/RNAfold.cgi) using minimum free energy and partition function algorithm. Pseudocolor for

each based (reproduced in grayscale) indicates the probability of pairing. Because chiRNAs with

longer tracr sequences were able to cleave targets that were not cleaved by native CRISPR

crRNA ''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. melanogaster genomes. Chimeric RNAs can be designed for Cas9 enzymes

from other microbes to expand the target space of CRISPR RNA-programmable nucleases.

[00234] Figure 22 illustrates an exemplary bicistronic expression vector 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 and terminated

with the bG po yA signal (bGH pA). The expanded sequence illustrated immediately below

the schematic corresponds to the region surrounding the guide sequence insertion site, and

includes, from 5' to 3', 3'-portion of the U6 promoter (first shaded region), Bbs 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".

|00235| Sequences described in the above examples are as follows (polynucleotide sequences

are 5' to 3'):

[00236] U6~short tracrRNA (Streptococcus pyogenes SF370):

[00237] GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT

GTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA

TAC X A X GAAAGTAATAATTTC TGGGTAGTTTGC^AGTTTTAAAATTATGTTTT

AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTAT

ATATCTTGTGGAAAGGACGAAACACCGGAACCATTCAAAACAGCATAGCAAGTTA

AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT

TTT (bold = tracrRNA sequence; underline = terminator sequence)

[0Θ238] U6-long tracrRNA (Streptococcus pyogenes SF370):

[00239] GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT

GTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA

TACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTT

ATATCTTGTGGAAAGGACGAAACACCGGTAGTATTAAGTATTGTTTTATGGCTGATA



AATTTCTTTGAATTTCTCCTTGATTATTTGTTATAAAAGTTATAAAATAATCTTGTTG

GAACCATTCAAAACAGCATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA

AAAAGTGGCACCGAGTCGGTGCTTTTTTT

[00240] U6-DR-BbsI backbone-DR {Streptococcus pyogenes SF370):

[0024 Α ί Ί ΑΊ ΑΤΊ Τ ΑΊ Ί ΑΊ Ί ,Α ΑΊ ΑΑ Ί

GTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA

TACGTGACXriAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTT

AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTAT

ATATCTTGTGGAAAGGACGAAACACCGGGTTTTAGAGCTATGCTGTTTTGAATGGTC

CCAAAACGGGTCTTCGAGAAGACGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAA

AC

[0Θ242] U6-cliimeric RNA-BbsI backbone (Streptococcus pyogenes SF370)

[00243] GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT

GTTAGAGAGATAATTGGAA TAATTTGACTGTAAACACAAAGATATTAGTACAAAA

TACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTT

ΑΛΑΛ GG 7Y <VV G(

ATATCTTGTGGAAAGGACGAAACACCGGGTCTTCGAGAAGACCTGTTTTAGAGCTA

GAAATAGCAAGTTAAAATAAGGCTAGTCCG

[00244] NLS-SpCas9-EGFP:

[00245] MDY DHDGDYKDH DIDYK DD DDKMAP RKVGIHGVPAADKKYS GLD

GTNSVGWAVITDEYKVPSKKFKVLGNTDRBSIKKNLIGALLFDSGETAEATRLKRTARR

RYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVTEDKKHERHPIFGNIVDEVAYHE

KYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFUEGDLNPD NSDVDKLFIQLVQ

TYNQLFEENPLNASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPN

F SNFDLAEDA LQLSKDTYDDDLDNLLAQ1GDQYADLFLAA NLSDAILLSDILRVNT

ElTKAPLSASMIi RYD EH QDLTLL A LVRQQLPEKYKEIFFDQSK GYAGYIDGGASQ

EEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY

PFLKDNREKIEOLTFRiPYYVGPLARGNSRFAWMTilKSEETITPWNFEEVVDKGASAQS

FIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKLAIV

DLLFKTNRKVTVKQLKEDYFKKJECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDN

EENEDILEDR'XTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLIN



GIRDKQSG:OILDFLKSDGFANRNFMQLJHDDSLTFKEDIQKAQ\^SGQGDSLHEH:IANLA

GSPAIKKGILQTVKA VDELVKYMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEG

IKELGSQILKEBPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDBIVPQSF

LK DSIDNK L RSDK RGKSDNVPSEEVV M NYWRQLLNAK TQRKFDNLTKAE

RGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVS

DFRKDFQFYKVREINNYHHAHDAYLNA\AGTALJKXYPKLESEFVYGDYKVYDVRKLVLI

AKSEQEIGKJ^TAKYFFYSNIMNFFKTEITI^NGEIRKRPLIETNGETGEIVWDKGRDFATV

RKAXSMPQWIVKXTEVQTGGFSKE.SILPKRNSDKLIARKXDWDPKKYGGFDSPTVAYS

VLVVAK EKGKSKKL SV ELLG T MERSSFE NPIDFLEAKGY EV K L IK P YS

LFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVE

QFiKFr^LDElIEQISEFSKRVlLADANLDKVLSAYNKHRDKPiREQAENiifiLFTLTNLGAP

AAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDAAAVSKGEELFTG

VVPILVELDGDWGHKFSVSGEGEGDATYGKLTLKFICTTGKLP\ PWPTL\ TTLTYGVQ

CFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGI

DFKSDGNILGHKXEYNYNSHNVYIMADKQKNGIKA'NFKIRFiNIEDGSVQLADHYQQNT

PIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

i00 24 SpCas9-EGFP-NLS :

[00247] MDKKYS1GLDIGTNSVGWAVITDEYKWSKKFKVLGNTDRHSIKKNLIGALLF

DSGETAEATRLKRTARRRYTRRKNRICYLQElFSNEMAKVDDSFFHRLEESFLVEEDiCK

HERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG

DLNPDNSDVDKLFIQLVQTYNQLFEENPnSfASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFL

AA NLSDA LSD LRV TEIT APLSAS l RYDE HQD LL ALVRQQLPE Y EIFF

DQSKNGYAGYIDGGASQEEFYKFIKPILEK¾'1DGTEELLVKLNREDLLRKQRTFDNGSIPH

QIHLGELEiAILRRQEDFYPFLIO^NREKJEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI

TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE

GMRKPAFLSGEQKKATvT )LLFKTTSIRKVWKQLKEDYFKK ECFDSVEISGVEDRFNASL

GTYHDLLKIJKDKDFLDNEENEDILEDIYLTLTLFEDREIVIIEERLKTYABLFDDKVMKQL

KR RRYTGWGRLSRK INGIRD QSG TILDFL SDGFA RNFMQLIHDDSLTFKEDIQKA

QVSGQGDS E ANLAGSPA KG LQTV YVDELV VMGRB PE VIE ARE QTT

QKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQEL



DINRLSDYDVDHIVPQSFLKDDS1DNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQL

X l F[ ! G [A :[ ) G! ! RQ V ! ) V !l ) S V!X ! KY!)|;

NDKlIREVKVITLKSKLVSDFRKDFQFYKVREINNYHFLAHDAYLNAVVGTALiKKYPKL

ESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIET

NGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKK

DWDPK Y GGFDSPTVAY SVLVVA G SKKL S KELLGITIMERSSFEKNPIDFLE

AKGY EV DLII LP YSLFELENGRKRM LASAGELQKGNEL ALPS YVNF LYLAS Y

EKLKGSPEDNEQKQLFVEQBKBYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPI

REQAENIiBLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIFiQSrTGLYETRJDLSQ

LGGDAAAVSKGEELFTGWPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGK

LPVPWPTLVTTLTYGVQCFSRYPDBMKQBDFFKSAMPEGYVQERTIFFKDDGNYKTRA

EV FEGDTLVNRIELKG DFKEDG LGB LEY YNS V YIMAD Q NG1 V F IR

NIEDGSVQLADHYQQNTPIGDGP\ LLPDNHYLSTQSALSKDPNEKRDHMVLLEF\ TAAG

ITLGMDELY KRPAAT AGQAK K

[00248] LS-SpCas9-EGFP-NLS :

[002491 DY DBDGDY DF ID DDDD MAP R VGIF GVPAAD YS GLD

GTNSVGWAVITDEYKVPSKKFKVLGNTDRBSIKKNLIGALLFDSGETAEATRLKJITARR

RYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKBERHPIFGNIVDEVAYHE

YPT Y LR KLVDSTD ADLRL YLALA MI FRGBFLIEGDLNPD NSDVDKLFIQLVQ

TYNQLFEENPINASGVDA A LSAR LSKSRRLENLIAQLPGE KNGLFGNLIALSLGLTP

FKSNFDI^EDAKLQLSKZ )TYDDDLDNLI^Q]GDQYADLFI^AKNLSDAILLSD[LRVNT

EITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQ

EEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY

PFLKDNREKIEKILTFRIPYY\ GPLARGNSRFAWMTRKSEETITPTOFEEVVDKGASAQS

FIERM FDK LP E VLPKFIS Y EYFTVYNE V YVTEG R PAFLSGEQ A V

DLLITCTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDN

EENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLIN

GIRDKQSG:OILDFLKSDGFANRNFMQLJHDDSLTFKEDIQKAQ\^SGQGDSLHEH:IANLA

GSPAIKKGILQTVKV^DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEG

IKELGSQILKEBPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDBIVPQSF

LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKK¾'1KNYWRQLLNAKLITQRKFDNLTKAE



RGGLSELDKAGFIKIlQLVETRQiTKHYAQILDSRMNTKYDENDKLIREVKVITLKSKLVS

DFR DFQFY REiNNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKYYDVRKMI

A SEQE GKATA YFFYS FF TEITLA GEIR RPLlETNGETGEIV D GRDFATV

R VLSMPQVNIV KTEVQTGGFS ESILP RNSDKLIA KDWDPK YGGFDSPTV Y S

VLVVAKVEKGK-SKXLKSVKELLGrriMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYS

LFELENGRKR_MLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVE

QHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAP

AAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDAAAVSKGEELFTG

VVPiLVELDGDVNGfiKFSVSGEGEGDATYGKLTLKFiCTTGKLPVPWPTLVTTLTYGVQ

CFSRWDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGI

DFKEDGNlLGfiKLEYNYNSFINVYIMADKQKNGlKVNFKIRFINIEDGSVQLADFiYQQNT

PlGDGPVLLPDNHYLSTQSALSiGDPNEiOUDHMVLLEFVTAAGITLGlsmELYiGaiPAATK

KAGQAKKKK

[00250] NLS -SpCas9-NLS :

[00251] MDYKDHDGDYKDHDroYKDDDDKMAPKKKRKVGfflGWAADKKYSIGLDI

GTNSVGWAVITDEYKVPSKKFKVLGNTDRBSIKKNLIGALLFDSGETAEATRLKRTARR

RYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKBCHERHPIFGNIVDEVAYHE

KYPTIYHLRKKLVDSTDKADLRLIYLAIAH^

TYNQLFEENPRNASGVDAKALLSARLSKSRRLENLIAQLPGEKKNGLFGNLL\LSLGLTPN

FKSNFDLAEDAKLQLSKDTYDDDLDNLLAQ

EITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQ

EEFYKFIKPILEKA'IDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY

PFLKDNREKIEKJLTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQS

FIERMTNFDKNLPNEKVLPKHSLLYEYFTV\¾ ELTKVKYVTEGMRKPAFLSGEQKiLAlV

!) R V ' Q Υ Κ ( Ί SV S( V ! ) R! AS IX Y' ! !) !) ! I)\

EE EDlLEDIY LTLTLFEDRE EERL TYA LFDD VM QLK YTGWGRLSR LIN

GIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLA

GSPAJKKGiLQTVKVVDELVKVMGRHKPENiVIEMAJlENQTTQKGQKNSRERMKRIEEG

IKELGSQILKE.HPVENTQLQNEKLYLYYLQNGRDMYVDQELDFNRLSDYDVDHIVPQSF

LKD DS DN V LTRSDKNRGKSDNV PSEEV VKKMKN YWRQLLNA LITQRKFDNLTKAE

RGGLSELDKAGFIKRQLVETRQITKIiV 'AQILDSRMNTKYDENDKI-IREVKVITLKSKLV S



DFRKDFQFYKVREIN>TVHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKIVII

AKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATV '

RKVLSMPQWIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYS

VLVVAK EKGKSKKL SV ELLG T MERSSFE NPIDFLEAKGY EV K L K P YS

LFELE GR MLASAGELQ GNELALPS YVNFLYLAS YE L GSPEDNEQ QLFVE

QHKHYLDEIIEQISEFSKR\ ILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAP

AAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDKRPAATKXAGQAK

KK

[00252] NLS-mCherry-SpRNase3 :

[00253] MFLFLSLTSFLSSSRTLVSKGEEDNMAHKEFMRFKVHMEGSVNGHEFEIEGE

GEGRPYEGTQTAKLKYTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGF

KWERVMNFEDGGVVTVTQDSSLQDGEFJYKVKLRGTNFPSDGPVMQKKTMGWEASSE

RA1YPEDGALKGEIKQRLKLKDGGHYDAEVKTTYK,\KKP\ QLPGAYNWIKLDITSHNE

DYTIVEQYERAEGRHSTGGMDELYKGSKQLEELLSTSFDIQFNDLTLLETAFTBTSYANE

HRLLNVSHNERLEFLGDAVLQLIISEYLFAKYPKKTEGDMSKLRSMIVREE.SLAGFSRFC

SFDAYIKLGKGEEKSGGRRRDTILGDLFEAFLGALLLDKGIDAVRRFLKQVMIPQVEKG

NFERVKDYKTCLQEFLQTKGDVAIDYQVISEKGPAHAKQFEVSIWNGAVLSKGLGKSK

KLAEQDAAKNALAQLSEV

[00254] SpRNase3-mCherry-NLS :

[00255] MKQLEELLSTSFDIQFNDLTLLETAFTHTSYANEHRLLNVSHNERLEFLGDAV

LQLIISEYLFAKYPKKTEGDMSKLRSMIVREESLAGFSRFCSFDAYIKLGKGEEKSGGRR

RDTILGDLFEAFLGALLLDKGIDAVRRFLKQVMIPQVEKGNFERVKDYKTCLQEFLQTK

GDVAIDYQVISEKGPAHAKQFEVSIWNGAVLSKGLGKSKKLAEQDAAKNALAQLSEV

GSVSKGEEDNMAIIKEFMRFKVHA1EGSWGHEFEIEGEGEGRPYEGTQTAKLKVTKGGP

LPFAWD LSPQF YGSKA YVK PADIPDYLK SFPEGF WERVMNFEDGGVVTV QDS

SLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLiiLKD

GGIWDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMD

ELYKK1RPAATKKAGQAKKKK

[00256] NLS-SpCas9ii-NLS (the D A nickase mutation is lowercase):

[002571 DY DHDGDY D ID DDDD MAP VGIHGVPAAD YS GLa

GTNSVGWA\ ITDEY PSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARR



RYTRRKNRJCYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKXHERHPIFGNIVDEVAYHE

KYPTIYHLRKKLVDSTDKADLRLIYI^AHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQ

TYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPN

FKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNT

EITKAPLSASMIKRYDEFIHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQ

EEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY

PFL DNRE IE n PYYVGPLARG SRFA MTR SEE TPW FEEVVD GASAQS

FIERA1TNFDKNLPNEKVLPKHSLLYEYFTV\¾ ELTKVKY\ TEGMRKPAFLSGEQKKAIV

DLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDN

EENEDILEDIVLTLTLFEDREMffiERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLIN

GiRDKQSGKTlLDFLKSDGFANRATMQLIHDDSLTFKEDIQKAQVSGQGDSLilEHiANLA

GSPAIK GlLQTV VVDELV VMG J' E VIEMARE QTTQ GQ NSRERM l E EG

IKEEGSQILKEHPVENTQLQNEKLYLYYLQNGRDAIYVDQELDINRLSDYDVDHIVPQSF

LKDDSIDNKVLTRSDK^iRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRiCFDNLTKAE

RGGLSELDKAGFIKRQLVETRQITKH\ AQILDSRAINTKYDENDKLIREVKVITLKSKLA S

DFRKDFQFYKVREINNYH A DAYLNAVVGTAL KYP LESEFVYGDYKVYDVRKMI

AKSEQElGiCATAKYFFYSNIMNFFKTEITLANGEIRKRPLlETNGETGEIVWDKGRDFATV

R VLSMPQV V TEVQTGGFS ESILP RNSDKLIAR KDWDP YGGFDSPT AY S

VL A VE GK KKL SVK LLGITI ERSSFEKNPro FLEA GY EV K LII LP YS

LFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASfiYEKLKGSPEDNEQKQLFVE

QH YLDE E QISEFS RV LADANLDKVLSAYNKFiRDKPlREQAENlIFILFTLTNLGAP

AAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDKRPAATKKAGQAK

K K

[00258] hEMXl-HR Template-Hindn-Nhel:

[00259] GAATGCTGCCCTCAGACCCGCTTCCTCCCTGTCCTTGTCTGTCCAAGGAGA

ATGAGGTCTCACTGGTGGATTTCGGACTACCCTGAGGAGCTGGCACCTGAGGGACA

AGGCCCCCCACCTGCCCAGCTCCAGCCTCTGATGAGGGGTGGGAGAGAGCTACATG

AGGTTGCTAAGAAAGCCTCCCCTGAAGGAGACCACACAGTGTGTGAGGTTGGAGTC

TCTAGCAGCGGGTTCTGTGCCCCCAGGGATAGTCTGGCTGTCCAGGCACTGCTCTTG

ΑΊ Α ΓΛΛΛ Λ( Χ Λ( Ί ( X A ΓΛ Ί ( ίΛΑΛ ( ( Λ Γ ί ( ' ΛΊ Ί ( (i( C' ' f' Ύ <'TG GGA

AAGAGCATGGGGCTGGCCCGTGGGGTGGTGTCCACTTTAGGCCCTGTGGGAGATCA



TGGGAACCCACGCAGTGGGTCATAGGCTCTCTCATTTACTACTCACATCCACTCTGT

GAAGAAGCGATTATGATCTCTCCTCTAGAAACTCGTAGAGTCCCATGTCTGCCGGCT

TCCAGAGCCTGCACTCCTCCACCTTGGCTTGGCTTTGCTGGGGCTAGAGGAGCTAGG

ATGCACAGCAGCTCTGTGACCCTTTGTTTGAGAGGAACAGGAAAACCACCCTTCTCT

n X XX TG G C ί Ί Χ Ί ( ( Ί ( ( ί ( '( Λ Ί ( '( '( ] !'( ' ] Ί ί ·Λ Λ ΓΊ 'Λ ( ίΛ ( ( ( Λ Ί

GGGAGCAGCTGGTCAGAGGGGACCCCGGCCTGGGGCCCCTAACCCTATGTAGCCTC

Λ ] ( ] !' ΧΧ Χ 'Λ ί ;G( ( ( Λ ( ! G CX'TGAGTGTIX ·Λ ( ;G( ί ' ' Λ Χ · Χ Ί ( Τ

GGGGGCCTCCTGAGTTTCTCATCTGTGCCCCTCCCTCCCTGGCCCAGGTGAAGGTGT

GGTTCCAGAACCGGAGGACAAAGTACAAACGGCAGAAGCTGGAGGAGGAAGGGCC

TGAGTCCGAGCAGAAGAAGAAGGGCTCCCATCACATCAACCGGTGGCGCATTGCCA

CGAAGCAGGCCAATGGGGAGGACATCGATGTCACCTCCAATGACaagcttgctagcGGTGG

GCAACCACAAACCCACGAGGGCAGAGTGCTGCTTGCTGCTGGCCAGGCCCCTGCGT

GGGCCCAAGCTGGACTCTGGCCACTCCCTGGCCAGGCTTTGGGGAGGCCTGGAGTC

GCTGGCTGAGGCCTGGGACCACTTGGCCTTCTCCTCGGAGAGCCTGCCTGCCTGGGC

( s '( '( '( '( X· X' A C XX .G " ' '( ' A Ί ί · " ' " ' '( Χ " 'CX' Λ Λ Χ" ( '( Π I

TTTTGATGCATTTCTGTTTTAATTTATTTTCCAGGCACCACTGTAGTTTAGTGATCCCC

AGTGTCCCCCTTCCCTATGGGAATAATAAAAGTCTCTCTCTTAATGACACGGGCATC

CAGCTCCAGCCCCAGAGCCTGGGGTGGTAGATTCCGGCTCTGAGGGCCAGTGGGGG

CTGGTAGAGCAAACGCGTTCAGGGCCTGGGAGCCTGGGGTGGGGTACTGGTGGAGG

GGGTC A A X

CAGCTCCACAGCAGGAGAAACAGGCTAGACATAGGGAAGGGCCATCCTGTATCTTG

Λ ( ί X AG G A C' ί XX CX' A { Π Ί Χ Λ Α ί X ATT A A ( XX JAA.TC ' ί XX ' ' A

GTAGTTCAATGGGAGAGGGAGAGTGCTTCCCTCTGCCTAGAGACTCTGGTGGCTTCT

CCAGTTGAGGAGAAACCAGAGGAAAGGGGAGGATTGGGGTCTGGGGGAGGGAACA

CCATTCACAAAGGCTGACGGTTCCAGTCCGAAGTCGTGGGCCCACCAGGATGCTCA

CCTGTCCTTGGAGAACCGCTGGGCAGGTTGAGACTGCAGAGACAGGGCTTAAGGCT

GAGCCTGCAACCAGTCCCCAGTGACTCAGGGCCTCCTCAGCCCAAGAAAGAGCAAC

GTGCCAGGGCCCGCTGAGCTCTTGTGTTCACCTG



[00261] V! RP GQ S ! Gl ) i( i]GSVG \ V X f ! XSR! !

A A A R ! IRR RI :SG [ ! Ί Ι ΡΥ . ' ί !.

