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FUNCTIONAL GENOMICS USING CRISPR-CAS SYSTEMS, COMPOSITIONS,
METHODS, SCREENS AND APPLICATIONS THEREOF

RELATED APPLICATIONS AND INCORPORATION BY REFERENCE

[0001] Priority is claimed from US provisional patent applications 61/961,980, 61/963,643

and 62/069,243 each entitled FUNCTIONAL GENOMICS USING CRISPR-CAS SYSTEMS,

COMPOSITIONS, METHODS, SCREENS AND APPLICATIONS THEREOF, filed October

28 2013, December 9 2013 and October 27, 2014 respectively. Reference is also made to

PCT US20 4/041 806, filed June 10, 2014, US provisional patent applications 61/836,123,

61/960,777 and 61/995,636, filed on June 7, 2013, September 25, 2013 and April 15, 2014, and

PCT/US 13/74800, filed December 12, 2013.

[0002] The foregoing applications, and al documents cited therein or during their

prosecution ("appln cite documents") an all documents cited or referenced in the appin 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, ail

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

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

[0003] The disclosure in each of the foregoing US provisional and PCT patent applications is

particularly incorporated herein by reference and particularly the disclosure of the CDs fi led with

US provisional patent applications 61/960,777 and 61/995,636 is particularly incorporated herein

by reference in their entirety and is also included in this disclosure by way of the Biological

Deposit(s) with the ATCC of plasmids / plasmid library(ies) containing nucleic acid molecules

encoding selected guide sequences having the information set forth in US provisional patent

applications 61/960,777 and 61/995,636, namely, Deposit Nos: PTA-121339, PTA-121340,

PTA-121341, PTA-121342, PTA-121343, deposited on June 10, 2014, with the American Type

Culture Collection on American Type Culture Collection (ATCC), 10801 University Boulevard,

Manassas, A 201 0 USA, under and pursuant to the terms of the Budapest Treaty. Upon

issuance of a patent, ail restrictions upon the Deposit(s) will be irrevocably removed, and the

Deposit(s) is / are intended to meet the requirements of 37 CFR §§ 1.801-1 .809. The Deposit! s)



will be maintained in the depository for a period of 30 years, or 5 years after the last request, or

for the effective, enforceable life of the patent, whichever is longer, and will be replaced if

necessary during that period; and the requirements of 37 CFR §§ 1.801-1 .809 are are met. The

herein term "GeC O library" can mean the information in the foregoing US provisional and

PCX patent applications, or the disclosure of the CDs filed with US provisional patent

applications 61/960,777 and 61/995 636, or any one or more of ATCC Deposit Nos: PTA-

121339, PTA-121340, PTA-121341 , PTA-121342 and PTA-l 21343.

FIELD OF THE INVENTION

[0004] The present invention generally relates to compositions, methods, applications and

screens used in functional genomics that focus on gene function in a cell and that may use vector

systems and other aspects related to Clustered Regularly Interspaced Short Palindromic Repeats

(CRISPR)- Cas systems and components thereof.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

[0005] This invention was made with government support under the US National Institutes

of Health Grant CA1 03866 and the National Human Genome Research Institute Grant

2U54HG003067-10.

BACKGROUND OF THE INVENTION

[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. Functional genomics is a field of molecular biology

that may be considered to utilize the vast wealth of data produced by genomic projects (such as

genome sequencing projects) to describe gene (and protein) functions and interactions. Contrary

to classical genomics, functional genomics focuses on the dynamic aspects such as gene

transcription, translation, and protein-protein interactions, as opposed to the static aspects of the

genomic information such as DNA sequence or structures, though these static aspects are very

important and supplement one's understanding of cellular and molecular mechanisms.

Functional genomics attempts to answer questions about the function of DNA at the levels of

genes, RNA transcripts, and protein products. A key characteristic of functional genomics

studies is a genome-wide approach to these questions, generally involving high -throughput

methods rather than a more traditional "gene-by-gene" approach. Given the vast inventory of



genes and genetic information it is advantageous to use genetic screens to provide information of

what these genes do, what cellular pathways they are involved in and how any alteration in gene

expression can result in particular biological process. Functional genomic screens attempt to

characterize gene function in the context of living cells and hence are likely to generate

biologically significant data. There are three key elements for a functional genomics screen: a

good reagent to perturb the gene, a good tissue culture model and a good readout of cell state.

[0007] A reagent that has been used for perturbing genes in a number of functional genomics

screens is RNA interference (RNAi). One can perform loss-of-function genetic screens and

facilitate the identification of components of cellular signaling pathways utilizing RNAi. Gene

silencing by RNAi in mammalian cells using small interfering RNAs (siRNAs) and short hairpin

RNAs (shRNAs) has become a valuable genetic tool. Development of efficient and robust

approaches to perform genome scale shRNA screens have been described in Luo B et a .,

"Highly parallel identification of essential genes in cancer cells" Proc Natl Acad Sci U S A 2008

Dee 23;1 05(51):20380-5; Paddison PJ et al., "A resource for large-scale RNA-interference-based

screens in mammals" Nature. 2004 Mar 25:428(698 1):427-31; Bems et al. "A large-scale

RNAi screen in human cells identifies new components of the p53 pathway" Nature. 2004 Mar

25;428(6981):431-7, the contents of all of which are incorporated by reference herein in their

entirety.

[0008] However there are aspects of using shRNAs for functional genomic screens that are

not advantageous. For example, there may be off-target effects for the shRNAs that limit spatial

control. It is also important to note that using RNAi or other current technologies in functional

genomics screens as mentioned herein results i a gene knockdown and not a gene knockout.

Another minor factor that may be considered is the need for the continued expression of shRNA.

Hence, there remains a need for new genome engineering technologies that are affordable, easy

to set up, scalable, and amenable to knockout genes for de novo loss of function and afford

spatial and temporal control with minimal off-target activity in a eukaryotic genome.

SUMMARY OF THE INVENTION

[0009] There exists a pressing need for alternative and robust systems and techniques for

sequence targeting in functional genomic screens and other applications thereof. 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 (as in the case of technologies involving zinc finger proteins,

meganucleases or transcription activator like effectors (TALEs)) 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. This enables parallel targeting of thousands of genomic loci using oligo

library synthesis. Adding the CRISPR-Cas system to the repertoire of functional genomics tools

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. The CRISPR-Cas system can be used effectively for gene targeting and knockout

without deleterious effects in functional genomic screens and other applications thereof.

[0010] In one aspect, the invention provides a genome wide library comprising a plurality of

unique CRISPR-Cas system guide sequences that are capable of targeting a plurality of target

sequences in genomic loci, wherein said targeting results in a knockout of gene function.

[0011] n one aspect, the invention provides a non-transitory computer program product

comprising one or more stored sequences of instructions that is accessible to a processor and

which, when executed by the processor, causes the processor to carry out a machine learning

algorithm (support vector machine - SVM) that predicts the efficacy of a sgRNA based solely on

the primary sequence of the sgRNA. It also relates to a (non-transitory) computer readable

medium carrying out said sequence of instructions.

[0012] In another aspect, the invention provides for a method of knocking out in parallel

every gene in the genome, the method comprising contacting a population of ceils with a

composition comprising a vector system comprising one or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRN.A)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (h ) are located on same or different vectors of the system,

wherein each cell is traiisfected with a single packaged vector.



selecting for successfully transfected cells,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence an the guide

sequence directs sequence-specific binding of a CR1SPR complex to a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

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,

wherein the guide sequence is selected from the library of the invention,

wherein the guide RNAs target the genomic loci of the DN A molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product and whereby each cell in the population of cells has a uni e gene knocked out in

parallel . In preferred embodiments, the cell is a eukaryotic cell . In further embodiments

the vector is a lentivirus, a adenovirus or a AAV and/or the first regulatory element is a U6

promoter and/or the second regulatory element is an EFS promoter, and/or the vector system

comprises one vector and/or the CRISPR enzyme is Cas9.

[0013] The invention also encompasses methods of selecting individual cell knock outs that

survive under a selective pressure, the method comprising

contacting a population of cells with a composition comprising a vector system comprising one

or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,

wherein each cell is transfected with a single packaged vector,

selecting for successfully transfected cells,



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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

wherein the CR SPR complex comprises a CRISPR enzyme eomplexed 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 guide sequence is selected from the library of the invention,

wherein the guide RNAs target the genomic loci of the DNA molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying the selective pressure,

and selecting the cells that survive under the selective pressure.

In preferred embodiments, the selective pressure is application of a drug, FACS sorting of ceil

markers or aging and/or the vector is a ientivirus, a adenovirus or a AAV and/or the first

regulatory element is a U6 promoter and/or the second regulatory element is an EFS promoter,

and/or the vector system comprises one vector and/or the CRISPR enzyme is Cas9.

[0014] In other aspects, the invention encompasses methods of identifying the genetic basis

of one or more medical symptoms exhibited by a subject, the method comprising

obtaining a biological sample from the subject and isolating a population of cells having a first

phenotype from the biological sample;

contacting the cells having the first phenotype with a composition comprising a vector system

comprising one or more packaged vectors comprising

a) a first regulator}' element operabiy linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operabiy linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,



wherein each cell is transfected with a single packaged vector,

selecting for successfully transfected cells,

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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

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,

wherein the guide sequence is selected from the library of the invention,

wherein the guide RNAs target the genomic loci of the DNA molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying the selective pressure,

selecting the cells that survive under the selective pressure,

determining the genomic loci of the DNA molecule that interacts with the first phenotvpe and

identifying the genetic basis of the one or more medical symptoms exhibited by the subject.

In preferred embodiments, the selective pressure is application of a drug, FACS sorting of cel

markers or aging and/or the vector is a lentivirus, a adenovirus or a AAV and/or the first

regulatory element is a U6 promoter and/or the second regulatory element is an EFS promoter,

and/or the vector system comprises one vector and/or the CR ISPR enzyme is Cas9

[ Θ15] The invention a so comprehends kit comprising the library of the invention. In certain

aspects, wherein the kit comprises a single container comprising vectors comprising the library

of the invention. In other aspects, the kit comprises a single container comprising plasmids

comprising the library of the invention. The invention also comprehends kits comprising a panel

comprising a selection of unique CRISPR-Cas system guide sequences from the library of the

invention, wherein the selection is indicative of a particular physiological condition. In preferred

embodiments, the targeting is of about 0 or more sequences, about 1000 or more sequences or

about 20,000 or more sequences or the entire genome i n other embodiments a panel of target

sequences is focused on a relevant or desirable pathway, such as an immune pathway or cell

division.



[0016] In one aspect, the invention provides a genome wide library comprising a plurality of

unique CRISPR-Cas system guide sequences that are capable of targeting a plurality of target

sequences in genomic loci of a plurality of genes, wherein said targeting results in a knockout of

gene function. In preferred embodiments of the invention the unique CR ISPR-Cas system guide

sequences are selected by an algorithm that predicts the efficacy of the guide sequences based on

the primary nucleotide sequence of the guide sequence and/or by a heuristic that ranks the guide

sequences based on off target scores. An a lgorithm of the invention may be represented as in Fig.

9B. In certam embodiments of the invention the guide sequences are capable of targeting a

plurality of target sequences in genomic loci of a plurality of genes selected from the entire

genome in embodiments, the genes may represent a subset of the entire genome; for example,

genes relating to a particular pathway (for example, an enzymatic pathway) or a particular

disease or group of diseases or disorders may be selected. One or more of the genes may include

a plurality of target sequences; that is, one gene may be targeted by a plurality of guide

sequences. In certain embodiments, a knockout of gene function is not essential, and for certain

applications, the invention may be practiced where said targeting results only in a knockdown of

gene function. However, this is not preferred.

in other embodiments, the genomic library comprises guide sequences having a %GC nucleotide

content between 20-80%, more preferably between 30-70%. In a further embodiment, the guide

sequences target constitutive exons downstream of a start codon of the gene. In an advantageous

embodiment, the guide sequences target either a first or a second exon of the gene. In yet another

embodiment, the guide sequences target a non-transcribed strand of the genomic loci of the gene.

The genomic libraries of the invention comprehend the guide sequence being 20 nucleotides long

and likelihood of nucleotide T being at nucleotide position 17, 18, 1 or 20 being less than 20%.

In additional embodiments, the guide sequences with the lowest off target scores are highly

ranked and are selected. Furthennore in preferred embodiments, the guide sequences do not have

off target scores greater than 400.

[00 ] I another aspect, the invention provides for a method of knocking out in parallel

every gene in the genome, the method comprising contacting a population of cells with a

composition comprising a vector system comprising one or more packaged vectors comprising

a) a first regulator}' element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,



wherein the polynucleotide sequence comprises

(a) a guide sequence capabl e of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,

wherein each cell is transduced with a single packaged vector,

selecting for successfully transduced cells,

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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

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,

wherein the guide sequence is selected from the library of the invention,

wherein the guide sequence targets the genomi c loci of the DNA molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product and whereby each cell in the population of cells has a unique gene knocked out in

parallel. In preferred embodiments, the cell is a eukaryotic cell. The eukaryotic cell may be a

plant or animal cell; for example, algae or microalgae; vertebrate, preferably mammalian,

including murine, ungulate, primate, human; insect. In further embodiments the vector is a

lentivirus, an adenovirus or an AAV and/or the first regulator}' element is a U6 promoter and/or

the second regulator}' element is an EPS promoter or a doxycycline inducible promoter, and/or

the vector system comprises one vector and/or the CRISPR enzyme is Cas9. In aspects of the

invention the cell is a eukaryotic cell, preferably a human cell. In a further embodiment the cell

is transduced with a multiplicity of infection (MOT) of 0.3-0.75, preferably, the MOI has a value

close to 0.4, more preferably the MOI is 0.3 or 0.4.

[0018] The invention also encompasses methods of selecting individual cell knock outs that

survive under a selective pressure, the method comprising

contacting a population of cells with a composition comprising a vector system comprising one

or more packaged vectors comprising



a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,

wherein each cell is transduced with a single packaged vector,

selecting for successfully transduced cells,

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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

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,

wherein the guide sequence is selected from the library of the invention,

wherein the guide sequence targets the genomic loci of the DNA molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying the selective pressure,

and selecting the cells that survive under the selective pressure.

In preferred embodiments, the selective pressure is application of a drug, FACS sorting of cell

markers or aging and/or the vector is a en virus, a adenovirus or a AAV and/or the first

regulatory element is a U6 promoter and/or the second regulatory element is an EFS promoter or

a doxycycline inducible promoter, and/or the vector system comprises one vector and/or the

CRISPR enzyme is Cas9. in a further embodiment the cell is transduced with a multiplicity of

infection (MOI) of 0.3-0.75, preferably, the MOI has a value close to 0.4, more preferably the

MOI is 0.3 or 0 4. In aspects of the invention the ceil is a eukaryotic cell. The eukaryotic cell

may be a plant or animal cell; for example, algae or microalgae; vertebrate, preferably



mammalian, including murine, ungulate, primate, human; insect. Preferably the ceil is a human

cell. In preferred embodiments of the invention, the method further comprises extracting DNA

and determining the depletion or enrichment of the guide sequences by deep sequencing.

[0019] In other aspects, the invention encompasses methods of identifying the genetic basis

of one or more medical symptoms exhibited by a subject, the method comprising

obtaining a biological sample from the subject and isolating a population of ce ls having a first

phenotype from the biological sample;

contacting the cells having the first phenotype with a composition comprising a vector system

comprising one or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,

wherein each cel is transduced with a single packaged vector,

selecting for successfully transduced cells,

wherein when transcribed, the tracr mate sequence hybridizes to the tracr sequence an the guide

sequence directs sequence-specific binding of a CRI SPR complex to a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

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,

wherein the guide sequence is selected from the library of the mvention,

wherein the guide sequence targets the genomic loci of the DNA molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic oci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying a selective pressure,



selecting the cells that survive under the selective pressure,

determining the genomic loci of the DNA molecule that interacts with the first phenotype and

identifying the genetic basis of the one or more medical symptoms exhibited by the subject.

In preferred embodiments, the selective pressure is application of a drug, FACS sorting of cell

markers or aging and/or the vector is a lent virus, an adenovirus or an AAV and/or the first

regulatory element is a U6 promoter and/or the second regulatory element is an EFS promoter or

a doxycycline inducible promoter, and/or the vector system comprises one vector and/or the

CRISPR enzyme is Cas9. In a further embodiment the cell is transduced with a multiplicity of

infection (MOI) of 0.3-0.75, preferably, the MOI has a value close to 0.4, more preferably the

MO is 0.3 or 0.4. in aspects of the invention the cell is a eukaryotie cell, preferably a human

cell.

[0020] The invention also comprehends kits comprising the libraries of the invention. In

certain aspects, the kit comprises a single container comprising vectors comprising the library of

the invention. In other aspects, the kit comprises a single container comprising plasmids

comprising the library of the invention. The invention also comprehends kits comprising a panel

comprising a selection of unique CRISPR-Cas system guide sequences from the library of the

invention, wherein the selection is indicative of a particular physiological condition in preferred

embodiments, the targeting is of about 00 or more sequences, about 1000 or more sequences or

about 20,000 or more sequences or the entire genome. In other embodiments a panel of target

sequences is focused on a relevant or desirable pathway, such as an immune pathway or cell

division.

