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(57) ABSTRACT 
The present invention generally relates to compositions, 
methods applications and screens used in functional genom 
ics that focus on gene function in a cell and that may use 
vector Systems and other aspects related to Clustered Regu 
larly Interspaced Short Palindromic Repeats (CRISPR)-Cas 
systems and components thereof. Provided are vectors and 
vector Systems, some of which encode one or more compo 
nents of a CRISPR complex, as well as methods for the design 
and use of such vectors. Also provided are methods of direct 
ing CRISPR complex formation in eukaryotic cells and meth 
ods for utilizing the CRISPR-Cas system. 
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FUNCTIONAL GENOMICS USING 
CRISPR-CAS SYSTEMS, COMPOSITIONS, 
METHODS, KNOCK OUT LIBRARIES AND 

APPLICATIONS THEREOF 

RELATED APPLICATIONS AND 
INCORPORATION BY REFERENCE 

0001. This application is a continuation of US interna 
tional application PCT/US2013/074800 filed Dec. 12, 2013, 
which claims benefit of and priority to U.S. provisional patent 
application Nos. 61/736,527 filed Dec. 12, 2012 and 61/802, 
174 filed Mar. 15, 2013. 
0002 Reference is also made to U.S. provisional patent 
application Nos. 61/960,777 filed on Sep. 25, 2013 and 
61/961,980 filed on Oct. 28, 2013. Reference is made to U.S. 
provisional patent applications 61/758,468; 61/769,046: 
61/802,174: 61/806,375: 61/814,263: 61/819,803 and 
61/828,130 filed on Jan. 30, 2013; Feb. 25, 2013; Mar. 15, 
2013; Mar. 28, 2013; Apr. 20, 2013; May 6, 2013 and May 28, 
2013 respectively. Reference is also made to U.S. provisional 
patent applications 61/836,123, 61/847,537, 61/862,355 and 
61/871,301 filed on Jun. 17, 2013; Jul. 17, 2013, Aug. 5, 2013 
and Aug. 28, 2013 respectively. Reference is also made to 
U.S. provisional patent applications 61/736,527 and 61/748, 
427 on Dec. 12, 2012 and Jan. 2, 2013, respectively. Refer 
ence is also made to U.S. provisional patent application 
61/791,409 filed on Mar. 15, 2013. Reference is also made to 
U.S. provisional patent application 61/799,800 filed Mar. 15, 
2013. Reference is also made to U.S. provisional patent appli 
cations 61/835,931, 61/835,936, 61/836,127, 61/836,101, 
61/836,080, and 61/835,973 each filed Jun. 17, 2013. 
0003. The foregoing applications, and all documents cited 
therein or during their prosecution (“applin cited documents”) 
and all documents cited or referenced in the applin cited docu 
ments, and all documents cited or referenced herein (“herein 
cited documents'), and all documents cited or referenced in 
herein cited documents, together with any manufacturers 
instructions, descriptions, product specifications, and product 
sheets for any products mentioned herein or in any document 
incorporated by reference herein, are hereby incorporated 
herein by reference, and may be employed in the practice of 
the invention. More specifically, all referenced documents are 
incorporated by reference to the same extent as if each indi 
vidual document was specifically and individually indicated 
to be incorporated by reference. 

STATEMENT AS TO FEDERALLY SPONSORED 
RESEARCH 

0004. This invention was made with government support 
under the NIH Pioneer Award (1DP1MH100706) awarded by 
the National Institutes of Health. The government has certain 
rights in the invention. 

FIELD OF THE INVENTION 

0005. The present invention generally relates to composi 
tions, 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. 

Dec. 4, 2014 

BACKGROUND OF THE INVENTION 

0006 Recent advances in genome sequencing techniques 
and analysis methods have significantly accelerated the abil 
ity 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 consid 
ered 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 struc 
tures, though these static aspects are very important and 
Supplement one’s understanding of cellular and molecular 
mechanisms. Functional genomics attempts to answer ques 
tions about the function of DNA at the levels of genes, RNA 
transcripts, and protein products. A key characteristic of func 
tional 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 a 
particular biological process. 
0007 Functional genomic screens and libraries 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. Good reagents 
that allow for precise genome targeting technologies are 
needed to enable systematic reverse engineering of causal 
genetic variations by allowing selective perturbation of indi 
vidual genetic elements, as well as to advance synthetic biol 
ogy, biotechnological, and medical applications. Although 
genome-editing techniques such as designer Zinc fingers, 
transcription activator-like effectors (TALEs), or homing 
meganucleases are available for producing targeted genome 
perturbations, there remains a need for new genome engineer 
ing technologies that are affordable, easy to set up, Scalable, 
and amenable to targeting multiple positions within the 
eukaryotic genome. 

SUMMARY OF THE INVENTION 

0008. The CRISPR-Cas system does not require the gen 
eration of customized proteins to target specific sequences but 
rather a single Cas enzyme can be programmed by a short 
RNA molecule to recognize a specific DNA target. Adding 
the CRISPR-Cas system to the repertoire of genome sequenc 
ing techniques and analysis methods may significantly sim 
plify the methodology and accelerate the ability to catalog 
and map genetic factors associated with a diverse range of 
biological functions and diseases. To utilize the CRISPR-Cas 
system effectively for genome editing without deleterious 
effects, it is critical to understand aspects of engineering, 
optimization and tissue/organ specific delivery of these 
genome engineering tools, which are aspects of the claimed 
invention. 

