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Description
RELATED APPLICATIONS

[0001] Theforegoing applications, and alldocuments cited therein or during their prosecution ("appln cited documents")
and alldocuments cited or referenced in the applin cited documents, and all documents cited or referenced herein ("herein
cited documents"), and all 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, may be em-
ployed in the practice of the invention.

FIELD OF THE INVENTION

[0002] The presentdisclosure generally relates to the delivery, engineering and optimization of systems, methods and
compositions used for the control of gene expression involving sequence targeting, such as genome perturbation or
gene-editing, that relate to Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and components
thereof.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

[0003] 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.

BACKGROUND OF THE INVENTION

[0004] Recent advances in genome sequencing techniques and analysis methods have significantly accelerated the
ability to catalog and map genetic factors associated with a diverse range of biological functions and diseases. Precise
genome targeting technologies are needed to enable systematic reverse engineering of causal genetic variations by
allowing selective perturbation of individual genetic elements, as well as to advance synthetic biology, biotechnological,
and medical applications. Although genome-editing techniques such as designer zinc fingers, transcription activator-
like effectors (TALEs), or homing meganucleases are available for producing targeted genome perturbations, there
remains a need for new genome engineering technologies that are affordable, easy to set up, scalable, and amenable
to targeting multiple positions within the eukaryotic genome.

SUMMARY OF THE INVENTION AND OF THE DISCLOSURE

[0005] The CRISPR-Cas system does not require the generation of customized proteins to target specific sequences
but rather a single Cas enzyme can be programmed by a short RNA molecule to recognize a specific DNA target. Adding
the CRISPR-Cas system to the repertoire of genome sequencing techniques and analysis methods may significantly
simplify the methodology and accelerate the ability to catalog and map genetic factors associated with a diverse range
of biological functions and diseases. To utilize the CRISPR-Cas system effectively forgenome editing without deleterious
effects, it is critical to understand aspects of engineering and optimization of these genome engineering tools, which are
aspects of the claimed invention.

[0006] 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 this need and provides 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.

[0007] In one aspect, the disclosure relates to methods for using one or more elements of a CRISPR system. The
CRISPR composition of the invention provides an effective means for modifying a target polynucleotide. The CRISPR
composition of the invention has a wide variety of utilities including modifying (e.g., deleting, inserting, translocating,
inactivating, activating) a target polynucleotide in a multiplicity of cell types. As such the CRISPR composition of the
invention has a broad spectrum of applications in, e.g., gene or genome editing, gene therapy, drug discovery, drug
screening, disease diagnosis, and prognosis. An exemplary CRISPR complex comprises a CRISPR enzyme complexed
with a guide sequence hybridized to a target sequence within the target polynucleotide. The guide sequence is linked
to a tracr mate sequence, which in turn hybridizes to a tracr sequence.

[0008] Aspects ofthe disclosure 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 Cas® enzymes and nucleic acid molecules
coding therefor, and chimeric Cas9 enzymes, as well as methods of improving the target specificity of a Cas9 enzyme
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or of designing a CRISPR-Cas9 system comprising designing or preparing guide RNAs having optimal activity and/or
selecting 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.

[0009] Also provided are uses of the present sequences, vectors, enzymes or systems, in medicine. Also provided
are uses of the same in gene or genome editing.

[0010] 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). Further mutations have been characterized. In one aspect of the
disclosure, the transcriptional activation domain may be VP64. Other aspects of the disclosure relate to the mutated
Cas 9 enzyme being fused to domains which include but are not limited to a transcriptional repressor, a recombinase,
a transposase, a histone remodeler, a DNA methyltransferase, a cryptochrome, a light inducible/controllable domain or
a chemically inducible/controllable domain.

[0011] In a further embodiment, the disclosure 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 disclosure also provide for selection of said sequences.

[0012] Aspects of the invention also provide for methods of simplifying the cloning and delivery of components of the
CRISPR complex. In the preferred embodiment of the invention, a suitable promoter, such as the U6 promoter, is
amplified 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 disclosure also relate to the guide RNA being transcribed in vitro
or ordered from a synthesis company and directly transfected.

[0013] In one aspect, the disclosure 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
ofthe T7 polymerase in the cell. In an advantageous embodiment, 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.

[0014] In one aspect, the disclosure 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 embod-
iment, the disclosure also provides for methods of expressing Cas9 under the control of an inducible promoter the
constructs used therein.

[0015] In another aspect, the disclosure provides for methods 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 disclosure provides for the selection of Cas® homologs that are easily packaged into viral
vectors for delivery. Cas9 orthologs typically share the general 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.

[0016] The catalytic residue in the 5’ RuvC domain is identified through homology comparison of the Cas9 of interest
with other Cas9 orthologs (from S. pyogenes type Il CRISPR locus, S. thermophilus CRISPR locus 1, S. thermophilus
CRISPR locus 3, and Franciscilla novicida type || CRISPR locus), and the conserved Asp residue 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.

[0017] In some embodiments, the CRISPR enzyme is a type | or Il CRISPR enzyme, preferably a type || CRISPR
enzyme. This type Il CRISPR enzyme may be any Cas enzyme. A Cas enzyme may be identified 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 Il 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

[0018] 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 Il 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, StiCas9 and so forth. Further examples
are provided herein.

[0019] 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.
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[0020] In further embodiments, the disclosure provides for methods of enhancing the function of Cas9 by generating
chimeric Cas9 proteins. These methods may comprise fusing N-terminal fragments of one Cas9 homolog with C-terminal
fragments of another Cas9 homolog. These methods also allow for the selection of new properties displayed by the
chimeric proteins.

[0021] 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.

[0022] In one aspectthe invention relates to a method of modifying an organism or a non-human organism by manip-
ulation 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 comprising : |. a CRISPR-Cas system
chimeric RNA (chiRNA) polynucleotide sequence, wherein the polynucleotide sequence may comprise: (a) a first guide
sequence capable of hybridizing to the first target sequence, (b) a first tracr mate sequence, (c) a first tracr sequence,
(d) a second guide sequence capable of hybridizing to the second target sequence, (e) a second tracr mate sequence,
and (f) a second tracr sequence, and Il. a polynucleotide sequence encoding a CRISPR enzyme comprising at least
one or more nuclear localization sequences, wherein (a), (b}, (c), (d), (e) and (f) may be arranged in a 5' to 3’ orientation,
wherein the polynucleotide sequence may comprise a linker sequence between the first tracr sequence and the second
guide sequence, whereby the first guide sequence and the second guide sequence are in tandem, wherein when
transcribed, the first and the second tracr mate sequence may 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 may comprise the CRISPR
enzyme complexed 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 may comprise the
CRISPR enzyme complexed with (1) the second guide sequence that is hybridized to the second target sequence, and
(2) the second tracr mate sequence that is hybridized to the second 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 other strand near
the second target sequence inducing a double strand break, thereby modifying the organism orthe non-human organism.
[0023] The invention also relates to a method of modifying an organism or a non-human organism 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 comprising a vector system comprising one
or more vectors comprising |. a first regulatory element operably linked to (a) a first guide sequence capable of hybridizing
to the first target sequence, (b) a first tracr mate sequence, (c) a first tracr sequence, (d) a second guide sequence
capable of hybridizing to the second target sequence, (e) a second tracr mate sequence, and (f) a second tracr sequence,
and wherein a linker sequence is present between the first tracr sequence and the second guide sequence, whereby
the first guide sequence and the second guide sequence are in tandem, and Il. a second regulatory element operably
linked to an enzyme-coding sequence encoding a CRISPR enzyme, and wherein components | and Il are located on
the same or different vectors of the system, when transcribed, a first tracr mate sequence hybridizes to a first tracr
sequence and the first and the second guide sequence directs sequence-specific binding of a first and a second CRISPR
complexto the first and second target sequences respectively, wherein the first CRISPR complex comprises the CRISPR
enzyme complexed with (1) the first guide sequence that is hybridized to the first target sequence, and (2) the first tracr
mate sequence thatis hybridized to the first tracr sequence, whereinthe 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
second tracr mate sequence that is hybridized to the second 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 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 modifications. In some instances, the second tracr may hybridize with the first
tracr-mate.

[0024] The invention also relates to a non-naturally occurring or engineered composition for modifying an organism
or a non-human organism 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 : |. a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide
sequence, wherein the polynucleotide sequence comprises: (a) a first guide sequence capable of hybridizing to the first
target sequence, (b) a first tracr mate sequence, (c) a first tracr sequence, (d) a second guide sequence capable of
hybridizing to the second target sequence, (e) a second tracr mate sequence, and (f) a second tracr sequence, and Il.
a polynucleotide sequence encoding a CRISPR enzyme comprising at least one or more nuclear localization sequences,
wherein (a), (b), (c), (d), (e) and (f) may be arranged in a 5' to 3’ orientation, wherein the polynucleotide sequence
comprises a linker sequence between the first tracr sequence and the second guide sequence, whereby the first guide
sequence and the second guide sequence are in tandem, wherein when transcribed, the first and the second tracr mate
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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 complexed 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 hybridized to the second target sequence, and (2) the second tracr mate sequence that
is hybridized to the second 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 other strand near the second target sequence inducing
a double strand break to modify the organism or the non-human organism with a reduction in likelihood of off-target
modifications.

[0025] In embodiments of the methods and compositions of the invention, the modifying of the organism or the non-
human organism with a reduction in likelihood of off-target modifications may comprise inducing a microdeletion, wherein
the microdeletion may comprise deletion of a sequence between the first and second target sequences. In embodiments
of the invention, the linker sequence may comprise at least 5 nucleotides, or at least 10 nucleotides or at least 20
nucleotides. In an advantageous embodiment, the linker sequence has 8 or 12 nucleotides. In other embodiments, the
first or second guide sequence, the first or second tracr sequence and/or the first or second tracr mate sequences are
modified, wherein the modification comprises optimized first or second tracr sequence and/or optimized first or second
guide sequence and/or, co-fold structure of first or second tracr sequence and/or first or second tracr mate sequence(s)
respectively and/or stabilizing secondary structures (hair pins) of first or second tracr sequence and/or first or second
tracr sequence with a reduced region of base-pairing and/or first or second tracr sequence fused RNA elements.
[0026] In a further embodiments of the methods and compositions 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 tracr sequence, is/are RNA. The invention also comprehends the polynucleotides
encoding the sequence encoding the CRISPR enzyme, the first and the second guide sequence, the first and the second
tracrmate sequence orthe first and the second tracrsequence, is/are RNA and are delivered via nanoparticles, exosomes,
microvesicles, or a gene-gun. In a further embodiment, the first and second tracr mate sequence share 100% identity
and/or the first and second tracr sequence share 100% identity. In a preferred embodiment, the CRISPR enzyme is a
Cas9 enzyme, e.g. SpCas9. It is not necessarily the case for 100% identity between the first tracr and second tracr
sequence: Many of the altered scaffolds have changes to the DR/TracR sequences as well as the distal hairpins. It is
also possible to have tandems involving alternate scaffolds that have distinct DR/TRACR sequences.

[0027] In another aspect, the invention relates to a method of modifying an organism or a non-human organism 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 comprising: |. a CRISPR-Cas system
chimeric RNA (chiRNA) polynucleotide sequence, wherein the polynucleotide sequence comprises: (a) a first guide
sequence capable of hybridizing to the first target sequence, (b) a first tracr mate sequence, (c) a first tracr sequence,
(d) a second guide sequence capable of hybridizing to the second target sequence, (e) a second tracr mate sequence,
and (f) a second tracr sequence, and Il. 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), (c), (d), (e) and (f)
are may be in a 5’ to 3’ orientation, wherein the polynucleotide sequence comprises a linker sequence between the first
tracr sequence and the second guide sequence, whereby the first guide sequence and the second guide sequence are
in tandem, wherein when transcribed, the first and the second tracr mate 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 complexed 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 hybridized to the second target
sequence, and (2) the second tracr mate sequence that is hybridized to the second tracr sequence, wherein the poly-
nucleotide sequence encoding a CRISPR enzyme is DNA or RNA, and wherein the first guide sequence directs cleavage
of one strand ofthe DNA duplex near the first target sequence and the second guide sequence directs cleavage of other
strand near the second target sequence inducing a double strand break, thereby modifying the organism or the non-
human organism.

[0028] The invention relates to a method of modifying an organism or a non-human organism 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 comprising a vector system comprising one or more
vectors comprising |. a first regulatory element operably linked to (a) a first guide sequence capable of hybridizing to the
first target sequence, (b) a first tracr mate sequence, (c) a first tracr sequence, (d) a second guide sequence capable
of hybridizing to the second target sequence, (e) a second tracr mate sequence, and (f) a second tracr sequence, and
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wherein a linker sequence is present between the first tracr sequence and the second guide sequence, whereby the
first guide sequence and the second guide sequence are in tandem, and Il. a second regulatory element operably linked
to an enzyme-coding sequence encoding a CRISPR enzyme, and wherein components | and Il are located on the same
or different vectors of the system, when transcribed, a first tracr mate sequence hybridizes to a first tracr sequence 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
complexed 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 hybridized to the second target sequence, and (2) the
second tracr mate sequence that is hybridized to the second 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 other strand near
the second target sequence inducing a double strand break, thereby modifying the organism orthe non-human organism.
In an embodiment of the invention, the one or more of the viral vectors are delivered via nanopatrticles, exosomes,
microvesicles, or a gene-gun. In some instances, the second tracr may hybridize with the first tracr-mate.

[0029] The invention also relates to a non-naturally occurring or engineered composition modifying an organism or a
non-human organism 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: |. a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide se-
quence, wherein the polynucleotide sequence comprises: (a) a first guide sequence capable of hybridizing to the first
target sequence, (b) a first tracr mate sequence, (c) a first tracr sequence, (d) a second guide sequence capable of
hybridizing to the second target sequence, (e) a second tracr mate sequence, and (f) a second tracr sequence, and Il.
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), (c), (d), (e) and (f) may be arranged in a 5’ to 3’ orientation,
wherein the polynucleotide sequence comprises a linker sequence between the first tracr sequence and the second
guide sequence, whereby the first guide sequence and the second guide sequence are in tandem, wherein when
transcribed, the first and the second tracr mate 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
complexed 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 hybridized to the second target sequence, and (2) the
second tracr mate sequence that is hybridized to the second 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 other strand near
the second target sequence inducing a double strand break to modify the organism or the non-human organism.
[0030] In embodiments of the methods and compositions 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 some embodiments, the 5’ overhang is at most
200 base pairs, or at most 100 base pairs, or at most 50 base pairs or at least 26 base pairs or at least 30 base pairs.
In a preferred embodiment, the 5’ overhang is 34-50 base pairs. The invention comprehends any orall ofthe 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 tracr sequence, is/are RNA. In 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. It is not
necessarily the case for 100% identity between the first tracr and second tracr sequence:; Many of the altered scaffolds
have changes to the DR/TracR sequences as well as the distal hairpins. It is also possible to have tandems involving
alternate scaffolds that have distinct DR/TRACR sequences. In a preferred embodiment, the CRISPR enzyme is a Cas9
enzyme, e.g. SpCas9. In a further embodiment, the CRISPR enzyme comprises one or more mutations in a catalytic
domain, wherein the one or more mutations selected from the group consisting of D10A, E762A, H840A, N854A, N863A
and D986A. In a preferred embodiment, the CRISPR enzyme has the D10A mutation. In yet another embodiment, the
modification comprises optimized first or second tracr sequence and/or optimized first or second guide sequence and/or,
co-fold structure of first or second tracr sequence and/or first or second tracr mate sequence(s) respectively and/or
stabilizing secondary structures (hair pins) of first or second tracr sequence and/or first or second tracr sequence with
a reduced region of base-pairing and/or first or second tracr sequence fused RNA elements. In embodiments of the
invention, the linker sequence may comprise at least 5 nucleotides, or at least 10 nucleotides or at least 20 nucleotides.
In an advantageous embodiment, the linker sequence has 8 or 12 nucleotides.

[0031] In other aspects of the methods and compositions of the invention, more than two guide sequences may be in
tandem. The term "tandem single guide RNA" or "tsgRNA" is used to refer to one or more single guide RNAs (sgRNAs)
connected by one or more linker sequences. In a preferred embodiment, two guide sequences are in tandem in the
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polynucleotide sequence. A key aspect of the invention is the utilization of a single promoter or operable element to
drive the expression of more than one guide RNA.

[0032] In one aspect, the invention relates to a method of modifying an organism or a non-human organism by ma-
nipulation of a target sequence in a genomic locus of interest comprising:

delivering a non-naturally occurring or engineered composition comprising :

A) -

|. a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide sequence, wherein the polynucleotide se-
qguence 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 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
hybridized 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,

or

B)
|. polynucleotides comprising:

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

II. a polynucleotide sequence encoding a CRISPR enzyme, and

Ill. 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
hybridized 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.

[0033] 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 tracr sequence may be RNA and are delivered via nanoparticles, exosomes, micro-
vesicles, or a gene-gun.

[0034] It will be appreciated that where reference is made to a polynucleotide, which is RNA and is said to 'comprise’
a feature such a tracr mate sequence, the RNA sequence includes the feature. Where the polynucleotide is DNA and
is said to comprise a feature such a tracr mate sequence, the DNA sequence is or can be transcribed into the RNA 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).

[0035] Accordingly, in certain embodiments the invention relates to 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 operably encoding a composition for expression thereof, wherein
the composition comprises: (A) a non-naturally occurring or engineered composition comprising a vector system com-
prising one or more vectors comprising |. a first regulatory element operably linked to a CRISPR-Cas system chimeric
RNA (chiRNA) polynucleotide sequence, wherein the polynucleotide sequence comprises (a) a guide sequence capable
of hybridizing to a target sequence in a eukaryotic cell, (b) a tracr mate sequence, and (c) a tracr sequence, and Il. a
second regulatory element operably linked to an enzyme-coding sequence encoding a CRISPR enzyme comprising at
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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
| and Il 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 comprising a vector system comprising one or
more vectors comprising |. a first regulatory element operably linked to (a) a guide sequence capable of hybridizing to
atarget sequence in a prokaryotic cell, and (b) at least one or more tracr mate sequences, |l. a second regulatory element
operably linked to an enzyme-coding sequence encoding a CRISPR enzyme, and Ill. a third regulatory element operably
linked to a tracr sequence, wherein components |, Il and Il 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.

[0036] Preferably, the vector is a viral vector, such as a lenti- or baculo- or preferably adenoviral/adeno-associated
viral vectors, but othermeans ofdelivery 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 nanoparticles, exosomes, microvesicles, or a gene-gun.

[0037] 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 methylation patterns or CpGislands), histone modification, increasing
or reducing accessibility to the target sequence, or by promoting or reducing 3D folding.

[0038] 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 manipulation 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 instance, Applicants envisage, infer 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.

[0039] In certain embodiments the invention relates to 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.,
mammal) in need thereof comprising modifying the subject or a non-human subject by manipulation ofthe target sequence
and wherein the condition is susceptible to treatment or inhibition by manipulation of the target sequence comprising
providing treatment comprising: delivering a non-naturally occurring or engineered composition comprising an AAV
vector system comprising one or more AAV vectors comprising operably encoding a composition for expression thereof,
wherein the target sequence is manipulated by the composition when expressed, wherein the composition comprises:
(A) a non-naturally occurring or engineered composition comprising a vector system comprising one or more vectors
comprising |. a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide
sequence, wherein the polynucleotide sequence comprises (a) a guide sequence capable of hybridizing to a target
sequence in a eukaryotic cell, (b) a tracr mate sequence, and (c) a tracr sequence, and Il. 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 | and Il 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 comprising a vector system comprising one or more vectors com-
prising |. a first regulatory element operably linked to (a) a guide sequence capable of hybridizing to a target sequence
in a prokaryotic cell, and (b) at least one or more tracr mate sequences, Il. a second regulatory element operably linked
to an enzyme-coding sequence encoding a CRISPR enzyme, and lIll. a third regulatory element operably linked to a
tracr sequence, wherein components |, Il and lll 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.

[0040] Some methods ofthe invention can include inducing expression. In some methods of the invention the organism
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or subject is a eukaryote or a non-human eukaryote or a non-human animal or a non-human mammal. 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 non-
human mammal. In some methods of the invention the organism or subject is algae. In some methods of the invention
the viral vector is an AAV. 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 is driven by the expression of
T7 polymerase.

[0041] 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 methylation patterns or CpGislands), histone modification, increasing
or reducing accessibility to the target sequence, or by promoting or reducing 3D folding.

[0042] It will be appreciated that where reference is made to a method of modifying an organism or a non-human
organism by manipulation of a target sequence in a genomic locus of interest, this may apply to the organism 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
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.

[0043] In certain embodiments the invention relates to 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 or a non-human subject 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 inhibition by manipulation of the target sequence comprising providing treatment comprising:
delivering a non-naturally occurring or engineered composition comprising an AAV vector system comprising one or
more AAV vectors comprising operably encoding a composition for expression thereof, wherein the target sequence is
manipulated by the composition when expressed, wherein the composition comprises: (A) a non-naturally occurring or
engineered composition comprising a vector system comprising one or more vectors comprising |. a first regulatory
element 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 tracr sequence, and |l. 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 | and Il 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 comprising a vector system comprising one or more vectors comprising |. a first regulatory element operably
linked to (a) a guide sequence capable of hybridizing to a target sequence in a prokaryotic cell, and (b) at least one or
more tracr mate sequences, |l. a second regulatory element operably linked to an enzyme-coding sequence encoding
a CRISPR enzyme, and lll. a third regulatory element operably linked to a tracr sequence, wherein components |, Il and
IIl 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.

[0044] Some methods ofthe invention can include inducing expression. In some methods of the invention the organism
or subject is a eukaryote or a non-human eukaryote or a non-human animal. 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 non-human mammal. In
some methods of the invention the organism or subject is algae. In some methods of the invention the viral vector is an
AAV. 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 is driven by the expression of T7 polymerase.

[0045] The invention in some embodiments relates to a method of delivering a CRISPR enzyme comprising delivering
to a cell mMRNA encoding the CRISPR enzyme. In some of these methods the CRISPR enzyme is a Cas9.

[0046] The invention in some embodiments relates to a method of preparing the AAV of the invention comprising
transfecting plasmid(s) containing or consisting essentially of nucleic acid molecule(s) coding for the AAV into AAV-
infected cells, and supplying AAV rep and/or cap obligatory for replication and packaging of the AAV. In some embod-
iments the AAV rep and/or cap obligatory 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 embodiments 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.
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[0047] In plants, pathogens are often host-specific. For example, Fusarium oxysporumf. sp. lycopersici causes tomato
wilt but attacks only tomato, and F. oxysporum f dianthii Puccinia graminis f. sp. tritici attacks only wheat. Plants have
existing and induced defenses to resist most pathogens. Mutations and recombination events across plant generations
lead to genetic variability that gives rise to susceptibility, especially as pathogens reproduce with more frequency than
plants. In plants there can be non-host resistance, e.g., the host and pathogen are incompatible. There can also be
Horizontal Resistance, e.g., partial resistance against all races of a pathogen, typically controlled by many genes and
Vertical Resistance, e.g., complete resistance to some races of a pathogen but not to other races, typically controlled
by afew genes. In a Gene-for-Gene level, plants and pathogens evolve together, and the genetic changes in one balance
changes in other. Accordingly, using Natural Variability, breeders combine most usefulgenes forYield, Quality, Uniformity,
Hardiness, Resistance. The sources of resistance genes include native or foreign Varieties, Heirloom Varieties, Wild
Plant Relatives, and Induced Mutations, e.g., treating plant material with mutagenic agents. Using the present invention,
plant breeders are provided with a new tool to induce mutations. Accordingly, one skilled in the art can analyze the
genome of sources of resistance genes, and in Varieties having desired characteristics or traits employ the present
inventionto induce the rise of resistance genes, with more precision than previous mutagenic agents and hence accelerate
and improve plant breeding programs.

[0048] The invention further comprehends a composition of the invention for use in medicine. In some embodiments
the invention comprehends a composition according to the invention for use in a method according to the invention. In
some embodiments the invention provides for the use of a composition of the invention in ex vivo gene or genome
editing. In certain embodiments the invention comprehends use of a composition of the invention 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, wherein the target sequence is flanked at its 3’ end
by 5-motif (where N is any Nucleotide), 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 for SpCas9 or SaCas9 enzymes (or derived enzymes),
respectively, as mentioned below.

[0049] It will be appreciated that SpCas9 or SaCas9 are those from or derived from S. pyogenes or S. aureus Cas9.
[0050] Apects of the invention relate to improving the specificity of a CRISPR enzyme, e.g. Cas®, mediated gene
targeting and reducing the likelihood of off-target modification by the CRISPR enzyme, e.g. Cas9. The invention in some
embodiments relates to 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 opposite 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 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,

II. a second CRISPR-Cas system chiRNA polynucleotide 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

[ll. 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 tracr mate 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 complexto the first and second target sequences respectively, wherein the first CRISPR complex
comprises the CRISPR enzyme complexed 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 hybridized
to the second target sequence, and (2) the second tracr mate sequence that is hybridized to the second 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 other strand near the second target sequence inducing a double strand break,
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thereby modifying the organism or the non-human organism with a reduction in likelihood of off-target modifications.

[0051] 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 tracr
sequence, is/are 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 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. It is not necessarily the case for 100% identity between the first
tracr and second tracr sequence; Many of the altered scaffolds have changes to the DR/TracR sequences as well as
the distal hairpins. It is also possible to have tandems involving alternate scaffolds that have distinct DR/TRACR se-
quences. 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 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 embodiment the CRISPR enzyme has the D10A mutation.

[0052] In preferred methods of the invention the first guide sequence directing cleavage of one strand of the DNA
duplex nearthe 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.

[0053] The disclosure 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 opposite strands of a DNA duplexin a genomic locus of interest in a cell comprising delivering a non-naturally occurring
or engineered composition comprising a vector system comprising one or more vectors comprising

. 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,

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,

I. a third regulatory element operably linked to an enzyme-coding sequence encoding a CRISPR enzyme, and
IV. a fourth regulatory element operably linked to a tracr sequence,

wherein components |, I, Il 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 directs
sequence-specific binding of a first and a second CRISPR complex to the first and second target sequences re-
spectively, wherein the first CRISPR complex comprises the CRISPR enzyme complexed 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 tracr mate 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 other strand nearthe 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
modifications.

[0054] 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 tracr
sequence, is/are 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. It is not necessarily the case for 100% identity
betweenthe firsttracrand second tracr sequence: Many ofthe altered scaffolds have changestothe DR/TracR sequences
aswell as the distal hairpins. Itis also possible to have tandems involving alternate scaffolds that have distinct DR/TRACR
sequences. In preferred embodiments of the invention the CRISPR enzyme is a Cas9 enzyme, e.g. SpCas9. |n an
aspect of the invention the CRISPR enzyme comprises one or more mutations in a catalytic domain, wherein the one
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or more mutations are selected from the group consisting of D10A, E762A, H840A, N854A, N863A and D986A. |n a
highly preferred embodiment the CRISPR enzyme has the D10A mutation. In a further embodiment of the invention,
one or more of the viral vectors are delivered via nanoparticles, exosomes, microvesicles, or a gene-gun.

[0055] 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.

[0056] Theinventioninsome embodiments relates to a method of modifying a genomic locus of interest with a reduction
in likelihood of off-target modifications by introducing into a cell containing and expressing a double stranded DNA
molecule encoding the gene product an engineered, non-naturally occurring CRISPR-Cas system comprising 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 ofthe 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.
[0057] In preferred methods of the invention the Cas protein 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.

[00568] 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, wherein it may be a mammalian cell or a human cell. In further embodiments of the invention the
Cas protein is a type Il CRISPR-Cas protein, e.g. a Cas 9 protein. In a highly preferred embodiment the Cas protein is
a Cas9 protein, 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.

[0059] Aspects of the invention relate to the expression of the gene product being decreased or a template polynu-
cleotide being further introduced into the DNA molecule encoding the gene product or an intervening sequence being
excised precisely by allowing the two 5’ overhangs to reanneal and ligate or the activity or function of the gene product
being altered orthe expression ofthe gene product being increased. In an embodiment ofthe invention, the gene product
is a protein.

[0060] The invention also relates to an engineered, non-naturally occurring CRISPR-Cas system comprising a Cas
protein having one or more mutations and two guide RNAs that target a first strand and a second strand respectively of
a double stranded DNA molecule encoding a gene product in a cell, whereby the guide RNAs target the DNA molecule
encoding the gene product and the Cas protein nicks each ofthe 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.

[0061] In aspects of the invention the guide RNAs may comprise a guide sequence fused to a tracr mate sequence
and a tracr sequence. In an embodiment of the invention the Cas protein is a type || CRISPR-Cas protein. In an aspect
of the invention the Cas protein is codon optimized for expression in a eukaryotic cell, wherein it may be a mammalian
cell ora human cell. In further embodiments of the invention the Cas protein is a type || CRISPR-Cas protein, e.g. a Cas
9 protein. In a highly preferred embodiment the Cas protein is a Cas9 protein, 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.

[0062] Aspects of the invention relate to the expression of the gene product being decreased or a template polynu-
cleotide being further introduced into the DNA molecule encoding the gene product or an intervening sequence being
excised precisely by allowing the two 5’ overhangs to reanneal and ligate or the activity or function of the gene product
being altered orthe expression ofthe gene product being increased. In an embodiment ofthe invention, the gene product
is a protein.

[0063] The invention also relates to an engineered, non-naturally occurring vector system comprising one or more
vectors comprising:

a) a first regulatory element operably linked to each of two CRISPR-Cas system guide RNAs that target a first strand
and a second strand respectively of a double stranded DNA molecule encoding a gene product,

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

wherein components (a) and (b) are located on same or different vectors of the system, whereby the guide RNAs target
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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.

[0064] In aspects of the invention the guide RNAs may comprise a guide sequence fused to a tracr mate sequence
and a tracr sequence. In an embodiment of the invention the Cas protein is a type || CRISPR-Cas protein. In an aspect
of the invention the Cas protein is codon optimized for expression in a eukaryotic cell, wherein it may be a mammalian
cell ora human cell. In further embodiments of the invention the Cas protein is a type || CRISPR-Cas protein, e.g. a Cas
9 protein. In a highly preferred embodiment the Cas protein is a Cas9 protein, 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.

[0065] Aspects of the invention relate to the expression of the gene product being decreased or a template polynu-
cleotide being further introduced into the DNA molecule encoding the gene product or an intervening sequence being
excised precisely by allowing the two 5’ overhangs to reanneal and ligate or the activity or function of the gene product
being altered orthe expression ofthe gene product being increased. In an embodiment ofthe invention, the gene product
is a protein. In preferred embodiments ofthe invention the vectors of the system are viral vectors. In a furtherembodiment,
the vectors of the system are delivered via nanoparticles, exosomes, microvesicles, or a gene-gun.

[0066] In one aspect, the invention provides a method of modifying a target polynucleotide in a eukaryotic cell. Insome
embodiments, the method comprises allowing a CRISPR complex to bind to the target polynucleotide to effect cleavage
of said target polynucleotide thereby modifying the target polynucleotide, wherein the CRISPR complex comprises a
CRISPR enzyme complexed with a guide sequence hybridized to a target sequence within said target polynucleotide,
wherein said guide sequence is linked to a tracr mate sequence which in turn hybridizes to a tracr sequence. In some
embodiments, said cleavage comprises cleaving one or two strands at the location of the target sequence by said
CRISPR enzyme. In some embodiments, said cleavage results in decreased transcription of a target gene. In some
embodiments, the method further comprises repairing said cleaved target polynucleotide by homologous recombination
with an exogenous template polynucleotide, wherein said repair results in a mutation comprising an insertion, deletion,
or substitution of one or more nucleotides of said target polynucleotide. In some embodiments, said mutation results in
one or more amino acid changes in a protein expressed from a gene comprising the target sequence. In some embod-
iments, the method further comprises delivering one or more vectors to said eukaryotic cell, wherein the one or more
vectors drive expression of one or more of: the CRISPR enzyme, the guide sequence linked to the tracr mate sequence,
and the tracr sequence. In some embodiments, said vectors are delivered to the eukaryotic cell in a subject. In some
embodiments, said modifying takes place in said eukaryotic cell in a cell culture. In some embodiments, the method
further comprises isolating said eukaryotic cell from a subject prior to said modifying. In some embodiments, the method
further comprises returning said eukaryotic cell and/or cells derived therefrom to said subject.

[0067] In one aspect, the invention provides a method of modifying expression of a polynucleotide in a eukaryotic cell.
In some embodiments, the method comprises allowing a CRISPR complex to bind to the polynucleotide such that said
binding results in increased or decreased expression of said polynucleotide; wherein the CRISPR complex comprises
a CRISPR enzyme complexed with a guide sequence hybridized to a target sequence within said polynucleotide, wherein
said guide sequence is linked to atracr mate sequence which in turn hybridizes to a tracr sequence. In some embodiments,
the method further comprises delivering one or more vectors to said eukaryotic cells, wherein the one or more vectors
drive expression of one or more of: the CRISPR enzyme, the guide sequence linked to the tracr mate sequence, and
the tracr sequence.

[0068] In one aspect, the invention relates to a method of generating a model eukaryotic cell comprising a mutated
disease gene. In some embodiments, a disease gene is any gene associated an increase in the risk of having or
developing a disease. In some embodiments, the method comprises (a) introducing one or more vectors into a eukaryotic
cell, wherein the one or more vectors drive expression of one or more of; a CRISPR enzyme, a guide sequence linked
to a tracr mate sequence, and a tracr sequence; and (b) allowing a CRISPR complex to bind to a target polynucleotide
to effect cleavage of the target polynucleotide within said disease gene, wherein the CRISPR complex comprises the
CRISPR enzyme complexed with (1) the guide sequence that is hybridized to the target sequence within the target
polynucleotide, and (2) the tracr mate sequence that is hybridized to the tracr sequence, thereby generating a model
eukaryotic cell comprising a mutated disease gene. In some embodiments, said cleavage comprises cleaving one or
two strands at the location ofthe target sequence by said CRISPR enzyme. In some embodiments, said cleavage results
in decreased transcription of a target gene. In some embodiments, the method further comprises repairing said cleaved
target polynucleotide by homologous recombination with an exogenous template polynucleotide, wherein said repair
results in a mutation comprising an insertion, deletion, or substitution of one or more nucleotides of said target polynu-
cleotide. In some embodiments, said mutation results in one or more amino acid changes in a protein expression from
a gene comprising the target sequence.

[0069] In one aspect the disclosure provides for a method of selecting one or more prokaryotic cell(s) by introducing
one or more mutations in a gene in the one or more prokaryotic cell (s), the method comprising: introducing one or more
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vectors into the prokaryotic cell (s), wherein the one or more vectors drive expression of one or more of; a CRISPR
enzyme, a guide sequence linked to a tracr mate sequence, a tracr sequence, and an editing template; wherein the
editing template comprises the one or more mutations that abolish CRISPR enzyme cleavage; allowing homologous
recombination of the editing template with the target polynucleotide in the cell(s) to be selected; allowing a CRISPR
complex to bind to a target polynucleotide to effect cleavage of the target polynucleotide within said gene, wherein the
CRISPR complex comprises the CRISPR enzyme complexed with (1) the guide sequence that is hybridized to the target
sequence within the target polynucleotide, and (2) the tracr mate sequence that is hybridized to the tracr sequence,
wherein binding of the CRISPR complex to the target polynucleotide induces cell death, thereby allowing one or more
prokaryotic cell(s) in which one or more mutations have been introduced to be selected. In a preferred embodiment, the
CRISPR enzyme is Cas9. In another aspect of the disclosure the cell to be selected may be a eukaryotic cell. Aspects
of the disclosure allow for selection of specific cells without requiring a selection marker or a two-step process that may
include a counter-selection system.

[0070] In one aspect, the invention provides for methods of modifying a target polynucleotide in a eukaryotic cell. In
some embodiments, the method comprises allowing a CRISPR complex to bind to the target polynucleotide to effect
cleavage of said target polynucleotide thereby modifying the target polynucleotide, wherein the CRISPR complex com-
prises a CRISPR enzyme complexed with a guide sequence hybridized to a target sequence within said target polynu-
cleotide, wherein said guide sequence is linked to a tracr mate sequence which in turn hybridizes to a tracr sequence.
[0071] In other embodiments, this invention provides a method of modifying expression of a polynucleotide in a eu-
karyotic cell. The method comprises increasing or decreasing expression of a target polynucleotide by using a CRISPR
complex that binds to the polynucleotide.

[0072] Where desired, to effect the modification of the expression in a cell, one or more vectors comprising a tracr
sequence, a guide sequence linked to the tracr mate sequence, a sequence encoding a CRISPR enzyme is delivered
to a cell. In some methods, the one or more vectors comprises a regulatory element operably linked to an enzyme-
coding sequence encoding said CRISPR enzyme comprising a nuclear localization sequence; and a 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. When expressed, the guide sequence directs sequence-specific binding of a CRISPR complex
to a target sequence in a cell. Typically, 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.

[0073] In some methods, a target polynucleotide can be inactivated to effect the modification of the expression in a
cell. For example, upon the binding of a CRISPR complex to a target sequence in a cell, the target polynucleotide is
inactivated such that the sequence is not transcribed, the coded protein is not produced, or the sequence does not
function as the wild-type sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein is not produced.

[0074] In certain embodiments, the CRISPR enzyme comprises one or more mutations D10A, E762A, H840A, N854A,
N863A or D986A and/orthe one or more mutations is in a RuvCl or HNH domain of the CRISPR enzyme or is a mutation
as otherwise as discussed herein. In some embodiments, the CRISPR enzyme has one or more mutations in a catalytic
domain, 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 enzyme further com-
prises a functional domain. In some embodiments, a transcriptional activation domain is VP64. In some embodiments,
a transcription repression domains is KRAB. In some embodiments, a transcription repression domain is SID, or con-
catemers of SID (i.e. SID4X). In some embodiments, an epigenetic modifying enzyme is provided. In some embodiments,
an activation domain is provided, which may be the P85 activation domain.

[0075] In some embodiments, the CRISPR enzyme is a type | or Il CRISPR enzyme, preferably a type || CRISPR
enzyme. This type Il CRISPR enzyme may be any Cas enzyme. A Cas enzyme may be identified 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 Il 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.

[0076] 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 Il 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, SaCa9, StiICas9 and so forth.

[0077] 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.

[0078] Preferably, delivery is in the form of a vector which may be a viral vector, such as a lenti- or baculo- or preferably
adeno-viral/adeno-associated viral vectors, but other means ofdelivery are known (such as yeast systems, microvesicles,
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gene guns/means of attaching vectors to gold nanoparticles) and are provided. A vector may mean not only a viral or
yeast system (for instance, where the nucleic acids of interest may be operably linked to and under the control (in terms
of expression, such as to ultimately provide a processed RNA) a promoter), but also direct delivery of nucleic acids into
a host cell. While in herein methods the vector may be a viral vector and this is advantageously an AAV, other viral
vectors as herein discussed can be employed. For example, baculoviruses may be used for expression in insect cells.
These insect cells may, in turn be useful for producing large quantities of further vectors, such as AAV vectors adapted
for delivery of the present invention. Also envisaged is a method of delivering the present CRISPR enzyme comprising
delivering to a cell mMRNA encoding the CRISPR enzyme. It will be appreciated that the CRISPR enzyme is truncated,
comprised of less than one thousand amino acids or less than four thousand amino acids, is a nuclease or nickase, is
codon-optimized comprises one or more mutations, and/or comprises a chimeric CRISPR enzyme, or the other options
as herein discussed. AAV viral vectors are preferred.

[0079] In certain embodiments, the target sequence is flanked or followed, at its 3' end, by a PAM suitable for the
CRISPR enzyme, typically a Cas and in particular a Cas9.

[0080] Forexample, a suitable PAM is 5'-NRG or 5-NNGRR for SpCas9 or SaCas9 enzymes (or derived enzymes),
respectively.

[0081] It will be appreciated that SpCas9 or SaCas9 are those from or derived from S. pyogenes or S. aureus Cas9.
[0082] 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.

[0083] These and other embodiments are disclosed or are obvious from and encompassed by, the following Detailed
Description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0084] The novelfeatures ofthe invention are set forth with particularity in the appended claims. A better understanding
ofthe 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:

Figure 1 shows a schematic model of the CRISPR system. The Cas9 nuclease from Streptococcus pyogenes
(yellow) is targeted to genomic DNA by a synthetic guide RNA (sgRNA) consisting of a 20-nt guide sequence (blue)
and a scaffold (red). The guide sequence base-pairs with the DNA target (blue), directly upstream of a requisite 5'-
NGG protospacer adjacent motif (PAM; magenta), and Cas9 mediates a double-stranded break (DSB) ~3 bp up-
stream of the PAM (red triangle).

Figure 2A-F shows a schematic representation assay carried out to evaluate the cleavage specificity of Cas9 form
Streptococcus pyogenes. Single base pair mismatches between the guide RNA sequence and the target DNA are
mapped against cleavage efficiency in %.

Figure 3A-F is a circular phylogenetic tree of Cas genes

Figure 4A-F shows the linear phylogenetic analysis revealing five families of Cas9s, including three groups of large
Cas9s (~1400 amino acids) and two of small Cas9s (~1100 amino acids).

Figure 5 shows a graph representing the length distribution of Cas9 orthologs.

Figure 6A-M shows sequences where the mutation points are located within the SpCas9 gene.

Figure 7A shows the Conditional Cas9, Rosa26 targeting vector map.

Figure 7B shows the Constitutive Cas9, Rosa26 targeting vector map.

Figure 8 shows a schematic of the important elements in the Constitutive and Conditional Cas9 constructs.
Figure 9 shows delivery and in vivo mouse brain Cas9 expression data.

Figure 10 shows RNA delivery of Cas9 and chimeric RNA into cells (A) Delivery of a GFP reporter as either DNA
or mRNA into Neuro-2A cells. (B) Delivery of Cas9 and chimeric RNA against the Icam2 gene as RNA results in
cutting for one of two spacers tested. (C) Delivery of Cas9 and chimeric RNA against the F7 gene as RNA results
in cutting for one of two spacers tested.

Figure 11 shows how DNA double-strand break (DSB) repair promotes gene editing. In the error-prone non-homol-
ogous end joining (NHEJ) pathway, the ends of a DSB are processed by endogenous DNA repair machineries and
rejoined together, which canresultin randominsertion/deletion (indel) mutations at the site ofjunction. Indel mutations
occurring within the coding region of a gene can result in frame-shift and a premature stop codon, leading to gene
knockout. Alternatively, a repairtemplate in the form of a plasmid or single-stranded oligodeoxynucleotides (ssSODN)
can be supplied to leverage the homology-directed repair (HDR) pathway, which allows high fidelity and precise
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editing.

Figure 12A-C shows shows anticipated results for HDR in HEK and HUESS cells. (a) Either a targeting plasmid or
an ssODN (sense or antisense) with homology arms can be used to edit the sequence at a target genomic locus
cleaved by Cas9 (red triangle). To assay the efficiency of HDR, we introduced a Hindlll site (red bar) into the target
locus, which was PCR-amplified with primers that anneal outside of the region of homology. Digestion of the PCR
product with Hindlll reveals the occurrence of HDR events. (b) ssODNSs, oriented in either the sense orthe antisense
(s or a) direction relative to the locus of interest, can be used in combination with Cas9 to achieve efficient HDR-
mediated editing at the target locus. A minimal homology region of 40 bp, and preferably 90 bp, is recommended
on either side of the modification (red bar). (¢) Example of the effect of ssODNs on HDR in the EMX1 locus is shown
using both wild-type Cas9 and Cas9 nickase (D10A). Each ssODN contains homology arms of 90 bp flanking a 12-
bp insertion of two restriction sites.

Figure 13A-C shows the repair strategy for Cystic Fibrosis delta F508 mutation.

Figure 14A-B shows (a) a schematic of the GAA repeat expansion in FXN intron 1 and (b) a schematic of the
strategy adopted to excise the GAA expansion region using the CRISPR/Cas system.

Figure 15 shows a screen for efficient SpCas9 mediated targeting of Tetl-3 and Dnmitl, 3a and 3b gene loci. Surveyor
assay on DNA from transfected N2A cells demonstrates efficient DNA cleavage by using different gRNAs.

Figure 16 shows a strategy of multiplex genome targeting using a 2-vector system in an AAV1/2 delivery system.
Tetl-3 and Dnmtl, 3a and 3b gRNA under the control of the U6 promoter. GFP-KASH under the control of the human
synapsin promoter. Restriction sides shows simple gRNA replacement strategy by subcloning. HA-tagged SpCas9
flanked by two nuclear localization signals (NLS) is shown. Both vectors are delivered into the brain by AAV1/2 virus
ina 1:1 ratio.

Figure 17 shows verification of multiplex DNMT targeting vector #1 functionality using Surveyor assay. N2A cells
were co-transfected with the DNMT targeting vector #1 (+) and the SpCas9 encoding vector for testing SpCas9
mediated cleavage of DNMTs genes family loci. gRNA only (-) is negative control. Cells were harvested for DNA
purification and downstream processing 48 h after transfection.

Figure 18 shows verification of multiplex DNMT targeting vector #2 functionality using Surveyor assay. N2A cells
were co-transfected with the DNMT targeting vector #1 (+) and the SpCas9 encoding vector for testing SpCas9
mediated cleavage of DNMTs genes family loci. gRNA only (-) is negative control. Cells were harvested for DNA
purification and downstream processing 48 h after transfection.

Figure 19 shows schematic overview of short promoters and short polyA versions used for HA-SpCas9 expression
in vivo. Sizes of the encoding region from L-ITR to R-ITR are shown on the right.

Figure 20 shows schematic overview of short promoters and short polyA versions used for HA-SaCas9 expression
in vivo. Sizes of the encoding region from L-ITR to R-ITR are shown on the right.

Figure 21 shows expression of SpCas9 and SaCas9 in N2A cells. Representative Western blot of HA-tagged
SpCas9 and SaCas9 versions underthe control of different short promoters and with or short polyA (spA) sequences.
Tubulin is loading control. mCherry (mCh) is a transfection control. Cells were harvested and further processed for
Western blotting 48 h after transfection.

Figure 22 shows screen for efficient SaCas9 mediated targeting of Tet3 gene locus. Surveyor assay on DNA from
transfected N2A cells demonstrates efficient DNA cleavage by using different gRNAs with NNGGGT PUM sequence.
GFP transfected cells and cells expressing only SaCas9 are controls.

Figure 23 shows expression of HA-SaCas9 in the mouse brain. Animals were injected into dentate gyri with virus
driving expression of HA-SaCas9 under the control of human Synapsin promoter. Animals were sacrificed 2 weeks
after surgery. HA tag was detected using rabbit monoclonal antibody C29F4 (Cell Signaling). Cell nuclei stained in
blue with DAPI stain.

Figure 24 shows expression of SpCas9 and SaCas9 in cortical primary neurons in culture 7 days after transduction.
Representative Western blot of HA-tagged SpCas9 and SaCas9 versions under the control of different promoters
and with bgh or short polyA (spA) sequences. Tubulin is loading control.

Figure 25 shows LIVE/DEAD stain of primary cortical neurons 7 days aftertransduction with AAV1 particles carrying
SpCas9 with different promoters and multiplex gRNAs constructs (example shown on the last panel for DNMTs).
Neurons after AAV transduction were compared with control untransduced neurons. Red nuclei indicate permea-
bilized, dead cells (second line of panels). Live cells are marked in green color (third line of panels).

Figure 26 shows LIVE/DEAD stain of primary cortical neurons 7 days after transduction with AAV1 particles carrying
SaCas9 with different promoters. Red nuclei indicate permeabilized, dead cells (second line of panels). Live cells
are marked in green color (third line of panels).

Figure 27 shows comparison of morphology of neurons after transduction with AAV1 virus carrying SpCas9 and
gRNA multiplexes for TETs and DNMTs genes loci. Neurons without transduction are shown as a control.

Figure 28 shows verification of multiplex DNMT targeting vector #1 functionality using Surveyor assay in primary
cortical neurons. Cells were co-transduced with the DNMT targeting vector#1 and the SpCas9 viruses with different
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promoters for testing SpCas9 mediated cleavage of DNMTs genes family loci.

Figure 29 shows in vivo efficiency of SpCas9 cleavage in the brain. Mice were injected with AAV1/2 virus carrying
gRNA multiplextargeting DNMT family genes locitogetherwith SpCas9 viruses under control of 2 different promoters:
mouse Mecp2 and rat Maplb. Two weeks after injection brain tissue was extracted and nuclei were prepped and
sorted using FACS, based on the GFP expression driven by Synapsin promoter from gRNA multiplex construct.
After gDNA extraction Surveyor assay was run. + indicates GFP positive nuclei and - control, GFP-negative nuclei
from the same animal. Numbers on the gel indicate assessed SpCas9 efficiency.

Figure 30 shows purification of GFP-KASH labeled cell nuclei from hippocampal neurons. The outer nuclear mem-
brane (ONM) of the cell nuclear membrane is tagged with a fusion of GFP and the KASH protein transmembrane
domain. Strong GFP expression in the brain after one week of stereotactic surgery and AAV1/2 injection. Density
gradient centrifugation step to purify cell nuclei from intact brain. Purified nuclei are shown. Chromatin stain by
Vybrant® DyeCycle™ Ruby Stain is shown in red, GFP labeled nuclei are green. Representative FACS profile of
GFP+ and GFP- cell nuclei (Magenta: Vybrant® DyeCycle™ Ruby Stain, Green: GFP).

Figure 31 shows efficiency of SpCas9 cleavage in the mouse brain. Mice were injected with AAV1/2 virus carrying
gRNA multiplex targeting TET family genes loci together with SpCas® viruses under control of 2 different promoters:
mouse Mecp2 and rat Maplb. Three weeks after injection brain tissue was extracted, nuclei were prepped and sorted
using FACS, based on the GFP expression driven by Synapsin promoter from gRNA multiplex construct. AftergDNA
extraction Surveyor assay was run. + indicates GFP positive nuclei and - control, GFP-negative nuclei from the
same animal. Numbers on the gel indicate assessed SpCas9 efficiency.

Figure 32 shows GFP-KASH expression in cortical neurons in culture. Neurons were transduced with AAV1 virus
carrying gRNA multiplex constructs targeting TET genes loci. The strongest signal localize around cells nuclei due
to KASH domain localization.

Figure 33 shows (top) a list of spacing (as indicated by the pattern of arrangement for two PAM sequences) between
pairs of guide RNAs. Only guide RNA pairs satisfying patterns 1, 2, 3, 4 exhibited indels when used with
SpCas9(D10A) nickase. (bottom) Gel images showing that combination of SpCas9(D10A) with pairs of guide RNA
satisfying patterns 1, 2, 3, 4 led to the formation of indels in the target site.

Figure 34 shows a list of U6 reverse primer sequences used to generate U6-guide RNA expression casssettes.
Each primer needs to be paired with the U6 forward primer "gcactgagggcctatttcccatgatic" to generate amplicons
containing U6 and the desired guide RNA.

Figure 35 shows a Genomic sequence map from the human Emxl locus showing the locations of the 24 patterns
listed in Figure 33.

Figure 36 shows on (right) a gel image indicating the formation of indels atthe target site when variable 5’ overhangs
are present after cleavage by the Cas9 nickase targeted by different pairs of guide RNAs. on (left) a table indicating
the lane numbers of the gel on the right and various parameters including identifying the guide RNA pairs used and
the length of the 5’ overhang present following cleavage by the Cas9 nickase.