[ Θ21] The invention also provides a method for designing a genome-scale sgRNA library,

the method comprising

identifying early constitutive exons for all coding genes,

selecting sgRNAs to target these early constitutive exons by choosing sgRNAs that were

predicted to have minimal off-target activity,

for each candidate exon, listing all possible S . pyogenes Cas9 sgRNA sequences of the form

(N)20NGG as candidate targets,

mapping each 20mer candidate sgRNA to a precompiled index containing all 20mer sequences

in the human genome followed by either NGG or NAG,



ranking sgRNAs for each exon based on the characterized sequence specificity of Cas9 nuclease

by using the following heuristic:

discarding sgRNAs with other targets in the genome that match exactly or differ by only

1 base,

calculating for the remaining sgRNAs the following off target score:

sum nun location = sum of the mismatch locations from 3' to 5' The PAM (NGG) proximal

base is 1 and the PAM distal base is 20.

D(mm) distance in bp between mismatch locations.

ίηιαχ)

[0022] In an aspect, the invention provides a non-human eukaryotie organism; preferably a

multicellular eukaryotie organism, comprising a eukaryotie host cell according to any of the

described embodiments in which a candidate gene is knocked down or knocked out. Preferably

the gene is knocked out. In other aspects, the invention provides a eukaryotie organism;

preferably a multicellular eukaryotie organism, comprising a eukaryotie host cell which has been

altered 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 a so may be a plant. Further, the organism may be a

fungus. In some embodiments, the invention provides a set of non-human eukaryotie organisms,

each of which comprises a eukaryotie host cell according to any of the described embodiments in

which a candidate gene is knocked down or knocked out. In preferred embodiments the set

comprises a plurality of organisms, in each of which a different gene is knocked down or

knocked out.

[0023] n some embodiments, the CRISPR enzyme comprises one or more nuclear

localization sequences of sufficient strength to drive accumulation of said CRISPR enzyme in a

detectable amount in the nucleus of a eukaryotie 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 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 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 II promoter. In some embodiments, the guide sequence is at

least 5, 16, 17, 8, 19, 20, 25 nucleotides, or between 10-30, or between 15-25, or between 15-

20 nucleotides in length. In an advantageous embodiment the guide sequence is 20 nucleotides in

length.

[0024] 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.

[0025] Aspects of the invention relate to rules for making potent sgRNAs. The invention

comprehends machine learning algorithms (a support vector machine —SVM) that predicts the

efficacy of a sgRNA based solely on the primary sequence of the sgRNA. This algorithm may be

trained using data from ribosomal targeting sgRNAs or from any other exhaustive experimental

data set. The trained algorithm may be used to predict the efficacy of an independent set of

sgRN A targeting other essential genes (obtained from screening data). The results indicated that

the median sgRNA predicted to be "potent" versus the median sgRNA predicted to be "weak" is

roughly 3X more effective. In preferred embodiments of the invention, in the last 4 positions of

the guide sequence the nucleotide composition is preferably more Gs/Cs an less Ts.

[0026] As mentioned previously, a critical aspect of the invention is gene knock-out and not

knock-down (which can be done with genome-wide siRNA or shRNA libraries). Applicants have

provided the first demonstration of genome-wide knockouts that are barcoded and can be easily

readout with next generation sequencing. Every single gene (or a subset of desired genes, for

example, those relating to a particular enzymatic pathway or the like) may be knocked OUT in

parallel. This allows quantification of how well each gene K confers a survival advantage with

the selective pressure of the screen. In a preferred embodiment, the invention has advantageous

pharmaceutical application, e.g., the invention may be harnessed to test how robust any new drug

designed to kil cells (eg. chemotlierapeutic) is to mutations that KO genes. Cancers mutate at an

exceedingly fast pace and the libraries and methods of the invention may be used in functional

genomic screens to predict the ability of a chemotherapy to be robust to "escape mutations".



(Refer to PLX data in BRAF V600E mutant A375 ceils in Example 9 . Other mutations (eg. NFl,

NF2, MED 12) allow escape from the killing action of PLX.)

[0027] 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. § 112, 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.

[0028] It is noted that in this disclosure and particularly in the claims and/or paragraphs,

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

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

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

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

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

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

by, the following Detailed Description.

BRIEF DESCRIPTION OF THE DRAWINGS

[ Θ29] 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:

[0030] Figures 1A-G show A pooled approach for genetic screening in mammalian cells

using a lentivirai CRISPR/Cas9 system (A) Outline of sgRNA library construction and genetic

screening strategy (B) Immunoblot analysis of wild-type KBM7 cells and KBM7 cells

transduced with a doxycycline inducible FLAG-Cas9 construct upon doxycycline induction.

S6 1 was used as a loading control. (C) Sufficiency of single copy sgRNAs to induce genomic

cleavage. Cas9-expressing B ceils were transduced with AAVS -targeting sgR A



ent virus at low MOI. The SURVEYOR mutation detection assay was performed on cells at the

indicated days post-infection (dpi). Briefly, mutations resulting from cleavage of the AAVS1

locus were detected through PGR amplification of a 500-bp amplicon flanking the target

sequence, re-annealing of the PCR product and selective digestion of mismatched heteroduplex

fragments. (D) Characterization of mutations induced by CRISPR/Cas9 as analyzed by high-

throughput sequencing. (E) sgRNA library design pipeline. (F) Example of sgRNAs designed for

PSMA4. sgRNAs targeting constitutive exonic coding sequences nearest to the start codon were

chosen for construction. (G) Composition of genome-scale sgRNA library.

[0031 Figures 2A-G show Resistance screens using CRISPR/Cas9. (A) Raw abundance

(%) of sgRNA barcodes after 12 days of selection with 6-thioguanine (6-TG). (B) Mismatch

repair (MMR) deficiency confers resistance to 6-TG. Diagram depicts cellular DNA repair

processes. Only sgRNAs targeting components of the DNA MMR pathway were enriched.

Diagram modified and adapted from. (C) Primary etoposide screening data. The count for a

sgRNA is defined as the number of reads that perfectly match the sgRNA target sequence. (D)

sgRNAs from both screens were ranked by their differential abundance between the treated

versus untreated populations. For clarity, sgRNAs with no change in abundance are omitted. (E)

Gene hit identification by comparing differential abundances of all sgRNAs targeting a gene to

differential abundances of non-targeting sgRNAs in a one-sided Kolmogorov-Smirnov test p-

vaiues are corrected for multiple hypothesis testing. (F) Immnnoblot analysis of WT and sgRNA-

modified HL60 cells 1 week after infection. S6 1 was used as a loading control. (G) Viability,

as measured by cellular ATP concentration, of WT and sgRNA-modified HL60 cel ls at indicated

etoposide concentrations. Error bars denote standard deviation (n=3).

[0032] Figures 3A-G shows Negative selection screens using CRJSPR/Cas9 reveal rales

governing sgRNA potency. (A) Selective depletion of sgRNAs targeting exons of BCR and

ABL1 present in the fusion protein. Individual sgRNAs are plotted according to their target

sequence position along each gene and the height of each bar indicates the level of depletion

observed. Boxes indicate individual exons. (B) Cas9-dependent depletion of sgRNAs targeting

ribosomal proteins. Cumulative distribution function plots of log2 fold changes in sgRNA

abundance before and after twelve cell doublings in Cas9-KBM7, Cas9-HL60 and WT-KBM7

cells. (C) Requirement of similar sets of ribosomal protein genes for proliferation in the IE. 0

and KBM7 cells. Gene scores are defined as the median log fold change of all sgRNAs targeting



a gene. (D) Depleted sgRNAs target genes involved in fundamental biological processes. Gene

Set Enrichment Analysis was performed on genes ranked by their combined depletion scores

from screens in HL60 and KBM7 cells. Vertical lines underneath the x-axis denote members of

the gene set analyzed. (E) Features influencing sgRNA efficacy. Depletion (log2 fold change) of

sgRNAs targeting ribosomal protein genes was used as an indicator of sgRNA potency.

Correlation between log fold changes and spacer %GC content (left), exo position targeted

(middle) and strand targeted (right) are depicted. (*p<G.05) (F) sgRNA target sequence

preferences for Cas9 loading and cleavage efficiency. Position-specific nucleotide preferences

for Cas9 loading are determined by counting sgRNAs bound to Cas9 normalized to the number

of corresponding genomic integrations. Heatmaps depict sequence-dependent variation in Cas9

loading (top) and ribosomal protein gene-targeting sgRNA depletion (bottom). The color scale

represents the median value (of Cas9 affinity or log2 fold-change) for all sgRNAs with the

specified nucleotide at the specified position. (G) sgRNA potency prediction. Ribosomal protein

gene-targeting sgRNAs were designated as 'weak' or 'potent' based their log2 fold change and

used to train a support-vector-machine (SVM) classifier. As an independent test, the SVM was

used to predict the potency of sgRNAs targeting 400 essential non-ribosomal genes. (*p<0.05)

[0033] Figures 4A-B show Off-target cleavage analysis. (A) AAA'S 1 and predicted

sgAAVSl off-target (OT) sites were individually amplified in a nested PCR fro genomic DNA

from sgAAVSl -modified and WT Cas9-KBM7 cells and analyzed by high-throughput

sequencing. (B) Barplot summary of the results.

[0034] Figures 5A-B show Deep sequencing analysis of initial and final sgRNA library

representation. (A) Cumulative distribution function plots of sgRNA barcodes 24 hours after

infection and after twelve cell doublings in Cas9-KBM7 and (B) Cas9-HL60 cells.

[0Θ35] Figures 6A-B show Negative selection screens reveal essential genes. (A) Ribosomal

protein gene essentiality correlates with expression. Ribosomal protein gene depletion scores

from the negative selection screen in Cas9-KBM7 cells are plotted against transcript abundance

as determined by RNA-seq analysis of the B 7 cell line. (B) Gene depletion scores of all

genes screened are well correlated between Cas9-KBM7 and Cas9-HL60 cells.

[0Θ36] Figure 7 shows High variability is observed between neighboring ribosomal protein

gene-targeting sgRNAs. Differences in log fold change of neighboring sgRNA pairs are similar



to differences in log fold change of random sgRNA pairs within the same gene indicating that

local chromatin state does not significantly impact sgRN A efficacy.

[0037] Figures 8 -D show z-score analysis of positive selection screens. (A) z-scores of all

sgRNAs targeting hit genes and non-targeting controls in the 6-TG screen. A sgRNA 'scores' if

z>2. (B) Perfect discrimination between true and false positives is achieved at this significance

threshold. (C) z-scores of all sgRNAs targeting hit genes and non-targeting controls in the

etoposide screens. A sgRNA 'scores' if z>2. (D) Perfect discrimination between true and false

positives is achieved at this significance threshold.

[0038] Figures -B show a scheme for predicting weak and potent sgRNAs (A) A

graphical representation of the density vs. Log fold change of ribosomal protein-targeting

sgRNAs. (B) Chart showing a representation of a machine learning algorithm (a support vector

machine (SVM) that predicts the efficacy of a sgRNA based solely on the primary sequence of

the sgRNA, wherein the algorithm is trained using data from ribosomal training sgRNAs.

[0039] Figure 10 is a graph showing classic depletion of sgRNAs targeting ribosomal

proteins.

[0040] Figure shows concordance on a gene-level with the previous data (when looking

at approximately 7,000 genes).

[0041] Figure 12 is a graph of true vs false positives using gene scores from the herein-

described improved optimized screening—that obtains improved and optimized sgRNA

library(ies)—as well data obtained in previous screens performed (Shalem, Wang) to predict the

essentiality of homologous genes in budding yeast where gene knockouts have been

systematically generated and assessed for viability.

[0042] The figures herein are for illustrative purposes only and are not necessarily drawn to

scale.

DETAILED DESCRIPTION OF THE INVENTION

[0043] With respect to general information on CRISPR-Cas Systems, components thereof

and delivery of such components, including methods, materials, delivery vehicles, vectors,

particles, AAV, and making and using thereof, including as to amounts and formulations, al

useful in the practice of the instant invention, reference is made to: US Patents Nos. 8,697,359,

8,771,945, 8,795,965, 8,865,406 and 8,871,445; US Patent Publications US 2014-0287938 A

(U.S. App. Ser. No. 14/213,991), S 2014-0273234 Al (U.S. App. Ser. No. 14/293,674),



US2014-0273232 A l (U.S. App. Ser. No. 14/290,575), US 2014-0273231 (U.S. App. Ser. No.

14/259,420), US 2014-0256046 A l (U.S. App. Ser. No. 14/226,274), US 2014-0248702 Al

(U.S. App. Ser. No. 14/258,458), US 2014-0242700 A l (U.S. App. Ser. No. 14/222,930), US

2014-0242699 A l (U.S. App. Ser. No. 14/1 83,512), US 2014-0242664 Al (U.S. App. Ser. No.

14/104,990), US 2014-0234972 A l (U.S. App. Ser. No. 14/183,471), US 2014-0227787 A l

(U.S. App. Ser. No. 14/256,912), US 2014-0189896 A l (U.S. App. Ser. No. 14/105,035), US

2014-0186958 (U.S. App. Ser. No. 14/105,01 7), US 2014-0186919 A l (U.S. App. Ser. No.

14/104,977), US 2014-0186843 A l (U.S. App. Ser. No. 14/104,900), US 2014-0179770 A l

(U.S. App. Ser. No. 14/104,837) and U S 2014-0179006 A l (U.S. App. Ser. No. 14/183,486);

PCT Patent Publications WO 2014/093661 (PCT/US20 13/074743), WO 2014/093694

(PCT/US20 13/074790), WO 2014/093595 (PCT/US20 3/0746 11), WO 2014/09371 8

(PCT/US20 13/074825), WO 2014/093709 (PCT/US20 13/0748 12), WO 2014/093622

(PCT/US20 13/074667), WO 2014/093635 (PCT/US20 13/074691), WO 2014/093655

(PCT/US201 3/074736), WO 2014/09371 2 (PCT/US201 3/074819), WO2014/093701

(PCT/US20 13/074800), and WO20 14/0 18423 (PCT/US2013/051418); US provisional patent

applications 61/961,980 and 61/963,643 each entitled FUNCTIONAL GENOMICS USING

CRISPR-CAS SYSTEMS, COMPOSITIONS, METHODS, SCREENS AND APPLICATIONS

THEREOF, filed October 28 and December 9, 2013 respectively; PCT/US20 14/04 1806, filed

June 10, 2014, US provisional patent applications 61/836,123, 61/960,777 and 61/995,636, filed

on June 17, 2013, September 25, 2013 and April 15, 2014, and PCT/US 13/74800, filed

December 12, 2013. : Reference is also made to US provisional patent applications 61/736,527,

61/748,427, 61/791,409 and 61/835,931, filed on December 2 , 2012, January 2, 2013, March

15, 2013 and June 17, 2013, respectively. Reference is also made to US provisional applications

61/757,972 and 61/768,959, filed on January 29, 2013 and February 25, 2013, respectively.

Reference is also made to US provisional patent applications 61/835,931, 61/835,936,

61/836,127, 61/836,101, 61/836,080 and 61/835,973, each filed June 17, 2013. Each of these

applications, and all documents cited therein or during their prosecution ("appln cited

documents") and ail documents cited or referenced in the appln cited documents, together with

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

mentioned therein or in any document therein and incorporated by reference herein, are hereby

incorporated herein by reference, and may be employed in the practice of the invention. All



documents (e.g., these applications and the ap n cited documents) are incorporated herein by

reference to the same extent as if each individual document was specifically and individually

indicated to be incorporated by reference. Citations for documents cited herein may also be

found in the foregoing herein-cited documents, as well as those hereinbelow cited.

[0044] Also with respect to genera! information on CRISPR-Cas Systems, mention is made

of:

Multiplex genome engineering using CRISPR/Cas systems. Cong, L., Ran, F.A., Cox, D ,

Lin, S., Barretto R. Habib, N., Hsu, P.D., Wu, X., Jiang, W., Marraffini, L.A., & Zhang,

F. Science Feb 15;339(6121):819-23 (2013);

> RNA-guided editing of bacterial genomes using CRISPR-Cas systems. Jiang W., Bikard

D., Cox D., Zhang F, Marraffini LA. Nat Biotechnol Mar;31(3):233-9 (2013);

> One-Step Generation of Mice Carrying Mutations in Multiple Genes by CRISPR/Cas-

Mediated Genome Engineering. Wang H., Yang H., Shivalila CS., Dawlaty MM, Cheng

AW., Zhang F., Jaenisch R. Cell May 9;153(4):910-8 (2013);

> Optical control of mammalian endogenous transcription and epigenetic states.