TDELSNEELFIALKNMVKHRGISYLDDASDDGNSSVGDYAQIVKENSKQLETKTPGQIQL

ERYQTYGQLRGDFTVEKDGKKBRLINVFPTSAYRSEALRJLQTQQEFNPQITDEFINRYL

EILTG R YYHGPGNE SRTDYGRYRTSGETLD FGIUGKCTFYPDEFRAAKASYTAQ

EFNLLNDLNNLTVPTETKELSKT.QKNQIINY\ KNEILAMGPAKLFKYIAKLLSCD\ ADIK

GYRIDKSGICAEIHTFEAYRKMKTLETLDIEQMDRETLDKLAYVLTLNTEREGIQEALEHE

FADGSFSQKQVDEL\ QFRK,ANSSIFGKGWHNFSVKLMMELIPELYETSEEQMTILTRLG

QK TSSSN T YIDE TEE YNPVVA SVRQA: IVNAAIK Y:GDFDN VIE ARE N

EDDEKKAIQKIQKAN-ODEKDAAMLKAAN^

GERCI^TGKTISIHDLINNSNQFEVDHILPLSLTFDDSLANKVLVYATANQEKGQRTPYQ

ALDSMDDAWSFRELKAFVRESKTLSNKKKEYLLTEEDISKFDVRKKFIERNLVDTRYAS

RV\XNALQEHFRAHK1DTK\ S VRGQFTSQLRRHWGIEKTRDTYHHHAVDALIIAASSQ

LNLWKKQKNTLVSYSEDQLLDIETGELISDDEYKESVFKAPYQHFVDTLKSKEFEDSILF

SYQVDSKFNRKISDATIYATRQAK\ GKDKADETYVLGK1KDIYTQDGYDAFMK1YKKD

KSKFLMYRHDPQTFEKVIEPILENYPNKQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGN

GPEIKSLKYYDSKLGNHIDITPKDSNNKVVLQSVSPWRADVYFNKTTGKYEILGLKYAD

LQFE GTGTY ISQEKYNDIK KEGVDSDSEF FTLY DLLLV DTET EQQLFRFLSR

TMP Q BYVELK D Q FE GGEALI VLG VANSGQC KGLG S S YKVRTDVLG

NQHIIKNEGDKPKLDFKRPAATKKAGQAKKKK

[00262] U6-St_tracrRNA(7-97):

[002631 GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT

GTTAGAGAGATAATTGGAATTAATTTGACTGTA^

TACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTT

AAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTAT

ATATCTTGTGGAAAGGACGAAACACCGTTACTTAAATCTTGCAGAAGCTACAAAGA

TAAGGCTTCATGCCGAAATCAACACCCTGTCATTTTATGGCAGGGTGTTTTCGTTATT

TAA

[00264] U6-DR-spacer-DR (S. pyogenes SF370)

[00265] gagggcctatttcccaigattccttcatatttgcaiatacgatacaaggctgtiagagagataattggaattaatttgactgtaaa

cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgt^



ttaccgtaacttgaaagtatttcgatitctiggctttatatatctigtggaaaggacgaaacaccgggitttagagctatgctgttttgaatggiccc

NN N N NNNNN

TTTTTT (lowercase underline = direct repeat; N = guide sequence; bold = terminator)

[00266] Chimeric RNA containing +48 tracr RNA (S pyogenes SF370)

[00267] gagggcetatttcccatgattccttcatatttgcatatacgatacaaggctgitagagagataattggaattaatttgactgtaaa

cacaaagatattagtacaaaataegtgacgtagaaagt^

ttaccgtaacttgaaagta ttcga ttettggctttata atettgtggaaaggacgaaacaccN NN N N

NNgttttagagctagaaatagcaagttaaaataaggctagtccgTTTTTTT N = guide sequence; first underline =

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

[00268] Chimeric RNA containing +54 tracr RNA (S. pyogenes SF370)

[00269] gagggcciatticccatgattccttcataittgcatatacgatacaaggctgttagag

cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgc

ttaccgtaacttgaaagtatttcgarrtcttggcttt^^

NNgttttagagctagaaatagcaagttaaaataaggctagtccgttatcaTTTTTTTT (N = guide sequence; first

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

|00270| Chimeric UNA containing +67 tracr RNA (S. pyogenes SF370)

[00271] gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa

cacaaagataitagtacaaaatacgtgacgtagaaagtaataatitctigggiagtltgcagttttaaa

ttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccNNNNNNNNNNNNNNNNNN

t tta a (N = guide

sequence; first underline tracr mate sequence; second underline tracr sequence; bold

terminator)

[00272] Chimeric RNA containing +85 tracr RNA (S. pyogenes SF370)

[00273] gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa

cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagrtttaaaa

ttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccNN NNNNNNNNNN N

NNgttttagagcta

(N = guide sequence; first underline = tracr mate sequence; second underline = tracr sequence;

bold = terminator)

!00274 CBh-NLS-SpCas9-NLS



[00275] CGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACC

CCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTT

TCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATC

AAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCG

' G C· ' Λ ΤΛ X X AG A ' Λ ί ·Α( X Ί Α sG A CΊΊΊ XX T A G · ' A C ' Λ Λ Ί ' Α

CGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTC

χ A XXχ XXX X Cχ A Cχχχ
TGCAGCGATGGGGGCGGGGGGGGGGGGGGGGCGCGCGCCAGGCGGGGCGGGGCGG

GGCGAGGGGCGGGGCGGGGCGAGGCGGAGAGGTGCGGCGGCAGCCAATCAGAGCG

GCGCGCTCCGAAAGTTTCCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAA

AAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGACGCTGCCTTCGCCCCGTGCCCC

GCTCCGCCGCCGCCTCGCGCCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCAC

AGGTGAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGCTGAGCAAGAGG

Ί Α Λ Ί Ί Α Λ ΛΊ Χ Ί Ί Ί Χ Χ ( Α Ί Ί Α ΛΊ Χ Ί Ί Α ΛΊ Ί ( Ί '

CTGCCTGAAATCACTTTTTTTCAGGTTGGaccggtgccaccATGGACTATAAGGACCACGA

CGGAGACTACM^

CAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCGACAAGAAGTA

A C

AGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGC

ATCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGC

( ( X G X G G X ( X ( ( i ( Ί Λ( Λ( X G X G - X i SX

TGCTATCTGCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTC

C'A( A AC GC AAGAG!C X T CX T C G X ;G A A C A C G AT AAG A A C A 'G G X G C A( XX

CATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAAGTACCCCACCATCT

ACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGACCTGCGGCTGATC

TATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGAGGGCGAC

CTGAACCCCGACAACAGCGACGTGGACAAGCTGTTCATCCAGCTGGTGCAGACCTA

CAACCAGCTGTTCGAGGAAAACCCCATCAACGCCAGCGGCGTGGACGCCAAGGCCA

TCCTGTCTGCCAGACTGAGCAAGAGCAGACGGCTGGAAAATCTGATCGCCCAGCTG

(XX ( ί '( .Α( .ΑA C AA A ΑΊ ( ;G( X T C;TTC G( · Ά Α( ΧΊ ATT G XX T C A C ( Ί X;G( ·

GACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGA



GCAAGGACACCTACGACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAG

TACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGAC

ATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAA

GAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGC

Λ ( ί 'Ί ( { ( ·Λ { Λ Λ ( Λ 'ΛΛΛ { Λ { Λ Π 'f'C Ί Χ GA ( A GA A AA G A CX X

GGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCAT

( ( ;G Α ΑΛ A C ΑΤ ( ;G Α ( Χ X ' A C' XiAGC AACTGC T CX AA CX ' AA C'Λ ( ·Λ ( ·Λ ( ;G A '

CTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCATCCCCCACCAGATCCACCT

GGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGG

ACAACCGGGAAAAGATCGAGAAGATCCTGACCTTCCGCATCCCCTACTACGTGGGC

CCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATGACCAGAAAGAGCGAGGAAA

CCATCACCCCCTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGC

TTCATCGAGCGGATGACCAACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCC

C'Λ Λ ( .{ A.CAC ( { X ' GTAC'( .Λ ( .Ί Λ " Π Χ A ( CX GTATAA C C ΑΧ ( T ( ·Λ ( X A AAGTC A

AATACGTGACCGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAA

( Α ( Χ { Λ( Ί ( Ί Χ Ί Χ \ Λ ( Λ ( Α Λ ( { G Ί Λ

AAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCGTG

GAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTATCAAG

GACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAGATATCGTGCT

GACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAACCTATG

( ( ( A( Ί Ί A AAAC A Ί Ί A A Ί A Â

AGG G AG X GAAG A A ( ( ( ( G iA A i AG ( ( i A

GAC ' AATC ΧΊ Χ -Λ Ί XX GAA XXX A X X A Ί Ί X Ί

· X Â X X ( A( ( ΊΊΊ A AAGAGG A A AGAAAG( ( ( AGG G G

GCCAGGGCGATAGCCTGCACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATT

AAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGG

CCGGCACAAGCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCC

AGAAGGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAAGAGGGCATCAA

AGAGCTGGGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACACCCAGCTGCAGA

A CX K ' GTACX'TGTAC" f' IX ' A CΪ ATGC G X CiATATGTAC 'G' G C;AC ' ' A

GAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATATCGTGCCTCAGAG



TTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGACCAGAAGCGACAAGAACC

GGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGTCGTGAAGAAGATGAAGAACTA

CTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCCAGAGAAAGTTCGACAATCTGA

CCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCATCAAGAG

A GA( GAGA G A( AAG GA ( X 'GG( AG GAAAG GA

Λ ΧΧΊ ( Γ( ΧΆΑ( 'ΊΧ ( ΊΧ Γ( ΧΧ ΊΊ 'Ί XXKiAAGCiA j j ( X AGTI T A AAAG -

CGCGAGATCAACAACTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTGGG

AACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACT

ACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGGCAA

GGCTACCGCCAAGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAGACCGAGAT

TACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGACAAACGGCGAAA

CCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCACCGTGCGGAAAGTGCTG

AG A X XA GTG A 7 ( TG ( X GG X

CAAAGAGTCTATCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGG

A C Χ ( A CXX ' A C AC C G CX ( " fT C GA C' A ;(XX A( XX Χ · ΧΊΆΊΊ G C ( '

TGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGA

GCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACT

TTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCT

AAGTACTCCCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGG

( Χ ·Α Α ( Ί Χ AGAACiGCiA CX A A Ί Χ Χ ΊΧ C A A A X X AA C ( X X

ACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGAGCAGAAA

CΆ( ;( ' G" G ' G AGC A A A ; C ' A C TA(X " G C C'GA G ATCΆΊ ( A C ' A C T C AG

CGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAAGTGCTGTCCGC

CTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCATCCACC

TGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTTGACACCACCA

TCGACCGGAAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCACCCTGATCCAC

CAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAGCTGGGAGGCGA

CTTTCTTTTTCTTAGCTTGACCAGCTTTCTTAGTAGCAGCAGGACGCTTTAA(underline

NLS-hSpCas9-NLS)



[00276] Example chimeric RNA for S. thermophilus LMD-9 CRISPRl Cas9 (with PAM of

NNAGAAW)

i002 7 N N NN NN Ngtttttgtacictcaa atttaGAAAtaaatcttgcagaagctacaa

agataagacttcatgccgaaatc (N guide sequence;

first underline : tracr mate sequence; second underline tracr sequence; bold terminator)

[00278j Example chimeric RNA for S. thermophilus LMD-9 CRISPRl Cas9 (with PAM of

NNAGAAW)

[00279!

tgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT (N guide sequence; first underline

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

[00280] Example chimeric RNA for S. thermophilus LMD-9 CRISPRl Cas9 (with PAM of

NNAGAAW)

[00281] Ν

tgccgaaatcaacaccctgtcattttatggcagggtgtTTTTTT (N guide sequence; first underline tracr

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

[00282J Example chimeric RNA for S. thermophilus LMD-9 CRISPRl Cas9 (with PAM of

NNAGAAW)

[00283] NNNNNNNNNh^ gttattgtactctcaaga tttaGAAAtaaatcttgcagaagctacaa

agataaggcttcatgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT (N = guide sequence;

first underline ::: tracr ma e sequence; second underline :::: tracr sequence; bold = terminator)

[002841 Example chimeric NA for S. thermophilus LMD-9 CRISPRl Cas9 (with PAM of

NNAGAAW)

[CI0285] NNNNNNNNNNNNNNNNNNNNgttattgtactctcaGAAAtgcagaagctacaaagataaggcttca

tgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT (N = guide sequence; first underline

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

[002861 Example chimeric RNA for S. thermophilus LMD-9 CRISPRl Cas9 (with PAM of

NNAGAAW)

[00287] N N N N N N N N N Ngttattgtactc caGAAAtgcagaagctac aaagaraaggcttca

tgcegaaatcaacaccctgtcattttatggeagggtgtTTTTTT (N = guide sequence; first underline = tracr

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



[00288] Example chimeric RNA for S. ihermophilus LMD-9 CR SPR Cas9 (with PAM of

NNAGAAW)

[002891 NN N N N g tatt gtactctcaagatttaGAAAtaaatcttgcagaagctacaa

tgataaggcttcatgj^ (N = guide sequence;

first underline : tracr mate sequence; second underline tracr sequence; b d terminator)

[00290] Example chimeric RNA for S. thennophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

[00291] ΓΝ ΓΝ ΓΝ Γ

tgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT ( = guide sequence; first underline

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

[00292] Example chimeric RNA for S. thermophilus LMD-9 CRISPR1 Cas9 (with PAM of

NNAGAAW)

[00293] Ν

tgccgaaatcaacaccctgtcattttatggcagggtgtTTTTTT (N guide sequence; first underline = tracr

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

[00294] Example chimeric RNA for S. thermophilus LMD-9 CRISP 3 Cas9 (with PAM of

NGGNG)

[00295] NNNNNNNNNNN

cgtactcaacttgaaaaggtggcaecgattcggtgtTTTTTT (N = guide sequence; first underline = tracr mate

sequence; second underline tracr sequence; bold terminator)

[00296] Codon-optimized version of Cas9 from S. thermophilus LMD-9 CRISPR3 locus

(with an NLS at both 5 ' and 3' ends)

[CI0297] XX i X ( G X' ' G

AAGACCAAGCCCTACAGCATCGGCCTGGACATCGGCACCAATAGCGTGGGCTGGGC

CGTGACCACCGACAACTACAAGGTGCCCAGCAAGAAAATGAAGGTGCTGGGCAACA

CCTCCAAGAAGTACATCAAGAAAAACCTGCTGGGCGTGCTGCTGTTCGACAGCGGC

ATTACAGCCGAGGGCAGACGGCTGAAGAGAACCGCCAGACGGCGGTACACCCGGC

GGAGAAACAGAATCCTGTATCTGCAAGAGATCTTCAGCACCGAGATGGCTACCCTG

GACGACGCCTTCTTCCAGCGGCTGGACGACAGCTTCCTGGTGCCCGACGACAAGCG

GGACAGCAAGTACCXX'ATCTITCGGCAACCTGGTGGAAGAGAAGGCCTACCACGACG

AGTTCCCCACCATCTACCACCTGAGAAAGTACCTGGCCGACAGCACCAAGAAGGCC



GACCTGAGACTGGTGTATCTGGCCCTGGCCCACATGATCAAGTACCGGGGCCACTTC

CTGATCGAGGGCGAGTTCAACAGCAAGAACAACGACATCCAGAAGAACTTCCAGGA

CTTCCTGGACACCTACAACGCCATCTTCGAGAGCGACCTGTCCCTGGAAAACAGCAA

GCAGCTGGAAGAGATCGTGAAGGACAAGATCAGCAAGCTGGAAAAGAAGGACCGC

Λ Ί ( Χ Ί ( ί ( ( Ί ( ! l ( ( '( '( i i ·Λ ί ·Λ Α Α Λ ( Λ ί ( ίΛ Α Ί Ί Ύ ( AG GAGT T Ί Χ Α Λ

GCTGATCGTGGGCAACCAGGCCGACTTCAGAAAGTGCTTCAACCTGGACGAGAAAG

TATATCGGCGACGACTACAGCGACGTGTTCCTGAAGGCCAAGAAGCTGTACGACGC

TATCCTGCTGAGCGGCTTCCTGACCGTGACCGACAACGAGACAGAGGCCCCACTGA

GCAGCGCCATGATTAAGCGGTACAACGAGCACAAAGAGGATCTGGCTCTGCTGAAA

GAGTACATCCGGAACATCAGCCTGAAAACCTACAATGAGGTGTTCAAGGACGACAC

CAAGAACGGCTACGCCGGCTACATCGACGGCAAGACCAACCAGGAAGATTTCTATG

TGTACCTGAAGAAGCTGCTGGCCGAGTTCGAGGGGGCCGACTACTTTCTGGAAAAA

CTACCAGATCCATCTGCAGGAAATGCGGGCCATCCTGGACAAGCAGGCCAAGTTCT

A X V G C AGA (

CCTTACTACGTGGGCCCCCTGGCCAGAGGCAACAGCGATTTTGCCTGGTCCATCCGG

AAGCGCAATGAGAAGATCACCCCCTGGAACTTCGAGGACGTGATCGACAAAGAGTC

CAGCGCCGAGGCCTTCATCAACCGGATGACCAGCTTCGACCTGTACCTGCCCGAGG

AAAAGGTGCTGCCCAAGCACAGCCTGCTGTACGAGACATTCAATGTGTATAACGAG

AAGCAGAAAAAGGACATCGTGCGGCTGTACTTCAAGGACAAGCGGAAAGTGACCG

AAGG A C CATC AG' ! A C' 'TG( A GCXV\T( TACX Ί \ { AT G G AGC" X

AAGGGCATCGAGAAGCAGTTCAACTCCAGCCTGAGCACATACCACGACCTGCTGAA

CATTATCAACGACAAAGAATTTCTGGACGACTCCAGCAACGAGGCCATCATCGAAG

AGATCATCCACACCCTGACCATCTTTGAGGACCGCGAGATGATCAAGCAGCGGCTG

AGCAAGTTCGAGAACATCTTCGACAAGAGCGTGCTGAAAAAGCTGAGCAGACGGCA

CTACACCGGCTGGGGCAAGCTGAGCGCCAAGCTGATCAACGGCATCCGGGACGAGA

AGTCCGGCAACACAATCCTGGACTACCTGATCGACGACGGCATCAGCAACCGGAAC

A ( G( iG( ( GAGG A AAGGG A A ' AA A AAG < G AAG C ( G



CCGGCAGCCCCGCCATCAAGAAGGGAATCCTGCAGAGCATCAAGATCGTGGACGAG

CTCGTGAAAGTGATGGGCGGCAGAAAGCCCGAGAGCATCGTGGTGGAAATGGCTAG

AGAGAACCAGT ACACCAATC AGGGC AAGAGC AACAGC CAGC AGAGACTG AAGAGA

CTGGAAAAGTCCCTGAAAGAGCTGGGCAGCAAGATTCTGAAAGAGAATATCCCTGC

C G G T ' Λ Λ ( Λ Γ( Χ ίΛ ( Α Λ ( Λ Λ ί ( ( ( ! J( ' Λ ( ί ·Λ ( ( ( ( ί 'Ί Χ Ί Λ ( 'Ί Χ Ί Λ ( Ί

ACCTGCAGAATGGCAAGGACATGTATACAGGCGACGACCTGGATATCGACCGCCTG

AGCAACTACGACATCGACCATATTATCCCCCAGGCCT^

GACAACAAAGTGCTGGTGTCCTCCGCCAGCAACCGCGGCAAGTCCGATGATGTGCC

CAGCCTGGAAGTCGTGAAAAAGAGAAAGACCTTCTGGTATCAGCTGCTGAAAAGCA

AGCTGATTAGCCAGAGGAAGTTCGACAACCTGACCAAGGCCGAGAGAGGCGGCCTG

AGCCCTGAAGATAAGGCCGGCTTCATCCAGAGACAGCTGGTGGAAACCCGGCAGAT

CACCAAGCACGTGGCCAGACTGCTGGATGAGAAGTTTAACAACAAGAAGGACGAGA

ACAACCGGGCCGTGCGGACCGTGAAGATCATCACCCTGAAGTCCACCCTGGTGTCC

CAGTTCCGGAAGGACTT(XiAGC i TATAAAGTGCX5CGAGATCAA GACTTTCACCAC

GCCCACGACGCCTACCTGAATGCCGTGGTGGCTTCCGCCCTGCTGAAGAAGTACCCT

AAGCTGGAACCXX AGTTCGTGTACGGCX A rACCCX AAGTACAACTCCTTCAGAGA

GCGGAAGTCCGCCACCGAGAAGGTGTACTTCTACTCCAACATCATGAATATCTTTAA

GAAGTCCATCTCCCTGGCCGATGGCAGAGTGATCGAGCGGCCCCTGATCGAAGTGA

ACGAAGAGACAGGCGAGAGCGTGTGGAACAAAGAAAGCGACCTGGCCACCGTGCG

GCGGGTGCTGAGTTATCCTCAAGTGAATGTCGTGAAGAAGGTGGAAGAACAGAACC

ACGGCCrGGATCGGGGCAAGCCCAAGGGCCTar'TCAACGCCAACCrGTCCAGCAAG

CCTAAGCCCAACTCCAACGAGAATCTCGTGGGGGCCAAAGAGTACCTGGACCCTAA

A Χ Ί Ci( X : Λ ( Ί Χ -Α Λ Λ ί Ί Ί Χ ί Χ !( Ί Χ G Ci X A

CAATCGAGAAGGGCGCTAAGAAAAAGATCACAAACGTGCTGGAATTTCAGGGGATC

TCTATCCTGGACCGGATCAACTACCGGAAGGATAAGCTGAACTTTCTGCTGGAAAAA

GGCTACAAGGACATTGAGCTGATTATCGAGCTGCCTAAGTACTCCCTGTTCGAACTG

AGCGACGGCTCCAGACGGATGCTGGCCTCCATCCTGTCCACCAACAACAAGCGGGG

CGAGATCCACAAGGGAAACCAGATCTTCCTGAGCCAGAAATTTGTGAAACTGCTGT

ACCACGCCAAGCGGATCTCCAACACCATCAATGAGAACCACCGGAAATACGTGGAA

AA(XACAAGAAAGAGTTTGAGGAA(jrGTTCTA(rrACATCCTGGAGTTCAACGAGAA

CTATGTGGGAGCCAAGAAGAACGGCAAACTGCTGAACTCCGCCTTCCAGAGCTGGC



AGAACCACAGCATCGACGAGCTGTGCAGCTCCTTCATCGGCCCTACCGGCAGCGAG

CGGAAGGGACTGTTTGAGCTGACCTCCAGAGGCTCTGCCGCCGACTTTGAGTTCCTG

GGAGTGAAGATCCCCCGGTACAGAGACTACACCCCCTCTAGTCTGCTGAAGGACGC

CACCCTGATCCACCAGAGCGTGACCGGCCTGTACGAAACCCGGATCGACCTGGCTA

Ί Ί Χ ( Ί ( Ί ·Λ( Ί Ί A 'A A

AAGAAATAA

Example 5: RNA-guided editing of bacterial genomes using CRISPR-Cas systems

[00298] Applicants used the CR SPR-associated endonuclease Cas9 to introduce precise

mutations in the genomes of Streptococcus pneumoniae and Escherichia coli. The approach

relied on Cas9-directed cleavage at the targeted site to kill unmutated cells and circumvented the

need for selectable markers or counter-selection systems. Cas9 specificity was reprogrammed by

changing the sequence of shor CRISPR RNA (crRNA) to make si gle- and muiti-iiucieotide

changes carried on editing templates. Simultaneous use of two erRNAs enabled multiplex

mutagenesis. In S . pneumoniae, nearly 100% of ce ls that survived Cas9 cleavage contained the

desired mutation, and 65% when used in combination with recombineering in E. coli. Applicaiits

exhaustively analyzed Cas9 target requirements to define the range of targctah!e sequences and

showed strategies for editing sites that do not meet these requirements, suggesting the versatility

of this technique for bacterial genome engineering.