Figure 37 shows a Genomic sequence map from the human EmxI locus showing the locations of the different pairs
of guide RNAs that result in the gel patterns of Figure 36 (right) and which are further described in Example 30.
Figure 38A-D shows (A) Optimization of sgRNA scaffold for additional stability; Architectures A and B are indicated.
(B) a schematic illustrating a tandem sgRNA (2 sgRNAs connected by a linker) driven by a single U6 promoter (C)
a gel figure indicating tsgRNAs are designed to target a region of EMX1 so that, when co-transfected into HEK cells
with wt Cas9, mediates a genomic microdeletion. Here, the targets flank the last exon of EMX1. tsgRNAs are
synthesized with either custom scaffold A or B that differ from the wt sgRNA scaffold (as indicated above). A single
tsgRNA encoding 2 spacers, with either architecture A or B, when co-delivered with wt Cas9, mediates a similar
level of genomic microdeletion as two wt sgRNAs co-delivered with wt Cas9. (D) a gel figure where, alternatively,
tsgRNAs are designed to target a region of EMX1 so that, when co-transfected into HEK cells with D10A Cas9,
mediates an indel as previously described in double nickase experiments. Spacers are chosen so that the left and
right targets are offset with at least 0, or 4-bp of non-overlap in between the 20-bp targets, and resulting cuts from
D10A would generate 5'-overhangs. The gel image shows SURVEYOR assay measuring indels from either D10A
Cas9 co-transfected with either a single tsgRNA encoding 2 spacers or two separate sgRNA, where the former can
mediate a similar level of indels as the latter.

Figure 39A-C shows (A) tandem lentiviral vectordesign. (B) the scaffold sequences forLentiCRISPR. (C) aschematic
and gel image indicating that the tandem guide RNAs constructd of modified scaffolds are more efficiently processed
to individual units.

Figure 40A-B shows paired sgRNAs induce indels via double-nicking with the nickase Cas9n (A) Schematic illus-
trating DNA double strand break using a pair of Cas9 D10A nickases (Cas9n). Two sgRNA target Cas9n to nick
both strands of DNA. The D10A mutation renders Cas® capable of only cleavingthe DNA strand that is complementary
to the sgRNA. The offset distance refers to the length of DNA between the closest ends of the paired sgRNAs, in
this case 4bp. (B) Representative gel image showing Cas9n mediated indel in the EMX1 locus ofthe human genome,
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as detected using the SURVEYOR nuclease assay with 650bp band representing the unmodified genomic target
and bands around 300bp indicating the presence of indels.

Figure 41A-B. shows double-nicking is able to induce indels (A) Graphs showing indel frequency corresponding to
indicated sgRNA offset distances across three differenthuman genes: EMX1, DYRK1A, GRIN2B. (B) As an example,
sequence of the human EMX1 locus targeted by Cas9n. sgRNA target sites and PAMs are indicated by blue and
magenta bars respectively. Below, selected sequences showing representative indels.

Figure 42A-C shows double nicking strategy is able to facilitate homologous recombination (A) Schematic illustrating
HDR targeted via a single stranded oligodeoxynucleotide (ssODN) template at a DSB created by a pair of Cas9n.
Successfulrecombination at the DSB site introduces a Hindlll restriction site. (B) Restriction digest assay gel showing
successful insertion of Hindlll cleavage sites by double nicking-facilitated HDR in HEK 293FT cells. Upper bands
are unmodified template; lower bands are HindlIll cleavage product. (C) Double nicking enhances HDR in HUES62
cells. HDR frequencies determined using deep sequencing. (n = 3; error bars show mean * s.e.)

Figure 43 shows characterization of double nicking spacing for homologous recombination. Schematic illustrating
HDR with ssODN template (shown in blue, introduced Hindlll site in red). Red arrowheads indicate binding site of
respective sgRNA with black bars corresponding putative overhangs resulting from paired nicking activity. Panels
at right show efficiency of recombination with the indicated sgRNA pairs, overhang length and type, and offset
distances between paired sgRNAs.

Figure 44A-D shows double-nicking reduces non-specific activity at known off-target sites. (A) Schematic showing
the target human EMX1 locus and sgRNA target sites. Genomic off-target sites forthe right sgRNA are listed below.
Off-target sites were identified previously as described in Hsu et al48. (B) SURVEYOR gels showing modification
at the on-target site by Cas9n with two sgRNAs as well as by wild-type Cas9 with individual sgRNA. Indels at off-
target 5 were only observed for wild-type Cas9 with sgRNA 1. (C) The levels of off-target modification are quantified
using deep sequencing at all five off-target loci. (D) Specificity comparison of Cas9n and wild-type Cas9. The
specificity ratio is calculated by taking the ratio of on-target and off-target modification rates. (n = 3; error bars show
mean * s.e.)

Figure 45A-B shows rational mutagenesis of sgRNA architecture. (A) Schematic of the chimeric sgRNA architecture
with 20-bp guide sequence encoding for the target specificity. The different regions of the sgRNA interrogated by
mutagenesis are named and highlighted above. (B) Description of mutations made and corresponding indel activity
at human EMX1 locus.

Figure 46 shows distal hairpin and DDR stabilization retains comparable indel activity. Schematic showing sequence
of three alternative scaffold architectures aimed at stabilization of the hairpins with changes base-pairs denoted in
black. Indel-inducing activity of corresponding scaffolds compared to the wild-type sp85 architecture is shown at right.
Figure 47A-C shows U6-driven tandem guide RNAs are able to efficiently target two genomic loci. (A) Schematic
illustrating a tandem sgRNA (2 sgRNAs connected by a linker) driven by a single U6 promoter. Images of PAGE
gels of SURVEYOR assays demonstrate that tsgRNAs using modified RNA scaffolds delivered with the nickase
Cas9n orwild-type Cas9 are able to induce genomic indels or microdeletions, (B and C, respectively) with frequencies
comparable to co-delivery of two independent sgRNAs.

Figure 48 shows optimization of tandem sgRNA linker length and structure. Gel quantification of band intensities
from PCR amplification of the human EMX1 target loci comparing relative abundance of wild-type and modified
DNA with varying tandem linkers of 0, 4, 8, 12, 16 base pairs, half direct repeat or full direct repeat (listed in bottom
panel).

Figure 49A-C shows tandem guide RNAs are efficiently processed in only the first position. (A) Schematic showing
tandem guide RNA scaffolds encoding for either EMX1.3 or EMX63 in the first or second position with position of
EmxI.3 Northern probe shown in red. (B) Northern blot analysis examining processing of tandem sgRNA in cells.
(C) SURVEYOR assay examining independent sgRNA activity targeting two genomic loci, DYRK1A and GRIN2B.
The three left lanes in both panels are tsgRNAs targeting DYRK1A in the first position and GRIN2B in the second
position. Conversely, three right lanes target GRIN2B first and then DYRK1A second.

Figure 50A-C shows optimization of tsgRNA scaffold pairings. (A) Schematic of tandem scaffold design with first
spacer targeting Grin2B using Scaffold A and second spacer targeting Cas9 itself using Scaffold B in a Cas9-T2A-
GFP expressing plasmid. (B) Single U6-guide controls show both an increase in the percentage of GFP-negative
cells as well as a decrease in mean fluorescence intensity of the positive fraction. (C) 12x12 matrix of tandem
scaffold pairings and results of subsequent analyses by flow cytometry.

Figure 51 shows tandem pairs between divergent scaffolds improve second spacer activity. Sequence alignment
of the sgRNA scaffolds used in the previous study to the sp85 scaffold.

Figure 52 shows different truncations of the Bi-directional U6 promoter and associated microdeletion activity and
quantification of indel-inducing activity coming off of either side of the bi-directional promoter.

Figure 53 shows a sequence of the smallest U6-8/U6-1 bi-directional reporter.
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DETAILED DESCRIPTION OF THE INVENTION

[0085] Also with respect to general information on CRISPR-Cas Systems, mention is made of:
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> 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 Engi-
neering. Wang H., Yang H., Shivalila CS., Dawlaty MM., Cheng AW., Zhang F., JaenischR. 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, Platt RJ, Scott DA, Church GM, Zhang F. Nature. 2013 Aug
22;500(7463):472-6. doi: 10.1038/Nature12466. Epub 2013 Aug 23;

» Double Nicking by RNA-Guided CRISPR Cas9 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: S0092-8674(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
doi:10.1038/nbt.2647 (2013);

> Genome engineering using the CRISPR-Cas® system. Ran, FA., Hsu, PD., Wright, J., Agarwala, V., Scott, DA.,
Zhang, F. Nature Protocols Nov;8(11):2281-308. (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, H., Ran, FA., Hsu, PD.,
Konermann, S., Shehata, Sl., Dohmae, N., Ishitani, 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, and

» Development and Applications of CRISPR-Cas9 for Genome Engineering, Hsu et al, Cell 157, 1262-1278 (June
5,2014) (Hsu 2014),

each of which is discussed briefly below:

Cong et al. engineered type || CRISPR/Cas systems for use in eukaryotic cells based on both Streptococcus
thermophilus Cas9 and also Strepfoccocus 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 mam-
malian genome, demonstrating easy programmability and wide applicability ofthe RNA-guided nuclease technology.
This ability to use RNA to program sequence specific DNA cleavage in cells defined a new class of genome engi-
neering tools. These studies further showed that other CRISPR loci are likely to be transplantable into mammalian
cells and can 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.

Jiang ef al. used the clustered, regularly interspaced, short palindromic repeats (CRISPR)-associated Cas9
endonuclease complexed with dual-RNAs to introduce precise mutations in the genomes of Strepfococcus pneu-
moniae and Escherichia coli. The approach relied on dual-RNA:Cas9-directed cleavage at the targeted genomic
site to kill unmutated cells 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 multinucleotide 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
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the desired mutation, and in E. coli, 65% that were recovered contained the mutation.

Konermann ef al. addressed the need in the art for versatile and robust technologies that enable optical and
chemical modulation of DNA-binding domains based CRISPR Cas9 enzyme and also Transcriptional Activator Like
Effectors

As discussed in the present specification, the Cas9 nuclease from the microbial CRISPR-Cas system is targeted
to specific genomic loci by a 20 nt guide sequence, which can tolerate certain mismatches to the DNA target and
thereby promote undesired off-target mutagenesis. To address this, Ran et al. 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 can 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.

Hsu et al. 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 293FT cells. The authors 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 DNA 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.

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 RNAs. 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.

Shalem et al. described a new way to interrogate gene function on a genome-wide scale. Their studies showed
that delivery of a genome-scale CRISPR-Cas9 knockout (GeCKO) library targeted 18,080 genes with 64,751 unique
guide sequences enabled both negative and positive selection screening in 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 previ-
ously validated genes NF1 and MED12 as well as novel hits NF2, CUL3, TADA2B, and TADA1. The authors observed
a high level of consistency between independent guide RNAs targeting the same gene and a high rate of hit con-
firmation, and thus demonstrated the promise of genome-scale screening with Cas9.

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 DNA, the nuclease lobe contains the HNH and
RuvC nuclease domains, which are properly positioned for cleavage of the complementary and non-complementary
strands of the target DNA, respectively. The nuclease lobe also 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 RNA-guided DNA targeting by Cas9, thus paving
the way for the rational design of new, versatile genome-editing technologies.

Wu et al. mapped genome-wide binding sites of a catalytically inactive Cas9 (dCas9) from Strepfococcus 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 inthe 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 model for Cas9 binding and cleavage, in which a seed match triggers binding but extensive pairing with target
DNA is required for cleavage.

Hsu 2014 is a review article that discusses generally CRISPR-Cas® 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, 2014. The general teachings of Hsu 2014 do not involve the specific models,
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animals of the instant specification.

[0086] The invention relates to the engineering and optimization of systems, methods and compositions used for the
control of gene expression involving sequence targeting, such as genome perturbation or gene-editing, that relate to
the CRISPR-Cas system and components thereof. In advantageous embodiments, the Cas enzyme is Cas9.

[0087] An advantage of the present methods is that the CRISPR system avoids off-target binding and its resulting
side effects. This is achieved using systems arranged to have a high degree of sequence specificity for the target DNA.
[0088] Cas9 optimization may be used to enhance function or to develop new functions, one can generate chimeric
Cas9 proteins. Examples that the Applicants have generated are provided in Example 6. Chimeric Cas9 proteins can
be made by combining fragments from different Cas@ homologs. For example, two example chimeric Cas9 proteins
from the Cas9s described herein. For example, Applicants fused the N-term of StiICas9 (fragment from this protein is in
bold) with C-term of SpCas9. The benefit of making chimeric Cas9s include any or all of:

reduced toxicity;

improved expression in eukaryotic cells;

enhanced specificity;

reduced molecular weight of protein, make protein smaller by combining the smallest domains from different Cas9
homologs; and/or

altering the PAM sequence requirement.

[0089] The Cas9 may be used as a generic DNA binding protein. For example, and as shown in Example 7, Applicants
used Cas9 as a generic DNA binding protein by mutating the two catalytic domains (D10 and H840) responsible for
cleaving both strands of the DNA target. In order to upregulate gene transcription at a target locus Applicants fused the
transcriptional activation domain (VP64) to Cas9. Other transcriptional activation domains are known. As shown in
Example 11, transcriptional activation is possible. As also shown in Example 11, gene repression (in this case of the
beta-catenin gene) is possible using a Cas9 repressor (DNA-binding domain) that binds to the target gene sequence,
thus repressing its activity.

[0090] Transgenic animals are also provided. Preferred examples include animals comprising Cas9, in terms of poly-
nucleotides encoding Cas9 or the protein itself. Mice, rats and rabbits are preferred. To generate transgenic mice with
the constructs, as exemplified herein one may inject pure, linear DNA into the pronucleus of a zygote from a pseudo
pregnant female, e.g. a CB56 female. Founders may then be identified are identified, genotyped, and backcrossed to
CB57 mice. The constructs may then be cloned and optionally verified, for instance by Sanger sequencing. Knock outs
are envisaged where for instance one or more genes are knocked out in a model. However, are knockins are also
envisaged (alone or in combination). An example Knock in Cas9 mouse was generated and this is exemplified, but Cas9
knockins are preferred. To generate a Cas9 knock in mice one may target the same constitutive and conditional constructs
to the Rosa26 locus, as described herein (Figures 7A-B and 8).

[0091] Utility of the conditional Cas9 mouse: Applicants have shown in 293 cells that the Cas9 conditional expression
construct can be activated by co-expression with Cre. Applicants also show that the correctly targeted R1 mESCs can
have active Cas9 when Cre is expressed. Because Cas9 is followed by the P2A peptide cleavage sequence and then
EGFP Applicants identify successful expression by observing EGFP. Applicants have shown Cas9 activation in mESCs.
This same concept is what makes the conditional Cas9 mouse so useful. Applicants may cross their conditional Cas9
mouse with a mouse that ubiquitously expresses Cre (ACTB-Cre line) and may arrive at a mouse that expresses Cas9
in every cell. It should only take the delivery of chimeric RNA to induce genome editing in embryonic or adult mice.
Interestingly, if the conditional Cas9 mouse is crossed with a mouse expressing Cre under a tissue specific promoter,
there should only be Cas9 in the tissues that also express Cre. This approach may be used to edit the genome in only
precise tissues by delivering chimeric RNA to the same tissue.

[0092] As mentioned above, transgenic animals are also provided, as are transgenic plants, especially crops and
algae. The transgenic may be useful in applications outside of providing a disease model. These may include food of
feed production through expression of, for instance, higher protein, carbohydrate, nutrient or vitamins levels than would
normally be seen in the wildtype. In this regard, transgenic plants, especially pulses and tubers, and animals, especially
mammals such as livestock (cows, sheep, goats and pigs), but also poultry and edible insects, are preferred.

[0093] Transgenic algae or other plants such as rape may be particularly useful in the production of vegetable oils or
biofuels such as alcohols (especially methanol and ethanol), for instance. These may be engineered to express or
overexpress high levels of oil or alcohols for use in the oil or biofuel industries.

[0094] In terms of in vivo delivery, AAV is advantageous over other viral vectors for a couple of reasons:

o Low toxicity (this may be due to the purification method not requiring ultra centrifugation of cell particles that can
activate the immune response)
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o Low probability of causing insertional mutagenesis because it doesn't integrate into the host genome.

[0095] AAV has a packaging limit of 4.5 or 4.75 Kb. This means that Cas® as well as a promoter and transcription
terminator have to be all fit into the same viral vector. Constructs larger than 4.5 or 4.75 Kb will lead to significantly
reduced virus production. SpCas9 is quite large, the gene itself is over 4.1 Kb, which makes it difficult for packing into
AAV. Therefore embodiments of the invention include utilizing homologs of Cas9 that are shorter. For example:

Species Cas9 Size
Corynebacter diphtheriae 3252
Eubacterium ventriosum 3321
Streptococcus pasteurianus 3390
Lactobacillus farciminis 3378
Sphaerochaeta globus 3537
Azospirillum B510 3504
Gluconacetobacter diazotrophicus 3150
Neisseria cinerea 3246
Roseburia intestinalis 3420
Parvibaculum lavamentivorans 3111
Staphylococcus aureus 3159
Nitratifractor salsuginis DSM 16511 3396
Campylobacter lari CF89-12 3009
Streptococcus thermophilus LMD-9 3396

[0096] These species are therefore, in general, preferred Cas9 species. Applicants have shown delivery and in vivo
mouse brain Cas® expression data.

[0097] Two ways to package Cas9 coding nucleic acid molecules, e.g., DNA, into viral vectors to mediate genome
modification in vivo are preferred:

[0098] To achieve NHEJ-mediated gene knockout:

Single virus vector:
Vector containing two or more expression cassettes:

Promoter-Cas9 coding nucleic acid molecule -terminator
Promoter-gRNA1-terminator
Promoter-gRNA2-terminator
Promoter-gRNA(N)-terminator (up to size limit of vector)
Double virus vector:

Vector 1 containing one expression cassette for driving the expression of Cas9
Promoter-Cas9 coding nucleic acid molecule-terminator
Vector 2 containing one more expression cassettes for driving the expression of one or more guideRNAs
Promoter-gRNA1-terminator
Promoter-gRNA(N)-terminator (up to size limit of vector)

[0099] To mediate homology-directed repair. In addition to the single and double virus vector approaches described

above, an additional vector is used to deliver a homology-direct repair template.
[0100] Promoter used to drive Cas9 coding nucleic acid molecule expression can include:
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AAV ITR can serve as a promoter: this is advantageous for eliminating the need for an additional promoter element
(which can take up space in the vector). The additional space freed up can be used to drive the expression of additional
elements (QRNA, etc). Also, ITR activity is relatively weaker, so can be used to reduce toxicity due to over expression
of Cas9.

[0101] Forubiquitous expression, can use promoters;: CMV, CAG, CBh, PGK, SV40, Ferritin heavy or light chains, etc.
[0102] Forbrain expression, can use promoters: Synapsinl for all neurons, CaMKllalpha for excitatory neurons, GAD67
or GADB5 or VGAT for GABAergic neurons, etc.

[0103] For liver expression, can use Albumin promoter

[0104] Forlung expression, can use SP-B

[0105] For endothelial cells, can use ICAM

[0106] For hematopoietic cells can use IFNbeta or CD45

[0107] For Osteoblasts can use OG-2

[0108] Promoter used to drive guide RNA can include:

[0109] Pollll promoters such as U6 or H1

[0110] Use of Pol Il promoter and intronic cassettes to express gRNA

[0111] As to AAV, the AAV can be AAV1, AAV2, AAV5 or any combination thereof. One can select the AAV of the
AAV with regard to the cells to be targeted; e.g., one can select AAV serotypes 1, 2, 5 or a hybrid capsid AAV1, AAV2,
AAVS5 or any combination thereof for targeting brain or neuronal cells; and one can select AAV4 for targeting cardiac
tissue. AAVS is useful for delivery to the liver. The above promoters and vectors are preferred individually.

[0112] RNA delivery is also a useful method of in vivo delivery. Figure 9 shows delivery and in vivo mouse brain Cas9
expression data. It is possible to deliver Cas9 and gRNA (and, for instance, HR repairtemplate) into cells using liposomes
or nanoparticles. Thus delivery of the CRISPR enzyme, such as a Cas® and/or delivery of the RNAs of the present
disclosure may be in RNA form and via microvesicles, liposomes or nanoparticles. For example, Cas® mRNA and gRNA
can be packaged into liposomal particles for delivery in vivo. Liposomal transfection reagents such as Invivofectamine
from Life Technologies and other reagents on the market can effectively deliver RNA molecules into the liver.

[0113] Enhancing NHEJ or HR efficiency is also helpful for delivery. It is preferred that NHEJ efficiency is enhanced
by co-expressing end-processing enzymes such as Trex2 (Dumitrache et al. Genetics. 2011 August; 188(4): 787-797).
It is preferred that HR efficiency is increased by transiently inhibiting NHEJ machineries such as Ku70 and Ku86. HR
efficiency can also be increased by co-expressing prokaryotic or eukaryotic homologous recombination enzymes such
as RecBCD, RecA.

[0114] Various means of delivery are described herein, and further discussed in this section.

[0115] Viral delivery: The CRISPR enzyme, for instance a Cas9, and/or any of the present RNAs, for instance a guide
RNA, can be delivered using adeno associated virus (AAV), lentivirus, adenovirus or other viral vector types, or combi-
nations thereof. Cas9 and one or more guide RNAs can be packaged into one or more viral vectors. In some embodiments,
the viral vector is delivered to the tissue of interest by, for example, an intramuscular injection, while other times the viral
delivery is via intravenous, transdermal, intranasal, oral, mucosal, or otherdelivery methods. Such delivery may be either
via a single dose, or multiple doses. One skilled in the art understands that the actual dosage to be delivered herein
may vary greatly depending upon a variety of factors, such as the vector chose, the target cell, organism, or tissue, the
general condition ofthe subject to be treated, the degree of transformation/modification sought, the administration route,
the administration mode, the type of transformation/modification sought, etc.

[0116] Such a dosage may further contain, for example, a carrier (water, saline, ethanol, glycerol, lactose, sucrose,
calcium phosphate, gelatin, dextran, agar, pectin, peanut oil, sesame oil, etc.), a diluent, a pharmaceutically-acceptable
carrier (e.g., phosphate-buffered saline), a pharmaceutically-acceptable excipient, and/or other compounds known in
the art. Such a dosage formulation is readily ascertainable by one skilled in the art. The dosage may further contain one
or more pharmaceutically acceptable salts such as, for example, a mineral acid salt such as a hydrochloride, a hydro-
bromide, a phosphate, a sulfate, etc.; and the salts of organic acids such as acetates, propionates, malonates, benzoates,
etc. Additionally, auxiliary substances, such as wetting or emulsifying agents, pH buffering substances, gels or gelling
materials, flavorings, colorants, , microspheres, polymers, suspension agents, etc. may also be present herein. In ad-
dition, one or more other conventional pharmaceutical ingredients, such as preservatives, humectants, suspending
agents, surfactants, antioxidants, anticaking agents, fillers, chelating agents, coating agents, chemical stabilizers, etc.
may also be present, especially if the dosage form is a reconstitutable form. Suitable exemplary ingredients include
microcrystalline cellulose, carboxymethylcellulose sodium, polysorbate 80, phenylethyl alcohol, chlorobutanol, potassi-
um sorbate, sorbic acid, sulfur dioxide, propyl gallate, the parabens, ethyl vanillin, glycerin, phenol, parachlorophenol,
gelatin, albumin and a combination thereof. A thorough discussion of pharmaceutically acceptable excipients is available
in REMINGTON'S PHARMACEUTICAL SCIENCES (Mack Pub. Co., N.J. 1991).

[0117] In an embodiment herein the delivery is via an adenovirus, which may be at a single booster dose containing
at least 1 x 105 particles (also referred to as particle units, pu) of adenoviral vector. In an embodiment herein, the dose
preferably is at least about 1 x 108 particles (for example, about 1 x 108-1 x 1012 particles), more preferably at least
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about 1 x 107 particles, more preferably at least about 1 x 108 particles (e.g., about 1 x 108-1 x 10'" particles or about
1 x 108-1 x 1072 particles), and most preferably at least about 1 x 10° particles (e.g., about 1 x 109-1 x 1010 particles or
about 1 x 10°-1 x 1072 particles), or even at least about 1 x 1010 particles (e.g., about 1 x 101%-1 x 102 particles) of the
adenoviral vector. Alternatively, the dose comprises no more than about 1 x 104 particles, preferably no more than
about 1 x 10'3 particles, even more preferably no more than about 1 x 1072 particles, even more preferably no more
than about 1 x 107 particles, and most preferably no more than about 1 x 101° particles (e.g., no more than about 1 x
109 articles). Thus, the dose may contain a single dose of adenoviral vector with, for example, about 1 x 108 particle
units (pu), about 2 x 108 pu, about 4 x 10 pu, about 1 x 107 pu, about 2 x 107 pu, about 4 x 107 pu, about 1 x 108 pu,
about 2 x 108 pu, about 4 x 108 pu, about 1 x 10° pu, about 2 x 10 pu, about 4 x 102 pu, about 1 x 102 pu, about 2 x
10710 pu, about 4 x 1010 pu, about 1 x 101" pu, about 2 x 10'" pu, about 4 x 1011 pu, about 1 x 1072 pu, about 2 x 1012
pu, or about 4 x 1012 pu of adenoviral vector. See, for example, the adenoviral vectors in U.S. Patent No. 8,454,972 B2
to Nabel, et. al., granted on June 4, 2013, and the dosages at col 29, lines 36-58 thereof. In an embodiment herein, the
adenovirus is delivered via multiple doses.

[0118] In an embodiment herein, the delivery is via an AAV. A therapeutically effective dosage for in vivo delivery of
the AAV to a human is believed to be in the range of from about 20 to about 50 ml of saline solution containing from
about 1 x 1010 to about 1 x 1010 functional AAV/ml solution. The dosage may be adjusted to balance the therapeutic
benefit against any side effects. In an embodiment herein, the AAV dose is generally in the range of concentrations of
from about 1 x 105 to 1 x 1050 genomes AAV, from about 1 x 108 to 1 x 1020 genomes AAV, from about 1 x 1010 to about
1 x 1076 genomes, or about 1 x 101" to about 1 x 1016 genomes AAV. A human dosage may be about 1 x 1013 genomes
AAV. Such concentrations may be delivered in from about 0.001 ml to about 100 ml, about 0.05 to about 50 ml, or about
10 to about 25 ml of a carrier solution. Other effective dosages can be readily established by one of ordinary skill in the
art through routine trials establishing dose response curves. See, for example, U.S. Patent No. 8,404,658 B2 to Hajjar,
et al., granted on March 26, 2013, at col. 27, lines 45-60.

[0119] In an embodiment herein the delivery is via a plasmid. In such plasmid compositions, the dosage should be a
sufficient amount of plasmid to elicit a response. Forinstance, suitable quantities of plasmid DNA in plasmid compositions
can be from about 0.1 to about 2 mg, or from about 1 g to about 10 w.g.

[0120] The doses herein are based on an average 70 kg individual. The frequency of administration is within the ambit
of the medical or veterinary practitioner (e.g., physician, veterinarian), or scientist skilled in the art. A mouse used in
experiments is typically considered 20g, and one skilled in the art can extrapolate dosages from a 20g mouse to a 70
kg individual.

[0121] Cas9 and one or more guide RNA can be delivered using adeno associated virus (AAV), lentivirus, adenovirus
or other plasmid or viral vector types, using formulations and doses from, for example, US Patents Nos. 8,454,972
(formulations, doses for adenovirus), 8,404,658 (formulations, doses for AAV) and 5,846,946 (formulations, doses for
DNA plasmids) and from clinicaltrials and publications regarding the clinicaltrials involving lentivirus, AAV and adenovirus.
For examples, for AAV, the route of administration, formulation and dose can be as in US Patent No. 8,454,972 and as
in clinical trials involving AAV. For Adenovirus, the route of administration, formulation and dose can be as in US Patent
No. 8,404,658 and as in clinical trials involving adenovirus. For plasmid delivery, the route of administration, formulation
and dose can be as in US Patent No 5,846,946 and as in clinical studies involving plasmids. Doses may be based on
or extrapolated to an average 70 kg individual, and can be adjusted for patients, subjects, mammals of different weight
and species. Frequency of administration is within the ambit of the medical or veterinary practitioner (e.g., physician,
veterinarian), depending on usual factors including the age, sex, general health, other conditions of the patient or subject
and the particular condition or symptoms being addressed.

[0122] The viral vectors can be injected into the tissue of interest. For cell-type specific genome modification, the
expression of Cas9 can be driven by a cell-type specific promoter. For example, liver-specific expression might use the
Albumin promoter and neuron-specific expression might use the Synapsin | promoter.

[0123] RNAdelivery: The CRISPR enzyme, for instance a Cas9, and/or any of the present RNAs, for instance a guide
RNA, can also be delivered in the form of RNA. Cas9 mRNA can be generated using in vitro transcription. For example,
Cas9 mRNA can be synthesized using a PCR cassette containing the following elements: T7_promoter-kozak sequence
(GCCACC)-Cas9-3' UTR from beta globin-polyA tail (a string of 120 or more adenines). The cassette can be used for
transcription by T7 polymerase. Guide RNAs can also be transcribed using in vitro transcription from a cassette containing
T7_promoter-GG-guide RNA sequence.

[0124] To enhance expression and reduce toxicity, the CRISPR enzyme and/or guide RNA can be modified using
pseudo-U or 5-Methyl-C.

[0125] CRISPR enzyme mRNA and guide RNA may be delivered simultaneously using nanoparticles or lipid envelopes.
[0126] Forexample, SuX, Fricke J, Kavanagh DG, Irvine DJ ("In vitro and in vivo mRNA delivery using lipid-enveloped
pH-responsive polymer nanoparticles" Mol Pharm. 2011 Jun 6;8(3):774-87. doi: 10.1021/mpl00390w. Epub 2011 Apr
1) describes biodegradable core-shell structured nanoparticles with a poly(3-amino ester) (PBAE) core enveloped by a
phospholipid bilayer shell. These were developed for in vivo mRNA delivery. The pH-responsive PBAE component was
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chosen to promote endosome disruption, while the lipid surface layer was selected to minimize toxicity of the polycation
core. Such are, therefore, preferred for delivering RNA of the present disclosure.

[0127] Furthermore, Michael S D Kormann et al. ("Expression of therapeutic proteins after delivery of chemically
modified mRNA in mice: Nature Biotechnology, Volume:29, Pages: 154-157 (2011) Published online 09 January 2011)
describes the use of lipid envelopes to deliver RNA. Use of lipid envelopes is also preferred in the present disclosure.

[0128] mRNA delivery methods are especially promising for liver delivery currently.

[0129] CRISPR enzyme mRNA and guide RNA might also be delivered separately. CRISPR enzyme mRNA can be
delivered prior to the guide RNA to give time for CRISPR enzyme to be expressed. CRISPR enzyme mRNA might be
administered 1-12 hours (preferably around 2-6 hours) prior to the administration of guide RNA.

[0130] Alternatively, CRISPR enzyme mRNA and guide RNA can be administered together. Advantageously, a second
booster dose of guide RNA can be administered 1-12 hours (preferably around 2-6 hours) after the initial administration
of CRISPR enzyme mRNA + guide RNA.

[0131] Additional administrations of CRISPR enzyme mRNA and/or guide RNA might be useful to achieve the most
efficient levels of genome modification.

[0132] For minimization of toxicity and off-target effect, it will be important to control the concentration of CRISPR
enzyme mRNA and guide RNA delivered. Optimal concentrations of CRISPR enzyme mRNA and guide RNA can be
determined by testing different concentrations in a cellular or animal model and using deep sequencing the analyze the
extent of modification at potential off-target genomic loci. For example, for the guide sequence targeting 5-GAGTC-
CGAGCAGAAGAAGAA-3’ in the EMX1 gene of the human genome, deep sequencing can be used to assess the level
of modification at the following two off-target loci, 1: 5-GAGTCCTAGCAGGAGAAGAA-3’ and 2. 5-GAGTCTAAGCA-
GAAGAAGAA-3'. The concentration that gives the highest level of on-target modification while minimizing or with a
reduction in likelihood of the level of off-target modification should be chosen for in vivo delivery.

[0133] Alternatively, to minimize the level of toxicity and off-target effect, CRISPR enzyme nickase mRNA (forexample
S. pyogenes Cas9 with the D10A mutation) can be delivered with a pair of guide RNAs targeting a site of interest. The
two guide RNAs need to be spaced as follows. Guide sequences in red (single underline) and blue (double underline)
respectively (these examples are based on the PAM requirement for Streptococcus pyogenes Cas9.

Overhang
length (bp) Guide RNA design (guide sequence and PAM color coded)

5’ ~NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNN -3/

14 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNN-5’

13 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNN-5'

57 “NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNN-3

12 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNN-5’

11 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNN-5'

57 “NNNNNNNNNNNNNNNNNNNNCCHNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNN-3

10 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNN-5’

57 “NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNN-3

9 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNN-5’

57 “NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNN-3

7 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNC CNNNNNNNNNNNNNNNNNNNNN-5’
57 “NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNN-3

6 37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNN-5’
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(continued)

Overhang
length (bp)

blunt

12

13

14

15

16

17

Guide RNA design (guide sequence and PAM color coded)
5’—NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNQ@NNNNNNNNNNNNNNNNNNNNNNNN—3’

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 “NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNN-5’

5’ ~NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNGCNNNNNNNNNNNNNNNNNNNNNNNNNN -3/

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~“NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~“NNNNNNNNNNNNNNNNNNNNCCNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNNC CNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~“NNNNNNNNNNNNNNNNNNNNCCNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~“NNNNNNNNNNNNNNNNNNNNCCNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5 '

57 ~“NNNNNNNNNNNNNNNNNNNNCCNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~NNNNNNNNNNNNNNNNNNNNCCNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3/

3’ ~NNNNNNNNNNNNNNNNNNNNGGNNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5/
57 ~“NNNNNNNNNNNNNNNNNNNNCCNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-57

57 ~“NNNNNNNNNNNNNNNNNNNNC CNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~NNNNNNNNNNNNNNNNNNNNCCNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNGGNCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~NNNNNNNNNNNNNNNNNNNNNCCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNNGGCCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~NNNNNNNNNNNNNNNNNNNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNNNNCCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5 '

57 ~NNNNNNNNNINNNNNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN -3/

3’ ~NNNNNNNNNNNNNNNNNNNNNNNCCNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5/
57 ~NNNNNNNNNNNNNNNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNNNNCCNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-57

57 ~NNNNNNNNNNNNNNNNNNNNNNC GGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3
37 ~NNNNNNNNNNNNNNNNNNNNNNNCCNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’

57 ~“NNNNNNNNNNNNNNNNNNNNNNCGEGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3

37 ~NNNNNNNNNNNNNNNNNNNNNNNCCNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-57

57 ~NNNNNNNNNNNNINNNNNNNNNCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN -3/

37 ~NNNNNNNNNNNNNNNNNNNNNNNCCNNNNNGGNNNNNNNNNNNNNNNNNNNNNNNNNNNN-5’
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[0134] Further interrogation of the system have given Applicants evidence of the 5’ overhang (see, e.g., Ran et al.,
Cell. 2013 Sep 12;154(6):1 380-9). Applicants have further identified parameters that relate to efficient cleavage by the
Cas9 nickase mutant when combined with two guide RNAs and these parameters include but are not limited to the
length ofthe 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 or 1-34 base pairs. In other preferred
methods of the invention the first guide sequence directing cleavage of one strand ofthe 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 blunt cut or a 3’ overhang. In embodiments of the invention the 3' overhang is at most 150, 100 or 25 base pairs or
at least 15, 10 or 1 base pairs. In preferred embodiments the 3' overhang is 1-100 base pairs.

[0135] Aspects of the invention relate to the expression of the gene product being decreased or a template polynu-
cleotide being further introduced into the DNA molecule encoding the gene product or an intervening sequence being
excised precisely by allowing the two 5’ overhangs to reanneal and ligate or the activity or function of the gene product
being altered orthe expression ofthe gene product being increased. In an embodiment ofthe invention, the gene product
is a protein.

[0136] Only sgRNA pairs creating 5’ overhangs with less than 8bp overlap betweenthe guide sequences (offset greater
than -8 bp) were able to mediate detectable indel formation. Importantly, each guide used in these assays is able to
efficiently induce indels when paired with wildtype Cas9, indicating that the relative positions of the guide pairs are the
most important parameters in predicting double nicking activity.

[0137] Since Cas9n and Cas9H840A nick opposite strands of DNA, substitution of Cas9n with Cas9H840A with a
given sgRNA pair should result in the inversion of the overhang type. For example, a pair of sgRNAs that will generate
a 5' overhang with Cas9n should in principle generate the corresponding 3' overhang instead. Therefore, sgRNA pairs
that lead to the generation of a 3’ overhang with Cas9n might be used with Cas9H840A to generate a 5' overhang.
Unexpectedly, Applicants tested Cas9H840A with a set of sgRNA pairs designed to generate both 5’ and 3’ overhangs
(offset range from -278 to +58 bp), but were unable to observe indel formation. Further work may be needed to identify
the necessary design rules for sgRNA pairing to allow double nicking by Cas9@H840A.

[0138] Additional delivery options for the brain include encapsulation of CRISPR enzyme and guide RNA in the form
of either DNA or RNA into liposomes and conjugating to molecular Trojan horses for trans-blood brain barrier (BBB)
delivery. Molecular Trojan horses have been shown to be effective for delivery of B-gal expression vectors into the brain
of non-human primates. The same approach can be used to delivery vectors containing CRISPR enzyme and guide
RNA. For instance, Xia CF and Boado RJ, Pardridge WM (“Antibody-mediated targeting of siRNA via the human insulin
receptor using avidin-biotin technology." Mol Pharm. 2009 May-Jun;6(3):747-51. doi: 10.1021/mp800194) describes
how delivery of short interfering RNA (siRNA) to cells in culture, and in vivo, is possible with combined use of a receptor-
specific monoclonal antibody (mAb) and avidin-biotin technology. The authors also report that because the bond between
the targeting mAb and the siRNA is stable with avidin-biotin technology, and RNAI effects at distant sites such as brain
are observed in vivo following an intravenous administration of the targeted siRNA.

[0139] Zhang Y, Schlachetzki F, Pardridge WM. ("Global non-viral gene transfer to the primate brain following intra-
venous administration." Mol Ther. 2003 Jan;7(1):11-8.) describe how expression plasmids encoding reporters such as
luciferase were encapsulated in the interior of an "artificial virus" comprised of an 85 nm pegylated immunoliposome,
which was targeted to the rhesus monkey brain in vivo with a monoclonal antibody (MAb) to the human insulin receptor
(HIR). The HIRMAD enables the liposome carrying the exogenous gene to undergo transcytosis across the blood-brain
barrier and endocytosis across the neuronal plasma membrane following intravenous injection. The level of luciferase
gene expression in the brain was 50-fold higher in the rhesus monkey as compared to the rat. Widespread neuronal
expression of the beta-galactosidase gene in primate brain was demonstrated by both histochemistry and confocal
microscopy. The authors indicate that this approach makes feasible reversible adult transgenics in 24 hours. Accordingly,
the use of immunoliposome is preferred. These may be used in conjunction with antibodies to target specific tissues or
cell surface proteins.

[0140] Other means ofdelivery or RNA are also preferred, such as via nanoparticles (Cho, S., Goldberg, M., Son, S.,
Xu, Q., Yang, F., Mei, Y., Bogatyrev, S., Langer, R. and Anderson, D., Lipid-like nanoparticles for small interfering RNA
delivery to endothelial cells, Advanced Functional Materials, 19: 3112-3118, 2010) or exosomes (Schroeder, A., Levins,
C., Cortez, C., Langer, R., and Anderson, D., Lipid-based nanotherapeutics for siRNA delivery, Journal of Internal
Medicine, 267: 9-21, 2010, PMID: 20059641). Indeed, exozomes have been shown to be particularly useful in delivery
SiRNA, a system with some parallels to the CRISPR system. For instance, EI-Andaloussi S, et al. ("Exosome-mediated
delivery of siRNA in vitro and in vivo." Nat Protoc. 2012 Dec;7(12):2112-26. doi: 10.1038/nprot.2012.131. Epub 2012
Nov 15.) describe how exosomes are promising tools for drug delivery across different biological barriers and can be
harnessed fordelivery of siRNA in vitro and in vivo. Their approach is to generate targeted exosomes through transfection
of an expression vector, comprising an exosomal protein fused with a peptide ligand. The exosomes are then purify and
characterized from transfected cell supernatant, then siRNA is loaded into the exosomes.

28



10

15

20

25

30

35

40

45

50

55

DK/EP 3011029 T3

[0141] Targeted deletion of genes is preferred. Examples are exemplified in Example 12. Preferred are, therefore,
genes involved in cholesterol biosynthesis, fatty acid biosynthesis, and other metabolic disorders, genes encoding mis-
folded proteins involved in amyloid and other diseases, oncogenes leading to cellular transformation, latent viral genes,
and genes leading to dominant-negative disorders, amongst other disorders. As exemplified here, Applicants prefer
gene delivery of a CRISPR-Cas system to the liver, brain, ocular, epithelial, hematopoetic, or anothertissue of a subject
or a patient in need thereof, suffering from metabolic disorders, amyloidosis and protein-aggregation related diseases,
cellular transformation arising from genetic mutations and translocations, dominant negative effects of gene mutations,
latent viral infections, and other related symptoms, using either viral or nanoparticle delivery system.

[0142] Therapeuticapplications ofthe CRISPR-Cas system include Glaucoma, Amyloidosis, and Huntington’s disease.
These are exemplified in Example 14 and the features described therein are preferred alone or in combination.

[0143] As an example, chronic infection by HIV-1 may be treated or prevented. In order to accomplish this, one may
generate CRISPR-Cas guide RNAs that target the vast majority of the HIV-1 genome while taking into account HIV-1
strain variants for maximal coverage and effectiveness. One may accomplish delivery of the CRISPR-Cas system by
conventional adenoviral orlentiviral-mediated infection ofthe hostimmune system. Depending on approach, hostimmune
cells could be a) isolated, transduced with CRISPR-Cas, selected, and re-introduced in to the host or b) transduced in
vivo by systemic delivery of the CRISPR-Cas system. The first approach allows for generation of a resistant immune
population whereas the second is more likely to target latent viral reservoirs within the host. This is discussed in more
detail in the Examples section.

[0144] It is also envisaged that the present disclosure generates a gene knockout cell library. Each cell may have a
single gene knocked out. This is exemplified in Example 17.

[0145] One may make a library of ES cells where each cell has a single gene knocked out, and the entire library of
ES cells will have every single gene knocked out. This library is useful for the screening of gene function in cellular
processes as well as diseases. To make this cell library, one may integrate Cas9 driven by an inducible promoter (e.g.
doxycycline inducible promoter) into the ES cell. In addition, one may integrate a single guide RNA targeting a specific
gene in the ES cell. To make the ES cell library, one may simply mix ES cells with a library of genes encoding guide
RNAs targeting each gene in the human genome. One may first introduce a single BxB1 attB site into the AAVS1 locus
of the human ES cell. Then one may use the BxB | integrase to facilitate the integration of individual guide RNA genes
into the BxB1 attB site in AAVS1 locus. To facilitate integration, each guide RNA gene may be contained on a plasmid
that carries of a single attP site. This way BxB1 will recombine the attB site in the genome with the attP site on the guide
RNA containing plasmid. To generate the cell library, one may take the library of cells that have single guide RNAs
integrated and induce Cas9 expression. After induction, Cas9 mediates double strand break at sites specified by the
guide RNA.

[0146] Chronic administration of protein therapeutics may elicit unacceptable immune responsesto the specific protein.
The immunogenicity of protein drugs can be ascribed to a few immunodominant helper T lymphocyte (HTL) epitopes.
Reducing the MHC binding affinity of these HTL epitopes contained within these proteins can generate drugs with lower
immunogenicity (Tangri S, et al. ("Rationally engineered therapeutic proteins with reduced immunogenicity" J Immunol.
2005 Mar 15;174(6):3187-96.) In the present disclosure, the immunogenicity of the CRISPR enzyme in particular may
be reduced following the approach first set out in Tangri et al with respect to erythropoietin and subsequently developed.
Accordingly, directed evolution or rational design may be used to reduce the immunogenicity of the CRISPR enzyme
(for instance a Cas9) in the host species (human or other species).

[0147] In Example 28, Applicants used 3 guideRNAs of interest and able to visualize efficient DNA cleavage in vivo
occurring only in a small subset of cells. Essentially, what Applicants have shown here is targeted in vivo cleavage. In
particular, this provides proof of concept that specific targeting in higher organisms such as mammals can also be
achieved. It also highlights multiplex aspect in that multiple guide sequences (i.e. separate targets) can be used simul-
taneously (in the sense of co-delivery). In other words, Applicants used a multiple approach, with several different
sequences targeted at the same time, but independently.

[0148] A suitable example of a protocol for producing AAV, a preferred vector to be used in the invention is provided
in Example 29.

[0149] Trinucleotide repeat disorders are preferred conditions to be treated. These are also exemplified herein.
[0150] According to another aspect, a method of gene therapy for the treatment of a subject having a mutation in the
CFTR gene is provided and comprises administering a therapeutically effective amount of a CRISPR-Cas gene therapy
particle, optionally via a biocompatible pharmaceutical carrier, to the cells of a subject. Preferably, the target DNA
comprises the mutation deltaF508. In general, it is of preferred that the mutation is repaired to the wildtype. In this case,
the mutation is a deletion of the three nucleotides that comprise the codon for phenylalanine (F) at position 508. Accord-
ingly, repair in this instance requires reintroduction of the missing codon into the mutant.

[0151] To implement this Gene Repair Strategy, it is preferred that an adenovirus/AAV vector system is introduced
into the host cell, cells or patient. Preferably, the system comprises a Cas9 (or Cas9 nickase) and the guide RNA along
with a adenovirus/AAV vector system comprising the homology repair template containing the F508 residue. This may
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be introduced into the subject via one of the methods of delivery discussed earlier. The CRISPR-Cas system may be
guided by the CFTRdelta 508 chimeric guide RNA. It targets a specific site of the CFTR genomic locus to be nicked or
cleaved. After cleavage, the repair template is inserted into the cleavage site via homologous recombination correcting
the deletion that results in cystic fibrosis or causes cystic fibrosis related symptoms. This strategy to direct delivery and
provide systemic introduction of CRISPR systems with appropriate guide RNAs can be employed to target genetic
mutations to edit or otherwise manipulate genes that cause metabolic, liver, kidney and protein diseases and disorders
such as those in Table B.

[0152] For an example of CFTRdelta508 chimeric guide RNA, see Example which demonstrates gene transfer or
gene delivery of a CRISPR-Cas system in airways of subject or a patient in need thereof, suffering from cystic fibrosis
or from cystic fibrosis (CF) related symptoms, using adeno-associated virus (AAV) particles. In particular, they exemplify
a repair strategy for Cystic Fibrosis delta F508 mutation. This type of strategy should apply across all organisms. With
particular reference to CF, suitable patients may include: Human, non-primate human, canine, feline, bovine, equine
and other domestic animals. In this instance, Applicants utilized a CRISPR-Cas system comprising a Cas9 enzyme to
target deltaF508 or other CFTR-inducing mutations.

[0153] The treated subjects in this instance receive pharmaceutically effective amount of aerosolized AAV vector
system per lung endobronchially delivered while spontaneously breathing. As such, aerosolized delivery is preferred for
AAV delivery in general. An adenovirus or an AAV particle may be used for delivery. Suitable gene constructs, each
operably linked to one or more regulatory sequences, may be cloned into the delivery vector. In this instance, the following
constructs are provided as examples: Cbh or EFla promoter for Cas9, U6 or H1 promoter for chimeric guide RNA),: A
preferred arrangement is to use a CFTRdelta508 targeting chimeric guide, a repair template for deltaF508 mutation and
a codon optimized Cas9 enzyme (preferred Cas9s are those with nuclease or nickase activity) with optionally one or
more nuclear localization signal or sequence(s) (NLS(s)), e.g., two (2) NLSs. Constructs without NLS are also envisaged.
[0154] In order to identify the Cas9 target site, Applicants analyzed the human CFTR genomic locus and identified
the Cas9 target site. Preferably, in general and in this CF case, the PAM may contain a NGG or a NNAGAAW motif.
[01565] Accordingly, inthe case of CF, the present method comprises manipulation of a target sequence in a genomic
locus of interest comprising

delivering a non-naturally occurring or engineered composition comprising a viral vector system comprising one or
more viral vectors operably encoding a composition for expression thereof, wherein the composition comprises:

a non-naturally occurring or engineered composition comprising a vector system comprising one or more vectors
comprising

|. a first regulatory element operably linked to a CRISPR-Cas system chimeric RNA (chiRNA) polynucleotide
sequence, wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to the CF target sequence in a suitable mammalian 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,

wherein (a), (b) and (c) are arranged in a 5’ to 3’ orientation,

wherein components | and |l 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. In
respect of CF, preferred target DNA sequences comprise the CFTRdelta508 mutation. A preferred PAM is
described above. A preferred CRISPR enzyme is any Cas (described herein, but particularly that described in
Example 16).

[0156] Alternatives to CF include any genetic disorder and examples of these are well known. Another preferred
method or use of the invention is for correcting defects in the EMP2A and EMP2B genes that have been identified to
be associated with Lafora disease.

[0157] In some embodiments, a "guide sequence" may be distinct from "guide RNA". A guide sequence may refer to
an approx. 20bp sequence, within the guide RNA, that specifies the target site.

[0158] In some embodiments, the Cas9 is (oris derived from) the SpCas9. In such embodiments, preferred mutations
are at any or all or positions 10, 762, 840, 854, 863 and/or 986 of SpCas9 or corresponding positions in other Cas9s
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(which may be ascertained for instance by standard sequence comparison tools. In particular, any or all of the following
mutations are preferred in SpCas9: D10A, E762A, H840A, N854A, N863A and/or D986A; as well as conservative
substitution for any of the replacement amino acids is also envisaged. The same (or conservative substitutions of these
mutations) at corresponding positions in other Cas9s are also preferred. Particularly preferred are D10 and H840 in
SpCas9. However, in other Cas9s, residues corresponding to SpCas9 D10 and H840 are also preferred. These are
advantageous as they provide nickase activity.

[0159] It will be readily apparent that a host of other diseases can be treated in a similar fashion. Some examples of
genetic diseases caused by mutations are provided herein, but many more are known. The above strategy can be
applied to these diseases.

[0160] The invention uses nucleic acids to bind target DNA sequences. This is advantageous as nucleic acids are
much easier and cheaper to produce and the specificity can be varied according to the length of the stretch where
homology is sought. Complex 3-D positioning of multiple fingers, for example is not required.

[0161] 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 ribonucle-
otides, 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. The term also encompasses nucleic-acid-like structures with
synthetic backbones, see, e.g., WO 97/03211; WO 96/39154. 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.

[0162] As used herein the term "wild type" is a term of the art understood by skilled persons and means the typical
form of an organism, strain, gene or characteristic as it occurs in nature as distinguished from mutant or variant forms.
[0163] 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.

[0164] 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.

[0165] "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 allthe 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.

[0166] As used herein, "stringent conditions" for hybridization refer to conditions under which a nucleic acid having
complementarity to a target sequence predominantly hybridizes with the target sequence, and substantially does not
hybridize to non-target sequences. Stringent conditions are generally sequence-dependent, and vary depending on a
number of factors. 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 |, Second
Chapter "Overview of principles of hybridization and the strategy of nucleic acid probe assay", Elsevier, N.Y. Where
reference is made to a polynucleotide sequence, then complementary or partially complementary sequences are also
envisaged. These are preferably capable of hybridising to the reference sequence under highly stringent conditions.
Generally, in order to maximize the hybridization rate, relatively low-stringency hybridization conditions are selected:
about 20 to 25° C. lower than the thermal melting point (T,,). The T, is the temperature at which 50% of specific target
sequence hybridizes to a perfectly complementary probe in solution at a defined ionic strength and pH. Generally, in
order to require at least about 85% nucleotide complementarity of hybridized sequences, highly stringent washing
conditions are selected to be about 5 to 15° C. lower than the T,,. In order to require at least about 70% nucleotide
complementarity of hybridized sequences, moderately-stringent washing conditions are selected to be about 15 to 30°
C. lower than the T,,. Highly permissive (very low stringency) washing conditions may be as low as 50° C. below the
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T, allowing a high level of mis-matching between hybridized sequences. Those skilled in the art will recognize that
other physical and chemical parameters in the hybridization and wash stages can also be altered to affect the outcome
of a detectable hybridization signal from a specific level of homology between target and probe sequences. Preferred
highly stringent conditions comprise incubation in 50% formamide, 5XSSC, and 1% SDS at 42° C., or incubation in
5XSSC and 1% SDS at 65° C., with wash in 0.2XSSC and 0.1% SDS at 65° C.