Konermann S, Brigham MD, Trevino AE, Hsu PD, Heidenreich M, Cong L, Piatt RJ,

Scott DA, Church GM, Zhang F. Nature. 2013 Aug 22;500(7463):472-6. doi:

10.1038/Naturel2466. Epub 2013 Aug 23;

> Double Niching by RNA-Guided CRISPR Cas for Enhanced Genome Editing Specificity.

Ran, FA., Hsu, PD., Lin, CY., Gootenberg, JS., Konermann, S., Trevino, AE., Scott, DA.,

Inoue, A., Matoba, S., Zhang, Y., & Zhang, F. Cell Aug 28. pii: 80092-8674(13)01015-5.

(2013/;

> DNA targeting specificity of RNA-guided Cas9 nucleases. Hsu, P., Scott, D., Weinstein,

J., Ran, FA., Konermann, S., Agarwala, V., Li, Y., Fine, E., Wu, X., Shalem, O., Cradick,

TJ., Marraffini, LA., Bao, G., & Zhang, F. Nat Biotechnol 2013 Sep;31(9):827-32. doi:

10.1038/nbt2647. Epub 2013 Jul 21;

Genome engineering using the CRISPR-Cas9 system. Ran, FA., Hsu, PD., Wright, J.,

Agarwala, V., Scott, DA., Zhang, F. Nature Protocols Nov;8(l 1):228 1-308. (2013);

> Genome-Scale CRISPR- Cas9 Knockout Screening in Human Cells. Shalem, O., Sanjana,

NE., Hartenian, E., Shi, X., Scott, DA., Mikkelson, T., Heckl, D., Ebert, BL., Root, DE.,

Doench, JG., Zhang, F. Science Dec 12 (2013). [Epub ahead of print];



Crystal structure of cas9 in complex with guide RNA and target DNA. Nishimasu, F ,

Ran, FA , Hsu, PD., Konermann, S., Shehata, S , Dohmae, , Ishitatii, R., Zhang, F.,

Nureki, O. Cell Feb 27. (2014). 156(5):935-49;

Genome-wide binding of the CRISPR endonuclease Cas9 in mammalian cells. Wu X.,

Scott DA., Kriz AJ., Chiu AC, Hsu PD., Dadon DB., Cheng AW., Trevino AE.,

Konermann S., Chen S., Jaenisch R., Zhang F., Sharp PA. Nat Biotechnol. (2014) Apr 20.

doi: 10.1038/nbt.2889,

> Development and Applications of CRISPR- Cas9for Genome Engineering Hsu et al, Cell

157, 1262-1278 (June 5, 2014) (Hsu 2014),

> Genetic screens in human cells using the CRISPR/Cas9 system, Wang et al., Science.

2014 January 3; 343(6166): 80-84. doi: 0 .1126/science. 1246981, and

> Rational design of highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation,

Doench et al., Nature Biotechnology published online 3 September 2014;

doi:10.1038/nbt.3026.

each of which is incorporated herein by reference, and discussed briefly below:

[0045] Cong et al. engineered type CRISPR/Cas systems for use in eukaryotic cells based

on both Streptococcus thermophilics Cas9 and also Streptoccocus pyogenes Cas9 and

demonstrated that Cas9 nucleases can be directed by short RNAs to induce precise cleavage of

DNA in human and mouse cells. Their study further showed that Cas9 as converted into a

nicking enzyme can be used to facilitate homology-directed repair in eukaryotic cells with

minimal mutagenic activity. Additionally, their study demonstrated that multiple guide

sequences can be encoded into a single CRISPR array to enable simultaneous editing of several

at endogenous genomic loci sites within the mammalian genome, demonstrating easy

programmability and wide applicability of the RNA-guided nuclease technology. This ability to

use RNA to program sequence specific DNA cleavage in cells defined a new class of genome

engineering tools. These studies further showed that other CRISPR loci are likely to be

transplantable into mammalian cells and ca also mediate mammalian genome cleavage.

Importantly, it can be envisaged that several aspects of the CRISPR/Cas system can be further

improved to increase its efficiency and versatility.

[0046] Jiang et al. used the clustered, regularly interspaced, short palindromic repeats

(CRISPR)-assoeiated Cas9 endonuclease complexed with dual-RNAs to introduce precise



mutations in the genomes of Streptococcus pneumoniae and Escherichia coli. The approach

relied on dua -R A:Cas9-directed cleavage at the targeted genomic site to kill unrnutated ce ls

and circumvents the need for selectable markers or counter-selection systems. The study reported

reprogramming dual-RNA:Cas9 specificity by changing the sequence of short CRISPR RNA

(crRNA) to make single- and muitinuc!eotide changes carried on editing templates. The study

showed that simultaneous use of two crRNAs enabled multiplex mutagenesis. Furthermore,

when the approach was used in combination with recombineering, in S . pneumoniae, nearly

100% of cells that were recovered using the described approach contained the desired mutation,

and in E. coli, 65% thai were recovered contained the mutation.

[0047] Konermann et ai. addressed the need in the art for versatile and robust technologies

that enable optical and chemical modulation of DNA-bindmg domains based CRISPR Cas9

enzyme and also Transcriptional Activator Like Effectors

[ Θ48] Cas9 nuclease from the microbial CRISPR-Cas system is targeted to specific genomic

loci by a 20 n guide sequence, which can tolerate certain mismatches to the DNA target and

thereby promote undesired off-target mutagenesis. To address this, Ran et ai. described an

approach that combined a Cas9 nickase mutant with paired guide RNAs to introduce targeted

double-strand breaks. Because individual nicks in the genome are repaired with high fidelity,

simultaneous nicking via appropriately offset guide RNAs is required for double-stranded breaks

and extends the number of specifically recognized bases for target cleavage. The authors

demonstrated that using paired nicking ca reduce off-target activity by 50- to 1,500-fold in cell

lines and to facilitate gene knockout in mouse zygotes without sacrificing on-target cleavage

efficiency. This versatile strategy enables a wide variety of genome editing applications that

require high specificity.

[0049] Hsu et a . characterized SpCas9 targeting specificity in human cells to inform the

selection of target sites and avoid off-target effects. The study evaluated >700 guide RNA

variants and SpCas9-induced indel mutation levels at >100 predicted genomic off-target loci in

293T and 293 FT cells. The authors reported that SpCas9 tolerates mismatches between guide

RNA and target DNA at different positions in a sequence-dependent manner, sensitive to the

number, position and distribution of mismatches. The authors further showed that SpCas9-

mediated cleavage is unaffected by D A methylation and that the dosage of SpCas9 and sgRNA

can be titrated to minimize off-target modification. Additionally, to facilitate mammalian



genome engineering applications, the authors reported providing a web-based software tool to

guide the selection and validation of target sequences as well as off-target analyses.

[0050] Ran et al. described a set of tools for Cas9-mediated genome editing via non

homologous end joining (NHEJ) or homology-directed repair (HDR) in mammalian cells, as

well as generation of modified cell lines for downstream functional studies. To minimize off-

target cleavage, the authors further described a double-nicking strategy using the Cas9 nickase

mutant with paired guide R As The protocol provided by the authors experimentally derived

guidelines for the selection of target sites, evaluation of cleavage efficiency and analysis of off-

target activity. The studies showed that beginning with target design, gene modifications can be

achieved within as little as 1- 2 weeks, and modified clonal cell lines can be derived within 2-3

weeks.

[0051] Shalem et al. described a new way to interrogate gene function on a genome -wide

scale. Their studies showed that deliver}' of a genome-scale CRISPR-Cas9 knockout (GeCKO)

librar targeted 8,080 genes with 64,751 unique guide sequences enabled both negative and

positive selection screening i human cells. First, the authors showed use of the GeCKO library

to identify genes essential for cell viability in cancer and pluripotent stem cells. Next, in a

melanoma model, the authors screened for genes whose loss is involved in resistance to

vemurafenib, a therapeutic that inhibits mutant protein kinase BRAF. Their studies showed that

the highest-ranking candidates included previously validated genes NF1 and MED 12 as well as

novel hits NF2, CUL3, TADA2B, and TADAl. The authors observed a high level of consistency

between independent guide RNAs targeting the same gene and a high rate of hit confirmation,

and thus demonstrated the promise of genome-scale screening with Cas9.

[0052] Nishimasu et al. reported the crystal structure of Streptococcus pyogenes Cas9 in

complex with sgRNA and its target DNA at 2.5 A° resolution. The structure revealed a bilobed

architecture composed of target recognition and nuclease lobes, accommodating the

sgRNA:DNA heteroduplex in a positively charged groove at their interface. Whereas the

recognition lobe is essential for binding sgRNA and DN A , the nuclease lobe contains the NH

and RuvC nuclease domains, which are properly positioned for cleavage of the complementary

and non-complementary strands of the target DNA, respectively. The nuclease obe a so contains

a carboxyl-terminal domain responsible for the interaction with the protospacer adjacent motif

(PAM). This high-resolution structure and accompanying functional analyses have revealed the



molecular mechanism of RNiA-guided DNA targeting by Cas9, thus paving the way for the

rational design of new, versatile genome-editing technologies.

[0053] W et al. mapped genome-wide binding sites of a catalytically inactive Cas9 (dCas9)

from Streptococcus pyogenes loaded with single guide RNAs (sgRNAs) in mouse embryonic

stem cells (mESCs). The authors showed that each of the four sgRNAs tested targets dCas9 to

between tens and thousands of genomic sites, frequently characterized by a 5-nucleotide seed

region in the sgRNA and an NGG protospacer adjacent motif (PAM). Chromatin inaccessibility

decreases dCas9 binding to other sites with matching seed sequences; thus 70% of off-target sites

are associated with genes. The authors showed that targeted sequencing of 295 dCas9 binding

sites in mESCs transfected with catalytically active Cas9 identified only one site mutated above

background levels. The authors proposed a two-state mode for Cas9 binding and cleavage, in

which a seed match triggers binding but extensive pairing with target DNA is required for

cleavage.

[0054] Hsu 2014 is a review article that discusses generally C ISP -Cas9 history from

yogurt to genome editing, including genetic screening of cells, that is in the information, data and

findings of the applications in the lineage of this specification filed prior to June 5, 20 4. The

general teachings of Hsu 2 4 do not involve the specific models, animals of the instant

specification.

[0055] Mention is also made of Tsai et al, "Dimeric CRISPR RNA-guided Fokl nucleases

for highly specific genome editing," Nature Biotechnology 32(6): 569-77 (2014), incorporated

herein by reference.

[ Θ56] With regard to US and PCT patent applications herein cited, and the practice of the

instant invention, especially as to GeC O libraries, the herein mentioned CDs (as filed in

connection with US applications 61/960,777 and 61/995,636) can be accessed and also the

GeCKO library(ies) as have been deposited with the ATCC can be accessed. The GeCKO

library(ies) have been deposited as plasmid library(ies) as follows:

(A) GeCKO 1 - library of sgRNA plasmids each encoding selected guide sequences and

cloned into vector (lentiCRISPRv2) - ATCC Deposit No. PTA-121339;

(B) GeCK02 - half library A (human) sgRNA plasmids each encoding selected guide

sequences and cloned into vector - ATCC Deposit No. PTA-121340;



(C) GeCK02 - half library B (human) of sgRNA plasmids each encoding selected guide

sequences and cloned into vector - ATCC Deposit No. PTA-12 134 1;

(D) GeCK02 - half library A (mouse) sgRNA plasmids each encoding selected guide

sequences and cloned into vector - ATCC Deposit No. PTA-12 342; and

(E) GeC 0 2 - half librar A (mouse) sgRNA plasmids each encoding selected guide

sequences and cloned into vector - ATCC Deposit No. PTA-12 1343;

wherein "GeCKO" stands for Genome-scale CRJSPR-Cas9 Knock Out". The various GeCKO

libraries have been generated for targeting either human or mouse genomes and consist of a one

vector system or a two vector system for delivery of short 20bp sequences of the sgRNA with or

without Cas9. The GeCKO 1 library consists of specific sgRN A sequences for gene knock-out in

either the human or mouse genome. The GeCK02 libraries consist of specific sgRN A sequences

for gene knock-out in either the human or mouse genome, wherein each species-specific library

is delivered as two half-libraries (A and B) When used together, the A and B libraries contain 6

sgRNAs per gene (3 sgRNAs in each library) and may contain 4 sgRNAs per microRNA

("miRNA") for over 1000 miRNA per genome (1864 in human, 75 in mouse). Any one or

more GeCKO library may be used in any one of the methods or in any one of the kits of the

present invention. The GeCKO libraries, and specifically each of (A) to (E), above, were

deposited with the American Type Culture Collection (ATCC) on June 10, 2014, an are further

exemplified in ATCC Deposit Nos: PTA-121339, PTA-12 1340, PTA- 121341, PTA-12 1342,

PTA-12 1343, deposited on June 10, 2014, as provided herein and in the compact discs (CDs)

created April 11, 20 14 , as filed in connection with US applications 61/960,777 and 61/995,636,

including as the information set forth in those U S applications and the compact discs (CDs) filed

therewith is presented herein via the ATCC Deposits

[ Θ57] The terms "polynucleotide", "nucleotide", "nucleotide sequence", "nucleic acid" and

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

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

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

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

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

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

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



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

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

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

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

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

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

labeling component.

[ Θ58] As used herein the term "candidate gene" refers to a cellular, viral, episoma

microbial, protozoal, fungal, animal, plant, chloroplastic, or mitochondrial gene. This terra also

refers to a microbial or viral gene that is part of a naturally occurring microbial or viral genome

in a rnicrobially or virally infected cell. The microbial or viral genome can be extrachromosomal

or integrated into the host chromosome. This term also encompasses endogenous and exogenous

genes as well as cellular genes that are identified as ESTs. Often, the candidate genes of the

invention are those for which the biological function is unknown. An assay of choice is used to

determine whether or not the gene is associated with a selected phenotype upon regulation of

candidate gene expression with systems of the invention f the biological function is known,

typically the candidate gene acts as a control gene, or is used to determine if one or more

additional genes are associated with the same phenotype, or is used to determine if the gene

participates with other genes in a particular phenotype.

[0059] A "selected phenotype" refers to any phenotype, e.g., any observable characteristic or

functional effect that can be measured in an assay such as changes in cell growth, proliferation,

morphology, enzyme function, signal transduction expression patterns, downstream expression

patterns, reporter gene activation, hormone release, growth factor release, neurotransmitter

release, iigand binding, apoptosis and product formation. Such assays include, e.g.,

transformation assays, e.g., changes in proliferation, anchorage dependence, growth factor

dependence, foci formation, growth in soft agar, tumor proliferation in nude mice, and tumor

vascularization in nude mice; apoptosis assays, e.g., DNA laddering and cell death, expression of

genes involved in apoptosis; signal transduction assays, e.g., changes in intracellular calcium,

cAMP, cGMP, IP3, changes in hormone and neurotransmittor release; receptor assays, e.g.,

estrogen receptor and cell growth; growth factor assays, e.g., EPO, hypoxia and erythrocyte

colony forming units assays; enzyme product assays, e.g., FAD-2 induced oil desaturation;



transcription assays, e.g., reporter gene assays; and protein production assays, e.g., VEGF

ELISAs. A candidate gene is "associated with" a selected phenotype if modulation of gene

expression of the candidate gene causes a change in the selected phenotype

[0060] In aspects of the invention the terms "chimeric RN.A", "chimeric guide RNA", "guide

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

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

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

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

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

repeat(s)".

[0061] As used herein the term "wild type" is a term of the art understood by skill e 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.

[0062] 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.

[0063] The terms "non-naturally occurring" or "engineered" are used interchangeably and

indicate the involvement of the hand of man. The terms, when referring to nucleic acid

molecules or polypeptides mean that the nucleic acid molecule or the polypeptide is at least

substantially free from at least one other component with which they are naturally associated in

nature and as found in nature.

[0064] "Complementarity" refers to the ability of a nucleic acid to form hydrogen bond(s)

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

traditional types. A percent complementarity 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, 10 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

stringent conditions.

[0065] As used herein, "stringent conditions" for hybridization refers to conditions under

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

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

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

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

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

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

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

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

[0066] "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

"complement" of the given sequence.

[0067] As used herein, "expression" refers to the process by which a polynucleotide is

transcribed from a DNA template (such as into and mRNA 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 cell.

[0068] 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 acid polymer that has been modified; for example, disulfide bond

formation, glycosyiation, iipidation, 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 L optical

isomers, and amino acid analogs and peptidomimetics.

[0069] 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.

[0070] 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.

[0Θ71] 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 been manifested.

[0072] The term "effective amount" or "therapeutically effective amount" refers to the

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

effective amount may vary depending upon one or more of: the subject and disease condition

being treated, the weight and age of the subject, the severity of the disease condition, the manner

of administration and the like, which can readily be determined by one of ordinary skill in the

art. The term also applies to a dose that will provide an image for detection by any one of the

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

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



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

physical delivery system in which it is carried

[0073] 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 ENZYMOLOGY (Academic Press, Inc.):

PGR 2 : A PRACTICAL APPROACH (Mi MacPherson, B.D. Harnes and G.R Taylor eds.