[00299] The understanding of gene function depends on the possibility of altering DNA

sequences within the cell in a controlled fashion. Site-specific mutagenesis i eukaryotes is

achieved by the use of sequence-specific nucleases that promote homologous recombination of a

template DNA containing the mutation of interest. Zinc finger nucleases (ZFNs), transcription

activator-like effector nucleases (TALENs) a d homing megaiiucieases can be programmed to

cleave genomes i specific locations, but these approaches require engineering of new enzymes

for each target sequence. In prokaryotic organisms, mutagenesis methods either introduce a

selection marker in the edited locus or require a two-step process that includes a counter-

selection system. More recently, phage recombination proteins have been used for

recombineering, a technique that promotes homologuous recombination of linear DNA or

oligonucleotides. However, because there is no selection of mutations, recombineering efficiency

can be relatively low (0.1-10% for point mutations down to 10 -10 6 for larger modifications), in

many cases requiring the screening of a large number of colonies. Therefore new technologies



that are affordable, easy to use and efficient are still in need for the genetic engineering of both

eukaryottc and prokaryotic organisms.

[00300 Recent work on the CRISPR (clustered, regularly interspaced, short jjalindromie

repeats) adaptive immune system o prokaryotes has led to the identification of nucleases whose

sequence specificity is programmed by small RNAs. CRISPR loci are composed of a series of

repeats separated by 'spacer' sequences that match the genomes of bacteriophages and other

mobile genetic elements. The repeat-spacer array is transcribed as a long precursor and processed

within repeat sequences to generate small crRNA that specify the target sequences (also known

as protospacers) cleaved by CRISPR systems. Essential for cleavage is the presence of a

sequence motif immediately downstream of the target region, known as the protospacer-adjacent

motif (PAM). CRISPR-associated (cas) genes usually flank the repeat-spacer array and encode

the enzymatic machinery responsible for crRNA biogenesis and targeting. Cas9 is a dsDNA

endonuclease that uses a crRNA guide to specify the site of cleavage. Loading of the crRNA

guide onto Cas9 occurs during the processing of the crRNA precursor and requires a small R A

amisense to the precursor, the tracrRNA, and RNAse III. In contrast to genome editing with

ZFNs or TALENs, changing Cas9 target specificity does not require protein engineering but only

the design of the short crRNA guide.

[00301] Applicants recently showed in S. pneumoniae that the introduction of a CRISPR

system targeting a chromosomal locus leads to the killing of the transformed cells. It was

observed that occasional survivors contained mutations in the target region, suggesting that Cas9

dsDNA endonuclease activity against endogenous targets could be used for genome editing.

Applicants showed that marker-less mutations can be introduced through the transformation of a

template DNA fragment that will recombine in the genome and eliminate Cas9 target

recognition. Directing the specificity of Cas9 with several different crR As allows for the

introduction of multiple mutations at the same time. Applicants also characterized in detail the

sequence requirements for Cas9 targeting and show that the approach can be combined with

recombmeering for genome editing in E. coli.

[00302] RESULTS: Genome editing by Cas9 cleavage of a chromosomal target

[00303] S. pneumoniae strain crR6 contains a Cas9-based CRISPR system that cleaves a

target sequence present in the bacteriophage 8232.5. This target was integrated into the srtA

chromosomal locus of a second strain R6 An altered target sequence containing a mutation



in the PAM region was integrated into the srtA locus of a third strain R6 , rendering this strain

'immune' to CR1SPR cleavage (Figure 28a). Applicants transformed R6 '5 and R6 1 cells

with genomic DNA from crR6 cells, expecting that successful transformation of R6 cells

should lead to cleavage of the target locus and cell death. Contrary to this expectation,

Applicants isolated R68232'5 transformants, albeit with approximately 0-fold less efficiency than

R6 transformants (Figure 28b). Genetic analysis of eight 823--5 transformants (Figure 28)

revealed that the great majority are the product of a double recombination event that eliminates

the toxicity of Cas9 targeting by replacing the 8232.5 target with the crR6 genome's wild-type

srtA locus, which does not contain the protospacer required for Cas9 recognition. These results

were proof that the concurrent introduction of a CRISPR system targeting a genomic locus (the

targeting construct) together with a template for recombination into the targeted locus (the

editing template) led to targeted genome editing (Figure 23a).

[00304] To create a simplified system for genome editing, Applicants modified the CRISPR

locus in strain crR6 by deleting cas cas2 and csn2, genes which have been shown to be

dispensable for CRISPR targeting, yielding strain crR6M (Figure 28a). This strain retained the

same properties of crR6 (Figure 28b). To increase the efficiency of Cas9~based editing and

demonstrate that a template DNA of choice can be used to control the mutation introduced,

Applicants co-transformed R6 - > cells with PGR products of the wild-type srtA gene or the

mutant R63 0 1 target, either of which should be resistant to cleavage by Cas9. This resulted in a

5- to 10-fold increase of the frequency of transformation compared with genomic crR6 DNA

alone (Figure 23b). The efficiency of editing was also substantially increased, with 8/8

transformants tested containing a wild-type srtA copy and 7/8 containing the PAM mutation

present in the R6 7 target (Figure 23b and Figure 29a). Taken together, these results showed

the potential of genome editing assisted by Cas9.

[00305] Analysis of Cas9 target requirements: To introduce specific changes in the

genome, one must use an editing template carrying mutations that abolish Cas9-mediated

cleavage, thereby preventing cell death. This is easy to achieve when the deletion of the target or

its replacement by another sequence (gene insertion) is sought. When the goal is to produce gene

fusions or to generate single -nucleotide mutations, the abolishment of Cas9 nuclease activity will

only be possible by introducing mutations in the editing template that alter either the PAM or the

protospacer sequences. To determine the constraints of CRISPR-mediated editing, Applicants



performed an exhaustive analysis of PAM and protospacer mutations that abrogate CRISPR

targeting.

[003061 Previous studies proposed that S. pyogenes Cas9 requires an NGG PAM immediately

downstream of the protospacer. However, because only a very limited number of PAM-

mactivating mutations have been described so far, Applicants conducted a systematic analysis to

find ail -nucleotide sequences following the protospacer that eliminate CRISPR cleavage.

Applicants used randomized oligonucleotides to generate all possible 1,024 PAM sequences in a

heterogeneous PGR product that was transformed into crR6 or R6 cells. Constructs carrying

functional PAMs were expected to be recognized and destroyed by Cas9 in erR6 but not R6 cells

(Figure 24a). More than 2 10 ' colonies were pooled together to extract D A for use as template

for the co-amplification of al l targets. PGR products were deep sequenced and found to contain

all 1,024 sequences, with coverage ranging from 5 to 42,472 reads (See section "Analysis of

deep sequencing data"). The functionality of each PAM was estimated by the relative proportion

of its reads in the crR6 sample over the R6 sample. Analysis of the first three bases of the PAM,

averaging over the two last bases, clearly showed that the NGG pattern was under-represented in

crR6 transformants (Figure 24b). Furthermore, the next two bases had no detectable effect on the

NGG PAM (See section "Analysis of deep sequencing data"), demonstrating that the NGG N

sequence was sufficient to license Cas9 activity. Partial targeting was observed for NAG PAM

sequences (Figure 24b). Also the NNGGN pattern partially inactivated CRISPR targeting (Table

G), indicating that the NGG motif can still be recognized by Cas9 with reduced efficiency when

shifted by 1 bp. These data shed light onto the molecular mechanism of Cas9 target recognition,

and they revealed that NGG (or CCN on the complementary strand) sequences are sufficient for

Cas9 targeting and that NGG to NAG or NNGGN mutations in the editing template should be

avoided. Owing to the high frequency of these tri-nucleotide sequences (once every 8 bp), this

means that almost any position of the genome ca be edited. Indeed, Applicants tested ten

randomly chosen targets carrying various PAMs and all were found to be functional (Figure 30).

[00307] Another way to disrupt Cas9~mediated cleavage is to introduce mutations in the

protospacer region of the editing template. t is known that point mutations within the 'seed

sequence' (the 8 to 10 protospacer nucleotides immediately adjacent to the PAM) can abolish

cleavage by CRISPR nucleases. However, the exact length of this region is not know , and it is

unclear whether mutations to any nucleotide in the seed can disrupt Cas9 target recognition.



Applicants followed the same deep sequencing approach described above to randomize the entire

protospacer sequence involved in base pair contacts with the crRNA and to determine all

sequences that disrupt targeting. Each position of the 20 matching nucleotides ( ) in the spcl

target present in R6 cells (Figure 23a) was randomized and transformed into crR6 and R6

cells (Figure 24a). Consistent with the presence of a seed sequence, only mutations in the 12

nucleotides immediately upstream of the PAM abrogated cleavage by Cas9 (Figure 24c).

However, different mutations displayed markedly different effects. The distal (from the PAM)

positions of the seed (12 to 7) tolerated most mutations and only one particular base substitution

abrogated targeting. In contrast, mutations to any nucleotide in the proximal positions (6 to 1,

except 3) eliminated Cas9 activity, although at different levels for each particular substitution. At

position 3, only two substitutions affected CR SPR activity and with different strength.

Applicants concluded that, although seed sequence mutations can prevent CRISPR targeting,

there are restrictions regarding the nucleotide changes that can be made in each position of the

seed. Moreover, these restrictions can most likely vary for different spacer sequences. Therefore

Applicants believe that mutations in the PAM sequence, if possible, should be the preferred

editing strategy. Alternatively, multiple mutations in the seed sequence may be introduced to

prevent Cas9 nuclease activity.

[00308] Cas9~mediated gera e editing . pneum ni : develop a rapid and efficient

method for targeted genome editing, Applicants engineered strain crR6Rk, a strain in which

spacers can be easily introduced by PGR (Figure 33). Applicants decided to edit the β~

galactosidase (bgaA) gene of S . pneumoniae, whose activity can be easily measured. Applicants

introduced alanine substitutions of amino acids in the active site of this enzyme: R481A (R→A)

and N563A,E564A (NE-→AA) mutations. To illustrate different editing strategies, Applicants

designed mutations of both the PAM sequence and the protospacer seed. In both cases the same

targeting construct with a crRNA complementary to a region of the β-galactosidase gene that is

adjacent to a TGG PAM sequence (CCA in the complementary strand, Figure 26) was used. The

R→A editing template created a three-nucleotide mismatch on the protospacer seed sequence

(CGT to GCA, also introducing a BtgZl restriction site). n the NE--->AA editing template

Applicants simultaneously introduced a synonymous mutation that created an inactive PAM

(TGG to TTG) along with mutations that are 2 8 nt downstream of the protospacer region (AAT

GAA to GCT GCA, a so generating a Tsel restriction site). This last editing strategy



demonstrated the possibility of using a remote PAM to make mutations in places where a proper

target ay be hard to choose. For example, although the S . pneumoniae R6 genome, which has a

39.7% GC content, contains on average one PAM motif every 12 bp, some PAM motifs are

separated by up to 194 bp (Figure 33). In addition Applicants designed a AbgaA in-frame

deletion of 6,664 bp. n all three cases, co-transformation of the targeting and editing templates

produced 10-times more kanamycin-resistant cells than co-transformation with a control editing

template containing wild-type bg aA sequences (Figure 25b). Applicants genotyped 24

transformants (8 for each editing experiment) and found that all but one incorporated the desired

change (Figure 25c). DNA sequencing also confirmed not only the presence of the introduced

mutations but also the absence of secondary mutations in the target region (Figure 29b, c).

Finally, Applicants measured β-galactosidase activity to confirm that all edited cells displayed

the expected phenotype (Figure 25d).

[00309] Cas9-mediated editing can also be used to generate multiple mutations for the study

of biological pathways. Applicants decided to illustrate this for the sortase-dependent pathway

that anchors surface proteins to the envelope of Gram-positive bacteria. Applicants introduced a

. on a. e deletion by co-transformation of a chloramphenicol-resistant targeting construct and a

AsrtA editing template (Figure 33a,b), followed by a AbgaA deletion using a kanamycin-resistant

targeting construct that replaced the previous one. In S pneumoniae, β-galactosidase is

covalentiy linked to the cell wall by sortase. Therefore, deletion of srtA results in the release of

the surface protein into the supernatant, whereas the double deletion has no detectable β-

galactosidase activity (Figure 34c). Such a sequential selection can be iterated as many times as

required to generate multiple mutations.

0 3 ] These two mutations may also be introduced at the same time. Applicants designed a

targeting construct containing two spacers, one matching srtA and the other matching bgaA, and

co-transformed it with both editing templates at the same time (Figure 25e). Genetic analysis of

transformants showed that editing occurred in 6/8 cases (Figure 25f . Notably, the remaining two

clones each contained either a AsrtA or a AbgaA deletion, suggesting the possibility of

performing combinatorial mutagenesis using Cas9. Finally, to eliminate the CRISP sequences,

Applicants introduced a plasmid containing the bgaA target and a spectinomycin resistance gene

along with genomic DNA from the wild-type strain R 6 . Spectinomycin-resistant transformants

that retain the plasmid eliminated the CRISPR sequences (Figure 34a,d).



[00311] Mechanism and efficiency of editing: To understand the mechanisms underlying

genome editing with Cas9, Applicants designed an experiment in which the editing efficiency

was measured independently of Cas9 cleavage. Applicants integrated the ermAM erythromycin

resistance gene in the srtA locus, and introduced a premature stop codon using Cas9-mediated

editing (Figure 33). The resulting strain (JEN53) contains an ermAM(stop) allele and is sensitive

to erythromycin. This strain may be used to assess the efficiency at which the ermAM gene is

repaired by measuring the fraction of cells that restore antibiotic resistance with or without the

use of Cas9 cleavage. JENS3 was transformed with an editing template that restores the wild-

type allele, together with either a kanamycin-resistant CRISPR construct targeting the

ermAM(stop) allele (CRISPR: :ermAM (stop)) or a control construct without a spacer

(CRISPR: :0) (Figure 26a,b). In the absence of kanamycin selection, the fraction of edited

colonies was on the order of 0 (erythromycin-resistant cfu/totai cfu) (Figure 26c), representing

the baseline frequency of recombination without Cas9-mediated selection against unedited ceils.

However, if kanamycin selection was applied and the control CRISPR construct was co-

transformed, the fraction of edited colonies increased to about 10 1 (kanamycin- and

erythromycin-resistant cru/kanamycin-resistant cfu) (Figure 26c). his result shows that

selection for the recombination of the CRISPR locus co-selected for recombination in the

ermAM locus independen tly of Cas9 cleavage of the genome, suggesting that a subpopulation of

cells is more prone to transformation and/or recombination. Transformation of the

CRISPR: :ermAM (stop) construct followed by kanamycin selection resulted in an increase of the

fraction of erythromycin-resistant, edited cells to 99 % (Figure 26c). To determine if this

increase is caused by the killing of non-edited cells, Applicants compared the kanamycin-

resistant colony forming units (cfu) obtained after co-transformation of JEN53 cells with the

CRISPR: :ermAM(stop) or CRISPR: :0 constructs.

[00312] Applicants counted 5.3 times less kanamycin-resistant colonies after transformation

of the crmAM(stop) construct (2.5xl0 /4.7 3, Figure 35a), a result that suggests that indeed

targeting of a chromosomal locus by Cas9 leads to the killing of non-edited cells. Finally,

because the introduction of dsDNA breaks in the bacterial chromosome is known to trigger

repair mechanisms that increase the rate of recombination of the damaged DNA, Applicants

investigated whether cleavage by Cas9 induces recombination of the editing template. Applicants

counted 2.2 times more colonies after co-transformation with the CRISPR: :erm(stop) construct



than with the CRISPR: :0 construct (Figure 26d), indicating that there was a modest induction of

recombination. Taken together, these results showed that co-selection of transformable cells,

induction of recombination by Cas9-mcdiated cleavage and selection against non-edited ceils,

each contributed to the high efficiency of genome editing in S pneumoniae

[003 ] As cleavage of the genome by Cas9 should kill non-edited cells, one would not

expect to recover any ceils that received the kanamycin resistance-containing Cas9 cassette but

not the editing template. However, in the absence of the editing template Applicants recovered

many kanamycin-resistant colonies after transformation of the CRISPR: :ermAM(stop) construct

(Figure 35a). These cells that 'escape' CRISPR-ind uced death produced a background that

determined a limit of the method. This background frequency may be calculated as the ratio of

CRISPR: :ermAM(stop)/CRISPR ::0 cfu, 2.6* 10 3 (7.J xl0V2.7xl0 4) in this experiment, meaning

that if the recombination frequency of the editing template is less than this value, CRISPR

selection may not efficiently recover the desired mutants above the background. To understand

the origin of these cel ls, Applicants genotyped 8 background colonies and found that 7 contained

deletions of the targeting spacer (Figure 35b) and one harbored a presumably inactivating

mutation in Cas9 (Figure 35c).

Θ314] Ge ome editing with Cas9 in E colt The activation of Cas9 targeting through the

chromosomal integration of a CR ISPR-Cas system is only possible in organisms that are highly

recombino genie. To develop a more general method that is applicable to other microbes,

Applicants decided to perform genome editing in E coli using a plasmid-based CRISPR-Cas

system. Two plasmids were constructed: a pCas9 plasmid carrying the tracrRNA, Cas9 and a

chloramphenicol resistance cassette (Figure 36), and a pCRISPR kanamycin-resistant plasmid

carrying the array of CRISPR spacers. To measure the efficiency of editing independently of

CRISPR selection. Applicants sought to introduce an A to C transversion in the rpsL gene that

confers streptomycin resistance. Applicants constructed a pCRlSPR::rpsL plasmid harboring a

spacer that would guide Cas9 cleavage of the wild-type, but not the mutant rpsL allele (Figure

27b). The pCas9 plasmid was first introduced into E. coli MG1655 and the resulting strain was

co-transformed with the pCRISPR::rpsL plasmid and W542, an editing oligonucleotide

containing the A to C mutation streptomycin-resistant colonies after transformation of the

pCR!SPR::rpsL plasmid were only recovered, suggesting that Cas9 cleavage induces

recombination of the oligonucleotide (Figure 37). However, the number of streptomycin-resistant



colonies was two orders of magnitude lower than the number of kanamycin -resistant colonies,

which are presumably ceils thai escape cleavage by Cas9. Therefore, in these conditions,

cleavage by Cas9 facilitated the introduction of the mutation, but with an efficiency that was not

enough to select the mutant cells above the background of 'escapers '

{(KB 5] To improve the efficiency of genome editing in E. co!i, Applicants applied their

CRISPR system with recombi eering using Cas9~induced cell death to select for the desired

mutations. The pCas9 plasmid was introduced into the recombineering strain E63 ( ),

which contains the Gam, Exo and Beta functions of the -red phage. The resulting strain was co-

tr a sformed with the pCRISPR::rpsL p!asmid (or a pCRISPR::0 control) and the W542

oligonucleotide (Figure 27a). The recombineering efficiency was 5.3 calculated as the

fraction of total ce ls that become streptomycin-resistant when the control plasmid was used

(Figure 27c). n contrast, transformation with the pCRlSPR::rpsL plasmid increased the

percentage of mutant ceils to 65 ± 14 % (Figures 27c and 29f). Applicants observed that the

number of cfu was reduced by about three orders of magnitude after transformation of the

pCRISPR::rpsL plasmid than the control plasmid (4 8 1 5.3 1 Figure 38a), suggesting that

selection results fro CRISPR-induced death of non-edited cells. To measure the rate at which

Cas9 cleavage was inactivated, an important parameter of Applicants' method, Applicants

transformed cells with either pCRISPR::rpsL or the control plasmid without e W542 editing

oligonucleotide (Figure 38a). This background of CRISPR 'escapers", measured as the ratio of

pCR:iSPR::i-psL/pCRISPR::0 cfu was 2 5 0 ( .2 !0 4 . Ι . Genotyping eight of these

escapers revealed that in all cases there was a deletion of the targeting spacer (Figure 38b). This

background was higher than the recombineering efficiency of the rpsL mutation, .3 0 . which

suggested that to obtain 65% of edited cells, Cas9 cleavage m us induce oligonucleotide

recombination. To confirm this, Applicants compared the number of kanamycin- and

streptomycin-resistant cfu after transformation of pCR!S PR ::rpsL or pCRISPR::0 (Figure 27d).

As in the case for 5. pneumoniae. Applicants observed a modest induction of recombination,

about 6 7 fold (2.0 0 '' 3 0 ··· } Taken together, these results indicated that the CRISPR

system provided a method for selecting mutations introduced by recombineering.