[0167] "Hybridization"refers to a reaction in which one or more polynucleotides reactto forma complexthatis 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 PCR, 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.

[0168] As used herein, the term "genomic locus" or "locus" (plural loci) is the specific location of a gene or DNA
sequence on a chromosome. A "gene" refers to stretches of DNA or RNA that encode a polypeptide or an RNA chain
that has functional role to play in an organism and hence is the molecular unit of heredity in living organisms. For the
purpose of this invention it may be considered that genes include regions which regulate the production of the gene
product, whether or not such regulatory sequences are adjacent to coding and/or transcribed sequences. Accordingly,
a gene includes, but is not necessarily limited to, promoter sequences, terminators, translational regulatory sequences
such as ribosome binding sites and internal ribosome entry sites, enhancers, silencers, insulators, boundary elements,
replication origins, matrix attachment sites and locus control regions.

[0169] As used herein, "expression of a genomic locus" or "gene expression" is the process by which information from
a gene is used in the synthesis of a functional gene product. The products of gene expression are often proteins, but in
non-protein coding genes such as rRNA genes or tRNA genes, the product is functional RNA. The process of gene
expression is used by all known life - eukaryotes (including multicellular organisms), prokaryotes (bacteria and archaea)
and viruses to generate functional products to survive. As used herein "expression” of agene or nucleic acid encompasses
not only cellular gene expression, but also the transcription and translation of nucleic acid(s) in cloning systems and in
any other context. As used herein, "expression" also 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 collec-
tively referred to as "gene product." If the polynucleotide is derived from genomic DNA, expression may include splicing
of the mRNA in a eukaryotic cell.

[0170] Theterms "polypeptide”, "peptide" and "protein" are used interchangeably herein to referto 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 polymerthat has been modified; for example,
disulfide bond formation, glycosylation, lipidation, acetylation, phosphorylation, or any other manipulation, such as con-
jugation 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.
[0171] As used herein, the term "domain" or "protein domain" refers to a part of a protein sequence that may exist and
function independently of the rest of the protein chain.

[0172] As described in aspects of the invention, sequence identity is related to sequence homology. Homology com-
parisons may be conducted by eye, or more usually, with the aid of readily available sequence comparison programs.
These commercially available computer programs may calculate percent (%) homology between two or more sequences
and may also calculate the sequence identity shared by two or more amino acid or nucleic acid sequences. In some
preferred embodiments, the capping region of the dTALEs described herein have sequences that are at least 95%
identical or share identity to the capping region amino acid sequences provided herein.

[0173] Sequence homologies may be generated by any of a number of computer programs known in the art, for
example BLAST or FASTA, etc. A suitable computer program for carrying out such an alignment is the GCG Wisconsin
Bestfit package (University of Wisconsin, U.S.A; Devereux et al., 1984, Nucleic Acids Research 12:387). Examples of
other software than may perform sequence comparisons include, but are not limited to, the BLAST package (see Ausubel
et al., 1999 ibid - Chapter 18), FASTA (Atschul et al., 1990, J. Mol. Biol., 403-410) and the GENEWORKS suite of
comparison tools. Both BLAST and FASTA are available for offline and online searching (see Ausubel et al., 1999 ibid,
pages 7-58 to 7-60). However it is preferred to use the GCG Bestfit program.

[0174] Percentage (%) sequence homology may be calculated over contiguous sequences, i.e., one sequence is
aligned with the other sequence and each amino acid or nucleotide in one sequence is directly compared with the
corresponding amino acid or nucleotide in the other sequence, one residue at a time. This is called an "ungapped"
alignment. Typically, such ungapped alignments are performed only over a relatively short number of residues.

[0175] Although this is a very simple and consistent method, it fails to take into consideration that, for example, in an
otherwise identical pair of sequences, one insertion or deletion may cause the following amino acid residues to be put
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out of alignment, thus potentially resulting in a large reduction in % homology when a global alignment is performed.
Consequently, most sequence comparison methods are designed to produce optimal alignments that take into consid-
eration possible insertions and deletions without unduly penalizing the overall homology or identity score. This is achieved
by inserting "gaps" in the sequence alignment to try to maximize local homology or identity.

[0176] However, these more complex methods assign "gap penalties" to each gap that occurs in the alignment so
that, forthe same number of identical amino acids, a sequence alignment with as few gaps as possible - reflecting higher
relatedness between the two compared sequences - may achieve a higher score than one with many gaps. "Affinity gap
costs" are typically used that charge a relatively high cost for the existence of a gap and a smaller penalty for each
subsequent residue in the gap. This is the most commonly used gap scoring system. High gap penalties may, of course,
produce optimized alignments with fewergaps. Most alignment programs allow the gap penalties to be modified. However,
it is preferred to use the default values when using such software for sequence comparisons. For example, when using
the GCG Wisconsin Bestfit package the default gap penalty for amino acid sequences is -12 for a gap and -4 for each
extension.

[0177] Calculation of maximum % homology therefore first requires the production of an optimal alignment, taking into
consideration gap penalties. A suitable computer program for carrying out such an alignment is the GCG Wisconsin
Bestfit package (Devereux et al., 1984 Nuc. Acids Research 12 p387). Examples of other software than may perform
sequence comparisons include, but are not limited to, the BLAST package (see Ausubel et al., 1999 Short Protocols in
Molecular Biology, 4th Ed. - Chapter 18), FASTA (Altschul et al., 1990 J. Mol. Biol. 403-410) and the GENEWORKS
suite of comparison tools. Both BLAST and FASTA are available for offline and online searching (see Ausubel et al.,
1999, Short Protocols in Molecular Biology, pages 7-58 to 7-60). However, for some applications, it is preferred to use
the GCG Bestfit program. A new tool, called BLAST 2 Sequences is also available for comparing protein and nucleotide
sequences (see FEMS Microbiol Lett. 1999 174(2): 247-50;, FEMS Microbiol Lett. 1999 177(1): 187-8 and the website
of the National Center for Biotechnology information at the website of the National Institutes for Health).

[0178] Although the final % homology may be measured in terms of identity, the alignment process itself is typically
not based on an all-or-nothing pair comparison. Instead, a scaled similarity score matrix is generally used that assigns
scores to each pair-wise comparison based on chemical similarity or evolutionary distance. An example of such a matrix
commonly used is the BLOSUM62 matrix - the default matrix for the BLAST suite of programs. GCG Wisconsin programs
generally use either the public default values or a custom symbol comparison table, if supplied (see user manual for
further details). For some applications, it is preferred to use the public default values for the GCG package, or in the
case of other software, the default matrix, such as BLOSUM®62.

[0179] Alternatively, percentage homologies may be calculated using the multiple alignment feature in DNASIS™
(Hitachi Software), based on an algorithm, analogous to CLUSTAL (Higgins DG & Sharp PM (1988), Gene 73(1),
237-244). Once the software has produced an optimal alignment, it is possible to calculate % homology, preferably %
sequence identity. The software typically does this as part of the sequence comparison and generates a numerical result.
[0180] The sequences may also have deletions, insertions or substitutions of amino acid residues which produce a
silent change and result in a functionally equivalent substance. Deliberate amino acid substitutions may be made on the
basis of similarity in amino acid properties (such as polarity, charge, solubility, hydrophobicity, hydrophilicity, and/or the
amphipathic nature of the residues) and it is therefore useful to group amino acids together in functional groups. Amino
acids may be grouped together based on the properties of their side chains alone. However, it is more useful to include
mutation data as well. The sets of amino acids thus derived are likely to be conserved for structural reasons. These sets
may be described in the form of a Venn diagram (Livingstone C.D. and Barton G.J. (1993) "Protein sequence alignments:
a strategy for the hierarchical analysis of residue conservation" Comput. Appl. Biosci. 9;: 745-756) (Taylor W.R. (1986)
"The classification of amino acid conservation" J. Theor. Biol. 119; 205-218). Conservative substitutions may be made,
for example according to the table below which describes a generally accepted Venn diagram grouping of amino acids.

Set Sub-set

Hydrophobic | FWYHKMILVAGC | Aromatic FWYH
Aliphatic LV

Polar WYHKREDCSTNQ | Charged HKRED

Positively charged HKR

Negatively charged ED
Small VCAGSPTND Tiny AGS

[0181] Embodiments of the invention include sequences (both polynucleotide or polypeptide) which may comprise
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homologous substitution (substitution and replacement are both used herein to mean the interchange of an existing
amino acid residue or nucleotide, with an alternative residue or nucleotide) that may occur i.e., like-for-like substitution
in the case of amino acids such as basic for basic, acidic for acidic, polar for polar, etc. Non-homologous substitution
may also occur i.e., from one class of residue to another or alternatively involving the inclusion of unnatural amino acids
such as ornithine (hereinafter referred to as Z), diaminobutyric acid ornithine (hereinafter referred to as B), norleucine
ornithine (hereinafter referred to as O), pyriylalanine, thienylalanine, naphthylalanine and phenylglycine.

[0182] Variantamino acid sequences may include suitable spacer groups that may be inserted between any two amino
acid residues of the sequence including alkyl groups such as methyl, ethyl or propyl groups in addition to amino acid
spacers such as glycine or B-alanine residues. A further form of variation, which involves the presence of one or more
amino acid residues in peptoid form, may be well understood by those skilled in the art. For the avoidance of doubt, "the
peptoid form" is used to refer to variant amino acid residues wherein the o-carbon substituent group is on the residue’s
nitrogen atom rather than the «-carbon. Processes for preparing peptides in the peptoid form are known in the art, for
example Simon RJ et al., PNAS (1992) 89(20), 9367-9371 and Horwell DC, Trends Biotechnol. (1995) 13(4), 132-134.
[0183] The practice of the present invention employs, unless otherwise indicated, conventional techniques of immu-
nology, biochemistry, chemistry, molecular biology, microbiology, cell biology, genomics and recombinant DNA, which
are within the skill of the art. See Sambrook, Fritsch and Maniatis, MOLECULAR CLONING: ALABORATORY MANUAL,
2nd edition (1989); CURRENT PROTOCOLS IN MOLECULAR BIOLOGY (F. M. Ausubel, et al. eds., (1987)); the series
METHODS IN ENZYMOLOGY (Academic Press, Inc.): PCR 2: A PRACTICAL APPROACH (M.J. MacPherson, B.D.
Hames and G.R. Taylor eds. (1995)), Harlow and Lane, eds. (1988) ANTIBODIES, A LABORATORY MANUAL, and
ANIMAL CELL CULTURE (R.l. Freshney, ed. (1987)).

[0184] Inone aspect, the disclosure provides for vectors that are used in the engineering and optimization of CRISPR-
Cas systems.

[0185] A used herein, a "vector" is a tool that allows or facilitates the transfer of an entity from one environment to
another. It is a replicon, such as a plasmid, phage, or cosmid, into which another DNA segment may be inserted so as
to bring about the replication of the inserted segment. Generally, a vector is capable of replication when associated with
the proper control elements. In general, the term "vector" refers to a nucleic acid molecule capable oftransporting 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 virally-derived DNA or RNA sequences are present in the vector for packaging into a virus (e.g.
retroviruses, replication defective retroviruses, adenoviruses, replication defective adenoviruses, and adeno-associated
viruses (AAVs)). Viral vectors also include polynucleotides carried by a virus for transfection into a host cell. Certain
vectors are capable of autonomous replication in a host cell into which they are introduced (e.g. bacterial vectors having
a bacterial origin of replication and episomal mammalian vectors). Other vectors (e.g., non-episomal mammalian vectors)
are integrated into the genome of a host cell upon introduction into the host cell, and thereby are replicated along with
the hostgenome. Moreover, certain vectors are capable ofdirecting the expression ofgenesto whichthey are operatively-
linked. Such vectors are referred to herein as "expression vectors." Common expression vectors of utility in recombinant
DNA techniques are often in the form of plasmids.

[0186] 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
ofthe nucleotide sequence (e.g. in anin vitro transcription/translation system orin a host cellwhen the vectoris introduced
into the host cell). With regards to recombination and cloning methods, mention is made of U.S. patent application
10/815,730, published September 2, 2004 as US 2004-0171156 A1.

[0187] Aspects ofthe invention relate to vectors for chimeric RNA and Cas9. Bicistronic expression vectors for chimeric
RNA and Cas9 are preferred. In general and particularly in this embodiment Cas® is preferably driven by the CBh
promoter. The chimeric RNA may preferably be driven by a U6 promoter. Ideally the two are combined. The chimeric
guide RNA typically consists of a 20bp guide sequence (Ns) and this may be joined to the tracr sequence (running from
the first "U" of the lower strand to the end of the transcript). The tracr sequence may be truncated at various positions
as indicated. The guide and tracr sequences are separated by the tracr-mate sequence, which may be GUUUUA-
GAGCUA. This may be followed by the loop sequence GAAA as shown. Both ofthese are preferred examples. Applicants
have demonstrated Cas9-mediated indels at the human EMX7 and PVALB loci by SURVEYOR assays. ChiRNAs are
indicated by their "+n" designation, and crRNA refers to a hybrid RNA where guide and tracr sequences are expressed
as separate transcripts. Throughout this application, chimeric RNA may also be called single guide, or synthetic guide
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RNA (sgRNA). The loop is preferably GAAA, but it is not limited to this sequence or indeed to being only 4bp in length.
Indeed, preferred loop forming sequences for use in hairpin structures are four nucleotides in length, and most preferably
have the sequence GAAA. However, longer or shorter loop sequences may be used, as may alternative sequences.
The sequences preferably include a nucleotide triplet (for example, AAA), and an additional nucleotide (for example C
or G). Examples of loop forming sequences include CAAA and AAAG.

[0188] In one embodiment, the U6 promoter may be a bi-directional promoter. Figure 52 depicts panels of data: the
first showing different truncations of the Bi-directional U6 promoter and associated microdeletion activity and the second
quantifying the indel-inducing activity coming off of either side of the bi-directional promoter. Figure 52 represents yet
another means by which it is possible to deliver two independent sgRNASs off of a single U6 promoter that is independent
of and complementary to the tandem sgRNA approach. The increase in size of the U6 promoter is minimal, which makes
this amenable and attractive to in vivo/AAV delivery applications where vector size represents a significant constraint.
The sequence ofthe smallest U6-8/U6-1 bi-directional reporterthat retains good function in both directions which consists
of joining end to end of the U6-1 promoter in the forward direction and a truncated version of the U6-8 promoter in the
reverse direction (see Figure 53). Additionally, this may address the issue that the first spacer tends to work significantly
better than the second in the current iteration of the tandem sgRNA architecture as processing of independent sgRNAS
does not have to occur with the BiU6 approach. See, e.g., W02005035718 for additional disclosure on bi-directional
promoters.

[0189] Theterm"regulatoryelement"isintended 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 cell 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 Il promoter
(e.g. 1, 2, 3, 4, 5 or more pol | promoters), one or more pol Il promoters (e.g. 1, 2, 3, 4, 5, or more pol || promoters),
one or more pol | promoters (e.g. 1, 2, 3, 4, 5, or more pol | promoters), or combinations thereof. Examples of pol Il
promoters include, but are not limited to, U6 and H1 promoters. Examples of pol || 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., Boshartet al, Cell, 41:521-530 (1985)], the SV40 promoter,
the dihydrofolate reductase promoter, the 3-actin promoter, the phosphoglycerol kinase (PGK) promoter, and the EF1a
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. Cell. Biol., Vol. 8(1), p. 466-472, 1988); SV40 enhancer; and the intron
sequence between exons 2 and 3 of rabbit B-globin (Proc. Natl. Acad. Sci. USA., Vol. 78(3), p. 1527-31, 1981). It will
be appreciated by those skilled in the art that the design of the expression vector can depend on such factors as the
choice of the host cell to be transformed, the level of expression desired, etc. A vector can be introduced into host cells
to thereby produce transcripts, proteins, or peptides, including fusion proteins or peptides, encoded by nucleic acids as
described herein (e.g., clustered regularly interspersed short palindromic repeats (CRISPR) transcripts, proteins, en-
zymes, mutant forms thereof, fusion proteins thereof, etc.). With regards to regulatory sequences, mention is made of
U.S. patent application 10/491,026. With regards to promoters, mention is made of PCT publication WO 2011/028929
and U.S. application 12/511,940.

[0190] Vectors can be designed for expression of CRISPR transcripts (e.g. nucleic acid transcripts, proteins, or en-
zymes) in prokaryotic or eukaryotic cells. For example, CRISPR transcripts can be expressed in bacterial cells such as
Escherichia coli, insect cells (using baculovirus expression vectors), yeast cells, or mammalian cells. Suitable host cells
are discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN ENZYMOLOGY 185, Academic
Press, San Diego, Calif. (1990). Alternatively, the recombinant expression vector can be transcribed and translated in
vitro, for example using T7 promoter regulatory sequences and T7 polymerase.

[0191] Vectors may be introduced and propagated in a prokaryote or prokaryotic cell. In some embodiments, a prokary-
ote is used to amplify copies of a vector to be introduced into a eukaryotic cell or as an intermediate vector in the
production of a vector to be introduced into a eukaryotic cell (e.g. amplifying a plasmid as part of a viral vector packaging
system). In some embodiments, a prokaryote is used to amplify copies of a vector and express one or more nucleic
acids, such as to provide a source of one or more proteins for delivery to a host cell or host organism. Expression of
proteins in prokaryotes is most often carried out in Escherichia coli with vectors containing constitutive or inducible
promoters directing the expression of either fusion or non-fusion proteins. Fusion vectors add a number of amino acids
to a protein encoded therein, such as to the amino terminus of the recombinant protein. Such fusion vectors may serve
one or more purposes, such as: (i) to increase expression of recombinant protein; (i) to increase the solubility of the
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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 enter-
okinase. Example fusion expression vectors include pGEX (Pharmacia Biotech Inc; 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.

[0192] Examples of suitable inducible non-fusion E. coli expression vectors include pTrc (Amrann et al., (1988) Gene
69:301-315) and pET 11d (Studier et al., GENE EXPRESSION TECHNOLOGY: METHODS IN ENZYMOLOGY 185,
Academic Press, San Diego, Calif. (1990) 60-89).

[0193] In some embodiments, a vector is a yeast expression vector. Examples of vectors for expression in yeast
Saccharomyces cerivisae include pYepSec1 (Baldari, et al., 1987. EMBO J. 6: 229-234), pMFa (Kuijan and Herskowitz,
1982. Cell 30: 933-943), pJRY88 (Schultz et al., 1987. Gene 54: 113-123), pYES2 (Invitrogen Corporation, San Diego,
Calif.), and picZ (InVitrogen Corp, San Diego, Calif.).

[0194] In some embodiments, a vector drives protein expression in insect cells using baculovirus expression vectors.
Baculovirus vectors available for expression of proteins in cultured insect cells (e.g., SF9 cells) include the pAc series
(Smith, et al., 1983. Mol. Cell. Biol. 3: 2156-2165) and the pVL series (Lucklow and Summers, 1989. Virology 170: 31-39).
[0195] In some embodiments, a vectoris capable of driving expression of one or more sequences in mammalian cells
using a mammalian expression vector. Examples of mammalian expression vectors include pCDM8 (Seed, 1987. Nature
329: 840) and pMT2PC (Kaufman, et al., 1987. EMBO J. 6: 187-195). When used in mammalian cells, the expression
vector's control functions are typically provided by one or more regulatory elements. For example, commonly used
promoters are derived from polyoma, adenovirus 2, cytomegalovirus, simian virus 40, and others disclosed herein and
known in the art. For other suitable expression systems for both prokaryotic and eukaryotic cells see, e.g., Chapters 16
and 17 of Sambrook, et al., MOLECULAR CLONING: A LABORATORY MANUAL. 2nd ed., Cold Spring Harbor Labo-
ratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1989.

[0196] 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; Pinkert, et al., 1987. Genes Dev. 1: 268-277), lymphoid-specific
promoters (Calame and Eaton, 1988. Adv. Immunol. 43; 235-275), in particular promoters of T cell receptors (Winoto
and Baltimore, 1989. EMBO J. 8: 729-733) and immunoglobulins (Baneiji, et al., 1983. Cell 33: 729-740; Queen and
Baltimore, 1983. Cell 33: 741-748), neuron-specific promoters (e.g., the neurofilament promoter; Byrne and Ruddle,
1989. Proc. Natl. Acad. Sci. USA 86; 5473-5477), pancreas-specific promoters (Edlund, et al., 1985. Science 230:
912-916), and mammary gland-specific promoters (e.g., milk whey promoter; U.S. Pat. No. 4,873,316 and European
Application Publication No. 264,166). Developmentally-regulated promoters are also encompassed, e.g., the murine
hox promoters (Kessel and Gruss, 1990. Science 249: 374-379) and the a-fetoprotein promoter (Campes and Tilghman,
1989. Genes Dev. 3: 537-546). With regards to these prokaryotic and eukaryotic vectors, mention is made of U.S. Patent
6,750,059. Other embodiments of the invention may relate to the use of viral vectors, with regards to which mention is
made of U.S. Patent application 13/092,085. Tissue-specific regulatory elements are known in the art and in this regard,
mention is made of U.S. Patent 7,776,321.

[0197] 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 ofthe CRISPR system. In general, CRISPRs (Clustered Regularly
Interspaced Short Palindromic Repeats), also known as SPIDRs (SPacer Interspersed Direct Repeats), constitute a
family of DNA loci that are usually specific to a particular bacterial species. The CRISPR locus comprises a distinct class
of interspersed short sequence repeats (SSRs) that were recognized in E. coli (Ishino et al., J. Bacteriol., 169:5429-5433
[1987]; and Nakata et al., J. Bacteriol., 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., 43:1565-1575 [2002]; and Mojica et al., [2005]) including, but not limited to
Aeropyrum, Pyrobaculum, Sulfolobus, Archaeoglobus, Halocarcula, Methanobacterium, Methanococcus, Methanosa-
rcina, Methanopyrus, Pyrococcus, Picrophilus, Thermoplasma, Corynebacterium, Mycobacterium, Streptomyces,
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Aquifex, Porphyromonas, Chlorobium, Thermus, Bacillus, Listeria, Staphylococcus, Clostridium, Thermoanaerobacter,
Mycoplasma, Fusobacterium, Azarcus, Chromobacterium, Neisseria, Nitrosomonas, Desulfovibrio, Geobacter, Myxo-
coccus, Campylobacter, Wolinella, Acinetobacter, Erwinia, Escherichia, Legionella, Methylococcus, Pasteurella, Photo-
bacterium, Salmonella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

[0198] In general, "CRISPR system" refers collectively to transcripts and other elements involved in the expression
of or directing the activity of CRISPR-associated (“Cas") genes, including sequences encoding a Cas gene, a tracr
(trans-activating CRISPR) sequence (e.g. tracrRNA or an active partialtracrRNA), a tracr-mate sequence (encompassing
a "direct repeat" and a tracrRNA-processed partial direct repeat in the context of an endogenous CRISPR system), a
guide sequence (also referred to as a "spacer” in the context of an endogenous CRISPR system), or other sequences
and transcripts from a CRISPR locus. In embodiments of the invention the terms guide sequence and guide RNA are
used interchangeably. In some embodiments, one or more elements of a CRISPR system is derived from a type |, type
II, or type Ill CRISPR system. In some embodiments, one or more elements of a CRISPR system is derived from a
particularorganism comprising an endogenous CRISPR system, such as Streptococcus pyogenes. Ingeneral, aCRISPR
system is characterized by elements that promote the formation of a CRISPR complex at the site of a target sequence
(also referred to as a protospacer in the context of an endogenous CRISPR system). In the context of formation of a
CRISPR complex, "target sequence" refers to a sequence to which a guide sequence is designed to have complemen-
tarity, where hybridization between a target sequence and a guide sequence promotes the formation of a CRISPR
complex. A target sequence may comprise any polynucleotide, such as DNA or RNA polynucleotides. In some embod-
iments, a target sequence is located in the nucleus or cytoplasm of a cell.

[0199] In some embodiments, direct repeats may be identified in silico by searching for repetitive motifs that fulfill any
or all of the following criteria:

1. found in a 2Kb window of genomic sequence flanking the type |l CRISPR locus;
2. span from 20 to 50 bp; and
3. interspaced by 20 to 50 bp.

[0200] In some embodiments, 2 of these criteria may be used, for instance 1 and 2, 2 and 3, or 1 and 3. In some
embodiments, all 3 criteria may be used.

[0201] In some embodiments, candidate tracrRNA may be subsequently predicted by sequences that fulfill any or all
of the following criteria:

1. sequence homology to direct repeats (motif search in Geneious with up to 18-bp mismatches);
2. presence of a predicted Rho-independent transcriptional terminator in direction of transcription; and
3. stable hairpin secondary structure between tracrRNA and direct repeat.

[0202] In some embodiments, 2 of these criteria may be used, for instance 1 and 2, 2 and 3, or 1 and 3. In some
embodiments, all 3 criteria may be used.

[0203] In some embodiments, chimeric synthetic guide RNAs (sgRNAs) designs may incorporate at least 12 bp of
duplex structure between the direct repeat and tracrRNA.

[0204] In preferred embodiments of the invention, the CRISPR system is atype || CRISPR system and the Cas enzyme
is Cas9, which catalyzes DNA cleavage. Enzymatic action by Cas9 derived from Streptococcus pyogenes or any closely
related Cas9 generates double stranded breaks at target site sequences which hybridize to 20 nucleotides of the guide
sequence and that have a protospacer-adjacent motif (PAM) sequence (examples include NGG/NRG or a PAM that
can be determined as described herein) following the 20 nucleotides of the target sequence. CRISPR activity through
Cas9 for site-specific DNA recognition and cleavage is defined by the guide sequence, the tracr sequence that hybridizes
in part to the guide sequence and the PAM sequence. More aspects of the CRISPR system are described in Karginov
and Hannon, The CRISPR system:. small RNA-guided defence in bacteria and archaea, Mole Cell 2010, January 15;
37(1): 7.

[0205] The type Il CRISPR locus from Streptococcus pyogenes SF370, which contains a cluster of four genes Cas9,
Cas1, Cas2, and Csn1, as well as two non-coding RNA elements, tracrRNA and a characteristic array of repetitive
sequences (direct repeats) interspaced by short stretches of non-repetitive sequences (spacers, about 30bp each). In
this system, targeted DNA double-strand break (DSB) is generated in four sequential steps (Figure 2A). First, two non-
coding RNAs, the pre-crRNA array and tracrRNA, are transcribed from the CRISPR locus. Second, tracrRNA hybridizes
to the direct repeats of pre-crRNA, which is then processed into mature crRNAs containing individual spacer sequences.
Third, the mature crRNA:tracrRNA complex directs Cas9 to the DNA target consisting of the protospacer and the cor-
responding PAM via heteroduplex formation between the spacer region of the crRNA and the protospacer DNA. Finally,
Cas9 mediates cleavage of target DNA upstream of PAM to create a DSB within the protospacer (Figure 2A). Figure
2B demonstrates the nuclear localization of the codon optimized Cas9. To promote precise transcriptional initiation, the
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RNA polymerase lll-based U6 promoter was selected to drive the expression of tracrRNA (Figure 2C). Similarly, a U6
promoter-based construct was developed to express a pre-crRNA array consisting of a single spacer flanked by two
direct repeats (DRs, also encompassed by the term "tracr-mate sequences"; Figure 2C). The initial spacerwas designed
to target a 33-base-pair (bp) target site (30-bp protospacer plus a 3-bp CRISPR motif (PAM) sequence satisfying the
NGG recognition motif of Cas9) in the human EMX1 locus (Figure 2C), a key gene in the development of the cerebral
cortex.

[0206] Typically, in the context of an endogenous CRISPR system, formation of a CRISPR complex (comprising a
guide sequence hybridized to a target sequence and complexed with one or more Cas proteins) results in cleavage of
one or both strands in or near (e.g. within 1,2, 3, 4,5,6,7, 8,9, 10, 20, 50, or more base pairs from) the target sequence.
Without wishing to be bound by theory, the tracr sequence, which may comprise or consist of all or a portion of a wild-
type tracr sequence (e.g. about or more than about 20, 26, 32, 45, 48, 54, 63, 67, 85, or more nucleotides of a wild-type
tracr sequence), may also form part of a CRISPR complex, such as by hybridization along at least a portion of the tracr
sequenceto all ora portion of atracr mate sequence that is operably linked to the guide sequence. In some embodiments,
one or more vectors driving expression of one or more elements of a CRISPR system are introduced into a host cell
such that expression of the elements of the CRISPR system direct formation of a CRISPR complex at one or more target
sites. For example, a Cas enzyme, a guide sequence linked to a tracr-mate sequence, and a tracr sequence could each
be operably linked to separate regulatory elements on separate vectors. Alternatively, two or more of the elements
expressed fromthe same ordifferent regulatory elements, may be combined in a single vector, with one or more additional
vectors providing any components of the CRISPR system not included in the first vector. CRISPR system elements that
are combined in a single vector may be arranged in any suitable orientation, such as one element located 5’ with respect
to ("upstream" of) or 3’ with respect to ("downstream" of) a second element. The coding sequence of one element may
be located on the same or opposite strand of the coding sequence of a second element, and oriented in the same or
opposite direction. In some embodiments, a single promoterdrives expression of atranscriptencoding a CRISPR enzyme
and one or more of the guide sequence, tracr mate sequence (optionally operably linked to the guide sequence), and
a tracr sequence embedded within one or more intron sequences (e.g. each in a different intron, two or more in at least
one intron, or all in a single intron). In some embodiments, the CRISPR enzyme, guide sequence, tracr mate sequence,
and tracr sequence are operably linked to and expressed from the same promoter.

[0207] In some embodiments, a vector comprises one or more insertion sites, such as a restriction endonuclease
recognition sequence (also referred to as a "cloning site"). In some embodiments, one or more insertion sites (e.g. about
or more than about 1, 2, 3, 4,5,6,7, 8,9, 10, or more insertion sites) are located upstream and/or downstream of one
or more sequence elements of one or more vectors. In some embodiments, a vector comprises an insertion site upstream
of atracr mate sequence, and optionally downstream of a regulatory element operably linked to the tracr mate sequence,
such that following insertion of a guide sequence into the insertion site and upon expression the guide sequence 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, 10, or more such guide-sequence-containing vectors may be provided, and
optionally delivered to a cell.

[0208] Insome embodiments, a vector comprises aregulatory element operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, such as a Cas protein. Non-limiting examples of Cas proteins include Cas1, Cas1B, Cas2,
Cas3, Cas4, Cas5, Cas6, Cas7, Cas8, Cas9 (also known as Csn1 and Csx12), Cas10, Csy1, Csy2, Csy3, Cse1, Cse2,
Csc1, Csc2, Csab, Csn2, Csm2, Csm3, Csm4, Csm5, Csm6, Cmr1, Cmr3, Cmrd, Cmr5, CmrB, Csb1, Csb2, Csb3,
Csx17, Csx14, Csx10, Csx16, CsaX, Csx3, Csx1, Csx15, Csfl, Csf2, Csf3, Csf4, homologues thereof, or modified
versions thereof. In some embodiments, the unmodified CRISPR enzyme has DNA cleavage activity, such as Cas9. 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 | 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. As a further example, two
or more catalytic domains of Cas9@ (RuvC |, RuvC Il, and RuvC Il or the HNH domain) may be mutated to produce a
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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 all 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%, 0.01%, or lower with
respect to its non-mutated form.

[0209] An aspartate-to-alanine substitution (D10A) inthe RuvC | catalytic domain of SpCas9 was engineered to convert
the nuclease into a nickase (SpCas9n) (see e.g. Sapranauskas et al., 2011, Nucleic Acis Research, 39: 9275; Gasiunas
etal., 2012, Proc. Natl. Acad. Sci. USA, 109:E2579), such that nicked genomic DNA undergoes the high-fidelity homology-
directed repair (HDR). Surveyor assay confirmed that SpCas9n does not generate indels at the EMX1 protospacer
target. Co-expression of EMX1-targeting chimeric crRNA (having the tracrRNA component as well) with SpCas9 produced
indels in the target site, whereas co-expression with SpCasn did not (n=3). Moreover, sequencing of 327 amplicons
did not detect any indels induced by SpCas9n. The same locus was selected to test CRISPR-mediated HR by co-
transfecting HEK 293FT cells with the chimeric RNA targeting EMX1, hSpCas9 or hSpCas9n, as well as a HR template
to introduce a pair of restriction sites (Hindlll and Nhel) near the protospacer.

[0210] Preferred orthologs are described herein. A Cas enzyme may be identified Cas9 as this can referto the general
class of enzymes that share homology to the biggest nuclease with multiple nuclease domains from the type Il 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.

[0211] 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 Il 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, SaCa9, St1Cas9 and so forth.

[0212] 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.

[0213] 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 mammal or
primate. In some embodiments, processes for modifying the germ line genetic identity of human beings and/or processes
for modifying the genetic identity of animals which are likely to cause them suffering without any substantial medical
benefit to man or animal, and also animals resulting from such processes, may be excluded.

[0214] Ingeneral, codon optimization refersto a process of modifying a nucleic acid sequence forenhanced 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 optimi-
zation. Codon usage tables are readily available, for example, at the "Codon Usage Database" available at www.kazu-
sa.orjp/codon/ (visited Jul. 9, 2002), and these tables can be adapted in a number of ways. See Nakamura, Y., et al.
"Codon usage tabulated from the international DNA sequence databases: status for the year 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, orall codons) in a sequence encoding a CRISPR enzyme correspond
to the most frequently used codon for a particular amino acid.

[0215] In some embodiments, a vector encodes a CRISPR enzyme comprising one or more nuclear localization
sequences (NLSs), such as about or more than about 1, 2, 3,4, 5,6, 7, 8, 9, 10, or more NLSs. In some embodiments,
the CRISPR enzyme comprises about or more than about 1, 2, 3,4, 5,6,7, 8, 9, 10, or more NLSs at or near the amino-
terminus, about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more NLSs at or near the carboxy-terminus, or a
combination ofthese (e.g. one or more NLS at the amino-terminus and one or more NLS at the carboxy terminus). When
more than one NLS is present, each may be selected independently of the others, such that a single NLS may be present
in more than one copy and/or in combination with one or more other NLSs present in one or more copies. In a preferred
embodiment of the invention, the CRISPR enzyme comprises at most 6 NLSs. In some embodiments, an NLS is con-
sidered near the N- or C-terminus when the nearest amino acid of the NLS is within about 1, 2, 3, 4, 5, 10, 15, 20, 25,
30, 40, 50, or more amino acids along the polypeptide chain from the Nor C-terminus. Non-limiting examples of NLSs
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include an NLS sequence derived from: the NLS of the SV40 virus large T-antigen, having the amino acid sequence
PKKKRKY; the NLS from nucleoplasmin (e.g. the nucleoplasmin bipartite NLS with the sequence KR-
PAATKKAGQAKKKKY); the c-myc NLS having the amino acid sequence PAAKRVKLD or RQRRNELKRSP; the hRNPA1
M9 NLS having the sequence NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY; the sequence
RMRIZFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNY of the IBB domain from importin-alpha; the sequences
VSRKRPRP and PPKKARED of the myoma T protein; the sequence POPKKKPL of human p53; the sequence SA-
LIKKKKKMAP of mouse c-abl 1V; the sequences DRLRR and PKQKKRK of the influenza virus NS1; the sequence
RKLKKKIKKL of the Hepatitis virus delta antigen; the sequence REKKKFLKRR of the mouse Mx1 protein; the sequence
KRKGDEVDGVDEVAKKKSKK of the human poly(ADP-ribose) polymerase; and the sequence RKCLQAGMN-
LEARKTKK of the steroid hormone receptors (human) glucocorticoid.

[0216] In general, the one or more NLSs are of sufficient strength to drive accumulation of the CRISPR enzyme in a
detectable amount in the nucleus of a eukaryotic cell. In general, strength of nuclear localization activity may derive from
the number of NLSs in the CRISPR enzyme, the particular NLS(s) used, or a combination of these factors. Detection of
accumulation in the nucleus may be performed by any suitable technique. For example, a detectable marker may be
fused to the CRISPR enzyme, such that location within a cell may be visualized, such as in combination with a means
for detecting the location of the nucleus (e.g. a stain specific for the nucleus such as DAPI). Cell nuclei may also be
isolated from cells, the contents of which may then be analyzed by any suitable process for detecting protein, such as
immunohistochemistry, Western blot, or enzyme activity assay. Accumulation in the nucleus may also be determined
indirectly, such as by an assay for the effect of CRISPR complex formation (e.g. assay for DNA cleavage or mutation
at the target sequence, or assay for altered gene expression activity affected by CRISPR complex formation and/or
CRISPR enzyme activity), as compared to a control no exposed to the CRISPR enzyme or complex, or exposed to a
CRISPR enzyme lacking the one or more NLSs.

[0217] 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 algo-
rithm, the Needleman-Wunsch algorithm, algorithms based on the Burrows-Wheeler Transform (e.g. the Burrows Wheel-
er Aligner), ClustalW, Clustal X, BLAT, Novoalign (Novocraft Technologies; available at www.novocraft.com), ELAND
(lllumina, 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, 19, 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 less than about 75, 50, 45, 40, 35, 30, 25, 20, 15, 12, or fewer nucleotides in length. The ability of a guide sequence
to direct sequence-specific binding of a CRISPR complex to a target sequence may be assessed by any suitable assay.
For example, the components of a CRISPR system sufficient to form a CRISPR complex, including the guide sequence
to be tested, may be provided to a host 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 testtube by providing the target sequence, components of a CRISPR complex, including
the guide sequence to be tested and a control guide sequence different from the test guide sequence, and comparing
binding or rate of cleavage at the target sequence between the test and control guide sequence reactions. Other assays
are possible, and will occur to those skilled in the art.

[0218] 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 form MMMMMMMMMNNNNNNNNNNNXGG where NNNNNNNNNNNXGG (Nis A, G, T, or C; and X can be
anything) has a single occurrence in the genome. For the S. thermophilus CRISPR1 Cas9, a unique target sequence
in a genome may include a Cas9 target site of the form MMMMMMMMNNNNNNNNNNNNXXAGAAW where
NNNNNNNNNNNNXXAGAAW (N is A, G, T, or C; X can be anything; and W is A or T) has a single occurrence in the
genome. A unique target sequence in a genome may include an S. thermophilus CRISPR1 Cas9 target site of the form
MMMMMMMMMNNNNNNNNNNNXXAGAAWwhere NNNNNNNNNNNXXAGAAW (Nis 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
NNNNNNNNNNNNXGGXG (N is A, G, T, or C; and X can be anything) has a single occurrence in the genome. A unique
target sequence in a genome may include an S. pyogenes Cas9® target site of the form
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MMMMMMMMMNNNNNNNNNNNXGGXG where NNNNNNNNNNNXGGXG (Nis A, G, T, or C; and X can be anything)
has a single occurrence in the genome. In each ofthese sequences "M"may be A, G, T, or C, and need not be considered
in identifying a sequence as unique.

[0219] Insome embodiments, a guide sequence is selected to reduce the degree secondary structure within the guide
sequence. In some embodiments, about or less than about 75%, 50%, 40%, 30%, 25%, 20%, 15%, 10%, 5%, 1%, or
fewer of the nucleotides of the guide sequence participate in self-complementary base pairing when optimally folded.
Optimal folding may be determined by any suitable polynucleotide folding algorithm. Some programs are based on
calculating the minimal Gibbs free energy. An example of one such algorithm is mFold, as described by Zuker and
Stiegler (Nucleic Acids Res. 9 (1981), 133-148). Another example folding algorithm is the online webserver RNAfold,
developed at Institute for Theoretical Chemistry at the University of Vienna, using the centroid structure prediction
algorithm (see e.g. A.R. Gruberet al., 2008, Cell 106(1): 23-24; and PA Carrand GM Church, 2009, Nature Biotechnology
27(12): 1151-62).

[0220] 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 cell containing
the corresponding tracr sequence; and (2) formation of a CRISPR complex at a target sequence, wherein the CRISPR
complex comprises the tracr mate sequence hybridized to the tracr sequence. In general, degree of complementarity is
with reference to the optimal alignment of the tracr mate sequence and tracr sequence, along the length of the shorter
of the two sequences. Optimal alignment may be determined by any suitable alignment algorithm, and may further
account for secondary structures, such as self-complementarity within either the tracr sequence or tracr mate sequence.
In some embodiments, the degree of complementarity between the tracr sequence and tracr mate sequence along the
length of the shorter of the two when optimally aligned is about or more than about 25%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 95%, 97.5%, 99%, or higher. In some embodiments, the tracr sequence is about or more than about 5, 6,
7,8,9,10,11,12,13, 14,15, 16,17, 18, 19, 20, 25, 30, 40, 50, or more nucleotides in length. In some embodiments,
the tracr sequence and tracr mate sequence are contained within a single transcript, such that hybridization between
the two produces a transcript having a secondary structure, such as a hairpin. In an embodiment of the invention, the
transcript or transcribed polynucleotide sequence has at least two or more hairpins. In preferred embodiments, the
transcript has two, three, four or five hairpins. In a further embodiment of the invention, the transcript has at most five
hairpins. In a hairpin structure the portion of the sequence 5’ of the final "N" and upstream of the loop corresponds to
the tracr mate sequence, and the portion of the sequence 3’ of the loop corresponds to the tracr sequence Further non-
limiting examples of single polynucleotides comprising a guide sequence, a tracr mate sequence, and a tracr sequence
are as follows (listed 5’ to 3'), where "N" represents a base of a guide sequence, the first block of lower case letters
represent the tracr mate sequence, and the second block of lower case letters represent the tracr sequence, and the
final poly-T sequence represents the transcription terminator: (1))NNNNNNNNNNNNNNNNNNNNGgtttttgtactctcaagatt-
taGAAAtaaatctigcagaagctacaaagataaggcticatgccgaaatcaacaccctgtcattttatggcagggtgttticgttatttaaTTTTTT; (2) NNNNN-
NNNNNNNNNNNNNNNGgtttttgtactctcaGAAAtgcagaagctacaaagataaggcticatgccgaaatcaacaccctgtcattttatggcagggtgtttt-

cottatttaaTTTTTT,; (3) NNNNNNNNNNNNNNNNNNNNGgtttttgtactctcaGAAAtgcagaagctacaaagataaggcttcatgccgaaatce-
aacaccctgtcattttatggcagggtgtTTTTTT; 4) NNNNNNNNNNNNNNNNNNNNgttttagagctaGAAAtagcaagttaaaataa-
ggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgc TTTTTT; (5) NNNNNNNNNNNNNNNNNNNNgttttagagctaGAAATAG-
caagttaaaataaggctagtccgttatcaacttgaaaaagtgTTTTTTT; and (6) NNNNNNNNNNNNNNNNNNNNgttttagagctagAAAT-
AGcaagttaaaataaggctagtccgttatcaTT TTTTTT. In some embodiments, sequences (1) to (3) are used in combination
with Cas9 from S. thermophilus CRISPR1. In some embodiments, sequences (4) to (6) are used in combination with
Cas9 from S. pyogenes. In some embodiments, the tracr sequence is a separate transcript from a transcript comprising
the tracr mate sequence.

[0221] In some embodiments, a recombination template is also provided. A recombination template may be a com-
ponent of another vector as described herein, contained in a separate vector, or provided as a separate polynucleotide.
In some embodiments, a recombination template is designed to serve as a template in homologous recombination, such
as within or near a target sequence nicked or cleaved by a CRISPR enzyme as a part of a CRISPR complex. A template
polynucleotide may be of any suitable length, such as about or more than about 10, 15, 20, 25, 50, 75, 100, 150, 200,
500, 1000, or more nucleotides in length. In some embodiments, the template polynucleotide is complementary to a
portion of a polynucleotide comprising the target sequence. When optimally aligned, a template polynucleotide might
overlap with one or more nucleotides of a target sequences (e.g. about or more than about 1, 5, 10, 15, 20, or more
nucleotides). In some embodiments, when a template sequence and a polynucleotide comprising a target sequence are
optimally aligned, the nearest nucleotide of the template polynucleotide is within about 1, 5, 10, 15, 20, 25, 50, 75, 100,
200, 300, 400, 500, 1000, 5000, 10000, or more nucleotides from the target sequence.

[0222] 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,
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without limitation, epitope tags, reporter gene sequences, and protein domains having one or more of the following
activities: methylase activity, demethylase activity, transcription activation activity, transcription repression activity, tran-
scription release factor activity, histone modification activity, RNA cleavage activity and nucleic acid binding activity.
Non-limiting examples of epitope tags include histidine (His) tags, V5 tags, FLAG tags, influenza hemagglutinin (HA)
tags, Myc tags, VSV-G tags, and thioredoxin (Trx) tags. Examples of reporter genes include, but are not limited to,
glutathione-S-transferase (GST), horseradish peroxidase (HRP), chloramphenicol acetyltransferase (CAT) beta-galac-
tosidase, beta-glucuronidase, luciferase, green fluorescent protein (GFP), HcRed, DsRed, cyan fluorescent protein
(CFP), yellow fluorescent protein (YFP), and auto fluorescent proteins including blue fluorescent protein (BFP). ACRISPR
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 (HSV) BP16 protein fusions.
Additionaldomains that may form part of a fusion protein comprising a CRISPR enzyme are described in US20110059502.
In some embodiments, a tagged CRISPR enzyme is used to identify the location of a target sequence.

[0223] Insome embodiments, a CRISPR enzyme may form a component of an inducible system. The inducible nature
of the system would allow for spatiotemporal control of gene editing or gene expression using a form of energy. The
form of energy may include but is not limited to electromagnetic radiation, sound energy, chemical energy and thermal
energy. Examples of inducible system include tetracycline inducible promoters (Tet-On or Tet-Off), small molecule two-
hybrid transcription activations systems (FKBP, ABA, etc), or light inducible systems (Phytochrome, LOV domains, or
cryptochrome).In one embodiment, the CRISPR enzyme may be a part of a Light Inducible Transcriptional Effector
(LITE) to direct changes in transcriptional activity in a sequence-specific manner. The components of a light may include
a CRISPR enzyme, a light-responsive cryptochrome heterodimer (e.g. from Arabidopsis thaliana), and a transcriptional
activation/repression domain. Further examples of inducible DNA binding proteins and methods fortheir use are provided
in US 61/736465 and US 61/721,283.

[0224] In some aspects, the invention relates to methods comprising delivering one or more polynucleotides, such as
orone or more vectors as described herein, one or more transcripts thereof, and/or one or proteins transcribed therefrom,
to a host cell. In some aspects, the invention further provides cells produced by such methods, and animals comprising
or produced from such cells. In some embodiments, a CRISPR enzyme in combination with (and optionally complexed
with) a guide sequence is delivered to a cell. Conventional viral and non-viral based gene transfer methods can be used
to introduce nucleic acids in mammalian cells or target tissues. Such methods can be used to administer nucleic acids
encoding components of a CRISPR system to cells in culture, or in a host organism. Non-viral vector delivery systems
include DNA plasmids, RNA (e.g. atranscript ofa vectordescribed herein), naked nucleic acid, and nucleic acid complexed
with a delivery vehicle, such as a liposome. Viral vector delivery systems include DNA and RNA viruses, which have
either episomal or integrated genomes after delivery to the cell. For a review of gene therapy procedures, see Anderson,
Science 256:808-813 (1992); Nabel & Felgner, TIBTECH 11:211-217 (1993); Mitani & Caskey, TIBTECH 11:162-166
(1993); Dillon, TIBTECH 11:167-175 (1993); Miller, Nature 357:455-460 (1992); Van Brunt, Biotechnology
6(10):1149-1154 (1988); Vigne, Restorative Neurology and Neuroscience 8:35-36 (1995); Kremer & Perricaudet, British
Medical Bulletin 51(1):31-44 (1995); Haddada et al., in Current Topics in Microbiology and Immunology Doerfler and
B6hm (eds) (1995); and Yu et al., Gene Therapy 1:13-26 (1994).

[0225] Methods ofnon-viraldelivery of nucleic acids include lipofection, microinjection, biolistics, virosomes, liposomes,
immunoliposomes, polycation or lipid:nucleic acid conjugates, naked DNA, artificial virions, and agent-enhanced uptake
of DNA. Lipofection is described in e.g., U.S. Pat. Nos. 5,049,386, 4,946,787; and 4,897,355) and lipofection reagents
are sold commercially (e.g., Transfectam™ and Lipofectin™). Cationic and neutral lipids that are suitable for efficient
receptor-recognition lipofection of polynucleotides include those of Felgner, WO 91/17424; WO 91/16024. Delivery can
be to cells (e.g. in vitro or ex vivo administration) or target tissues (e.g. in vivo administration).

[0226] The preparation of lipid:nucleic acid complexes, including targeted liposomes such as immunolipid complexes,
is well known to one of skill in the art (see, e.g., Crystal, Science 270:404-410 (1995), Blaese et al., Cancer Gene Ther.
2:291-297 (1995); Behret al., Bioconjugate Chem. 5:382-389 (1994); Remy et al., Bioconjugate Chem. 5:647-654 (1994);
Gao et al., Gene Therapy 2:710-722 (1995); Ahmad et al., CancerRes. 52:4817-4820 (1992); U.S. Pat. Nos. 4,186,183,
4,217,344, 4,235,871, 4,261,975, 4,485,054, 4,501,728, 4,774,085, 4,837,028, and 4,948,787).

[0227] The use of RNA or DNA viral based systems for the delivery of nucleic acids take advantage of highly evolved
processes for targeting a virus to specific cells in the body and trafficking the viral payload to the nucleus. Viral vectors
can be administered directly to patients (in vivo) or they can be used to treat cells in vitro, and the modified cells may
optionally be administered to patients (ex vivo). Conventional viral based systems could include retroviral, lentivirus,
adenoviral, adeno-associated and herpes simplex virus vectors for gene transfer. Integration in the host genome is
possible with the retrovirus, lentivirus, and adeno-associated virus gene transfer methods, often resulting in long term
expression of the inserted transgene. Additionally, high transduction efficiencies have been observed in many different
cell types and target tissues.

[0228] The tropism of a retrovirus can be altered by incorporating foreign envelope proteins, expanding the potential
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target population of target cells. Lentiviral vectors are retroviral vectors that are able to transduce or infect non-dividing
cells and typically produce high viral titers. Selection of a retroviral gene transfer system would therefore depend on the
target tissue. Retroviral vectors are comprised of cis-acting long terminal repeats with packaging capacity for up to 6-10
kb of foreign sequence. The minimum cis-acting LTRs are sufficient for replication and packaging of the vectors, which
are then used to integrate the therapeutic gene into the target cell to provide permanent transgene expression. Widely
used retroviral vectors include those based upon murine leukemia virus (MuLV), gibbon ape leukemia virus (GalLV),
Simian Immuno deficiency virus (SIV), human immuno deficiency virus (HIV), and combinations thereof (see, e.g.,
Buchscher et al., J. Virol. 66:2731-2739 (1992); Johann et al., J. Virol. 66:1635-1640 (1992); Sommnerfelt et al., Virol.
176:58-59 (1990); Wilson et al., J. Virol. 63:2374-2378 (1989); Miller et al., J. Virol. 65:2220-2224 (1991);
PCT/US94/05700).

[0229] In applications where transient expression is preferred, adenoviral based systems may be used. Adenoviral
based vectors are capable of very high transduction efficiency in many cell types and do not require cell division. With
such vectors, high titer and levels of expression have been obtained. This vector can be produced in large quantities in
a relatively simple system.

[0230] Adeno-associated virus ("AAV") vectors may also be used to transduce cells with target nucleic acids, e.g., in
the in vitro production of nucleic acids and peptides, and for in vivo and ex vivo gene therapy procedures (see, e.g.,
West et al., Virology 160:38-47 (1987); U.S. Pat. No. 4,797,368; WO 93/24641; Kotin, Human Gene Therapy 5:793-801
(1994); Muzyczka, J. Clin. Invest. 94:1351 (1994). Construction of recombinant AAV vectors are described in a number
of publications, including U.S. Pat. No. 5,173,414, Tratschin et al., Mol. Cell. Biol. 5:3251-3260 (1985); Tratschin, et al.,
Mol. Cell. Biol. 4:2072-2081 (1984); Hermonat & Muzyczka, PNAS 81.6466-6470 (1984); and Samulski et al., J. Virol.
63:03822-3828 (1989).