0009. There exists a pressing need for alternative and 
robust systems and techniques for sequence targeting with a 
wide array of applications. Aspects of this invention address 
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this need and provide related advantages. An exemplary 
CRISPR complex comprises a CRISPR enzyme complexed 
with a guide sequence hybridized to a target sequence within 
the target polynucleotide. The guide sequence is linked to a 
tracr mate sequence, which in turn hybridizes to a tracr 
Sequence. 

0010. One aspect of the invention comprehends a genome 
wide library that may comprise a plurality of CRISPR-Cas 
system guide RNAS that may comprise guide sequences that 
are capable of targeting a plurality of target sequences in a 
plurality of genomic loci, wherein said targeting results in a 
knockout of gene function. This library may potentially com 
prise guide RNAS that target each and every gene in the 
genome of an organism. In some embodiments of the inven 
tion the organism or Subject is a eukaryote (including mam 
mal including human) or a non-human eukaryote or a non 
human animal or a non-human mammal. In some 
embodiments, the organism or Subject is a non-human ani 
mal, and may be an arthropod, for example, an insect, or may 
be a nematode. In some methods of the invention the organ 
ism or Subject is a plant. In some methods of the invention the 
organism or Subject is a mammal or a non-human mammal. A 
non-human mammal may be for example a rodent (preferably 
a mouse or a rat), an ungulate, or a primate. In some methods 
of the invention the organism or Subject is algae, including 
microalgae, or is a fungus. 
0011. In another aspect, the invention provides a method 
of generating a gene knockout cell library comprising intro 
ducing into each cell in a population of cells a vector system 
of one or more vectors that may comprise an engineered, 
non-naturally occurring CRISPR-Cas system comprising I. a 
Cas protein, and II. one or more guide RNAs of the library of 
the invention, wherein components I and II may be on the 
same or on different vectors of the system, integrating com 
ponents I and II into each cell, wherein the guide sequence 
targets a unique gene in each cell, 
wherein the Cas protein is operably linked to a regulatory 
element, wherein when transcribed, the guide RNA compris 
ing the guide sequence directs sequence-specific binding of a 
CRISPR-Cas system to a target sequence in the genomic loci 
of the unique gene, inducing cleavage of the genomic loci by 
the Cas protein, and confirming different knockout mutations 
in a plurality of unique genes in each cell of the population of 
cells thereby generating a gene knockout cell library. In an 
embodiment of the invention, the Cas protein is a Cas9 pro 
tein. In another embodiment, the one or more vectors are 
plasmid vectors. In a further embodiment, the regulatory ele 
ment operably linked to the Cas protein is an inducible pro 
moter, e.g. a doxycycline inducible promoter. The invention 
comprehends that the population of cells is a population of 
eukaryotic cells, and in a preferred embodiment, the popula 
tion of cells is a population of embryonic stem (ES) cells. In 
another embodiment the confirming of different knockout 
mutations is by whole exome sequencing. The invention also 
provides kits that comprise the genome wide libraries men 
tioned herein. The kit may comprise a single container com 
prising vectors or plasmids comprising the library of the 
invention. The kit may also comprise a panel comprising a 
selection of unique CRISPR-Cas system guide RNAs com 
prising guide sequences from the library of the invention, 
wherein the selection is indicative of a particular physiologi 
cal condition. The invention comprehends that the targeting is 
of about 100 or more sequences, about 1000 or more 
sequences or about 20,000 or more sequences or the entire 
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genome. Furthermore, a panel of target sequences may be 
focused on a relevant or desirable pathway, such as an 
immune pathway or cell division. 
0012. In another aspect the invention provides for use of 
genome wide libraries for functional genomic studies. Such 
studies focus on the dynamic aspects Such as gene transcrip 
tion, 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 charac 
teristic 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. 
0013. In one aspect, the invention provides methods for 
using one or more elements of a CRISPR-Cas 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 utilities includ 
ing modifying (e.g., deleting, inserting, translocating, inacti 
Vating, activating) a target polynucleotide in a multiplicity of 
cell types in various tissues and organs. As such the CRISPR 
complex of the invention has abroad spectrum of applications 
in, e.g., gene or genome editing, gene therapy, drug discovery, 
drug screening, disease diagnosis, and prognosis. 
0014 Aspects of the invention relate to Cas9 enzymes 
having improved target specificity in a CRISPR-Cas9 system 
having guide RNAS having optimal activity, Smaller in length 
than wild-type Cas9 enzymes and nucleic acid molecules 
coding therefor, and chimeric Cas9 enzymes, as well as meth 
ods of improving the target specificity of a Cas9 enzyme or of 
designing a CRISPR-Cas9 system comprising designing or 
preparing guide RNAS having optimal activity and/or select 
ing or preparing a Cas9 enzyme having a smaller size or 
length than wild-type Cas9 whereby packaging a nucleic acid 
coding therefor into a delivery vector is advanced as there is 
less coding therefor in the delivery vector than for wild-type 
Cas9, and/or generating chimeric Cas9 enzymes. 
0015. Also provided are uses of the present sequences, 
vectors, enzymes or systems, in medicine or in therapy. Also 
provided are uses of the same in gene or genome editing. Also 
provided are the present sequences, vectors, enzymes, or 
systems for use in medicine or in therapy; or for use in gene or 
genome editing. Still further provided are uses of the present 
sequences, vectors, enzymes, or systems in the manufacture 
of a medicament. 