[ Θ316] Applicants showed that CRISPR-Cas systems may be used for targeted genome

editing in bacteria by the co-introduction of a targeting construct that killed wild-type cells and

an editing template that both eliminated CRISPR cleavage and introduced the desired mutations.



Different types of mutations (insertions, deletions or sear-less single-nucleoiide substitutions)

may be generated. Multiple mutations may be introduced at the same time. The specificity and

versatility of editing using the CRISPR system relied on several unique properties of the Cas9

endonuclease: (i) its target specificity may be programmed with a small RNA, without the need

for enzyme engineering, (ii) target specificity was very high, determined by a 20 bp RNA-DNA

interaction with low probability of non-target recognition (iii) almost any sequence may be

targeted, the only requirement being the presence of an adjacent NGG sequence, (iv) almost any

mutation in the NGG sequence, as well as mutations in the seed sequence of the protospacer,

eliminates targeting.

[00317] Applicants showed that genome engineering using the CRISPR system worked not

only i highly recombinogenic bacteria such as S . pneumoniae, but also in E coli. Results in E.

coli suggested that the method may be applicable to other microorganisms for which plasmids

may be introduced. In E. coli, the approach complements recombineering of mutagenic

oligonucleotides. To use this methodology in microbes where recombineering is not a possible,

the host homologous recombination machinery may be used by providing the editing template on

a plasmid. n addition, because accumulated evidence indicates that CR SPR-mediated cleavage

of the chromosome leads to ce l death in many bacteria and arehaca , it is possible to envision

the use of endogenous CRISPR-Cas systems for editing purposes.

[00318] n both S. pneumoniae and E. coli, Applicants observed that although editing was

facilitated by a co-selection of transformable cells and a small induction of recombination at the

target site by Cas9 cleavage, the mechanism that contributed the most to editing was the

selection against non-edited ceils. Therefore the major limitation of the method was the presence

of a background of cells that escape CRISPR-induced cell death and lack the desired mutation.

Applicants showed that these 'escapers' arose primarily through the deletion of the targeting

spacer, presumably after the recombination of the repeat sequences that flank the targeting

spacer. Future improvements may focus on the engineering of flanking sequences that can still

support the biogenesis of functional crRNAs but that are sufficiently different from one another

to eliminate recombination. Alternatively, the direct transformation of chimeric crRNAs may be

explored. In the particular case of E. coli, the construction of the CRISPR-Cas system was not

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



Cas9 and the tracrRNA on a different plasmid than the CR1SPR array. The engineering of an

inducible system may also circumvent this limitation.

[003191 Although new DNA synthesis technologies provide the ability to cost-effectively

create any sequence with a hig throughput, it remains a challenge to integrate synthetic DNA in

living cells to create functional genomes. Recently, the co-selection MAGE strategy was shown

to improve the mutation efficiency of recombineering by selecting a subpopulation of cells that

has an increased probability to achieve recombination at or around a given locus. n this method,

the introduction of selectable mutations is used to increase the chances of generating earby non-

selectable mutations. As opposed to the indirect selection provided by this strategy, the use of the

CRISPR system makes it possible to directly select for the desired mutation and to recover it

with a high efficiency. These technologies add to the toolbox of genetic engineers, and together

with DNA synthesis, they may substantially advance both the ability to decipher gene function

and to manipulate organisms for biotechnological purposes. Two other studies also relate to

CRISPR-assisted engineering of mammalian genomes t is expected that these crRNA-directed

genome editing technologies may be broadly useful in the basic and medical sciences.

[00320J Strains and culture conditions. S. pneumoniae strain R6 was provided by Dr.

Alexander Tomasz. Strain crR6 was generated in a previous study. Liquid cultures of S.

pneumoniae were grown in THYE mediu (30g/l Todd-Hewitt agar, 5 g/1 yeast extract). Cells

were plated on tryptic soy agar (TSA) supplemented with 5 % defibrinated sheep blood. When

appropriate, antibiotics were added as followings: kanamycin (400 ug/ml), chloramphenicol (5

erythromycin ( 1 µ /m ) streptomycin (100 .g/m ) or spectinomycin (100 rn! .

Measurements of β-galactosidase activity were made using the Miller assay as previously

described.

[00321] E coli strai s MG1655 and HME63 (derived from MG1655, A(argF-lac) U169 λ

cI857 Acro-bioA galK tyr 45 UAG mutS<>amp) (31) were provided by Jeff Roberts and

Donald Court, respectively. Liquid cultures of E. coli were grown in LB medium (Difco). When

appropriate, antibiotics were added as followings: chloramphenicol (25 µ-g/ml), kanamycin (25

) and streptomycin (50 µ ' ) .

[00322] S. pneumoniae transformation. Competent cells were prepared as described

previously (23). For all genome editing transformations, cells were gently thawed on ice and

resuspended in 10 volumes of M2 medium supplemented with 100 ng ml of competence-



stimulating peptide CSP1(40), and followed by addition of editing constmcts (editing constructs

were adde to cells at a final concentration between 0.7 ng/ µ ί to 2.5 g/u l) . Cells were incubated

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

37 °C. Serial dilutions of cells were plated on the appropriate medium to determine the colony

forming units (efu) count.

[00323] E, coli Lambda-red r e on ii eer ing Strain HME63 was used for ail

recombineermg experiments. Recombineering cells were prepared a d handled according to a

previously published protocol (6). Briefly, a 2 ml overnight culture (LB medium) inoculated

from a single colony obtained from a plate was grown at 30 °C. The overnight culture was

diluted 100-fold and grown at 30 °C with shaking (200rpm) until the ODeoo is from 0.4-0.5

(approximately 3 hrs). For Lambda-red induction, the culture was transferred to a 42 °C water

bath to shake at 200rpm for 5 min. Immediately after induction, the culture was swirled in an

ice-water slurry and chilled on ice for 5-10 min. Ceils were then washed and aliquoted according

to the protocol. For electro-transformation, 50 µ! of cells were mixed with mM of salt-free

oligos (IDT) or 100-150 g of piasmid DNA (prepared by QIAprep Spin Miniprep Kit, Qiagen).

Cells were electroporated using m Gene Puiser cuvette (Bio-rad) at 1.8kV and were

immediately resuspended in 1 m of room temperature LB medium. Cells were recovered at 30

°C for 1-2 hrs before being plated on LB agar with appropriate antibiotic resistance and

incubated at 32 °C overnight.

[00324] Preparation of S. pneumoniae genomic DNA. For transformation purposes, S .

pneumoniae genomic DNA was extracted using the Wizard Genomic DNA Purification Kit,

following instructions provided by the manufacturer (Promega). For genotyping purposes, 700ul

of overnight S . pneumoniae cultures were pelleted, resuspended in 60ul of lysozyme solution

(2mg/ml) and incubated 30min at 37°C. The genomic DNA was extracted using QIAprep Spin

Miniprep Kit (Qiagen).

[00325 Strain construction. All primers used in this study are provided in Table G. To

generate S . pneumoniae crR6M, an intermediate strain, LAM226, was made. In this strain the

aphA-3 gene (providing kanamycin resistance) adjacent to the CRISPR array of S. pneumoniae

crR6 strain was replaced by a cat gene (providing chloramphenicol resistance). Briefly, crR6

genomic DNA was amplified using primers L448/L444 and L447/L481, respectively. The cat

gene was amplified from piasmid pC194 using primers L445/L446. Each PGR product was gel-



purified and all three were fused by SOEing PGR with primers L448/L481 . The resulting PGR

product was transformed into competent S pneumoniae crR6 cells and chloramphenicol -resistant

transformants were selected. To generate S. pneumoniae cr 6 , S. pneumoniae crR6 genomic

DNA was amplified by PGR using primers L409/L488 and L448/L481, respectively. Each PGR

product was gel -purified and they were fused by SOEing PGR with primers L409/L481 . The

resulting PGR product was transformed into competent S. pneumoniae LAM226 cells and

kanamycm-resistant transformants were selected

[00326] To generate S . pneumoniae crR6Rc, S . pneumoniae crR6M genomic DNA was

amplified by PGR using primers L430/W286, and S . pneumoniae LA 226 genomic DNA was

amplified by PGR using primers W288/L481. Each PGR product was gel-purified and they were

fused by SOEing PGR w th primers L43Q/L48 . The resulting PGR product was transformed into

competent S. pneumoniae crR6M cells and chloramphenicol-resistant transformants were

selected.

[00327] To generate S. pneumoniae crR6Rk, S. pneumoniae crR6M genomic DNA was

amplified by PGR using primers L430/W286 and W287/L481, respectively. Each PGR product

was gel-purified and they were fused by SOEing PGR with primers L430/L481. The resulting

PGR product was transformed into competent S . pneumoniae crR6Re ceils and kanamyein-

resistant transformants were selected.

[00328] To generate JEN37, S . pneumoniae crR6Rk genomic DNA was amplified by PGR

using primers L430/W356 and W357/L481, respectively. Each PGR product was gel-purified

and they were fused by SOEing PGR with primers L430/L481. The resulting PGR product was

transformed into competent S. pneumoniae crR6Rc cells and kanamyc in-resistant transformants

were selected.

[00329] To generate JEN38, R6 genomic DNA was amplified using primers L422/L461 and

L459/L426, respectively. The ermAM gene (specifying erythromycin resistance) was amplified

from plasmid pFW15 4 using primers L457/L458. Each PGR product was gel-purified and a l

three were fused by SOEing PGR with primers L422/L426 The resulting PGR product was

transformed into competent S . pneumoniae crR6Rc cells and erythromycin-resistant

transformants were selected.



[00330] S . pneumoniae JEN53 was generated in two steps. First E 43 was constructed as

illustrated in Figure 33. JEN53 was generated by transforming genomic DNA of JEN25 into

competent JEN43 cells and selecting on both chloramphenicol and erythromycin.

[0 33 ] To generate S . pneumoniae JEN62, S pneumoniae crR6Rk genomic DNA was

amplified by PGR using primers W256/W365 and W366/L403, respectively. Each PGR product

was purified and ligated by Gibson assembly. The assembly product was transformed into

competent S . pneumoniae crR6Rc cells and kanamycin-resistant transformants were selected.

[00332] Plasmid construction. pDB97 was constructed through phosphorylation and

annealing of oligonucleotides B296/B297, followed by ligation in pLZ12spec digested by

EcoRI/BamHI. Applicants fully sequenced pLZ12spec and deposited its sequence in genebank

(accession: C 112384).

[00333] pDB98 was obtained after cloning the CRJSPR leader sequence was cloned together

with a repeat-spacer-repeat unit into pLZ12spec. This was achieved through amplification of

crR6Rc DNA with primers B298/B320 and B299/B321, followed by SOEing PGR of both

products and cloning in pLZ12spec with restriction sites BamHI/EcoRI. In this way the spacer

sequence in pDB98 was engineered to contain two Bsa restriction sites in opposite directions

that allow for the scar-less cloning of new spacers.

[00334] pDB99 to pD Q were constructed by annealing of oligonucleotides B300/B301

(pDB99), B302/B303 (pDBlOO), B304/B305 (pDBlOl), B306/B307 (pDB102), B308/B309

(pDB103), B310/B31 1 (pDB104), B312/B313 (pDB105), B314/B315 (pDB106), B315/B317

(pDB107), B318/B319 (pDB108), followed by ligation in pDB98 cut by Bsa .

[00335] The pCas9 plasmid was constructed as follow. Essential CRISPR elements were

amplified from Streptococcos pyogenes SF370 genomic DNA with flanking homology arms for

Gibson Assembly. The tracrRNA and Cas9 were amplified with oiigos HC008 and HC010. The

leader and CRISPR sequences were amplified HCOl 1/HC014 and HC015/HC009, so that two

Bsal type IIS sites were introduced in between two direct repeats to facilitate easy insertion of

spacers.

[00336] pCRISPR was constructed by subcloning the pCas9 CR SPR array in pZE21-MCSl

through amplification with oiigos B298+B299 and restriction with EcoRI and BamHI. The rpsL

targeting spacer was cloned by annealing of oiigos B352+B353 and cloning in the Bsa cut

pCRISPR giving pCRISPR::rpsL.



[00337] Ge er ti of t r getl g and editing constructs. Targeting constructs used for

genome editing were made by Gibson assembly of Left PCRs and Right PCRs (Table G). Editing

constructs were made by SOEing PGR fusing PGR products A (PGR A), PGR products B (PGR

B) and PGR products C (PGR C) when applicable (Table G). The CRISPR::0 and

CRISP ::ermAM(stop) targeting constructs were generated by PGR amplification of JEN62 and

crR6 genomic DNA respectively, with oiigos L409 and L481.

[00338] Ge er atio of targets with randomized PAM or protospacer sequences. The 5

nucleotides following the spacer 1 target were randomized through amplification of R6 2'

genomic DNA with primers W377/ L426. This PGR product was then assembled with the cat

gene and the srtA upstream region that were amplified from the same template with primers

L422/W376. 80 ng of the assembled DNA was used to transform strains R6 and crR 6 . Samples

for the randomized targets were prepared using the following primers: B280-B290/L426 to

randomize bases 10 of the target and B269-B278/L426 to randomize bases 10-20 Primers

L422/B268 and L422/B279 were used to amplify the cat gene and srtA upstream region to be

assembled with the first and last 10 PGR products respectively. The assembled constructs were

pooled together and 30 ng was transformed in R6 and crR6. After transformation, cells were

plated on chloramphenicol selection. For each sample more than 2 1 cells were pooled

together in I ml of THYE and genomic DNA was extracted with the Promega Wizard kit.

Primers B250/B251 were used to amplify the target region. PGR products were tagged and run

on one Illumina MiSeq paired-end lane using 300 cycles.

[00339] Analysis of deep data,

[00340] Randomized PAM: For the randomized PAM experiment 3,429,406 reads were

obtained for crR6 and 3,253,998 for R6. t is expected that only half of them will correspond to

the PAM-target while the other half will sequence the other end of the PGR product. 1,623,008

f the crR6 reads and 1,537,131 of the R6 reads carried an error-free target sequence. T e

occurrence of each possible PAM among these reads is shown in supplementary file. To estimate

the functionality of a PAM, its relative proportion in the crR6 sample over the R6 sample was

computed and is denoted r j where I,j,k,l,m are one of the 4 possible bases. The following

statistical model was constructed:

[00341] log(ryklffi) = µ + b2, + b3j + b4 + b2b3y+ b3b4, · ; ,



[00342] where ε is the residual error, b2 is the effect of the 2nd base of the PAM, b3 of the

third, b4 of the fourth, b2b3 is the interaction between the second and third bases, b3b4 between

the third and fourth bases. An analysis of variance was performed:

[00343] Anova table

[00344] When added to this model, h i or b5 do not appear to be significant and other

interactions than the ones included can also be discarded. The model choice was made through

successive comparisons of more or less complete models using the anova method in . Tukey's

honest significance test was used to determine if pairwise differences between effects are

significant.

[00345] NGGNN patterns are significantly different from ail other patterns and ca y the

strongest effect (see table below).

[00346] In order to show that positions 1, 4 or 5 do not affect the NGGNN pattern Applicants

looked at theses sequences only. Their effect appears to be normally distributed (see QQ plot in

Figure 7 ), and model comparisons using the anova method in R shows that the null model is the

best one, i.e. there is no significant role of b , b4 and b5.

[00347] Mod l co pan s n h an method in R for h XGGNX sequences

[00348] Partial interference of NAGNN and NNGGN patterns

[00349] NAGNN patterns are significantly different from all other patterns but cany a much

smaller effect than NGGNN (see Tukey's ho est significance test below).



[00350] Finally, NTGGN and NCGGN patterns are similar and show significantly more

CRISPR interference than NTGHN and NCG patterns (where is A,T or C), as shown by a

bonferroni adjusted pairwise student-test.

[00351] r i c

pooled SD

[00352 Taken together, these results allow concluding that NNGGN patterns in general

produce either a complete interference in the case of NGGGN, or a partial interference in the

case of NAGGN, NTGGN or NCGGN.



[00353] Tukey multiple comparisons of means: 95% family-wise confidence level

G G- A r _ - 7 £47 5 . 940 75 5337 5 1 -07
G- § 9 97 5 1 1 62 1 1E - 07

G G- :A - 2 . 7 80 9 -2 9 5 6 6 4 9 1E -07
3 G- 643 . 9 2 4 4 64 4 3 1E - 0 7

S G- 7 7 9 3 _ . 95504 3 3 -07
G G- _ - 6 4 3 67 . 624 6 8 - 4 72 67 1 -07

G G- _ 7 9 713 - 2 . 973 9 621 13 1 -07
G G- A G 7 6 _ , 4 6 6 4 9 6 3 1E -07
G G- G 7 2 5 _ , 911 25 5 5 925 1E -07
S G- T G - . 7 97 6 _ . 2 5 9 ·- 9736 -07

3 G- A 7 . 5 9 12 7 943 1E -07
G G- 8 4 4 . 665 3 - 3 , 0 17 14 1 -07

G G- G :: . 7 . S 94 3 1E - 0 7
G G-I: 7 €7 S _ , 5:91 1 9 43 1 1E -07
G G- G ϊ 1 3 964 _ , 3 1 5 65 - 1 , 9 3 64 1E -07
3 -A; A - , 62 511 - G. 0 11 1 - ., 44 91 1E -07

:; Ά -- ; A . - 0 . 6594 - 0 3 5 47 483 4 6 1S - 7
G :; Ά -- : A . - 0 . 64 126 - 0 , - 0 . ? 2 1S - 7

:A -A ; C - , 67 679 - 0 , 5 6 7 0 - . 3527 9 1E - 0 7

- : A -G ; C 63939 - 0 , 4 63 3 9 - . 3 15 3 9 .' E - 0 7
G A--G : C - G 5 0 0 - 0 . 3 3363 - 0 . 6 3 < 1E - 0 7

G A-- : £ - , 6575 4 - 0 . 46 4 - 0 . 63 3 54 < 1E - 0 7
:; --A ; G - 0 . 3 1 4 - 0 5 3 - 6 . 7 0 4 1S -

G :; ¾ --C - 0 . 5 -3 .. 41 9 6 - . 7 7 1 61 1S - 7
G :; ¾ -- ; G - 0 . 657 9 5 - 0 1 9 - 0 . S3 1S - 7

- : -A; - , 62 7 63 - 0 , 4 51 6 3 - . 03 63 1E - 0 7
G A - ; T - , 7 3 - 0 , 5254 9 - 0 77 5 . E - 0 7
G .; A-- : T - , 62 4 4 5 - 0 . 44 4 - 0 . 60 5 < 1E - 0 7

G A-- ; - . 62 617 - 0 . 452 1 6 - 0 , 60 4 7 < 1E - 0 7

b 3 b 4

G-G .; A - 0 , 3 3 532 - 0 511 3 3 - . 1 5332 l E - 0 7
G: G-G C - 0 , 1 8 1 1 - 0 357 1 9 - 0 . 0 5 13 0 . 03 60 8 7
G G- G :: - , 3 1 626 - 0 . 140 2 6 - 0 , 4 9226 l E-0 7

[00354] Randomized target

Θ355] For the randomized target experiment 540,726 reads were obtained for crR 6 and

753,570 for R6. As before, only half of the reads are expected to sequence the interesting end of

the PGR product. After filtering for reads that ca y a target that is error-free or with a single



point mutation, 2 17,656 and 353, 141 reads remained for crR6 and R6 respectively. The relative

proportion of each mutant i the crR 6 sample over the R6 sample was computed (Figure 24c).

Ail mutations outside of the seed sequence (13-20 bases away from the PAM) show full

interference. Those sequences were used as a reference to determine if other mutations inside the

seed sequence can be said to significantly disrupt interference. A normal distribution was fitted

to theses sequences using the fitdistr function of the MASS R package. The 0.99 quantile of the

fitted distribution is shown as a dotted line in Figure 24c. Figure 72 shows a histogram of the

data density with fitted normal distribution (black line) and .99 quantile (dotted line).

[00356] Table F . Relative abundance of PAM sequences in the crR6/R6 samples averaged

over bases 1 and 5.



0357] Table G . Primers used in this study.

B 2 TC ¾5 T TC S ¾ ¾ i TCa G TXT¾G S ¾ Gi: T T T T &

B 2 I GXGACAGXAAXAT 7¾ A T C? GC? G GTX

SSGXI A GI X GXAG AA AG

GCCAATGAACGGGAACCCXXGGXC

B 25

3 2 1 i a X

:

3257

B 25 CI X GGT C A ¾GT A

B 2S T T G i T CA CC T G

B 27 T GA GAGGCA G C SA C GC AAS¾AAGC ;:A G

B ¾ S¾ ¾

B272 ¾ G ¾A ¾ i¾S ¾

n A ¾ ¾ ¾¾ - ': ¾

B274 G ¾

CXirGAGGAGGCAAXGGCTGSAAXCGAGCCAAAAAAGHGCASG

XG G GG ¾? GGC SAA¾

3 2Ί 7 G A

B 27 S G XX TGSCXCGAXTT A

B 2 ¾ ? ¾¾ ¾ ¾ i ¾ i . - .S S ¾.¾

:
¾ .

B 2 C TGG GAS ¾ AG A SG G & ¾T

2 84

2

B & a S

B 2 ATGGv TGASJ-TCGAGCC A ¾G GGa ¾Ga ¾GA~ ? C

329* G GS ¾ ¾ A A A G& ¾ ¾ :

W S CCAX GXA AA Ca AA G¾

a - GS T

B 2 GAX T XTTCX A ~ A X AA¾ X¾XGG

A AAX AA i AA AA X TG G

Β δ AA¾CAI XTI X GX XTX GG¾AA¾AGi;ATGCTG

AAARCAGCAXCGXXTXXCGXAAaXGGAGSAAAAAX



3302 ½ » t & & 5

B 3

B 04 & & & S &

B S a GX G Ga G

Β 30 .¾ x . X x & j ,

B ?

B i &

x a - a G SG x

B S X

B i &¾ ¾ & :

Bii2 a a ¾ .X G a

B I ¾ . ¾ a X a x a x a

B . G &a a

B i ¾ ¾ & G S

B AA¾C GS.SAGGXCS G y - ¾ATX¾T X? XXG

B S

Β · ·?