[0231] Packaging cells are typically used to form virus particles that are capable of infecting a host cell. Such cells
include 293 cells, which package adenovirus, and w2 cells or PA317 cells, which package retrovirus. Viral vectors used
in gene therapy are usually generated by producer a cell line that packages a nucleic acid vector into a viral particle.
The vectors typically contain the minimal viral sequences required for packaging and subsequent integration into a host,
other viral sequences being replaced by an expression cassette for the polynucleotide(s) to be expressed. The missing
viral functions are typically supplied in trans by the packaging cell line. For example, AAV vectors used in gene therapy
typically only possess ITR sequences from the AAV genome which are required for packaging and integration into the
host genome. Viral DNA is packaged in a cell line, which contains a helper plasmid encoding the other AAV genes,
namely rep and cap, but lacking ITR sequences. The cell line may also infected with adenovirus as a helper. The helper
virus promotes replication of the AAV vector and expression of AAV genes from the helper plasmid. The helper plasmid
is not packaged in significant amounts due to a lack of ITR sequences. Contamination with adenovirus can be reduced
by, e.g., heat treatment to which adenovirus is more sensitive than AAV.

[0232] Accordingly, AAV is considered an ideal candidate for use as a transducing vector. Such AAV transducing
vectors can comprise sufficient cis-acting functions to replicate in the presence of adenovirus or herpesvirus or poxvirus
(e.g., vaccinia virus) helper functions provided in trans. Recombinant AAV (rAAV) can be used to carry exogenous genes
into cells of a variety of lineages. In these vectors, the AAV cap and/or rep genes are deleted from the viral genome and
replaced with a DNA segment of choice. Current AAV vectors may accommodate up to 4300 bases of inserted DNA.
[0233] There are a number of ways to produce rAAV, and the invention relates to rAAV and methods for preparing
rAAV. For example, plasmid(s) containing or consisting essentially of the desired construct are transfected into AAV-
infected cells. In addition, a second or additional helper plasmid is cotransfected into these cells to provide the AAV rep
and/or cap genes which are obligatory for replication and packaging of the recombinant viral construct. Under these
conditions, the rep and/or cap proteins of AAV act in trans to stimulate replication and packaging of the rAAV construct.
Two to Three days after transfection, rAAV is harvested. Traditionally rAAV is harvested from the cells along with
adenovirus. The contaminating adenovirus is then inactivated by heat treatment. In the context of the instant invention,
rAAV is advantageously harvested not from the cells themselves, but from cell supernatant. Accordingly, in an initial
aspect the invention relates to preparing rAAV, and in addition to the foregoing, rAAV can be prepared by a method that
comprises or consists essentially of; infecting susceptible cells with a rAAV containing exogenous DNA including DNA
for expression, and helper virus (e.g., adenovirus, herpesvirus, poxvirus such as vaccinia virus) wherein the rAAV lacks
functioning cap and/or rep (and the helper virus (e.g., adenovirus, herpesvirus, poxvirus such as vaccinia virus) provides
the cap and/or rev function that the rAAV lacks); or infecting susceptible cells with a rAAV containing exogenous DNA
including DNA for expression, wherein the recombinant lacks functioning cap and/or rep, and transfecting said cells with
a plasmid supplying cap and/or rep function that the rAAV lacks; or infecting susceptible cells with a rAAV containing
exogenous DNA including DNA for expression, wherein the recombinant lacks functioning cap and/or rep, wherein said
cells supply cap and/or rep function that the recombinant lacks; or transfecting the susceptible cells with an AAV lacking
functioning cap and/or rep and plasmids for inserting exogenous DNA into the recombinant so that the exogenous DNA
is expressed by the recombinant and for supplying rep and/or cap functions whereby transfection results in an rAAV
containing the exogenous DNA including DNA for expression that lacks functioning cap and/or rep.
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[0234] The rAAV can be from an AAV as herein described, and advantageously can be an rAAV1, rAAV2, AAVS5 or
rAAV having hybrid capsid which may comprise AAV1, AAV2, AAV5 or any combination thereof. One can select the
AAV of the rAAV with regard to the cells to be targeted by the rAAV; e.g., one can select AAV serotypes 1,2, 50ra
hybrid capsid AAV1, AAV2, AAV5 or any combination thereof for targeting brain or neuronal cells; and one can select
AAV4 for targeting cardiac tissue.

[0235] In addition to 293 cells, other cells that can be used in the practice of the invention and the relative infectivity
of certain AAV serotypes in vitro as to these cells (see Grimm, D. et al, J. Virol. 82: 5887-5911 (2008)) are as follows:

Cell Line AAV-1 | AAV-2 | AAV-3 | AAV-4 | AAV-5 | AAV-6 | AAV-8 | AAV-9
Huh-7 13 100 25 0.0 0.1 10 07 0.0
HEK293 25 100 25 0.1 0.1 5 07 0.1
Hela 3 100 2.0 0.1 6.7 1 02 0.1
HepG2 3 100 16.7 0.3 1.7 5 0.3 ND
Hep1A 20 100 02 1.0 0.1 1 02 0.0
911 17 100 11 02 0.1 17 0.1 ND
CHO 100 100 14 1.4 333 50 10 1.0
Ccos 33 100 33 3.3 5.0 14 2.0 0.5
MeWo 10 100 20 0.3 6.7 10 1.0 0.2
NIH3T3 10 100 29 29 0.3 10 0.3 ND
A549 14 100 20 ND 0.5 10 0.5 0.1
HT1180 20 100 10 0.1 0.3 33 0.5 0.1
Monocytes 1111 100 ND ND 125 1429 ND ND
Immature DC 2500 100 ND ND 222 2857 ND ND
Mature DC 2222 100 ND ND 333 3333 ND ND

[0236] The invention relates to rAAV that contains or consists essentially of an exogenous nucleic acid molecule
encoding a CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) system, e.g., a plurality of cassettes
comprising or consisting a first cassette comprising or consisting essentially of a promoter, a nucleic acid molecule
encoding a CRISPR-associated (Cas) protein (putative nuclease or helicase proteins), e.g., Cas® and a terminator, and
a two, or more, advantageously up to the packaging size limit of the vector, e.g., in total (including the first cassette)
five, cassettes comprising or consisting essentially of a promoter, nucleic acid molecule encoding guide RNA (gRNA)
and a terminator (e.g., each cassette schematically represented as Promoter-gRNA1-terminator, Promoter-gRNA2-
terminator ... Promoter-gRNA(N)-terminator (where N is a number that can be inserted that is at an upper limit of the
packaging size limit of the vector), or two or more individual rAAVs, each containing one or more than one cassette of
a CRISPR system, e.g., a first rAAV containing the first cassette comprising or consisting essentially of a promoter, a
nucleic acid molecule encoding Cas, e.g., Cas9 and a terminator, and a second rAAV containing a plurality, four, cassettes
comprising or consisting essentially of a promoter, nucleic acid molecule encoding guide RNA (gRNA) and a terminator
(e.g., each cassette schematically represented as Promoter-gRNA1-terminator, Promoter-gRNA2-terminator ... Promot-
er-gRNA(N)-terminator (where N is a number that can be inserted that is at an upper limit of the packaging size limit of
the vector). As rAAV is a DNA virus, the nucleic acid molecules in the herein discussion concerning AAV or rAAV are
advantageously DNA. The promoter is in some embodiments advantageously human Synapsin | promoter (hSyn).
[0237] Additional methods forthe delivery of nucleic acids to cells are known to those skilled in the art. See, forexample,
UsS20030087817.

[0238] Insome embodiments, a host cellis transiently or non-transiently transfected with one or more vectors described
herein. In some embodiments, a cell is transfected as it naturally occurs in a subject. In some embodiments, a cell that
is transfected is taken from a subject. In some embodiments, the cell is derived from cells taken from a subject, such
as a cell line. A wide variety of cell lines for tissue culture are known in the art. Examples of cell lines include, but are
not limited to, C8161, CCRF-CEM, MOLT, mIMCD-3, NHDF, HelLa-S3, Huh1, Huh4, Huh7, HUVEC, HASMC, HEKn,
HEKa, MiaPaCell, Panc1, PC-3, TF1, CTLL-2, C1R, Rat6, CV1, RPTE, A10, T24, J82, A375, ARH-77, Calu1, SW480,
SW620, SKOV3, SK-UT, CaCo2, P388D1, SEM-K2, WEHI-231, HB586, TIB55, Jurkat, J45.01, LRMB, Bcl-1, BC-3, IC21,
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DLD2, Raw264.7, NRK, NRK-52E, MRC5, MEF, Hep G2, HelLa B, HeLa T4, COS, COS-1, COS-6, COS-MBA, BS-C-1
monkey kidney epithelial, BALB/ 3T3 mouse embryo fibroblast, 3T3 Swiss, 3T3-L1, 132-d5 human fetal fibroblasts; 10.1
mouse fibroblasts, 293-T, 3T3, 721, 9L, A2780, A2780ADR, A2780cis, A172, A20, A253, A431, A-549, ALC, B16, B35,
BCP-1 cells, BEAS-2B, bEnd.3, BHK-21, BR 293, BxPC3, C3H-10T1/2, C6/36, Cal-27, CHO, CHO-7, CHO-IR, CHO-
K1, CHO-K2, CHO-T, CHO Dhfr-/-, COR-L23, COR-L23/CPR, COR-L23/5010, COR-L23/R23, COS-7, COV-434, CML
T1, CMT, CT26, D17, DH82, DU145, DuCaP, EL4, EM2, EM3, EMT6/AR1, EMT6/AR10.0, FM3, H1299, H69, HB54,
HB55, HCA2, HEK-293, Hela, Hepalclc7, HL-60, HMEC, HT-29, Jurkat, JY cells, K562 cells, Ku812, KCL22, KG1,
KYO1, LNCap, Ma-Mel 1-48, MC-38, MCF-7, MCF-10A, MDA-MB-231, MDA-MB-468, MDA-MB-435, MDCK II, MDCK
II, MOR/0.2R, MONO-MAC 6, MTD-1A, MyEnd, NCI-H69/CPR, NCI-H69/LX10, NCI-H69/LX20, NCI-H89/LX4, NIH-3T3,
NALM-1, NW-145, OPCN / OPCT cell lines, Peer, PNT-1A / PNT 2, RenCa, RIN-5F, RMA/RMAS, Saos-2 cells, Sf-9,
SkBr3, T2, T-47D, T84, THP1 cell line, U373, U87, U937, VCaP, Vero cells, WM39, WT-49, X63, YAC-1, YAR, and
transgenic varieties thereof. Cell lines are available from a variety of sources known to those with skill in the art (see,
e.g.,the American Type Culture Collection (ATCC) (Manassus, Va.)). In some embodiments, a cell transfected with one
or more vectors described herein is used to establish a new cell line comprising one or more vector-derived sequences.
In some embodiments, a cell transiently transfected with the components of a CRISPR system as described herein
(such as by transient transfection of one or more vectors, or transfection with RNA), and modified through the activity
of a CRISPR complex, is used to establish a new cell line comprising cells containing the modification but lacking any
other exogenous sequence. In some embodiments, cells transiently or non-transiently transfected with one or more
vectors described herein, or cell lines derived from such cells are used in assessing one or more test compounds.
[0239] In some embodiments, one or more vectors described herein are used to produce a non-human transgenic
animal or transgenic plant. In some embodiments, the transgenic animal is a mammal, such as a mouse, rat, or rabbit.
Methods for producing transgenic plants and animals are known in the art, and generally begin with a method of cell
transfection, such as described herein.

[0240] With recent advances in crop genomics, the ability to use CRISPR-Cas systems to perform efficient and cost
effective gene editing and manipulation will allow the rapid selection and comparison of single and and multiplexed
genetic manipulations to transform such genomes for improved production and enhanced traits. In this regard reference
is made to US patents and publications: US Patent No. 6,603,061 - Agrobacterium-Mediated Plant Transformation
Method; US Patent No. 7,868,149 - Plant Genome Sequences and Uses Thereof and US 2009/0100536 - Transgenic
Plants with Enhanced Agronomic Traits, all the contents and disclosure of each of which are herein incorporated by
reference in their entirety. In the practice of the invention, the contents and disclosure of Morrell et al "Crop genomics:
advances and applications" Nat Rev Genet. 2011 Dec 29;13(2):85-96. In an advantageous embodiment of the invention,
the CRISPR/Cas9 system is used to engineer microalgae. That the CRISPR-Cas system is able to be employed in plant
systems is also provided in the manuscript "Efficient Genome Editing in Plants using a CRISPR/Cas System", by Feng
et al. submitted for publication to Nature Biotechnology in July 2013, wherein it is demonstrated that engineered
CRISPR/Cas complexes may be used to create double strand breaks at specific sites of the plant genome to achieve
targeted genome modifications in both dicot and monocot plants. Accordingly, reference herein to animal cells may also
apply, mutatis mutandis, to plant cells unless otherwise apparent.

[0241] In one aspect, the invention provides for methods of modifying a target polynucleotide in a eukaryotic cell,
which may be in vivo, ex vivo or in vifro. In some embodiments, the method comprises sampling a cell or population of
cells from a human or non-human animal or plant (including micro-algae), and modifying the cell or cells. Culturing may
occur at any stage ex vivo. The cell or cells may even be re-introduced into the non-human animal or plant (including
micro-algae). For re-introduced cells it is particularly preferred that the cells are stem cells.

[0242] In some embodiments, the method comprises allowing a CRISPR complex to bind to the target polynucleotide
to effect cleavage of said target polynucleotide thereby modifying the target polynucleotide, wherein the CRISPR complex
comprises a CRISPR enzyme complexed with a guide sequence hybridized to a target sequence within said target
polynucleotide, wherein said guide sequence is linked to a tracr mate sequence which in turn hybridizes to a tracr
sequence.

[0243] In one aspect, the invention provides a method of modifying expression of a polynucleotide in a eukaryotic cell.
In some embodiments, the method comprises allowing a CRISPR complex to bind to the polynucleotide such that said
binding results in increased or decreased expression of said polynucleotide; wherein the CRISPR complex comprises
a CRISPR enzyme complexed with a guide sequence hybridized to a target sequence within said polynucleotide, wherein
said guide sequence is linked to a tracr mate sequence which in turn hybridizes to atracr sequence. Similar considerations
and conditions apply as above for methods of modifying a target polynucleotide. In fact, these sampling, culturing and
re-introduction options apply across the aspects of the present invention.

[0244] Indeed, in any aspect of the invention, the CRISPR complex may comprise a CRISPR enzyme complexed with
a guide sequence hybridized to a target sequence, wherein said guide sequence may be linked to a tracr mate sequence
which in turn may hybridize to a tracr sequence. Similar considerations and conditions apply as above for methods of
modifying a target polynucleotide.
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[0245] In one aspect, the invention relates to kits containing any one or more of the elements disclosed in the above
methods and compositions. 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.

[0246] 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, orin 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 aregulatory element. In some embodiments, the kit comprises a homologous recombination template polynucleotide.
[0247] In one aspect, the invention provides methods for using one or more elements of a CRISPR system. The
CRISPR complex of the disclosure provides an effective means for modifying a target polynucleotide. The CRISPR
complex of the disclosure has a wide variety of utility including modifying (e.g., deleting, inserting, translocating, inacti-
vating, activating) a target polynucleotide in a multiplicity of cell types. As such the CRISPR complex of the disclosure
has a broad spectrum of applications in, e.g., gene therapy, drug screening, disease diagnosis, and prognosis. An
exemplary CRISPR complex comprises a CRISPR enzyme complexed with a guide sequence hybridized to a target
sequence within the target polynucleotide. The guide sequence is linked to a tracr mate sequence, which inturn hybridizes
to a tracr sequence.

[0248] Inone embodiment,thisinvention relatesto a method of cleaving a target polynucleotide. The method comprises
modifying a target polynucleotide using a CRISPR complex that binds to the target polynucleotide and effect cleavage
of said target polynucleotide. Typically, the CRISPR complex of the disclosure, when introduced into a cell, creates a
break (e.g., a single or a double strand break) in the genome sequence. For example, the method can be used to cleave
a disease gene in a cell.

[0249] The break created by the CRISPR complex can be repaired by a repair processes such as the error prone non-
homologous end joining (NHEJ) pathway or the high fidelity homology-directed repair (HDR) (Figure 11). During these
repair process, an exogenous polynucleotide template can be introduced into the genome sequence. In some methods,
the HDR process is used modify genome sequence. For example, an exogenous polynucleotide template comprising
a sequence to be integrated flanked by an upstream sequence and a downstream sequence is introduced into a cell.
The upstream and downstream sequences share sequence similarity with either side of the site of integration in the
chromosome.

[0250] Where desired, a donor polynucleotide can be DNA, e.g., a DNA plasmid, a bacterial artificial chromosome
(BAC), a yeast artificial chromosome (YAC), a viral vector, a linear piece of DNA, a PCR fragment, a naked nucleic acid,
or a nucleic acid complexed with a delivery vehicle such as a liposome or poloxamer.

[0251] The exogenous polynucleotide template comprises a sequence to be integrated (e.g., a mutated gene). The
sequence for integration may be a sequence endogenous or exogenous to the cell. Examples of a sequence to be
integrated include polynucleotides encoding a protein or a non-coding RNA (e.g., a microRNA). Thus, the sequence for
integration may be operably linked to an appropriate control sequence or sequences. Alternatively, the sequence to be
integrated may provide a regulatory function.

[0252] The upstream and downstream sequences in the exogenous polynucleotide template are selected to promote
recombination between the chromosomal sequence of interest and the donor polynucleotide. The upstream sequence
is a nucleic acid sequence that shares sequence similarity with the genome sequence upstream of the targeted site for
integration. Similarly, the downstream sequence is a nucleic acid sequence that shares sequence similarity with the
chromosomal sequence downstream of the targeted site of integration. The upstream and downstream sequences in
the exogenous polynucleotide template can have 75%, 80%, 85%, 90%, 95%, or 100% sequence identity with the
targeted genome sequence. Preferably, the upstream and downstream sequences in the exogenous polynucleotide
template have about 95%, 96%, 97%, 98%, 99%, or 100% sequence identity with the targeted genome sequence. In
some methods, the upstream and downstream sequences in the exogenous polynucleotide template have about 99%
or 100% sequence identity with the targeted genome sequence.

[0253] An upstream or downstream sequence may comprise from about 20 bp to about 2500 bp, for example, about
50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000,
2100, 2200, 2300, 2400, or 2500 bp. In some methods, the exemplary upstream or downstream sequence have about
200 bp to about 2000 bp, about 600 bp to about 1000 bp, or more particularly about 700 bp to about 1000 bp.

[0254] In some methods, the exogenous polynucleotide template may further comprise a marker. Such a marker may
make it easy to screen for targeted integrations. Examples of suitable markers include restriction sites, fluorescent
proteins, or selectable markers. The exogenous polynucleotide template to be used in the invention can be constructed
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using recombinant techniques (see, for example, Sambrook et al., 2001 and Ausubel et al., 1996).

[0255] In an exemplary method for modifying a target polynucleotide by integrating an exogenous polynucleotide
template, adouble stranded break is introduced into the genome sequence by the CRISPR complex, the break is repaired
via homologous recombination by an exogenous polynucleotide template such that the template is integrated into the
genome. The presence of a double-stranded break facilitates integration of the template.

[0256] In other embodiments, this invention provides a method of modifying expression of a polynucleotide in a eu-
karyotic cell. The method comprises increasing or decreasing expression of a target polynucleotide by using a CRISPR
complex that binds to the polynucleotide.

[0257] In some methods, a target polynucleotide can be inactivated to effect the modification of the expression in a
cell. For example, upon the binding of a CRISPR complex to a target sequence in a cell, the target polynucleotide is
inactivated such that the sequence is not transcribed, the coded protein is not produced, or the sequence does not
function as the wild-type sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein is not produced.

[0258] In some methods, a control sequence can be inactivated such that it no longer functions as a control sequence.
As used herein, "control sequence" refers to any nucleic acid sequence that effects the transcription, translation, or
accessibility of a nucleic acid sequence. Examples of a control sequence include, a promoter, a transcription terminator,
and an enhancer are control sequences.

[0259] The inactivated target sequence may include a deletion mutation (i.e., deletion of one or more nucleotides), an
insertion mutation (i.e., insertion of one or more nucleotides), or a nonsense mutation (i.e., substitution of a single
nucleotide for another nucleotide such that a stop codon is introduced). In some methods, the inactivation of a target
sequence results in "knockout" of the target sequence.

[0260] A method of the invention may be used to create a plant, an animal or cell that may be used as a disease
model. As used herein, "disease" refers to a disease, disorder, or indication in a subject. For example, a method of the
invention may be used to create an animal or cell that comprises a modification in one or more nucleic acid sequences
associated with a disease, or a plant, animal or cell in which the expression of one or more nucleic acid sequences
associated with a disease are altered. Such a nucleic acid sequence may encode a disease associated protein sequence
or may be a disease associated control sequence. Accordingly, it is understood that in embodiments of the invention,
a plant, subject, patient, organism or cell can be a non-human subject, patient, organism or cell. Thus, the invention
provides a plant, animal or cell, produced by the present methods, or a progeny thereof. The progeny may be a clone
of the produced plant or animal, or may result from sexual reproduction by crossing with other individuals of the same
species to introgress further desirable traits into their offspring. The cell may be in vivo or ex vivo in the cases of
multicellular organisms, particularly animals or plants. In the instance where the cell is in cultured, a cell line may be
established if appropriate culturing conditions are met and preferably if the cell is suitably adapted for this purpose (for
instance a stem cell). Bacterial cell lines produced by the invention are also envisaged. Hence, cell lines are also
envisaged.

[0261] In some methods, the disease model can be used to study the effects of mutations on the animal or cell and
development and/or progression ofthe disease using measures commonly used in the study ofthe disease. Alternatively,
such a disease model is useful for studying the effect of a pharmaceutically active compound on the disease.

[0262] In some methods, the disease model can be used to assess the efficacy of a potential gene therapy strategy.
That is, a disease-associated gene or polynucleotide can be modified such that the disease development and/or pro-
gression is inhibited or reduced. In particular, the method comprises modifying a disease-associated gene or polynu-
cleotide such that an altered protein is produced and, as a result, the animal or cell has an altered response. Accordingly,
in some methods, a genetically modified animal may be compared with an animal predisposed to development of the
disease such that the effect of the gene therapy event may be assessed.

[0263] Inanotherembodiment,thisinvention relatesto a method ofdeveloping a biologically active agentthat modulates
a cell signaling event associated with a disease gene. The method comprises contacting a test compound with a cell
comprising one or more vectors that drive expression of one or more of a CRISPR enzyme, a guide sequence linked to
a tracr mate sequence, and a tracr sequence; and detecting a change in a readout that is indicative of a reduction or an
augmentation of a cell signaling event associated with, e.g., a mutation in a disease gene contained in the cell.

[0264] A cell model or animal model can be constructed in combination with the method of the invention for screening
a cellular function change. Such a model may be used to study the effects of a genome sequence modified by the
CRISPR complex of the disclosure on a cellular function of interest. For example, a cellular function model may be used
to study the effect of a modified genome sequence on intracellular signaling or extracellular signaling. Alternatively, a
cellular function model may be used to study the effects of a modified genome sequence on sensory perception. In some
such models, one or more genome sequences associated with a signaling biochemical pathway in the model are modified.
[0265] Several disease models have been specifically investigated. These include de novo autism risk genes CHDS,
KATNAL2, and SCN2A; and the syndromic autism (Angelman Syndrome) gene UBE3A. These genes and resulting
autism models are of course preferred, but serve to show the broad applicability of the invention across genes and
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corresponding models.

[0266] An altered expression of one or more genome sequences associated with a signaling biochemical pathway
can be determined by assaying for a difference in the mRNA levels of the corresponding genes between the test model
cell and a control cell, when they are contacted with a candidate agent. Alternatively, the differential expression of the
sequences associated with a signaling biochemical pathway is determined by detecting a difference in the level of the
encoded polypeptide or gene product.

[0267] To assay for an agent-induced alteration in the level of mMRNA transcripts or corresponding polynucleotides,
nucleic acid contained in a sample is first extracted according to standard methods in the art. For instance, mRNA can
be isolated using various lytic enzymes or chemical solutions according to the procedures set forth in Sambrook et al.
(1989), or extracted by nucleic-acid-binding resins following the accompanying instructions provided by the manufac-
turers. The mRNA contained in the extracted nucleic acid sample is then detected by amplification procedures or con-
ventional hybridization assays (e.g. Northern blot analysis) according to methods widely known in the art or based on
the methods exemplified herein.

[0268] For purpose of this invention, amplification means any method employing a primer and a polymerase capable
of replicating a target sequence with reasonable fidelity. Amplification may be carried out by natural or recombinant DNA
polymerases such as TaqGold™, T7 DNA polymerase, Klenow fragment of E.coli DNA polymerase, and reverse tran-
scriptase. A preferred amplification method is PCR. In particular, the isolated RNA can be subjected to a reverse tran-
scription assay that is coupled with a quantitative polymerase chain reaction (RT-PCRY) in order to quantify the expression
level of a sequence associated with a signaling biochemical pathway.

[0269] Detection of the gene expression level can be conducted in real time in an amplification assay. In one aspect,
the amplified products can be directly visualized with fluorescent DNA-binding agents including but not limited to DNA
intercalators and DNA groove binders. Because the amount of the intercalators incorporated into the double-stranded
DNA molecules is typically proportional to the amount of the amplified DNA products, one can conveniently determine
the amount of the amplified products by quantifying the fluorescence of the intercalated dye using conventional optical
systems in the art. DNA-binding dye suitable for this application include SYBR green, SYBR blue, DAPI, propidium
iodine, Hoeste, SYBR gold, ethidium bromide, acridines, proflavine, acridine orange, acriflavine, fluorcoumanin, ellipti-
cine, daunomycin, chloroquine, distamycin D, chromomycin, homidium, mithramycin, ruthenium polypyridyls, anthramy-
cin, and the like.

[0270] In another aspect, other fluorescent labels such as sequence specific probes can be employed in the amplifi-
cation reaction to facilitate the detection and quantification of the amplified products. Probe-based quantitative amplifi-
cation relies on the sequence-specific detection of a desired amplified product. It utilizes fluorescent, target-specific
probes (e.g., TagMan® probes) resulting in increased specificity and sensitivity. Methods for performing probe-based
quantitative amplification are well established in the art and are taught in U.S. Patent No. 5,210,015.

[0271] In yet another aspect, conventional hybridization assays using hybridization probes that share sequence ho-
mology with sequences associated with a signaling biochemical pathway can be performed. Typically, probes are allowed
to form stable complexes with the sequences associated with a signaling biochemical pathway contained within the
biological sample derived from the test subject in a hybridization reaction. It will be appreciated by one of skill in the art
that where antisense is used as the probe nucleic acid, the target polynucleotides provided in the sample are chosen
to be complementary to sequences of the antisense nucleic acids. Conversely, where the nucleotide probe is a sense
nucleic acid, the target polynucleotide is selected to be complementary to sequences of the sense nucleic acid.
[0272] Hybridization can be performed under conditions of various stringency. Suitable hybridization conditions for
the practice ofthe presentinvention are such that the recognition interaction betweenthe probe and sequences associated
with a signaling biochemical pathway is both sufficiently specific and sufficiently stable. Conditions that increase the
stringency of a hybridization reaction are widely known and published in the art. See, for example, (Sambrook, et al.,
(1989); Nonradioactive In Situ Hybridization Application Manual, Boehringer Mannheim, second edition). The hybridi-
zation assay can be formed using probes immobilized on any solid support, including but are not limited to nitrocellulose,
glass, silicon, and a variety of gene arrays. A preferred hybridization assay is conducted on high-density gene chips as
described in U.S. Patent No. 5,445,934,

[0273] Foraconvenient detection ofthe probe-target complexes formed during the hybridization assay, the nucleotide
probes are conjugated to a detectable label. Detectable labels suitable for use in the present invention include any
composition detectable by photochemical, biochemical, spectroscopic, immunochemical, electrical, optical or chemical
means. Awide variety of appropriate detectable labels are known inthe art, which include fluorescent or chemiluminescent
labels, radioactive isotope labels, enzymatic or other ligands. In preferred embodiments, one will likely desire to employ
a fluorescent label or an enzyme tag, such as digoxigenin, 3-galactosidase, urease, alkaline phosphatase or peroxidase,
avidin/biotin complex.

[0274] The detection methods used to detect or quantify the hybridization intensity will typically depend upon the label
selected above. For example, radiolabels may be detected using photographic film or a phosphoimager. Fluorescent
markers may be detected and quantified using a photodetector to detect emitted light. Enzymatic labels are typically
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detected by providing the enzyme with a substrate and measuring the reaction product produced by the action of the
enzyme on the substrate; and finally colorimetric labels are detected by simply visualizing the colored label.

[0275] An agent-induced change in expression of sequences associated with a signaling biochemical pathway can
also be determined by examining the corresponding gene products. Determining the protein level typically involves a)
contacting the protein contained in a biological sample with an agent that specifically bind to a protein associated with
a signaling biochemical pathway; and (b) identifying any agent:protein complex so formed. In one aspect of this embod-
iment, the agentthat specifically binds a protein associated with a signaling biochemical pathway is an antibody, preferably
a monoclonal antibody.

[0276] The reaction is performed by contacting the agent with a sample of the proteins associated with a signaling
biochemical pathway derived from the test samples under conditions that will allow a complexto form between the agent
and the proteins associated with a signaling biochemical pathway. The formation ofthe complex can be detected directly
or indirectly according to standard procedures in the art. In the direct detection method, the agents are supplied with a
detectable label and unreacted agents may be removed from the complex; the amount of remaining label thereby
indicating the amount of complex formed. For such method, it is preferable to select labels that remain attached to the
agents even during stringent washing conditions. It is preferable thatthe label does notinterfere with the binding reaction.
In the alternative, an indirect detection procedure may use an agent that contains a label introduced either chemically
or enzymatically. A desirable label generally does not interfere with binding or the stability of the resulting agent:polypep-
tide complex. However, the label is typically designed to be accessible to an antibody for an effective binding and hence
generating a detectable signal.

[0277] A wide variety of labels suitable for detecting protein levels are known in the art. Non-limiting examples include
radioisotopes, enzymes, colloidal metals, fluorescent compounds, bioluminescent compounds, and chemiluminescent
compounds.

[0278] The amount of agent:polypeptide complexes formed during the binding reaction can be quantified by standard
quantitative assays. As illustrated above, the formation of agent:polypeptide complex can be measured directly by the
amount of label remained at the site of binding. In an alternative, the protein associated with a signaling biochemical
pathway is tested for its ability to compete with a labeled analog for binding sites on the specific agent. In this competitive
assay, the amount of label captured is inversely proportional to the amount of protein sequences associated with a
signaling biochemical pathway present in a test sample.

[0279] A number of techniques for protein analysis based on the general principles outlined above are available in the
art. They include but are not limited to radioimmunoassays, ELISA (enzyme linked immunoradiometric assays), "sand-
wich" immunoassays, immunoradiometric assays, in situ immunoassays (using e.g., colloidal gold, enzyme or radioiso-
tope labels), western blot analysis, immunoprecipitation assays, immunofluorescent assays, and SDS-PAGE.

[0280] Antibodies that specifically recognize or bind to proteins associated with a signaling biochemical pathway are
preferable for conducting the aforementioned protein analyses. Where desired, antibodies that recognize a specific type
of post-translational modifications (e.g., signaling biochemical pathway inducible modifications) can be used. Post-
translational modifications include but are not limited to glycosylation, lipidation, acetylation, and phosphorylation. These
antibodies may be purchased from commercial vendors. For example, anti-phosphotyrosine antibodies that specifically
recognize tyrosine-phosphorylated proteins are available from a number of vendors including Invitrogen and Perkin
Elmer. Anti-phosphotyrosine antibodies are particularly useful in detecting proteins that are differentially phosphorylated
on their tyrosine residues in response to an ER stress. Such proteins include but are not limited to eukaryotic translation
initiation factor 2 alpha (elF-2a). Alternatively, these antibodies can be generated using conventional polyclonal or
monoclonal antibody technologies by immunizing a host animal or an antibody-producing cell with a target protein that
exhibits the desired post-translational modification.

[0281] In practicing the subject method, it may be desirable to discern the expression pattern of an protein associated
with a signaling biochemical pathway in different bodily tissue, in different cell types, and/or in different subcellular
structures. These studies can be performed with the use of tissue-specific, cell-specific or subcellular structure specific
antibodies capable of binding to protein markers that are preferentially expressed in certain tissues, cell types, or sub-
cellular structures.

[0282] An altered expression of a gene associated with a signaling biochemical pathway can also be determined by
examining a change in activity of the gene product relative to a control cell. The assay for an agent-induced change in
the activity of a protein associated with a signaling biochemical pathway will dependent on the biological activity and/or
the signal transduction pathway that is under investigation. For example, where the protein is a kinase, a change in its
ability to phosphorylate the downstream substrate(s) can be determined by a variety of assays known in the art. Rep-
resentative assays include but are not limited to immunoblotting and immunoprecipitation with antibodies such as anti-
phosphotyrosine antibodies that recognize phosphorylated proteins. In addition, kinase activity can be detected by high
throughput chemiluminescent assays such as AlphaScreen™ (available from Perkin Elmer) and eTag™ assay (Chan-
Hui, et al. (2003) Clinical Immunology 111; 162-174).

[0283] Where the protein associated with a signaling biochemical pathway is part of a signaling cascade leading to a
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fluctuation of intracellular pH condition, pH sensitive molecules such as fluorescent pH dyes can be used as the reporter
molecules. In another example where the protein associated with a signaling biochemical pathway is an ion channel,
fluctuations in membrane potential and/or intracellular ion concentration can be monitored. A number of commercial kits
and high-throughput devices are particularly suited for a rapid and robust screening for modulators of ion channels.
Representative instruments include FLIPRTM (Molecular Devices, Inc.) and VIPR (Aurora Biosciences). These instru-
ments are capable of detecting reactions in over 1000 sample wells of a microplate simultaneously, and providing real-
time measurement and functional data within a second or even a minisecond.

[0284] In practicing any of the methods disclosed herein, a suitable vector can be introduced to a cell or an embryo
via one or more methods known in the art, including without limitation, microinjection, electroporation, sonoporation,
biolistics, calcium phosphate-mediated transfection, cationic transfection, liposome transfection, dendrimer transfection,
heat shock transfection, nucleofection transfection, magnetofection, lipofection, impalefection, optical transfection, pro-
prietary agent-enhanced uptake of nucleic acids, and delivery via liposomes, immunoliposomes, virosomes, or artificial
virions. In some methods, the vector is introduced into an embryo by microinjection. The vector or vectors may be
microinjected into the nucleus or the cytoplasm ofthe embryo. In some methods, the vector or vectors may be introduced
into a cell by nucleofection.

[0285] 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).

[0286] Examples of target polynucleotides include a sequence associated with a signaling biochemical pathway, e.g.,
a signaling biochemical pathway-associated gene or polynucleotide. Examples of target polynucleotides include a dis-
ease associated gene or polynucleotide. A "disease-associated" gene or polynucleotide refers to any gene or polynu-
cleotide which is yielding transcription or translation products at an abnormal level orin 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.

[0287] 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).

[0288] Examples of target polynucleotides include a sequence associated with a signaling biochemical pathway, e.g.,
a signaling biochemical pathway-associated gene or polynucleotide. Examples of target polynucleotides include a dis-
ease associated gene or polynucleotide. A "disease-associated" gene or polynucleotide refers to any gene or polynu-
cleotide which is yielding transcription or translation products at an abnormal level orin 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.

[0289] Examples of disease-associated genes and polynucleotides are listed in Tables A and B. Disease specific
information is available from McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore, Md.)
and National Center for Biotechnology Information, National Library of Medicine (Bethesda, Md.), available on the World
Wide Web. Examples of signaling biochemical pathway-associated genes and polynucleotides are listed in Table C.
[0290] Mutations in these genes and pathways can result in production of improper proteins or proteins in improper
amounts which affect function.

[0291] Such genes, proteins and pathways may be the target polynucleotide of a CRISPR complex.

Table A
DISEASE/DISORDERS GENE(S)

Neoplasia PTEN; ATM; ATR; EGFR; ERBB2; ERBB3; ERBB4;
Notch1; Notch2; Notch3; Notch4; AKT; AKT2; AKT3; HIF;
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(continued)

DISEASE/DISORDERS

GENE(S)

HIF1a; HIF3a; Met; HRG; Bcl2; PPAR alpha; PPAR

gamma; WT1 (Wilms Tumor); FGF Receptor Family

members (5 members: 1, 2, 3, 4, 5); CDKN2a; APC; RB

(retinoblastoma); MEN1; VHL; BRCA1; BRCA2; AR

(Androgen Receptor); TSG101; IGF; IGF Receptor; Igf1 (4

variants); 1gf2 (3 variants); Igf 1 Receptor; Igf 2 Receptor;

Bax; Bcl2; caspases family (9 members:

1,2,3,4,6,7,8,9, 12); Kras; Apc

Age-related Macular

Abcr; Ccl2; Cc2; cp (ceruloplasmin); Timp3; cathepsinD;

Degeneration

VidIr; Cer2

Schizophrenia

Neuregulin1 (Nrg1); Erb4 (receptor for Neuregulin);

Complexin1 (Cplx1); Tph1 Tryptophan hydroxylase; Tph2

Tryptophan hydroxylase 2; Neurexin 1; GSK3; GSK3a;

GSK3b

Disorders

5-HTT (Slc6a4); COMT; DRD (Drd1a); SLCBA3; DAOA,;

DTNBP1; Dao (Dao1)

Trinucleotide Repeat

HTT (Huntington’s Dx); SBMA/SMAX1/AR (Kennedy's

Disorders

Dx); FXN/X25 (Friedrich’s Ataxia); ATX3 (Machado-

Joseph's Dx); ATXN1 and ATXN2 (spinocerebellar

ataxias); DMPK (myotonic dystrophy); Atrophin-1 and Atn1

(DRPLA Dx); CBP (Creb-BP - global instability); VLDLR

(Alzheimer’s); Atxn7; Atxn10

Fragile X Syndrome

FMRZ2; FXR1; FXR2; mGLURS

Secretase Related

APH-1 (alpha and beta); Presenilin (Psen1); nicastrin

Disorders

(Ncstn); PEN-2

Others

Nos1; Parp1; Nat1; Nat2

Prion - related disorders

Prp

ALS

SOD1; ALS2; STEX; FUS; TARDBP; VEGF (VEGF-a;

VEGF-b; VEGF-c)

Drug addiction

Prkce (alcoholy; Drd2; Drd4; ABAT (alcohol); GRIAZ;

Grmb5; Grin1; Htrlb; Grin2a; Drd3; Pdyn; Gria1 (alcohol)

Autism

Mecp2; BZRAP1; MDGAZ2; SemaSA; Neurexin 1; Fragile X

(FMR2 (AFF2); FXR1; FXR2; Mglur5)

Alzheimer’s Disease

E1; CHIP; UCH; UBB; Tau; LRP; PICALM; Clusterin; PS1;

SORL1; CR1; VIdIr; Uba1; Uba3; CHIP28 (Aqp1,

Aquaporin 1); Uchl1; Uchl3; APP

Inflammation

IL-10; IL-1 (IL-1a; IL-1b); IL-13; IL-17 (IL-17a (CTLAS); IL-

17b; IL-17¢; IL-17d; IL-177); I-23; Cx3cr1; ptpn22; TNFa;
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(continued)

DISEASE/DISORDERS | GENE(S)

NOD2/CARD15 for IBD; IL-6; IL-12 (IL-12a; IL-12b);

CTLA4; Cx3clt

Parkinson’s Disease X-Synuclein; DJ-1; LRRK2; Parkin; PINK1

Table B:

Blood and
coagulation
diseases and
disorders

Anemia (CDAN1, CDA1, RPS19, DBA, PKLR, PK1, NT5C3, UMPH1, PSN1, RHAG, RH50A,
NRAMP2, SPTB, ALAS2, ANH1, ASB, ABCB7, ABC7, ASAT); Bare lymphocyte syndrome
(TAPBP, TPSN, TAP2, ABCB3, PSF2, RING11, MHC2TA, C2TA, RFX5, RFXAP, RFX5),
Bleeding disorders (TBXA2R, P2RX1, P2X1); Factor H and factor H-like 1 (HF1, CFH, HUS);
Factor V and factor VIII (MCFD2); Factor VIl deficiency (F7); Factor X deficiency (F10); Factor
Xl deficiency (F11); Factor XIlI deficiency (F12, HAF); Factor XIlIA deficiency (F13A1, F13A);
Factor XIIIB deficiency (F13B); Fanconi anemia (FANCA, FACA, FA1, FA, FAA, FAAP9S,
FAAP90, FLJ34064, FANCB, FANCC, FACC, BRCA2, FANCD1, FANCD2, FANCD, FACD,
FAD, FANCE, FACE, FANCF, XRCC9, FANCG, BRIP1, BACH1, FANCJ, PHF9, FANCL,
FANCM, KIAA1596); Hemophagocytic lymphohistiocytosis disorders (PRF1, HPLH2, UNC13D,
MUNC13-4, HPLH3, HLH3, FHL3); Hemophilia A (F8, F8C, HEMA); Hemophilia B (F¢, HEMB),
Hemorrhagic disorders (PI, ATT, F5); Leukocyde deficiencies and disorders (ITGB2, CD18,
LCAMB, LAD, EIF2B1, EIF2BA, EIF2B2, EIF2B3, EIF2B5, LVWM, CACH, CLE, EIF2B4), Sickle
cell anemia (HBB); Thalassemia (HBA2, HBB, HBD, LCRB, HBA1).

Cell
dysregulation
and oncology
diseases and
disorders

B-cell non-Hodgkin lymphoma (BCL7A, BCLY7); Leukemia (TAL1, TCL5, SCL, TAL2, FLT3,
NBS1, NBS, ZNFN1A1, IK1, LYF1, HOXD4, HOX4B, BCR, CML, PHL, ALL, ARNT, KRAS2,
RASK2, GMPS, AF10, ARHGEF12, LARG, KIAA(0382, CALM, CLTH, CEBPA, CEBP, CHIC2,
BTL, FLT3, KIT, PBT, LPP, NPM1, NUP214, D9S46E, CAN, CAIN, RUNX1, CBFA2, AMLA1,
WHSC1L1, NSD3, FLT3, AF1Q, NPM1, NUMA1, ZNF145, PLZF, PML, MYL, STAT5B, AF10,
CALM, CLTH,ARL11,ARLTS1,P2RX7,P2X7,BCR, CML, PHL, ALL, GRAF,NF1, VRNF, WSS,
NFENS, PTPN11, PTP2C, SHP2, NS1, BCL2, CCND1, PRAD1, BCL1, TCRA, GATA1, GF1,
ERYF1, NFE1, ABL1, NQO1, DIA4, NMOR1, NUP214, D9S46E, CAN, CAIN).

Inflammation and
immune related
diseases and
disorders

AIDS (KIR3DL1, NKAT3, NKB1, AMB11, KIR3DS1, IFNG, CXCL12, SDF1); Autoimmune
lymphoproliferative syndrome (TNFRSF6, APT1, FAS, CD95, ALPS1A); Combined
immunodeficiency, (IL2RG, SCIDX1, SCIDX, IMD4); HIV-1 (CCL5, SCYA5, D17S136E,
TCP228), HIV susceptibility or infection (IL10, CSIF, CMKBR2, CCR2, CMKBR5, CCCKR5
(CCRS5)); Immunodeficiencies (CD3E, CD3G, AICDA, AID, HIGM2, TNFRSF5, CD40, UNG,
DGU, HIGM4, TNFSF5, CD40LG, HIGM1, IGM, FOXP3, IPEX, AlID, XPID, PIDX, TNFRSF14B,
TACI); Inflammation (IL-10, IL-1 (IL-1a, IL-1b), IL-13, IL-17 (IL-17a (CTLAS), IL-17b, IL-17¢, IL-
17d, IL-171), 1I-23, Cx3cr1, ptpn22, TNFa, NOD2/CARD15 for IBD, IL-6, IL-12 (IL-12a, IL-12b),
CTLA4, Cx3cl1); Severe combined immunodeficiencies (SCIDs)(JAK3, JAKL, DCLRE1C,
ARTEMIS, SCIDA, RAG1,RAG2,ADA,PTPRC,CD45,LCA,IL7R,CD3D, T3D, IL2RG, SCIDX1,
SCIDX, IMD4).
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(continued)

Metabolic, liver,
kidney and
protein diseases
and disorders

Amyloid neuropathy (TTR, PALB); Amyloidosis (APOA1, APP, AAA, CVAP, AD1, GSN, FGA,
LYZ, TTR, PALB); Cirrhosis (KRT18, KRT8, CIRH1A, NAIC, TEX292, KIAA1988); Cystic fibrosis
(CFTR, ABCC7, CF, MRP7); Glycogen storage diseases (SLC2A2, GLUT2, G6PC, G6PT,
G6PT1, GAA, LAMP2, LAMPB, AGL, GDE, GBE1, GYS2, PYGL, PFKM); Hepatic adenoma,
142330 (TCF1, HNF1A, MODY3), Hepatic failure, early onset, and neurologic disorder (SCOD1,
SCO1), Hepatic lipase deficiency (LIPC), Hepatoblastoma, cancer and carcinomas (CTNNB1,
PDGFRL, PDGRL, PRLTS, AXIN1, AXIN, CTNNB1, TP53, P53, LFS1, IGF2R, MPRI, MET,
CASP8, MCHS5; Medullary cystic kidney disease (UMOD, HNFJ, FJHN, MCKD2, ADMCKD2);
Phenylketonuria (PAH, PKU1, QDPR, DHPR, PTS); Polycystic kidney and hepatic disease
(FCYT, PKHD1, ARPKD, PKD1, PKD2, PKD4, PKDTS, PRKCSH, G19P1, PCLD, SEC83).

Muscular /
Skeletaldiseases
and disorders

Becker muscular dystrophy (DMD, BMD, MYF6), Duchenne Muscular Dystrophy (DMD, BMD);
Emery-Dreifuss muscular dystrophy (LMNA, LMN1, EMD2, FPLD, CMD1A, HGPS, LGMD1B,
LMNA, LMN1, EMD2, FPLD, CMD1A); Facioscapulohumeral muscular dystrophy (FSHMD1A,
FSHD1A); Muscular dystrophy (FKRP, MDC1C, LGMD2I, LAMA2, LAMM, LARGE, KIAA0609,
MDC1D, FCMD, TTID, MYOT, CAPN3, CANP3, DYSF, LGMD2B, SGCG, LGMD2C, DMDAT1,
SCG3, SGCA, ADL, DAG2, LGMD2D, DMDA2, SGCB, LGMD2E, SGCD, SGD, LGMD2F,
CMD1L, TCAP, LGMD2G, CMD1N, TRIM32, HT2A, LGMD2H, FKRP, MDC1C, LGMD2I, TTN,
CMD1G, TMD, LGMD2J, POMT1, CAV3, LGMD1C, SEPN1, SELN, RSMD1, PLEC1, PLTN,
EBS1); Osteopetrosis (LRP5, BMND1, LRP7, LR3, OPPG, VBCH2, CLCN7, CLC7, OPTAZ2,
OSTM1, GL, TCIRG1, TIRC7, 0C116, OPTB1); Muscular atrophy (VAPB, VAPC, ALS8, SMN1,
SMA1, SMA2, SMA3, SMA4, BSCL2, SPG17, GARS, SMAD1, CMT2D, HEXB, IGHMBP2,
SMUBP2, CATF1, SMARD1).

Neurological and
neuronal
diseases and
disorders

ALS (SOD1, ALS2, STEX, FUS, TARDBP, VEGF (VEGF-a, VEGF-b, VEGF-c); Alzheimer
disease (APP, AAA, CVAP, AD1, APOE, AD2, PSEN2, AD4, STM2, APBB2, FE65L1, NOS3,
PLAU, URK, ACE, DCP1, ACE1, MPO, PACIP1, PAXIP1L, PTIP, A2M, BLMH, BMH, PSENT1,
AD3); Autism (Mecp2, BZRAP1, MDGA2, Sema5A, Neurexin 1, GLO1, MECP2, RTT, PPMX,
MRX16, MRX79, NLGN3, NLGN4, KIAA1260, AUTSX2); Fragile X Syndrome (FMR2, FXR1,
FXR2, mGLURS); Huntington’s disease and disease like disorders (HD, IT15, PRNP, PRIP,
JPH3, JP3, HDL2, TBP, SCA17); Parkinson disease (NR4A2, NURR1, NOT, TINUR, SNCAIP,
TBP, SCA17, SNCA, NACP, PARK1, PARK4, DJ1, PARK7, LRRK2, PARKS, PINK1, PARKS,
UCHL1, PARKS5, SNCA, NACP, PARK1, PARK4, PRKN, PARK2, PDJ, DBH, NDUFV2); Rett
syndrome (MECP2,RTT, PPMX, MRX16, MRX79, CDKL5,STK9, MECP2,RTT, PPMX, MRX16,
MRX79, x-Synuclein, DJ-1); Schizophrenia (Neuregulin1 (Nrg1), Erb4 (receptor for Neuregulin),
Complexin1 (Cplx1), Tph1 Tryptophan hydroxylase, Tph2, Tryptophan hydroxylase 2, Neurexin
1, GSK3, GSK3a, GSK3b, 5-HTT (SIc6a4), COMT, DRD (Drd1a), SLC6A3, DAOA, DTNBP1,
Dao (Dao1)), Secretase Related Disorders (APH-1 (alpha and beta), Presenilin (Psen1),
nicastrin, (Ncstn), PEN-2, Nos1, Parp1, Nat1, Nat2); Trinucleotide Repeat Disorders (HTT
(Huntington’s Dx), SBMA/SMAX1/AR (Kennedy's Dx), FXN/X25 (Friedrich’s Ataxia), ATX3
(Machado-Joseph's Dx), ATXN1 and ATXN2 (spinocerebellar ataxias), DMPK (myotonic
dystrophy), Atrophin-1 and Atn1 (DRPLA Dx), CBP (Creb-BP - global instability), VLDLR
(Alzheimer's), Atxn7, Atxn10).
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(continued)

Occulardiseases
and disorders

Age-related macular degeneration (Abcr, Ccl2, Cc2, cp (ceruloplasmin), Timp3, cathepsinD,
VIdir, Ccr2); Cataract (CRYAA, CRYA1, CRYBB2, CRYB2, PITX3, BFSP2, CP49, CP47,
CRYAA, CRYA1, PAX6, AN2, MGDA, CRYBA1, CRYB1, CRYGC, CRYG3, CCL, LIM2, MP19,
CRYGD, CRYG4,BFSP2, CP49, CP47, HSF4,CTM, HSF4,CTM, MIP, AQPO, CRYAB, CRYAZ2,
CTPP2, CRYBB1, CRYGD, CRYG4, CRYBB2, CRYB2, CRYGC, CRYG3, CCL, CRYAA,
CRYA1,GJA8,CX50,CAE1, GJA3,CX46,CZP3,CAE3, CCM1,CAM, KRIT1); Corneal clouding
and dystrophy (APOA1, TGFBI, CSD2,CDGG1,CSD,BIGH3,CDG2, TACSTD2, TROP2, M1S1,
VSX1, RINX, PPCD, PPD, KTCN, COL8A2, FECD, PPCD2, PIP5K3, CFD); Cornea plana
congenital (KERA, CNA2); Glaucoma (MYOC, TIGR, GLC1A, JOAG, GPOA, OPTN, GLC1E,
FIP2, HYPL, NRP, CYP1B1, GLC3A, OPA1, NTG, NPG, CYP1B1, GLC3A); Leber congenital
amaurosis (CRB1,RP12,CRX,CORD2,CRD, RPGRIP1,LCA8, CORD9, RPE65, RP20, AIPL1,
LCA4,GUCY2D, GUC2D, LCA1,CORD®6, RDH12, LCA3); Maculardystrophy (ELOVL4, ADMD,
STGD2, STGD3, RDS, RP7, PRPH2, PRPH, AVMD, AOFMD, VMD2).