0016. In an additional aspect of the invention, a Cas9 
enzyme may comprise one or more mutations and may be 
used as a generic DNA binding protein with or without fusion 
to a functional domain. The mutations may be artificially 
introduced mutations or gain- or loss-of-function mutations. 
The mutations may include but are not limited to mutations in 
one of the catalytic domains (D10 and H840) in the RuvC and 
HNH catalytic domains, respectively. Further mutations have 
been characterized. In one aspect of the invention, the func 
tional domain may be a transcriptional activation domain, 
which may be VP64. In other aspects of the invention, the 
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functional domain may be a transcriptional repressor domain, 
which may be KRAB or SID4X. Other aspects of the inven 
tion relate to the mutated Cas 9 enzyme being fused to 
domains which include but are not limited to a transcriptional 
activator, repressor, a recombinase, a transposase, a histone 
remodeler, a demethylase, a DNA methyltransferase, a cryp 
tochrome, a light inducible/controllable domain or a chemi 
cally inducible/controllable domain. 
0017. In a further embodiment, the invention provides for 
methods to generate mutant tracrRNA and direct repeat 
sequences or mutant chimeric guide sequences that allow for 
enhancing performance of these RNAs in cells. Aspects of the 
invention also provide for selection of said sequences. 
0018 Aspects of the invention also provide for methods of 
simplifying the cloning and delivery of components of the 
CRISPR complex. In a preferred embodiment of the inven 
tion, a suitable promoter, such as the U6 promoter, is ampli 
fied with a DNA oligo and added onto the guide RNA. The 
resulting PCR product can then be transfected into cells to 
drive expression of the guide RNA. Aspects of the invention 
also relate to the guide RNA being transcribed in vitro or 
ordered from a synthesis company and directly transfected. 
0019. In one aspect, the invention provides for methods to 
improve activity by using a more active polymerase. In a 
preferred embodiment, the expression of guide RNAs under 
the control of the T7 promoter is driven by the expression of 
the T7 polymerase in the cell. In an advantageous embodi 
ment, the cell is a eukaryotic cell. In a preferred embodiment 
the eukaryotic cell is a human cell. In a more preferred 
embodiment the human cell is a patient specific cell. 
0020. In one aspect, the invention provides for methods of 
reducing the toxicity of Cas enzymes. In certain aspects, the 
Cas enzyme is any Cas9 as described herein, for instance any 
naturally-occurring bacterial Cas9 as well as any chimaeras, 
mutants, homologs or orthologs. In a preferred embodiment, 
the Cas9 is delivered into the cell in the form of mRNA. This 
allows for the transient expression of the enzyme thereby 
reducing toxicity. In another preferred embodiment, the 
invention also provides for methods of expressing Cas9 under 
the control of an inducible promoter, and the constructs used 
therein. 
0021. In another aspect, the invention provides for meth 
ods of improving the in vivo applications of the CRISPR-Cas 
system. In the preferred embodiment, the Cas enzyme is 
wildtype Cas9 or any of the modified versions described 
herein, including any naturally-occurring bacterial Cas9 as 
well as any chimaeras, mutants, homologs or orthologs. An 
advantageous aspect of the invention provides for the selec 
tion of Cas9 homologs that are easily packaged into viral 
vectors for delivery. Cas9 orthologs typically share the gen 
eral organization of 3-4 RuvC domains and a HNH domain. 
The 5' most RuvC domain cleaves the non-complementary 
strand, and the HNH domain cleaves the complementary 
Strand. All notations are in reference to the guide sequence. 
0022. The catalytic residue in the 5' RuvC domain is iden 

tified through homology comparison of the Cas9 of interest 
with other Cas9 orthologs (from S. pyogenes type IICRISPR 
locus, S. thermophilus CRISPR locus 1, S. thermophilus 
CRISPR locus 3, and Franciscilla novicida type IICRISPR 
locus), and the conserved Asp residue (D10) is mutated to 
alanine to convert Cas9 into a complementary-strand nicking 
enzyme. Similarly, the conserved His and Asn residues in the 
HNH domains are mutated to Alanine to convert Cas9 into a 
non-complementary-strand nicking enzyme. In some 
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embodiments, both sets of mutations may be made, to convert 
Cas9 into a non-cutting enzyme. 
0023. In some embodiments, the CRISPR enzyme is a 
type I or III CRISPR enzyme, preferably a type II CRISPR 
enzyme. This type II CRISPR enzyme may be any Cas 
enzyme. A preferred Cas enzyme may be identified as Cas9 as 
this can refer to the general class of enzymes that share 
homology to the biggest nuclease with multiple nuclease 
domains from the type II CRISPR system. Most preferably, 
the Cas9 enzyme is from, or is derived from, spCas9 or 
saCas9. By derived, Applicants mean that the derived enzyme 
is largely based, in the sense of having a high degree of 
sequence homology with, a wildtype enzyme, but that it has 
been mutated (modified) in some way as described herein 
0024. It will be appreciated that the terms Cas and 
CRISPR enzyme are generally used herein interchangeably, 
unless otherwise apparent. As mentioned above, many of the 
residue numberings used herein refer to the Cas9 enzyme 
from the type II CRISPR locus in Streptococcus pyogenes. 
However, it will be appreciated that this invention includes 
many more Cas9s from other species of microbes, such as 
SpCas9, SaCas9, St1Cas9 and so forth. Further examples are 
provided herein. The skilled person will be able to determine 
appropriate corresponding residues in Cas9 enzymes other 
than SpCas9 by comparison of the relevant amino acid 
sequences. Thus, where a specific amino acid replacement is 
referred to using the SpCas9 numbering, then, unless the 
context makes it apparent this is not intended to refer to other 
Cas9 enzymes, the disclosure is intended to encompass cor 
responding modifications in other Cas9 enzymes. 
0025. An example of a codon optimized sequence, in this 
instance optimized for humans (i.e. being optimized for 
expression in humans) is provided herein, see the SaCas9 
human codon optimized sequence. Whilst this is preferred, it 
will be appreciated that other examples are possible and 
codon optimization for a host species is known. 
0026. In further embodiments, the invention provides for 
methods of enhancing the function of Cas9 by generating 
chimeric Cas9 proteins. Chimeric Cas9 proteins may be new 
Cas9 containing fragments from more than one naturally 
occurring Cas9. These methods may comprise fusing N-ter 
minal fragments of one Cas9 homolog with C-terminal frag 
ments of another Cas9 homolog. These methods also allow 
for the selection of new properties displayed by the chimeric 
Cas9 proteins. 
0027. It will be appreciated that in the present methods, 
where the organism is an animal or a plant, the modification 
may occur ex vivo or in vitro, for instance in a cell culture and 
in Some instances not in vivo. In other embodiments, it may 
occur in vivo. Where the modification occurs ex vivo or in 
vitro, a modified cell may be used to generate a complete 
organism, or a modified cell may be introduced or reintro 
duced into a host organism. 
0028. In one aspect, the invention provides a method of 
modifying an organism or a non-human organism by manipu 
lation of a target sequence in a genomic locus of interest 
comprising: delivering a non-naturally occurring or engi 
neered composition comprising: 
A)—I. a CRISPR-Cas system chimeric RNA (chiRNA) poly 
nucleotide sequence, wherein the polynucleotide sequence 
comprises: 
(a) a guide sequence capable of hybridizing to a target 
sequence in a eukaryotic cell, 
(b) a tracr mate sequence, and 
(c) a tracr sequence, and 
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II. a polynucleotide sequence encoding a CRISPR enzyme 
comprising at least one or more nuclear localization 
Sequences, 
wherein (a), (b) and (c) are arranged in a 5' to 3' orientation, 
wherein when transcribed, the tracr mate sequence hybridizes 
to the tracr sequence and the guide sequence directs 
sequence-specific binding of a CRISPR complex to the target 
sequence, and 
wherein the CRISPR complex comprises the CRISPR 
enzyme complexed with (1) the guide sequence that is hybrid 
ized to the target sequence, and (2) the tracr mate sequence 
that is hybridized to the tracr sequence and the polynucleotide 
sequence encoding a CRISPR enzyme is DNA or RNA, 
O 