_

B 2 1 ¾ & i x & «

B 52

< &¾ a i ¾ G a G s G a ¾ASXA

H SP

:SP

SP ¾

G SP r X G 'G GS G a & Ga G

C 4 P XXTTXGTC
GAG C ;¾GX X G G C:

C s? A G

L ¾ T I A I & i -

L4 .2 «ca

≤ a a & A a

X G I XI ¾ X GXG5

4 4 G G a G &a a a ~

4

4 G&XATXSTSGASGCTaXTTXTGXGGSXTTXXASGCaX¾aajiCTATaXG

. ¾ a ¾

4 5?

L 5



S · &

CC I TAGXTATTAAG Aa AAXAC G CAT GXCA C C

A A A

S

&

7

4

4 GXTrXICa AaX TGCG X G G

& & ¾ & A

55 G a A

TAA AG GAX&C G X¾ A XG TT G¾G ATGCTG I I5

7 ¾ & A ¾

G AC GAX¾C GTTTXG X SAG A GGT A GGG ¾:TXA .

GAXX X aGC X S S

c G a Aacc . c.GC ± G TGA G G? "XGGGSCCA xc a¾ACSGC

w n ¾ "& G G &G ~ a

XXGTX C C XT X

CAG SXXG C G XG T CG GSaGT A XC T C

G A A c CaacAacc cacaaccc~Gcx¾GXG

¾ 4 ;: XG XA XA GT XG i

4S4 XX S &S G &XX X T

4 S A&G . A T C C T S

¾ i l GTSGGXXGX CG A GA XXAaC CCa XC CXT

4¾ . A ¾ A A

4

4 4 STGGTCa TGGT G AX G XGAaGCX AT GT T

« GATT GX¾ a¾: X aGA S ~aX CXT ¾.C XX

4 4

46 S G G G

¾ 4 GTX XT GA XGC GXTXXGa GX CAa¾A GC C¾G G a G G

42 A CTTXA SC GCG GG GXTCGGTXXT X GGA XGGX¾G~ X X¾:CA G TA X

0358] Table H. Design of targeting and editing constmcts used in this study.
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Example 6: Optimization of the guide RNA for Streptococcus pyogenes Cas9 (referred to as

SpCasP).

[00359] Applicants mutated the traerRNA and direct repeat sequences, or mutated the

chimeric guide RNA to enhance the RNAs in cells.

[00360] The optimization is based on the observation that there were stretches of thymines

(Ts) in the traerRNA and guide RNA, which might lead to early transcription termination by the

pol 3 promoter. Therefore Applicants generated the following optimized sequences. Optimized

traerRNA and corresponding optimized direct repeat are presented in pairs.

[00361] Optimized traerRNA 1 (mutation underlined):

[00362] GGAACCATTCAtAACAGCATAGCAAGTTAtAATAAGGCTAGTCCGTTATCA

ACTTGAAAAAGTGG CACCGAGTCGGTGCTTTTT

[00363 Optimized direct repeat 1 (mutation underlined):

[00364] GTTaTAGAGCTATGCTGTTaTGAATGGTCCCAAAAC

[00365] Optimized traerRNA 2 (mutation underlined):

[00366] GGAACCATTCAAtACAGCATAGCAAGTTAAtATAAGGCTAGTCCGTTATCA

ACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTT

[00367] Optimized direct repeat 2 (mutation underlined):

[00368] GTaTTAGAGCTATGCTGTaTTGAATGGTCCCAAAAC

[00369] Applicants also optimized the chimeric guideRNA for optimal activity in eukaryotic

cells.

[00370] Original guide RNA:

[00371] N NNNNNNNNNGTTTTAGAGCTAGAAATAGCAAGTTAAAA

TAAGGCTAGlXXXriTATCAA(TrTGAAAAAGTGGCA(XGAGTCGGTGCTTTTTTT

[00372] Optimized chimeric guide RNA sequence 1:

[00373] NNNNNNNNNNNNNNNNNNNNGTATTAGAGCTAGAAATAGCAAGTTAATA

TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

[00374] Optimized chimeric guide RNA sequence 2 :

[00375] N N N N N NN N N NNNGTTTTAGAGCTATGC T GGAAACAA

AACAGCATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTTTT

[00376] Optimized chimeric guide RNA sequence 3 :



[00377] NNNNNNNNNNNNNNNNNNNNGTATTAGAGCTATGCTGTATTGGAAACAA

TACAGCATAGCAAGTTAATATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACC

G GTCGGT Γ Π

[00378] Applicants showed that optimized chimeric guide A works better as indicated in

Figure 3 . The experiment was conducted by co-transfectirsg 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 EmxT locus: "GTCACCTCCAATGACTAGGG"

Example 7: Optimization of Streptococcus thermophiles LMD-9 CR1SPRI Cas9 (referred to as

StlCas9).

[00379] Applicants designed guide chimeric RNAs as shown in Figure 4

[00380 The StlCas9 guide RNAs can undergo the same type of optimization as for SpCas9

guide RNAs, by breaking the stretches of poly thymines (Ts)

Example 8: Cas9 diversity and mutations

[00381] The CRISPR-Cas system is an adaptive immune mechanism against invading

exogenous DNA employed by diverse species across bacteria and archaea. The type II CRISPR-

Cas9 system consists of a set of genes encoding proteins responsible for the "acquisition" of

foreign DNA into the CRISPR locus, as well as a set of genes encoding the "execution" of the

DNA cleavage mechanism; these include the DNA nuclease (Cas9), a non-coding transaetivating

cr-RNA (tracrRNA), and an array of foreign DNA-derived spacers flanked by direct repeats

(crRNAs). Upon maturation by Cas9, the tracRNA and crRNA duplex guide the Cas9 nuclease

to a target DNA sequence specified by the spacer guide sequences, and mediates double-stranded

breaks in the DNA near a short sequence motif in the target DNA that is required for cleavage

and specific to each CRISPR-Cas system. The type 11 CRISPR-Cas systems are found

throughout the bacterial kingdom and highly diverse in in Cas9 protein sequence and size,

tracrRNA and crRNA direct repeat sequence, genome organization of these elements, and the

motif requirement for target cleavage. One species may have multiple distinct CRISPR-Cas

systems.

[00382] Applicants evaluated 207 putative Cas9s from bacterial species identified based on

sequence homology to known Cas9s and structures orthologous to known subdomains, including



the endonuc ease domain and the RuvC endonuclease domains [information from the

Eugene oonin and Kira MakarovaJ. Phylogenetic analysis based on the protein sequence

conservation of this set revealed five families of Cas9s, including three groups of large Cas9s

(-1400 amino acids) and two of smal l Cas9s (~ 00 amino acids) (Figures 39 and 40A-F).

0 383 n this example, Applicants sho that the following mutations can convert SpCas9

into a nicking enzyme: DIOA, E762A, H840A, N854A, N863A, D986A

[00384] Applicants provide sequences showing where the mutation points are located within

the SpCas9 gene (Figure 41). Applicants also show that the nickases are still able to mediate

homologous recombination (Assay indicated in Figure 2) Furlhemiore, Applicants show thai

SpCas9 with these mutations (individually) do not induce double strand break (Figure 47).

[00385] Furthermore, potential nicking mutation sites were chosen based on sequence

homology between Cas9 orthologs (named original set below). The nickase mutant Cas9s were

re-cloned to incorporate both N ' and C'-NLS sequences as in Cong, L et al.. Multiplex genome

engineering using CRISP R Cas systems, Science. 2013 Feb 15;339(6121):81 9-23. (sequences for

NLS-E762A-NLS and >NLS-D986A-NLS listed below).

[00386] Nuclease and double-nicking activities for these potential nickases were tested in

HEK 293FT cells as follows: co-transfection of 400ng of nickase and 100 ng of U6-driven

sgRNA (lOOng for one guide, or 50ng each for a pair of sgRNAs) by Lipofectamine 2000 into

-200,000 ceils. DNAs from transfected ceils were collected for SURVEYOR analysis. Nickases

do not result in inde mutations when co-transfected with a single sgRNA, but do when co-

transfected with a pair of appropriately off-set sgRNAs. Based on data from the original D OA

SpCas9 nickase, the pair of sgRNA chosen (Al/Cl) for RuvC domain mutants have 0-bp offset

and '-overhang for maximal cleavage.

Original set: Mutant domain Functional?

Cbh-hSpCas9(D 10A)-NLS RuvC I nickase activity

Cbh-hSpCas9(E762A)-NLS RuvCII

Cbh-hSpCas9(H840A)-NLS HNH no activity

Cbh-hSpCas9(N854A)-NLS HNH wt nuclease activity

Cbh-hSpCas9(N863A)-NLS HNH nickase activity

Cbh-hSpCas9(D986A)-NLS RuvC I



[00387] >NLS-E762A-NLS

ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAG

CCGACAAGAAGTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCC

GTGATCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACAC

CX A XX A A G X AA A A A

AAACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAGACG

GAAGAAC { GGA G ATC X AAGAGAL ( ! AG( AA GA ATGG A

ACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAG

CACGAGCGGCACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAA

GTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCG

ACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCC

TGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTTCATCCAG

CTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAACGCCAGCGGCGT

GGA£GCCAAGGCCPCRCCMTCTGCCAGACRGAGCAAGAGCAGACGGCRGGAAAKRC

TGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGAAACCTGATTGCC

CRGAGCCRGGGCCTGACCCCCAACRTCAAGAGCAACRRCGACCTGGCCGAGGATGC

CAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGCTGGCCC

AGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCC

ATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCCCTGAG

CGCCTCTATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAG

( Ί ( Ί ( Χ Λ ( Λ( ί 'Ί ί ΛΛ Ί Λ ( Λ Λ ί i ' Ί Ί Χ' Ί G

AGAACGGCTACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAG

Ί Ί ( A ' AAGC XX-A ( ·Γ ( ΛΛΛΛ Λ·! ί Λ( Χ ( ' Α( ΧΧ Λ( ( ΛΛ( Ί ( Ί ΧX AG

GAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCATCCCCC

ACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTAC

CCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGACCTTCCGCATCCC

CTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATGACCAGAA

AGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCT

TCCGCCCAGAGCTTCATCGAGCGGATGACCAACTTCGATAAGAACCTGCCCAACGA

GAAG TGC GCCCAAGCACAGCCTGC TACGA TA CACC A AACGAG T

GACCAAAGTGAAATACGTGACCGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCG



AGCAGAAAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTG

AAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAAT

CTCCGGCGTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAA

AATTATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAG

A ( )TG( 1( ·Λ( Ί Χ Λ 'Λ( ( ·Τ Π ( ·Λ AGAGAGA AT ( G A sGAAC XΧ Ί

AAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAG

ΛΤΛ Λ<X' G ( G · 'TGAG( XXsAAG( TGA ΛΛ iG ΛΊ ( '( ;G( ·Λ( Λ ί J

AGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAAC

TTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACATCCAGAAAGC

CCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAATCTGGCCGGCA

GCCCCGCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTCGTG

AAAGTGATGGGCCGGCACAAGCCCGAGAACATCGTGATCGccATGGCCAGAGAGAA

CCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAA

GAGGG ATCAAA GAGC X GGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACA

CCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATG

A CX ] (iC .\ XV\{ JGACATC AA CX'G GT( ( GAC Ύ Λ( ( ·ΛΊ GT JG A T A

CGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGACCAGAA

GCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGTCGTGAAGAA

GATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCCAGAGAAAGT

TCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGC

V!( Ci Ci Λ ί Ί Χ Χ ΛΛΛ ί · Ί

1 ( CGGA fGAA C A < Ί AAG A XiA GAG C \ AGC GA I< CGGGAAG

T CsAAAC G ATC V\( CX Χ AAGTC X AAG JG C· X'GATT CC ·AAG ·Α'Π Ί ΧX' .A '

TTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGCCTACCTGAAC

GCCGTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGT

GTACGGCGACTACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGG

AAATCGGCAAGGCTACCGCCAAGTACTTCTTCTACAGCAACATCATGAACTTTTTCA

AGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGACA

AACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCACCGTGCG

Α ΐ ΑΩ ΐ ΑΑΩΎ ΑΑ ΐ ΑΑΑΑΑ Α( ΑΩ π ΑΩΑ£ Α

GCGGCTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCC



AGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGGCTTCGACAGCCCCACCGTGGC

CTATTCTGTGCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGA

GTGTGAAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAAT

CCCATCGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCAT

- !

CCTCTGCCGGCGAACTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTG

Λ Λ ( Ί Ί Χ Ί ( Α ( Χ Ί ( ( G ( ί

TGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCG

AGCAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAA

GTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAA

TATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTT

GACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCAC

CCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAGCT

( A G A ( ' A A A A G ( X G X G CX ' A A Λ A Λ A iC G G A A Λ A Λ A Λ ( Λ A

AAAGtaa

[003881 >NLS-D986A-NLS

ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAG

CCGACAAGAAGTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCC

GTGATCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACAC

( ·Λ ί X sC ' Λ ί A.( i Λ Ί ( Λ ί ·Λ Α Α Λ ( T G A GGAG CΧ Ί ΧΧ GTTC Α G G G G

AAACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAGACG

A AG A A <X.^ A Ί Λ Ί X A A

ACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAG

CACGAGCGGCACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAA

GTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCG

ACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCC

TGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTTCATCCAG

CTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAACGCCAGCGGCGT

( A CXX X Λ Α ί · Χ ' Λ Τ CΊ <Ί X C' Λ ί ·Λ ( ·Λ ( · ' AAGAGi Λ ( ·Λ ( XX Χ Χ Χ

TGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGAAACCTGATTGCC



CTGAGCCTGGGCCTGACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGATGC

CAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGCTGGCCC

AGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCC

ATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCCCTGAG

CTCTCGTGCGGCAGCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCA

A A Λ ( { A. ( X CXXX <Ύ A. TGA<XX i ACX A. G CX' · A AGAGTTC T A. ( A ·

TTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGTGAAGCT

GAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCATCCCCC

ACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTAC

CCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGACCTTCCGCATCCC

CTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATGACCAGAA

AGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCT

! XXX CX' ί i Ί ( ·A( ·<Χ A G A C CAAC TTC GATA A C A A ( Ί ( · XX A ( C A

GAAGGTGCTGCCCAAGCACAGCCTGCTGTACGAGTACTTCACCGTGTATAACGAGCT

( A A AG i-AAAl A C-G A ί CiACiGCiAAI AGAAAG CX' G Ί Ί ( Ί Χ Α ( ί i

AGCAGAAAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTG

AAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAAT

CTCCGGCGTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAA

AATTATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAG

ATA G Gr GA <X GA Ar GTT

AAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAG

A C A( ( C T CXX A C G( Ί C·A C· XX G A AG Ί Χ ATC AA CXX ' ATC CXX G A C' AAGC

AGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAAC

TTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACATCCAGAAAGC

CCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAATCTGGCCGGCA

GCCCCGCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTCGTG

AAAGTGATGGGCCGGCACAAGCCCGAGAACATCGTGATCGAAATGGCCAGAGAGA

ACCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGA

AGAGGGCATCAAAGAGC i GGCAGCCAGAT X iAAAGAACACCCCGTGGAAAAC

ACCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATAT



GTACGTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATA

TCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGACCAGA

AGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGTCGTGAAGA

AGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCCAGAGAAAG

Ί Ί ( ί Λί ΛΛΊ Ί Χ Λί ( CiG( - ί CiG

CTTCATCAAGAGACAGCTGGTGGAAACCCGGCAGATCACAAAGCACGTGGCACAGA

TCXTFGGACTCCCXXiATGAACACTAAGTACGACGAGAATGACAAGCTGATCCGGGAA

GTGAAAGTGATCACCCTGAAGTCCAAGCTGGTGTCCGATTTCCGGAAGGATTTCCAG

TTTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGcCGCCTACCTGAAC

GCCGTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGT

GTACGGCGACTACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGG

A A. i' XX ' A GG Λ X X G A i'T <Ί A Λ Λ Α Λ ί T ' Λ

AGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGACA

AAC A A A A AA A ί Λ( ( ί ΧΧ

GAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGAGGTGCAGACAG

( ΧΧ :Ί Ί Χ \ :·ΛΛΛ Α( ! ( Ί ΛΊ ( ί Ί ί :ΧΧ ΛΛί Λί ΛΛ( A X AA A X X -

A A Xi i XX ! AAGAA ( r Αί Χ ΧΧ Ί Ί ΧΧίΛ ' Λ ( ί Α( ί i G

CTATTCTGTGCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGA

GTGTGAAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAAT

CCCATCGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCAT

( ΑΛί :Ί ΧΧ ( Ί ·ΛΛ Ί ί ( X Xr X AG lXiGAAAAC ( XX AAGAGAA X XX

CCTCTGCCGGCGAACTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTG

ΛΑ Ί Ί Χ Ί Χ ! Λ( X ' A A - A A AA AA ί ΧΧΧ Α ΓΛΛ

TGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCG

AGCAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAA

GTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAA

TATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTT

GACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCAC

CCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAGCT

( Λ ( ί ·Λ ί A. A A. A ' X ( X X Λ ( X A A A A Λ GG( X GC ' A X A A A A A A A Λ

AAAG



Example 9: Supplement to DNA targeting specificity of the RNA-guided Cas9 nuclease

[0Θ389] Cell culture and transfection

[00390] Human embryonic kidney (HEK) cell line 293 FT (Life Technologies) was maintained

in D becco 's modified Eagle's Medium (DMEM) supplemented with 0% fetal bovine serum

(HyClone), 2mM GlutaMAX (Life Technologies), IQQU/mL penicillin, and 100µ¾'Ί ί .

streptomycin at 37°C with 5% C02 incubation.

[00391] 293FT ce ls were seeded either onto 6-well plates, 24-well plates, or 96-well plates

(Coming) 24 hours prior to transfection. Cells were transfected using Lipofectamine 2000 (Life

Technologies) at 80-90% confluence following the manufacturer's recommended protocol. For

each well of a 6-well plate, a total of 1 ug of Cas9+sgRNA plasmid was used. For each well of a

24-well plate, a total of 500ng Cas9+sgRNA plasmid was used unless otherwise indicated. For

each well of a 96-well plate, 65 g of Cas9 plasmid was used at a 1:1 molar ratio to the U6-

sgRNA PGR product.

[00392] Human embryonic stem cell li e HUES9 (Harvard Stem Cell Institute core) was

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

(Stemcell Technologies) supplemented with OO g m Normocin (InvivoGen). HUES9 cells

were transfected with Amaxa P3 Primary Cell 4~D Nucleofector Kit (Lonza) following the

manufacturer's protocol.

[00393] SURVEYOR nuclease assay for genome modification

[00394] 293FT 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 resuspended in QuickExtract solution and

incubated at 65°C for 5 minutes and 98°C for 0 minutes.

[00395] The genomic region flanking the CRISPR target site for each gene was PGR

amplified (primers listed in Tables J and K), and products were purified using QiaQuick Spin

Column (Qiagen) following the manufacturer's protocol. 400ng total of the purified PGR

products were mixed with 2µ1 0X Taq DNA Polymerase PCR buffer (Enzymatics) and

ultrapure water to a final volume of 20µ1, and subjected to a re-annealing process to enable

heteroduplex formation: 95°C for lOmin, 95°C to 85°C ramping at - 2°C/s, 85°C to 25°C at -



0.25°C/s, and 25°C hold for 1 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-acryiamide

gels (Life Technologies). Gels were stamed 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.

[0 396 Northern blot analysis of tracrRNA expression in human eel Is

[00397] Northern blots were performed as previously described!. Briefly, RNAs were heated

to 95°C for 5 in before loading on 8% denaturing polyacryl amide gels (SequaGel, National

Diagnostics). Afterwards, RNA was transferred to a pre -hybridized Hybond N+ membrane (GE

Healthcare) and crosslinked with Stratagene UV Crossiinker (Stratagene). Probes were labeled

with [gamma-32P] ATP (Perkin Elmer) with T4 polynucleotide kinase (New England Biolabs).

After washing, membrane was exposed to phosphor screen for one hour and scanned with

phosphorimager (Typhoon).

[00398] Bisulfite sequencing to assess DNA methylation status

[00399] EK 293 T cells were transfected with Cas9 as described above. Genomic DNA was

isolated with the DNeasy Blood & Tissue Kit (Qiagen) and bisulfite converted with EZ DNA

Methylation-Lightning Kit (Zymo Research). Bisulfite PCR was conducted using KAPA2G

Robust HotStart DNA Polymerase (KAPA Biosystems) with primers designed using the

Bisulfite Primer Seeker (Zymo Research, Tables J and K). Resulting PCR amplicons were gel-

purified, digested with EcoRI and Hind , and igated into a pUC19 backbone prior to

transformation. Individual clones were then Sanger sequenced to assess DNA methylation status.

[ 400] in vitro transcription and cleavage assay

[00401] HEK 293FT cells were transfected with Cas9 as described above. Whole cell lysates

were then prepared with a lysis buffer (20 mM HEPES, 100 mM KC1, 5 m M MgC12, 1 m M

DTT, 5% glycerol, 0.1% Triton X-100) supplemented with Protease Inhibitor Cocktail (Roche).

T7-driven sgRNA was in vitro transcribed using custom oligos (Example 0) and HiScribe T7 In

Vitro Transcription Kit (NEB), following the manufacturer's recommended protocol. To prepare

methylated target sites, pUC19 plasmid was methylated by M.SssI and then linearized by Nhel.

The in vitro cleavage assay was performed as follows: for a 20 uL cleavage reaction, 10 uL of

cell lysate with incubated with 2 uL cleavage buffer (100 mM HEPES, 500 mM KC1, 25 mM



MgC12, 5 mM DTT, 25% glycerol), the in vitro transcribed RNA, and 300 ng pUC plasmid

DNA.

[00402 Deep sequencing to assess targeting specificity

[00403] HEK 293 FT ceils plated in 96-we plates were transacted with Cas9 piasmid DNA

and single guide RNA (sgRNA) PCR cassette 72 hours prior to genomic DNA extraction (Fig

72). The genomic region flanking the CRISPR target site for each gene was amplified (Fig. 74,

Fig. 80, (Example 0) by a fusion PCR method to attach the ih m na P5 adapters as well as

t iq e sample-specific barcodes to the target amplicons (schematic described in Fig. 73). PCR

products were purified using EconoSpin 96-weil Filter Plates (Epoch Life Sciences) following

the manufacturer's recommended protocol.