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

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

[0074] 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 ceils such as Escherichia coli, insect ceils

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

discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN

ENZYMOLOGY 185, Academic Press, San Diego, Calif. (1990), the contents of which are

incorporated herein by reference. Alternatively, the recombinant expression vector can be

transcribed an translated in vitro, for example the e t viral vectors encompassed in aspects of

the invention may comprise a U6 RNA po III promoter.

[0075] 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

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

retrovirases, replication defective retroviruses, adenoviruses, replication defective adenoviruses,



and adeno-associated viruses). Viral vectors also include polynucleotides earned by a virus for

transfection into a host ceil. Certain vectors are capable of autonomous replication in a host cel l

into which they are introduced (e.g. bacterial vectors having a bacterial origin of replication and

episomal mammalian vectors). Other vectors (e.g., non-episomal mammalian vectors) are

integrated into the genome of a host cell upon introduction into the host cell, and thereby are

replicated along with the host genome. Moreover, certain vectors are capable of directing the

expression of genes to which they are operativeiy-linked. Such vectors are referred to herein as

"expression vectors." Common expression vectors of utility in recombinant DNA techniques are

often in the form of plasraids.

[0076] Recombinant expression vectors can comprise a nucleic acid of the invention in a

form suitable for expression of the nucleic acid in a host cell, which means that the recombinant

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

of the host cells to be used for expression, that is 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 element(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 cell).

[0077] The term "regulatory element" is intended to include promoters, enhancers, internal

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

termination signals, such as polyadenylation signals and poly-U sequences). Such 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 regulatory sequences). A tissue-specific promoter may direct expression

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

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

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

developmental stage-dependent manner, which may or may not also be tissue or 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 I promoters), or

combinations thereof. Examples of po 11 promoters include, but are not limited to, U6 and H

promoters. Examples of pol II promoters include, but are not limited to, the retroviral Rous

sarcoma virus (RSV) LTR promoter (optionally with the RSV enhancer), the cytomegalovirus

(CMV) promoter (optionally with the CMV enhancer) [see, e.g., Boshart et al, Cell, 41:521-530

(1985)] the SV4G promoter, the dihydro folate reductase promoter, the β-actin promoter the

phosphoglycerol kinase (PGK) promoter, and the EF promoter. Also encompassed by the

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

segment in LTR of HTLV-I (Mol. Ceil. Biol, Vo . 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 wi l 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 ceil to be transformed, the

level of expression desired, etc. A vector can be introduced into host ceils 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.).

[0078] Advantageous vectors include lentiviruses, adenoviruses and adeno-associated

viruses, an types of such vectors can also be selected for targeting particular types of cells. In

aspects on the invention the vectors may include but are not limited to packaged vectors. n other

aspects of the invention a population of cells or host ce ls may be transduced with a vector with a

low multiplicity of infection (MOI) As used herein the MOI is the ratio of infectious agents (e.g.

phage or virus) to infection targets (e.g. cell). For example, when referring to a group of cells

inoculated with infectious virus particies, the multiplicity of infection or MOI is the ratio of the

number of infectious virus particles to the number of target cells present in a defined space (e.g.

a well in a plate). In embodiments of the invention the ce ls are transduced with an MOI of 0.3-

0.75 or 0.3-0.5; in preferred embodiments, the MOI has a value close to 0.4 and in more

preferred embodiments the MOI is 0.3. In aspects of the invention the vector library of the

invention may be applied to a we l of a plate to attain a transduction efficiency of at least 20%,

30%, 40%, 50%, 60% , 70%, or 80%. In a preferred embodiment the transduction efficiency is

approximately 30% wherein it may be approximate!)' 370-400 cells per lentiCRISPR construct.

In a more preferred embodiment, it may be 400 cells per lentiCRISPR construct.



[0079] 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 cell or as an

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

amplifying a plasmid as part of a viral vector packaging system). I 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 protein to

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

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

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

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

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

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

[0080] Examples of suitable inducible non-fusion E coli expression vectors include pTrc

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

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

(1990) 60-89).

[0081] In some embodiments, a vector is a yeast expression vector. Examples of vectors for

expression i yeast Saccharomyces cerivisae include pYepSecl (Baldari, et al., 1987. EMBO J.

6 : 229-234), pMFa (Kuijan and Herskowitz, 1982. Cell 30: 933-943), pJRY88 (Schultz e t al,

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

(InVitrogen Corp, San Diego, Calif.).

[0082] In some embodiments, a vector drives protein expression in insect cells using

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



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

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

[0083] 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 pCD 8 (Seed, 1987. Nature 329: 840) and pMT2PC (Kaufman, et

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

functions are typically provided by one or more regulator)' elements. For example, commonly

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

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

prokaryotic and eukaryotie ceils see, e.g., Chapters 16 and 17 of Sambrook, et al.,

MOLECULAR CLONING: A L O TO MANUAL. 2nd ed., Col Spring Harbor

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

[ Θ84] In 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; Pinker? 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 ce l 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 (Edluiid, 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 (Kessel and Grass,

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

Genes Dev. 3 : 537-546).

[0085] In some embodiments, a regulatory element is operably linked to one or more

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

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

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



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

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

(Ishino et al, J . 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 et 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 structure

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

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

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

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

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

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

et al, J Bacteriol, 182:2393-2401 [2000]). CRISPR loci have been identified in more than 40

prokaryotes (See e.g., Jansen et al, Mol. Microbiol, 43 ; 565-1 75 [2002]; and Mojica et al,

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

Halocarcula, Methanol acterium, Methanococcus, Methanosarcina, Methanopyrus, Pyrococcus,

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

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

Therrnoanaerobacter, Mycoplasma, Fusob acterium, Azarcus, Chromobacterium, Neisseria,

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

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

Salmonella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

[0086] In aspects of the invention functional genomics screens allow for discovery of novel

human and mammalian therapeutic applications, including the discovery of novel drugs, for, e.g.,

treatment of genetic diseases, cancer, fungal, protozoal, bacterial, and viral infection, ischemia,

vascular disease, arthritis, immunological disorders, etc. As used herein assay systems may be

used for a readout of cell state or changes in phenotype include, e.g., transformation assays e.g.,

changes in proliferation, anchorage dependence, growth factor dependence, foci formation,

growth in soft agar, tumor proliferation in nude mice, and tumor vascularization in nude mice;



apoptosis assays, e.g., DNA laddering and cell death, expression of genes involved in apoptosis;

signa transduction assays, e.g., changes in intracellular calcium, cAMP, cGMP, !P3, changes in

hormone and neurotransmitter release; receptor assays, e.g., estrogen receptor and cell growth;

growth factor assays, e.g., EPO, hypoxia and erythrocyte colony forming units assays; enzyme

product assays, e.g., FAD-2 induced oil desaturation; transcription assays, e.g., reporter gene

assays; and protein production assays e.g., VEGF ELISAs.

0 7] Aspects of the invention relate to modulation of gene expression and modulation can

be assayed by determining any parameter that is indirectly or directly affected by the expression

of the target candidate gene. Such parameters include, e.g., changes i RNA or protein levels,

changes in protein activity, changes in product levels, changes in downstream gene expression,

changes in reporter gene transcription (luciferase, CAT, .beta. -galactosidase, .beta.-

glucuronidase, GFP (see, e.g., Mistili & Spector, Nature Biotechnology 15:961-964 (1997));

changes in signal transduction, phosphorylation and dephosphorylation, receptor-ligand

interactions, second messenger concentrations (e.g., cGMP, cAMP, P3, and Ca ÷), cell growth,

and neovascularization, etc. as described herein. These assays can be in vitro in vivo and ex

vivo. Such functional effects can be measured by any means known to those skilled in the art,

e.g., measurement of RNA or protein levels, measurement of RNA stability, identification of

downstream or reporter gene expression, e.g., via chemi luminescence, fluorescence, calorimetric

reactions, antibody binding, inducible markers, ligand binding assays; changes i intracellular

second messengers such as cGMP and inositol triphosphate (IP3); changes in intracellular

calcium levels; cytokine release, and the like, as described herein.

[0Θ88] Several methods of DNA extraction and analysis are encompassed in the methods of

the invention. As used herein "deep sequencing" indicates that the depth of the process is many

times larger than the length of the sequence under study. Deep sequencing is encompassed in

next generation sequencing methods which include but are not limited to single molecule real

time sequencing (Pacific Bio), Ion semiconductor (Ion torrent sequencing), Pyrosequencmg

(454), Sequencing by synthesis (lilumina), Sequencing by ligations (SOLID sequencing) and

Chain termination (Sanger sequencing).

[0Θ89] To determine the level of gene expression modulated by the CRISPR-Cas system,

cells contacted with the CRISPR-Cas system are compared to control cells, e.g., without the

CRISPR-Cas system or with a non-specific CRISPR-Cas system, to examine the extent of



inhibition or activation. Control samples may be assigned a relative gene expression activity

value of 100%. Modulation/inhibition of gene expression is achieved when the gene expression

activity value relative to the control is about 80%, preferably 50% (i.e., 0.5 times the activity of

the control), more preferably 25%, more preferably 5-0%. Modulation/activation of gene

expression is achieved when the gene expression activity value relative to the control is 0% ,

more preferably 150% (i.e., 1.5 times the activity of the control) more preferably 200-500%,

more preferably 1000-2000% or more.

[ Θ9 ] In general, "CRISPR system" or the "CRISPR-Cas system" refers collectively to

transcripts and other elements involved in the expression of or directing the activity of CR1SPR-

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 CRI SPR 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. In some embodiments, one or more elements of a CRISPR syst 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 CRJSPR system). In the context of formation of a

CRISPR complex, "target sequence" refers to a sequence to which a guide sequence is designed

to have complementarity where hybridization between a target sequence and a guide sequence

promotes the formation of a CRISPR complex. Ful l 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. n some embodiments, a target sequence is located in the nucleus or cytoplasm

of a ce l. In some embodiments, the target sequence may be within an organelle of a eukaryotic

cell, for example, mitochondrion or chloroplast. A sequence or template that may be used for

recombination into the 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 n an aspect of

the invention the recombination is homologous recombination.

[0091] Typically, in the context of an endogenous CRISPR system, formation of a CRISPR

complex (comprising a guide sequence hybridized to a target sequence and compiexed 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 ail or a portion of a wild-

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

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

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

sequence that is operably 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

CR SPR 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 operably 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

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

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

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

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

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

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

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



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

embodiments, the CR ISPR enzyme, guide sequence, tracr mate sequence, and tracr sequence are

operably linked to and expressed from the same promoter.

[0092] n 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 1, 2, 3, 4, 5, 6, 7, 8, 9,

0, 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, an optionally downstream of a regulatory element operably

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

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

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

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

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

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

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

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

multiple different, corresponding target sequences within a 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, 0, or more

such guide-sequence-containing vectors maybe provided, and optionally delivered to a cell.

[0Θ93] In some embodiments, a vector comprises a regulator}' element operably linked to an

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

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

(also known as Csnl and Cs 2), Cas!O, Csyl , Csy2, Csy3, Csel, Cse2, Cscl, Csc2, Csa5,

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

Cs 7, Cs 4, Cs O, Cs 6, CsaX, Csx3, Csxl, Csxl5, Csfl, Csf2, Csf3, Csf4, homo logs

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 UNA 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 about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

15, 20, 25, 50, 100, 200, 500, or more base pairs from the first or last nucleotide of a target

sequence. In some embodiments, a vector encodes a CRISPR enzyme that is mutated to with

respect to a corresponding wild-type enzyme such that the mutated CRISPR enzyme lacks the

ability to cleave one or both strands of a target polynucleotide containing a target sequence. For

example, an aspartate-to-alanine substitution (D10A) in the RuvC I catalytic domain of Cas9

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

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

limitation, H840A, N854A, and N863A. In aspects of the invention, nickases may be used for

genome editing via homologous recombination.

[0094] In some embodiments, a Cas9 nickase may be used in combination with guide

sequence(s), 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., sgR As

targeted at the same location but to different strands of DNA) in inducing mutagenic NHEJ. A

single nickase (Cas9-D10A with a single sgRNA) is unable to induce NHEJ and create indels but

Applicants have shown that double nickase (Cas9-D10A and two sgRNAs targeted to different

strands at the same location) can do so in human embryonic stem cells (hESCs). The efficiency

is about 50% of nuclease (i.e., regular Cas9 without D10 mutation) in hESCs.

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

may be mutated to produce a mutated Cas9 substantially lacking all DNA cleavage activity. In

some embodiments, a D10A mutation is combined with one or more of H840A, N854A, or

N863A mutations to produce a Cas9 enzyme substantially lacking a l DNA cleavage activity. In

some embodiments, a CRISPR enzyme is considered to substantially lack all DNA cleavage

activity when the DNA cleavage activity of the mutated enzyme is less than about 25%, 10%,

5%, 1%, 0.1%, 0 .0 % , 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.



[0095] In some embodiments, an enzyme coding sequence encoding a CRISPR enzyme is

codon optimized for expression in particular cells, such as eukaryotic cells. The eukaryotic cells

may be those of or derived from a particular organism, such as a mammal, including but not

limited to human, mouse, rat, rabbit, dog, or non-human primate. In general, codon optimization

refers to a process of modifying a nucleic acid sequence for enhanced expression in the host cells

of interest by replacing at least one codon (e.g. about or more 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 tRNAs in a cell is generally a

reflection of the codons used most frequently in peptide synthesis. Accordingly, genes can be

tailored for optimal gene expression in a given organism based on codon optimization. Codon

usage tables are readily available, for example, at the "Codon Usage Database", and these tables

can be adapted in a number of ways. See Nakamura, Y., et al. "Codon usage tabulated from the

international DMA sequence databases: status for the year 2000"Nucl. Acids Res. 28:292 (2000).

Computer algorithms for codon optimizing a particular sequence for expression in a particular

host cell are also available, such as Gene Forge (Aptagen; Jacobus, PA), are also available. In

some embodiments, one or more codons (e.g. 1, 2, 3, 4, 5, 10, 15, 20, 25, 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.

[0096] 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 Needieman-Wimsch algorithm,



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

ClustaiW, Ciustal X, BLAT, Novoalign (Novocraft Technologies, ELAND (Illumina, San Diego,

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

some embodiments, a guide sequence is about or more than about 5, 10, 11, 12, 13, 14, 15, 16,

17, 18, 9, 20, 21, 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 ess 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 cell having the

corresponding target sequence, such as by transfection with vectors encoding the components of

the CRISPR sequence, followed by an assessment of preferential cleavage within the target

sequence, such as by Surveyor assay as described herein. Similarly, cleavage of a target

polynucleotide sequence may be evaluated in a test ube 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 wil occur to those skilled in the art.

[0097] A guide sequence may be selected to target any target sequence. In some

embodiments, the target sequence is a sequence within a genome of a cell. Exemplary target

sequences include those that are unique in the target genome. For example, for the S . pyogenes

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

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 for

MMMMMMMMMNNNNNNNNNNNXGG where NNNNNNNNNNNXGG (N is A, G, T, or

C; and X can be anything) has a single occurrence in the genome. For the S . thermophiius

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

MMMMMMMMNmmTONNNNNXXAGAAW where NNNNNNNNNNNNXXAGAAW

(N is A, G, T, or C; X can be anything; and W is A or T) has a single occurrence in the genome.

A unique target sequence in a genome may include an S. thermophiius CRISPRl Cas9 target site



of the form MMMMMMM N NN XXAGAAW 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; 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

MMMMMMMM N N N XGGXG where NNNNNNNNNNNXGGXG (N is A, G,

T, or C; and X can be anything) has a single occurrence i 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.

[0098] 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 mFoId, as described by Zuker and Stiegler

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

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

Vienna, using the centroid structure prediction algorithm (see e.g. A.R. Gruber et ai, 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. 61/836,080 (attorney docket

44790.1 .2022; Broad Reference BJ-2013/004A); incorporated herein by reference.

[ Θ99] In general, a tracr mate sequence includes any sequence that has sufficient

complementarity with a tracr sequence to promote one or more of: (1) excision of a guide

sequence flanked by tracr mate sequences in a ceil containing the corresponding tracr sequence;

and (2) formation of a CR ISPR 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 an 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.



[0 0] 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. In

some embodiments, the tracr sequence is about or more than about 5, 6, 7, 8, 9, 10, 11, 12, 13,

14, , 16, 17, 18, 19, 20, 25, 30, 40, 50, or more nucleotides in length. In some embodiments,

the tracr sequence and tracr mate sequence are contained within a single transcript, such that

hybridization between the two produces a transcript having a secondary structure, such as a

hairpin. Preferred loop forming sequences for use in hairpin structures are four nucleotides in

length, and most preferably have the sequence GAAA. However, longer or shorter oop

sequences may be used, as may alternative sequences. The sequences preferably include a

nucleotide triplet (for example, AAA), and an additional nucleotide (for example C or G).

Examples of loop forming sequences include CAAA and AAAG. In an embodiment of the

invention, the transcript or transcribed polynucleotide sequence has at least two or more hairpins.