(B) I. polynucleotides comprising: 
(a) a guide sequence capable of hybridizing to a target 
sequence in a eukaryotic cell, and 
(b) at least one or more tracr mate sequences, 
II. a polynucleotide sequence encoding a CRISPR enzyme, 
and 
III. a polynucleotide sequence comprising a tracr sequence, 
wherein when transcribed, the tracr mate sequence hybridizes 
to the tracr sequence and the guide sequence directs 
sequence-specific binding of a CRISPR complex to the target 
sequence, and 
wherein the CRISPR complex comprises the CRISPR 
enzyme complexed with (1) the guide sequence that is hybrid 
ized to the target sequence, and (2) the tracr mate sequence 
that is hybridized to the tracr sequence, and the polynucle 
otide sequence encoding a CRISPR enzyme is DNA or RNA. 
0029. Any or all of the polynucleotide sequence encoding 
a CRISPR enzyme, guide sequence, tracr mate sequence or 
tracr sequence, may be RNA. The polynucleotides encoding 
the sequence encoding a CRISPR enzyme, the guide 
sequence, tracr mate sequence or tracrsequence may be RNA 
and may be delivered via liposomes, nanoparticles, exo 
Somes, microVesicles, or a gene-gun. 
0030. It will be appreciated that where reference is made 