[0Θ404] Barcoded and purified DNA samples were quantified by Quant-iT PicoGreen d DN A

Assay Kit or Q bi 2.0 Fluorometer (Life Technologies) and pooled in an eqnimolar ratio.

Sequencing libraries were then deep sequenced with the Alumina MiSeq Personal Sequencer

(L fe Technologies).

0Θ4Θ5] Sequencing data analysis and indei detection

[00406 MiSeq reads were filtered by requiring an average Phred quality (Q score) of at least

23, as well as perfect sequence matches to barcodes and amplicon forward primers. Reads from

on- and off-target loci were analyzed by first performing Smith-Waterman alignments against

amplicon sequences that included 50 nucleotides upstream and downstream of the target site (a

total of 0 bp). Alignments, meanwhile, were analyzed for indels from 5 nucleotides upstream

to 5 nucleotides downstream of the target site (a total of 30 bp). Analyzed target regions were

discarded if part of their alignment fell outside the MiSeq read itself, or if matched base-pairs

comprised less than 85% of their total length.

0Θ4Θ7] Negative controls for each sample provided a gauge for the inclusion or exclusion of

indels as putative cutting events. For each sample, an indei was counted only if its quality score

exceeded ~ , where was the mea quality-score of the negative control corresponding to

that sample and was the standard deviation of same. This yielded whole target-region indei

rates for both negative controls and their corresponding samples. Using the negative control's

per-target-region-per-read error rate, ¾' the sample's observed indei count , and its read-count

a maximum-likelihood estimate for the fraction of reads having target -regions with true-

indels, was derived by applying a binomial error model, as follows.



[00408] Letting the (unknown) number of reads in a sample having target regions incorrectly

counted as having at least indel be we ca write (without making any assumptions about the

number of true indels}

E = i ~ q - - -

[004091 since i (i - p the number of reads having target-regions with no true indels.

Meanwhile, because the number of reads observed to have indels is , = + other

words the number of reads having target-regions with errors but no true indels plus the number

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

!p ) = P Cn = E + p p = ~ ¾ - S~

[00410] Taking all values of the frequency of target-regions with true-indels to be equally

probable a priori, ¾ ¾ . Λ . _ maximum-likelihood estimate (MLE) for the

frequency of target regions with true-indels was therefore set as the value that maximized

This was evaluated numerically.

[00411] In order to place error bounds on the true-indel read frequencies in the sequencing

libraries themselves, Wilson score intervals (2) were calculated for each sample, given the MLE-

estimate for true-indel target-regions, and the number of reads Explicitly, the lower

bound - an upper bound ¾ were calculated as

" - . \
I = + - - p) + z 2 4 R + z 2)

[00412] where z , the standard score for the confidence required in normal distribution of

variance 1, was set to 1.96, meaning a confidence of 95%. The maximum upper bounds and

minimum lower bounds for each biological replicate are listed in Figs. 80-83.

[004 1 qRT-PCR analysis of relative Cas9 and sgR A expression

[00414] 293FT cells plated in 24-well plates were transfected as described above. 72 hours

post-transfection, total RNA was harvested with miRNeasy Micro Ki (Qiageu). Reverse-strand

synthesis for sgR As was performed with qScript Flex cDNA kit (VWR) and custom first-



strand synthesis primers (Tables J and ) . qPCR analysis was performed with Fast SYBR Green

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

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

[00415] Table I | Target site sequences. Tested target sites for S. pyogenes type II CRISPR

system with the requisite PAM. Cells were transfected with Cas9 and either crRNA-tracrRNA or

chimeric sgRNA for each target.

SURVEYOR assay



primer name genomic target primer sequence (5 to 3')

Sp-EMXl-Fl EMX! AAAACCACCCTTCTCTCTGGC

Sp-EMXl-Rl EMX! GGAGATTGGAGACACGGAGAG

Sp-EMX1-F2 EMX1 CCATCCCCTTCTGTGAATGT

Sp-EMX1-R2 EMX1 GGAGATTGGAGACACGGAGA

Sp-PVALB-F PVALB CTGGAAAGCCAATGCCTGAC

Sp-PVALB-R PVALB GGCAGCAAACTCCTTGTCCT

qRT-PCR for Cas9 and sgRNA expression

Bisulfite PCR and sequencing

Table K | Sequences for primers to test sgRNA architecture. Primers hybridize to the

reverse strand of the U6 promoter unless otherwise indicated. The U6 priming site is in italics,

the guide sequence is indicated as a stretch of Ns, the direct repeat sequence is highlighted in

bold, and the tracrRNA sequence underlined. The secondary structure of each sgRNA

architecture is shown in Fig. 43.



primer name primer sequence 5 ' to 3 )

U6-Forward GCCTCTAG4 GGTACCTGA GGGCCTATTTCCCA TGA TTCC

ACCTCTAGAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGT
I : sgRNAfDR +12, TGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCT

tracrRNA +85) AAAACNNNNNNNNNNNNNNNNNNNN GGTGTTTCGTCCTTTCC
ACAAG

ACCTCTAGAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGT
II: sgRNA(DR +12,

TGATAACGGACTAGCCTTATATTAACTTGCTATTTCTAGCTCT
tracrRNA +85)

AA T A C N N N NN G G 7T J ' C Z7T
m 2

CAAG
ACCTCTAGAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGT

1: sgRNAfDR +22, TGATAACGGACTAGCCTTATTTTAACTTGCTATGCTGTTTTGTT
tracrRNA +85) TCC A C G T G T TA A C NN NN NN NN NN NN

NNNNGGTGTTTCGTCCTTTCCA CAA G

ACCTCTAGAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGT
IV: sgRNA(DR

TGATAACGGACTAGCCTTATATTAACTTGCTATGCTGTATTGT
+22, tracrRNA +85)

TTCC AA T A C A G C AT G T C T A ATA N NN NN NN NN N N N N
NNNNGGTGTTTCGTCCTTTCCA CAA G

[004181 Table L j Ί¾rget sites with alternate PAMs for testing PAM specificity of Cas9. All

target sites for P jcificity testing are found within the human E MX locus.

Target site sequence (5' to 3') PAM

AGGCCCCAGTGGCTGCTCT NAA

ACATCAACCGGTGGCGCAT NAT

AAGGTGTGGTTCCAGAACC NAC

CC CA CATC AACCGGTG G NAG

AAACGGCAGAAGCTGGAGG NTA

GGCAGAAGCTGGAGGAGGA NTT

GGTGTGGTTCCAGAACCGG NTC

AACCGGAGGACAAAGTACA NTG

TTCCAGAACCGGAGGACAA NCA

GTGTGGTTCCAGAACCGGA NCT

TCCAGAACCGGAGGACAAA NCC

CA GAAGCTG G AGG A G G AA G NCG

CATCAACCGGTGGCGCATT NGA

GCAGAAGCTGGAGGAGGAA NGT

CCTCCCTCCCTGGCCCAGG NGC

TCATCTC Gc c c c: x:x;:c:Tc: NAA



GGGAGGACATCGATGTCAC NAT

CAAACGGCAGAAGCTGGAG NAC

GGGTGG GCAA CCACAA ACC NAG

GGTGGGCAACCACAAACCC NTA

GGCTCCCATCACATCAACC NTT

GAAGGGCCTGAGTCCGAGC NTC

CAACCGGTGGCGCATTGCC NTG

AGGAGGAAGGGCCTGAGTC NCA

AGCTG GAGGAGGAA GGGCC NCT

GCATTGCCACGAAGCAGGC NCC

ATTGCCACGAAGCAGGCCA NCG

AGAACCGGAGGACAAAGTA NGA

TCAACCGGTGGCGCATTGC NGT

GAAGCTG GAGG AGG AAGGG NGC

Example 10: Supplementary Sequences
[00419] All sequences are in the 5 ' to 3 ' direction. For U6 transcription, the string of

underlined Ts serve as the transcriptional terminator.

[00420] > U6-short tracrRNA {Streptococcus pyogenes SF370)

[004 ] gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa

cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgc

ttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccGGAACCATTCAAAACAGC

ATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGA

GTC GGTGCTTTTTTT

[CI0422] (tracrRNA sequence in bold)

[00423] >U6-DR-guide sequence-DR (Streptococcus pyogenes SF370)

[00424] gagggccMttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa

cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgc

ttaccgtaacttgaaagtatttcgatttcttggcttta^

a cNNNNNNNNNNNN N N N

TTTTTT

[00425] (direct repeat sequence is highlighted in gray and the guide sequence is in bo d Ns)

[00426] > sgRNA containing +48 tracrRNA (Streptococcus pyogenes SF370)



[00427] gagggcctatitcccatgaticcticatatttgcatatacgatacaaggctgiiagagagataaitggaattaattigactgtaaa

eacaaagatattagtaeaaaatacgtgaegtagaaagtaat

ttaccgtaactigaaagtaittcgatttcttggctitatatatcttgtggaaaggacgaaacaccNNNNNNNNNNNNNNNNNN

g g g gaaa agcaagt aaaataaggctag ccg XX T

[00428] (guide sequence is in bold s and the traerRNA fragment is in bo d)

[00429] > sgRNA containing +54 traerRNA (Streptococcuspyogenes SF370)

[00430] gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa

cacaaagatattagiacaaaatacgtgacgtagaaagtaataaittcitgggtagtttgcagttttaaaattatgttitaaaa

ttaccgtaacttgaaagtatttcgaiitciiggctttataiatciigt

NN¾tt†tag¾gct¾gaaatagcaagttaaaataaggctagtccgttatcaTTTTTTTT

[00431] (guide sequence is in bold Ns and the traerRNA fragment is in bo d)

[004321 > sgRNA containing +67 traerRNA (Streptococcuspyogenes SF370)

[00433] gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa

cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgc

ttaccgtaacttgaaagtatttcgatttcttggctttatatatcttg4ggaaaggacgaaacaccNNNNNNNNNNNNNNNNNN

NNg†ti gaaa agcaag taaaataagg

[00434] (guide sequence is in bold Ns and the traerRNA fragment is in bold)

[00435] > sgRNA containing +85 traerRNA (Streptococcus pyogenes SF370)

[00436] gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa

cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgca

ttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccNNNNNNNNNNNNNNNNNN

NNg t g g gaaat eaag taaa taaggc gtccg tatcaacttg aaa gtggcacegagtcggt eTTTTTT

I

[00437] (guide sequence is in bold Ns and the traerRNA fragment is in bold)

[00438] > CBh-NLS-SpCas9-NLS

[00439] CGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACC

CCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTT

TCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATC

AAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCG

( ( 1( ;G( Τ G ' ' A 'Α( A GAC Ί ΎΛΊ G sA T '<Ί Ί Ί ( ;G( AG A A A

CGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTC



CCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTG

TGCAGCGATGGGGGCGGGGGGGGGGGGGGGGCGCGCGCCAGGCGGGGCGGGGCGG

GGCGAGGGGCGGGGCGGGGCGAGGCGGAGAGGTGCGGCGGCAGCCAATCAGAGCG

GCGCGCTCCGAAAGTTTCCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAA

ί Λ . ί C < Xs XX ( ' ( C XX iG GTC ( " G A CXX 1( · ' ( !' ' ( ' ( ' ( X i (

GCTCCGCCGCCGCCTCGCGCCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCAC

Λ ' .\C X · G . X ί ! C G -G A AG A <7 .G .G

TAAGGGTTTAAGGGATGGTTGGTTGGTGGGGTATTAATGTTTAATTACCTGGAGCAC

CTGCCTGAAATCACTTTTTTTCAGGTTGGaccggtgccaccATGGACTATAAGGACCACG

ACGGAGACTACAAGGATCATGATATTGATTACAAAGACGATGACGATAAGATG

GCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCGACAA

GAAGTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCCGTGA

TCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACACC

GACCGGCACAGCATCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGG

CGAAACAGCCGAGGCCAC € GGCTGAAGAGAACCG CAGAAGAAGATACACCA

GACGGAAGAACCGGATCTGCTATCTGCAAGAGATCTTCAGCAACGAGATGGCC

AAGGTGGACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGGTGGAAGA

GGATAAGAAGCACGAGCGGCACCCCATCTTCGGCAACATCGTGGACGAGGTGG

CCTACCACGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGAC

AGCACCGACAAGGCCGACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGAT

CAAGTTCCGGGGCCACTTCCTGATCGAGGGCGACCTGAACCCCGACAACAGCG

ACGTGGACAAGCTGTTCATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAG

GAAAACCCCATCAACGCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAG

ACTGAGCAAGAGCAGACGGCTGGAAAATCTGATCGCCCAGCTGCCCGGCGAGA

AGAAGAATGGCCTGTTCGGCAACCTGATTGCCCTGAGCCTGGGCCTGACCCCC

AACTTCAAGAGCAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAA

GGACACCTACGACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGT

ACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGC

GACATCCTGAGAGTGAACACCG GATCACCAAGGCCCCCCTGAGCGCCTCTAT

GATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCG

TGCGGCAGCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAG



AACGGCTACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAA

GTTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGTGA

AGCTGAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAG

CATCCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGG

AAGATTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTG

ACCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATT

CGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGG

AAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACCAAC

TTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTGCTGTA

CGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGACCGAGG

GAATGAGAAAGCCCGCCTTCC TGAGCGGCGAGCAGAAAAAGGCCATCGTGGAC

CTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAAGAGGACTA

CTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCGTGGAAGATC

GGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTATCAAGGAC

AAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAGATATCGTGCT

GACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAACCT

ATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAGATAC

ACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACGGCATCCGGGACAAGC

AGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAGA

AACTTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACATCCA

GAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAATC

TGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTG

GACGAGCTCGTGAAAGTGATGGGCCGGCACAAGCCCGAGAACATCGTGATCGA

AATGGCCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAG

AGAATGAAGCGGATCGAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAA

AGAACACCCCGTGGAAAACACCCAGCTGCAGAACGAGAAGCTGTACCTGTACT

ACCTGCAGAATGGGCGGGATATGTACGTGGACCAGGAACTGGACATCAACCGG

CTGTCCGACTACGATGTGGACCATATCGTGCCTCAGAGCTTTCTGAAGGACGA

CTCCATCGACAACAAGGTGCTGACCAGAAGCGACAAGAACCGGGGCAAGAGCG

ACAACGTGCCCTCCGAAGAGGTCGTGAAGAAGATGAAGAACTACTGGCGGCAG

CTGCTGAACGCCAAGCTGATTACCCAGAGAAAGTTCGACAATCTGACCAAGGC



CGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCATCAAGAGACAG

CTGGTGGAAACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACTCCCG

GATGAACACTAAGTACGACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGA

TCACCCTGAAGTCCAAGCTGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACA

AAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGCCTACCTGAACGCC

GTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGT

GTACGGCGACTACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGC

AGGAAATCGGCAAGGCTACCGCCAAGTACTTCTTCTACAGCAACATCATGAACT

TTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTG

ATCGAGACAAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATT

TTGCCACCGTGCGGAA 4GTGCTGAGCATGCCCCA 4 GTGA l TATCGTGAAii 4ii G

ACCGAGGTGCAGACAGGCGGCTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAA

CAGCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCG

GCTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAA

AAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACCAT

CATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCTGGAAGCCAAGG

GCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGTACTCCCTG

TTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAACTGCA

GAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACTTCCTGTACCTGG

CCAGCCACTATGAGii,4GCTGAAGGGCTCCCCCGAGGATAATGAGCAGAA.4CAG

CTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCAG

CGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAAGTGCTGT

CCGCCTACAACAAGCACCGGGAT AAGCCCATC AG GAGCAGGCCGAGAATATC

ATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTT

GACACCACCATC GACCGGAAG AGGT ACACCAGCACCAAAGAGG TGCTGGAC GC

CACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGT

CTCAGCTGGGAGGCGACTTTCTTTTTCTTAGCTTGACCAGCTTTCTTAGTAGCA

GCAGGACGCTTTAA

[00440] (NLS-hSpCas9-NLS is liigliliglited in bold)

[00441 > Sequencing aniplicon tor EMXl guides 1.1, 1.14, 1.17



[00442] CCAATGGGGAGGACATCGATGTCACCTCCAATGACTAGGGTGGGCAACC

ACAAACCCACGAGGGCAGAGTGCTGCTTGCTGCTGGCCAGGCCCCTGCGTGGGCCC

AAGCTGGACTCTGGCCAC

[00443] > Sequencing amplicon for EMXl guides 1 2, 1.16

ACGAAGCAGGCCAATGGGGAGGACATCGATGTCACCTCCAATGACTAGGGTGGGCA

ACCACAAACCCACGAG

[00445] > Sequencing amplicon for EMXl guides 1 3, 1 13, 1 15

[00446] GGAGGACAAAGTACAAACGGCAGAAGCTGGAGGAGGAAGGGCCTGAGTC

CGAGCAGAAGAAGAAGGGCTCCCATCACATCAACCGGTGGCGCATTGCCACGAAGC

AGGCCAATGGGGAGGACATCGAT

[00447] > Sequencing amplicon for EM guides 1.6

[00448] AGAAGCTGGAGGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGCTC

CX' Λ ( A TC AA CXXX ΧΧ · ' G Λ Ί ΧΧ A( AG AGC X Ί ( G( ; AGG A A G

ATGTCACCTCCAATGACTAGGGTGG

[00449] > Sequencing amplicon for EM guides 1.10

[00450] CCTCAGTCTTCCCATCAGGCTCTCAGCTCAGCCTGAGTGTTGAGGCCCCAG

TGGCTGCTCTGGGGGCCTCCTGAGTTTCTCATCTGTGCCCCTCCCTCCCTGGCCCAGG

TGAAGGTGTGGTTCCA

[00451] > Sequencing amplicon for EMX guides . 1, 1.12

[00452] Ί CATC Ί Χ €X CXΧ Ί XX Ί ( ί T C G XX' C GTG AAG JTG ' G C Ί ΧX' A X

GGAGGACAAAGTACAAACGGCAGAAGCTGGAGGAGGAAGGGCCTGAGTCCGAGCA

GAAGAAGAAGGGCTCCCATCACA

[00453] > Sequencing amplicon for EMXl guides 1.18, 1.19

[00454] CTCCAATGACTAGGGTGGGCAACCACAAACCCACGAGGGCAGAGTGCTG

CTTGCTGCTGGCCAGGCCCCTGCGTGGGCCCAAGCTGGACTCTGGCCACTCCCTGGC

CAGGCTTTGGGGAGGCCTGGAGT

[00455] > Sequencing amplicon for EMXl guides 1.20

[00456] CTGCTTGCTGCTGGCCAGGCCCCTGCGTGGGCCCAAGCTGGACTCTGGCC

A C Χ Χ Χ Ί G C CC A.G Ί Τ J€X JGA.CX J< X " ! G C A C CATC X CX' X ' A C' Λ ί JCX JC T C A GC'

CCGGGGCCGCCATTGACAGAG



[00457] >T7 promoter F primer for annealing with target strand

[00458] GAAATTAATACGACTCACTATAGGG

[00459] >oiigo containing pUC19 target site 1 for methyl ation (T7 reverse)

[00460] AAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCC

ΎΛΤΤΠ ΛΛ Ί TG ΤΛ' ΠΎ T G ί ΤΛΛΛΛ ΛΛ 'G A 'G .G G . A '( ' Λ ' ΧΊ Λ

AGTGAGTCGTATTAATTTC

[00461] >oiigo containing pUC19 target site 2 for methySation (T7 reverse)

[00462] AAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCC

TTATTTTAACTTGCTATTTCTAGCTCTAAAACGCAACAATTAATAGACTGGACCTATA

GTGAGTCGTATTAATTTC

Example 11: Oligo-mediated Cas9-induced Homologous Recombination

[00463] The oiigo homologous recombination test is a comparison of efficiency across

different Cas9 variants and different HR template (oligo vs. plasmid).

[00464] 293FT cells were used. SpCas9 = Wildtype Cas9 and SpCas9n = nickase Cas9

(DIOA). The chimeric RNA target is the same EMXI Protospacer Target as in Examples 5, 9

and 10 and oligos synthesized by IDT using PAGE purification.

[00465] Figure 44 depicts a design of the oligo DNA used as Homologous Recombination

(HR) template in this experiment. Long oligos contain OO p homology to the EMXI locus and a

Hind l restriction site. 293 FT cells were co-transfected with: first, a plasmid containing a

chimeric RNA targeting human EMXI locus and wild-type cas9 protein, and second, the oligo

DNA as HR template. Samples are from 293FT cells collected 96 hours post transfection with

Lipofectamine 2000. All products were amplified with an EMXI HR Primer, gel purified,

followed by digestion with Hind III to detect the efficiency of integration of HR template into the

human genome.

[00466] Figures 45 and 46 depict a comparison of HR efficiency induced by different

combination of Cas9 protein and HR template. The Cas9 construct used were either wild-type

Cas9 or the nickase version of Cas9 (Cas9n). The HR template used were: antisense oligo DNA

(Antisense-Oligo in above figure), or sense oligo DNA (Sense-Oligo in above figure), or plasmid

FIR template (HR template in above figure). The sense/anti -sense definition is that the actively-

transcribed strand with sequence corresponding to the transcribed mRNA is defined as the sense



strand of genome. H Efficiency is shown as percentage of Hindi!! digestion hand as against all

genomic PGR amplified product (bottom numbers).

Example 12: Autistic Mouse

0 467 Recent large-scale sequencing initiatives have produced a large number of genes

associated with disease. Discovering the genes is only the beginning in understanding what the

gene does and how it leads to a diseased phenotype. Current technologies and approaches to

study candidate genes are slow and laborious. The gold standards, gene targeting and genetic

knockouts, require a significant investment in time and resources, both monetary and in terms of

research personnel. Applicants set out to utilize the hSpCas9 nuclease to target many genes and

do so with higher efficiency an lower turnaround compared to any other technology. Because of

the high efficiency of hSpCas9 Applicants can do R A injection into mouse zygotes and

immediately get genome-modified animals without the need to do any preliminary gene targeting

in mESCs.