In preferred embodiments, the transcript has two, three, four or five hairpins. In a farther

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. 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)

NNNNNNNNNNNNNNNNNNNNgtttttgtactctcaagatttaGAAAtaaatcttgcagaagctacaaagataaggctt

catgccgaaatcaacaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT; (2)

NNNNNNNNNNN^

acaccctgtcattttatggcagggtgttttcgttatttaaTTTTTT; (3)

NNNNNNNNNNNNNNNNNNNN gtttttgtactctcaG AAAtgcagaagctacaaagataaggcttcatgccgaaatca

acaccctgtcattttatggcagggtgtTTTTTT; (4)

agtggcaccgagtcggtgcTTTTTT; (5)



aaagtgTTTTTTT; and (6)

NNNNNNNNNNNNN^

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

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

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

from a transcript comprising the tracr mate sequence

[00101 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, demethyiase 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 histidme (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, including but not limited to

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

binding domain fusions, and herpes simplex virus ί BP 16 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 CRISPR

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

[0 102 In an aspect of the invention, a reporter gene which includes but is 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), may be mtroduced into a

cell to encode a gene product which serves as a marker by which to measure the alteration or

modification of expression of the gene product. In a further embodiment of the invention, the

DNA molecule encoding the gene product may be introduced into the cell via a vector. n a

preferred embodiment of the invention the gene product is luciferase. In a further embodiment of

the invention the expression of the gene product is decreased.

[00103] In one aspect, the invention provides kits containing any one or more of the elements

disclosed in the above methods and compositions. 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 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 cel , wherein the CRISPR complex comprises a CRISPR enzyme

complex ed 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 sai CRISPR enzyme comprising a

nuclear localization sequence. Elements may be provided individually or in combinations, and

may be provided in any suitable container, such as a vial, a bottle, or a tube. In some

embodiments, the kit includes instructions in one or more languages, for example in more than

one language.

[00104] 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 lyophilized form). A

buffer can be any buffer, including but not limited to a sodium carbonate buffer, a sodium

bicarbonate buffer, a borate buffer, a Tris buffer, a MOPS buffer, a HEPES buffer, and

combinations thereof. In some embodiments, the buffer is alkaline. In some embodiments, the

buffer has a pH from about 7 to about 10. In some embodiments, the kit 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.

[00105] 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 cel types. As such the CRJSPR 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

compiexed 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.

[00106] The target polynucleotide of a CRISPR complex can be any polynucleotide

endogenous or exogenous to the eukaryotic cell. For example, the target polynucleotide can be a

polynucleotide residing in the nucleus of the eukaryotic cell. The target polynucleotide can be a

sequence coding a gene product (e.g., a protein) or a non-coding sequence (e.g., a regulatory

polynucleotide or a junk DNA). Without wishing to be bound by theory, it is believed that the

target sequence should be associated with a PAM (protospacer adjacent motif); that is, a short

sequence recognized by the CR ISPR complex. The precise sequence and length requirements

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

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

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

further PAM sequences for use with a given CRISPR enzyme.

[00107] The target polynucleotide of a CRJSPR complex may include a number of disease-

associated genes and polynucleotides as wel as signaling biochemical pathway-associated genes

and polynucleotides as listed in US provisional patent applications 61/736,527 and 61/748,427

having Broad reference BI-201 1/008/WSGR Docket No. 44063-701.101 and BI-

201 1/008/WSGR Docket No. 44063-701.102 respectively, both entitled SYSTEMS METHODS

AND COMPOSITIONS FOR SEQUENCE MANIPULATION filed on December 12, 2012 and

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



their entirety. The target polynucleotide of a CRISPR complex can be a gene of previously

unknown function wherein its presence or absence in a screen (integrated barcode of the sgRNA)

reveals details about its function. The target polynucleotide of a CRISPR complex may a so be a

gene whose interaction with the screening agent (eg. drug or other selection agent) is discovered

through its presence or absence in cells (barcode of the sgRNA) in the screen. Hence, in an

aspect of the invention new drugs or pharmaceutical compositions may be tested for performance

against a ll possibl e genetic KOs (or a subset of possible Os; for example, genes associated with

a particular enzymatic pathway) to understand how different organisms, e.g., humans (who carry

different genetic KOs) might react to the drug and in which genetic background the drug might

work better or worse.

[00108] Examples of genes and genomic loci that may be targeted by the CRISPR-Cas system

guide RNA sequences described in Genetic screens in human cells using the CRISPR-Cas9

system. Wang T, Wei JJ, Sabatmi DM, Lander ES. Science. 20 4 Jan 3;343(6166):80-4. doi:

10.1 126/science. 1246981 . Epub 2013 Dec 12 and supplemental material; and in Genome-scale

CRISPR-Cas9 knockout screening in human cells. Shalem O, Saiijana NE, Hartenian E, Shi X,

Scott DA, Mikkelsen TS, Heck! D, Ebert BL, Root DE, Doench JG, Zhang F. Science. 20 4 Jan

3;343(6166):84-7. doi: 10.1 126/science. 1247005. Epub 2013 Dec 12 and supplemental materi al

the respective content of which is incorporated herein by reference; see also herein-cited US and

PCT patent applications and ATCC Deposits concerning the GeCKO Library(ies), incorporated

herein by reference. These may include but are not limited to sequences associated with a

signaling biochemical pathway, e.g., a signaling biochemical pathway-associated gene or

polynucleotide. Examples of target polynucleotides include a disease associated gene or

polynucleotide. A "disease-associated" gene or polynucleotide refers to any gene or

polynucleotide which is yielding transcription or translation products at an abnormal level or in

an abnormal form in cells derived from a disease-affected tissues compared with tissues or cells

of a non disease control. 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 in

linkage disequilibrium with a gene(s) that is responsible for the etiology of a disease. The



transcribed or translated products may be known or unknown, and may be at a normal or

abnormal level.

Examples of disease-associated genes and polynucleotides are available from the relevant

literature, for example 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. Mutations in these

genes and pathways can result in production of improper proteins or proteins in improper

amounts which affect function. Further examples of genes, diseases and proteins are hereby

incorporated by reference from US Provisional applications 61/736,527 and 61/748,427. Such

genes, proteins and pathways may be the target polynucleotide of a CRISPR complex.

EXAMPLES

[ 109] The following examples are given for the purpose of illustrating various embodiments

of the invention and are not meant to limit the present invention in any fashion. The present

examples, along with the methods described herein are presently representative of preferred

embodiments, are exemplary, and are not intended as limitations on the scope of the invention.

Changes therein and other uses which are encompassed within the spirit of the invention as

defined by the scope of the claims will occur to those skilled in the art.

Example 1: Genetic screens in human ceils using the CRISPR/Cas9 system

001 The bacterial C SPR-Cas9 system for genome editing has greatly expanded the

toolbox for mammalian genetics, enabling the rapid generation of isogenic ceil lines and mice

with modified alleles. Here, Applicants described a pooled, loss-of-function genetic screening

approach suitable for both positive and negative selection that uses a genome-scale lentivirai

single guide R A (sgRNA) library. sgR A expression cassettes were stably integrated into the

genome, which enabled a complex mutant pool to be tracked by massively parallel sequencing.

Applicants used a library containing 73,000 sg As to generate knockout collections and

performed screens in two human cell lines. A screen for resistance to the nucleotide analog 6-

thioguanine identified ail expected members of the DNA mismatch repair pathway, while

another for the 3 NA iopoisomerase II {TOP2A) poison etoposide identified TOP2A, as expected,

and also cyclm-dependent kinase 6, CDK6. A negative selection screen for essential genes

identified numerous gene sets corresponding to fundamental processes. Finally, Applicants



showed that sgRNA efficiency is associated with specific sequence motifs, enabling the

prediction of potent sgRNAs. Collectively, these results establish Cas9/sgRNA screens as a

powerful too for systematic genetic analysis in mammalian cells.

[00 ] A critical need in biology is the ability to efficiently identity the set of genes

underlying a cellular process. In microorganisms, powerful methods allow systematic loss-of-

function genetic screening. In mammalian cells, however, current screening methods fail shor -

primarily because of the difficulty of inactivating both copies of a gene in a diploid mammalian

ce l. Insertional mutagenesis screens in cell lines that are near-haploid or carry Blm mutations

that cause frequent somatic crossing-over, have proven powerful but are not applicable to most

cell lines and suffer from integration biases of the insertion vectors. The primary solution has

been to target mRNAs with RNA interference (RNAi). However, this approach is also imperfect

as it only partially suppresses target gene levels and can have off-target effects on other mRNAs

- resulting in false negative and false positive results. Thus, there remains an unmet need for an

efficient, large-scale, loss of function screening method in mammalian ce s

[0Θ112] Recently, the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)

pathway, which functions as an adaptive immune system in bacteria, has been co-opted to

engineer mammalian genomes in an efficient manner. In this two-component system, a single

guide RNA (sgRNA) directs the Cas9 nuclease to cause double-stranded cleavage of matching

target DNA sequences. In contrast to previous genome-editing techniques, such as zinc-finger

nucleases and T.ALENs, the target specificity of CR1SPR-Cas9 is dictated by a 20-base pair

sequence at the '-end of the sgRNA, allowing for much greater ease of construction of knockout

reagents. Mutant ceils lines and mice bearing multiple modified alleles may be generated with

this technology.

[0Θ113] Applicants explored the feasibility of using the CRISPR-Cas9 system to perform

large-scale, loss-of-function screens in mammalian cells. The idea was to use a pool of sgRNA-

expressing lentivirus to generate a library of knockout cells that could be screened under both

positive and negative selection. Each sgRNA would serve as a distinct DNA barcode that can be

used to count the number of cells carrying it using high-throughput sequencing (Fig. 1A). Pooled

screening requires that single-copy sgRNA integrants are sufficient to induce efficient cleavage

of both copies of a targeted locus. This contrasts with the high expression of sgRNAs achieved



by transfeciion that is typically used to engineer a specific genomic change using the CRISPR-

Cas9 system.

[00114] Applicants first tested the concept in the near-haploid, human BM7 CML ceil line,

by creating a clonal derivative expressing the Cas9 nuclease (with a FLAG-tag at its N-terminus)

under a doxycycline-inducible promoter (Fig. B ). Transduction of these cells at low multiplicity

of infection (MOI) with a lentivirus expressing a sgRNA targeting the endogenous AAVSl locus

revealed substantial cleavage at the AAVSl locus 48 hours after infection (Fig. 1C). Moreover,

because the sgRNA was stably expressed, genomic cleavage continued to increase over the

course of the experiment. Deep sequencing of the locus revealed that repair of Cas9-induced

double-strand breaks resulted in small deletions (<20 bp) in the target sequence, with tiny

insertions or substitutions (<3 bp) occurring at a lower frequency (Fig. ID). The vast majority of

the lesions, occurring in a protein-coding region, would be predicted to give rise to a non

functional protein product, indicating that CRISPR-Cas9 is an efficient means of generating loss-

of-function alleles.

[ Θ115] Applicants also analyzed off-target activity of CRISPR-Cas9. Although the

specificity of CRISPR/Cas9 has been extensively characterized in transfection-based settings,

Applicants wanted to examine its off-target behavior in this system, where Cas9 and a single

guide RNA targeting AAVSl (sgAAVSl) were stably expressed for two weeks. Applicants

compared the level of cleavage observed at the target locus (97%) to levels at 13 potential off-

target cleavage sites in the genome (defined as sites differing by up to 3 bp from sgAAVSl).

Minimal cleavage (<2 5%) was observed at all sites with one exception, which was the only site

that had perfect complementarity in the 'seed' region (terminal 8 bp). On average, sgRNAs have

-2.2 such sites in the genome, almost always (as in this case) occurring in non-coding DNA and

thus less likely to affect gene function. For the examination of potential sgRNA off-target sites,

Applicants determined the expected number of potential off-target sites in the human genome

and exome allowing for up to 3 mismatches in the non-seed region (first 12 base pairs) by the

following calculation:



= )(4 — } = # of 1 base pair mismatch combinations in non-seed region

P M = 1 = perfect match in non-seed region
- s ~ = size of the human genome

= X 10' ' = size of the human exome (UTR CDS)

¾ 2.23 expected off-target sites in the genome per sgRNA

¾ 0.0372 ¾ — expected off-target sites in the exome per sgRNA

[00 6 To test the ability to simultaneously screen tens of thousands of sgRNAs, Applicants

designed a sgRNA library with 73 15 members, consisting of multiple sgRNAs targeting 7,1 14

genes and 100 non-targeting controls (Fig. E an see Genetic screens in human cells using the

CR1SPR-Cas9 system. Wang T, Wei JJ, Sabatini DM, Lander ES. Science. 2014 Jan

3;343(6166):80-4. doi: 10.1 126/science. 1246981. Epub 2013 Dec 12. and supplemental material,

the respective content of which is incorporated herein by reference; providing annotations for the

genome-scale sgRNA library containing spacer sequences and target gene information; see also

herein-cited US and PCT patent applications and ATCC Deposits concerning the GeC O

Library(ies), ail incorporated herein by reference). sgRNAs were designed against constitutive

coding exons near the beginning of each gene and filtered for potential off-target effects based

on sequence similarity to the rest of the human genome (Fig. IF-G). The library included 10

sgRNAs for each of 7033 genes and all possible sgRNAs for each of the 84 genes encoding

ribosomal proteins (Fig. 1H). To assess the effective representation of Applicants' mieroarray

synthesized library, Applicants sequenced sgRNA barcodes from KBM7 cells 24 hours after

infection with the entire lentiviral pool and were able to detect the overwhelming majority

(>99%) of Applicants' sgRNAs, with high uniformity across constructs (only 6-fold increase in

abundance between the 10th and 90th percentiles) (Fig. 5A).

[001 17] As an initial test of this approach. Applicants screened the library for genes that

function in DMA mismatch repair (MMR). In the presence of the nucleotide analog 6-

thioguianine (6-TG), MMR-proficient cells are unable to repair 6-TG-induced lesions and arrest

at the G2-M cell-cycle checkpoint, while MMR-defective cells do not recognize the lesions an

continue to divide. Applicants infected Cas9-KBM7 cells with the entire sgRNA library, cultured

the ceils in a concentration of 6-TG that is lethal to wild-type KBM7 cells, and sequenced the



sg NA barcodes in the final population. sgRNAs targeting the genes encoding the four

components of the MMR pathway (MSH2, MSB6, ML and PMS2) were dramatically

enriched in the 6-TG-treated ceils. At least four independent sgRNAs for each gene showed very

strong enrichment and barcodes corresponding to these genes made up >30% of all barcodes

(Fig. 2A-B). Strikingly, each of the twenty most abundant sgRN As targeted one of these four

genes. The fact that few of the other 73,000 sgRNAs scored highly in this assay suggests a low

frequency of off-target effects.

[0Θ 8] Applicants next addressed the challenge of loss of function screening in diploid cells,

which require b -allelic inactivation of a target gene. Applicants therefore generated an inducible

Cas9 derivative of the HL60 pseudo-diploid human leukemic cell line. In both HL60 and KBM7

cells, Applicants screened for genes whose loss conferred resistance to etoposide, a

ehemotherapeutic agent that poisons DNA topoisomerase IIA (TOP2A). To identify hit genes.

Applicants calculated the difference in abundance between the treated and untreated populations

for each sgRNA, calculated a score for each gene by using a Kolmogorov-Smirnov test to

compare the sgRNAs targeting the gene against the non-targeting control sgRNAs, and corrected

for multiple hypothesis testing (Fig. 2C-E and see Genetic screens in human cells using the

CR1SPR-Cas9 system. Wang T, Wei JJ, Sabatini DM, Lander ES. Science. 2014 Jan

3;343(6166):80-4. doi: 10.1 126/science. 1246981. Epub 2013 Dec 12. and supplemental material,

the respective content of which is incorporated herein by reference; and which shows gene-level

data for etoposide screens in KBM7 and HL60 cells; see also herein-cited US an PCT patent

applications and ATCC Deposits concerning the GeC O Library(ies)). Identical genes were

detected in both screens, with significance levels exceeding ail other genes by more than 100-

fold. As expected, loss of TOP2A itself conferred strong protection to etoposide. The screen also

revealed a role for CD 6, a G cyclin-dependent kinase, in mediating etoposide -induced

cytotoxicity. Notably, even' one of the 20 sgRNAs in the library targeting TOP2A or CD 6 was

strongly enriched (>90th percentile) in both screens, indicating that the effective coverage of

Applicants' libraries is very high. Applicants generated isogenic BL60 cell lines with individual

sgRNAs against TOP2A and CDK6 and, consistent with the screen results, these lines were

much more resistant to etoposide than parental or sgAAVSl -modified HL60 cells (Fig. 2F-G).

Thus, Applicants Cas9/sgRNA system enables large-scale positive selection loss-of-function

screens.



[00119] To identify genes required for cellular proliferation Applicants screened for genes

whose loss conferred a selective disadvantage on cells. Such a screen requires accurate

identification of sgRNAs that are depleted from the final cell population. Importantly, a sgRNA

will show depletion only if cleavage of the target gene occurs in the majority of cells carrying the

construct.