to a polynucleotide, which is RNA and is said to comprise a 
feature such as a tracr mate sequence, the RNA sequence 
includes the feature. Where the polynucleotide is DNA and is 
said to comprise a feature such as a tracr mate sequence, the 
DNA sequence is or can be transcribed into the RNA includ 
ing the feature at issue. Where the feature is a protein, such as 
the CRISPR enzyme, the DNA or RNA sequence referred to 
is, or can be, translated (and in the case of DNA transcribed 
first). 
0031. Accordingly, in certain embodiments the invention 
provides a method of modifying an organism, e.g., mammal 
including human or a non-human mammal or organism by 
manipulation of a target sequence in a genomic locus of 
interest comprising delivering a non-naturally occurring or 
engineered composition comprising a viral or plasmid vector 
system comprising one or more viral or plasmid vectors oper 
ably encoding a composition for expression thereof, wherein 
the composition comprises: (A) a non-naturally occurring or 
engineered composition comprising a vector System compris 
ing one or more vectors comprising I. a first regulatory ele 
ment operably linked to a CRISPR-Cas system chimeric 
RNA (chiRNA) polynucleotide sequence, wherein the poly 
nucleotide sequence comprises (a) a guide sequence capable 
of hybridizing to a target sequence in a eukaryotic cell, (b) a 
tracr mate sequence, and (c) a tracrsequence, and II. a second 
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regulatory element operably linked to an enzyme-coding 
sequence encoding a CRISPR enzyme comprising at least 
one or more nuclear localization sequences (or optionally at 
least one or more nuclear localization sequences as some 
embodiments can involve no NLS), wherein (a), (b) and (c) 
are arranged in a 5' to 3' orientation, wherein components I 
and II are located on the same or different vectors of the 
system, wherein when transcribed, the tracr mate sequence 
hybridizes to the tracr sequence and the guide sequence 
directs sequence-specific binding of a CRISPR complex to 
the target sequence, and wherein the CRISPR complex com 
prises the CRISPR enzyme complexed with (1) the guide 
sequence that is hybridized to the target sequence, and (2) the 
tracrimate sequence that is hybridized to the tracrsequence, or 
(B) a non-naturally occurring or engineered composition 
comprising a vector System comprising one or more vectors 
comprising I. a first regulatory element operably linked to (a) 
a guide sequence capable of hybridizing to a target sequence 
in a eukaryotic cell, and (b) at least one or more tracr mate 
sequences, II. a second regulatory element operably linked to 
an enzyme-coding sequence encoding a CRISPR enzyme, 
and III. a third regulatory element operably linked to a tracr 
sequence, wherein components I, II and III are located on the 
same or different vectors of the system, wherein when tran 
scribed, the tracr mate sequence hybridizes to the tracr 
sequence and the guide sequence directs sequence-specific 
binding of a CRISPR complex to the target sequence, and 
wherein the CRISPR complex comprises the CRISPR 
enzyme complexed with (1) the guide sequence that is hybrid 
ized to the target sequence, and (2) the tracr mate sequence 
that is hybridized to the tracr sequence. In some embodi 
ments, components I, II and III are located on the same vector. 
In other embodiments, components I and II are located on the 
same vector, while component III is located on another vector. 
In other embodiments, components I and III are located on the 
same vector, while component II is located on another vector. 
In other embodiments, components II and III are located on 
the same vector, while component I is located on another 
vector. In other embodiments, each of components I, II and III 
is located on different vectors. The invention also provides a 
viral or plasmid vector system as described herein. 
0032 Preferably, the vector is a viral vector, such as a 
lenti- or baculo- or preferably adeno-viral/adeno-associated 
viral vectors, but other means of delivery are known (such as 
yeast systems, microVesicles, gene guns/means of attaching 
vectors to gold nanoparticles) and are provided. In some 
embodiments, one or more of the viral or plasmid vectors may 
be delivered via liposomes, nanoparticles, exosomes, 
microVesicles, or a gene-gun. 
0033. By manipulation of a target sequence, Applicants 
also mean the epigenetic manipulation of a target sequence. 
This may be of the chromatin state of a target sequence. Such 
as by modification of the methylation state of the target 
sequence (i.e. addition or removal of methylation or methy 
lation patterns or CpG islands), histone modification, increas 
ing or reducing accessibility to the target sequence, or by 
promoting 3D folding. 
0034. It will be appreciated that where reference is made 
to a method of modifying an organism or mammal including 
human or a non-human mammal or organism by manipula 
tion of a target sequence in a genomic locus of interest, this 
may apply to the organism (or mammal) as a whole or just a 
single cell or population of cells from that organism (if the 
organism is multicellular). In the case of humans, for 
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instance, Applicants envisage, inter alia, a single cell or a 
population of cells and these may preferably be modified ex 
Vivo and then re-introduced. In this case, a biopsy or other 
tissue or biological fluid sample may be necessary. Stem cells 
are also particularly preferred in this regard. But, of course, in 
Vivo embodiments are also envisaged. 
0035. In certain embodiments the invention provides a 
method of treating or inhibiting a condition caused by a defect 
in a target sequence in a genomic locus of interest in a subject 
(e.g., mammal or human) or a non-human Subject (e.g., mam 
mal) in need thereof comprising modifying the Subject or a 
non-human Subject by manipulation of the target sequence 
and wherein the condition is susceptible to treatment or inhi 
bition by manipulation of the target sequence comprising 
providing treatment comprising: delivering a non-naturally 
occurring or engineered composition comprising an AAV or 
lentivirus vector System comprising one or more AAV or 
lentivirus vectors operably encoding a composition for 
expression thereof, wherein the target sequence is manipu 
lated by the composition when expressed, wherein the com 
position comprises: (A) a non-naturally occurring or engi 
neered composition comprising a vector system comprising 
one or more vectors comprising I. a first regulatory element 
operably linked to a CRISPR-Cas system chimeric RNA 
(chiRNA) polynucleotide sequence, wherein the polynucle 
otide sequence comprises (a) a guide sequence capable of 
hybridizing to a target sequence in a eukaryotic cell, (b) a tracr 
mate sequence, and (c) a tracr sequence, and II. a second 
regulatory element operably linked to an enzyme-coding 
sequence encoding a CRISPR enzyme comprising at least 
one or more nuclear localization sequences (or optionally at 
least one or more nuclear localization sequences as some 
embodiments can involve no NLS) wherein (a), (b) and (c) are 
arranged in a 5' to 3' orientation, wherein components I and II 
are located on the same or different vectors of the system, 
wherein when transcribed, the tracr mate sequence hybridizes 
to the tracr sequence and the guide sequence directs 
sequence-specific binding of a CRISPR complex to the target 
sequence, and wherein the CRISPR complex comprises the 
CRISPR enzyme complexed with (1) the guide sequence that 
is hybridized to the target sequence, and (2) the tracr mate 
sequence that is hybridized to the tracr sequence, or (B) a 
non-naturally occurring or engineered composition compris 
ing a vector system comprising one or more vectors compris 
ing I. a first regulatory element operably linked to (a) a guide 
sequence capable of hybridizing to a target sequence in a 
eukaryotic cell, and (b) at least one or more tracr mate 
sequences, II. a second regulatory element operably linked to 
an enzyme-coding sequence encoding a CRISPR enzyme, 
and III. a third regulatory element operably linked to a tracr 
sequence, wherein components I, II and III are located on the 
same or different vectors of the system, wherein when tran 
scribed, the tracr mate sequence hybridizes to the tracr 
sequence and the guide sequence directs sequence-specific 
binding of a CRISPR complex to the target sequence, and 
wherein the CRISPR complex comprises the CRISPR 
enzyme complexed with (1) the guide sequence that is hybrid 
ized to the target sequence, and (2) the tracr mate sequence 
that is hybridized to the tracr sequence. In some embodi 
ments, components I, II and III are located on the same vector. 
In other embodiments, components I and II are located on the 
same vector, while component III is located on another vector. 
In other embodiments, components I and III are located on the 
same vector, while component II is located on another vector. 
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In other embodiments, components II and III are located on 
the same vector, while component I is located on another 
vector. In other embodiments, each of components I, II and III 
is located on different vectors. The invention also provides a 
viral (e.g. AAV or lentivirus) vector system as described 
herein. 