[00468] Chromodomain heiicase DNA binding protein 8 (CHD8) is a pivotal gene in involved

in early vertebrate development and morphogenesis. Mice lacking CHD8 die during embryonic

development. Mutations in the CHD8 gene have been associated with autism spectrum disorder

in humans. This association was made in three different papers published simultaneously in

Nature. The same three studies identified a plethora of genes associated with autism spectrum

disorder. Applicants' aim was to create knockout mice for the four genes that were found in all

papers, Chd8, Katnal2, ctd , and Scn2a. In addition, Applicants chose two other genes

associated with autism spectrum disorder, schizophrenia, and ADHD, GITL CACNAIC, and

CACNB2. And finally, as a positive control Applicants decide to target MeCP2

[00469] For each gene Applicants designed three gRNAs that would likely knockout the gene.

A knockout would occur after the hSpCas9 nuclease makes a double strand break an the error

prone DNA repair pathway, non-homologous end joining, corrects the break, creating a

mutation. The most likely result is a frameshift mutation tha would knockout the gene. The

targeting strategy involved finding proto-spacers in the exons of the gene that had a PAM

sequence, NGG, and was unique in the genome. Preference was given to proto-spacers in the

first exon, which would be most deleterious to the gene.



[00470] Each gRNA was validated in the mouse cell line, Neuro-N2a, by liposomal transient

eo-transfeetion wit hSpCas9. 72 hours post-transfection genomic DNA was purified using

QuickExtraet DNA from Epicentre. PGR was performed to amplify the locus of interest.

Subsequently the SURVEYOR Mutation Detection Kit from Transgenomics was followed. The

SURVEYOR results for each gRNA and respective controls are shown in Figure Al A positive

SURVEYOR result is one large band corresponding to the genomic PGR and two smaller bands

that are the product of the SU RVEYOR nuclease making a double-strand break at the site of a

mutation. The average cutting efficiency of each gRNA was also determined for each gRNA

The gRNA that was chosen for injection was the highest efficiency gRNA that was the most

unique within the genome.

[00471] RNA (hSpCas9+gRNA RNA) was injected into the pronucleus of a zygote and later

transplanted into a foster mother. Mothers were allowed to go full term and pups were sampled

by tail snip 10 days postnatal DNA was extracted and used as a template for PGR, which was

then processed by SURVEYOR. Additionally, PGR products were sent for sequencing. Animals

that were detected as being positive in either the SURVEYOR assay or PGR sequencing would

have their genomic PGR products cloned into a pUC19 vector and sequenced to determine

putative mutations from each allele.

[00472] So far, mice pups from the Chd8 targeting experiment have been fully processed up

to the point of allele sequencing. The Surveyor results for 38 live pups (lanes 1-38) 1 dead pup

(lane 39) and 1 wild-type pup for comparison (lane 40) are shown in Figure A2. Pups 1-19 were

injected with gRNA Chd8.2 and pups 20-38 were injected with gRNA Chd8.3. Of the 38 live

pups, 13 were positive for a mutation. The one dead pup also had a mutation. There was no

mutation detected in the wild-type sample. Genomic PGR sequencing was consistent with the

SURVEYOR assay findings.

Example 3: CRISPR/Cas-Mediated TranscriptionalModulation

[00473] Figure 67 depicts a design of the CRISPR-TF (Transcription Factor) with

transcriptional activation activity. The chimeric RNA is expressed by U6 promoter, while a

human-codon-optimized, double-mutant version of the Cas9 protein (hSpCas9m) operably

linked to triple NLS and a VP64 functional domain is expressed by a EFla promoter. The double



mutations, D10A and H840A, renders the cas9 protein unable to introduce any cleavage but

maintained its capacity to bin to target DNA when guided by the chimeric RN A .

[00474] Figure 68 depicts transcriptional activation of the human SOX2 gene with CRISPR-

TF system (Chimeric RNA and the Cas9-NLS-VP64 fusion protein). 293FT cells were

transfected with plasmids bearing two components: (1) U6-driven different chimeric RNAs

targeting 20-bp sequences within or around the human SOX2 genomic locus, and (2) EFla-

driven hSpCas9m (double mutant)-NLS-VP64 fusion protein. 96 hours post transfection, 293FT

ce ls were harvested and the level of activation is measured by the induction of mRNA

expression using a qRT-PCR assay. All expression levels are normalized against the control

group (grey bar), which represents results from cells transfected with the CRISPR-TF backbone

plasmid without chimeric RNA. The qRT -PCR probes used for detecting the SOX mRNA is

Taqman Human Gene Expression Assay (Life Technologies). Ail experiments represents data

from 3 biological replicates, n=3, error bars show s.e.m.

Example 14: NLS: Cas9 NLS

[00475] 293FT cells were transfected with plasmid containing two components: ( 1) EFla

promoter driving the expression of Cas9 (wild-type human-codon-optimized Sp Cas9) with

different NLS designs (2) U6 promoter driving the same chimeric RNA targeting human EMX!

locus.

[00476] Cel ls were collect at 72b. time point post transfection, and then extracted with 50 µ of

the QuickExtraet genomic DNA extraction solution following manufacturer's protocol. Target

EMX1 genomic DNA were PGR amplified and then Gel-purify with 1% agarose gel. Genomic

PGR product were re-anneal and subjected to the Surveyor assay following manufacturer's

protocol. The genomic cleavage efficiency of different constructs were measured using SDS-

PAGE on a 4-12% TBE-PAGE gel (Life Technologies), analyzed and quantified with Image Lab

(Bio-rad) software, al following manufacturer's protocol.

[00477] Figure 69 depicts a design of different Cas9 NLS constructs. All Cas9 were the

human-codon-optimized version of the Sp Cas9. NLS sequences are linked to the cas9 gene at

either N-terminus or C-terminus. All Cas9 variants with different NLS designs were cloned into

a backbone vector containing so it is driven by EFla promoter. On the same vector there is a



chimeric RNA targeting human EMXl locus driven by U6 promoter, together forming a two-

component system

[0Θ478] Table M . Cas9 NLS Design Test Results. Quantification of genomic cleavage of

different cas9~nls constructs by surveyor assay.

[00479] Figure 70 depicts the efficiency of genomic cleavage induced by Cas9 variants

bearing different NLS designs. The percentage indicate the portion of human EMXl genomic

DNA that were cleaved by each construct. All experiments are from 3 biological replicates n =

3, error indicates S.E.M

Example 15: Engineering of Microalgae using Cas9

[00480] Methods of delivering Cas9

[00481] Method I : Applicants deliver Cas9 and guide RNA using a vector that expresses Cas9

under the control of a constitutive promoter such as Hsp70A-Rbc S2 or Beta2-tubulin.

[00482] Method 2 : Applicants deliver Cas9 and T7 polymerase using vectors that expresses

Cas9 and T7 polymerase under the control of a constitutive promoter such as Hsp70A-Rbc S2 or



Beta2 -tubulin. Guide RNA wil be delivered using a vector containing T7 promoter driving the

guide RNA.

[00483] Method 3 : Applicants deliver Cas9 mRNA and i vitro transcribed guide RNA to

algae cells. RNA can be in vitro transcribed. Cas9 mRNA will consist of the coding region for

Cas9 as well as 3'UTR from Co to ensure stabilization of the Cas9 mRNA.

[00484] For Homologous recombination. Applicants provide an additional homology directed

repair template.

[00485] Sequence for a cassette driving the expression of Cas9 under the control of beta-2

tubulin promoter, followed by the 3 ' UT R of Cop .

[00486] TCTTTCTTGCGCTATGACACTTCCAGCAAAAGGTAGGGCGGGCTGCGAGA

CGGCTTCCCGGCGCTGCATGCAACACCGATGATGCTTCGACCCCCCGAAGCTCCTTC

GGGGCTGCATGGGCGCTCCGATGCCGCTCCAGGGCGAGCGCTGTTTAAATAGCCAG

GCCCCCGATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCAAACACCTAG

Λ Ί ( Α Ί ·Λ ( ( Λ ( Ί ( Ί \ ( Λ ( Α ( ΧΑ ( Ί ( Λ ( Ί Ί ί ·ΛΊ ( Α ( Ί

CGCCTCTTCCTCTTCGTTTCAGTCACAACCCGCAAACATGTACCCATACGATGTTCCA

GATTACGCrrTCGCCGAAGAAAAAGCGCAAGGTCGAAGCGTCCGACAAGAAGTACAG

CATCGGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGT

ACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGCATC

AAGAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCAC

CCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGC

Ί Λ 1( · \ Λ ( ίΛ ( ίΛ Γ ' Ί ' ί · \ Λ ( Χ ίΛ ( ίΛ

AGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGCACCCCAT

" " ! C' Λ Λ ' Λ ί Χ A G A G JG T A X ACGAGA A Λ ί C' ( ' ( Λ "( ' Λ ί .

ACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGACCTGCGGCTGATCTAT

CTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGAGGGCGACCTG

AACCCCGACAACAGCGACGTGGACAAGCTGTTCATCCAGCTGGTGCAGACCTACAA

CCAGCTGTTCGAGGAAAACCCCATCAACGCCAGCGGCGTGGACGCCAAGGCCATCC

TGTCTGCCAGACTGAGCAAGAGCAGACGGCTGGAAAATCTGATCGCCCAGCTGCCC

GGCGAGAAGAAGAATGGCCTGTTCGGCAACCTGATTGCCCTGAGCCTGGGCCTGAC

( ( C' Λ Λ ( " Π ' ' Λ Λ . Λ . ί A.AC ί C .\ C" ' XiA iCiA l J X A A C G ( AG TG J A

AGGACACCTACGACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTAC



GCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGACATC

CTGAGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGAG

ATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGCAGC

TGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGCTACGCCGGC

ΤΛ Α Π ( )G Λί · ' ' A XX AGGAAGAGTTC ! A C' AGT AT X ( ί ΛΊ ( ( "

GGAAAAGATGGACGGCACCGAGGAACTGCTCGTGAAGCTGAACAGAGAGGACCTG

( Ί G CX AAG A G X ·Λ( Π ( Λί A.AC X · ' Λ Τ X ' XX A X A C ΑΤ XV\( XΊ ΧX

AGAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGGACAA

CCGGGAAAAGATCGAGAAGATCCTGACCTTCCGCATCCCCTACTACGTGGGCCCTCT

GGCCAGGGGAAACAGCAGATTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATC

ACCCCCTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCAT

CGAGCGGATGACCAACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGC

ACAGCCTGCTGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATAC

Cr G X X A GAGA AG C XX Ί Ί ( A X C -AC A A AC C A

TCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAAGAG

GACTAC " Π Χ A C Α ΑΛΊ ( X A ·Τ X T GA X ί ΧΧ -AAA ' ! ( " ! ( X ί XX X ΧΧ JAAGAT

CGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTATCAAGGACAA

GGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAGATATCGTGCTGACCC

TGACACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAACCTATGCCCAC

CTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAGATACACCGGCTGGGG

CAGGCriXiAGCCGGAAG(TrGATCAA(XiGCATCCGGGACAAGCAGTCCGGCAAGACA

ATCCTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAACTTCATGCAGCTGATC

CV\{ C A C GA C' Λ XX" !G A X Π Ί ΛAG A CJG A T XV G AAA XXX AX JTC <XXXX X A

GGGCGATAGCCTGCACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATTAAGA

AGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGGCCGG

CACAAGCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGA

AGGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAAGAGGGCATCAAAGA

GCTGGGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACACCCAGCTGCAGAACG

AGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTACGTGGACCAGGAA

Ί GGAC ( Λ Χ CX X X G

CTGAAGGACGACTCCATCGACAACAAGGTGCTGACCAGAAGCGACAAGAACCGGG



GCAAGAGCGACAACGTGCCCTCCGAAGAGGTCGTGAAGAAGATGAAGAACTACTGG

CGGCAGCTGCTGAACGCCAAGCTGATTACCCAGAGAAAGTTCGACAATCTGACCAA

GGCCGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCATCAAGAGACAG

CTGGTGGAAACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGAT

GAA(LACTAAGTACGACGAGAATGACAAG(7rGAT(XXiGGAAGTGAAAGTGATCACCC

TGAAGTCCAAGCTGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCG

A C ATC A C' Λ Λ C' Λ ( X Λ ( X· ' ( '( A X iA X C ' Λ ( X TG AA C' Χ. XXJTG ( ;G AA( X

GCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACTACAA

GGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGGCAAGGCT

ACCGCCAAGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAGACCGAGATTACC

CTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGACAAACGGCGAAACCGG

GGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCACCGTGCGGAAAGTGCTGAGCA

TGCCCCAAGTGAATATCGTGAAAAAGACCGAGGTGCAGACAGGCGGCTTCAGCAAA

GAC <Ί Ί XX T G X X A A A

GGACCCTAAGAAGTACGGCGGCTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGT

GGTGGCX^AAAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTG

CTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCT

GGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGT

ACTCCCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAA

CTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACTTCCTGTACCTG

( CXA Ci( X A( V ( ( AG( ( AC : Ί ΧX ΧΧΧ Λ ( Α Ί Α Λ Ί Χ Λ ί ί Λ Λ Λ ί Ί

GTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCAGCGAGT

Ί Χ Ί Χ C Ί ίΛ Ί ( Χ Ί C X A C X Ί Α ΑΊ ( Ί C Ί ίΊ Χ CX X A A

ACAAGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCATCCACCTGTTT

ACCCTGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTTGACACCACCATCGAC

CGGAAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCACCCTGATCCACCAGAG

CATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAGCTGGGAGGCGACAGCC

CCAAGAAGAAGAGAAAGGTGGAGGCCAGCTAAGGATCCGGCAAGACTGGCCCCGC

TTGGCAACGCAACAGTGAGCCCCTCCCTAGTGTGTTTGGGGATGTGACTATGTATTC

( ίΊ Χ GT G G X A ( G X ' AA XX AA A Α Ί Χ AT A XXX · ΧΊ TG · ' Λ ΠΧΧ Ί G

CAGAATGTAACGTCAGTTGATGGTACT



[00487] Sequence for a cassette driving the expression of T7 polymerase under the control of

beta-2 tubulin promoter, followed by the 3' UTR of Copl :

[004881 TCTTTCTTGCGCTATGACACTTCCAGCAAAAGGTAGGGCGGGCTGCGAGA

CGGCTTCCCGGCGCTGCATGCAACACCGATGATGCTTCGACCCCCCGAAGCTCCTTC

GGGGCTGCKTGGGCGCrCCGArGCCGCTCCAGGGCGAGCGCmrrrAA^TAGCCAG

GCCCCCGATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCAAACACCTAG

Λ Ί ( Λ ( ! Λ Χ' Λ ( ! ( Λ ( ' Λ ( Λ ( ( ( ί Λ ( Ί ( ( ίΛ ( ί " "! Γ Λ A CTC GCT GGGGG

CGCCTCTTCCTCTTCGTTTCAGTCACAACCCGCAAACatgcctaagaagaagaggaaggttaacacgatt

aaeaicgctaagaaegacttcictgacatega

cagttggcccttgageatgagteitaegagatgggtgaagcacgcttccgcaagaigtttgagcgicaacttaaagctggtgaggttgcggat

aacgctgccgccaagcctctcatcactaccctactccctaagatgattgcacgcatcaacgactggtttgaggaagtgaaagctaag

gcaagcgcccgacagccttccagticctgcaagaaatcaagccggaagccgtagcgtacatcaccattaagaceacteiggcttgcctaae

cagtgctgacaatacaaccgttcaggctgtagcaagcgcaatcggtcgggccattgaggacgaggctcgcttcggtcgtatccgtgacctt

gaagctaagcacttcaagaaaaacgttgaggaacaactcaacaagcgcgtagggcacgtctacaagaaagcatttatgcaagttgtcgag

gctgacatgctctctaagggtctactcggtggcgaggcgtggtcttcgtggcataaggaagactctattcatgtaggagtacgctgcatcgag

atgctcattgagtcaaccggaatggttagcttacaccgccaaaatgctggcgtagtaggtcaagactctgagactatcgaactcgcacctga

atacgctgaggctatcgcaacccgtgcaggtgcgctggctggcatctctccgatgttccaaccttgcgtagttcctcctaagccgtggactgg

cattactggtggtggctattgggctaacggtcgtcgtcctctggcgctggtgcgiactcacagtaagaaagcact

ittacatgcctgaggtgtacaaagcgaitaacattgegcaaaacacegeatggaaaatcaacaagaaagtcctagcggtcgccaacgtaatc

accaagtggaagcattgtccggtcgaggacatccctgcgat¾^

gaggctctcaccgcgtggaaacgtgctgccgctgctgtgtaccgcaaggacaaggctcgcaagtctcgccgtatcagccttgagttcatgc

ttgagcaagccaataagtttgctaaccataaggccatctggttcccttacaacatggactggcgcggtcgtgtttacgctgtgtca

ccgcaaggtaacgatatgaccaaaggactgcttacgctggcgaaaggtaaaccaatcggtaaggaaggttactactggctgaaaatccac

ggtgcaaactgtgcgggtgtcgacaaggttcxgttccxtgagcgcatcaagttcattgaggaaaaccacgagaacatcatggcttgcgctaa

gtciccactggagaaeacttggtgggctgagcaagattctccgtteigcttccttgegttctgctttgagtacgctggggt.

ctgagctataactgeicccttccgeiggcgtttgacgggicttgctctggcaiccagcacttctcegcgatgctccgagatgaggtaggiggic

gcgcggttaacttgettcctagtgaaaccgttcaggacatctaegggaitgttgeiaagaaagtc

atgggaccgaiaaegaagtagttaccgtgaccgatgagaacactggtgaaatctctgagaaagteaagctgggcactaaggcactggctg

gtcaatggctggcttacggtgttactcgcagtgtgactaagcgttcagtcatgacgctggcttacgggtccaaagagttcggcttccgtcaac

aagtgctggaagataccattcagccagctattgattccggcaagggtctgatgttcactcagccgaatcaggctgctggatacatggctaag

ctgatttgggaatctgtgagcgtgacggtggtagclgcggitgaagcaatgaactggcttaagtctgctgctaagctgclggctgctgaggtc



aaagataagaagactggagagaticttcgcaagcgtigcgctgtgcattgggtaactcctgatggtticccigigtggcaggaatacaagaa

gcctattcagacgcgcttgaacctgatgttcctcggtcagttccgcttacagcctaccattaacaccaacaaagatagcgagattgatgcaca

caaacaggagtctggtatcgctcctaactttgtacacagccaagacggtagccaccttcgtaagactgtagtgigggcacacgagaagtac

ggaatcgaatct ttgcactgat cacgactccitcggtacgattccggctgacgc gcgaaccigttcaaagcag

acacatatgagtcttg gatgtactggctgatt ctacgaccagttcgctgaccagttgcacgagtctcaattggacaaaatgccagcactfee

ggctaaaggtaacttgaacctccgtgacatcttagagtcggacttcgcgttcgcgtaaGGATCCGGCAAGACTGGCCCC

G C X GC A C AAC \\GTGACX ( Χ Ί Χ ' TG' i GT i G G TG G TGT

TCGTGTGTTGGCCAACGGGTCAACCCGAACAGATTGATACCCGCCTTGGCATTTCCT

GTCAGAATGTAACGTCAGTTGATGGTACT

[00489] Sequence of guide R A driven by the T7 promoter (T7 promoter, Ns represent

targeting sequence):

[004901 gaaatTAATACGACTCACTATANNNNNNNNNNNNNNNNNNNNgttttagagctaG

AAAtagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttttt

[00491] Gene delivery:

[00492] Chlamydomonas reinhardtii strain CC-124 and CC-125 from the Chlamydomonas

Resource Center will be used for electro poration. Electroporation protocol follows standard

recommended protocol from the GeneArt Chlamydomonas Engineering kit.

[00493] Also, Applicants generate a line of Chlamydomonas reinhardtii that expresses Cas9

constitutively. This can be done by using pChlamyl (linearized using Pwl) and selecting for

ygr ycm resistant colonies. Sequence for pChlamyl containing Cas9 is below. In this way to

achieve gene knockout one simply needs to deliver RNA for the guideRNA. For homologous

recombination Applicants deliver guideRNA as well as a linearized homologous recombination

template.