[00120] As an initial test. Applicants screened KBM7 ceils with a small library containing

sgRNAs targeting the BCR and ABL1 genes (see Genetic screens in human ceils using the

CRISPR-Cas9 system. Wang T, Wei JJ, Sabatini DM, Lander ES. Science. 2014 Jan

3;343(6166):80-4. doi: 10.1 126/science. 1246981. Epub 2013 Dec 12. and supplemental material,

the respective content of which is incorporated herein by reference, providing annotations for the

mini sgRNA library containing spacer sequences and target gene information; see also herein-

cited US and PCX patent applications and ATCC Deposits concerning the GeCKO Library(ies)).

The survival of KBM7 cells depends on the fusion protein produced by the BCR-ABL

translocation. As expected, depletion was seen only for sgRNAs targeting the exons of BCR and

ABL1 that encode the fusion protein, but not for those targeting the other exons of BCR and

ABL1 (Fig. 3A).

[00121] Applicants then infected Cas9-HL60, Cas9-KBM7, and WT KBM7 cells with the

entire 73,000-rnember sgRNA library and used deep sequencing of the sgRNA barcodes to

monitor the change in abundance of each sgRNA between the initial seeding and a final

population obtained after twelve cell doublings (Fig. 5A-B).

[00122] Applicants began by analyzing ribosomai proteins genes, for which the library

contained all possible sgRNAs. Applicants observed strong Cas9-dependent depletion of

sgRNAs targeting genes encoding ribosomai proteins, with good concordance between the sets

of ribosomai protein genes essential for cell proliferation in the HL60 and KBM7 screens (the

median sgRNA fold-change in abundance was used as a measure of gene essentiality) (Fig. 3B-

C). Interestingly, a few ribosomai protein genes were not found to be essential. These were two

genes encoded on chromosome Y (RPS4Y2, which is testes-specific, and RPS4Y1, which is

expressed at ow levels compared to its homolog RPS4X on chromosome X), and 'ribosome-

ike' proteins, which may be required only in select tissues and generally are lowly expressed in

KBM7 cells.



[00123] Fig. 4A-B show Off-target cleavage analysis: (A) AAVS1 and predicted sgAAVSl

off-target (OT) sites were individually amplified in a nested PGR from genomic DNA from

sgAAVSl -modified and WT Cas9-KBM7 cells and analyzed by high-throughput sequencing.

(B) Barplot summary of the results.

[00124] Figures 6A-B show Negative selection screens reveal essential genes: (A) Ribosomal

protein gene essentiality correlates with expression. Ribosomal protein gene depletion scores

from the negative selection screen in Cas9-KBM7 cells are plotted against transcript abundance

as determined by RNA-seq analysis of the KBM7 ce l line. (B) Gene depletion scores of all

genes screened are wel l correlated between Cas9-KBM7 and Cas9-HL60 cells.

[00125] Applicants then turned attention to other genes within Applicants' dataset, for which

ten sgRNAs were designed. As for the ribosomal genes, the essentiality scores of these genes

were also strongly correlated between the two cells lines (see Genetic screens in human cells

using the CRISPR-Cas9 system. Wang T, Wei JJ, Sabatini DM, Lander ES. Science. 2014 Jan

3;343(6166):80-4. doi: 10.1 126/science.l246981 . Epub 20 3 Dec 12 and supplemental material,

the respective content of which is incorporated herein by reference, providing Gene-level data

for negative selection screens in KBM7 and HL60 cells; see also herein-cited US and PCT patent

applications and ATCC Deposits concerning the GeC O Library(ies)). For the twenty highest

scoring genes, Applicants found independent evidence for essentiality, based primarily on data

from large-scale functional studies in mode organisms (Table 1).

[00126] Table : Independent evidence of essentiality for the top 20 non-ribosomal genes.

Functional data from large-scale studies in model organisms and single gene studies in mice and

human cell lines. 16 of 17 yeast homologs are essential. The sole except TPTl is essential in

mice and C. elegans.



RNAi profiling of early embryogenesis in Caenorhabditis elegans. Nature 434, 462-469 (2005));
C. elegans (J.-F. Rua et a , Toward Improving Caenorhabditis eiegans Phenome Mapping With

an ORFeome-Based RNAi Library. Genome Research 14, 2162-2168 (2004));dD. melanogaster
J . L. Mummery- Widmer et ah, Genome-wide analysis of Notch signalling in Drosophila by
transgenic RNAi. Nature 458, 987-992 (2009)); eD. melanogaster A. C. Spradling et ah, The
Berkeley Drosophila Genome Project Gene Disruption Project: Single P-Element Insertions
Mutating 25% of Vital Drosophila Genes. Genetics 53, 135-177 (1999)); D. rerio A.
Amsterdam et ah. Identification of 315 genes essential for early zebrafish development.



Proceedings of the National Academy of Sciences of the United States of America 101, 12792-
12797 (2004)

[00127] To evaluate the results at a global level Applicants tested 4722 gene sets to see if

they showed strong signatures of essentiality using Gene Set Enrichment Analysis. Gene sets

related to fundamental biological processes - including DNA replication, gene transcription, and

protein degradation showed strong depletion, consistent with their essentiality (Fig. 3D, Table

2).

[00128] Table 2 : Gene Set Enrichment Analysis. Gene composition and scores of the enriched

gene sets highlighted in Fig. 3D.



MCM6 6808 286 -0.234 Yes

PRIM1 6817 275 -0.206 Yes

PPJM2 6845 247.5 -0.18 Yes

RFC5 6867 218 -0.154 Yes
POLE2 6904 175.5 -0.13 Yes

RFC3 69 153.5 -0.102 Yes

RPA1 6944 119 -0.076 Yes

FEN 1 6972 72.5 -0.051 Yes

POLA2 6979 66.5 -0.022 Yes

Ρ Λ 7026 3 1.00E-03 Yes

KEGG RNA POLYMERAS! i

Gene Rank in Gene List j Raw Metric Running ES Core

POLR1D 3555 ! 3610 -0.466 No

POLR2F 3644 j 3534.5 -0.437 No
POLR3B 3902 j 3352.5 -0.432 No

POLR3GL 4839 j 2604.5 -0.524 No

POLR3A 5107 ! 2363 -0.52 No

POLR3D 5251 i 2215 -0.499 No

POLRIA 5985 j 1354.5 -0.562 Yes

POLR3F 6247 i 1026.5 -0.557 Yes

POLR1C 6313 ! 922.5 -0.525 Yes

POLR2H 6431 i 771 -0.5 Yes

ZNRD1 6694 412.5 -0.496 Yes

POLR3C 6709 i 398 -0.456 Yes

POLR2B 6744 j 368 -0.419 Yes

POLR2D 6763 ! 348 -0.38 Yes

POLR2C 6776 335 -0.34 Yes

POLR1E 6791 ! 312 -0.3 Yes

POLR1B 6844 j 249 -0.266 Yes

POLR2G 6919 ! 152.5 -0.235 Yes

POLR3K 6948 j 108 -0.197 Yes

POLR3H 6983 j 63.5 -0.161 Yes

POLR2E 6998 ! 47.5 -0.121 Yes

POLR2I 7007 ! 37.5 -0.08 Yes
POLR2L 7014 ! 27.5 -0.04 Yes

POLR2A 701 8 24.5 0.002 Yes

KEGG SPLICEOSOME
Gene Rank in Gene List Raw etric Running ES Core

HSPA1L 460 6160 -0.057 No



PRPF40B 234 5313 -0.159 No

TCERG1 1450 5129 -0.18 No

HSPA6 2452 4350.5 -0.315 No

SRSF8 2672 4196.5 -0.337 No

HSPA2 3066 3934.5 -0.384 No

TRA2A 3276 3781.5 -0.404 No

SRSF4 3524 3624 -0.43 No

PQB 1 3603 3564 -0.432 No

U2SURP 3746 3466 -0.442 No

PPILl 4504 2883.5 -0.542 No

DDX5 4508 2881 -0.533 No

WBP1 1 4689 2731.5 -0.549 No

SXRPB2 4710 2718 -0.542 No

DHX16 475 1 2683 -0.538 No

DDX42 4956 2499 -0.558 No

SNRNP40 5269 2200 -0.593 No

DDX46 5457 1988.5 -0.61 Yes

PP E 5472 1974.5 -0.603 Yes

PRPF31 5486 1958 -0.595 Yes

SRSF5 5499 1941.5 -0.587 Yes

LSM5 5615 1812 -0.594 Yes

U2AF1 5617 1810.5 -0.584 Yes

N R PA 1 5676 1736 -0.583 Yes

USP39 5738 1674 -0.582 Yes

PRPF4 5788 1616.5 -0.579 Yes

DHX8 5893 1466.5 -0.585 Yes

LSM2 5958 1387 -0.584 Yes

AQR 5982 1355.5 -0.578 Yes

PLRG1 6062 1261 -0.58 Yes

U2AF2 6076 1250.5 -0.572 Yes

CCDC12 6 110 1221 -0.567 Yes

THOC1 6 112 1219 -0.557 Yes

DDX23 6147 1159 -0.552 Yes

CRNKL 1 6183 6 -0.548 Yes

L8M4 6186 14.5 -0.538 Yes

ISY1 6204 1092 -0.531 Yes

RBMX 6210 1084.5 -0.522 Yes

CWC15 6252 1015 -0.51 8 Yes

SRSF9 6270 984.5 -0.51 1 Yes



RBM8A 6291 956 -0.504 Yes

SNRNP70 6321 915.5 -0.499 Yes

SNRNP27 6324 912.5 -0.489 Yes

SRSF10 6325 912 -0.48 Yes

S U7 6337 894.5 -0.471 Yes

DHX38 6338 894 -0.462 Yes

SF3A1 6343 889 -0.453 Yes

XAB2 637 856.5 -0.447 Yes

SNWl 6373 854 -0.437 Yes

SN PD3 6395 829 -0.431 Yes

RB 7 6402 819.5 -0.422 Yes

CDC40 6406 814 -0.412 Yes

PRPF3 6442 746.5 -0.408 Yes

NHP2L1 6463 718 -0.401 Yes

THOC2 6469 709 -0.392 Yes

RBM25 6473 707.5 -0.383 Yes

HNRNPU 6478 698 -0.374 Yes

PRPF8 6486 685.5 -0.365 Yes

NAA38 6492 677.5 -0.356 Yes

SNRPA 6495 673.5 -0.346 Yes

SYF2 6514 654.5 -0.339 Yes

HNRNPM 6 8 648.5 -0.33 Yes

BCAS2 6534 629 -0.323 Yes

EFTUD2 6569 578.5 -0.318 Yes

PRPF18 6605 544 -0.313 Yes

SMNDC1 6609 538.5 -0.304 Yes

PRPF38A 6641 499 -0.299 Yes

SF3B5 6643 494.5 -0.289 Yes

PRPF38B 6655 480.5 -0.281 Yes

SNRPB 6657 479.5 -0.271 Yes

ACINI 6664 468.5 -0.262 Yes

DHX15 6686 426.5 -0.256 Yes

SNRPC 6727 383 -0.252 Yes

CTNNBLl 6739 375 -0.244 Yes

TRA2B 6741 373.5 -0.234 Yes

ZMAT2 6742 370 -0.224 Yes

SNRPD2 6771 339.5 -0.219 Yes

LSM7 6772 339.5 -0.209 Yes

PUF60 6783 325 -0.201 Yes



CDC5L 6801 297 -0.194 Yes

SART1 6805 291 -0.184 Yes

SRSF6 6807 286 -0.175 Yes

NCBP1 6826 264.5 -0.168 Yes

SNRPA1 6827 264.5 -0.158 Yes

SF3B2 6831 261 -0.149 Yes

SRSF7 6841 250.5 -0.14 Yes

DDX39B 6852 241 -0.132 Yes

RBM22 6859 230.5 -0.123 Yes

PRPF19 6864 224.5 -0.1 14 Yes

HNR PK 6894 189 -0.108 Yes

SF3A2 6912 167.5 -0.101 Yes

BUD31 6923 149.5 -0.093 Yes

PRPF6 6927 147 -0.084 Yes

PCBP1 6928 142.5 -0.074 Yes

EIF4A3 6939 129 -0.066 Yes

NCBP2 6942 121.5 -0.056 Yes

SNRNP200 6951 101.5 -0.048 Yes

TXNL4A 6963 88.5 -0.04 Yes

SRSF3 6975 69.5 -0.031 Yes

SRSF2 6989 54.5 -0.024 Yes

SRSFl 7002 44 -0.016 Yes

SF3A3 7020 23.5 -0.008 Yes

SF3B3 7030 8 O.OOE+00 Yes

BIOCARTA PROT]SASO E PA T IWAY

Gene Rank in Gene List Raw Metric Running ES Core

UBE2A 3 9 6328.5 -0.007 No

UBE3A 2034 4674.5 -0.213 No

PSMD8 2876 4054.5 -0.295 No

PSMA4 5599 1831 -0.645 Yes

PSMC4 5706 1708.5 -0.622 Yes

PSMB6 5800 1603 -0.596 Yes

PSMD12 6056 1267 -0.594 Yes

PSMA3 6094 1233 -0.561 Yes

RPN2 6161 148 -0.532 Yes

PSMB4 6202 1096 -0.499 Yes

PSMD14 6366 862 -0.484 Yes

PSMB3 6394 829 -0.45 Yes

PSMC2 6438 753 -0.417 Yes



PSMB1 6516 652.5 -0.39 Yes

PSMB5 6649 487.5 -0.37 Yes

PSMA2 6674 451.5 -0.335 Yes
PSMA1 6716 392.5 -0.303 Yes
PSMB2 6762 348 -0.271 Yes

PSMA5 6768 341.5 -0.233 Yes

PSMD6 6795 306.5 -0.198 Yes

PSMB7 6813 281.5 -0. 62 Yes

PSMC6 6834 258 -0.126 Yes
PS V 6 6855 238 -0.091 Yes
PSMC3 6916 155 -0.061 Yes
PSMD1 6934 133.5 -0.025 Yes

PSMA7 7027 13 0.00 00 Yes

Example 2: Features underlying sgRNA potency

[00129] Applicants sought to understand the features underlying sgRNA potency. Although

the vast majority of sgRNAs against ribosomal protein genes showed depletion, detailed

comparison of sgRNAs targeting the same gene revealed substantia! variation in the precise

amounts of depletion. These differences are unlikely to be caused by local accessibility to the

Cas9/sgRNA complex inasmuch as comparable variability was observed even among sgRNAs

targeting neighboring target sites of a given gene (Fig. 7). Given that Applicants' library includes

all possible sgRNAs against each of the 84 ribosomal genes, the data allowed Applicants to

search for factors that might explain the differential efficacy of sgRNAs. Because the majority of

ribosomal proteins genes are essential, Applicants reasoned that the level of depletion of a given

ribosomal protein-targeting sgRNA could serve as a proxy for its cleavage efficiency. Applying

this approach. Applicants found several trends related to sgRNA efficacy: (1) Single guide

sequences with very high or low GC content were less effective against their targets. (2) sgRNAs

targeting the last coding exon were less effective than those targeting earlier exons, consistent

with the notion that disruption of the terminal exon would be expected to have less impact on

gene function. (3) sgRNAs targeting the transcribed strand were less effective than those

targeting the non-transcribed strand (Fig. 3E). Although these trends were statistically

significant, they explained only a smal proportion of differences in sgRNA potency (Table 3).



[00130] Table 3 : Analysis of features influencing sgRNA potency. Summary of the variance in

ribosomal protein-targeting sgRNA log2 fold changes explained by various features of sgRNAs

using a general linear model.

[00131] Applicants hypothesized that differences in sgRNA potency might also result from

sequence features governing interactions with Cas9. To test this, Applicants developed a method

to profile the sgRNAs directly bound to Cas9 in a highly parallel manner. By comparing the

abundance of sgRNAs bound to Cas9 relative to the abundance of their corresponding genomic

integrants, Applicants found that the nucleotide composition near the 3'- end of the spacer

sequence was the most important determinant of Cas9 loading (Fig. 3F). Specifically, Cas9

preferentially bound sgRNAs containing purines in the last 4 nucleotides of the spacer sequence

whereas pyrimidines were disfavored. A similar pattern emerged when Applicants examined

depletion of ribosomal protein-targeting sgRNAs (r 0.81), suggesting that, in significant part,

the cleavage efficiency of a sgRN A was determined by its affinity for Cas9 (Table 3).

[0Θ132] Applicants then sought to build an algorithm to discriminate between potent and weak

sgRNAs (Fig. 3G). Applicants trained a support-vector-machine classifier based on the target

sequences and depletion scores of ribosomal protein-targeting single guide RNAs. As an

independent test, Applicants used the classifier to predict the efficacy of sgRNAs targeting the

400 top scoring (i.e. essential) non-ribosomal genes. The top two-thirds of Applicants'

predictions exhibited 3-fold higher potency than the remaining fraction, confirming the accuracy

of the algorithm.