0036 Some methods of the invention can include inducing 
expression. In some methods of the invention the organism or 
Subject is a eukaryote (including mammal including human) 
or a non-human eukaryote or a non-human animal or a non 
human mammal. In some embodiments, the organism or Sub 
ject is a non-human animal, and may be an arthropod, for 
example, an insect, or may be a nematode. In some methods 
of the invention the organism or subject is a plant. In some 
methods of the invention the organism or subject is a mammal 
or a non-human mammal. A non-human mammal may be for 
example a rodent (preferably amouse or a rat), an ungulate, or 
a primate. In some methods of the invention the organism or 
Subject is algae, including microalgae, or is a fungus. In some 
methods of the invention the viral vector is an AAV or a 
lentivirus, and can be part of a vector system as described 
herein. In some methods of the invention the CRISPR enzyme 
is a Cas9. In some methods of the invention the expression of 
the guide sequence is under the control of the T7 promoter 
and is driven by the expression of T7 polymerase. 
0037. The invention in some embodiments comprehends a 
method of delivering a CRISPR enzyme comprising deliver 
ing to a cell mRNA encoding the CRISPR enzyme. In some of 
these methods the CRISPR enzyme is a Cas9. 
0038. The invention also provides methods of preparing 
the vector systems of the invention, in particular the viral 
vector systems as described herein. The invention in some 
embodiments comprehends a method of preparing the AAV 
of the invention comprising transfecting plasmid(s) contain 
ing or consisting essentially of nucleic acid molecule(s) cod 
ing for the AAV into AAV-infected cells, and supplying AAV 
rep and/or cap obligatory for replication and packaging of the 
AAV. In some embodiments the AAV rep and/or cap obliga 
tory for replication and packaging of the AAV are Supplied by 
transfecting the cells with helper plasmid(s) or helper virus 
(es). In some embodiments the helper virus is a poxvirus, 
adenovirus, herpesvirus or baculovirus. In some embodi 
ments the poxvirus is a vaccinia virus. In some embodiments 
the cells are mammalian cells. And in some embodiments the 
cells are insect cells and the helper virus is baculovirus. In 
other embodiments, the virus is a lentivirus. 
0039. In plants, pathogens are often host-specific. For 
example, Fusarium oxyvsporum f. sp. lycopersici causes 
tomato wilt but attacks only tomato, and F. Oxysporum f. 
dianthii Puccinia graminis f.sp. tritici attacks only wheat. 
Plants have existing and induced defenses to resist most 
pathogens. Mutations and recombination events across plant 
generations lead to genetic variability that gives rise to Sus 
ceptibility, especially as pathogens reproduce with more fre 
quency than plants. In plants there can be non-host resistance, 
e.g., the host and pathogen are incompatible. There can also 
be Horizontal Resistance, e.g., partial resistance against all 
races of a pathogen, typically controlled by many genes and 
Vertical Resistance, e.g., complete resistance to some races of 
a pathogen but not to other races, typically controlled by a few 
genes. In a Gene-for-Gene level, plants and pathogens evolve 
together, and the genetic changes in one balance changes in 
other. Accordingly, using Natural Variability, breeders com 
bine most useful genes for Yield, Quality, Uniformity, Hardi 
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ness, Resistance. The sources of resistance genes include 
native or foreign Varieties, Heirloom Varieties, Wild Plant 
Relatives, and Induced Mutations, e.g., treating plant material 
with mutagenic agents. Using the present invention, plant 
breeders are provided with a new tool to induce mutations. 
Accordingly, one skilled in the art can analyze the genome of 
Sources of resistance genes, and in Varieties having desired 
characteristics or traits employ the present invention to 
induce the rise of resistance genes, with more precision than 
previous mutagenic agents and hence accelerate and improve 
plant breeding programs. 
0040. The invention further comprehends a composition 
of the invention or a CRISPR enzyme thereof (including or 
alternatively mRNA encoding the CRISPR enzyme) for use 
in medicine or in therapy. In some embodiments the invention 
comprehends a composition according to the invention or a 
CRISPR enzyme thereof (including or alternatively mRNA 
encoding the CRISPR enzyme) for use in a method according 
to the invention. In some embodiments the invention provides 
for the use of a composition of the invention or a CRISPR 
enzyme thereof (including or alternatively mRNA encoding 
the CRISPR enzyme) in ex vivo gene or genome editing. In 
certain embodiments the invention comprehends use of a 
composition of the invention or a CRISPR enzyme thereof 
(including or alternatively mRNA encoding the CRISPR 
enzyme) in the manufacture of a medicament for ex vivo gene 
or genome editing or for use in a method according of the 