Table C:

CELLULAR FUNCTION GENES

PI3K/AKT Signaling PRKCE; ITGAM; ITGAS; IRAK1; PRKAAZ; EIF2AK2;

PTEN; EIF4E; PRKCZ; GRK6; MAPK1; TSC1; PLK1,;

AKTZ; IKBKB; PIK3CA; CDK8; CDKN1B; NFKB2; BCLZ2;

PIK3CB; PPP2R1A; MAPKS; BCL2L1; MAPKS; TSC2;

ITGA1; KRAS; EIF4EBP1; RELA; PRKCD; NOS3;

PRKAA1; MAPK9; CDK2; PPP2CA; PIM1; ITGBY;

YWHAZ; ILK; TP53; RAF1; IKBKG; RELB; DYRK1A;

CDKN1A; ITGB1; MAP2K2; JAK1; AKT1; JAK2; PIK3R1;

CHUK; PDPK1; PPP2R5C; CTNNB1; MAP2K1; NFKB1;

PAKS; ITGB3; CCND1; GSK3A; FRAP1; SFN; ITGAZ;

TTK; CSNK1A1; BRAF; GSK3B; AKT3; FOXO1; SGK;

HSP90AA1; RPS6KB1

ERK/MAPK Signaling PRKCE; ITGAM; ITGAS5; HSPB1; IRAK1; PRKAAZ;

EIF2AK2; RAC1; RAP1A; TLN1; EIF4E; ELK1; GRKS;

MAPK1; RACZ2; PLK1; AKT2; PIK3CA,; CDK8; CREBH1;

PRKCI; PTK2; FOS; RPS6KA4; PIK3CB; PPP2R1A;

PIK3C3; MAPKS8; MAPKS; ITGA1; ETS1; KRAS; MYCN;

EIF4EBP1; PPARG; PRKCD; PRKAA1; MAPK9; SRC;

CDK2; PPP2CA; PIM1; PIK3C2A; ITGB7; YWHAZ;

PPP1CC; KSR1; PXN; RAF1; FYN; DYRK1A; ITGB1;

MAP2K2; PAK4; PIK3R1; STAT3; PPP2R5C; MAP2K1;

PAKS; ITGB3; ESR1; ITGA2; MYC; TTK; CSNK1A1;

CRKL; BRAF; ATF4; PRKCA; SRF; STAT1; SGK

Glucocorticoid Receptor RAC1; TAF4B; EP300; SMAD2; TRAF6; PCAF; ELK1;

Signaling

MAPK1; SMAD3; AKT2; IKBKB; NCOR2; UBEZ2I;

PIK3CA; CREB1; FOS; HSPAS; NFKB2; BCLZ2;
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(continued)

CELLULAR FUNCTION

GENES

MAP3K14; STATSB; PIK3CB; PIK3C3; MAPKS; BCL2L1;

MAPKS3; TSC22D3; MAPK10; NRIP1; KRAS; MAPK13;

RELA; STAT5A; MAPK9; NOS2A; PBX1; NR3C1;

PIK3C2A; CDKN1C; TRAF2; SERPINE1; NCOAS;

MAPK14; TNF; RAF1; IKBKG; MAP3K7; CREBBP;

CDKN1A; MAP2K2; JAK1; IL8; NCOAZ2; AKT1; JAKZ;

PIK3R1; CHUK; STAT3; MAP2K1; NFKB1; TGFBR1,

ESR1; SMAD4; CEBPB; JUN; AR; AKT3; CCL2; MMP1;

STAT1; IL6; HSP90OAA1

Axonal Guidance Signaling

PRKCE; ITGAM; ROCK1; ITGAS; CXCR4; ADAM12;

IGF1; RAC1; RAP1A, EIFAE; PRKCZ; NRP1; NTRKZ;

ARHGEF7; SMO; ROCK2; MAPK1; PGF; RAC2;

PTPN11; GNAS; AKTZ2; PIK3CA; ERBB2; PRKCI; PTKZ2;

CFL1; GNAQ; PIK3CB; CXCL12; PIK3C3; WNT11;

PRKD1; GNB2L1; ABL1; MAPKS; ITGA1; KRAS; RHOA;

PRKCD; PIK3C2A; ITGB7; GLIZ; PXN; VASP; RAF1;

FYN; ITGB1; MAP2K2; PAK4; ADAM17; AKT1; PIK3R1,;

GLI1; WNT5A; ADAM10; MAP2K1; PAKS; ITGBS;

CDC42; VEGFA, ITGA2; EPHAS8; CRKL; RND1; GSK3B;

AKT3; PRKCA

Ephrin Receptor Signaling

PRKCE; ITGAM; ROCK1; ITGAS; CXCR4; IRAK1;

PRKAAZ2; EIF2AK2; RAC1; RAP1A; GRKB; ROCK2;

MAPK1; PGF; RAC2; PTPN11; GNAS; PLK1; AKT2;

DOK1; CDK8; CREB1; PTK2; CFL1; GNAQ; MAP3K14;

CXCL12; MAPKS; GNB2L1; ABL1; MAPKS; ITGA1;

KRAS; RHOA; PRKCD; PRKAA1; MAPK9; SRC; CDK2;

PIM1; ITGB7; PXN; RAF1; FYN; DYRK1A; ITGB1;

MAP2K2; PAK4; AKT1; JAK2; STAT3; ADAM10;

MAP2K1; PAKS; ITGB3; CDC42; VEGFA, ITGAZ2

EPHAS; TTK; CSNK1A1; CRKL; BRAF; PTPN13; ATF4;

AKT3; SGK

Actin Cytoskeleton

ACTN4; PRKCE; ITGAM; ROCK1; ITGA5; IRAK1;

Signaling

PRKAA2; EIF2AK2; RAC1; INS; ARHGEF7; GRK®;

ROCK2; MAPK1; RACZ2; PLK1; AKT2; PIK3CA; CDK8,;

PTK2; CFL1; PIK3CB; MYH9; DIAPH1; PIK3C3; MAPKS;

F2R; MAPK3; SLC9A1; ITGA1; KRAS; RHOA; PRKCD;

PRKAA1; MAPK9; CDK2; PIM1; PIK3C2A; ITGB7,;

PPP1CC; PXN; VIL2; RAF1; GSN; DYRK1A; ITGB1;
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(continued)

CELLULAR FUNCTION

GENES

MAP2K2; PAK4; PIPSK1A; PIK3R1; MAP2K1; PAKS;

ITGB3; CDC42; APC; ITGAZ; TTK; CSNK1A1; CRKL;

BRAF; VAV3; SGK

Huntington's Disease

PRKCE; IGF1; EP300; RCOR1; PRKCZ; HDAC4; TGM2;

Signaling

MAPK1; CAPNS1; AKT2; EGFR; NCOR2; SP1; CAPNZ2;

PIK3CA; HDACS; CREB1; PRKCI; HSPAS5; REST,;

GNAQ; PIK3CB; PIK3C3; MAPKS; IGF1R; PRKD1;

GNB2L1; BCL2L1; CAPN1; MAPK3; CASP8; HDACZ2;

HDACTA; PRKCD; HDAC11; MAPK9; HDACY; PIK3C2A;

HDAC3; TP53; CASP9; CREBBP; AKT1; PIK3R1;

PDPK1; CASP1; APAF1; FRAP1; CASP2; JUN; BAX;

ATF4; AKT3; PRKCA; CLTC; SGK; HDACS6,; CASP3

Apoptosis Signaling

PRKCE; ROCK1; BID; IRAK1; PRKAA2; EIF2AK2; BAK1,;

BIRC4; GRK6; MAPK1; CAPNS1; PLK1; AKTZ; IKBKB,;

CAPN2; CDK8; FAS; NFKBZ; BCL2; MAP3K14; MAPKS,;

BCL2L1; CAPN1; MAPK3; CASP8; KRAS; RELA;

PRKCD; PRKAA1; MAPK9; CDKZ2; PIM1; TP53; TNF;

RAF1; IKBKG; RELB; CASP9; DYRK1A; MAP2K2;

CHUK; APAF1; MAP2K1; NFKB1; PAK3; LMNA; CASP2;

BIRC2; TTK; CSNK1A1; BRAF; BAX; PRKCA,; SGK;

CASP3; BIRC3; PARP1

B Cell Receptor Signaling

RAC1; PTEN; LYN; ELK1; MAPK1; RAC2; PTPN11;

AKTZ; IKBKB; PIK3CA; CREB1; SYK; NFKB2; CAMK2A,

MAP3K14; PIK3CB; PIK3C3; MAPKS; BCL2L1; ABL1;

MAPKS3; ETS1; KRAS; MAPK13; RELA; PTPNG; MAPK®;

EGR1; PIK3C2A; BTK; MAPK14; RAF1; IKBKG; RELB,;

MAP3K7; MAP2K2; AKT1; PIK3R1; CHUK; MAP2K1;

NFKB1; CDC42; GSK3A; FRAP1; BCL6; BCL10; JUN;

GSK3B; ATF4; AKT3; VAV3; RPSE6KB1

Leukocyte Extravasation

ACTN4; CD44; PRKCE; ITGAM; ROCK1; CXCR4; CYBA;

Signaling

RAC1; RAP1A; PRKCZ; ROCK2; RAC2Z; PTPN11;

MMP14; PIK3CA; PRKCI; PTKZ; PIK3CB; CXCL12;

PIK3C3; MAPKS8; PRKD1; ABL1; MAPK10; CYBB,;

MAPK13; RHOA; PRKCD; MAPK9; SRC; PIK3C2A; BTK;

MAPK14; NOX1; PXN; VIL2; VASP; ITGB1; MAP2K2;

CTNND1; PIK3R1; CTNNB1; CLDN1; CDC42; F11R; ITK;

CRKL; VAV3; CTTN; PRKCA; MMP1; MMP9

Integrin Signaling

ACTN4,; ITGAM; ROCKT1; ITGAS5; RAC1; PTEN; RAP1A;
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CELLULAR FUNCTION

GENES

TLN1; ARHGEF7; MAPK1; RAC2; CAPNS1; AKTZ;

CAPN2; PIK3CA; PTK2; PIK3CB; PIK3C3; MAPKS,;

CAV1; CAPN1; ABL1; MAPKS,; ITGA1; KRAS; RHOA;

SRC; PIK3C2A; ITGB7 PPP1CC; ILK; PXN; VASP;

RAF1; FYN; ITGB1; MAP2K2; PAK4; AKT1; PIK3R1;

TNK2; MAP2K1; PAKS; ITGB3; CDC42; RND3; ITGAZ;

CRKL; BRAF; GSK3B; AKT3

Acute Phase Response

IRAK1; SOD2; MYD88; TRAF6; ELK1; MAPK1; PTPN11;

Signaling

AKTZ; IKBKB; PIK3CA; FOS; NFKB2; MAP3K14;

PIK3CB; MAPKS; RIPK1; MAPKS; IL6ST; KRAS;

MAPK13; IL6R; RELA; SOCS1; MAPKS; FTL; NR3C1;

TRAF2; SERPINE1; MAPK14; TNF; RAF1; PDK1;

IKBKG; RELB; MAP3K7; MAP2K2; AKT1; JAK2; PIK3R1;

CHUK; STAT3; MAP2K1; NFKB1; FRAP1; CEBPB; JUN;

AKT3; IL1R1; IL6

PTEN Signaling

ITGAM; ITGAS5; RAC1; PTEN; PRKCZ; BCL2L11,;

MAPK1; RAC2; AKT2; EGFR; IKBKB; CBL; PIK3CA;

CDKN1B; PTK2; NFKB2; BCL2; PIK3CB; BCL2L1;

MAPKS3; ITGA1; KRAS; ITGB7; ILK; PDGFRB; INSR;

RAF1; IKBKG; CASP9; CDKN1A; ITGB1; MAP2K2;

AKT1; PIK3R1; CHUK; PDGFRA; PDPK1; MAP2K1;

NFKB1; ITGB3; CDC42; CCND1; GSK3A; ITGAZ;

GSK3B; AKT3; FOXO1; CASP3; RPS6KB1

p53 Signaling

PTEN; EP300; BBC3; PCAF; FASN; BRCA1; GADD45A;

BIRCS; AKT2; PIK3CA; CHEK1; TP53INP1; BCLZ;

PIK3CB; PIK3C3; MAPKS8; THBS1; ATR; BCL2L1; E2F1;

PMAIP1; CHEK2; TNFRSF10B; TP73; RB1; HDACSY;

CDK2; PIK3C2A; MAPK14; TP53; LRDD; CDKN1A;

HIPK2; AKT1; PIK3R1; RRM2B; APAF1; CTNNB1,

SIRT1; CCND1; PRKDC; ATM; SFN; CDKN2A; JUN;

SNAI2; GSK3B; BAX; AKT3

Aryl Hydrocarbon Receptor

HSPB1; EP300; FASN; TGM2; RXRA; MAPK1; NQO1;

Signaling

NCOR2; SP1; ARNT; CDKN1B; FOS; CHEK1;

SMARCA4; NFKB2; MAPKS; ALDH1A1; ATR; E2F1,

MAPKS3; NRIP1; CHEK2; RELA; TP73; GSTP1; RB1;

SRC; CDK2; AHR; NFE2L2; NCOA3; TP53; TNF;

CDKN1A; NCOA2; APAF1; NFKB1; CCND1; ATM; ESR1;

CDKN2A; MYC; JUN; ESR2; BAX; IL6; CYP1B1;
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CELLULAR FUNCTION

GENES

HSP90AA1

Xenobiotic Metabolism

PRKCE; EP300; PRKCZ; RXRA; MAPK1; NQO1;

Signaling

NCORZ2; PIK3CA; ARNT; PRKCI; NFKB2; CAMK2A;

PIK3CB; PPP2R1A; PIK3C3; MAPKS; PRKD1;

ALDH1A1; MAPKS3; NRIP1; KRAS; MAPK13; PRKCD;

GSTP1; MAPK9; NOS2A; ABCB1; AHR; PPP2CA, FTL;

NFE2L2; PIK3C2A; PPARGC1A; MAPK14; TNF; RAF1;

CREBBP; MAP2K2; PIK3R1; PPP2R5C; MAP2K1;

NFKB1; KEAP1; PRKCA; EIF2AKS; IL6; CYP1B1;

HSP90AA1

SAPK/JNK Signaling

PRKCE; IRAK1; PRKAAZ; EIF2AK2; RAC1; ELK1,

GRK®6; MAPK1; GADD45A; RAC2; PLK1; AKT2; PIK3CA,;

FADD; CDK8,; PIK3CB; PIK3C3; MAPKS; RIPK1;

GNB2L1; IRS1; MAPK3; MAPK10; DAXX; KRAS;

PRKCD; PRKAA1; MAPK9; CDK2; PIM1; PIK3C2A;

TRAF2; TP53; LCK; MAP3K7; DYRK1A; MAP2K2;

PIK3R1; MAP2K1; PAK3; CDC42; JUN; TTK; CSNK1A1;

CRKL; BRAF; SGK

PPAI/RXR Signaling

PRKAA2; EP300; INS; SMAD2; TRAF6; PPARA; FASN;

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

ABCA1; GNAQ; NFKB2; MAP3K14; STAT5B; MAPKS,;

IRS1; MAPK3; KRAS; RELA; PRKAA1; PPARGC1A;

NCOA3; MAPK14,; INSR; RAF1; IKBKG; RELB; MAP3K7,

CREBBP; MAP2K2; JAK2; CHUK; MAP2K1; NFKB1,;

TGFBR1; SMAD4; JUN; IL1R1; PRKCA; IL6; HSP90AA1,

ADIPOQ

NF-KB Signaling

IRAK1; EIF2AK2; EP300; INS; MYD88; PRKCZ; TRAF®G;

TBK1; AKT2; EGFR; IKBKB; PIK3CA; BTRC; NFKB2;

MAP3K14; PIK3CB; PIK3C3; MAPKS; RIPK1; HDACZ2;

KRAS; RELA; PIK3C2A; TRAF2; TLR4; PDGFRB; TNF;

INSR; LCK; IKBKG; RELB; MAP3K7; CREBBP; AKT1,;

PIK3R1; CHUK; PDGFRA; NFKB1; TLR2; BCL10;

GSK3B; AKT3; TNFAIP3; IL1R1

Neuregulin Signaling

ERBB4; PRKCE; ITGAM; ITGAS; PTEN; PRKCZ; ELK1;

MAPK1; PTPN11; AKT2; EGFR; ERBB2; PRKCI;

CDKN1B; STATSB; PRKD1; MAPKS; ITGA1; KRAS;

PRKCD; STATSA,; SRC; ITGB7; RAF1; ITGB1; MAP2K2;

ADAM17; AKT1; PIK3R1; PDPK1; MAP2K1; ITGB3;
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EREG; FRAP1; PSEN1; ITGA2; MYC; NRG1; CRKL;

AKT3; PRKCA; HSP90AA1; RPS6KB1

Wt & Beta catenin

CD44; EP300; LRP6; DVL3; CSNK1E; GJA1; SMO;

Signaling

AKTZ; PIN1; CDH1; BTRC; GNAQ; MARK2; PPP2R1A;

WNT11; SRC; DKK1; PPP2CA; SOX6; SFRPZ2; ILK;

LEF1; SOX9; TP53; MAP3K7; CREBBP; TCF7L2; AKT1;

PPP2R5C; WNTSA; LRP5; CTNNB1; TGFBR1; CCND1;

GSK3A; DVL1; APC; CDKN2A; MYC; CSNK1A1; GSK3B;

AKT3; SOX2

Insulin Receptor Signaling

PTEN; INS; EIF4E; PTPN1; PRKCZ; MAPK1; TSC1;

PTPN11; AKTZ; CBL; PIK3CA; PRKCI; PIK3CB; PIK3C3;

MAPKS; IRS1; MAPK3; TSC2; KRAS; EIF4EBP1;

SLC2A4; PIK3C2A; PPP1CC; INSR; RAF1; FYN;

MAP2K2; JAK1; AKT1; JAK2; PIK3R1; PDPK1; MAP2K1;

GSK3A; FRAP1; CRKL; GSK3B; AKT3; FOXO1,; SGK;

RPS6KB1

IL-6 Signaling

HSPB1; TRAF6; MAPKAPK2; ELK1; MAPK1; PTPN11;

IKBKB; FOS; NFKB2; MAP3K14; MAPK8; MAPKS;

MAPK10; IL6ST; KRAS; MAPK13; IL6R; RELA; SOCS1;

MAPK9; ABCB1; TRAF2; MAPK14; TNF; RAF1; IKBKG;

RELB; MAP3K7; MAP2K2; IL8; JAK2; CHUK; STAT3;

MAP2K1; NFKB1; CEBPB; JUN; IL1R1; SRF; IL6

Hepatic Cholestasis

PRKCE; IRAK1; INS; MYD88; PRKCZ; TRAF6; PPARA;

RXRA; IKBKB; PRKCI; NFKB2; MAP3K14; MAPKS;

PRKD1; MAPK10; RELA; PRKCD; MAPK9; ABCB1;

TRAF2; TLR4; TNF; INSR; IKBKG; RELB; MAP3K7; IL8;

CHUK; NR1H2; TJP2; NFKB1; ESR1; SREBF1; FGFR4;

JUN; IL1R1; PRKCA,; IL6

IGF-1 Signaling

IGF1; PRKCZ; ELK1; MAPK1; PTPN11; NEDD4; AKT2;

PIK3CA; PRKCI; PTK2; FOS; PIK3CB; PIK3C3; MAPKS;

IGF1R; IRS1; MAPKS; IGFBP7; KRAS; PIK3C2A,;

YWHAZ; PXN; RAF1; CASP9; MAP2K2; AKT1; PIK3R1;

PDPK1; MAP2K1; IGFBP2; SFN; JUN; CYR61; AKT3;

FOXO1; SRF; CTGF; RPS6KB1

NRF2-mediated Oxidative

PRKCE; EP300; SOD2; PRKCZ; MAPK1; SQSTM1;

Stress Response

NQO1; PIK3CA; PRKCI; FOS; PIK3CB; PIK3C3; MAPKS;

PRKD1; MAPK3; KRAS; PRKCD; GSTP1; MAPK®9; FTL;

NFE2L2; PIK3C2A; MAPK14; RAF1; MAP3K7; CREBBP;
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MAP2K2; AKT1; PIK3R1; MAP2K1; PPIB; JUN; KEAP1;

GSK3B; ATF4; PRKCA; EIF2AK3; HSP90AA1

Hepatic Fibrosis/Hepatic

EDNT1; IGF1; KDR; FLT1; SMAD2; FGFR1; MET,; PGF;

Stellate Cell Activation

SMAD3; EGFR; FAS; CSF1; NFKB2; BCL2; MYH9;

IGF1R; IL6R; RELA; TLR4; PDGFRB; TNF; RELB; IL8;

PDGFRA; NFKB1; TGFBR1; SMAD4; VEGFA,; BAX;

IL1R1; CCL2; HGF; MMP1; STAT1; IL6; CTGF; MMP9

PPAR Signaling

EP300; INS; TRAF6; PPARA; RXRA; MAPK1; IKBKB,;

NCORZ2; FOS; NFKB2; MAP3K14; STATSB; MAPKS;

NRIP1; KRAS; PPARG; RELA; STAT5A; TRAF2;

PPARGC1A; PDGFRB; TNF; INSR; RAF1; IKBKG;

RELB; MAP3K7; CREBBP; MAP2K2; CHUK; PDGFRA,;

MAP2K1; NFKB1; JUN; IL1R1; HSP90OAA1

Fc Epsilon RI Signaling

PRKCE; RAC1; PRKCZ; LYN; MAPK1; RAC2; PTPN11;

AKTZ2; PIK3CA; SYK; PRKCI; PIK3CB; PIK3C3; MAPKS,;

PRKD1; MAPK3; MAPK10; KRAS; MAPK13; PRKCD;

MAPK9; PIK3C2A; BTK; MAPK14; TNF; RAF1; FYN;

MAP2K2; AKT1; PIK3R1; PDPK1; MAP2K1; AKT3,;

VAV3; PRKCA

G-Protein Coupled

PRKCE; RAP1A; RGS16; MAPK1; GNAS; AKT2; IKBKB;

Receptor Signaling

PIK3CA; CREB1; GNAQ; NFKB2; CAMK2A; PIK3CB;

PIK3C3; MAPK3; KRAS; RELA; SRC; PIK3C2A; RAF1,

IKBKG; RELB; FYN; MAP2K2; AKT1; PIK3R1; CHUK;

PDPK1; STAT3; MAP2K1; NFKB1; BRAF; ATF4; AKT3,;

PRKCA

Inositol Phosphate

PRKCE; IRAK1; PRKAAZ2; EIF2AK2; PTEN; GRKB6;

Metabolism

MAPK1; PLK1; AKT2; PIK3CA,; CDK8; PIK3CB; PIK3C3;

MAPKS8; MAPK3; PRKCD; PRKAA1; MAPK9; CDK2;

PIM1; PIK3C2A; DYRK1A; MAP2K2; PIPSK1A; PIK3R1,;

MAP2K1; PAKS; ATM; TTK; CSNK1A1; BRAF; SGK

PDGF Signaling

EIF2AK2; ELK1; ABL2; MAPK1; PIK3CA; FOS; PIK3CB,;

PIK3C3; MAPKS8; CAV1; ABL1; MAPKS; KRAS; SRC;

PIK3C2A; PDGFRB; RAF1; MAP2K2; JAK1; JAK2;

PIK3R1; PDGFRA; STAT3; SPHK1; MAP2K1; MYC;

JUN; CRKL; PRKCA; SRF; STAT1; SPHK2

VEGF Signaling

ACTN4; ROCK1; KDR; FLT1; ROCK2; MAPK1; PGF;

AKTZ2; PIK3CA; ARNT; PTK2; BCL2; PIK3CB; PIK3C3;

BCL2L1; MAPKS; KRAS; HIF1A; NOS3; PIK3C2A; PXN;
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RAF1; MAP2K2; ELAVL1; AKT1; PIK3R1; MAP2K1; SFN;

VEGFA; AKT3; FOXO1; PRKCA

Natural Killer Cell Signaling

PRKCE; RAC1; PRKCZ; MAPK1; RAC2; PTPN11;

KIR2DL3; AKTZ2; PIK3CA; SYK; PRKCI; PIK3CB;

PIK3C3; PRKD1; MAPK3; KRAS; PRKCD; PTPNS;

PIK3C2A; LCK; RAF1; FYN; MAP2K2; PAK4; AKT1;

PIK3R1; MAP2K1; PAK3; AKT3; VAV3; PRKCA

Cell Cycle: G1/S

HDAC4; SMAD3; SUV39H1; HDACS5; CDKN1B; BTRC;

Checkpoint Regulation

ATR; ABL1; E2F1; HDACZ2; HDACT7A,; RB1; HDAC11,

HDAC9; CDK2; E2F2; HDACS; TP53; CDKN1A; CCND1;

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

GSK3B; RBL1; HDACG

T Cell Receptor Signaling

RAC1; ELK1; MAPK1; IKBKB; CBL; PIK3CA; FOS;

NFKBZ; PIK3CB; PIK3C3; MAPKS; MAPK3; KRAS;

RELA; PIK3C2A; BTK; LCK; RAF1; IKBKG; RELB; FYN;

MAP2K2; PIK3R1; CHUK; MAP2K1; NFKB1; ITK; BCL10;

JUN; VAV3

Death Receptor Signaling

CRADD; HSPB1; BID; BIRC4; TBK1; IKBKB; FADD;

FAS; NFKB2; BCL2; MAP3K14; MAPKS; RIPK1; CASPS;

DAXX; TNFRSF10B; RELA; TRAF2; TNF; IKBKG; RELB;

CASP9; CHUK; APAF1; NFKB1; CASP2; BIRC2; CASP3;

BIRC3

FGF Signaling

RAC1; FGFR1; MET; MAPKAPK2; MAPK1; PTPN11;

AKTZ2; PIK3CA; CREB1; PIK3CB; PIK3C3; MAPKS;

MAPKS3; MAPK13; PTPNG; PIK3C2A; MAPK14; RAF1;

AKT1; PIK3R1; STAT3; MAP2K1; FGFR4; CRKL; ATF4;

AKT3; PRKCA; HGF

GM-CSF Signaling

LYN; ELK1; MAPK1; PTPN11; AKT2; PIK3CA; CAMK2A;

STATSB; PIK3CB; PIK3C3; GNB2L1; BCL2L1; MAPKS;

ETS1; KRAS; RUNX1; PIM1; PIK3C2A; RAF1; MAP2K2;

AKT1; JAKZ; PIK3R1; STAT3; MAP2K1; CCND1; AKT3;

STAT1

Amyotrophic Lateral

BID; IGF1; RAC1; BIRC4; PGF; CAPNS1; CAPN2;

Sclerosis Signaling

PIK3CA; BCL2; PIK3CB; PIK3C3; BCL2L1; CAPN1,

PIK3C2A; TP53; CASP9; PIK3R1; RAB5A; CASP1,

APAF1; VEGFA; BIRC2; BAX; AKT3; CASP3; BIRC3

JAK/Stat Signaling

PTPN1; MAPK1; PTPN11; AKT2; PIK3CA; STATS5B;

PIK3CB; PIK3C3; MAPK3; KRAS; SOCS1; STATSA;
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PTPNG; PIK3C2A; RAF1; CDKN1A; MAP2K2; JAK1;

AKT1; JAKZ; PIK3R1; STAT3; MAP2K1; FRAP1; AKT3;

STAT1

Nicotinate and Nicotinamide

PRKCE; IRAK1; PRKAAZ2; EIF2AK2; GRK6; MAPK1;

Metabolism

PLK1; AKT2; CDK8; MAPKS8; MAPK3; PRKCD; PRKAA1;

PBEF1; MAPK9; CDKZ2; PIM1; DYRK1A; MAP2K2;

MAP2K1; PAKS; NT5E; TTK; CSNK1A1; BRAF; SGK

Chemokine Signaling

CXCR4; ROCK2; MAPK1; PTKZ2; FOS; CFL1; GNAQ;

CAMK2A; CXCL12; MAPKS8; MAPK3; KRAS; MAPK13;

RHOA; CCR3; SRC; PPP1CC; MAPK14; NOX1; RAF1,

MAP2K2; MAP2K1; JUN; CCL2; PRKCA

IL-2 Signaling

ELK1; MAPK1; PTPN11; AKT2; PIK3CA; SYK; FOS;

STATSB; PIK3CB; PIK3C3; MAPKS; MAPK3; KRAS;

SOCS1; STATSA,; PIK3C2A; LCK; RAF1; MAP2K2;

JAK1; AKT1; PIK3R1; MAP2K1; JUN; AKT3

Synaptic Long Term

PRKCE; IGF1; PRKCZ; PRDX6; LYN; MAPK1; GNAS;

Depression

PRKCI; GNAQ; PPP2R1A; IGF1R; PRKD1; MAPKS;

KRAS; GRN; PRKCD; NOS3; NOS2A; PPP2CA,;

YWHAZ; RAF1; MAP2K2; PPP2RS5C; MAP2K1; PRKCA

Estrogen Receptor

TAF4B; EP300; CARM1; PCAF; MAPK1; NCORZ2;

Signaling

SMARCA4; MAPK3; NRIP1; KRAS; SRC; NR3C1;

HDAC3; PPARGC1A; RBM9; NCOA3; RAF1; CREBBP;

MAP2K2; NCOA2; MAP2K1; PRKDC; ESR1; ESR2

Protein Ubiquitination

TRAF6; SMURF1; BIRC4; BRCA1; UCHL1; NEDD4;

Pathway

CBL; UBEZ2I; BTRC; HSPAS5; USP7; USP10; FBXWY,;

USP9X; STUB1; USP22; B2M; BIRC2; PARK2; USP8,;

USP1; VHL; HSP90AA1; BIRC3

IL-10 Signaling

TRAF6; CCR1; ELK1; IKBKB; SP1; FOS; NFKBZ2;

MAP3K14; MAPKS; MAPK13; RELA; MAPK14; TNF;

IKBKG; RELB; MAP3K7; JAK1; CHUK; STAT3; NFKB1,;

JUN; IL1R1; IL6

VDR/RXR Activation

PRKCE; EP300; PRKCZ; RXRA; GADD45A; HES1,

NCORZ2; SP1; PRKCI; CDKN1B; PRKD1; PRKCD;

RUNXZ2; KLF4; YY1; NCOAS3; CDKN1A; NCOAZ2; SPP1;

LRP5; CEBPB; FOXO1; PRKCA

TGF-beta Signaling

EP300; SMADZ2; SMURF1; MAPK1; SMAD3; SMAD1;

FOS; MAPKS; MAPK3; KRAS; MAPK9; RUNX2;

SERPINE1; RAF1; MAP3K7; CREBBP; MAP2K2;
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MAP2K1; TGFBR1; SMAD4; JUN; SMADS

Toll-like Receptor Signaling

IRAK1; EIF2AK2; MYD88; TRAF6; PPARA; ELK1;

IKBKB; FOS; NFKB2; MAP3K14; MAPKS8; MAPK13,;

RELA; TLR4; MAPK14; IKBKG; RELB; MAP3K7; CHUK;

NFKB1; TLR2; JUN

p38 MAPK Signaling

HSPB1; IRAK1; TRAF6; MAPKAPK2; ELK1; FADD; FAS;

CREB1; DDIT3; RPS6KA4; DAXX; MAPK13; TRAFZ2;

MAPK14; TNF; MAP3K7; TGFBR1; MYC; ATF4; IL1R1;

SRF; STAT1

Neurotrophin/TRK Signaling

NTRK2; MAPK1; PTPN11; PIK3CA; CREB1; FOS;

PIK3CB; PIK3C3; MAPKS8; MAPK3; KRAS; PIK3C2A,;

RAF1; MAP2K2; AKT1; PIK3R1; PDPK1; MAP2K1,;

CDC42; JUN; ATF4

FXR/RXR Activation

INS; PPARA; FASN; RXRA; AKT2; SDC1; MAPKS;

APOB; MAPK10; PPARG; MTTP; MAPK9; PPARGC1A;

TNF; CREBBP; AKT1; SREBF1; FGFR4; AKT3; FOXO1

Synaptic Long Term

PRKCE; RAP1A; EP300; PRKCZ; MAPK1; CREB1;

Potentiation

PRKCI; GNAQ; CAMK2A; PRKD1; MAPKS3; KRAS;

PRKCD; PPP1CC; RAF1; CREBBP; MAP2K2; MAP2K1;

ATF4; PRKCA

Calcium Signaling

RAP1A; EP300; HDAC4; MAPK1; HDACS; CREBH1,

CAMK2A; MYH9; MAPK3; HDACZ2; HDACT7A; HDAC11,

HDAC9; HDAC3; CREBBP; CALR; CAMKK2; ATF4;

HDACG6

EGF Signaling

ELK1; MAPK1; EGFR; PIK3CA; FOS; PIK3CB; PIK3C3;

MAPKS8; MAPK3; PIK3C2A; RAF1; JAK1; PIK3R1;

STATS3; MAP2K1; JUN; PRKCA; SRF; STAT1

Hypoxia Signaling in the

EDN1; PTEN; EP300; NQO1,; UBE2Il; CREB1; ARNT,;

Cardiovascular System

HIF1A; SLC2A4; NOS3; TP53; LDHA; AKT1; ATM;

VEGFA; JUN; ATF4; VHL; HSP90AA1

LPS/IL-1 Mediated Inhibition

IRAK1; MYD88; TRAF6; PPARA; RXRA; ABCA1,

of RXR Function

MAPKS8; ALDH1A1; GSTP1; MAPK9; ABCB1; TRAF2;

TLR4; TNF; MAP3K7; NR1H2; SREBF1; JUN; IL1R1

LXR/RXR Activation

FASN; RXRA; NCOR2; ABCA1; NFKBZ2; IRF3; RELA;

NOS2A; TLR4; TNF; RELB; LDLR; NR1H2; NFKB1;

SREBF1; IL1R1; CCLZ2; IL6; MMP9

Amyloid Processing

PRKCE; CSNK1E; MAPK1; CAPNS1; AKT2; CAPNZ2;

CAPNT1; MAPK3; MAPK13; MAPT; MAPK14; AKT1;
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PSEN1; CSNK1A1; GSK3B; AKT3; APP

IL-4 Signaling

AKTZ2; PIK3CA; PIK3CB; PIK3C3; IRS1; KRAS; SOCS1;

PTPNG; NR3C1; PIK3C2A; JAK1; AKT1; JAKZ; PIK3R1;

FRAP1; AKT3; RPSE6KB1

Cell Cycle: G2/M DNA

EP300; PCAF; BRCA1; GADD45A; PLK1; BTRC;

Damage Checkpoint

CHEKT1; ATR; CHEKZ2; YWHAZ; TP53; CDKN1A;

Regulation

PRKDC; ATM; SFN; CDKN2A

Nitric Oxide Signaling in the

KDR; FLT1; PGF; AKT2; PIK3CA,; PIK3CB; PIK3C3;

Cardiovascular System

CAV1; PRKCD; NOS3; PIK3C2A; AKT1; PIK3R1;

VEGFA; AKT3; HSP90AA1

Purine Metabolism

NMEZ2; SMARCA4; MYH9; RRM2; ADAR; EIF2AK4;

PKMZ2; ENTPD1; RADS1; RRM2B; TJP2; RADS1C;

NTSE; POLD1; NME1

cAMP-mediated Signaling

RAP1A; MAPK1; GNAS; CREB1; CAMK2A; MAPKS;

SRC; RAF1; MAP2K2; STAT3; MAP2K1; BRAF; ATF4

Mitochondrial Dysfunction

SOD2; MAPKS; CASP8; MAPK10; MAPK9; CASP9;

PARKY; PSEN1; PARK2; APP; CASP3

Notch Signaling

HES1; JAG1; NUMB; NOTCH4; ADAM17; NOTCHZ2;

PSEN1; NOTCH3; NOTCH1; DLL4

Endoplasmic Reticulum

HSPAS5; MAPKS; XBP1; TRAF2; ATF6; CASP9; ATF4,

Stress Pathway

EIF2AK3; CASP3

Pyrimidine Metabolism

NMEZ2; AICDA; RRM2; EIF2AK4; ENTPD1; RRM2B;

NTSE; POLD1; NME1

Parkinson’s Signaling

UCHL1; MAPKS; MAPK13; MAPK14; CASP9; PARKY,;

PARK2; CASP3

Cardiac & Beta Adrenergic

GNAS; GNAQ; PPP2R1A; GNB2L1; PPP2CA; PPP1CC;

Signaling

PPP2RSC

Glycolysis/Gluconeogene sis

HK2; GCK; GPI; ALDH1A1; PKMZ2; LDHA; HK1

Interferon Signaling

IRF1; SOCS1; JAK1; JAKZ; IFITM1; STAT1; IFIT3

Sonic Hedgehog Signaling

ARRB2; SMO; GLI2; DYRK1A; GLI1; GSK3B; DYRK1B

Glycerophospholipid

PLD1; GRN; GPAM; YWHAZ; SPHK1; SPHK2

Metabolism

Phospholipid Degradation

PRDX6; PLD1; GRN; YWHAZ; SPHK1; SPHK2

Tryptophan Metabolism

SIAH2; PRMTS; NEDD4; ALDH1A1; CYP1B1; SIAH1

Lysine Degradation

SUV39H1; EHMTZ2; NSD1; SETD7; PPP2R5C

Nucleotide Excision Repair

ERCCS5; ERCC4,; XPA; XPC; ERCCA1

Pathway

Starch and Sucrose

UCHL1; HK2; GCK; GPI; HK1
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Metabolism

Aminosugars Metabolism

NQO1; HK2; GCK; HK1

Arachidonic Acid

PRDX6; GRN; YWHAZ; CYP1B1

Metabolism

Circadian Rhythm Signaling

CSNK1E; CREB1; ATF4; NR1D1

Coagulation System

BDKRB1; F2R; SERPINE1; F3

Dopamine Receptor

PPP2R1A; PPP2CA; PPP1CC; PPP2R5C

Signaling

Glutathione Metabolism

IDH2; GSTP1; ANPEP; IDH1

Glycerolipid Metabolism

ALDH1A1; GPAM; SPHK1; SPHK2

Linoleic Acid Metabolism

PRDX6; GRN; YWHAZ; CYP1B1

Methionine Metabolism

DNMT1; DNMT3B; AHCY; DNMT3A

Pyruvate Metabolism

GLO1; ALDH1A1; PKM2; LDHA

Arginine and Proline

ALDH1A1; NOS3; NOS2A

Metabolism

Eicosanoid Signaling

PRDX6; GRN; YWHAZ

Fructose and Mannose HK2; GCK; HK1
Metabolism
Galactose Metabolism HK2; GCK; HK1

Stilbene, Coumarine and

PRDX6; PRDX1; TYR

Lignin Biosynthesis

Antigen Presentation CALR; B2M
Pathway

Biosynthesis of Steroids NQO1; DHCR7
Butanoate Metabolism ALDH1A1; NLGN1
Citrate Cycle IDH2; IDH1

Fatty Acid Metabolism ALDH1A1; CYP1B1
Glycerophospholipid PRDX6; CHKA

Metabolism

Histidine Metabolism

PRMTS; ALDH1A1

Inositol Metabolism

ERO1L; APEX1

Metabolism of Xenobiotics

GSTP1; CYP1B1

by Cytochrome p450

Methane Metabolism

PRDX6; PRDX1

Phenylalanine Metabolism

PRDX6; PRDX1

Propanoate Metabolism

ALDH1A1; LDHA

Selenoamino Acid

PRMTS; AHCY

Metabolism
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CELLULAR FUNCTION GENES
Sphingolipid Metabolism SPHK1; SPHK2
Aminophosphonate PRMT5
Metabolism

Androgen and Estrogen PRMT5
Metabolism

Ascorbate and Aldarate ALDH1A1
Metabolism

Bile Acid Biosynthesis ALDH1A1
Cysteine Metabolism LDHA
Fatty Acid Biosynthesis FASN
Glutamate Receptor GNB2L1
Signaling

NRF2-mediated Oxidative PRDX1
Stress Response

Pentose Phosphate GPI
Pathway

Pentose and Glucuronate UCHLA1
Interconversions

Retinol Metabolism ALDH1A1
Riboflavin Metabolism TYR
Tyrosine Metabolism PRMTS5, TYR
Ubiquinone Biosynthesis PRMT5
Valine, Leucine and ALDH1A1
Isoleucine Degradation

Glycine, Serine and CHKA
Threonine Metabolism

Lysine Degradation ALDH1A1

Pain/Taste

TRPMS; TRPA1

Pain

TRPM7; TRPC5; TRPC6; TRPC1; Cnr1; cnr2; Grk2;

Trpatl; Pomc; Cgrp; Crf; Pka; Era; Nr2b; TRPM5; Prkaca;

Prkacb; Prkaria; Prkar2a

Mitochondrial Function

AlF; CytC; SMAC (Diablo); Aifm-1; Aifm-2

Developmental Neurology

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

Whnt2b; Wnt3a; Wnt4; Wnt5a; Wnt6; Wnt7b; Wnt8b;

Whnt9a; Wnt9b; Wnt10a; Wnt10b; Wnht16); beta-catenin;

Dkk-1; Frizzled related proteins; Otx-2; Gbx2; FGF-8;

Reelin; Dab1; unc-86 (Pou4f1 or Brn3a); Numb; Reln
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[0292] Embodiments ofthe invention also relate to methods and compositions related to knocking out genes, amplifying
genes and repairing particular mutations associated with DNA repeat instability and neurological disorders (Robert D.
Wells, Tetsuo Ashizawa, Genetic Instabilities and Neurological Diseases, Second Edition, Academic Press, Oct 13,
2011 - Medical). Specific aspects of tandem repeat sequences have been found to be responsible for more than twenty
human diseases (New insights into repeat instability: role of RNA*DNA hybrids. Mclvor El, Polak U, Napierala M. RNA
Biol. 2010 Sep-Oct;7(5):551-8). The CRISPR-Cas system may be harnessed to correct these defects of genomic insta-
bility.

[0293] A further aspect ofthe invention relates to utilizing the CRISPR-Cas system for correcting defects in the EMP2A
and EMP2B genes that have been identified to be associated with Lafora disease. Lafora disease is an autosomal
recessive condition which is characterized by progressive myoclonus epilepsy which may start as epileptic seizures in
adolescence. A few cases of the disease may be caused by mutations in genes yet to be identified. The disease causes
seizures, muscle spasms, difficulty walking, dementia, and eventually death. There is currently no therapy that has
proven effective againstdisease progression. Other genetic abnormalities associated with epilepsy may also be targeted
by the CRISPR-Cas system and the underlying genetics is further described in Genetics of Epilepsy and Genetic Epi-
lepsies, edited by Giuliano Avanzini, Jeffrey L. Noebels, Mariani Foundation Paediatric Neurology:20; 2009).

[0294] In yet another aspect of the invention, the CRISPR-Cas system may be used to correct ocular defects that
arise from several genetic mutations further described in Genetic Diseases of the Eye, Second Edition, edited by Elias
|. Traboulsi, Oxford University Press, 2012.

[0295] Several further aspects of the invention relate to correcting defects associated with a wide range of genetic
diseases which are further described on the website of the National Institutes of Health under the topic subsection
Genetic Disorders (website at health.nih.gov/topic/GeneticDisorders). The genetic brain diseases may include but are
not limited to Adrenoleukodystrophy, Agenesis of the Corpus Callosum, Aicardi Syndrome, Alpers’ Disease, Alzheimer’s
Disease, Barth Syndrome, Batten Disease, CADASIL, Cerebellar Degeneration, Fabry's Disease, Gerstmann-Straussler-
Scheinker Disease, Huntington's Disease and other Triplet Repeat Disorders, Leigh’s Disease, Lesch-Nyhan Syndrome,
Menkes Disease, Mitochondrial Myopathies and NINDS Colpocephaly. These diseases are further described on the
website of the National Institutes of Health under the subsection Genetic Brain Disorders.

[0296] Insome embodiments, the condition may be neoplasia. In some embodiments, where the condition is neoplasia,
the genes to be targeted are any of those listed in Table A (in this case PTEN and so forth). In some embodiments, the
condition may be Age-related Macular Degeneration. In some embodiments, the condition may be a Schizophrenic
Disorder. In some embodiments, the condition may be a Trinucleotide Repeat Disorder. In some embodiments, the
condition may be Fragile X Syndrome. In some embodiments, the condition may be a Secretase Related Disorder. In
some embodiments, the condition may be a Prion - related disorder. In some embodiments, the condition may be ALS.
In some embodiments, the condition may be a drug addiction. In some embodiments, the condition may be Autism. In
some embodiments, the condition may be Alzheimer’'s Disease. In some embodiments, the condition may be inflamma-
tion. In some embodiments, the condition may be Parkinson’s Disease.

[0297] Examples of proteins associated with Parkinson’s disease include but are not limited to a-synuclein, DJ-1,
LRRK2, PINK1, Parkin, UCHL1, Synphilin-1, and NURR1.

[0298] Examples of addiction-related proteins may include ABAT for example.

[0299] Examples of inflammation-related proteins may include the monocyte chemoattractant protein-1 (MCP1) en-
coded by the Ccr2 gene, the C-C chemokine receptor type 5 (CCRS5) encoded by the Ccr5 gene, the IgG receptor |IB
(FCGR2b, also termed CD32) encoded by the Fcgr2b gene, or the Fc epsilon R1g (FCER1g) protein encoded by the
Fcer1g gene, for example.

[0300] Examples of cardiovasculardiseases associated proteins may include IL1B (interleukin 1, beta), XDH (xanthine
dehydrogenase), TP53 (tumor protein p53), PTGIS (prostaglandin 12 (prostacyclin) synthase), MB (myoglobin), I1L4
(interleukin 4), ANGPT1 (angiopoietin 1), ABCG8 (ATP-binding cassette, sub-family G (WHITE), member 8), or CTSK
(cathepsin K}, for example.

[0301] Examples of Alzheimer's disease associated proteins may include the very low density lipoprotein receptor
protein (VLDLR) encoded by the VLDLR gene, the ubiquitin-like modifier activating enzyme 1 (UBA1) encoded by the
UBA1 gene, or the NEDD8-activating enzyme E1 catalytic subunit protein (UBE1C) encoded by the UBA3 gene, for
example.

[0302] Examples of proteins associated Autism Spectrum Disorder may include the benzodiazapine receptor (periph-
eral) associated protein 1 (BZRAP1) encoded by the BZRAP1 gene, the AF4/FMR2 family member 2 protein (AFF2)
encoded by the AFF2 gene (also termed MFR2), the fragile X mental retardation autosomal homolog 1 protein (FXR1)
encoded by the FXR1 gene, or the fragile X mental retardation autosomal homolog 2 protein (FXR2) encoded by the
FXR2 gene, for example.

[0303] Examples of proteins associated Macular Degeneration may include the ATP-binding cassette, sub-family A
(ABC1) member 4 protein (ABCA4) encoded by the ABCR gene, the apolipoprotein E protein (APOE) encoded by the
APOE gene, or the chemokine (C-C motif) Ligand 2 protein (CCL2) encoded by the CCL2 gene, for example.
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[0304] Examples of proteins associated Schizophrenia may include NRG1, ErbB4, CPLX1, TPH1, TPH2, NRXN1,
GSK3A, BDNF, DISC1, GSK3B, and combinations thereof.

[0305] Examples of proteins involved in tumor suppression may include ATM (ataxia telangiectasia mutated), ATR
(ataxia telangiectasia and Rad3 related), EGFR (epidermal growth factor receptor), ERBB2 (v-erb-b2 erythroblastic
leukemia viral oncogene homolog 2), ERBB3 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 3), ERBB4 (v-
erb-b2 erythroblastic leukemia viral oncogene homolog 4), Notch 1, Notch2, Notch 3, or Notch 4, for example.

[0306] Examples of proteins associated with a secretase disorder may include PSENEN (presenilin enhancer 2 ho-
molog (C. elegans)), CTSB (cathepsin B), PSEN1 (presenilin 1), APP (amyloid beta (A4) precursor protein), APH1B
(anterior pharynx defective 1 homolog B (C. elegans)), PSEN2 (presenilin 2 (Alzheimer disease 4)), or BACE1 (beta-
site APP-cleaving enzyme 1), for example.

[0307] Examples of proteins associated with Amyotrophic Lateral Sclerosis may include SOD1 (superoxide dismutase
1), ALS2 (amyotrophic lateral sclerosis 2), FUS (fused in sarcoma), TARDBP (TAR DNA binding protein), VAGFA
(vascular endothelial growth factor A), VAGFB (vascular endothelial growth factor B), and VAGFC (vascular endothelial
growth factor C), and any combination thereof.

[0308] Examples of proteins associated with prion diseases may include SOD1 (superoxide dismutase 1), ALS2
(amyotrophic lateral sclerosis 2), FUS (fused in sarcoma), TARDBP (TAR DNA binding protein), VAGFA (vascular
endothelial growth factor A), VAGFB (vascular endothelial growth factor B), and VAGFC (vascular endothelial growth
factor C), and any combination thereof.

[0309] Examples of proteins related to neurodegenerative conditions in prion disorders may include A2M (Alpha-2-
Macroglobulin), AATF (Apoptosis antagonizing transcription factor), ACPP (Acid phosphatase prostate), ACTA2 (Actin
alpha 2 smooth muscle aorta), ADAM22 (ADAM metallopeptidase domain), ADORA3 (Adenosine A3 receptor), or
ADRA1D (Alpha-ID adrenergic receptor for Alpha-1D adrenoreceptor), for example.

[0310] Examples of proteins associated with Immunodeficiency may include A2M [alpha-2-macroglobulin]; AANAT
[arylalkylamine N-acetyltransferase]; ABCA1 [ATP-binding cassette, sub-family A (ABC1), member 1]; ABCA2 [ATP-
binding cassette, sub-family A (ABC1), member 2]; or ABCA3 [ATP-binding cassette, sub-family A (ABC1), member 3];
for example.

[0311] Examples of proteins associated with Trinucleotide Repeat Disorders include AR (androgen receptor), FMR1
(fragile X mental retardation 1), HTT (huntingtin), or DMPK (dystrophia myotonica-protein kinase), FXN (frataxin), ATXN2
(ataxin 2), for example.

[0312] Examples of proteins associated with Neurotransmission Disorders include SST (somatostatin), NOS1 (nitric
oxide synthase 1 (neuronal)), ADRA2A (adrenergic, alpha-2A-, receptor), ADRA2C (adrenergic, alpha-2C-, receptor),
TACR1 (tachykinin receptor 1), or HTR2c¢ (5-hydroxytryptamine (serotonin) receptor 2C), for example.

[0313] Examples of neurodevelopmental-associated sequences include A2BP1 [ataxin 2-binding protein 1], AADAT
[aminoadipate aminotransferase], AANAT [arylalkylamine N-acetyltransferase], ABAT [4-aminobutyrate aminotrans-
ferase], ABCA1 [ATP-binding cassette, sub-family A (ABC1), member 1], or ABCA13 [ATP-binding cassette, sub-family
A (ABC1), member 13], for example.