[0Θ133] Using this algorithm. Applicants designed a whole-genome sgRNA library consisting

of sequences predicted to have higher efficacy (see Genetic screens in human cells using the



CRISPR-Cas9 system. Wang T, Wei JJ, Sabatini DM, Lander ES. Science. 20 4 Jan

3;343(6166):80-4. doi: 0. 26/science. 24698 1. Epub 2013 Dec 12 and supplemental material,

the respective content of which is incorporated herein by reference, providing Annotations for

the predicted genome-wide sgRNA library containing spacer sequences and target gene

information; see also herein-cited US and PCX patent applications and ATCC Deposits

concerning the GeC O Library(ies)). As with the sgRNA pool used in Applicants' screens, this

new collection was also filtered for potential off-target matches. This reference set of sgRNAs

may be useful both for targeting single genes as well as large-scale sgRNA screening.

[00134] Taken together, these results demonstrated the utility of CRISPR-Cas9 for conducting

large-scale genetic screens in mammalian cells. Based on Applicants' experiments, this system

appears to offer several powerful features that together provide significant advantages over

current functional screening methods.

[00135] First, CRISPR/Cas9 inactivates genes at the DNA level, making it possible to study

phenotypes that require a complete loss of gene function to be elicited. In addition, the system

should also enable functional interrogation of non-transcribed elements, which are inaccessible

by RNAi.

[00136] Second, a large proportion of sgRNAs successfully generate mutations at their target

sites. While this parameter is difficult to directly assess in pooled screens, Applicants obtained an

estimate by examining the 'hit rate' at known genes. Applying a z-score analysis of Applicants'

positive selection screens, Applicants found that over 75% (46/60) of sgRNAs score at a

significance threshold that perfectly separates true and false positives on a gene level (Fig. 8A-

D). Together these results show that the effective coverage of Applicants' library is very high

and that the rate of false negatives should be low even in a large-scale screen.

[ Θ137] Third, off-target effects do not appear to seriously hamper Applicants' screens, based

on several lines of evidence. Direct sequencing of potential off-target loci detected minimal

cleavage at secondary sites, which typically reside in non-coding regions and do not impact gene

function. Moreover, in the 6-TG screens, the twenty most abundant sgRNAs all targeted one of

the four members of the MMR pathway. In total, they represented over 30% of the final pool, a

fraction greater the next 400 sgRNAs combined. In the etoposide screen, the two top genes

scored far above background levels (p-values 100-fold smaller than the next best gene), enabling



clear discrimination between true and false positive hits. Lastly, new versions of the CRISPR-

Cas9 system have recently been developed that substantially decrease off-target activity.

Example 3: Confirmation of approach

[00138] Although Applicants investigations relate to proliferation-based phenotypes,

Applicants' approach can be applied to a much wider range of biological phenomena. With

appropriate sgRNA libraries, the method should enable genetic analyses of mammalian cells to

be conducted with a degree of rigor and completeness currently possible only in the study of

microorganisms .

[00139] Methods and Materials

[00140] Cell lines and vectors: Materials were obtained from the following sources: L- 60

were kindly provided from the Whitehead Institute, Cambridge, MA, USA; pCW57.1 Dox-

inducible e tiviral vector, pX330-U6-Chimeric BB-CBh-hSpCas9 vector, pLX304 lentiviral

vector, and gRNA_AAVSl-T2 vector from Addgene.

[00141] Cell culture: Unless otherwise specified, 293T cells were cultured in DMEM (US

Biological) and supplemented with 20% Inactivated Fetal Calf Serum (Sigma), 5 raM glutamine,

and penicillin/streptomycin. HL60 and BM7 cells were cultured in MDM (Life Technologies)

and supplemented with 20% 1FS, 5 mM glutamine and penicillin/streptomycin.

[00142] Viability assay: Cells were seeded i 96-well tissue culture plates at 4000 cells/well

in 200 L of media under various treatment conditions. After 3 days, 35µ of CellTiter-Glo

reagent (Promega) was added to each well, mixed for 5 minutes, and the luminescence was read

on the SpectraMax M5 Luminometer (Molecular Devices). All experiments were performed in

triplicate.

[00143] Dosing of screening agents: To determine the appropriate dose of 6-TG and etoposide

for screening in KBM7 and HL60 cells, cells were seeded in 96-well tissue culture plates a 4000

cells/well in 200 LL of media and were treated in triplicate with varying concentrations of 6-TG

and etoposide. A CellTiter-Glo cell viability assay was performed after 4 days to assess drug

toxicity. Concentrations at which the viability of WT BM7 and HL60 ceils fell below 5% were

chosen.

[00144] Vector construction: To construct the lentiviral doxycycline-inducible FLAG-Cas9

vector, the FLAG-Cas9 ORF from pX330-U6-Chimeric_ BB-CBh-hSpCas9 was cloned into

pCW57.1 between the Age and EcoRI sites. To construct the lentiviral sgRNA vector, the U6



promoter, the AAVS1 -targeting sequence (GGGGCCACTAGGGACAGGAT), and the chimeric

sgRNA scaffold from gRNA AAVS1-T2 was cloned into pLX304 between the Xho and Nhe

sites.

[00145] Genome-scale lenti viral sgRNA library design: All SpCas9 Protospacer Adjacent

Motif (PAM) sites within 5 bases of a coding exon for all RefSeq transcript models were

identified. If the first nucleotide of the protospacer/guide sequence did not begin with a 'G' (as is

required for RNA polymerase Ill-dependent transcription), a 'G' was prepended. The sequences

were then filtered for homopoiymers spanning greater than 3 nucleotides. To avoid potential off-

target cleavage, guide sequences that perfectly matched or had only 1 mismatch within the first

12 bases (the 'non-seed' region) with another genomic region were identified using the short

rea aligner Bowtie and excluded. This specificity search was not performed for sgRNAs

targeting ribosomal proteins. Subsequently, guide sequences that contained Xbal or Ndel sites

were removed (although the library was eventually cloned via Gibson assembly) and guide

sequences were filtered such that no two sgRNAs overlapped by more than 5 base pairs. After

this step, all candidate sgRNAs for ribosomal protein genes were included in Applicants' final

set. Additional candidate genes for screening were selected based upon their putative biological

functions. Genes were excluded if they were not expressed (FPKM<1 in all tissues

transcriptionally profiled in the Illumina Human Body Map and ENCODE project) or if 10

sgRNA sequences could not be designed. Finally for all remaining genes, 0 candidate sgRNAs

were selected with a preference for sequences that (1) targeted constitutive exons, (2) were

positioned closest downstream of the start codon and (3 ) had between 20% and 80% GC content.

Sequences for non-targeting control sgRNAs were randomly generated and a specificity check,

as described above, was performed. A second mini-library containing sgRNAs targeting

ribosomal protein genes (2741 sgRNAs), BCR (228 sgRNAs), ABL1 (223 sgRNAs) and 600

non-targeting control sgRNAs was designed as described above and used for negative selection

screening and Cas9 immunoprecipitation/sgRNA sequencing in KBM7 cells.

[00146] Design of predicted genome-wide library: Ail SpCas9 Protospacer Adjacent Motif

(PAM) sites within 6 bases of a coding exon for all CCDS transcript models were identified if

the first nucleotide of the protospacer/guide sequence did not begin with a 'G' (as is required for

RNA polymerase Ill-dependent transcription), a 'G' was prepended. Sequences with %GC

content between 40 to 80% that did not contain any homopoiymers spanning greater than 4



nucleotides were considered. Because off-target matches may be unavoidable in some cases (eg.

pseudogenes and duplicated genes), sequences were removed only if they mapped to more than 5

regions in the genome. Additionally for uniquely mapped sgRNAs, Applicants then found the

number off-target matches that differ from the guide sequence by only one base pair in the first

twelve nucleotides (the 'non-seed' region). Olfactory receptor genes and genes with less than 5

sgRNA sequences fulfilling the criteria outlined above were excluded. For a l remaining genes,

5- 0 candidate sgRNAs were selected with a preference for sequences ordered by (1) the number

of matches elsewhere in the genome (2) the number of 1-bp mismatched guide sequences that

map elsewhere in the genome (3) the number of transcript models targeted for a given gene (4)

the sgRNA score as predicted by the sgRNA potency algorithm and (5) the position along the

transcript. Guide sequences were first filtered such that no two sgRNAs overlapped by more than

10 base pairs but this condition was relaxed to allow a 5 base pair overlap if no satisfactory

sgRNAs could be found. Sequences for non-targeting control sgRNAs were randomly generated

and a specificity check, as described above, was performed.

[ Θ147] Genome-scale lentiviral sgRNA library construction: Oligonucleotides were

synthesized on the CustomArray 12 and 9 arrays (CustomArray Inc.) and amplified as sub-

pools in a nested PGR. A third round of PCR was performed to incorporate overhangs

compatible for Gibson Assembly (NEB) into the lentiviral sgRNA AAVS -targeting vector

between the Xbal and Nde sites. Gibson Assembly reaction products were transformed into

chemically competent D 5alpha cells. To preserve the diversity of the library, at least 20-fold

coverage of each pool was recovered in each transformation and grown in liquid culture for 16-

8 hours.

[00148] Virus production and transduction: Lentivirus was produced by the co-transfection of

the lentiviral transfer vector with the Delta-VPR envelope and CMV VSV-G packaging plasmids

into 293T cells using XTrerneGene 9 transfection reagent (Roche). Media was changed 24 hours

after transfection. The virus-containing supernatant was collected 48 and 72 hours after

transfection and passed through a 0.45 am filter to eliminate cells. Target cells in 6-we tissue

culture plates were infected in media containing 8 g/mL of polybrene and spin infection was

performed by centrifugation at 2 200 rpm for 1 hour. 24 hours after infection, virus was removed

and cel ls were selected with the appropriate antibiotics.



[00149] Cas9-KBM7 and Cas9-HL60 generation: Cas9-KBM7 and Cas9-HL60 cells were

generated by lentiviral transduction of the do -inducible FLAG-Cas9 vector. After 3 days of

selection with puromycin, the cells were clonaily sorted using an Aria II SORP (BD FACS) into

96-well tissue culture plates containing 200 µ of media. The level of FLAG-Cas9 expression in

the presence and absence of 1p.g/mL doxyeyclme was analyzed for several clonal populations by

western blotting. Subsequently, a single colony with the greatest fold-change in Cas9 expression

was selected from both cell lines for further studies.

[ Θ150] Assessment of CRISPR/'Cas9 cleavage efficiency: Cas9-KBM7 ceils were infected

with a sgRNA construct targeting the AASV1 locus at low MOL At 0, , 2, 4, and 6 days post

infection, cells were harvested for genomic DNA extraction. After amplification of the AAVS

locus (primers sequences listed below), the SURVEYOR nuclease assay (Transgenomies) and

gel quantification was performed. For deep sequencing of the target region, the AAVSl locus

was amplified with primers containing overhangs with adapters compatible with Iliumina

sequencing Amplicons were sequenced on a MiSeq (Iliumina) with a single-end 50 bp run. The

resulting reads were aligned to the target reference sequence using the Smith-Waterman

algorithm. Mutations were classified as a deletion, insertion, substitution or complex (a mixture

of the previous 3 classes). Complex mutations were excluded in downstream analyses.

PCR primer sequences for Surveyor Assay

Primer : CCCCGTTCTCCTGTGGATTC

Primer 2 : ATCCTCTCTGGCTCCATCGT

Primer sequences for MiSeq Sequencing Assay

Primer 1 : AATGATACGGCGACCACCGAGATCTACACCCCGTTCTCCTGTGGATTC

Primer 2 : CAAGCAGAAGACGGC ACGAG C C GG CC CG

Iliumina sequencing primer:

TCTGGTTCTGGGTACTTTTATCTGTCCCCTCCACCCCACAGT

[001511 Analysis of CRISPR/Cas9 specificity: Cas9-KBM7 cells were infected with a sgRNA

construct targeting the AASVl locus (sgAAVSl). Cells were selected for two weeks with

blastieidin and harvested for genomic DNA extraction. Potential off-target cleavage sites were

predicted by searching for genomic regions with sequence similarity to sgAAVS 1 (no more than

3 mismatches were tolerated). Nested PCR primers were designed around these regions and the

AAVSl target region and used to amplify genomic DNA from sgAAVS -modified and



unmodified wild-type ceils. PCR am icons were sequenced on a MiSeq ( l mina) with a single-

end 300 bp run. The resulting reads were filtered for the presence of matching forward and

reverse primers and primer-dimer products were removed. Using the Needleman-Wunsch

algorithm, amplicon reads were aligned to their respective reference sequences and assessed for

the presence of an insertion or deletion.

[00152] Pooled screening: In ail screens, 90 million target cells were transduced with viral sub

pools and selected with blasticidin 24 hours after infection for 3 days. For the 6-TG screen,

Cas9-KBM7 ceils were cultured in media contaimng 400 nM 6-TG. For screens with etoposide

Cas9-KBM7 and Cas9-HL60 cells were cultured in media containing 30 nM and 200 nM of

etoposide, respectively. Cultures of untreated Cas9-KBM7 and Cas9-HL60 cells were also

maintained in parallel. All cells were passaged every 3 days, and after 12 days, cells were

harvested for genomic DNA extraction. In negative selection screens, 10 million cells were

harvested for genomic DNA extraction 24 hours after infection. The remaining ceils were

maintained for 12 doublings, before being harvested for genomic DNA extraction.

[0Θ153] Pooled screening deconvolution and analysis: In both the positive and negative

selection screens, sgRNA inserts were PCR amplified in a nested PCR and the resulting libraries

were sequenced on a HiSeq 2500 (Illumina) with a single-end 50 bp run. The primer sequences

for these reactions are provided below. Sequencing reads were aligned to the sgRNA library, and

the abundance of each sgRNA was calculated. For the etoposide screens, the sgRNA abundances

between the final treated and untreated populations were compared. To identify genes whose loss

conferred resistance to etoposide, the (treated-untreated) log2 abundances of all sgRNAs

targeting a gene was compared with the non-targeting sgRNAs using a one-sided Koimogorov-

Smirnov (K-S) test p-values were corrected using the Benjammi-Hochberg method. To perform

a sgRNA-level z-score analysis for ail positive selection screens, the mean and standard

deviation of the differential abundances of the non-targeting sgRNAs between treated versus

untreated pools was determined. From these values, a z-score was calculated for all other

sgRNAs.

[00154] In the negative selection screen, the log fold change in abundance of each sgRNA

between the initial and final populations was computed. The significance of a gene hit was

assessed by a two-sided K-S test between the log2 fold change of all sgRNAs targeting a gene

and the values for ail targeting sgRNAs. For ribosomai protein genes for which more sgRNAs



were designed, random subsets of 10 sgRNAs were sampled for significance testing and the p -

vaiue assigned to the gene was the median value after 50 random samplings p-values were

corrected using the Benj amini-Hochberg method. Gene -based scores were defined as the median

log2 fold change of a ll sgRNAs targeting a given gene. For a ll genes, scores were calculated for

both the L60 and B M7 screens. The two gene lists were sorted and the combined rank was

determined. This metric was used for the Gene Set Enrichment Analysis of the C2 curated genes

sets.

Primer sequences for sgRNA quantification

Outer primer I ;AGCGCTAGCTAATGCCAACTT

Outer primer 2 : GCCGGCTCGAGTGTACAAAA

Inner primer : AATGATACGGCGACCACCGAGATCTACACCGACTCGGTGCCACTTTT

inner primer 2 :

CAAGC AGAAG ACGGCAT ACGAGATCnnnniiTTTCTTGG GTAGTTTGC AGTTTT

(nnnnn denotes the sample barcode)

Iilumina sequencing primer:

( : Χ χ ·Λ{ΊΊΊΊΊ Χ \ Λ ΊΊ Λ \ Λ( Χ Λ ΊΑ ΧΊΊ·ΛΊ Γ Α ΛίΊΊ Χ Ί 'ΛΊΊΊΧΊΑ

CTCTAAAAC

Iilumina indexing primer:

TTTCAAGTTACGGTAAGCATATGATAGTCCATTTTAAAACATAATTTTAAAACTGCA

AACTACCCAAGAAA

[00155J Generation of sgRNA modified cell lines: Individual sgRNA constructs targeting

CD 6 and TOP2A were cloned, lentivirus was produced, and target HL60 cells were transduced

as described above. 24 hours after infection cells were cultured in doxycycline and blasticidin for

1 week before further experimentation.

[00 156] Western blotting: Cells were lysed directly in Laemmeli sample buffer, separated on a

NuPAGE Novex 8% Tris-Glycine gel, and transferred to a polyvinylidene difluoride membrane

(Miilipore). Immunoblots were processed according to standard procedures, using primary

antibodies directed to S6K1 (CST), CD 6 (CST), FLAG (Sigma), and TOP2A (Topogen) and

analyzed using enhanced chemiiuminescence with HR -conjugated anti-mouse and anti-rabbit

secondary antibodies (Santa Cruz Biotechnology).