invention. The invention comprehends in some embodiments 
a composition of the invention or a CRISPR enzyme thereof 
(including or alternatively mRNA encoding the CRISPR 
enzyme), wherein the target sequence is flanked at its 3' end 
by a PAM (protospacer adjacent motif) sequence comprising 
5'-motif, especially where the Cas9 is (or is derived from) S. 
pyogenes or S. aureus Cas9. For example, a suitable PAM is 
5'-NRG or 5'-NNGRR (where N is any Nucleotide) for 
SpCas9 or SaCas9 enzymes (or derived enzymes), respec 
tively, as mentioned below. 
0041. It will be appreciated that SpCas9 or SaCas9 are 
those from or derived from S. pyogenes or S. aureus Cas9. 
0042 Aspects of the invention comprehend improving the 
specificity of a CRISPR enzyme, e.g. Cas9, mediated gene 
targeting and reducing the likelihood of off-target modifica 
tion by the CRISPR enzyme, e.g. Cas9. The invention in some 
embodiments comprehends a method of modifying an organ 
ism or a non-human organism with a reduction in likelihood 
of off-target modifications by manipulation of a first and a 
second target sequence on opposite strands of a DNA duplex 
in a genomic locus of interest in a cell comprising delivering 
a non-naturally occurring or engineered composition com 
prising: 
0043. I. a first CRISPR-Cas system chimeric RNA 
(chiRNA) polynucleotide sequence, 
wherein the first polynucleotide sequence comprises: 
(a) a first guide sequence capable of hybridizing to the first 
target Sequence, 
(b) a first tracr mate sequence, and 
(c) a first tracr sequence, 
0044 II. a second CRISPR-Cas system chiRNA poly 
nucleotide sequence, wherein the second polynucleotide 
sequence comprises: 
(a) a second guide sequence capable of hybridizing to the 
Second target sequence, 
(b) a second tracr mate sequence, and 
(c) a second tracr sequence, and 
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0045 III. a polynucleotide sequence encoding a CRISPR 
enzyme comprising at least one or more nuclear localization 
sequences and comprising one or more mutations, wherein 
(a), (b) and (c) are arranged in a 5' to 3' orientation, wherein 
when transcribed, the first and the second tracrimate sequence 
hybridize to the first and second tracr sequence respectively 
and the first and the second guide sequence directs sequence 
specific binding of a first and a second CRISPR complex to 
the first and second target sequences respectively, wherein the 
first CRISPR complex comprises the CRISPR enzyme com 
plexed with (1) the first guide sequence that is hybridized to 
the first target sequence, and (2) the first tracr mate sequence 
that is hybridized to the first tracr sequence, wherein the 
second CRISPR complex comprises the CRISPR enzyme 
complexed with (1) the second guide sequence that is hybrid 
ized to the second target sequence, and (2) the second tract 
mate sequence that is hybridized to the second tracrsequence, 
wherein the polynucleotide sequence encoding a CRISPR 
enzyme is DNA or RNA, and wherein the first guide sequence 
directs cleavage of one strand of the DNA duplex near the first 
target sequence and the second guide sequence directs cleav 
age of the other strand near the second target sequence induc 
ing a double strand break, thereby modifying the organism or 
the non-human organism with a reduction in likelihood of 
off-target modifications. 
0046. In some methods of the invention any or all of the 
polynucleotide sequence encoding the CRISPR enzyme, the 
first and the second guide sequence, the first and the second 
tracr mate sequence or the first and the second tracrsequence, 
isfare RNA. In further embodiments of the invention the 
polynucleotides encoding the sequence encoding the 
CRISPR enzyme, the first and the second guide sequence, the 
first and the second tracr mate sequence or the first and the 
second tracr sequence, is/are RNA and are delivered via lipo 
Somes, nanoparticles, exosomes, microvesicles, or a gene 
gun. In certain embodiments of the invention, the first and 
second tracr mate sequence share 100% identity and/or the 
first and second tracr sequence share 100% identity. In some 
embodiments, the polynucleotides may be comprised within 
a vector system comprising one or more vectors. In preferred 
embodiments of the invention the CRISPR enzyme is a Cas9 
enzyme, e.g. SpCas9. In an aspect of the invention the 
CRISPR enzyme comprises one or more mutations in a cata 
lytic domain, wherein the one or more mutations are selected 
from the group consisting of D10A, E762A, H840A, N854A, 
N863A and D986A. In a highly preferred embodiment the 
CRISPR enzyme has the D10A mutation. In preferred 
embodiments, the first CRISPR enzyme has one or more 
mutations such that the enzyme is a complementary strand 
nicking enzyme, and the second CRISPR enzyme has one or 
more mutations such that the enzyme is a non-complemen 
tary strand nicking enzyme. Alternatively the first enzyme 
may be a non-complementary strand nicking enzyme, and the 
second enzyme may be a complementary strand nicking 
enzyme. 