[0314] Further examples of preferred conditions treatable with the present system include may be selected from:
Aicardi-Goutieres Syndrome; Alexander Disease; Allan-Herndon-Dudley Syndrome; POLG-Related Disorders; Alpha-
Mannosidosis (Type |l and Ill); Alstrém Syndrome; Angelman; Syndrome; Ataxia-Telangiectasia; Neuronal Ceroid-Lipo-
fuscinoses; Beta-Thalassemia; Bilateral Optic Atrophy and (Infantile) Optic Atrophy Type 1; Retinoblastoma (bilateral);
Canavan Disease; Cerebrooculofacioskeletal Syndrome 1 [COFS1]; Cerebrotendinous Xanthomatosis; Cornelia de
Lange Syndrome; MAPT-Related Disorders; Genetic Prion Diseases; Dravet Syndrome; Early-Onset Familial Alzheimer
Disease; Friedreich Ataxia [FRDA]; Fryns Syndrome; Fucosidosis; Fukuyama Congenital Muscular Dystrophy; Galac-
tosialidosis; Gaucher Disease; Organic Acidemias; Hemophagocytic Lymphohistiocytosis; Hutchinson-Gilford Progeria
Syndrome; Mucolipidosis II; Infantile Free Sialic Acid Storage Disease; PLA2G6-Associated Neurodegeneration; Jervell
and Lange-Nielsen Syndrome; Junctional Epidermolysis Bullosa; Huntington Disease; Krabbe Disease (Infantile); Mi-
tochondrial DNA-Associated Leigh Syndrome and NARP; Lesch-Nyhan Syndrome; LIS1-Associated Lissencephaly;
Lowe Syndrome; Maple Syrup Urine Disease; MECP2 Duplication Syndrome; ATP7A-Related Copper Transport Dis-
orders; LAMA2-Related Muscular Dystrophy; Arylsulfatase A Deficiency; Mucopolysaccharidosis Types |, Il or lll; Per-
oxisome Biogenesis Disorders, Zellweger Syndrome Spectrum; Neurodegeneration with Brain Iron Accumulation Dis-
orders; Acid Sphingomyelinase Deficiency; Niemann-Pick Disease Type C; Glycine Encephalopathy; ARX-Related Dis-
orders; Urea Cycle Disorders; COL1A1/2-Related Osteogenesis Imperfecta; Mitochondrial DNA Deletion Syndromes;
PLP1-Related Disorders; Perry Syndrome; Phelan-McDermid Syndrome; Glycogen Storage Disease Type Il (Pompe
Disease) (Infantile); MAPT-Related Disorders; MECP2-Related Disorders; Rhizomelic Chondrodysplasia Punctata Type
1; Roberts Syndrome; Sandhoff Disease; Schindler Disease - Type 1; Adenosine Deaminase Deficiency; Smith-Lemli-
Opitz Syndrome; Spinal Muscular Atrophy; Infantile-Onset Spinocerebellar Ataxia; Hexosaminidase A Deficiency;
Thanatophoric Dysplasia Type 1; Collagen Type VI-Related Disorders; Usher Syndrome Type |; Congenital Muscular
Dystrophy; Wolf-Hirschhorn Syndrome; Lysosomal Acid Lipase Deficiency; and Xeroderma Pigmentosum.
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[0315] Aswill be apparent, it is envisaged that the present system can be used to target any polynucleotide sequence
of interest. Some examples of conditions or diseases that might be usefully treated using the present system are included
in the Tables above and examples of genes currently associated with those conditions are also provided there. However,
the genes exemplified are not exhaustive.

[0316] For example, "wild type StCas9" refers to wild type Cas9 from S thermophilus, the protein sequence of which
is giveninthe SwissProtdatabase underaccession numberG3ECR1. Similarly, S pyogenes Cas@ is included in SwissProt
under accession number Q99ZW2.

[0317] The ability to use CRISPR-Cas systems to perform efficient and cost effective gene editing and manipulation
will allow the rapid selection and comparison of single and and multiplexed genetic manipulations to transform such
genomes for improved production and enhanced traits. In this regard reference is made to US patents and publications:
US Patent No. 6,603,061 - Agrobacterium-Mediated Plant Transformation Method; US Patent No. 7,868,149 - Plant
Genome Sequences and Uses Thereof and US 2009/0100536 - Transgenic Plants with Enhanced Agronomic Traits. In
the practice of the invention, the contents and disclosure of Morrell et al "Crop genomics:advances and applications"
Nat Rev Genet. 2011 Dec 29;13(2):85-96.

EXAMPLES

[0318] 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.

Example 1. Methodological improvement to simplify cloning and delivery.

[0319] Rather than encoding the UB-promoter and guide RNA on a plasmid, Applicants amplified the U6 promoter
with a DNA oligo to add on the guide RNA. The resulting PCR product may be transfected into cells to drive expression
of the guide RNA.

[0320] Example primer pair that allows the generation a PCR product consisting of U6-promoter::guideRNA targeting
human Emx1 locus:

Forward Primer; AAACTCTAGAgagggcctatticccatgattc
Reverse Primer (carrying the guide RNA, which is underlined):

acctctagAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGC

CTTATTTTAACTTGCTATGCTGTTTTGTTTCCAAAACAGCATAGCTCTAAAACCCC
TAGTCATTGGAGGTGACGGTGTTTCGTCCTTTCCACaag

Example 2: Methodological improvement to improve activity:

[0321] Ratherthan use pol3 promoters, in particular RNA polymerase Il (e.g. U6 or H1 promoters), to express guide
RNAs in eukaryotic cells, Applicants express the T7 polymerase in eukaryotic cells to drive expression of guide RNAs
using the T7 promoter.

[0322] One example of this system may involve introduction of three pieces of DNA:

1. expression vector for Cas9
2. expression vector for T7 polymerase
3. expression vector containing guideRNA fused to the T7 promoter

Example 3: Methodological improvement to reduce toxicity of Cas9. Delivery of Cas9 in the form of mRNA.
[0323] Delivery of Cas9 in the form of mMRNA enables transient expression of Cas9 in cells, to reduce toxicity. For
example, humanized SpCas9 may be amplified using the following primer pair;

[0324] Forward Primer (to add on T7 promoter for in vitro transcription); TAATACGACTCACTATAGGAAGT-
GCGCCACCATGGCCCCAAAGAAGAAGCGG
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[0325] Reverse Primer (to add on polyA tail): GGTTTTTTTTTTTTTTTTTTTTTTTTTTTT T TttcttaCTTTTTCTTTTTT-
GCCTGGCCG

[0326] Applicants transfect the Cas9 mRNA into cells with either guide RNA in the form of RNA or DNA cassettes to
drive guide RNA expression in eukaryotic cells.

Example 4: Methodological improvement to reduce toxicity of Cas9: Use of an inducible promoter

[0327] Applicants transiently turn on Cas9 expression only when it is needed for carrying out genome modification.
Examples of inducible system include tetracycline inducible promoters (Tet-On or Tet-Off), small molecule two-hybrid
transcription activations systems (FKBP, ABA, etc), or light inducible systems (Phytochrome, LOV domains, or crypto-
chrome).

Example 5: Improvement of the Cas9 system for in vivo application

[0328] Applicants conducted a Metagenomic search for a Cas9 with small molecular weight. Most Cas9 homologs
are fairly large. For example the SpCas9 is around 1368aa long, which is too large to be easily packaged into viral
vectors fordelivery. Agraphrepresenting the length distribution of Cas9 homologs is generated from sequences deposited
in GenBank (Figure 5). Some of the sequences may have been mis-annotated and therefore the exact frequency for
each length may not necessarily be accurate. Nevertheless it provides a glimpse at distribution of Cas9 proteins and
suggest that there are shorter Cas9 homologs.

[0329] Through computational analysis, Applicants found that in the bacterial strain Campylobacter, there are two
Cas9 proteins with less than 1000 amino acids. The sequence for one Cas9 from Campylobacter jejuni is presented
below. At this length, CjCas9 can be easily packaged into AAV, lentiviruses, Adenoviruses, and other viral vectors for
robust delivery into primary cells and in vivo in animal models. In a preferred embodiment of the invention, the Cas9
protein from S. aureus is used.

>Campylobacter jejuni Cas9 (CjCas9)

MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLALPRRLAR
SARKRLARRKARLNHLKHLIANEFKLNYEDYQSFDESLAKAYKGSLISPYELRFRALN
ELLSKQDFARVILHIAKRRGYDDIKNSDDKEKGAILKAIKQNEEKLANYQSVGEYLYK
EYFQKFKENSKEFTNVRNKKESYERCIAQSFLKDELKLIFKKQREFGFSFSKKFEEEVL
SVAFYKRALKDFSHLVGNCSFFTDEKRAPKNSPLAFMFVALTRIINLLNNLKNTEGIL
YTKDDLNALLNEVLKNGTLTYKQTKKLLGLSDDYEFKGEKGTYFIEFKKYKEFIKAL
GEHNLSQDDLNEIAKDITLIKDEIKLKKALAKYDLNQNQIDSLSKLEFKDHLNISFKAL
KLVTPLMLEGKKYDEACNELNLKVAINEDKKDFLPAFNETYYKDEVTNPVVLRAIKE
YRKVLNALLKKYGKVHKINIELAREVGKNHSQRAKIEKEQNENYKAKKDAELECEK
LGLKINSKNILKLRLFKEQKEFCAYSGEKIKISDLQDEKMLEIDHIYPYSRSFDDSYMN
KVLVFTKQNQEKLNQTPFEAFGNDSAKWQKIEVLAKNLPTKKQKRILDKNYKDKEQ
KNFKDRNLNDTRYIARLVLNYTKDYLDFLPLSDDENTKLNDTQKGSKVHVEAKSGM
LTSALRHTWGFSAKDRNNHLHHAIDAVIIAY ANNSIVKAFSDFKKEQESNSAELY AK
KISELDYKNKRKFFEPFSGFRQKVLDKIDEIFVSKPERKKPSGALHEETFRKEEEFYQS
YGGKEGVLKALELGKIRKVNGKIVKNGDMFRVDIFKHKKTNKFYAVPIYTMDFALK
VLPNKAVARSKKGEIKDWILMDENYEFCFSLYKDSLILIQTKDMQEPEFVYYNAFTSS
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TVSLIVSKHDNKFETLSKNQKILFKNANEKEVIAKSIGIQNLKVFEKYIVSALGEVTKA
EFRQREDFKK.

[0330] The putative tracrRNA element for this CjCas9 is:

TATAATCTCATAAGAAATTTAAAAAGGGACTAAAATAAAGAGTTTGCG
GGACTCTGCGGGGTTACAATCCCCTAAAACCGCTTTTAAAATT

[0331] The Direct Repeat sequence is:

ATTTTACCATAAAGAAATTTAAAAAGGGACTAAAAC

[0332] An example of a chimeric guideRNA for CjCas9 is:
NNNNNNNNNNNNNNNNNNNNGUUUUAGUCCCGAAAGGGACUAAAAU

AAAGAGUUUGCGGGACUCUGCGGGGUUACAAUCCCCUAAAACCGCUUUU
Example 6: Cas9 optimization

[0333] Forenhanced function or to develop new functions, Applicants generate chimeric Cas® proteins by combining
fragments from different Cas9 homologs. For example, two example chimeric Cas9 proteins:

[0334] For example, Applicants fused the N-term of St1Cas9 (fragment from this protein is in bold) with C-term of
SpCas9 (fragment from this protein is underlined).

>St1(N)Sp(C)Cas9

MSDLVLGLDIGIGSVGVGILNKVTGEIIHKNSRIFPAAQAENNLVRRTN
RQGRRLARRKKHRRVRLNRLFEESGLITDFTKISINLNPYQLRVKGLTDELSNEE
LFIALKNMVKHRGISYLDDASDDGNSSVGDYAQIVKENSKQLETKTPGQIQLERY
QTYGQLRGDFTVEKDGKKHRLINVFPTSAYRSEALRILQTQQEFNPQITDEFINR
YLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEFRAAK
ASYTAQEFNLLNDLNNLTVPTETKKLSKEQKNQIINYVKNEKAMGPAKLFKYIAK
LLSCDVADIKGYRIDKSGKAEIHTFEAYRKMKTLETLDIEQMDRETLDKLAYVLT
LNTEREGIQEALEHEFADGSFSQKQVDELVQFRKANSSIFGKGWHNFSVKLMME
LIPELYETSEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEEIYNPVVAKSVRQAIK
IVNAAIKEYGDFDNIVIEMARENQTTOKGQKNSRERMKRIFEEGIKELGSQILKEHPVE
NTOQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLT
RSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDK
AGFIKRQLVETROQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQ
FYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQ
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EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKV

LSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSV
LVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYS

LFELENGRKRMILASAGELQKGNELALPSKYVNFLYLASHYEKIKGSPEDNEQKQLF
VEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNL

GAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

>Sp(N)St1(C)Cas9

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGA
LLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVE
EDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKIL. VDSTDKADLRLIYLALAHMIKFRG
HFLIEGDLNPDNSDVDKLFIQLVOQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL
TAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIG
DOQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQ
QLPEKYKEIFFDOSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLL
RKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGN
SRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYE
YFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIE
CFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIE
ERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFAN
RNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV
KVMGRHKPENIVIEMARETNEDDEKKAIQKIQKANKDEKDAAMLKAANQYNGKA
ELPHSVFHGHKQLATKIRLWHQQGERCLYTGKTISIHDLINNSNQFEVDHILPLSI
TFDDSLANKVLVYATANQEKGQRTPYQALDSMDDAWSFRELKAFVRESKTLSNK
KKEYLLTEEDISKFDVRKKFIERNLVDTRYASRVVLNALQEHFRAHKIDTKVSVVR
GQFTSQLRRHWGIEKTRDTYHHHAVDALITAASSQLNLWKKQKNTLVSYSEDQL
LDIETGELISDDEYKESVFKAPYQHFVDTLKSKEFEDSILFSYQVDSKFNRKISDATI
YATRQAKVGKDKADETYVLGKIKDIYTQDGYDAFMKIYKKDKSKFLMYRHDPQT
FEKVIEPILENYPNKQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLKYY
DSKLGNHIDITPKDSNNKVVLQSVSPWRADVYFNKTTGKYEILGLKYADLQFEKG
TGTYKISQEKYNDIKKKEGVDSDSEFKFTLYKNDLLLVKDTETKEQQLFRFLSRT

MPKQKHYVELKPYDKQKFEGGEALIKVLGNVANSGQCKKGLGKSNISIYKVRTD
VLGNQHIIKNEGDKPKLDF

72



10

15

20

25

30

35

40

45

50

55

DK/EP 3011029 T3

[0335] The benefit of making chimeric Cas9 include:

reduce toxicity

improve expression in eukaryotic cells

enhance specificity

reduce molecular weight of protein, make protein smaller by combining the smallest domains from different Cas9
homologs.

[0336] Altering the PAM sequence requirement
Example 7: Utilization of Cas9 as a generic DNA binding protein

[0337] Applicants used Cas9 as a generic DNA binding protein by mutating the two catalytic domains (D10 and H840)
responsible for cleaving both strands of the DNA target. In order to upregulate gene transcription at a target locus
Applicants fused the transcriptional activation domain (VP64) to Cas9. Applicants hypothesized that it would be important
to see strong nuclear localization of the Cas9-VP64 fusion protein because transcription factor activation strength is a
function of time spent at the target. Therefore, Applicants cloned a set of Cas9-VP64-GFP constructs, transfected them
into 293 cells and assessed their localization under a fluorescent microscope 12 hours post-transfection.

[0338] The same constructs were cloned as a 2A-GFP rather than a direct fusion in order to functionally test the
constructs without a bulky GFP presentto interfere. Applicants elected to target the Sox2 locus with the Cas@ transactivator
because it could be useful for cellular reprogram and the locus has already been validated as a target for TALE-TF
mediated transcriptional activation. For the Sox2 locus Applicants chose eight targets near the transcriptional start site
(TSS). Eachtarget was 20bp long with a neighboring NGG protospacer adjacent motif (PAM). Each Cas9-VP64 construct
was co-transfected with each PCR generated chimeric crispr RNA (chiRNA) in 293 cells. 72 hours post transfection the
transcriptional activation was assessed using RT-qPCR.

[0339] To further optimize the transcriptional activator, Applicants titrated the ratio of chiRNA (Sox2.1 and Sox2.5) to
Cas9 (NLS-VP64-NLS-hSpCas9-NLS-VP64-NLS), transfected into 293 cells, and quantified using RT-gPCR. These
results indicate that Cas9 can be used as a generic DNA binding domain to upregulate gene transcription at a target locus.
[0340] Applicants designed a second generation of constructs. (Table below).

pLenti-EF 1a-GFP-2A-6xHis-NLS-VP64-NLS-hSpCsn1(D10A, H840A)-NLS
pLenti-EF 1a-GFP-2A-6xHis-NLS-VP64-NLS-hSpCsn1(D10A, H840A)
pLenti-EF 1a-GFP-2A-6xHis-NLS-VP64-NLS-NLS-hSpCsn1(D10A, H840A)
pLenti-EF1a-GFP-2A-6xHis-NLS-hSpCsn1(D10A, H840A)-NLS
pLenti-EF1a-GFP-2A-6xHis-NLS-hSpCsn1(D10A, H840A)
pLenti-EF1a-GFP-2A-6xHis-NLS-NLS-hSpCsn1(D10A, H840A)

[0341] Applicants use these constructs to assess transcriptional activation (VP64 fused constructs) and repression
(Cas9 only) by RT-gPCR. Applicants assess the cellular localization of each construct using anti-His antibody, nuclease
activity using a Surveyor nuclease assay, and DNA binding affinity using a gel shift assay. In a preferred embodiment
of the disclosure, the gel shift assay is an EMSA gel shift assay.

Example 8: Cas9 transgenic and knock in mice

[0342] To generate a mouse that expresses the Cas9 nuclease Applicants submit two general strategies, transgenic
and knock in. These strategies may be applied to generate any other model organism of interest, for e.g. Rat. For each
of the general strategies Applicants made a constitutively active Cas9 and a Cas9 that is conditionally expressed (Cre
recombinase dependent). The constitutively active Cas9 nuclease is expressed in the following context: pCAG-NLS-
Cas9-NLS-P2A-EGFP-WPRE-bGHpolyA. pCAG is the promoter, NLS is a nuclear localization signal, P2A is the peptide
cleavage sequence, EGFP is enhanced green fluorescent protein, WPRE is the woodchuck hepatitis virus posttran-
scriptional regulatory element, and bGHpolyA is the bovine growth hormone poly-A signal sequence (Figures 7A-B).
The conditional version has one additional stop cassette element, loxP-SV40 polyA x3-loxP, after the promoter and
before NLS-Cas9-NLS (i.e. pCAG-loxP-SV40polyAx3-loxP-NLS-Cas9-NLS-P2A-EGFP-WPRE-bGHpolyA). The impor-
tant expression elements can be visualized as in Figure 8. The constitutive construct should be expressed in all cell
types throughout development, whereas, the conditional construct will only allow Cas9 expression when the same cell
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is expressing the Cre recombinase. This latter version will allow for tissue specific expression of Cas9 when Cre is under
the expression of a tissue specific promoter. Moreover, Cas9 expression could be induced in adult mice by putting Cre
under the expression of an inducible promoter such as the TET on or off system.

[0343] Validation of Cas9 constructs: Each plasmid was functionally validated in three ways: 1) transient transfection
in 293 cells followed by confirmation of GFP expression; 2) transient transfection in 293 cells followed by immunofluo-
rescence using an antibody recognizing the P2A sequence; and 3) transient transfection followed by Surveyor nuclease
assay. The 293 cells may be 293FT or 293 T cells depending on the cells that are of interest. In a preferred embodiment
the cells are 293FT cells. The results of the Surveyorwere run out on the top and bottom row of the gel for the conditional
and constitutive constructs, respectively. Each was tested in the presence and absence of chimeric RNA targeted to the
hEMX1 locus (chimeric RNA hEMX1.1). The results indicate that the construct can successfully target the hEMX1 locus
only in the presence of chimeric RNA (and Cre in the conditional case). The gel was quantified and the results are
presented as average cutting efficiency and standard deviation for three samples.

[0344] Transgenic Cas9 mouse: To generate transgenic mice with constructs, Applicants inject pure, linear DNA into
the pronucleus of a zygote from a pseudo pregnant CB56 female. Founders are identified, genotyped, and backcrossed
to CB57 mice. The constructs were successfully cloned and verified by Sanger sequencing.

[0345] Knockin Cas9 mouse: To generate Cas9 knock in mice Applicants target the same constitutive and conditional
constructs to the Rosa26 locus. Applicants did this by cloning each into a Rosa26 targeting vector with the following
elements: Rosa26 short homology arm - constitutive/conditional Cas9 expression cassette - pPGK-Neo-Rosa26 long
homology arm - pPGK-DTA. pPGK is the promoter for the positive selection marker Neo, which confers resistance to
neomycin, a 1 kb short arm, a 4.3 kb long arm, and a negative selection diphtheria toxin (DTA) driven by PGK.

[0346] The two constructs were electroporated into R1 mESCs and allowed to grow for 2 days before neomycin
selection was applied. Individual colonies that had survived by days 5-7 were picked and grown in individual wells. 5-7
days later the colonies were harvested, half were frozen and the other half were used for genotyping. Genotyping was
done by genomic PCR, where one primer annealed within the donor plasmid (AttpF) and the other outside of the short
homology arm (Rosa26-R) Of the 22 colonies harvested for the conditional case, 7 were positive (Left). Ofthe 27 colonies
harvested for the constitutive case, zero were positive (Right). It is likely that Cas9 causes some level of toxicity in the
mESC and for this reason there were no positive clones. To test this Applicants introduced a Cre expression plasmid
into correctly targeted conditional Cas9 cells and found very low toxicity after many days in culture. The reduced copy
number of Cas9 in correctly targeted conditional Cas9 cells (1-2 copies per cell) is enough to allow stable expression
and relatively no cytotoxicity. Moreover, this data indicates that the Cas9 copy number determines toxicity. After elec-
troporation each cell should get several copies of Cas9 and this is likely why no positive colonies were found in the case
of the constitutive Cas9 construct. This provides strong evidence that utilizing a conditional, Cre-dependent strategy
should show reduced toxicity. Applicants inject correctly targeted cells into a blastocyst and implant into a female mouse.
Chimerics are identified and backcrossed. Founders are identified and genotyped.

[0347] Utility of the conditional Cas9 mouse: Applicants have shown in 293 cells that the Cas9 conditional expression
construct can be activated by co-expression with Cre. Applicants also show that the correctly targeted R1 mESCs can
have active Cas9 when Cre is expressed. Because Cas9 is followed by the P2A peptide cleavage sequence and then
EGFP Applicants identify successful expression by observing EGFP. This same concept is what makes the conditional
Cas9 mouse so useful. Applicants may cross their conditional Cas9 mouse with a mouse that ubiquitously expresses
Cre (ACTB-Cre line) and may arrive at a mouse that expresses Cas9 in every cell. It should only take the delivery of
chimeric RNA to induce genome editing in embryonic or adult mice. Interestingly, ifthe conditional Cas9 mouse is crossed
with a mouse expressing Cre under a tissue specific promoter, there should only be Cas9 in the tissues that also express
Cre. This approach may be used to edit the genome in only precise tissues by delivering chimeric RNA to the same tissue.

Example 9: Cas9 diversity and chimeric RNAs

[0348] The CRISPR-Cas system is an adaptive immune mechanism against invading exogenous DNA employed by
diverse species across bacteria and archaea. The type Il CRISPR-Cas system consists of a set of genes encoding
proteins responsible for the "acquisition" of foreign DNA into the CRISPR locus, as well as a set of genes encoding the
"execution" of the DNA cleavage mechanism; these include the DNA nuclease (Cas9), a non-coding transactivating cr-
RNA (tracrRNA), and an array of foreign DNA-derived spacers flanked by direct repeats (crRNAs). Upon maturation by
Cas9, the tracrRNA and crRNA duplex guide the Cas9 nuclease to a target DNA sequence specified by the spacer guide
sequences, and mediates double-stranded breaks in the DNA near a short sequence motif in the target DNA that is
required for cleavage and specific to each CRISPR-Cas system. The type || CRISPR-Cas systems are found throughout
the bacterial kingdom and highly diverse in in Cas9 protein sequence and size, tracrRNA and crRNA direct repeat
sequence, genome organization of these elements, and the motif requirement for target cleavage. One species may
have multiple distinct CRISPR-Cas systems.

[0349] Applicants evaluated 207 putative Cas9s from bacterial species identified based on sequence homology to
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known Cas9s and structures orthologous to known subdomains, including the HNH endonuclease domain and the RuvC
endonuclease domains [information from the Eugene Koonin and Kira Makarova]. Phylogenetic analysis based on the
protein sequence conservation of this set revealed five families of Cas9s, including three groups of large Cas9s (~1400
amino acids) and two of small Cas9s (~1100 amino acids) (Figures 3 and 4A-F).
[0350] Applicants have also optimized Cas9 guide RNA using in vifro methods.

Example 10: Cas9 mutations

[0351] Inthis example, Applicants show that the following mutations can convert SpCas@ into a nicking enzyme: D10A,
E762A, H840A, N854A, N863A, D986BA.

[0352] Applicants provide sequences showing where the mutation points are located within the SpCas9 gene (Figure
B6A-M). Applicants also show that the nickases are still able to mediate homologous recombination. Furthermore, Appli-
cants show that SpCas9 with these mutations (individually) do not induce double strand break.

[0353] Cas9 orthologs all share the general 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.

[0354] The catalytic residue in the 5’ RuvC domain is identified through homology comparison of the Cas9 of interest
with other Cas9 orthologs (from S. pyogenes type Il CRISPR locus, S. thermophilus CRISPR locus 1, S. thermophilus
CRISPR locus 3, and Franciscilla novicida type || CRISPR locus), and the conserved Asp residue 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.

Example 11: Cas9 Transcriptional Activation and Cas9 Repressor
Cas9 Transcriptional Activation

[0355] A second generation of constructs have been designed and are in the pipeline to be tested (Table 1). These
constructs will be used to assess transcriptional activation (VP64 fused constructs) and repression (Cas9 only) by RT-
gPCR. Applicants will also assess the cellular localization of each construct using anti-His antibody,, nuclease activity
using a Surveyor nuclease assay, and DNA binding affinity using a gel shift assay.

Cas Repressor

[0356] It has been shown previously that dCas9 can be used as a generic DNA binding domain to repress gene
expression. Applicants report an improved dCas9 design as well as dCas® fusions to the repressor domains KRAB and
SID4x. From the plasmid library created for modulating transcription using Cas9 in Table 1, the following repressor
plasmids were functionally characterized by qPCR: pXRP27, pXRP28, pXRP29, pXRP48, pXRP49, pXRP50, pXRP51,
pXRP52, pXRP53, pXRP56, pXRP58, pXRP59, pXRP61, and pXRP62.

[0357] Each dCas9 repressor plasmid was co-transfected with two guide RNAs targeted to the coding strand of the
beta-catenin gene. RNA was isolated 72 hours after transfection and gene expression was quantified by RT-gPCR. The
endogenous control gene was GAPDH. Two validated shRNAs were used as positive controls. Negative controls were
certain plasmids transfected without gRNA, these are denoted as "pXRP## control". The plasmids pXRP28, pXRP29,
pXRP48, and pXRP49 could repress the beta-catenin gene when using the specified targeting strategy. These plasmids
correspond to dCas9 without a functional domain (pXRP28 and pXRP28) and dCas9 fused to SID4x (pXRP48 and
pXRP49).

[0358] Further work investigates: repeating the above experiment, targeting different genes, utilizing other gRNAs to
determine the optimal targeting position, and multiplexed repression.

Table 1
pXRP024-pLenti2-EF 1a-VP64-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRP025-pLenti2-EF1a-VP64NLS-GGGGS;Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRP026-pLenti2-EF1a-VP64-NLS-EAAAK;Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRP027-pLenti2-EF1a-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRP028-pLenti2-EF1a-NLS-GGGGS,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
pXRP029-pLenti2-EF1a-NLS-EAAAK;Linker-dCas9-NLS-gLuc-2A-GFP-WPRE
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(continued)

pXRP030-pLenti2-pSV40-VP64-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP031-pLenti2-pPGK-VP64-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP032-pLenti2-LTR-VPB64-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP033-pLenti2-pSV40-VP64-NLS-GGGGS,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP034-pLenti2-pPGK-VP64-NLS-GGGGS,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP035-pLenti2-LTR-VP64-NLS-GGGGS,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP036-pLenti2-pSV40-VPB4-NLS-EAAAK,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP037-pLenti2-pPGK-VP64-NLS-EAAAK,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP038-pLenti2-LTR-VP64-NLS-EAAAK,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP048-pLenti2-EF1a-S1D4x-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP049-pLenti2-EF1a-SID4X-NLS-GGGGS,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP0OS50-pLenti2-EF1a-SD4X-NLS-EAAAK,Linker-dCas9ONLS-gLuc-2A-GFP-WPRE

pXRP051-pLenti2-EF1a-KRAB-NLS-FLAG-Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP052-pLenti2-EF1a-KRAB-NLS-GGGGS,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP053-pLenti2-EF1a-KRAB-NLS-FAAAK,Linker-dCas9-NLS-gLuc-2A-GFP-WPRE

pXRP054-pLenti2-EF1a-dCas9-Linker-FLAG-NLS-VP64-gLuc-2A-GFP-WPRE

pXRP055-pLenti2-EF1a-dCas9-Linker-FLAG-NLS-SID4X-gLuc-2A-GFP-WPRE

pXRP056-pLenti2-EF1a-dCas9-Linker-FLAG-NLS-KRAB-gLuc-2A-GFP-WPRE

pXRP0O57-pLenti2-EF1a-dCas9-GGGGGS,-NLS-VP64-gLuc-2A-GFP-WPRE

pXRP058-pLenti2-EF1a-dCas9-GGGGGS;-NLS-SID4X-gLuc-2A-GFP-WPRE

pXRP059-pLenti2-EF1a-dCas9-GGGGGS;-NLS-KRAB-gLuc-2A-GFP-WPRE

pXRP060-pLenti2-EF1a-dCas9-EAAAK,;-NLS-VP64-gLuc-2A-GFP-WPRE

pXRP061-pLenti2-EF1a-dCas9-EAAAK,;-NLS-SID4X-gLuc-2A-GFP-WPRE

pXRP062-pLenti2-EF1a-dCas9-EAAAK,-NLS-KRAB-gLuc-2A-GFP-WPRE

pXRP024-pLenti2-EF1a-VP64-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP025-pLenti2-EF1a-VP64-NLS-GGGGS,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP026-pLenti2-EF1a-VP64-NLS-EAAAK,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP027-pLenti2-EF1a-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP028-pLenti2-EF1a-NLS-GGGGS,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP029-pLenti2-EF1a-NLS-EAAAK,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP030-pLenti2-pSV40-VP64-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP031-pLenti2-pPGK-VP64-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP032-pLenti2-LTR-VPB64-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP033-pLenti2-pSV40-VP64-NLS-GGGGS,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP034-pLenti2-pPGK-VP64-NLS-GGGGS,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP035-pLenti2-LTR-VP64-NLS-GGGGS,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP036-pLenti2-pSV40-VPB4-NLS-EAAAK;Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP037-pLenti2-pPGK-VP64-NLS-EAAAK;Linker-Cas9-NLS-gLuc-2A-GFP-WPRE

pXRP038-pLenti2-LTR-VP64-NLS-EAAAK,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
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(continued)

pXRP048-pLenti2-EF1a-S1D4x-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
pXRP049-pLenti2-EF1a-SID4X-NLS-GGGGS,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
pXRP050-pLenti2-EF1a-SID4X-NLS-EAAAK,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
pXRP051-pLenti2-EF1a-KRAB-NLS-FLAG-Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
pXRP0O52-pLenti2-EF1a-KRAB-NLS-GGGGS;Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
pXRP053-pLenti2-EF1a-KRAB-NLS-FAAAK,Linker-Cas9-NLS-gLuc-2A-GFP-WPRE
pXRP054-pLenti2-EF1a-Cas9-Linker-FLAG-NLS-VP64-gLuc-2A-GFP-WPRE
pXRP055-pLenti2-EF1a-Cas9-Linker-FLAG-NLS-SID4X-gLuc-2A-GFP-WPRE
pXRP056-pLenti2-EF1a-Cas9-Linker-FLAG-NLS-KRAB-gLuc-2A-GFP-WPRE
pXRP057-pLenti2-EF1a-Cas9-GGGGGS,-NLS-VP64-gLuc-2A-GFP-WPRE
pXRP058-pLenti2-EF1a-Cas9-GGGGGS,-NLS-SID4X-gLuc-2A-GFP-WPRE
pXRP0O59-pLenti2-EF1a-Cas9-GGGGGS,-NLS-KRAB-gLuc-2A-GFP-WPRE
pXRP060-pLenti2-EF1a-Cas9-EAAAK,-NLS-VP64-gLuc-2A-GFP-WPRE
pXRP061-pLenti2-EF1a-Cas9-EAAAK,-NLS-SID4X-gLuc-2A-GFP-WPRE
pXRP062-pLenti2-EF1a-Cas9-EAAAK,-NLS-KRAB-gLuc-2A-GFP-WPRE

Example 12: Targeted deletion of genes involved in cholesterol biosynthesis, fatty acid biosynthesis, and other metabolic
disorders, genes encoding mis-folded proteins involved in amyloid and other diseases, oncogenes leading to cellular
transformation, latent viral genes, and genes leading to dominant-negative disorders, amongst other disorders.

[0359] Applicants demonstrate gene delivery of a CRISPR-Cas system in the liver, brain, ocular, epithelial, hemato-
poetic, or another tissue of a subject or a patient in need thereof, suffering from metabolic disorders, amyloidosis and
protein-aggregation related diseases, cellular transformation arising from genetic mutations and translocations, dominant
negative effects of gene mutations, latent viral infections, and other related symptoms, using either viral or nanoparticle
delivery system.

[0360] Study Design: Subjects or patients in need thereof suffering from metabolic disorders, amyloidosis and protein
aggregation related disease which include but are not limited to human, non-primate human, canine, feline, bovine,
equine, other domestic animals and related mammals. The CRISPR-Cas system is guided by a chimeric guide RNA
and targets a specific site of the human genomic loci to be cleaved. After cleavage and non-homologous end-joining
mediated repair, frame-shift mutation results in knock out of genes.

[0361] Applicants select guide-RNAs targeting genes involved in above-mentioned disorders to be specific to endog-
enous loci with minimal off-target activity. Two or more guide RNAs may be encoded into a single CRISPR array to
induce simultaneous double-stranded breaks in DNA leading to micro-deletions of affected genes or chromosomal
regions.

Identification and design of gene targets

[0362] Foreach candidate disease gene, Applicants select DNA sequences of interest include protein-coding exons,
sequences including and flanking known dominant negative mutation sites, sequences including and flanking pathological
repetitive sequences. For gene-knockout approaches, early coding exons closest to the start codon offer best options
for achieving complete knockout and minimize possibility of truncated protein products retaining partial function.
[0363] Applicants analyze sequences of interest for all possible targetable 20-bp sequences immediately 5' to a NGG
motif (for SpCas9 system) or a NNAGAAW (for StiICas9 system). Applicants choose sequences for unique, single RNA-
guided Cas9 recognition in the genome to minimize off-target effects based on computational algorithm to determine
specificity.

Cloning of guide sequences into a delivery system

[0364] Guide sequences are synthesized as double-stranded 20-24 bp oligonucleotides. After 5’-phosphorylation
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treatment of oligos and annealing to form duplexes, oligos are ligated into suitable vector depending on the delivery
method:

Virus-based delivery methods

[0365] AAV-based vectors (PX260, 330, 334, 335) have been described elsewhere

[0366] Lentiviral-based vectors use a similar cloning strategy of directly ligating guide sequences into a single vector
carrying a U6 promoter-driven chimeric RNA scaffold and a EFla promoter-driven Cas9 or Cas9 nickase.

[0367] Virus production is described elsewhere.

Nanoparticle-based RNA delivery methods
[0368]

1. Guide sequences are synthesized as an oligonucleotide duplex encoding T7 promoter-guide sequence-chimeric
RNA. A T7 promoter is added 5' of Cas9 by PCR method.

2. T7-driven Cas9 and guide-chimeric RNAs are transcribed in vitro, and Cas9 mRNA is further capped and A-tailed
using commercial kits. RNA products are purified per kit instructions.

Hydrodynamic tail vein delivery methods (for mouse)

[0369] Guide sequences are cloned into AAV plasmids as described above and elsewhere in this application.
[0370] In vitro validation on cell lines

Transfection
1. DNA plasmid transfection

[0371] Plasmids carrying guide sequences are transfected into human embryonic kidney (HEK293T) or human em-
bryonic stem (hES) cells, other relevant cell types using lipid-, chemical-, or electroporation-based methods. For a 24-
well transfection of HEK293T cells (~260,000 cells), 500ng of total DNA is transfected into each single well using
Lipofectamine 2000. For a 12-well transfection of hES cells, 1 ug of total DNA is transfected into a single well using
Fugene HD.

2. RNA transfection

[0372] Purified RNA described above is used for transfection into HEK293T cells. 1-2ug of RNA may be transfected
into ~260,000 using Lipofectamine 2000 per manufacturer's instruction. RNA delivery of Cas9 and chimeric RNA is
shown in Figure 10.

Assay of indel formation in vitro

[0373] Cells are harvested 72-hours post-transfection and assayed for indel formation as an indication of double-
stranded breaks.

[0374] Briefly, genomic region around target sequence is PCR amplified (~400-600 bp amplicon size) using high-
fidelity polymerase. Products are purified, normalized to equal concentration, and slowly annealed from 95°C to 4°C to
allow formation of DNA heteroduplexes. Post annealing, the Cel-l enzyme is used to cleave heteroduplexes, and resulting
products are separated on a polyacrylamide gel and indel efficiency calculated.

[0375] In vivo proof of principle in animal

Delivery mechanisms

[0376] AAV or Lentivirus production is described elsewhere.

[0377] Nanoparticle formulation: RNA mixed into nanoparticle formulation

[0378] Hydrodynamic tail vein injections with DNA plasmids in mice are conducted using a commercial kit

[0379] Cas9 and guide sequences are delivered as virus, nanoparticle-coated RNA mixture, or DNA plasmids, and
injected into subject animals. A parallel set of control animals is injected with sterile saline, Cas9 and GFP, or guide
sequence and GFP alone.
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[0380] Three weeks after injection, animals are tested for amelioration of symptoms and sacrificed. Relevant organ
systems analyzed for indel formation. Phenotypic assays include blood levels of HDL, LDL, lipids,

Assay for indel formation

[0381]
demonstration.
[0382]

DNA is extracted from tissue using commercial kits; indel assay will be performed as described for in vitro

Therapeutic applications of the CRISPR-Cas system are amenable for achieving tissue-specific and temporally

controlled targeted deletion of candidate disease genes. Examples include genes involved in cholesterol and fatty acid
metabolism, amyloid diseases, dominant negative diseases, latent viral infections, among other disorders.

[0383]
Disease GENE
Hyperchole HMG-
sterolemia CR
Hyperchole
sterolemia SQLE
DGAT

Hyperlipidemia 1

BCR-
Leukemia ABL
[0384]
Disease GENE
PLIN2
Hyperlipidemia  guide1
PLIN2
Hyperlipidemia  guide2
SREBP
Hyperlipidemia  guidel
SREBP
Hyperlipidemia  guide2

SPACER

GCCAAATTG
GACGACCCT
CG

CGAGGAGAC
CCCCGTTTC
GG

CCCGCCGCC
GCCGTGGCT
CG

TGAGCTCTA
CGAGATCCA
CA

SPACER

CTCAAAATT
CATACCGGT
TG
CGTTAAACA
ACAACCGGA
CT

TTCACCCCG
CGGCGCTGA
AT
ACCACTACC
AGTCCGTCC
AC

PAM

CGG

TGG

AGG

AGG

PAM

TGG

TGG

999

agg
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Mechanism

Knockout

Knockout

Knockout

Knockout

Mechanism

Microdeletion

Microdeletion

Microdeletion

Microdeletion

Examples of a single guide-RNA to introduce targeted indels at a gene locus

References

Fluvastatin: a review of its
pharmacology and use in the
management of
hypercholesterolaemia.(Plosker GL
et al. Drugs 1996, 51(3):433-459)
Potential role of nonstatin cholesterol
lowering agents (Trapani et al.
|UBMB Life, Volume 63, Issue 11,
pages 964-971, November 2011
DGAT1 inhibitors as anti-obesity and
anti-diabetic agents. (Birch AM et al.
Current Opinion in Drug Discovery &
Development [2010, 13(4):489-496)
Killing of leukemic cells with a
BCR/ABL fusion gene by RNA
interference (RNAI).(Fuchs et al.
Oncogene 2002, 21(37):5716-5724)

Examples of a pair of guide-RNA to introduce chromosomal microdeletion at a gene locus

References

Perilipin-2 Null Mice are Protected
Against Diet-Induced Obesity,
Adipose Inflammation and Fatty
Liver Disease (McManaman JL et
al. The Journal of Lipid Research,
jir.M035063. First Published on
February 12, 2013)

Inhibition of SREBP by a Small
Molecule, Betulin, Improves
Hyperlipidemia and Insulin
Resistance and Reduces
AtheroscleroticPlaques (Tang J et
al. Cell Metabolism, Volume 13,
Issue 1, 44-56, 5 January 2011)
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Example 13: Targeted infegration of repair for genes carrying disease-causing mutations; reconstitution of enzyme
deficiencies and other related diseases.

Study design
[0385]
|. Identification and design of gene targets
* Described in Example 16
II. Cloning of guide sequences and repair templates into a delivery system
* Described above in Example 16

* Applicants clone DNA repair templates to include homology arms with diseased allele as well a wild-type repair
template

I, In vitro validation on cell lines

a. Transfection is described above in Example 16; Cas9, guide RNAs, and repair template are co-transfected
into relevant cell types.

b. Assay for repair in vitro
i. Applicants harvest cells 72-hours post-transfection and assay for repair

ii. Briefly, Applicants amplify genomic region around repair template PCR using high-fidelity polymerase.
Applicants sequence products for decreased incidence of mutant allele.

IV. In vivo proof of principle in animal

a. Delivery mechanisms are described above Examples 16 and 29.

b. Assay for repair in vivo

i. Applicants perform the repair assay as described in the in vifro demonstration.

V. Therapeutic applications
The CRISPR-Cas system is amenable for achieving tissue-specific and temporally controlled targeted deletion of
candidate disease genes. Examples include genes involved in cholesterol and fatty acid metabolism, amyloid dis-
eases, dominant negative diseases, latent viral infections, among other disorders.

[0386] Example of one single missense mutation with repair template:

Disease GENE SPACER PAM
Familial amyloid polyneuropathy TTR AGCCTTTCTGAACACATGCA CGG

Mechanism References
Transthyretin mutations in health and disease (Joao et al. Human Mutation, Volume 5, Issue 3, pages
V30M repair  191-196, 1995)

V30M
allele CCTGCCATCAATGTGGCCATGCATGTGTTCAGAAAGGCT
WT
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allele CCTGCCATCAATGTGGCCGTGCATGTGTTCAGAAAGGCT
Example 14: Therapeutic application of the CRISPR-Cas system in Glaucoma, Amyloidosis, and Huntington’s disease

[0387] Glaucoma: Applicants design guide RNAs to target the first exon of the mycilin (MYOC) gene. Applicants use
adenovirus vectors (Ad5) to package both Cas9 as well as a guide RNA targeting the MYOC gene. Applicants inject
adenoviral vectors into the trabecular meshwork where cells have been implicated in the pathophysioclogy of glaucoma.
Applicants initially test this out in mouse models carrying the mutated MYOC gene to see whether they improve visual
acuity and decrease pressure in the eyes. Therapeutic application in humans employ a similar strategy.

[0388] Amyloidosis: Applicants design guide RNAs to target the first exon of the transthyretin (TTR) gene in the liver.
Applicants use AAV8 to package Cas9 as well as guide RNA targeting the first exon ofthe TTR gene. AAVS8 has been
shown to have efficient targeting of the liver and will be administered intravenously. Cas9 can be driven either using
liver specific promoters such as the albumin promoter, or using a constitutive promoter. A pol3 promoter drives the guide
RNA.

[0389] Alternatively, Applicants utilize hydrodynamic delivery of plasmid DNA to knockout the TTR gene. Applicants
deliver a plasmid encoding Cas9 and the guideRNA targeting Exon1 of TTR.

[0390] As a further alternative approach, Applicants administer a combination of RNA (mRNA for Cas9, and guide
RNA). RNA can be packaged using liposomes such as Invivofectamine from Life Technologies and delivered intrave-
nously. To reduce RNA-induced immunogenicity, increase the level of Cas9 expression and guide RNA stability, Appli-
cants modify the Cas® mRNA using 5’ capping. Applicants also incorporate modified RNA nucleotides into Cas9 mRNA
and guide RNA to increase their stability and reduce immunogenicity (e.g. activation of TLR). To increase efficiency,
Applicants administer multiple doses of the virus, DNA, or RNA.

[0391] Huntington’s Disease: Applicants design guide RNA based on allele specific mutations in the HTT gene of
patients. Forexample, in a patient who is heterozygous for HTT with expanded CAG repeat, Applicants identify nucleotide
sequences unique to the mutant HTT allele and use it to design guideRNA. Applicants ensure that the mutant base is
located within the last 9 bp of the guide RNA (which Applicants have ascertained has the ability to discriminate between
single DNA base mismatches between the target size and the guide RNA).

[0392] Applicants package the mutant HTT allele specific guide RNA and Cas9 into AAV9 and deliver into the striatum
of Huntington’s patients. Virus is injected into the striatum stereotactically via a craniotomy. AAV9 is known to transduce
neurons efficiently. Applicants drive Cas9 using a neuron specific promoter such as human Synapsin |.

Example 15: Therapeutic application of the CRISPR-Cas system in HIV

[0393] Chronic viral infection is a source of significant morbidity and mortality. While there exists for many of these
viruses conventional antiviral therapies that effectively target various aspects of viral replication, current therapeutic
modalities are usually non-curative in nature due to "viral latency." By its nature, viral latency is characterized by a
dormant phase in the viral life cycle without active viral production. During this period, the virus is largely able to evade
both immune surveillance and conventional therapeutics allowing for it to establish long-standing viral reservoirs within
the host from which subsequent re-activation can permit continued propagation and transmission of virus. Key to viral
latency is the ability to stably maintain the viral genome, accomplished either through episomal or proviral latency, which
stores the viral genome in the cytoplasm or integrates it into the host genome, respectively. In the absence of effective
vaccinations which would prevent primary infection, chronic viral infections characterized by latent reservoirs and epi-
sodes of Iytic activity can have significant consequences: human papilloma virus (HPV) can result in cervical cancer,
hepatitis C virus (HCV) predisposes to hepatocellular carcinoma, and human immunodeficiency virus eventually destroys
the host immune system resulting in susceptibility to opportunistic infections. As such, these infections require life-long
use of currently available antiviral therapeutics. Further complicating matters is the high mutability of many of these viral
genomes which lead to the evolution of resistant strains for which there exists no effective therapy.

[0394] The CRISPR-Cas system is a bacterial adaptive immune system able to induce double-stranded DNA breaks
(DSB) in a multiplex-able, sequence-specific manner and has been recently re-constituted within mammalian cell sys-
tems. It has been shown that targeting DNA with one or numerous guide-RNAs can result in both indels and deletions
of the intervening sequences, respectively. As such, this new technology represents a means by which targeted and
multiplexed DNA mutagenesis can be accomplished within a single cell with high efficiency and specificity. Consequently,
delivery ofthe CRISPR-Cas system directed against viral DNA sequences could allow fortargeted disruption and deletion
of latent viral genomes even in the absence of ongoing viral production.

[0395] As an example, chronic infection by HIV-1 represents a global health issue with 33 million individuals infected
and an annual incidence of 2.6 million infections. The use of the multimodal highly active antiretroviral therapy (HAART),
which simultaneously targets multiple aspects of viral replication, has allowed HIV infection to be largely managed as a
chronic, not terminal, illness. Without treatment, progression of HIV to AIDS occurs usually within 9-10 years resulting
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in depletion ofthe hostimmune system and occurrence of opportunistic infections usually leading to death soonthereafter.
Secondary to viral latency, discontinuation of HAART invariably leads to viral rebound. Moreover, even temporary dis-
ruptions in therapy can select for resistant strains of HIV uncontrollable by available means. Additionally, the costs of
HAART therapy are significant: within the US $10,000-15,0000 per person per year. As such, treatment approaches
directly targeting the HIV genome rather than the process of viral replication represents a means by which eradication
of latent reservoirs could allow for a curative therapeutic option.

[0396] Development and delivery of an HIV-1 targeted CRISPR-Cas system represents a unique approach differen-
tiable from existing means oftargeted DNA mutagenesis, i.e. ZFN and TALENSs, with numerous therapeutic implications.
Targeted disruption and deletion ofthe HIV-1 genome by CRISPR-mediated DSB and indels in conjunction with HAART
could allow for simultaneous prevention of active viral production as well as depletion of latent viral reservoirs within the
host.

[0397] Once integrated within the host immune system, the CRISPR-Cas system allows for generation of a HIV-1
resistant sub-population that, even in the absence of complete viral eradication, could allow for maintenance and re-
constitution of host immune activity. This could potentially prevent primary infection by disruption of the viral genome
preventing viral production and integration, representing a means to "vaccination". Multiplexed nature of the CRISPR-
Cas system allows targeting of multiple aspects of the genome simultaneously within individual cells.

[0398] Asin HAART, viral escape by mutagenesis is minimized by requiring acquisition of multiple adaptive mutations
concurrently. Multiple strains of HIV-1 can be targeted simultaneously which minimizes the chance of super-infection
and prevents subsequent creation of new recombinants strains. Nucleotide, rather than protein, mediated sequence-
specificity of the CRISPR-Cas system allows for rapid generation of therapeutics without need for significantly altering
delivery mechanism.

[0399] In orderto accomplish this, Applicants generate CRISPR-Cas guide RNAs that target the vast majority of the
HIV-1 genome while taking into account HIV-1 strain variants for maximal coverage and effectiveness. Sequence anal-
yses of genomic conservation between HIV-1 subtypes and variants should allow for targeting of flanking conserved
regions of the genome with the aims of deleting intervening viral sequences or induction of frame-shift mutations which
would disrupt viral gene functions.

[0400] Applicants accomplish delivery of the CRISPR-Cas system by conventional adenoviral or lentiviral-mediated
infection of the host immune system. Depending on approach, host immune cells could be a) isolated, transduced with
CRISPR-Cas, selected, and reintroduced in to the host or b) transduced in vivo by systemic delivery of the CRISPR-
Cas system. The first approach allows for generation of a resistant immune population whereas the second is more
likely to target latent viral reservoirs within the host.

Examples of potential HIV-1 targeted spacers adapted from Mcintyre et al, which generated shRNAs against HIV-
1 optimized for maximal coverage of HIV-1 variants.

CACTGCTTAAGCCTCGCTCGAGG
TCACCAGCAATATTCGCTCGAGG
CACCAGCAATATTCCGCTCGAGG
TAGCAACAGACATACGCTCGAGG
GGGCAGTAGTAATACGCTCGAGG
CCAATTCCCATACATTATTGTAC

Example 16: Targeted correction of deltaF508 or other mutations in cystic fibrosis

[0401] An aspectofthe invention provides for a pharmaceutical composition that may comprise an CRISPR-Cas gene
therapy particle and a biocompatible pharmaceutical carrier. According to another aspect, a method of gene therapy for
the treatment of a subject having a mutation in the CFTR gene comprises administering a therapeutically effective
amount of a CRISPR-Cas gene therapy particle to the cells of a subject.

[0402] This Example demonstrates gene transfer or gene delivery of a CRISPR-Cas system in airways of subject or
a patient in need thereof, suffering from cystic fibrosis or from cystic fibrosis related symptoms, using adeno-associated
virus (AAV) particles.

[0403] Study Design: Subjects or patients in need there of: Human, non-primate human, canine, feline, bovine, equine
and other domestic animals, related. This study tests efficacy of gene transfer of a CRISPR-Cas system by a AAV vector.
Applicants determine transgene levels sufficient for gene expression and utilize a CRISPR-Cas system comprising a
Cas9 enzyme to target deltaF508 or other CFTR-inducing mutations.

[0404] The treated subjects receive pharmaceutically effective amount of aerosolized AAV vector system per lung
endobronchially delivered while spontaneously breathing. The control subjects receive equivalent amount of a pseudo-
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typed AAV vector system with an internal control gene. The vector system may be delivered along with a pharmaceutically
acceptable or biocompatible pharmaceutical carrier. Three weeks or an appropriate time interval following vector ad-
ministration, treated subjects are tested for amelioration of cystic fibrosis related symptoms.