[00494] pChlamyl -Cas9:

[00495] TGCGGTATTTCACACCGCATCAGGTGGCACTTTTCGGGGAAATGTGCGCG

GAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGATT

ATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAAT

CTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGC

ACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTG

AGATAA( ACGA A C JAC

CGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAG



GGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTG

TTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGC

CATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCC

GGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTT

Λ( ί 'Ί ' '( " Π ' ΧΧ Χ A A ( G( A A Ί

ATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTT

CmTGACTGGTGAGTACTCAACCAA(^ATTCTGMiAAJAGT(nATGCGGCGACCGA

GTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAA

AAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGC

TGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTT

TACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAA

AGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATT

ATTGAAGCATTTATCAGGGTTATTGTCTCATGACCAAAATCCCTTAACGTGAGTTTTC

X A Ί Χ A X ( =' X ' Λ ί A CΧΧ. AGAAAAGA iX AAAGGA iX ! ( GAGATC'( " Π "

TTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGT

Π Χ Π TG( Χ Λ A G G X Λ Λ Ί Π X AGGTAAC T X T X AGC AG

AGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAA

GAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGTT

GCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGAT

AAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCG

AA(XiACCTACACCX5AACTGAGATAC(TrACAGCGTGAGCTATGAGAAAGCGCCACGC

TTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGG

AGAGC X G AG G G G Π ΧX\\GGGGGAAAC G( Χ7 ΑΤ T ATAG Ί Χ ΧΧ ί

GGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGA

GCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGC

CTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACC

GCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTC

AGTGAGCGAGGAAGCGGTCGCTGAGGCTTGACATGATTGGTGCGTATGTTTGTATGA

AGCTACAGGACTGATTTGGCGGGCTATGAGGGCGGGGGAAGCTCTGGAAGGGCCGC

GA GCXXXXsC XX <ΧΧ Ί X AGAAGGi G( X Λ ( GG XXXX Ί ΧΧΧ XXX V\C X' ΛΊ ( G

GTATAAAAGCCCGCGACCCCGAACGGTGACCTCCACTTTCAGCGACAAACGAGCAC



TTATACATACGCGACTATTCTGCCGCTATACATAACCACTCAGCTAGCTTAAGATCC

CATCAAGCTTGCATGCCGGGCGCGCCAGAAGGAGCGCAGCCAAACCAGGATGATGT

TTGATGGGGTATTTGAGCACTTGCAACCCTTATCCGGAAGCCCCCTGGCCCACAAAG

GCTAGGCGCCAATGCAAGCAGTTCGCATGCAGCCCCTGGAGCGGTGCCCTCCTGAT

AAA G XV\{ J JG X "! ΑΤ ΊΧ T T A C Ί ΊΊ TA( AAGAGAAGTi Λ Ί CAA fX'

TTAAAATGGCCAGGTGAGTCGACGAGCAAGCCCGGCGGATCAGGCAGCGTGCTTGC

AGA G A G AA G XX X A G G

GTCTCAAGCAGCATCTAACCCTGCGTCGCCGTTTCCATTTGCAGGAGATTCGAGGTA

CCATGTACCCATACGATGTTCCAGATTACGCTTCGCCGAAGAAAAAGCGCAAGGTC

GAAGCGTCCGACAAGAAGTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGG

CTGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGG

GCAACACCGACCGGCACAGCATCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGAC

AGCGGCGAAACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACA

CCAGACGGAAGAA( GGATC X CTA CTGCAA GAGAT( r TCAGCAA CGAGATGGCC

AAGGTGGACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGA

Λ Λ ( Λ Λ ( A ' A G GG Λ ( CXX' ( "!< · A Λ A. <X TGGA <XsAGG GG<X A '( '

ACGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGAC

AAGGCCGACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGC

CACTTCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTT

CATCCAGCTGGTGCAGACCTACAACC AGCTGTTCGAGGAAAACCCCATCAACGCCA

G CX ( X.i {JG .A G X ΑΧ J X ATC ' GTCTG XV\ { A ' AAGAGC ' A A G T

GAAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGCAACCT

GA ! XX GAG X X r GA XXXX AA TT

GGATGCCAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGC

TGGCCCAGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCG

ACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCC

CTGAGCGCCTCTATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCT

GAAAGCTCTCGTGCGGCAGCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACC

AGAGCAAGAACGGCTACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTC

Λ ( A ' A Ci X A X Ci A AGA G CiG( A( A -

A Λ Λ ( ·Α Α Α Α( ( G TG i ' GG X TCGA ACGG( G



ATCCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGA

TTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGACCTTCCG

CATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATTCGCCTGGATGA

CCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGGAAGTGGTGGACAA

( ί :Ί Ί ΧΧΧ A ' Ί Ί Ί -

CCAACGAGAAGGTGCTGCCCAAGCACAGCCTGCTGTACGAGTACTTCACCGTGTAT

AA(XiAGC iX ACX AA GTGAAATACGTGA(XXiAGGGAA GAGAAAG(X CGCCTTCCT

GAGCGGCGAGCAGAAAAAGGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAA

GTGACCGTGAAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTC

CGTGGAAATCTCCGGCGTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACG

ATCTGCTGAAAATTATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGAC

ATTCTGGAAGATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGA

GGAACGGCTGAAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGA

( X :XX i Ci A (AC XX ( - XX X ' A ( X X A( X - ' A F C '

CGGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGGCTTCGC

CAACAGAAACT1X:A7X:x:AGCTGA1XX:ACX}ACGACAG(X:nX}AC:x;nXXAAAGAGGACA

TCCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAAT

CTGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGA

CGAGCTCGTGAAAGTGATGGGCCGGCACAAGCCCGAGAACATCGTGATCGAAATGG

CCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAATGAA

GCGGATCGAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGAACACCCC

GTGGAAAACACCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGG

( Χ ί ΧΧ ΛΊ ΑΊ Χ ΧΧ Λ ί ( A ' A Λ Λ ( ΧΧ :Ί Χ7 ( ' ( CiA A X G

TGGACCATATCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGC

TGACCAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGT

CGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCC

AGAGAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGGAT

AAGGCCGGCTTCATCAAGAGACAGCTGGTGGAAACCCGGCAGATCACAAAGCACGT

GGCACAGATCCTGGACTCCCGGATGAACACTAAGTACGACGAGAATGACAAGCTGA

X ( XX AGTG AA GTG A A X {

GATTTCCAGTTTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGCC



TACCTGAACGCCGTCGTGGGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAG

CGAGTTCGTGTACGGCGACTACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGA

GCGAGCAGGAAATCGGCAAGGCTACCGCCAAGTACTTCTTCTACAGCAACATCATG

AACTTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCT

C ATC C' ί G G A A XX i CX A C ATC G ' GT iGG Α Α Λ ;G( · XX A T TT )

CCACCGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGAG

( ' ' A C A C' i ' ί A( i C Λ Α Λ ί ·Λ ' 'CΊ <Χ Ί G CXXAAGAGGAAC AGC G A A A

GCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGGCTTCGACAGCC

CCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAG

AAACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTT

CGAGAAGAATCCCATCGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGG

ACCTGATCATCAAGCTGCCTAAGTACTCCCTGTTCGAGCTGGAAAACGGCCGGAAG

AGAATGCTGGCCTCTGCCGGCGAACTGCAGAAGGGAAACGAACTGGCCCTGCCCTC

C A ' ' G A A Ί ( { 1{ ' f'A 1{ JG C A ( · ' A C A G A G A A Ί G A A G <X { C

CGAGGATAATGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACG

A C ATC AGC' AG AT( AG A Π Χ " f'CX ' AAGAGA G T A iX { T G G CX A G C Τ

CTGGACAAAGTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCA

GGCCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTT

CAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGTGC

TGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGAC

A Λ i A ' ' r A A ( AGC ' AA AAGGTA G G G G

AAGCTCCTTCGGGGCTGCATGGGCGCTCCGATGCCGCTCCAGGGCGAGCGCTGTTTA

AATAGCCAGGCCCCCGATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCA

AACACCTAGATCACTACCACTTCTACACAGGCCACTCGAGCTTGTGATCGCACTCCG

CTAAGGGGGCGCCTCTTCCTCTTCGTTTCAGTCACAACCCGCAAACATGACACAAGA

ATCCCTGTTACTTCTCGACCGTATTGATTCGGATGATTCCTACGCGAGCCTGCGGAA

CGACCAGGAATTCTGGGAGGTGAGTCGACGAGCAAGCCCGGCGGATCAGGCAGCGT

G C" f'T Ci A C Α Ί ' Ί ( A ( i C A A CXX CXXX A T C G ( A C C A A G ( Ί ΠΧΧ · Ί Χ Χ Ί T

GTCGCTGTCTCAAGCAGCATCTAACCCTGCGTCGCCGTTTCCATTTGCAGCCGCTGG



CCCGCCGAGCCCTGGAGGAGCTCGGGCTGCCGGTGCCGCCGGTGCTGCGGGTGCCC

GGCGAGAGCACCAACCCCGTACTGGTCGGCGAGCCCGGCCCGGTGATCAAGCTGTT

CGGCGAGCACTGGTGCGGTCCGGAGAGCCTCGCGTCGGAGTCGGAGGCGTACGCGG

TCCTGGCGGACGCCCCGGTGCCGGTGCCCCGCCTCCTCGGCCGCGGCGAGCTGCGGC

CCGGCACCGGAGCCTGGCCGTGGCCCTACCTGGTGATGAGCCGGATGACCGGCACC

ACCTGGCGGTCCGCGATGGACGGCACGACCGACCGGAACGCGCTGCTCGCCCTGGC

CCGCGAACTCGGCCGGGTGCTCGGCCGGCTGCACAGGGTGCCGCTGACCGGGAACA

CCGTGCTCACCCCCCATTCCGAGGTCTTCCCGGAACTGCTGCGGGAACGCCGCGCGG

CGACCGTCGAGGACCACCGCGGGTGGGGCTACCTCTCGCCCCGGCTGCTGGACCGC

CTGGAGGACTGGCTGCCGGACGTGGACACGCTGCTGGCCGGCCGCGAACCCCGGTT

CGTCCACGGCGACCTGCACGGGACCAACATCTTCGTGGACCTGGCCGCGACCGAGG

TCACCGGGATCGTCGACTTCACCGACGTCTATGCGGGAGACTCCCGCTACAGCCTGG

TGCAACTGCATCTCAACGCCTTCCGGGGCGACCGCGAGATCCTGGCCGCGCTGCTCG

A(XIGGGCGCAGTGGAAGCGGA(XXIAGGA(TRTCGCCX^GCGAACTGCTCGCCTTCACC

TTCCTGCACGACTTCGAGGTGTTCGAGGAGACCCCGCTGGATCTCTCCGGCTTCACC

Χ Χ Ί Ί ( Ί Ί Χ cxxxx=G( ί ·

CTGATAAGGATCCGGCAAGACTGGCCCCGCTTGGCAACGCAACAGTGAGCCCCTCC

CTAGTGTGTTTGGGGATGTGACTATGTATTCGTGTGTTGGCCAACGGGTCAACCCGA

ACAGATTGATACCCGCCTTGGCATTTCCTGTCAGAATGTAACGTCAGTTGATGGTAC

T

[00496] For all modified C a ydo o as reinhardtii cells, Applicants used PGR,

SURVEYOR nuclease assay, and DNA sequencing to verify successful modification.

Example 16: Use of Cas9 as a transcriptional repressor in bacteria

[00497] The ability to artificially control transcription is essential both to the study of gene

function and to the construction of synthetic gene networks with desired properties. Applicants

describe here the use of the RNA-guided Cas9 protein as a programmable transcriptional

repressor.

[00498] Applicants have previously demonstrated how the Cas9 protein of Streptococcus

pyogenes SF370 can be used to direct genome editing in Streptococcus pneumoniae. n this study

Applicants engineered the crR6Rk strain containing a minimal CRISPR system, consisting of



cas9, the tracrRNA and a repeat. The D10A-H840 mutations were introduced into cas9 in this

strain, giving strain crR6Rk**. Four spacers targeting different positions of the hgaA β-

galactosidase gene promoter were cloned in the CRISPR array carried by the previously

described pDB98 p as id. Applicants observed a X to Y fold reduction in β-galactosidase

activity depending on the targeted position, demonstrating the potential of Cas9 as a

programmable repressor (Figure 73)

[00499] To achieve Cas9** repression in Escherichia coli a green fluorescence protein (GFP)

reporter plasimd (pDB127) was constructred to express the g pmut gene from a constitutive

promoter. The promoter was designed to carry several NPP PAMs on bot strands, to measure

the effect of 89 * * binding at various positions. Applicants introduced the D10A-H840

mutations into pCas9, a plasmid described carrying the tracrRNA, cas9 and a minimal CRISPR

array designed for the easy cloning of new spacers. Twenty-two different spacers were designed

to target different regions of the gfpmut2 promoter and open reading frame. An approximately

20-fold reduction of fluorescence of was observed upon targeting regions overlapping or

adjacent to the -35 and -10 promoter elements and to the Shine-Dalgarno sequence. Targets on

both strands showed similar repression levels. These results suggest that the binding of Cas9**

to any position of the promoter region prevents transcription initiation, presumably through steric

inhibition of RNAP binding.

[00500] To determine whether Cas9** could prevent transcription elongation, Applicants

directed it to the reading frame of gpf ut2. A reduction in fluorescence was observed both when

the coding and non-coding strands where targeted, suggesting that Cas9 binding is actually

strong enough to represent an obstacle to the running RNAP. However, while a 40% reduction in

expression was observed when the coding strand was the target, a 20-fold reduction was

observed for the non-coding strand (Fig 21b, compare T9, T10 and T l to B9, B10 and B l 1). To

directly determine the effects of Cas9** binding on transcription, Applicants extracted RN.A

from strains carrying either the T5, T10, B 10 or a control construct that does not target pDB127

and subjected it to Northern blot analysis using either a probe binding before (B477) or after

(B510) the B10 and T10 target sites. Consistent with Applicants' fluorescence methods, no

gfpmut2 transcription was detected when Cas9** was directed to the promoter region (T5 target)

and a transcription was observed after the targeting of the T10 region. Interestingly, a smaller

transcript was observed with the B477 probe. This band corresponds to the expected size of a



transcript that would be interrupted by Cas9**, and is a direct indication of a transcriptional

termination caused by dgRNA::Cas9** binding to the coding strand. Surprisingly, Applicants

detected no transcript when the non-coding strand was targeted (B10). Since Cas9** binding to

the BIO region is unlikely to interfere wit transcription initiation, this result suggests that the

mRNA was degraded. DgRNA::Cas9 was shown to bind ssRNA in vitro. Applicants speculate

that binding may trigger degradation of the mRNA by host nucleases. Indeed, ribosome stalling

can induce cleavage on the translated mRNA in E. coii.

[00501] Some applications require a precise tuning gene expression rather than its complete

repression. Applicants sought to achieve intermediate repression levels through the introduction

of mismatches that will weaken the crRNA/target interactions. Applicants created a series of

spacers based on the Bl, T5 and BIO constructs with increasing numbers of mutations in the 5'

end of the crRNA. Up to 8 mutations in Bl and T5 did not affect the repression level, and a

progressive increased in fluorescence was observed for additional mutations.

[00502| The observed repression with only an 8nt match between the crRNA and its target

raises the question of off-targeting effects of the use of Cas9** as a transcriptional regulator.

Since a good PAM (NGG) is also required for Cas9 binding, the number of nucleotides to

match to obtain some level of respiration is 10. A lOnt match occurs randomly once every

~ M p, and such sites are thus likely to be found even in small bacterial genomes. However, to

effectively repress transcription, such site needs to be in the promoter region of gene, which

makes off-targeting much less likely. Applicants also showed that gene expression can be

affected if the non-coding strand of a gene is targeted. For this to happen, a random target

would have to be in the right orientation but such events relatively more likely to happen. As a

matter of fact, during the course of this study Applicants were unable to constmct one of the

designed spacer on pCas9**. Applicants later found this spacer showed a 12bp match next to a

good PAM in the essential murC gene. Such off-targeting could easily be avoided by a

systematic blast of the designed spacers.

[00503] 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 wil now

occur to those skilled in the art without departing from the invention. t should be understood

that various alternatives to the embodiments of the invention described herein may be employed



in practicing the mvention. t is mtended that the following claims define the scope of the

mvention an that methods and stmctures within the scope of these claims and their equivalents

be covered thereby.
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CLAIMS

WHAT IS CLAIMED IS:

1. A nonmatura l occurring or engineered composition comprising a vector system

comprising one or ore vectors comprising

. a first regulatory element operably linked to a CRISPR-Cas system chimeric NA

(chiRNA) polynucleotide sequence, wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence in a eukaryoiic cell,

(b) tracr mate sequence, an

(c a tracr sequence, and

II. a second regulatory element operably linked to an enzyme-coding sequence encoding

a CRISPR enzyme comprising at least one or more nuclear localization sequences (NLSs) in the

proximity of a terminus of the CRISPR enzyme,

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

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

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

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

sequence,

wherei the CR R complex comprises the CRISPR enzy e complcxed with (1) the

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

hybridized to the tracr sequence,

wherein the CRISPR enzyme comprises one or more mutations in a catalytic domain

thereby rendering the CRISPR enzyme to a nickase that cleaves a single DMA strand, and

wherein the chimeric RNA polynucleotide sequence comprises two or more hairpins

2 The composition of claim 1, wherein multiple chiR A polynucleotide sequences are

used, to provide a multiplexed system 3 A mnliiplexed CRISPR enzyme sysiem, wherein the

system comprises a vector system comprising one or o e vectors comprising

a first regulatory element operably mked to a CRISPR-Cas system chimeric RNA

(chiRNA) polynucleotide sequence, wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence in a eukaryotrc ce ,

(b a tracr mate sequence, and

(c) a tracr sequence, and



II. a second regulatory element operably linked to an enzyme-coding sequence encoding

a CRISPR enzyme comprising at least one or mo e nuclear localization sequences (NLSs) in the

proximity of a terminus of the CRISPR enzy e

wherein a), (b) an (c) are arranged h a 5' to 3' orientation,

wherein components and 1 a e 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

wherein the CRISPR enzyme comprises one or more mutations in a catalytic domain

thereby rendering the CR SPR enzyme to nickase that cleaves a sing D strand and

wherein the cbiRNA polynucleotide sequence comprises two or more hairpins, and

wherein in the multiplexed system multiple chiRNA polynucleotide sequences are used.

4. The composition or system of claim 1, 2 or 3, wherein the first regulatory element is a

polymerase III promoter.

5 . The composition or system of any preceding claim, wherein the second regulatory

element is a polymerase II promoter.

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

comprises one or more NLSs of sufficient strength to drive accumulation of said CRISPR

enzyme in a detectable amount in the nucleus of a eukaryotic ceil.

7 . The composition or system of any preceding claim, wherein the tracr sequence exhibits

at least 50% of sequence complementarity along the length of the tracr mate sequence when

optimally aligned.

8. The composition or system of any preceding claim, wherein the CRISPR enzyme is a

type C SPR system enzyme.

9 . The composition or system of any preceding claim, wherein the CRISPR enzyme is a

Cas9 enzyme.

10. The composition or system of any preceding claim, wherein the CRJSPR enzyme is

codon-optimized for expression in a eukaryotic ce l.



. The composition or system of any preceding claim, wherein the guide sequence is at

least 1 nucleotides in length.

12. The composition or system of any preceding claim, wherein the chimeric R

polynucleotide sequence comprises two, three, four or five hairpins.

3 . The composition or system of any preceding claim, wherein the catalytic domain is

selected from the group comprising RuvCI, RuvCII, RuvCIII or HNH domain.

14. The composition or system of any preceding claim, wherein the CRISPR enzyme

comprises a mutation in a residue selected from the group consisting of D10, E762, H840, N854,

N863, or D986 of SpCas9, or corresponding residues in other CRISPR enzymes.

15. The composition or system of any preceding claim, wherein the CRISPR enzyme

comprises a mutation selected from the group comprising D10A, E762A, H840A, N854A,

N863A or D986A in SpCas9, or corresponding residues in other CRISPR enzymes.

16. A non atura y occurring or engineered composition comprising a . vector system

comprising one or more vectors comprising

I . a . first regulatory element operabiy linked to

(a) a guide sequence capable of hybridizing to a . target sequence n a eukaryotie cell, and

(b) a tracr mate sequence,

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 NLSs) in the

proximity of a terminus of the CRISPR enzyme, and

I . a third regulatory element operabiy mked 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 (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 CRISPR enzyme comprises one or more mutations in a . catalytic domain

thereby rendering the CR SPR enzyme to nickase that cleaves a sing D A strand.



17. The composition of claim 16, wherein multiple guide sequences and a single tracr

sequence a e used, to provide a multiplexed system

18. A multiplexed CRISPR enzyme system, wherein the system comprises a vector

system comprising one or more vectors comprising

a first regulatory element operably linked to

(a) a guide sequence capable of hybridizing to a target sequence in a eukaryotic cell , and

(b) a tracr ale sequence,

II. second regulatory element operably linked to an enzyme-coding sequence encoding

a CRISPR enzyme comprising at least one or more nuclear localization sequences (NLSs) in the

proximity of a terminus of the CR SPR enzyme, and

ML a third regulatory element operably linked to a tracr sequence,

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

system,

wherein when transcribed, the racr mate sequence hybridizes to the racr 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 male sequence thai is

hybridized to the tracr sequence

wherei the CRISPR enzyme comprises one or more mutations in a catalytic domain

thereby rendering the CRISPR enzyme to a nicka.se that cleaves a single DMA strand, and

wherein in the multiplexed system multiple guide sequences and a single tracr sequence

used.

9 . The composition or system of any of claims 16 to 18, wherein the first regulatory

element is a polymerase III promoter.

20. The composition or system of any of claims 6 to 19, wherein the second regulatory

element is a polymerase II promoter.

21. The composition or system of any of claims 16 to 20, wherein the third regulatory

element is a polymerase III promoter.



22. The composition or system of any of claims 16 to 21, wherein the CRISPR enzyme

comprises one or more NLSs of sufficient strength to drive accumulation of said CRISPR

enzyme in a detectable amount in the nucleus of a eukaryotic cell.

23. The composition or system of any of claims 16 to 22, wherein the tracr sequence

exhibits at least 50% of sequence complementarity along the length of the tracr mate sequence

when optimally aligned.

24. The composition or system of any of claims 16 to 23, wherein the CRISPR enzyme is

a type II CRISPR system enzyme.

25. The composition or system of any of claims 16 to 24, wherein the CRISPR enzyme is

a Cas9 enzyme

26. The composition or system of any of claims 6 to 25, wherein the CRISPR. enzyme is

codon-optimized for expression in a eukaryotic cell.

27. The composition or system of any of claims 16 to 26, wherein the guide sequence is

at least 15 nucleotides in length.

28. The composition or system of any of claims 16 to 27, wherein the catalytic domain is

selected from the group comprising RuvCI, Ruv Ruv I or N domain.

29. The composition or system of any of claims 16 to 28, wherein the CRISPR enzyme

comprises a mutation in a residue selected from the group consisting of D10, E762, H840, N854,

N863, or D986 of SpCas9, or corresponding residues in other CRISPR enzymes.

30. The composition or system of any of claims 16 to 29, wherein the CRISPR enzyme

comprises a mutation selected from the group comprising D10A, E762A, H840A, N854A,

N863A or D986A of SpCas9, or corresponding residues in other CRISPR enzymes.

. A eukaryotic host cel l comprising the composition of any of the preceding claims.

32. An organism comprising the eukaryotic host cell of claim 31.

33. A non-human organism comprising the eukaryotic host cell of claim 31.

34. A kit comprising the composition or system of any of claims 1 to 30 and instructions

for using said kit.

35. A method of altering the expression of a genomic locus of interest in a eukaryotic cell

comprising

contacting the genomic locus with the composition or syst of any of claims 1 to 30,

and



determining if the expression of the genomic locus has been altered.
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