0047. In preferred methods of the invention the first guide 
sequence directing cleavage of one Strand of the DNA duplex 
near the first target sequence and the second guide sequence 
directing cleavage of the other Strand near the second target 
sequence results in a 5' overhang. In embodiments of the 
invention the 5' overhang is at most 200 base pairs, preferably 
at most 100 base pairs, or more preferably at most 50 base 



US 2014/0357530 A1 

pairs. In embodiments of the invention the 5' overhang is at 
least 26 base pairs, preferably at least 30 base pairs or more 
preferably 34-50 base pairs. 
0048. The invention in some embodiments comprehends a 
method of modifying an organism or a non-human organism 
with a reduction in likelihood of off-target modifications by 
manipulation of a first and a second target sequence on oppo 
site strands of a DNA duplex in a genomic locus of interest in 
a cell comprising delivering a non-naturally occurring or 
engineered composition comprising a vector System compris 
ing one or more vectors comprising 
0049. I. a first regulatory element operably linked to 
(a) a first guide sequence capable of hybridizing to the first 
target sequence, and 
(b) at least one or more tracr mate sequences, 
0050 II. a second regulatory element operably linked to 
(a) a second guide sequence capable of hybridizing to the 
Second target sequence, and 
(b) at least one or more tracr mate sequences, 
0051 III. a third regulatory element operably linked to an 
enzyme-coding sequence encoding a CRISPR enzyme, and 
0052 IV. a fourth regulatory element operably linked to a 
tracr Sequence, 
0053 wherein components I, II, III and IV are located on 
the same or different vectors of the system, when transcribed, 
the tracr mate sequence hybridizes to the tracr sequence and 
the first and the second guide sequence direct sequence-spe 
cific binding of a first and a second CRISPR complex to the 
first and second target sequences respectively, wherein the 
first CRISPR complex comprises the CRISPR enzyme com 
plexed with (1) the first guide sequence that is hybridized to 
the first target sequence, and (2) the tracr mate sequence that 
is hybridized to the tracr sequence, wherein the second 
CRISPR complex comprises the CRISPR enzyme complexed 
with (1) the second guide sequence that is hybridized to the 
second target sequence, and (2) the tracrimate sequence that is 
hybridized to the tracr sequence, wherein the polynucleotide 
sequence encoding a CRISPR enzyme is DNA or RNA, and 
wherein the first guide sequence directs cleavage of one 
strand of the DNA duplex near the first target sequence and 
the second guide sequence directs cleavage of the other strand 
near the second target sequence inducing a double strand 
break, thereby modifying the organism or the non-human 
organism with a reduction in likelihood of off-target modifi 
cations. 
0054 The invention also provides a vector system as 
described herein. The system may comprise one, two, three or 
four different vectors. Components I, II, III and IV may thus 
be located on one, two, three or four different vectors, and all 
combinations for possible locations of the components are 
herein envisaged, for example: components I, II, III and IV 
can be located on the same vector; components I, II, III and IV 
can each be located on different vectors; components I, II, III 
and IV may be located on a total of two or three different 
vectors, with all combinations of locations envisaged, etc. 
0055. In some methods of the invention any or all of the 
polynucleotide sequence encoding the CRISPR enzyme, the 
first and the second guide sequence, the first and the second 
tracr mate sequence or the first and the second tracrsequence, 
isfare RNA. In further embodiments of the invention the first 
and second tracr mate sequence share 100% identity and/or 
the first and second tracr sequence share 100% identity. In 
preferred embodiments of the invention the CRISPR enzyme 
is a Cas9 enzyme, e.g. SpCas9. In an aspect of the invention 
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the CRISPR enzyme comprises one or more mutations in a 
catalytic domain, wherein the one or more mutations are 
selected from the group consisting of D10A, E762A, H840A. 
N854A, N863A and D986A. In a highly preferred embodi 
ment the CRISPR enzyme has the D10A mutation. In pre 
ferred embodiments, the first CRISPR enzyme has one or 
more mutations such that the enzyme is a complementary 
strand nicking enzyme, and the second CRISPR enzyme has 
one or more mutations such that the enzyme is a non-comple 
mentary strand nicking enzyme. Alternatively the first 
enzyme may be a non-complementary Strand nicking 
enzyme, and the second enzyme may be a complementary 
Strand nicking enzyme. In a further embodiment of the inven 
tion, one or more of the viral vectors are delivered via lipo 
Somes, nanoparticles, exosomes, microvesicles, or a gene 
gun. 
0056. In preferred methods of the invention the first guide 
sequence directing cleavage of one Strand of the DNA duplex 
near the first target sequence and the second guide sequence 
directing cleavage of other Strand near the second target 
sequence results in a 5' overhang. In embodiments of the 
invention the 5' overhang is at most 200 base pairs, preferably 
at most 100 base pairs, or more preferably at most 50 base 
pairs. In embodiments of the invention the 5' overhang is at 
least 26 base pairs, preferably at least 30 base pairs or more 
preferably 34-50 base pairs. 
0057 The invention in some embodiments comprehends a 
method of modifying a genomic locus of interest with a 
reduction in likelihood of off-target modifications by intro 
ducing into a cell containing and expressing a double stranded 
DNA molecule encoding a gene product of interest an engi 
neered, non-naturally occurring CRISPR-Cas system com 
prising a Cas protein having one or more mutations and two 
guide RNAS that target a first Strand and a second strand of the 
DNA molecule respectively, whereby the guide RNAS target 
the DNA molecule encoding the gene product and the Cas 
protein nicks each of the first Strand and the second strand of 
the DNA molecule encoding the gene product, whereby 
expression of the gene product is altered; and, wherein the 
Cas protein and the two guide RNAs do not naturally occur 
together. 
0058. In preferred methods of the invention the Cas pro 
tein nicking each of the first strand and the second strand of 
the DNA molecule encoding the gene product results in a 5' 
overhang. In embodiments of the invention the 5' overhang is 
at most 200 base pairs, preferably at most 100 base pairs, or 
more preferably at most 50 base pairs. In embodiments of the 
invention the 5' overhang is at least 26 base pairs, preferably 
at least 30 base pairs or more preferably 34-50 base pairs. 
0059 Embodiments of the invention also comprehend the 
guide RNAS comprising a guide sequence fused to a tracr 
mate sequence and a tracr sequence. In an aspect of the 
invention the Cas protein is codon optimized for expression in 
a eukaryotic cell, preferably a mammalian cell or a human 
cell. In further embodiments of the invention the Cas protein 
is a type IICRISPR-Cas protein, e.g. a Cas 9 protein. In a 
highly preferred embodiment the Cas protein is a Cas9 pro 
tein, e.g. SpCas9. In aspects of the invention the Cas protein 
has one or more mutations selected from the group consisting 
of D10A, E762A, H840A, N854A, N863A and D986A. In a 
highly preferred embodiment the Cas protein has the D10A 
mutation. 

0060 Aspects of the invention relate to the expression of 
the gene product being decreased or a template polynucle 




























































































































































































































































































































































































