[0405] Applicants use an adenovirus or an AAV particle.

[0406] Applicants clone the following gene constructs, each operably linked to one or more regulatory sequences (Cbh
or EFla promoter for Cas9, U6 or H1 promoter for chimeric guide RNA), into one or more adenovirus or AAV vectors or
any other compatible vector: A CFTRdelta508 targeting chimeric guide RNA (Figure 13B), a repairtemplate for deltaF508
mutation (Figure 13C) and a codon optimized Cas9 enzyme with optionally one or more nuclear localization signal or
sequence(s) (NLS(s)), e.g., two (2) NLSs.

Identification of Cas9 target site

[0407] Applicants analyzed the human CFTR genomic locus and identified the Cas9 target site (Figure 13A). (PAM
may contain a NGG or a NNAGAAW motif).

Gene Repair Strategy

[0408] Applicants introduce an adenovirus/AAV vector system comprising a Cas9 (or Cas9 nickase) and the guide
RNA along with a adenovirus/AAV vector system comprising the homology repair template containing the F508 residue
into the subject via one ofthe methods of delivery discussed earlier. The CRISPR-Cas system is guided by the CFTRdelta
508 chimeric guide RNA and targets a specific site of the CFTR genomic locus to be nicked or cleaved. After cleavage,
the repair template is inserted into the cleavage site via homologous recombination correcting the deletion that results
in cystic fibrosis or causes cystic fibrosis related symptoms. This strategy to direct delivery and provide systemic intro-
duction of CRISPR systems with appropriate guide RNAs can be employed to target genetic mutations to edit or otherwise
manipulate genes that cause metabolic, liver, kidney and protein diseases and disorders such as those in Table B.

Example 17: Generation of Gene Knockout Cell Library

[0409] This example demonstrates how to generate a library of cells where each cell has a single gene knocked out:
[0410] Applicants make a library of ES cells where each cell has a single gene knocked out, and the entire library of
ES cells will have every single gene knocked out. This library is useful for the screening of gene function in cellular
processes as well as diseases.

[0411] To make this cell library, Applicants integrate Cas9 driven by an inducible promoter (e.g. doxycycline inducible
promoter) into the ES cell. In addition, Applicants integrate a single guide RNA targeting a specific gene in the ES cell.
To make the ES cell library, Applicants simply mix ES cells with a library of genes encoding guide RNAs targeting each
gene in the human genome. Applicants first introduce a single BxBI attB site into the AAVS1 locus of the human ES cell.
Then Applicants use the BxBI integrase to facilitate the integration of individual guide RNA genes into the BxB1 attB site
in AAVS1 locus. To facilitate integration, each guide RNA gene is contained on a plasmid that carries of a single attP
site. This way BxBI will recombine the attB site in the genome with the attP site on the guide RNA containing plasmid.
[0412] To generate the cell library, Applicants take the library of cells that have single guide RNAs integrated and
induce Cas9 expression. After induction, Cas9 mediates double strand break at sites specified by the guide RNA. To
verify the diversity of this cell library, Applicants carry out whole exome sequencing to ensure that Applicants are able
to observe mutations in every single targeted gene. This cell library can be used for a variety of applications, including
who library-based screens, or can be sorted into individual cell clones to facilitate rapid generation of clonal cell lines
with individual human genes knocked out.

Example 18: Engineering of Microalgae using Cas9

Methods of delivering Cas9

[0413]
Method 1: Applicants deliver Cas9 and guide RNA using a vector that expresses Cas9 under the control of a
constitutive promoter such as Hsp70A-Rbc S2 or Beta2-tubulin.
Method 2; Applicants deliver Cas9 and T7 polymerase using vectors that expresses Cas® and T7 polymerase under
the control of a constitutive promoter such as Hsp70A-Rbc S2 or Beta2-tubulin. Guide RNA will be delivered using

a vector containing T7 promoter driving the guide RNA.
Method 3: Applicants deliver Cas9 mRNA and in vifro transcribed guide RNA to algae cells. RNA can be in vitro

83



(5]

DK/EP 3011029 T3

transcribed. Cas9 mRNA will consist of the coding region for Cas9 aswell as 3'UTR from Cop1 to ensure stabilization
of the Cas9 mRNA.

[0414] For Homologous recombination, Applicants provide an additional homology directed repair template.
[0415] Sequence for a cassette driving the expression of Cas9 under the control of beta-2 tubulin promoter, followed
by the 3' UTR of Cop1.

10

15

20

25

30

35

40

45

50

55

TCTTTCTTGCGCTATGACACTTCCAGCAAAAGGTAGGGCGGGCTGCGA
GACGGCTTCCCGGCGCTGCATGCAACACCGATGATGCTTCGACCCCCCGAAGCTC
CTTCGGGGCTGCATGGGCGCTCCGATGCCGCTCCAGGGCGAGCGCTGTTTAAATA
GCCAGGCCCCCGATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCAAAC
ACCTAGATCACTACCACTTCTACACAGGCCACTCGAGCTTGTGATCGCACTCCGC
TAAGGGGGCGCCTCTTCCTCTTCGTTTCAGTCACAACCCGCAAACATGTACCCATA
CGATGTTCCAGATTACGCTTCGCCGAAGAAAAAGCGCAAGGTCGAAGCGTCCGA
CAAGAAGTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCCGTG
ATCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACACC
GACCGGCACAGCATCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGC
GAAACAGCCGAGGCCACCCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAG
ACGGAAGAACCGGATCTGCTATCTGCAAGAGATCTTCAGCAACGAGATGGCCAA
GGTGGACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGAT
AAGAAGCACGAGCGGCACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTAC
CACGAGAAGTACCCCACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACC
GACAAGGCCGACCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCC
GGGGCCACTTCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACA
AGCTGTTCATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCAT
CAACGCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAG
CAGACGGCTGGAAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCT
GTTCGGCAACCTGATTGCCCTGAGCCTGGGCCTGACCCCCAACTTCAAGAGCAAC
TTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGACACCTACGACGAC
GACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCGACCTGTTTCTGG
CCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACAC
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CGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGAGATACGACGAGCA
CCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGCAGCTGCCTGAGAAG
TACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGCTACGCCGGCTACATTGACG
GCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGAAAAGA
TGGACGGCACCGAGGAACTGCTCGTGAAGCTGAACAGAGAGGACCTGCTGCGGA
AGCAGCGGACCTTCGACAACGGCAGCATCCCCCACCAGATCCACCTGGGAGAGC
TGCACGCCATTCTGCGGCGGCAGGAAGATTTTITACCCATTCCTGAAGGACAACCG
GGAAAAGATCGAGAAGATCCTGACCTTCCGCATCCCCTACTACGTGGGCCCTCTG
GCCAGGGGAAACAGCAGATTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATC
ACCCCCTGGAACTTCGAGGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCA
TCGAGCGGATGACCAACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCA
AGCACAGCCTGCTGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAA
ATACGTGACCGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAA
GGCCATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCT
GAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGC
GTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTA
TCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAGATA
TCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGA
AAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGA
GATACACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACGGCATCCGGGACA
AGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAG
AAACTTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACATCCAG
AAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAATCTG
GCCGGCAGCCCCGCCATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGAC
GAGCTCGTGAAAGTGATGGGCCGGCACAAGCCCGAGAACATCGTGATCGAAATG
GCCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAAT
GAAGCGGATCGAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGAACA
CCCCGTGGAAAACACCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAG
AATGGGCGGGATATGTACGTGGACCAGGAACTGGACATCAACCGGCTGTCCGAC
TACGATGTGGACCATATCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACA
ACAAGGTGCTGACCAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCT
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CCGAAGAGGTCGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCA
AGCTGATTACCCAGAGAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCC
TGAGCGAACTGGATAAGGCCGGCTTCATCAAGAGACAGCTGGTGGAAACCCGGC
AGATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACACTAAGTACG
ACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCAAGC
TGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGATCAACAA
CTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTGGGAACCGCCCTGATC
AAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACTACAAGGTGTAC
GACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGGCAAGGCTACCGCC
AAGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAGACCGAGATTACCCTGG
CCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGACAAACGGCGAAACCGGGG
AGATCGTGTGGGATAAGGGCCGGGATTTTGCCACCGTGCGGAAAGTGCTGAGCA
TGCCCCAAGTGAATATCGTGAAAAAGACCGAGGTGCAGACAGGCGGCTTCAGCA
AAGAGTCTATCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGG
ACTGGGACCCTAAGAAGTACGGCGGCTTCGACAGCCCCACCGTGGCCTATTCTGT
GCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGAGTGTGAA
AGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCAT
CGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAA
GCTGCCTAAGTACTCCCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGC
CTCTGCCGGCGAACTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGT
GAACTTCCTGTACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGAT
AATGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATC
ATCGAGCAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGG
ACAAAGTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGG
CCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTT
CAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGT
GCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGAT
CGACCTGTCTCAGCTGGGAGGCGACAGCCCCAAGAAGAAGAGAAAGGTGGAGGC
CAGCTAAGGATCCGGCAAGACTGGCCCCGCTTGGCAACGCAACAGTGAGCCCCTC
CCTAGTGTGTTTGGGGATGTGACTATGTATTCGTGTGTTGGCCAACGGGTCAACC

CGAACAGATTGATACCCGCCTTGGCATTTCCTGTCAGAATGTAACGTCAGTTGAT
GGTACT

[0416] Sequence for a cassette driving the expression of T7 polymerase under the control of beta-2 tubulin promoter,
followed by the 3' UTR of Cop1:
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TCTTTCTTGCGCTATGACACTTCCAGCAAAAGGTAGGGCGGGCTGCGA
GACGGCTTCCCGGCGCTGCATGCAACACCGATGATGCTTCGACCCCCCGAAGCTC
CTTCGGGGCTGCATGGGCGCTCCGATGCCGCTCCAGGGCGAGCGCTGTTTAAATA
GCCAGGCCCCCGATTGCAAAGACATTATAGCGAGCTACCAAAGCCATATTCAAAC
ACCTAGATCACTACCACTTCTACACAGGCCACTCGAGCTTGTGATCGCACTCCGC
TAAGGGGGCGCCTCTTCCTCTTCGTTTCAGTCACAACCCGCAAACatgcectaagaagaaga
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ggaaggttaacacgattaacatcgctaagaacgacttctctgacatcgaactggetgctatcecgttcaacactetggetgaccatt
acggtgagegtttagctcgegaacagttggeccttgageatgagtcettacgagatgggtgaageacgettccgcaagatgtttga
gcgtcaacttaaagetggtgaggttgcggataacgetgecgecaagectctecatcactaccctactccctaagatgattgeacge
atcaacgactggtttgaggaagtgaaagctaagegeggceaagegeccgacagecttccagttcctgecaagaaatcaagecgga
agccgtagegtacatcaccattaagaccactetggettgectaaccagtgctgacaatacaaccgttcaggetgtagcaagegea
atcggtcgggccattgaggacgaggctegettcggtegtatccgtgaccttgaagetaageacttcaagaaaaacgttgaggaa
caactcaacaagcgcegtagggcacgtctacaagaaagceatttatgcaagttgtcgaggcetgacatgetctetaagggtctacteg
gtggcgaggcgtggtettecgtggcataaggaagactctattcatgtaggagtacgetgeatcgagatgetcattgagtcaaccgg
aatggttagcttacaccgccaaaatgetggegtagtaggtcaagactctgagactatcgaactcgeacctgaatacgetgaggct
atcgcaacccgtgcaggtgcgetggetggcatctetccgatgticcaaccttgegtagttectectaagecgtggactggeattac
tggtggtgoctattgggctaacggtegtegtectetggegetggtecgtactcacagtaagaaageactgatgegetacgaagac
gtttacatgcctgaggtotacaaagcegattaacattgecgeaaaacaccgeatggaaaatcaacaagaaagtectageggtegec
aacgtaatcaccaagtggaagcattgtccggtcgaggacatcectgegattgagegtgaagaactecccgatgaaaccggaaga
catcgacatgaatcctgaggctctcaccgegtggaaacgtgctgecgetgetgtgtaccgeaaggacaaggetcgeaagteteg
ccgtatcagecttgagttcatgcttgagcaagecaataagtttgctaaccataaggecatctggttcccttacaacatggactggeg
cggtegtgtttacgetgtgtcaatgtticaaccegeaaggtaacgatatgaccaaaggactgcttacgetggegaaaggtaaacca
atcggtaaggaaggttactactggctgaaaatccacggtgcaaactgtgegggtgtcgacaaggticegticectgagegceatea
agttcattgaggaaaaccacgagaacatcatggettgegctaagtctccactggagaacacttggtgggoctgageaagattctee
gttetgcettecttgegttctgetttgagtacgetggggtacageaccacggectgagetataactgetecctteccgetggegtttgac
gggtettgctetggeatccageacttcteccgegatgetecgagatgaggtaggtogtcgegeggttaacttgettectagtgaaac
cgttcaggacatctacgggattgttgctaagaaagtcaacgagattctacaagcagacgceaatcaatgggaccgataacgaagta
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gttaccgtgaccgatgagaacactggtgaaatctetgagaaagtcaagetgggcactaaggeactggetggteaatggetggct
tacggtgttactcgcagtgtgactaagegticagtcatgacgetggettacgggtccaaagagttecggcttccgtcaacaagtget
ggaagataccattcagccagctattgattccggeaagggtetgatgttcactcagecgaatcaggetgetggatacatggetaag
ctgatttgggaatctgtgagegtgacggtggtagetgeggttgaageaatgaactggettaagtetgetgctaagetgetggetge
tgaggtcaaagataagaagactggagagattcttcgcaagegttgegetgtgcattgggtaactecctgatggtttecectgtgtgge
aggaatacaagaagcctattcagacgcgcettgaacctgatgttccteggteagttcegettacagectaccattaacaccaacaa
agatagcgagattgatgcacacaaacaggagtctggtatcgetectaactttgtacacagecaagacggtagecaccttegtaag
actgtagtgtgggcacacgagaagtacggaatcgaatcttttgcactgattcacgactecttcggtacgattccggetgacgetge
gaacctgttcaaagcagtgcgegaaactatggttgacacatatgagtcttgtgatgtactggetgatttctacgaccagttegetga
ccagttgcacgagtctcaattggacaaaatgccageacttccggetaaaggtaacttgaacctecgtgacatettagagteggact
tegegttcgegtaaGGATCCGGCAAGACTGGCCCCGCTTGGCAACGCAACAGTGAGCCC
CTCCCTAGTGTGTTTGGGGATGTGACTATGTATTCGTGTGTTGGCCAACGGGTCA
ACCCGAACAGATTGATACCCGCCTTGGCATTTCCTGTCAGAATGTAACGTCAGTT
GATGGTACT

[0417] Sequence of guide RNA driven by the T7 promoter (T7 promoter, Ns represent targeting sequence):

gaaatTAATACGACTCACTATANNNNNNNNNNNNNNNNNNNNgttttagage

taGAAAtagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagteggtacttttttt

Gene delivery:

[0418] Chlamydomonas reinhardtii strain CC-124 and CC-125 from the Chlamydomonas Resource Center will be
used for electroporation. Electroporation protocol follows standard recommended protocol from the GeneArt
Chlamydomonas Engineering kit.

[0419] Also, Applicants generate a line of Chlamydomonas reinhardtii that expresses Cas9 constitutively. This can be
done by using pChlamyl (linearized using Pvul) and selecting for hygromycin resistant colonies. Sequence for pChlamyl
containing Cas9 is below. In this way to achieve gene knockout one simply needs to deliver RNA for the guideRNA. For
homologous recombination Applicants deliver guideRNA as well as a linearized homologous recombination template.

pChlamyl-Cas9:
[0420]

TGCGGTATTTCACACCGCATCAGGTGGCACTTTTCGGGGAAATGTGC
GCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGA
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GATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAA
ATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATC
AGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACT
CCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCT
GCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACC
AGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCAT
CCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGT
TTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGG
TATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCC
ATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTA
AGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACT
GTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATT
CTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGAT
AATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTT
CGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACC
CACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGT
GAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGG
AAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGG
TTATTGTCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAG
ACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATC
TGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATC
AAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACC
AAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTA
GCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGTTGCCAGTGG
CGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCG
CAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACG
ACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTC
CCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGA
GAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCG
GGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGG
AGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTG
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GCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTA
TTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAG
CGAGTCAGTGAGCGAGGAAGCGGTCGCTGAGGCTTGACATGATTGGTGCGTATGT
TTGTATGAAGCTACAGGACTGATTTGGCGGGCTATGAGGGCGGGGGAAGCTCTGG
AAGGGCCGCGATGGGGCGCGCGGCGTCCAGAAGGCGCCATACGGCCCGCTGGCG
GCACCCATCCGGTATAAAAGCCCGCGACCCCGAACGGTGACCTCCACTTTCAGCG
ACAAACGAGCACTTATACATACGCGACTATTCTGCCGCTATACATAACCACTCAG
CTAGCTTAAGATCCCATCAAGCTTGCATGCCGGGCGCGCCAGAAGGAGCGCAGC
CAAACCAGGATGATGTTTGATGGGGTATTTGAGCACTTGCAACCCTTATCCGGAA
GCCCCCTGGCCCACAAAGGCTAGGCGCCAATGCAAGCAGTTCGCATGCAGCCCCT
GGAGCGGTGCCCTCCTGATAAACCGGCCAGGGGGCCTATGTTCTTTACTTTTTITAC
AAGAGAAGTCACTCAACATCTTAAAATGGCCAGGTGAGTCGACGAGCAAGCCCG
GCGGATCAGGCAGCGTGCTTGCAGATTTGACTTGCAACGCCCGCATTGTGTCGAC
GAAGGCTTTTGGCTCCTCTGTCGCTGTCTCAAGCAGCATCTAACCCTGCGTCGCCG
TTTCCATTTGCAGGAGATTCGAGGTACCATGTACCCATACGATGTTCCAGATTACG
CTTCGCCGAAGAAAAAGCGCAAGGTCGAAGCGTCCGACAAGAAGTACAGCATCG
GCCTGGACATCGGCACCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAA
GGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGCATCAA
GAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCAC
CCGGCTGAAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTG
CTATCTGCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTC
CACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGCAC
CCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAAGTACCCCACCA
TCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGACCTGCGGC
TGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGA
GGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTTCATCCAGCTGGT
GCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAACGCCAGCGGCGTGGA
CGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCAGACGGCTGGAAAATCT
GATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGCAACCTGATTGC
CCTGAGCCTGGGCCTGACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGAT
GCCAAACTGCAGCTGAGCAAGGACACCTACGACGACGACCTGGACAACCTGCTG
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GCCCAGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTCCG
ACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCC
CCTGAGCGCCTCTATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTG
CTGAAAGCTCTCGTGCGGCAGCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCG
ACCAGAGCAAGAACGGCTACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAG
AGTTCTACAAGTTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAAC
TGCTCGTGAAGCTGAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACA
ACGGCAGCATCCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCG
GCAGGAAGATTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGAT
CCTGACCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGA
TTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGAG
GAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACCAAC
TTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTGCTGTAC
GAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGACCGAGGGA
ATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAAGGCCATCGTGGACCT
GCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAAGAGGACTACTT
CAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCGTGGAAGATCGGTTC
AACGCCTCCCTGGGCACATACCACGATCTGCTGAAAATTATCAAGGACAAGGACT
TCCTGGACAATGAGGAAAACGAGGACATTCTGGAAGATATCGTGCTGACCCTGA
CACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAACCTATGCCCACC
TGTTCGACGACAAAGTGATGAAGCAGCTGAAGCGGCGGAGATACACCGGCTGGG
GCAGGCTGAGCCGGAAGCTGATCAACGGCATCCGGGACAAGCAGTCCGGCAAGA
CAATCCTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAACTTCATGCAGCT
GATCCACGACGACAGCCTGACCTTTAAAGAGGACATCCAGAAAGCCCAGGTGTC
CGGCCAGGGCGATAGCCTGCACGAGCACATTGCCAATCTGGCCGGCAGCCCCGC
CATTAAGAAGGGCATCCTGCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGT
GATGGGCCGGCACAAGCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCA
GACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAAG
AGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACA
CCCAGCTGCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATA
TGTACGTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACC
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ATATCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGAC
CAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGTCG
TGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCC
AGAGAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGG
ATAAGGCCGGCTTCATCAAGAGACAGCTGGTGGAAACCCGGCAGATCACAAAGC
ACGTGGCACAGATCCTGGACTCCCGGATGAACACTAAGTACGACGAGAATGACA
AGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCAAGCTGGTGTCCGATTT
CCGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGATCAACAACTACCACCACGCC
CACGACGCCTACCTGAACGCCGTCGTGGGAACCGCCCTGATCAAAAAGTACCCTA
AGCTGGAAAGCGAGTTCGTGTACGGCGACTACAAGGTGTACGACGTGCGGAAGA
TGATCGCCAAGAGCGAGCAGGAAATCGGCAAGGCTACCGCCAAGTACTTCTTCTA
CAGCAACATCATGAACTTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATC
CGGAAGCGGCCTCTGATCGAGACAAACGGCGAAACCGGGGAGATCGTGTGGGAT
AAGGGCCGGGATTTTGCCACCGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAAT
ATCGTGAAAAAGACCGAGGTGCAGACAGGCGGCTTCAGCAAAGAGTCTATCCTG
CCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAG
AAGTACGGCGGCTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCA
AAGTGGAAAAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTGCTGGGG
ATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCTGGAAG
CCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGTACT
CCCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAAC
TGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACTTCCTGTACC
TGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGAGCAGAAAC
AGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAGATCA
GCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAAGTGCTGTC
CGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCAT
CCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTTGACA
CCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCACCC
TGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAGCT
GGGAGGCGACAGCCCCAAGAAGAAGAGAAAGGTGGAGGCCAGCTAACATATGATT
CGAATGTCTTTCTTGCGCTATGACACTTCCAGCAAAAGGTAGGGCG
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GGCTGCGAGACGGCTTCCCGGCGCTGCATGCAACACCGATGATGCTTCGACCCCC
CGAAGCTCCTTCGGGGCTGCATGGGCGCTCCGATGCCGCTCCAGGGCGAGCGCTG
TTTAAATAGCCAGGCCCCCGATTGCAAAGACATTATAGCGAGCTACCAAAGCCAT
ATTCAAACACCTAGATCACTACCACTTCTACACAGGCCACTCGAGCTTGTGATCG
CACTCCGCTAAGGGGGCGCCTCTTCCTCTTCGTTTCAGTCACAACCCGCAAACAT
GACACAAGAATCCCTGTTACTTCTCGACCGTATTGATTCGGATGATTCCTACGCG
AGCCTGCGGAACGACCAGGAATTCTGGGAGGTGAGTCGACGAGCAAGCCCGGCG
GATCAGGCAGCGTGCTTGCAGATTTGACTTGCAACGCCCGCATTGTGTCGACGAA
GGCTTTTGGCTCCTCTGTCGCTGTCTCAAGCAGCATCTAACCCTGCGTCGCCGTTT
CCATTTGCAGCCGCTGGCCCGCCGAGCCCTGGAGGAGCTCGGGCTGCCGGTGCCG
CCGGTGCTGCGGGTGCCCGGCGAGAGCACCAACCCCGTACTGGTCGGCGAGCCC
GGCCCGGTGATCAAGCTGTTCGGCGAGCACTGGTGCGGTCCGGAGAGCCTCGCG
TCGGAGTCGGAGGCGTACGCGGTCCTGGCGGACGCCCCGGTGCCGGTGCCCCGC
CTCCTCGGCCGCGGCGAGCTGCGGCCCGGCACCGGAGCCTGGCCGTGGCCCTACC
TGGTGATGAGCCGGATGACCGGCACCACCTGGCGGTCCGCGATGGACGGCACGA
CCGACCGGAACGCGCTGCTCGCCCTGGCCCGCGAACTCGGCCGGGTGCTCGGCCG
GCTGCACAGGGTGCCGCTGACCGGGAACACCGTGCTCACCCCCCATTCCGAGGTC
TTCCCGGAACTGCTGCGGGAACGCCGCGCGGCGACCGTCGAGGACCACCGCGGG
TGGGGCTACCTCTCGCCCCGGCTGCTGGACCGCCTGGAGGACTGGCTGCCGGACG
TGGACACGCTGCTGGCCGGCCGCGAACCCCGGTTCGTCCACGGCGACCTGCACGG
GACCAACATCTTCGTGGACCTGGCCGCGACCGAGGTCACCGGGATCGTCGACTTC
ACCGACGTCTATGCGGGAGACTCCCGCTACAGCCTGGTGCAACTGCATCTCAACG
CCTTCCGGGGCGACCGCGAGATCCTGGCCGCGCTGCTCGACGGGGCGCAGTGGA
AGCGGACCGAGGACTTCGCCCGCGAACTGCTCGCCTTCACCTTCCTGCACGACTT
CGAGGTGTTCGAGGAGACCCCGCTGGATCTCTCCGGCTTCACCGATCCGGAGGAA
CTGGCGCAGTTCCTCTGGGGGCCGCCGGACACCGCCCCCGGCGCCTGATAAGGAT
CCGGCAAGACTGGCCCCGCTTGGCAACGCAACAGTGAGCCCCTCCCTAGTGTGTT
TGGGGATGTGACTATGTATTCGTGTGTTGGCCAACGGGTCAACCCGAACAGATTG
ATACCCGCCTTGGCATTTCCTGTCAGAATGTAACGTCAGTTGATGGTACT

[0421] For all modified Chlamydomonas reinhardtii cells, Applicants use PCR, SURVEYOR nuclease assay, and DNA
sequencing to verify successful modification.

Example 19: Use of Cas?9 to target a variety of disease types
Diseases that involve mutations in protein coding sequence:

[0422] Dominantdisorders may be targeted by inactivating the dominant negative allele. Applicants use Cas9 to target
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a unique sequence in the dominant negative allele and introduce a mutation via NHEJ. The NHEJ-induced indel may
be able to introduce a frame-shift mutation in the dominant negative allele and eliminate the dominant negative protein.
This may work if the gene is haplo-sufficient (e.g. MYOC mutation induced glaucoma and Huntington's disease).
[0423] Recessive disorders may be targeted by repairing the disease mutation in both alleles. For dividing cells,
Applicants use Cas9 to introduce double strand breaks near the mutation site and increase the rate of homologous
recombination using an exogenous recombination template. For dividing cells, this may be achieved using multiplexed
nickase activity to catalyze the replacement of the mutant sequence in both alleles via NHEJ-mediated ligation of an
exogenous DNA fragment carrying complementary overhangs.

[0424] Applicants also use Cas9 to introduce protective mutations (e.g. inactivation of CCR5 to prevent HIV infection,
inactivation of PCSK9 for cholesterol reduction, or introduction of the A673T into APP to reduce the likelihood of Alzhe-
imer's disease).

Diseases that involve non-coding sequences

[0425] Applicants use Cas9 to disrupt non-coding sequences inthe promoter region, to altertranscription factor binding
sites and alter enhancer or repressor elements. For example, Cas9 may be used to excise out the KIfl enhancer EHS1
in hematopoietic stem cells to reduce BCL11a levels and reactivate fetal globin gene expression in differentiated eryth-
rocytes

[0426] Applicants also use Cas9 to disrupt functional motifs in the 5’ or 3’ untranslated regions. For example, for the
treatment of myotonic dystrophy, Cas9 may be used to remove CTG repeat expansions in the DMPK gene.

Example 20: Multiplexed Nickase

[0427] Aspects of optimization and the teachings of Cas9 detailed in this application may also be used to generate
Cas9 nickases. Applicants use Cas9 nickases in combination with pairs of guide RNAs to generate DNA double strand
breaks with defined overhangs. When two pairs of guide RNAs are used, it is possible to excise an intervening DNA
fragment. If an exogenous piece of DNA is cleaved by the two pairs of guide RNAs to generate compatible overhangs
with the genomic DNA, then the exogenous DNA fragment may be ligated into the genomic DNA to replace the excised
fragment. For example, this may be used to remove trinucleotide repeat expansion in the huntintin (HTT) gene to treat
Huntington's Disease.

[0428] If an exogenous DNA that bears fewer number of CAG repeats is provided, then it may be able to generate a
fragment of DNA that bears the same overhangs and can be ligated into the HTT genomic locus and replace the excised
fragment.

HTT locus with

fragment

excised by . .. CCGI'GCCGGGCGGGAGACCGCCATGG GGCCCGGCTGTGGCTGAGGAGC. . .
Cas9 nickase . .. GGCACGGCCCGCCCTCTGGC TGGGCCGGGCCGACACCGACTCCTCG . .
and two pairs of

guide RNAs

-+

exogenous DNA
fragment with fewer

number of CAG repeats
also cleaved by Cas9 CGACCCTGGAAA. . . . .reduced nunber of CAG repeats..... CCCCACCaECcacce

nicakse and the GGTACCGCToGGACCTIT. .o GGGGOGGCGG
two pairs of guide
RNAs

[0429] The ligation of the exogenous DNA fragment into the genome does not require homologous recombination
machineries and therefore this method may be used in post-mitotic cells such as neurons.

Example 21: Delivery of CRISPR System

[0430] Cas9 and its chimeric guide RNA, or combination of tracrRNA and crRNA, can be delivered either as DNA or
RNA. Delivery of Cas9 and guide RNA both as RNA (normal or containing base or backbone modifications) molecules
can be used to reduce the amount of time that Cas9 protein persist in the cell. This may reduce the level of off-target
cleavage activity in the target cell. Since delivery of Cas9 as mRNA takes time to be translated into protein, it might be
advantageous to deliver the guide RNA several hours following the delivery of Cas9 mRNA, to maximize the level of
guide RNA available for interaction with Cas9 protein.

[0431] In situations where guide RNA amount is limiting, it may be desirable to introduce Cas9 as mRNA and guide
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RNA in the form of a DNA expression cassette with a promoter driving the expression of the guide RNA. This way the
amount of guide RNA available will be amplified via transcription.

[0432] A variety ofdelivery systems can be introduced to introduce Cas9 (DNA or RNA) and guide RNA (DNA or RNA)
into the host cell. These include the use of liposomes, viral vectors, electroporation, nanoparticles , nanowires (Shalek
et al., Nano Letters, 2012), exosomes. Molecular trojan horses liposomes (Pardridge et al., Cold Spring Harb Protoc;
2010; doi:10.1101/pdb.prot5407) may be used to deliver Cas9 and guide RNA across the blood brain barrier.

Example 22: Cas9 orthologs

[0433] Applicants analyzed Cas9 orthologs (Figures 3 and 4A-F) to identify the relevant PAM sequences and the
corresponding chimeric guide RNAs. This expanded set of PAMs may provide broader targeting across the genome
and also significantly increases the number of unique target sites and provides potential for identifying novel Cas9s with
increased levels of specificity in the genome. Applicants determined the PAM for Staphylococcus aureus sp. Aureus
Cas9 to be NNGRR Staphylococcus aureus sp. Aureus Cas@ is also known as SaCas9.

[0434] The specificity of Cas9 orthologs can be evaluated by testing the ability of each Cas9 to tolerate mismatches
between the guide RNA and its DNA target. For example, the specificity of SpCas® has been characterized by testing
the effect of mutations in the guide RNA on cleavage efficiency. Libraries of guide RNAs were made with single or
multiple mismatches between the guide sequence and the target DNA. Based on these findings, target sites for SpCas9
can be selected based on the following guidelines:

[0435] To maximize SpCas9 specificity for editing a particular gene, one should choose a target site within the locus
of interest such that potential 'off-target’ genomic sequences abide by the following four constraints: First and foremost,
they should not be followed by a PAM with either 5'-NGG or NAG sequences. Second, their global sequence similarity
to the target sequence should be minimized. Third, a maximal number of mismatches should lie within the PAM-proximal
region of the off-target site. Finally, a maximal number of mismatches should be consecutive or spaced less than four
bases apart.

[0436] Similar methods can be used to evaluate the specificity of other Cas9 orthologs and to establish criteria for the
selection of specific target sites within the genomes of target species.

Example 23: Therapeutic strategies for Trinucleotide repeat disorders

[0437] As previously mentioned in the application, the target polynucleotide of a CRISPR complex may include a
number of disease-associated genes and polynucleotides and some of these disease associated gene may belong to
a set of genetic disorders referred to as Trinucleotide repeat disorders (referred to as also trinucleotide repeat expansion
disorders, triplet repeat expansion disorders or codon reiteration disorders).

[0438] These diseases are caused by mutations in which the trinucleotide repeats of certain genes exceed the normal,
stable threshold which may usually differ in a gene. The discovery of more repeat expansion disorders has allowed for
the classification of these disorders into a number of categories based on underlying similar characteristics. Huntington's
disease (HD) and the spinocerebellar ataxias that are caused by a CAG repeat expansion in protein-coding portions of
specific genes are included in Category |. Diseases or disorders with expansions that tend to make them phenotypically
diverse and include expansions are usually small in magnitude and also found in exons ofgenes are included in Category
II. Category lll includes disorders or diseases which are characterized by much larger repeat expansions than either
Category | or |l and are generally located outside protein coding regions. Examples of Category Il diseases or disorders
include but are not limited to Fragile X syndrome, myotonic dystrophy, two of the spinocerebellar ataxias, juvenile
myoclonic epilepsy, and Friedreich’s ataxia.

[0439] Similartherapeutic strategies, like the one mentioned for Friedreich’s ataxia below may be adopted to address
other trinucleotide repeat or expansion disorders as well. For example, another triple repeat disease that can be treated
using almost identical strategy is dystrophia myotonica 1 (DM1), where there is an expanded CTG motif in the 3' UTR.
In Friedreich’s ataxia, the disease results from expansion of GAA trinucleotides in the first intron of frataxin (FXN). One
therapeutic strategy using CRISPR is to excise the GAA repeat from the first intron. The expanded GAA repeat is thought
to affect the DNA structure and leads to recruit the formation of heterochromatin which turn off the frataxin gene (Figure
14A).

Competitive Advantage over other therapeutic strategies are listed below:
[0440] siRNA knockdown is not applicable in this case, as disease is due to reduced expression of frataxin. Viral gene
therapy is currently being explored. HSV-1 based vectors were used to deliver the frataxin gene in animal models and

have shown therapeutic effect. However, long term efficacy of virus-based frataxin delivery suffer from several problems:
First, it is difficult to regulate the expression of frataxin to match natural levels in health individuals, and second, long
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term over expression of frataxin leads to cell death.

[0441] Nucleases may be used to excise the GAA repeat to restore healthy genotype, but Zinc Finger Nuclease and
TALEN strategies require delivery of two pairs of high efficacy nucleases, which is difficult for both delivery as well as
nuclease engineering (efficient excision of genomic DNA by ZFN or TALEN is difficult to achieve).

[0442] In contrast to above strategies, the CRISPR-Cas system has clear advantages. The Cas9 enzyme is more
efficient and more multiplexible, by which it is meant that one or more targets can be set at the same time. So far, efficient
excision of genomic DNA > 30% by Cas9 in human cells and may be as high as 30%, and may be improved in the future.
Furthermore, with regard to certain trinucleotide repeat disorders like Huntington’s disease (HD), trinucleotide repeats
in the coding region may be addressed if there are differences between the two alleles. Specifically, if a HD patient is
heterozygous for mutant HTT and there are nucleotide differences such as SNPs between the wt and mutant HTT alleles,
then Cas9 may be used to specifically target the mutant HTT allele. ZFN or TALENSs will not have the ability to distinguish
two alleles based on single base differences.

[0443] In adopting a strategy using the CRISPR-Cas 9 enzyme to address Friedreich’s ataxia, Applicants design a
number of guide RNAs targeting sites flanking the GAA expansion and the most efficient and specific ones are chosen
(Figure 14B).

[0444] Applicants deliver a combination of guide RNAs targeting the intron 1 of FXN along with Cas9 to mediate
excision of the GAA expansion region. AAV9 may be used to mediate efficient delivery of Cas9 and in the spinal cord.
[0445] If the Alu element adjacent to the GAA expansion is considered important, there may be constraints to the
number of sites that can be targeted but Applicants may adopt strategies to avoid disrupting it.

Alternative Strategies:

[0446] Ratherthan modifying the genome using Cas9, Applicants may also directly activate the FXN gene using Cas9
(nuclease activity deficient)-based DNA binding domain to target a transcription activation domain to the FXN gene.

Example 24: Strategies for minimizing off-target cleavage using Cas9 nickase

[0447] As previously mentioned in the application, Cas® may be mutated to mediate single strand cleavage via one
or more of the following mutations: D10A, E762A, and H840A.

[0448] To mediate gene knockout via NHEJ, Applicants use a nickase version of Cas9 along with two guide RNAs.
Off-target nicking by each individual guide RNA may be primarily repaired without mutation, double strand breaks (which
can lead to mutations via NHEJ) only occur when the target sites are adjacent to each other. Since double strand breaks
introduced by double nicking are not blunt, co-expression of end-processing enzymes such as TREX1 will increase the
level of NHEJ activity.

[0449] The following list of targets in tabular form are for genes involved in the following diseases:

Lafora’s Disease - target GSY1 or PPP1R3C (PTG) to reduce glycogen in neurons.
Hypercholesterolemia - target PCSK9

[0450] Target sequences are listed in pairs (L and R) with different number of nucleotides in the spacer (0 to 3bp).
Each spacer may also be used by itself with the wild type Cas9 to introduce double strand break at the target locus.

GYS1 (human) GGCC-L ACCCTTGTTAGCCACCTCCC
GGCC-R GAACGCAGTGCTCTTCGAAG
GGNCC-L CTCACGCCCTGCTCCGTGTA
GGNCC-R GGCGACAACTACTTCCTGGT
GGNNCC-L CTCACGCCCTGCTCCGTGTA
GGNNCC-R GGGCGACAACTACTTCCTGG
GGNNNCC-L  CCTCTTCAGGGCCGGGGTGG
GGNNNCC-R  GAGGACCCAGGTGGAACTGC

PCSK®9 (human) GGCC-L TCAGCTCCAGGCGGTCCTGG
GGCC-R AGCAGCAGCAGCAGTGGCAG
GGNCC-L TGGGCACCGTCAGCTCCAGG
GGNCC-R CAGCAGTGGCAGCGGCCACC
GGNNCC-L ACCTCTCCCCTGGCCCTCAT
GGNNCC-R CCAGGACCGCCTGGAGCTGA
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(continued)

GGNNNCC-L  CCGTCAGCTCCAGGCGGTCC
GGNNNCC-R  AGCAGCAGCAGCAGTGGCAG

PPP1R3C (PTG) (human) GGCC-L ATGTGCCAAGCAAAGCCTCA
GGCC-R TTCGGTCA TGCCCGTGGA TG
GGNCC-L GTCGTTGAAATTCATCGTAC
GGNCC-R ACCACCTGTGAAGAGTTTCC

GGNNCC-L CGTCGTTGAAATTCATCGTA
GGNNCC-R ACCACCTGTGAAGAGTTTCC

Gys1 (mouse) GGCC-L GAACGCAGTGCTTTTCGAGG
GGCC-R ACCCTTGTTGGCCACCTCCC
GGNCC-L GGTGACAACTACTATCTGGT
GGNCC-R CTCACACCCTGCTCCGTGTA

GGNNCC-L GGGTGACAACTACTATCTGG
GGNNCC-R CTCACACCCTGCTCCGTGTA
GGNNNCC-L  CGAGAACGCAGTGCTTTTCG
GGNNNCC-R  ACCCTTGTTGGCCACCTCCC

PPP1R3C (PTG) (mouse) GGCC-L ATGAGCCAAGCAAATCCTCA
GGCC-R TTCCGTCATGCCCGTGGACA
GGNCC-L CTTCGTTGAAAACCATTGTA
GGNCC-R CCACCTCTGAAGAGTTTCCT

GGNNCC-L CTTCGTTGAAAACCATTGTA
GGNNCC-R ACCACCTCTGAAGAGTTTCC
GGNNNCC-L  CTTCCACTCACTCTGCGATT
GGNNNCC-R  ACCATGTCTCAGTGTCAAGC
PCSK9 (mouse) GGCC-L GGCGGCAACAGCGGCAACAG
GGCC-R ACTGCTCTGCGTGGCTGCGG
GGNNCC-L CCGCAGCCACGCAGAGCAGT
GGNNCC-R GCACCTCTCCTCGCCCCGAT

[0451] Alternative strategies for improving stability of guide RNA and increasing specificity

1. Nucleotides in the 5' of the guide RNA may be linked via thiolester linkages rather than phosphoester linkage like
in natural RNA. Thiolester linkage may preventthe guide RNA from being digested by endogenous RNA degradation
machinery.

2. Nucleotides in the guide sequence (5’ 20bp) of the guide RNA can use bridged nucleic acids (BNA) as the bases
to improve the binding specificity.

Example 25: CRISPR-Cas for rapid, multiplex genome editing

[0452] Aspects ofthe invention relate to protocols and methods by which efficiency and specificity of gene modification
may be tested within 3-4 days after target design, and modified clonal cell lines may be derived within 2-3 weeks.
[0453] Programmable nucleases are powerful technologies for mediating genome alteration with high precision. The
RNA-guided Cas9 nuclease from the microbial CRISPR adaptive immune system can be used to facilitate efficient
genome editing in eukaryotic cells by simply specifying a 20-nt targeting sequence in its guide RNA. Applicants describe
a set of protocols for applying Cas9 to facilitate efficient genome editing in mammalian cells and generate cell lines for
downstream functional studies. Beginning with target design, efficient and specific gene modification can be achieved
within 3-4 days, and modified clonal cell lines can be derived within 2-3 weeks.

[0454] The ability to engineer biological systems and organisms holds enormous potential for applications across
basic science, medicine, and biotechnology. Programmable sequence-specific endonucleases that facilitate precise
editing of endogenous genomic loci are now enabling systematic interrogation of genetic elements and causal genetic
variations in a broad range of species, including those that have not been genetically tractable previously. A number of
genome editing technologies have emerged in recent years, including zinc finger nucleases (ZFNs), transcription acti-
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vator-like effector nucleases (TALENS), and the RNA-guided CRISPR-Cas nuclease system. The first two technologies
use a common strategy of tethering endonuclease catalytic domains to modular DNA-binding proteins for inducing
targeted DNA double stranded breaks (DSB) at specific genomic loci. By contrast, Cas9 is a nuclease guided by small
RNAs through Watson-Crick base-pairing with target DNA, presenting a system that is easy to design, efficient, and
well-suited for high-throughput and multiplexed gene editing for a variety of cell types and organisms. Here Applicants
describe a set of protocols for applying the recently developed Cas9 nuclease to facilitate efficient genome editing in
mammalian cells and generate cell lines for downstream functional studies.

[0455] Like ZFNs and TALENSs, Cas9 promotes genome editing by stimulating DSB at the target genomic loci. Upon
cleavage by Cas9, the target locus undergoes one of two major pathways for DNA damage repair, the error-prone non-
homologous end joining (NHEJ) or the high-fidelity homology directed repair (HDR) pathway. Both pathways may be
utilized to achieve the desired editing outcome.

[0456] NHEJ: In the absence of a repair template, the NHEJ process re-ligates DSBs, which may leave a scar in the
form of indel mutations. This process can be harnessed to achieve gene knockouts, as indels occurring within a coding
exon may lead to frameshift mutations and a premature stop codon. Multiple DSBs may also be exploited to mediate
larger deletions in the genome.

[0457] HDR: Homology directed repair is an alternate major DNA repair pathway to NHEJ. Although HDR typically
occurs at lower frequencies than NHEJ, it may be harnessed to generate precise, defined modifications at a target locus
in the presence of an exogenously introduced repair template. The repair template may be either in the form of double
stranded DNA, designed similarly to conventional DNA targeting constructs with homology arms flanking the insertion
sequence, or single-stranded DNA oligonucleotides (ssODNs). The latter provides an effective and simple method for
making small edits in the genome, such as the introduction of single nucleotide mutations for probing causal genetic
variations. Unlike NHEJ, HDR is generally active only in dividing cells and its efficiency varies depending on the cell
type and state.

[0458] Overview of CRISPR: The CRISPR-Cas system, by contrast, is at minimum a two-component system consisting
of the Cas9 nuclease and a short guide RNA. Re-targeting of Cas9 to different loci or simultaneous editing of multiple
genes simply requires cloning a different 20-bp oligonucleotide. Although specificity of the Cas9 nuclease has yet to be
thoroughly elucidated, the simple Watson-Crick base-pairing of the CRISPR-Cas system is likely more predictable than
that of ZFN or TALEN domains.

[0459] The type Il CRISPR-Cas (clustered regularly interspaced short palindromic repeats) is a bacterial adaptive
immune system that uses Cas9, to cleave foreign genetic elements. Cas9 is guided by a pair of non-coding RNAs, a
variable crRNA and a required auxiliary tracrRNA. The crRNA contains a 20-nt guide sequence determines specificity
by locating the target DNA via Watson-Crick base-pairing. In the native bacterial system, multiple crRNAs are co-
transcribed to direct Cas9 against various targets. In the CRISPR-Cas system derived from Streptococcus pyogenes,
the target DNA must immediately precede a 5'-NGG/NRG protospacer adjacent motif (PAM), which can vary for other
CRISPR systems.

[0460] CRISPR-Cas is reconstituted in mammalian cells through the heterologous expression of human codon-opti-
mized Cas9 and the requisite RNA components. Furthermore, the crRNA and tracrRNA can be fused to create a chimeric,
synthetic guide RNA (sgRNA). Cas9 can thus be re-directed toward any target of interest by altering the 20-nt guide
sequence within the sgRNA.

[0461] Given its ease of implementation and multiplex capability, Cas9 has been used to generate engineered eu-
karyotic cells carrying specific mutations via both NHEJ and HDR. In addition, direct injection of sgRNA and mRNA
encoding Cas® into embryos has enabled the rapid generation of transgenic mice with multiple modified alleles; these
results hold promise for editing organisms that are otherwise genetically intractable.

[0462] A mutant Cas9 carrying a disruption in one of its catalytic domains has been engineered to nick rather than
cleave DNA, allowing for single-stranded breaks and preferential repairthrough HDR, potentially ameliorating unwanted
indel mutations from off-target DSBs. Additionally, a Cas9 mutant with both DNA-cleaving catalytic residues mutated
has been adapted to enable transcriptional regulation in E. coli, demonstrating the potential of functionalizing Cas9 for
diverse applications. Certain aspects of the invention relate to the construction and application of Cas9 for multiplexed
editing of human cells.

[0463] Applicants have provided a human codon-optimized, nuclear localization sequence-flanked Cas9 to facilitate
eukaryotic gene editing. Applicants describe considerations for designing the 20-nt guide sequence, protocols for rapid
construction and functional validation of sgRNAs, and finally use of the Cas9 nuclease to mediate both NHEJ- and HDR-
based genome modifications in human embryonickidney (HEK-293FT) and human stem cell (HUES9) lines. This protocol
can likewise be applied to other cell types and organisms.

[0464] Target selection for sgRNA: There are two main considerations in the selection of the 20-nt guide sequence
forgenetargeting: 1) the target sequence should precede the 5-NGG PAMfor S. pyogenes Cas9, and 2) guide sequences
should be chosen to minimize off-target activity. Applicants provided an online Cas9 targeting design tool that takes an
input sequence of interest and identifies suitable target sites. To experimentally assess off-target modifications for each
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sgRNA, Applicants also provide computationally predicted off-target sites for each intended target, ranked according to
Applicants’ quantitative specificity analysis on the effects of base-pairing mismatch identity, position, and distribution.
[0465] The detailed information on computationally predicted off-target sites is as follows:

[0466] Considerations for Off-target Cleavage Activities: Similar to other nucleases, Cas9 can cleave off-target DNA
targets in the genome at reduced frequencies. The extent to which a given guide sequence exhibit off-target activity
depends on a combination of factors including enzyme concentration, thermodynamics of the specific guide sequence
employed, and the abundance of similar sequences in the target genome. For routine application of Cas9, it is important
to consider ways to minimize the degree of off-target cleavage and also to be able to detect the presence of off-target
cleavage.

[0467] Minimizing off-target activity: For application in cell lines, Applicants recommend following two steps to reduce
the degree of off-target genome modification. First, using our online CRISPR target selection tool, it is possible to
computationally assess the likelihood of a given guide sequence to have off-target sites. These analyses are performed
through an exhaustive search in the genome for off-target sequences that are similar sequences as the guide sequence.
Comprehensive experimental investigation of the effect of mismatching bases between the sgRNA and its target DNA
revealed that mismatch tolerance is 1) position dependent - the 8-14 bp on the 3’ end of the guide sequence are less
tolerant of mismatches than the 5' bases, 2) quantity dependent - in general more than 3 mismatches are not tolerated,
3) guide sequence dependent - some guide sequences are less tolerant of mismatches than others, and 4) concentration
dependent - off-target cleavage is highly sensitive to the amount of transfected DNA. The Applicants’ target site analysis
web tool (available at the website genome-engineering.org/tools) integrates these criteria to provide predictions for likely
off-target sites in the target genome. Second, Applicants recommend titrating the amount of Cas9 and sgRNA expression
plasmid to minimize off-target activity.

[0468] Detection of off-target activities: Using Applicants’ CRISPR targeting web tool, it is possible to generate a list
of most likely off-target sites as well as primers performing SURVEYOR or sequencing analysis of those sites. For
isogenic clones generated using Cas9, Applicants strongly recommend sequencing these candidate off-target sites to
check for any undesired mutations. It is worth noting that there may be off target modifications in sites that are not
included in the predicted candidate list and full genome sequence should be performed to completely verify the absence
of off-target sites. Furthermore, in multiplex assays where several DSBs are induced within the same genome, there
may be low rates of translocation events and can be evaluated using a variety of techniques such as deep sequencing.
[0469] The online tool provides the sequences for all oligos and primers necessary for 1) preparing the sgRNA con-
structs, 2) assaying target modification efficiency, and 3) assessing cleavage at potential off-target sites. It is worth noting
that because the U6 RNA polymerase Il promoter used to express the sgRNA prefers a guanine (G) nucleotide as the
first base of its transcript, an extra G is appended at the 5’ of the sgRNA where the 20-nt guide sequence does not begin
with G.

[0470] Approaches for sgRNA construction and delivery: Depending on the desired application, sgRNAs may be
delivered as either 1) PCR amplicons containing an expression cassette or 2) sgRNA-expressing plasmids. PCR-based
sgRNA delivery appends the custom sgRNA sequence onto the reverse PCR primer used to amplify a U6 promoter
template. The resulting amplicon may be co-transfected with a plasmid containing Cas9 (PX165). This method is optimal
for rapid screening of multiple candidate sgRNAs, as cell transfections for functional testing can be performed mere
hours after obtaining the sgRNA-encoding primers. Because this simple method obviates the need for plasmid-based
cloning and sequence verification, it is well suited for testing or co-transfecting a large number of sgRNAs for generating
large knockout libraries or other scale-sensitive applications. Note that the sgRNA-encoding primers are over 100-bp,
compared to the ~20-bp oligos required for plasmid-based sgRNA delivery.

[0471] Construction of an expression plasmid for sgRNA is also simple and rapid, involving a single cloning step with
a pair of partially complementary oligonucleotides. After annealing the oligo pairs, the resulting guide sequences may
be inserted into a plasmid bearing both Cas9 and an invariant scaffold bearing the remainder of the sgRNA sequence
(PX330). The transfection plasmids may also be modified to enable virus production for in vivo delivery.

[0472] In addition to PCR and plasmid-based delivery methods, both Cas®@ and sgRNA can be introduced into cells
as RNA.

[0473] Design of repairtemplate: Traditionally, targeted DNA modifications have required use of plasmid-based donor
repair templates that contain homology arms flanking the site of alteration. The homology arms on each side can vary
in length, but are typically longer than 500 bp. This method can be used to generate large modifications, including
insertion of reporter genes such as fluorescent proteins or antibiotic resistance markers. The design and construction
of targeting plasmids has been described elsewhere.