[00157] FLAG-Cas9 immunoprecipitation and sgRNA-sequencing: 10 million Cas9-KBM7

cells were transduced with lentivirus from the sgRNA mini-pool as described above. 24 hours

after transduction, cells were rinsed once with ice-cold PBS and lysed in RIPA buffer (0.1%

SDS, 1% sodium deoxycholate, 1% NP-40, 25 mM Tris-HCi pH 7.6, 50 mM NaCl, 1 mM

EDTA, one tablet of EDTA-free protease inhibitor (per 25 ml) and 200U Murine RNAse

Inhibitor (Sigma)). Cell lysate was homogenized using a 28-gauge syringe needle and incubated

with rotation at 4°C for 1 minutes. The soluble fractions of cell lysates were isolated by

centrifugatioii at 13,000 rpm in a refrigerated microcentrifuge for 10 mi . The FLAG-M2

affinity gel (Sigma-Aldrich) was washed with lysis buffer three times, and 100 µ ΐ of a 50%

slurry of the affinity gel was then added to cleared ce lysates and incubated with rotation for 3

hours a 4°C. The beads were washed eight times with lysis buffer. Bound proteins were

specifically eiuted from the FLAG-M2 affinity gel with a competing FLAG peptide by

incubation at room temperature for 0 minutes. The eluate was cleaned using a RNA Clean &

Concentrator-5 column (Zymo Research), treated with TURBO DNase at 37°C for minutes,

and dephospliorylated with FastAP Thermosensitive Alkaline Phosphatase (Thermo Scientific) at

37°C for 10 minutes. The reaction was stopped by the addition of EDTA at a final concentration

of 25 mM and heated at 68°C for 2 minutes after which the reaction was again cleaned using a

RNA Clean & Concentrator-5 column. A sgRNA-specific reverse transcription reaction was

performed using the primer listed below with Superscript 1 (Life Technologies) at 54°C for 1

hour. The remainder of the library preparation protocol was performed as previously described

except that a sgRNA-specific reverse primer was used for library amplification. In parallel,

sgRNA barcode integrations in the DNA were a so sequenced as described above. Sequencing

reads from both libraries were aligned to the sgRNA library and the ratio of RNA reads to DNA

reads for each sgRNA was used as a measure of Cas9 affinity.

Primer sequences for sgRNA-sequencing library preparation

sgRNA-specific reverse transcription primer: CTCGGTGCCACTTTTTCA

sgRNA-specific library amplification primer:

CAAGCAGAAGACGGCATACGAGATCTTCAAGTTGATAACGGACTAGCC

[00158] sgRNA potency analysis: Log fold change (depletion) values for sgRNAs targeting

ribosomal protein genes were used as a proxy for sgRNA potency. Depletion values were

analyzed with respect to guide sequence GC content, the target exon position and the strand



targeted. The predictive power of the features uncovered was examined by using a general linear

model. sgRNAs against inessential ribosomal genes (RPS4Y2, RPS4Y1, RPL22L1, RPL3L,

RPL10L, RPL26L1, RPL39L, RPS27L) were omitted from this analysis.

[00159] sgRNA potency prediction: A support-vector-machine classifier was used to predict

sgRNA potency. The target sequences (each encoded by a vector of 80 binar variables

representing the presence or absence of each nucleotide (A, C, T, G) at each position (1-20)

along the target sequence) of ribosomal protein gene-targeting sgRNAs were used as inputs to

the classifier which was trained on the change in abundance observed (encoded by a binary

variable corresponding to 'weak' and 'potent' sgRNAs using a cutoff based on the bimodality of

the distribution). Target sequences of sgRNAs targeting the 400 most essential non-ribosomal

genes from the Cas9-KBM7 screens were used to predict potency. Class membership was again

determined based on the bimodality of the distribution. sgRNAs against inessential ribosomal

genes (RPS4Y2, RPS4Y1, RPL22L1, RPL3L, RPL10L, RPL26L1, RPL39L, RPS27L) were

omitted from this analysis

[ Θ160] A HiSeq run was performed on some essentiality screens using the -vector genome-

wide 80 libraries. In a sample of KBM7s that had been grown for 8 days (previous examples

BM7s can be cultured for 16-20 days). Fig. 10 is a graph showing depletion of sgRNAs

targeting ribosomal proteins. The magnitude of depletion is expected to increase over time. Fig.

1 shows concordance on a gene-level with the previous data (when looking at approximately

7,000 genes). It is clearly correlated; the r 2 between KBM7 and HL60 was 0.48 (grown for 3

weeks wit the same sgRNA designs for a given gene). Manual inspection of the top genes all

made biological sense (BCR-ABL, splicing, ribosomal, etc). Also, Fig. 12 is a graph of true vs

false positives. As shown in Fig. 12, Applicants ranked genes using gene scores from the herein-

described improved optimized screening—that obtains improved and optimized sgRNA

library(ies)—as well data obtained in previous screens performed (Shalem, Wang) that also

obtained libraries, and measured how well they could predict the essential ity of homo logs in

budding veast, where knockout mutants have been systematicallv generated and analvzed.

Although perfect agreement in gene essentiality between two species would not be expected.

Applicants reasoned that better methods of assessing human gene essentiality would more

accurately predict yeast gene essentiality. From this analysis Applicants found that the improved



optimized screening herein-described obtained an improved sgRNA library that did indeed gave

better results.

* * *

[00161] While preferred embodiments of the present invention have been shown and

described herein, it will be obvious to those skilled in the art that such embodiments are provided

by way of example only. Numerous variations, changes, and substitutions will now occur to

those skilied in the art without departing from the invention. It should be understood that various

alternatives to the embodiments of the invention described herein may be employed in practicing

the invention is intended that the following claims define the scope of the invention and that

methods and structures within the scope of these claims and their equivalents be covered thereby.
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WHAT IS CLAIMED IS:

1. A genomic library comprising a selected plurality of unique CRISPR-Cas system guide

sequences that are capable of targeting a plurality of target sequences in genomic loci of a

plurality of genes, wherein said targeting results in a knockout of gene function, wherein the

unique CRISPR-Cas system guide sequences are selected by an algorithm that predicts the

efficacy of the guide sequences based on the primary nucleotide sequence of the guide sequence

and/or by a heuristic that ranks the guide sequences based on off target scores

2 . The genomic library of claim 1, wherein the guide sequences have a %GC nucleotide content

between 20-80%.

3. The genomic library of claim 2, wherein the %GC nucleotide content is between 30-70%.

4 . The genomic library of any of claims 1 to 3, wherein the guide sequences target constitutive

exons downstream of a start codo of the gene.

5 . The genomic library of any of claims to 4, wherein the guide sequences target either a first

or a second exo of the gene.

6 . The genomic library of any of claims 1 to 5, wherein the guide sequences target a non-

transcribed strand of the genomic loci of the gene.

7 . The genomic library of any of claims 1 to 6, wherein the guide sequence is 20 nucleotides long

and likelihood of nucleotide T being at nucleotide position 17, 18, 9 or 20 is less than 20%.

8. The genomic library of any of claims 1 to 7, wherein the guide sequences with the lowest off

target scores are highly ranked and are selected.

9 . The genomic library of any of claims 1 to 8, wherein the guide sequences do not have off

target scores greater than 400.

10. The genomic library of any of claims 1 to 9, wherein a plurality of target sequences in each

gene are targeted.

. A method of knocking out in parallel every gene in the genome, the method comprising

contacting a population of cells with a composition comprising a vector system comprising one

or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a D A molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,



(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,

wherein each ceil is transduced w h a single packaged vector,

selecting for successfully transduced ceils,

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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

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,

wherein the guide sequence is selected from the library of claims 1-9,

wherein the guide sequence targets the genomic loci of the DNA molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product and whereby each cell in the population of cells has a unique gene knocked out in

parallel.

12 A method of selecting individual cell knock outs that survive under a selective pressure, the

method comprising

contacting a population of cells with a composition comprising a vector system comprising one

or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,

wherein each cell is transduced with a single packaged vector,

selecting for successfully transduced cells,



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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

wherein the CR ISPR 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

wherein the guide sequence is selected from the library of claims 1-10,

wherein the guide sequence targets the genomic loci of the DNA molecule encoding the gene

product an the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying the selective pressure,

and selecting the cells that survive under the selective pressure.

13. The method of claim 12, wherein the method further comprises extracting DNA and

determining the depletion or enrichment of the guide sequences by deep sequencing.

14. A method of identifying the genetic basis of one or more medical symptoms exhibited by a

subject, the method comprising

obtaining a biological sample from the subject and isolating a population of cells having a first

phenotype from the biological sample;

contacting the cells having the first phenotype with a composition comprising a vector system

comprising one or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (ciiiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherem components (a) and (b) are located on same or different vectors of the system,

wherem each cell is transduced with a single packaged vector,

selecting for successfully transduced cells,



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

sequence directs sequence-specific binding of a CRISP complex to a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

wherein the CR ISPR 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

wherem the guide sequence is selected from the library of claims 1-9,

wherein the guide sequence targets the genomic loci of the DNA molecule encoding the gene

product an the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying a selective pressure,

selecting the ce ls that survive under the selective pressure,

determining the genomic loc of the DNA molecule that interacts with the first phenotype and

identifying the genetic basis of the one or more medical symptoms exhibited by the subject

15. The method of claim 11, 12, or 14, wherein the selective pressure is application of a drug,

FACS sorting of ceil markers or aging.

16. The method of claim , 12, 14, or 15, wherein the cell is a eukaryotic cell.

. The method of claim 1, 12, or 14 to 6, wherein the eukaryotic cell is a human ceil.

18. The method of claim 1 , 12, or 14 to 17, wherein the vector is a lentivirus, an adenovirus or

an AAV.

19. The method of claim 11, 12, or 14 to 18, wherem the first regulatory element is a U6

promoter.

20. The method of claim 1 , 2 , or 14 to 19, wherein the second regulatory element is an EFS

promoter or a doxycycline inducible promoter.

2 . The method of claim 1 , 12, or 14 to 20, wherein the vector system comprises one vector.

22. The method of claim , 12, or 14 to 21, wherem the CRISPR enzyme is Cas9.

23. The method of claim 1, 12, or 14 to 22, wherem the cell is transduced with a multiplicity of

infection (MOI) of 0.3-0.75.

24. The method of claim 23, wherein the MOI is 0.3 or 0.4.

25. A kit comprising the library of claims 1-10.



26. The kit of claim 25, wherein the kit comprises a single container comprising vectors

comprising the library of claims 1-10.

27. The kit of claim 25 or 26, wherein the kit comprises a single container comprising plasmids

comprising the library of claims 1-10.

28. A kit comprising a panel comprising a selection of unique C SP -Cas system guide

sequences from the library of claims 1-10, wherein the selection is indicative of a particular

physiological condition.

29. The library or method of any one of the preceding claims, wherein the targeting is of about

100 or more sequences, about 1000 or more sequences or about 20,000 or more sequences or the

entire genome.

30. The library or method of any one of the preceding claims, wherein a panel of target

sequences is focused on a relevant or desirable pathway, such as an immune pathway or a cell

division pathway.

31. Non-transitory computer program product comprising one or more stored sequences of

instructions that is accessible to a processor and which, when executed by the processor, causes

the processor to carry out a machine learning algorithm (support vector machine - SVM) that

predicts the efficacy of a sgRNA based solely on the primary sequence of the sgRNA.

32. A genome wide librar comprising a plurality of unique CRJSPR-Cas system guide

sequences that are capable of targeting a plurality of target sequences in genomic loci, wherein

said targeting results in a knockout of gene function.

33. A method of knocking out in parallel every gene in the genome, the method comprising

contacting a population of cells with a composition comprising a vector system comprising one

or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,



wherein each cell is transfected with a single packaged vector,

selecting for successfully transfected cells,

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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

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,

wherein the guide sequence is selected fro the library of claim 32,

wherein the guide RNAs target the genomic loci of the DNA molecule encoding the gene

product and the CR ISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product and whereby each cell in the population of cells has a unique gene knocked out in

parallel.

34. The method of claim 33 wherein the cell is a eukaryotic cell.

35. The method of claim 33 wherein the vector is a lentivirus a adenovirus or a AAV.

36. The method of claim 33 wherein the first regulatory element is a 6 promoter.

37. The method of claim 33 wherein the second regulatory element is an EFS promoter.

38. The method of claim 33 wherein the vector system comprises one vector.

39. The method of claim 33 wherein the CRISPR enzyme is Cas9.

40. A method of selecting individual cell knock outs that survive under a selective pressure, the

method comprising

contacting a population of cells with a composition comprising a vector system comprising one

or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,



wherein each cell is transfected with a single packaged vector,

selecting for successfully transfected cells,

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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

wherem 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,

wherein the guide sequence is selected fr o the library of claim 32,

wherein the guide RNAs target the genomic loci of the DNA molecule encoding the gene

product and the CR ISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying the selective pressure,

and selecting the cells that survive under the selective pressure

4 . The method of claim 40 wherein the selective pressure is application of a drug, FACS sorting

of ceil markers or aging.

42. The method of claim 40 wherein the cell is a eukaryotic cell.

43. The method of claim 40 wherein the vector is a lentivirus, a adenovirus or a AAV.

44. The method of claim 40 wherem the first regulatory element is a 6 promoter.

45. The method of claim 40 wherein the second regulatory element is an EFS promoter.

46. The method of claim 40 wherem the vector system comprises one vector

47. The method of claim 40 wherein the CR ISPR enzyme is Cas9.

48. A method of identifying the genetic basis of one or more medical symptoms exhibited by a

subject, the method comprising

obtaining a biological sample from the subject and isolating a population of cells having a first

phenotype from the biological sample;

contacting the cells having the first phenotype with a composition comprising a vector system

comprising one or more packaged vectors comprising

a) a first regulatory element operabfy linked to a CRISPR-Cas system chimeric RNA (chiRNA)

polynucleotide sequence that targets a DNA molecule encoding a gene product,



wherein the polynucleotide sequence comprises

(a) a guide sequence capabl e of hybridizing to a target sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and

b) a second regulatory element operably linked to a Cas protein and a selection marker,

wherein components (a) and (b) are located on same or different vectors of the system,

wherein each cell is transfected with a single packaged vector,

selecting for successfully transfected cells,

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 a target sequence in the

genomic loci of the DNA molecule encoding the gene product,

wherem the CRISPR complex comprises a CRISPR enzyme eomplexed 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 guide sequence is selected from the library of claim 32,

wherein the guide RNAs target the genomic loci of the DNA molecule encoding the gene

product and the CRISPR enzyme cleaves the genomic loci of the DNA molecule encoding the

gene product, whereby each cell in the population of cells has a unique gene knocked out in

parallel,

applying the selective pressure,

selecting the cells that survive under the selective pressure,

determining the genomic loci of the DNA molecule that interacts with the first phenotype and

identifying the genetic basis of the one or more medical symptoms exhibited by the subject.

49. The method of claim 48 wherein the selective pressure is application of a drug, FACS sorting

of cell markers or aging.

50. The method of claim 48 wherem the cell is a eukaryotic cell.

5 . The method of claim 48 wherein the vector is a lentivirus, a adenovirus or a AAV .

52. The method of claim 48 wherein the first regulatoiy element is a U6 promoter.

53. The method of claim 48 wherem the second regulatoiy element is an EFS promoter.

54. The method of claim 48 wherein the vector system comprises one vector.

55. The method of claim 48 wherein the CRISPR enzyme is Cas9.



56. A kit comprising the library of claim 32.

57. The kit of claim 56, wherein the kit comprises a single container comprising vectors

comprising the library of claim 32.

58. The kit of clai 56, wherein the kit comprises a single container comprising plasmids

comprising the library of claim 32.

59. A kit comprising a panel comprising a selection of unique CRISPR-Cas system guide

sequences from the library of clai 32, wherein the selection is indicative of a particular

physiological condition.

60. The library or method of any one of claims 32 to 59, wherein the targeting is of about 100 or

more sequences, about 1000 or more sequences or about 20,000 or more sequences or the entire

genome.

6 1. The library or method of any one of claims 32 to 60, wherein a panel of target sequences is

focused on a relevant or desirable pathway, such as an immune pathway or ceil division.

62. Method for designing a genome-scale sgRNA library, the method comprising

identifying early constitutive exons for all coding genes,

selecting sgRNAs to target these early constitutive exons by choosing sgRNAs that were

predicted to have minimal off-target activity,

for each candidate exon, listing all possible S . pyogenes Cas9 sgRNA sequences of the form

(N)20NGG as candidate targets,

mapping each 20mer candidate sgRN A to a precompiled index containing all 20mer sequences

in the human genome followed by either NGG or NAG,

ranking sgRNAs for each exon based on the characterized sequence specificity of Cas9 nuclease

by using the following heuristic:

discarding sgRNAs with other targets in the genome that match exactly or differ by only

1 base

calculating for the remaining sgRNAs the following off target score:

sum mm location = sum of the mismatch locations from 3' to 5'. The RAM (NGG) proximal

base is 1 and the PAM distal base is 20.

D(mrn) distance in bp between mismatch locations.



(max) = maximal possible distance between 2 or 3 mismatches.
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