[0474] More recently, single-stranded DNA oligonucleotides (ssODNs) have been used in place of targeting plasmids
for short modifications within a defined locus without cloning. To achieve high HDR efficiencies, ssODNs contain flanking
sequences of at least 40 bp on each side that are homologous to the target region, and can be oriented in either the
sense or antisense direction relative to the target locus.
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Functional testing

[0475] SURVEYOR nuclease assay: Applicants detected indel mutations either by the SURVEYOR nuclease assay
(or PCR amplicon sequencing. Applicants online CRISPR target design tool provides recommended primers for both
approaches. However, SURVEYOR or sequencing primers may also be designed manually to amplify the region of
interest from genomic DNA and to avoid non-specific amplicons using NCBI Primer-BLAST. SURVEYOR primers should
be designed to amplify 300-400 bp (for a 600-800 bp total amplicon) on either side of the Cas9 target for allowing clear
visualization of cleavage bands by gel electrophoresis. To prevent excessive primer dimer formation, SURVEYOR
primers should be designed to be typically under 25-nt long with melting temperatures of ~60°C. Applicants recommend
testing each pair of candidate primers for specific PCR amplicons as well as for the absence of non-specific cleavage
during the SURVEYOR nuclease digestion process.

[0476] Plasmid-orssODN-mediated HDR: HDR can be detected via PCR-amplification and sequencing ofthe modified
region. PCR primers for this purpose should anneal outside the region spanned by the homology arms to avoid false
detection of residual repair template (HDR Fwd and Rev, Figure 12). For ssODN-mediated HDR, SURVEYOR PCR
primers can be used.

[0477] Detectionofindels orHDR by sequencing: Applicants detected targeted genome modifications by either Sanger
or next-generation deep sequencing (NGS). For the former, genomic DNA from modified region can be amplified using
either SURVEYOR or HDR primers. Amplicons should be subcloned into a plasmid such as pUC19 for transformation;
individual colonies can be sequenced to reveal clonal genotype.

[0478] Applicants designed next-generation sequencing (NGS) primers for shorter amplicons, typically in the 100-200
bp size range. For detecting NHEJ mutations, it is important to design primers with at least 10-20 bp between the priming
regions and the Cas9 target site to allow detection of longer indels. Applicants provide guidelines for a two-step PCR
method to attach barcoded adapters for multiplex deep sequencing. Applicants recommend the lllumina platform, due
to its generally low levels of false positive indels. Off-target analysis (described previously) can then be performed through
read alignment programs such as ClustalW, Geneious, or simple sequence analysis scripts.

Materials and Reagents
sgRNA preparation:

[0479] UltraPure DNaseRNase-free distilled water (Life Technologies, cat. no. 10977-023)

[0480] Herculase Il fusion polymerase (Agilent Technologies, cat. no. 600679)

[0481] CRITICAL. Standard Taq polymerase, which lacks 3'-5' exonuclease proofreading activity, has lower fidelity
and can lead to amplification errors. Herculase Il is a high-fidelity polymerase (equivalent fidelity to Pfu) that produces
high yields of PCR product with minimal optimization. Other high-fidelity polymerases may be substituted.

Herculase |l reaction buffer (5x; Agilent Technologies, included with polymerase)

dNTP solution mix (25 mM each; Enzymatics, cat. no. N205L)

MgCl2 (25mM; ThermoScientific, cat. no. R0971)

QlAquick gel extraction kit (Qiagen, cat. no. 28704)

QlAprep spin miniprep kit (Qiagen, cat. no. 27106)

UltraPure TBE buffer (10X, Life Technologies, cat. no. 15581-028)

SeaKem LE agarose (Lonza, cat. no. 50004)

SYBR Safe DNA stain (10,000x; Life Technologies, cat. no. S33102)

1-kb Plus DNA ladder (Life Technologies, cat. no. 10787-018)

Tracklt CyanOrange loading buffer (Life Technologies, cat. no. 10482-028)

FastDigest Bbsl (Bpil) (Fermentas/ThermoScientific, cat. no. FD1014)

Fermentas Tango Buffer (Fermentas/ThermoScientific, cat. no. BY5)

DL-dithiothreitol (DTT; Fermentas/ThermoScientific, cat. no. R0862)

T7 DNA ligase (Enzymatics, cat. no. L602L)

Critical:Do not substitute the more commonly used T4 ligase. T7 ligase has 1,000-fold higher activity on the sticky
ends than on the blunt ends and higher overall activity than commercially available concentrated T4 ligases.
T7 2X Rapid Ligation Buffer (included with T7 DNA ligase, Enzymatics, cat. no. L602L)

T4 Polynucleotide Kinase (New England Biolabs, cat. no M0201S)

T4 DNA Ligase Reaction Buffer (10X; New England Biolabs, cat. no B0202S)

Adenosine 5'-triphosphate (10 mM; New England Biolabs, cat. no. P0756S)

PlasmidSafe ATP-dependent DNase (Epicentre, cat. no. E3101K)

One Shot Stbl3 chemically competent Escherichia coli (E. coli) (Life Technologies, cat. no. C7373-03)
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SOC medium (New England Biolabs, cat. no. B9020S)

LB medium (Sigma, cat. no. L3022)

LB agar medium (Sigma, cat. no. L2897)

Ampicillin, sterile filtered (100 mg ml-1; Sigma, cat. no. A5354)

5
Mammalian cell culture:
[0482]
10 HEK293FT cells (Life Technologies, cat. no. R700-07)
Dulbecco’s minimum Eagle’s medium (DMEM, X, high glucose; Life Technologies, cat. no. 10313-039)
Dulbecco’s minimum Eagle’'s medium (DMEM, X, high glucose, no phenol red; Life Technologies, cat. no.
31053-028)
Dulbecco’s phosphate-buffered saline (DPBS, 1X; Life Technologies, cat. no. 14190-250)
15 Fetal bovine serum, qualified and heat inactivated (Life Technologies, cat. no. 10438-034)

Opti-MEM | reduced-serum medium (FBS; Life Technologies, cat. no. 11058-021)
Penicillin-streptomycin (100x; Life Technologies, cat. no. 15140-163)
TrypLE™ Express (1X, no Phenol Red; Life Technologies, cat. no. 12604-013)
Lipofectamine 2000 transfection reagent (Life Technologies, cat. no. 11668027)

20 Amaxa SF Cell Line 4D-Nucleofector® X Kit S (32 RCT; Lonza, cat. no V4XC-2032)
HUES 9@ cell line (HARVARD STEM CELL SCIENCE)
Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Life Technologies, cat. no. A1413201)
mTeSRI medium (Stemcell Technologies, cat. no. 05850)
Accutase cell detachment solution (Stemcell Technologies, cat. no. 07920)

25 ROCK Inhibitor (Y-27632; Millipore, cat. no. SCM075)
Amaxa P3 Primary Cell 4D-Nucleofector® X Kit S (32 RCT; Lonza cat. no. V4XP-3032)

Genotyping analysis:
30 [0483]

QuickExtract DNA extraction solution (Epicentre, cat. no. QE09050)
PCR primers for SURVEYOR, RFLP analysis, or sequencing (see Primer table)
Herculase |l fusion polymerase (Agilent Technologies, cat. no. 600679)
35 CRITICAL. As Surveyor assay is sensitive to single-base mismatches, it is particularly important to use a high-fidelity
polymerase. Other high-fidelity polymerases may be substituted.
Herculase |l reaction buffer (5x; Agilent Technologies, included with polymerase)
dNTP solution mix (25 mM each; Enzymatics, cat. no. N205L)
QlAquick gel extraction kit (Qiagen, cat. no. 28704)
40 Taq Buffer (10x; Genscript, cat. no. BO005)
SURVEYOR mutation detection kit for standard gel electrophoresis (Transgenomic, cat. no. 706025)
UltraPure TBE buffer (10x; Life Technologies, cat. no. 15581-028)
SeaKem LE agarose (Lonza, cat. no. 50004)
4-20% TBE Gels 1.0 mm, 15 Well (Life Technologies, cat. no. EC62255B0OX)
45 Novex® Hi-Density TBE Sample Buffer (5X; Life Technologies, cat. no. LC6678)
SYBR Gold Nucleic Acid Gel Stain (10,000X; Life Technologies, cat. no. S-11494)
1-kb Plus DNA ladder (Life Technologies, cat. no. 10787-018)
Tracklt CyanOrange loading buffer (Life Technologies, cat. no. 10482-028)
FastDigest Hindlll (Fermentas/ThermoScientific, cat. no. FD0504)

50
Equipment
[0484]
55 Filtered sterile pipette tips (Corning)

Standard 1.5ml microcentrifuge tubes (Eppendorf, cat. no. 0030 125.150)
Axygen 96-well PCR plates (VWR, cat. no. PCR-96M2-HSC)
Axygen 8-Strip PCR tubes (Fischer Scientific, cat. no. 14-222-250)
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Falcon tubes, polypropylene, 15 ml (BD Falcon, cat. no. 352097)

Falcon tubes, polypropylene, 50 ml (BD Falcon, cat. no. 352070)

Round-bottom Tube with cell strainer cap, 5ml (BD Falcon, cat. no. 352235)

Petri dishes (60 mm X 15 mm; BD Biosciences, cat. no. 351007)

Tissue culture plate (24 well; BD Falcon, cat. no. 353047)

Tissue culture plate (96 well, flat bottom; BD Falcon, cat. no. 353075)

Tissue culture dish (100 mm; BD Falcon, 353003)

96-well thermocycler with programmable temperature stepping functionality (Applied Biosystems Veriti, cat. no.
4375786).

Desktop microcentrifuges 5424, 5804 (Eppendorf)

Gel electrophoresis system (PowerPac basic power supply, Bio-Rad, cat. no. 164-5050, and Sub-Cell GT System
gel tray, Bio-Rad, cat. no. 170-4401)

Novex XCell SureLock Mini-Cell (Life Technologies, cat. no. EI0001)

Digital gelimaging system (GelDocEZ, Bio-Rad, cat. no. 170-8270, and blue sample tray, Bio-Rad, cat. no. 170-8273)
Blue light transilluminator and orange filter goggles (Safelmager 2.0; Invitrogen, cat. no. G6600)

Gel quantification software (Bio-Rad, ImagelLab, included with GelDoc EZ,or open-source Imaged from the National
Institutes of Health, available at the website rsbweb.nih.gov/ij/) UV spectrophotometer (NanoDrop 2000c¢, Thermo
Scientific)

Reagent Setup

[0485] Tris-borate EDTA (TBE) electrophoresis solution Dilute TBE buffer in distilled water to 1X working solution for
casting agarose gels and for use as a buffer for gel electrophoresis. Buffer may be stored at room temperature (18 - 22
°C) for at least 1 year.

+ ATP, 10 mM Divide 10 mM ATP into 50-p.l aliquots and store at - 20 °C for up to 1 year; avoid repeated freeze-thaw
cycles.

« DTT, 10 mM Prepare 10 mM DTT solution in distilled water and store in 20-pl aliquots at - 70 °C for up to 2 years;
for each reaction, use a new aliquot, as DTT is easily oxidized.

* D10 culture medium For culture of HEK293FT cells, prepare D10 culture medium by supplementing DMEM with 1X
GlutaMAX and 10% (vol/vol) fetal bovine serum. As indicated in the protocol, this medium can also be supplemented
with 1X penicillin-streptomycin . D10 medium can be made in advance and stored at 4 °C for up to 1 month.

*  mTeSR1 culture medium For culture of human embryonic stem cells, prepare mTeSRI medium by supplementing
the 5X supplement (included with mTeSRI basal medium), and 100 ug/ml Normocin.

Procedure

[0486] Design of targeting components and use of the online tool « Timing 1 d
1| Input target genomic DNA sequence. Applicants provide an online Cas9 targeting design tool that takes an input
sequence of interest, identifies and ranks suitable target sites, and computationally predicts off-target sites for each
intended target. Alternatively, one can manually select guide sequence by identifying the 20-bp sequence directly

upstream of any 5-NGG.

2| Order necessary oligos and primers as specified by the online tool. If the site is chosen manually, the oligos and
primers should be designed.

Preparation of sgRNA expression construct

[0487] 3| To generate the sgRNA expression construct, either the PCR- or plasmid-based protocol can be used.

(A) via PCR amplification « Timing 2 h

[0488]

(i) Applicants prepare diluted U6 PCR template. Applicants recommend using PX330 as a PCR template, but any U6-
containing plasmid may likewise be used as the PCR template. Applicants diluted template with ddH,O to a concentration

of 10 ng/ul. Note that if a plasmid or cassette already containing an U8-driven sgRNA is used as a template, a gel
extraction needs to be performed to ensure that the product contains only the intended sgRNA and no trace sgRNA
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carryover from template.

(iiy Applicants prepared diluted PCR oligos. U6-Fwd and U6-sgRNA-Rev primers are diluted to a final concentration of
10 uM in ddH,O (add 10 ul of 100 uM primer to 90 ul ddH,O).

(iiiy UB-sgRNA PCR reaction. Applicants set up the following reaction for each U6-sgRNA-Rev primer and mastermix
as needed:

Component: Amount (ul)  Final concentration
Herculase Il PCR buffer, 5X 10 1X

dNTP, 100mM (25mM each) 0.5 1 mM

U6 template (PX330) 1 0.2 ng/ul

U6-Fwd primer 1 0.2 uM
U6-sgRNA-Rev primer (variable) 1 0.2 uM

Herculase Il Fusion polymerase 0.5

Distilled water 36

Total 50

(iv) Applicants performed PCR reaction on the reactions from step (iii) using the following cycling conditions:

Cycle number  Denature  Anneal Extend

1 95°C,2m

2-31 95°C,20s 60°C,20s 72°C,20s
32 72°C,3m

(v) After the reaction is completed, Applicants ran the product on a gel to verify successful, single-band amplification.
Cast a 2% (wt/vol) agarose gel in 1X TBE buffer with 1X SYBR Safe dye. Run 5 ul of the PCR product in the gel at 15
V cm-1 for 20-30 min. Successful amplicons should yield one single 370-bp product and the template should be invisible.
It should not be necessary to gel extract the PCR amplicon.

(vi) Applicants purified the PCR product using the QlAquick PCR purification kit according to the manufacturer's directions.
Elute the DNA in 35 ul of Buffer EB or water. Purified PCR products may be stored at 4°C or-20°C.

(B) Cloning sgRNA into Cas9-containing bicistronic expression vector * Timing 3 d
[0489]

() Prepare the sgRNA oligo inserts. Applicants resuspended the top and bottom strands of oligos for each sgRNA design
to a final concentration of 100 uM. Phosphorylate and anneal the oligo as follows:

Oligo 1 (100 uM) 1ul
Oligo 2 (100 uM) 1ul
T4 Ligation Buffer, 10X 1 ul
T4 PNK 1ul
ddH,O 6 ul
Total 10 ul

(iiy Anneal in a thermocycler using the following parameters:

37°Cfor30m
95°Cfor5m
Ramp down to 25°C at 5°C perm

(ii) Applicants diluted phosphorylated and annealed oligos 1:200 by add lul of oligo to 199 ul room temperature ddH,O.
(iv) Clone sgRNA oligo into PX330. Applicants set up Golden Gate reaction for each sgRNA. Applicants recommend
also setting up a no-insert, PX330 only negative control.
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PX330 (100 ng) x ul
Diluted oligo duplex from step (iii) 2 ul
Tango Buffer, 10X 2 ul
DTT, 10mM 1 ul
ATP, 10mM 1 ul
FastDigest Bbsl 1 ul
T7 Ligase 0.5 ul
ddH,0 x ul
Total 20 ul

(v) Incubate the Golden Gate reaction for a total of 1 h:

Cycle number Condition

1-6 37°C for5m, 21°C for5m
(viy Applicants treated Golden Gate reaction with PlasmidSafe exonuclease to digest any residual linearized DNA. This
step is optional but highly recommended.

Golden Gate reaction fromstep4 11 ul

10X PlasmidSafe Buffer 1.5 ul

ATP, 10 mM 1.5 ul

PlasmidSafe exonuclease 1 ul
Total 15 ul

(vii) Applicants incubated the PlasmidSafe reaction at 37°C for 30 min, followed by inactivation at 70°C for 30 min. Pause
point: after completion, the reaction may be frozen and continued later. The circular DNA should be stable for at least
1 week.

(viiiy Transformation. Applicants transformed the PlasmidSafe-treated plasmid into a competent E. coli strain, according
to the protocol supplied with the cells. Applicants recommend Stbl3 for quick transformation. Briefly, Applicants added
5ul of the product from step (vii) into 20ul of ice-cold chemically competent Stbl3 cells. This is then incubated on ice for
10 m, heat shocked at 42°C for 30 s, returned immediately to ice for 2 m, 100 ul of SOC medium is added, and this is
plated onto an LB plate containing 100 ug/ml ampicillin with incubation overnight at 37°C.

(ix) Day 2: Applicants inspected plates for colony growth. Typically, there are no colonies on the negative control plates
(ligation of Bbsl-digested PX330 only, no annealed sgRNA oligo), and tens to hundreds of colonies on the PX330-sgRNA
cloning plates.

(x) From each plate, Applicants picked 2-3 colonies to check correct insertion of sgRNA. Applicants used a sterile pipette
tip to inoculate a single colony into a 3 ml culture of LB medium with 100 ug/ml ampicillin. Incubate and shake at 37°C
overnight.

(xi) Day 3: Applicants isolated plasmid DNA from overnight cultures using a QiAprep Spin miniprep kit according to the
manufacturer’s instructions.

(xii) Sequence validate CRISPR plasmid. Applicants verified the sequence of each colony by sequencing from the U6
promoter using the UB-Fwd primer. Optional: sequence the Cas9 gene using primers listed in the following Primer table.
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[0490] Applicants referenced the sequencing results against the PX330 cloning vector sequence to check that the 20
bp guide sequence was inserted between the U6 promoter and the remainder of the sgRNA scaffold. Details and
sequence of the PX330 map in GenBank vector map format (*.gb file) can be found at the website crispr.genome-
engineering.org.

(Optional) Design of ssODN template * Timing 3 d planning ahead
[0491]

3| Design and order ssODN. Eitherthe sense or antisense ssODN can be purchased directly from supplier. Applicants
recommend designing homology arms of at least 40 bp on either side and 90 bp for optimal HDR efficiency. In
Applicants’ experience, antisense oligos have slightly higher modification efficiencies.

4| Applicants resuspended and diluted ssODN ultramers to a final concentration of 10 uM. Do not combine or anneal
the sense and antisense ssODNs. Store at -20°C.

5| Note for HDR applications, Applicants recommend cloning sgRNA into the PX330 plasmid.
Functional validation of sgRNAs: cell culture and transfections * Timing 3-4 d

[0492] The CRISPR-Cas system has been used in a number of mammalian cell lines. Conditions may vary for each
cell line. The protocols below details transfection conditions for HEK239FT cells. Note for ssODN-mediated HDR trans-
fections, the Amaxa SF Cell Line Nucleofector Kit is used for optimal delivery of ssODNSs. This is described in the next
section.

7| HEK293FT maintenance. Cells are maintained according to the manufacturer’'s recommendations. Briefly, Applicants
cultured cells in D10 medium (GlutaMax DMEM supplemented with 10% Fetal Bovine Serum), at 37°C and 5% CO2.
8| To passage, Applicants removed medium and rinsed once by gently adding DPBS to side of vessel, so as not to
dislodge cells. Applicants added 2 ml of TrypLE to a T75 flask and incubated for 5m at 37°C. 10 ml of warm D10 medium
is added to inactivate and transferred to a 50 ml Falcon tube. Applicants dissociated cells by triturating gently, and re-
seeded new flasks as necessary. Applicants typically passage cells every 2-3 d at a split ratio of 1:4 or 1:8, never allowing
cells to reach more than 70% confluency. Cell lines are restarted upon reaching passage number 15.

9| Prepare cells for transfection. Applicants plated well-dissociated cells onto 24-well plates in D10 medium without
antibiotics 16-24 h before transfection at a seeding density of 1.3 x 10° cells per well and a seeding volume of 500 ul.
Scale up or down according to the manufacturer's manual as needed. It is suggested to not plate more cells than
recommended density as doing so may reduce transfection efficiency.

10| On the day of transfection, cells are optimal at 70-90% confluency. Cells may be transfected with Lipofectamine
2000 or Amaxa SF Cell Line Nucleofector Kit according to the manufacturers’ protocols.

(A) For sgRNAs cloned into PX330, Applicants transfected 500 ng of sequence-verified CRISPR plasmid; if transfecting
more than one plasmid, mix at equimolar ratio and no more than 500 ng total.

(B) For sgRNA amplified by PCR, Applicants mixed the following:

PX165 (Cas9 only) 200 ng
sgRNA amplicon (each) 40 ng
pUC19 fillup total DNAto 500 ng

Applicants recommend transfecting in technical triplicates for reliable quantification and including transfection controls
(e.g. GFP plasmid) to monitor transfection efficiency. In addition, PX330 cloning plasmid and/or sgRNA amplicon may
be transfected alone as a negative control for downstream functional assays.

11| Applicants added Lipofectamine complex to cells gently as HEK293FT cells may detach easily from plate easily and
result in lower transfection efficiency.

12| Applicants checked cells 24 h after transfection for efficiency by estimating the fraction of fluorescent cells in the
control (e.g., GFP) transfection using a fluorescence microscope. Typically cells are more than 70% transfected.

13| Applicants supplemented the culture medium with an additional 500 ul of warm D10 medium. Add D10 very slowly
to the side of the well and do not use cold medium, as cells can detach easily.

14| Cells are incubated for a total of 48-72 h post-transfection before harvested for indel analysis. Indel efficiency does
not increase noticeably after 48 h.
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(Optional) Co-transfection of CRISPR plasmids and ssODNs or targeting plasmids for HR * Timing 3-4 d

[0493]

15| Linearize targeting plasmid. Targeting vector is linearized if possible by cutting once at a restriction site in the vector
backbone near one of the homology arms or at the distal end of either homology arm.

16| Applicants ran a small amount of the linearized plasmid alongside uncut plasmid on a 0.8-1% agarose gel to check
successful linearization. Linearized plasmid should run above the supercoiled plasmid.

17| Applicants purified linearized plasmid with the QIAQuick PCR Purification kit.

18| Prepare cells for transfection. Applicants cultured HEK293FT in T75 or T225 flasks. Sufficient cell count before day
of transfection is planned for. For the Amaxa strip-cuvette format, 2 x 108 cells are used per transfection.

19| Prepare plates for transfection. Applicants added 1 ml of warm D10 medium into each well of a 12 well plate. Plates
are placed into the incubator to keep medium warm.

20| Nucleofection. Applicants transfected HEK293FT cells according to the Amaxa SF Cell Line Nucleofector 4D Kit
manufacturer’s instructions, adapted in the steps below.

a. For ssODN and CRISPR cotransfection, pre-mix the following DNA in PCR tubes:

pPCRISPR plasmid (Cas2+sgRNA) 500 ng
ssODN template (10uM) 1ul

b. For HDR targeting plasmid and CRISPR cotransfection, pre-mix the following DNA in PCR tubes:

CRISPR plasmid (Cas9 + sgRNA) 500ng
Linearized targeting plasmid 500ng

[0494] For transfection controls, see previous section. In addition, Applicants recommend transfecting ssODN or
targeting plasmid alone as a negative control.

21| Dissociate to single cells. Applicants removed medium and rinsed once gently with DPBS, taking care not to
dislodge cells. 2 ml of TrypLE is added to a T75 flask and incubated for 5 m at 37°C. 10 ml of warm D10 medium
is added to inactivate and triturated gently in a 50 ml Falcon tube. It is recommended that cells are triturated gently
and dissociated to single cells. Large clumps will reduce transfection efficiency. Applicants took a 10 ul aliquot from
the suspension and diluted into 90 ul of D10 medium for counting. Applicants counted cells and calculated the
number of cells and volume of suspension needed for transfection. Applicants typically transfected 2 x 10> cells per
condition using the Amaxa Nucleocuvette strips, and recommend calculating for 20% more cells than required to
adjust for volume loss in subsequent pipetting steps. The volume needed is transferred into a new Falcon tube.
23| Applicants spun down the new tube at 200 x g for 5 m.

Applicants prepared the transfection solution by mixing the SF solution and S1 supplement as recommended by
Amaxa. For Amaxa strip-cuvettes, a total of 20 ul of supplemented SF solution is needed pertransfection. Likewise,
Applicants recommend calculating for 20% more volume than required.

25| Applicants removed medium completely from pelleted cells from step 23 and gently resuspended in appropriate
volume (20 ul per 2 x 105 cells) of S1-supplemented SF solution. Do not leave cells in SF solution for extended
period of time.

26| 20 ul of resuspended cells is pipetted into each DNA pre-mix from step 20. Pipette gently to mix and transfer to
Nucleocuvette strip chamber. This is repeated for each transfection condition.

[0495] Electroporate cells using the Nucleofector 4D program recommended by Amaxa, CM-130.

[0496] 28| Applicants gently and slowly pipetted 100 ul of warm D10 medium into each Nucleocuvette strip chamber,
and transferred all volume into the pre-warmed plate from step 19. CRITICAL. Cells are very fragile at this stage and
harsh pipetting can cause cell death. Incubate for 24 h. Atthis point, transfection efficiency can be estimated from fraction
of fluorescent cells in positive transfection control. Nucleofection typically results in greater than 70-80% transfection
efficiency. Applicants slowly added 1 ml warm D10 medium to each well without dislodging the cells. Incubate cells for
atotal of 72 h.

Human embryonic stem cell (HUES 9) culture and transfection « Timing 3-4 d

[0497] Maintaining hESC (HUESY9) line. Applicants routinely maintain HUES9 cell line in feeder-free conditions with
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mTesRI medium. Applicants prepared mTeSRI medium by adding the 5X supplement included with basal medium and
100 ug/ml Normocin. Applicants prepared a 10 ml aliquot of mTeSR1 medium supplemented further with 10 uM Rock
Inhibitor. Coat tissue culture plate. Dilute cold GelTrex 1:100 in cold DMEM and coat the entire surface of a 100 mm
tissue culture plate.

[0498] Place plate in incubator for at least 30 m at 37°C. Thaw out a vial of cells at 37°C in a 15 ml Falcon tube, add
5 ml of mTeSR1 medium, and pellet at 200 x g for 5 m. Aspirate off GelTrex coating and seed ~1 x 106 cells with 10 ml
mTeSRI medium containing Rock Inhibitor. Change to normal mTeSRI medium 24 h after transfection and re-feed daily.
Passaging cells. Re-feed cells with fresh mTeSRI medium daily and passage before reaching 70% confluency. Aspirate
off mMTeSR1 medium and wash cells once with DPBS. Dissociate cells by adding 2 ml Accutase and incubating at 37°C
for 3 - 5 m. Add 10 ml mTeSRI medium to detached cells, transfer to 15 ml Falcon tube and resuspend gently. Re-plate
onto GelTrex-coated plates in mTeSRI medium with 10 uM Rock Inhibitor. Change to normal mTeSRI medium 24 h after
plating.

[0499] Transfection. Applicants recommend culturing cells for at least 1 week post-thaw before transfecting using the
Amaxa P3 Primary Cell 4-D Nucleofector Kit (Lonza). Re-feed log-phase growing cells with fresh medium 2 h before
transfection. Dissociate to single cells or small clusters of no more than 10 cells with accutase and gentle resuspension.
Count the number of cells needed for nucleofection and spin down at 200 x g for 5 m. Remove medium completely and
resuspend in recommended volume of S1-supplemented P3 nucleofection solution. Gently plate electroporated cells
into coated plates in presence of 1X Rock Inhibitor.

[0500] Check transfection success and re-feed daily with regular mTeSRI medium beginning 24 h after nucleofection.
Typically, Applicants observe greater than 70% transfection efficiency with Amaxa Nucleofection. Harvest DNA. 48-72
h post transfection, dissociate cells using accutase and inactivate by adding 5 x volume of mTeSR1. Spin cells down at
200 x g for5 m. Pelleted cells can be directed processed for DNA extraction with QuickExtract solution. Itis recommended
to not mechanically dissociate cells without accutase. It is recommended to not spin cells down without inactivating
accutase or above the recommended speed; doing so may cause cells to lyse.

Isolation of clonal cell lines by FACS. Timing * 2-3 h hands-on; 2-3 weeks expansion
[0501] Clonalisolation may be performed 24 h post-transfection by FACS or by serial dilution.

541 Prepare FACS buffer. Cells that do not need sorting using colored fluorescence may be sorted in regular D10
medium supplemented with 1X penicillin/streptinomycin. If colored fluorescence sorting is also required, a phenol-
free DMEM or DPBS is substituted for normal DMEM. Supplement with 1X penicillin/streptinomycin and filter through
a .22 um Steriflip filter.

55| Prepare 96 well plates. Applicants added 100 ul of D10 media supplemented with 1X penicillin/streptinomycin
per well and prepared the number of plates as needed for the desired number of clones.

56| Prepare cells for FACS. Applicants dissociated cells by aspirating the medium completely and adding 100 ul
TrypLE per well of a 24-well plate. Incubate for 5 m and add 400 ul warm D10 media.

57| Resuspended cells are transferred into a 15 ml Falcon tube and gently triturated 20 times. Recommended to
check under the microscope to ensure dissociation to single cells.

58| Spin down cells at 200 x g for 5 minutes.

59| Applicants aspirated the media, and resuspended the cells in 200 ul of FACS media.

60| Cells are filtered through a 35 um mesh filter into labeled FACS tubes. Applicants recommend using the BD
Falcon 12 x 75 mm Tube with Cell Strainer cap. Place cells on ice until sorting.

61| Applicants sorted single cells into 96-well plates prepared from step 55. Applicants recommend that in one single
designated well on each plate, sort 100 cells as a positive control.

NOTE. The remainder of the cells may be kept and used for genotyping at the population level to gauge overall
modification efficiency.

62| Applicants returned cells into the incubator and allowed them to expand for 2-3 weeks. 100 ul of warm D10
medium is added 5 d post sorting. Change 100 ul of medium every 3-5 d as necessary.

63| Colonies are inspected for "clonal" appearance 1 week post sorting: rounded colonies radiating from a central
point. Mark off wells that are empty or may have been seeded with doublets or multiplets.

64| When cells are more than 60% confluent, Applicants prepared a set of replica plates for passaging. 100 ul of
D10 medium is added to each well in the replica plates. Applicants dissociated cells directly by pipetting up and
down vigorously 20 times. 20% of the resuspended volume was plated into the prepared replica plates to keep the
clonal lines. Change the medium every 2-3 d thereafter and passage accordingly.

65| Use the remainder 80% of cells for DNA isolation and genotyping.
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Optional: Isolation of clonal cell lines by dilution. Timing ¢« 2-3 h hands-on; 2-3 weeks expansion
[0502]

66| Applicants dissociated cells from 24-well plates as described above. Make sure to dissociate to single cells. A
cell strainer can be used to prevent clumping of cells.

67| The number of cells are counted in each condition. Serially dilute each condition in D10 medium to a final
concentration of 0.5 cells per 100 ul. For each 96 well plate, Applicants recommend diluting to a final count of 60
cells in 12 ml of D10. Accurate count of cell number is recommended for appropriate clonal dilution. Cells may be
recounted at an intermediate serial dilution stage to ensure accuracy.

68| Multichannel pipette was used to pipette 100 ul of diluted cells to each well of a 96 well plate.

NOTE. The remainder of the cells may be kept and used for genotyping at the population level to gauge overall
modification efficiency.

69| Applicants inspected colonies for "clonal" appearance ~1 week post plating: rounded colonies radiating from a
central point. Mark off wells that may have seeded with doublets or multiplets.

70| Applicants returned cells to the incubator and allowed them to expand for 2-3 weeks. Re-feed cells as needed
as detailed in previous section.

SURVEYOR assay for CRISPR cleavage efficiency. Timing * 5-6 h

[0503] Before assaying cleavage efficiency of transfected cells, Applicants recommend testing each new SURVEYOR
primeron negative (untransfected) control samples through the step of SURVEYOR nuclease digestion using the protocol
described below. Occasionally, even single-band clean SURVEYOR PCR products can yield non-specific SURVEYOR
nuclease cleavage bands and potentially interfere with accurate indel analysis.

71| Harvest cells for DNA. Dissociate cells and spin down at 200 xg for 5 m. NOTE. Replica plate at this stage as needed
to keep transfected cell lines.

72| Aspirate the supernatant completely.

73| Applicants used QuickExtract DNA extraction solution according to the manufacturer’s instructions. Applicants typ-
ically used 50 ul of the solution for each well of a 24 well plate and 10 ul for a 96 well plate.

74| Applicants normalized extracted DNA to a final concentration of 100-200 ng/ul with ddH,O. Pause point: Extracted
DNA may be stored at -20°C for several months.

75| Set up the SURVEYOR PCR. Master mixthe following using SURVEYOR primers provided by Applicants online/com-
puter algorithm tool:

Component: Amount (ul) Final concentration
Herculase Il PCR buffer, 5X 10 1X

dNTP, 100mM (25mM each) 1 1 mM
SURVEYOR Fwd primer (10uM) 1 0.2 uM
SURVEYOR Rev primer (10uM) 1 0.2 uM

Herculase Il Fusion polymerase 1

MgCl, (25mM) 2 1 mM

Distilled water 33

Total

49 (for each reaction)

76| Applicants added 100-200 ng of normalized genomic DNA template from step 74 for each reaction.
77| PCR reaction was performed using the following cycling conditions, for no more than 30 amplification cycles:

Cycle number  Denature Anneal Extend

1 95°C, 2min

2-31 95°C,20s 60°C,20s 72°C,30s
32 72°C, 3 min

78| Applicants ran 2-5 ul of PCR product on a 1% gel to check for single-band product. Although these PCR conditions
are designed to work with most pairs of SURVEYOR primers, some primers may need additional optimization by adjusting
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the template concentration, MgCl, concentration, and/or the annealing temperature.

79| Applicants purified the PCR reactions using the QIAQuick PCR purification kit and normalized eluant to 20 ng/ul.
Pause point: Purified PCR product may be stored at -20°C.

80| DNA heteroduplex formation. The annealing reaction was set up as follows:

Taq PCR buffer, 10X 2 ul
Normalized DNA (20 ng/ul) 18 ul

Total volume 20 ul

81| Anneal the reaction using the following conditions:

Cycle number  Condition

1 95°C, 10 mn

2 95°C-85°C, -2°C/s
3 85°C, 1 min

4 85°C-75°C, -0.3°C/s
5 75°C, 1 min

6 75°C-65°C, -0.3°C/s
7 65°C, 1 min

8 65°C-55°C, -0.3°C/s
9 55°C, 1 min

10 55°C-45°C, -0.3°C/s
11 45°C, 1 min

12 45°C-35°C, -0.3°C/s
13 35°C, 1 min

14 35°C-25°C, -0.3°C/s
15 25°C, 1 min

82| SURVEYOR nuclease S digestion. Applicants prepared master-mix and added the following components on ice to
annealed heteroduplexes from step 81 for a total final volume of 25 ul:

Component Amount (ul)  Final Concentration
MgCl, solution, 0.15M 2.5 15mM

ddH,0 0.5

SURVEYOR nuclease S 1 1X

SURVEYOR enhancerS 1 1X

Total 5

83| Vortex well and spin down. Incubate the reaction at 42°C for 1 h.

84| Optional: 2 ul of the Stop Solution from the SURVEYOR kit may be added. Pause point. The digested product may
be stored at -20°C for analysis at a later time.

85| Visualize the SURVEYOR reaction. SURVEYOR nuclease digestion products may be visualized on a 2% agarose
gel. For better resolution, products may be run on a 4-20% gradient Polyacrylamide TBE gel. Applicants loaded 10 ul
of product with the recommended loading buffer and ran the gel according to manufacturer's instructions. Typically,
Applicants run until the bromophenol blue dye has migrated to the bottom of the gel. Include DNA ladder and negative
controls on the same gel.

86| Applicants stained the gel with 1X SYBR Gold dye diluted in TBE. The gel was gently rocked for 15 m.

87| Applicants imaged the gel using a quantitative imaging system without overexposing the bands. The negative controls
should have only one band corresponding to the size of the PCR product, but may have occasionally non-specific
cleavage bands of other sizes. These will not interfere with analysis if they are different in size from target cleavage
bands. The sum of target cleavage band sizes, provided by Applicants online/computer algorithm tool, should be equal
to the size of the PCR product.

88| Estimate the cleavage intensity. Applicants quantified the integrated intensity of each band using Imaged or other
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gel quantification software.

89| For each lane, Applicants calculated the fraction of the PCR product cleaved (f,,,) using the following formula: £,
=(b+c)/(a+b+c), where ais the integrated intensity of the undigested PCR product and b and ¢ are the integrated
intensities of each cleavage product. 90| Cleavage efficiency may be estimated using the following formula, based on
the binomial probability distribution of duplex formation:

91| indel (34) = 100 % (1 — /(1 — fiuc))
Sanger sequencing for assessing CRISPR cleavage efficiency. Timing+ 3 d

[0504] Initial steps are identical to Steps 71-79 of the SURVEYOR assay. Note: SURVEYOR primers may be used
for Sanger sequencing if appropriate restriction sites are appended to the Forward and Reverse primers. For cloning
into the recommended pUC19 backbone, EcoRI may be used for the Fwd primer and Hindlll for the Rev primer.

92| Amplicon digestion. Set up the digestion reaction as follows:

Component Amount (ul)
Fast Digest buffer, 10X 3
FastDigest EcoRl 1
FastDigest Hindlll 1
Normalized DNA (20 ng/ul) 10

ddH,0 15

Total volume 30

93| pUC19 backbone digestion. Set up the digestion reaction as follows:

Component Amount (ul)
Fast Digest buffer, 10X 3
FastDigest EcoRl 1
FastDigest Hindlll 1
FastAP Alkaline Phosphatase 1
pUC19 vector (200 ng/ul) 5
ddH,0 20

Total volume 30

94| Applicants purified the digestion reactions using the QlAQuick PCR purification kit. Pause point: Purified PCR
product may be stored at -20°C.
95| Applicants ligated the digested pUC19 backbone and Sanger amplicons at a 1:3 vector:insert ratio as follows:

Component Amount (ul)
Digested pUC19 X (50 ng)
Digested insert X (1:3 vector:insert molar ratio)
T7 ligase 1
2X Rapid Ligation Buffer 10
ddH,O X
Total volume 20

96| Transformation. Applicants transformed the PlasmidSafe-treated plasmid into a competent E. coli strain, according
to the protocol supplied with the cells. Applicants recommend Stbl3 for quick transformation. Briefly, 5ul of the product
from step 95 is added into 20ul of ice-cold chemically competent Stbl3 cells, incubated on ice for 10 m, heat shocked
at 42°C for 30 s, returned immediately to ice for 2 m, 100 ul of SOC medium is added, and plated onto an LB plate
containing 100 ug/ml ampicillin. This is incubated overnight at 37°C.
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97| Day 2: Applicants inspected plates for colony growth. Typically, there are no colonies on the negative control plates
(ligation of EcoRI-Hindlll digested pUC19 only, no Sanger amplicon insert), and tens to hundreds of colonies on the

pUC19-Sanger amplicon cloning plates.

98| Day 3: Applicants isolated plasmid DNA from overnight cultures using a QlAprep Spin miniprep kit according to the

manufacturer’s instructions.

99| Sanger sequencing. Applicants verified the sequence of each colony by sequencing from the pUC19 backbone using
the pUC19-For primer. Applicants referenced the sequencing results against the expected genomic DNA sequence to
check for the presence of Cas9-induced NHEJ mutations. % editing efficiency = # modified clones)/(# total clones). It
is important to pick a reasonable number of clones (>24) to generate accurate modification efficiencies.

Genotyping for microdeletion. Timing ¢ 2-3 d hands on; 2-3 weeks expansion

[0505]

100| Cells were transfected as described above with a pair of sgRNAs targeting the region to be deleted.
101| 24 h post-transfection, clonal lines are isolated by FACS or serial dilution as described above.

102| Cells are expanded for 2-3 weeks.

103| Applicants harvested DNA from clonal lines as described above using 10 ul QuickExtract solution and normalized

genomic DNA with ddH,O to a final concentration of 50-100 ng/ul.

104| PCR Amplify the modified region. The PCR reaction is set up as follows:

Component: Amount (ul)
Herculase || PCR buffer, 5X 10

dNTP, 100mM (25mM each) 1

Out Fwd primer (10uM) 1

Out Rev primer (10uM) 1
Herculase Il Fusion polymerase 1

MgCl2 (25mM) 2

ddH,0 32

Total

Final concentration
1X

1 mM

0.2uM

0.2uM

1 mM

48 (for each reaction)

Note: if deletion size is more than 1 kb, set up a parallel set of PCR reactions with In-Fwd and In-Rev primers to screen

for the presence of the wt allele.
105| To screen for inversions, a PCR reaction is set up as follows:

Final concentration
1X

1 mM

0.2uM

0.2uM

1 mM

Component; Amount (ul)
Herculase || PCR buffer, 5X 10

dNTP, 100mM (25mM each) 1

Out Fwd or Out-Rev primer (10uM) 1

In Fwd or In-Rev primer (10uM) 1
Herculase Il Fusion polymerase 1

MgCl, (25mM) 2

ddH,0 32

Total

48 (for each reaction)

Note: primers are paired either as Out-Fwd + In Fwd, or Out-Rev + In-Rev.
106| Applicants added 100-200 ng of normalized genomic DNA template from step 103 for each reaction.

107| PCR reaction was performed using the following cycling conditions:

Cycle number  Denature Anneal

1 95°C,2min

2-31 95°C,20s 60°C,20s
32

Extend

72°C,30s
72°C,3m

108| Applicants run 2-5 ul of PCR product on a 1-2% gel to check for product. Although these PCR conditions are
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designed to work with most primers, some primers may need additional optimization by adjusting the template concen-
tration, MgCl, concentration, and/or the annealing temperature.

Genotyping for targeted modifications via HDR. Timing ¢ 2-3 d, 2-3 h hands on

[0506]

109| Applicants harvested DNA as described above using QuickExtract solution and normalized genomic DNA with TE
to a final concentration of 100-200 ng/ul.

110| PCR Amplify the modified region. The PCR reaction is set up as follows:

Component: Amount (ul)  Final concentration
Herculase || PCR buffer, 5X 10 1X

dNTP, 100 mM (25 mM each) 1 1 mM

HDR Fwd primer (10 uM) 1 0.2 uM

HDR Rev primer (10 uM) 1 0.2 uM

Herculase Il Fusion polymerase 1

MgCl, (25mM) 2 1 mM

ddH,O 33

Total 49 (for each reaction)

111| Applicants added 100-200 ng of genomic DNA template from step 109 for each reaction and run the following
program.

Cycle number  Denature Anneal Extend

1 95°C,2min

2-31 95°C,20s 60°C,20s 72°C, 30-60 s per kb
32 72°C, 3 min

112| Applicants ran 5 ul of PCR product on a 0.8-1% gel to check for single-band product. Primers may need additional
optimization by adjusting the template concentration, MgClI, concentration, and/or the annealing temperature.

113| Applicants purified the PCR reactions using the QlAQuick PCR purification kit.

114| In the HDR example, a Hindlll restriction site is inserted into the EMX1 gene. These are detected by a restriction
digest of the PCR amplicon:

Component Amount (ul)
Purified PCR amplicon (200-300ng) x

F.D. buffer, Green 1

Hindlll 0.5

ddH,0 X

Total 10

i. The DNA is digested for 10 m at 37°C:

ii. Applicants ran 10 ul of the digested product with loading dye on a 4-20% gradient polyacrylamide TBE gel until
the xylene cyanol band had migrated to the bottom of the gel.

iii. Applicants stained the gel with 1X SYBR Gold dye while rocking for 15 m.

iv. The cleavage products are imaged and quantified as described above in the SURVEYOR assay section. HDR
efficiency is estimated by the formula: (b + ¢)/(a + b + ¢), where a is the integrated intensity for the undigested HDR
PCR product, and b and c¢ are the integrated intensities for the Hindlll-cut fragments.

115]| Alternatively, purified PCR amplicons from step 113 may be cloned and genotyped using Sangersequencing or NGS.
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Deep sequencing and off-target analysis » Timing1-2d

[0507] The online CRISPR target design tool generates candidate genomic off-target sites for each identified target
site. Off-target analysis at these sites can be performed by SURVEYOR nuclease assay, Sanger sequencing, or next-
generation deep sequencing. Given the likelihood of low or undetectable modification rates at many of these sites,
Applicants recommend deep sequencing with the lllumina Miseq platform for high sensitivity and accuracy. Protocols
will vary with sequencing platform; here, Applicants briefly describe a fusion PCR method for attaching sequencing
adapters.

116| Design deep sequencing primers. Next-generation sequencing (NGS) primers are designed for shorter ampli-
cons, typically inthe 100-200 bp size range. Primers may be manually designed using NCBI Primer-Blast orgenerated
with online CRISPR target design tools (website at genome-engineering.org/tools).

117| Harvest genomic DNA from Cas9-targeted cells. Normalize QuickExtract genomic DNA to 100-200 ng/ul with
ddH20.

118| Initial library preparation PCR. Using the NGS primers from step 116, prepare the initial library preparation PCR

Component: Amount (ul)  Final concentration
Herculase || PCR buffer, 5X 10 1X

dNTP, 100mM (25mM each) 1 1 mM

NGS Fwd primer (10uM) 1 0.2 uM

NGS Rev primer (10uM) 1 0.2 uM

Herculase Il Fusion polymerase 1

MgCl2 (25mM) 2 1 mM

ddH,0 33

Total 49 (for each reaction)

119| Add 100-200 ng of normalized genomic DNA template for each reaction.
120| Perform PCR reaction using the following cycling conditions, for no more than 20 amplification cycles:

Cycle number  Denature Anneal Extend

1 95°C, 2min

2-21 95°C,20s 60°C,20s 72°C,15s
22 72°C, 3 min

121| Run 2-5 ul of PCR product on a 1% gel to check for single-band product. As with all genomic DNA PCRs, NGS
primers may require additional optimization by adjusting the template concentration, MgCl, concentration, and/or the
annealing temperature.

122| Purify the PCR reactions using the QIAQuick PCR purification kit and normalize eluant to 20 ng/ul. Pause point:
Purified PCR product may be stored at -20°C.

123| Nextera XT DNA Sample Preparation Kit. Following the manufacturer's protocol, generate Miseq sequencing-ready
libraries with unique barcodes for each sample.

124| Analyze sequencing data. Off-target analysis may be performed through read alignment programs such as ClustalW,
Geneious, or simple sequence analysis scripts.

Timing

[0508]
Steps 1 - 2 Design and synthesis of sgRNA oligos and ssODNSs: 1-5 d, variable depending on supplier
Steps 3 - 5 Construction of CRISPR plasmid or PCR expression cassette: 2hto 3 d

Steps 6 - 53 Transfection into cell lines: 3 d (1 h hands-on time)
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Steps 54 - 70 Optional derivation of clonal lines: 1-3 weeks, variable depending on cell type
Steps 71 - 91 Functional validation of NHEJ via SURVEYOR: 5-6 h

Steps 92 - 124 Genotyping via Sanger or next-gen deep sequencing: 2-3 d (3-4 h hands on time)

Addressing Situations Concerning Herein Examples

Situation Solution

No amplification of sgRNA Titrate U6-template concentration

SURVEYOR or HDR PCR dirty or no Titrate MgCI2; normalize and titrate template concentration; annealing
amplification temp gradient; redesign primers

Unequal amplification of alleles in Setupseparate PCRstodetectwildtype and deletion alleles; Redesign
microdeletion PCRs primers with similar sized amplicons

Increase Bbsl; increase Golden Gate reaction cycle number, cut

Colonies on negative control plate PX330 separately with Antarctic Phosphate treatment

No sgRNA sequences or wrong sequences | Screen additional colonies

Check cell health and density; titrate DNA; add GFP transfection
control

Low lipofectamine transfection efficiency

Low nucleofection transfection efficiency Check cell health and density; titrate DNA ; suspend to single cell

Filter cells before FACS; dissociate to single cells; resuspend in

Clumps or no cells after FACS . .
appropriate density

Recount cells; dissociate to single cells and filter through strainer;

Clumps or no cells in serial dilution . -
P check serial dilution

High SURVEYOR background on negative
sample

Dirty SURVEYOR result on gel Purify PCR product; reduce input DNA; reduce 42°C incubationto 30 m

Redesign primers to prime from different locations

Purify and normalize PCR product; re-anneal with TaqB buffer;

No SURVEYOR cleavage Redesign sgRNAs; sequence verify Cas® on px330 backbone

Supplementwith MgClI2to afinal concentration of 15mM oradd loading

Samples do not sink in TBE acrylamide gel buffer containing glycerol

Discussion

[0509] CRISPR-Cas may be easily multiplexed to facilitate simultaneous modification of several genes and mediate
chromosomal microdeletions at high efficiencies. Applicants used two sgRNAs to demonstrate simultaneous targeting
of the human GRIN2B and DYRK1A loci at efficiencies of up to 68% in HEK293FT cells. Likewise, a pair of sgRNAs
may be used to mediate microdeletions, such as excision of an exon, which can be genotyped by PCR on a clonal level.
Note that the precise location of exon junctions can vary. Applicants also demonstrated the use of ssODNSs and targeting
vector to mediate HDR with both wildtype and nickase mutant of Cas9 in HEK 293FT and HUES9 cells (Figure 12). Note
that Applicants have not been able to detect HDR in HUES9 cells using the Cas9 nickase, which may be due to low
efficiency or a potential difference in repair activities in HUES9 cells. Although these values are typical, there is some
variability in the cleavage efficiency of a given sgRNA, and on rare occasions certain sgRNAs may not work for reasons
yet unknown. Applicants recommend designing two sgRNAs for each locus, and testing their efficiencies in the intended
cell type.

Example 26: NLSs
[0510] Cas9 Transcriptional Modulator: Applicants set out to turn the Cas9/gRNA CRISPR system into a generalized

DNA binding system in which functions beyond DNA cleavage can be executed. For instance, by fusing functional
domain(s) onto a catalytically inactive Cas9 Applicants have imparted novel functions, such as transcriptional activa-
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tion/repression, methylation/demethylation, or chromatin modifications. To accomplish this goal Applicants made a cat-
alytically inactive Cas9 mutant by changing two residues essential for nuclease activity, D10 and H840, to alanine. By
mutating these two residues the nuclease activity of Cas9 is abolished while maintaining the ability to bind target DNA.
The functional domains Applicants decided to focus on to test Applicants’ hypothesis are the transcriptional activator
VP64 and the transcriptional repressors SID and KRAB.

[0511] Cas9Nuclearlocalization: Applicants hypothesized that the most effective Cas9 transcriptional modulatorwould
be strongly localized to the nucleus where it would have its greatest influence on transcription. Moreover, any residual
Cas9 in the cytoplasm could have unwanted effects. Applicants determined that wild-type Cas9 does not localize into
the nucleus without including multiple nuclear localization signals (NLSs) (although a CRISPR system need not have
one or more NLSs but advantageously has at least one or more NLS(s)). Because multiple NLS sequences were required
it was reasoned that it is difficult to get Cas9 into the nucleus and any additional domain that is fused to Cas9 could
disrupt the nuclear localization. Therefore, Applicants made four Cas9-VP64-GFP fusion constructs with different NLS
sequences (pXRPO02- plLenti2-EF1a-NLS-hSpCsn1(10A,840A)-NLS-VP64-EGFP, pXRP04-pLenti2-EF1a-NLS-
hSpCsn1(10A,840A)-NLS-VP64-2A-EGFP-NLS, pXRP086- pLenti2-EFla-NLS-EGFP-VP64-NLS-
hSpCsn1(10A,840A)-NLS, pXRP08- plLenti2-EF1a-NLS-VP64-NLS-hSpCsn1(10A,840A)-NLS-VP64-EGFP-NLS).
These constructs were cloned into a lenti backbone under the expression of the human EF1a promoter. The WPRE
element was also added for more robust protein expression. Each construct was transfected into HEK 293FT cells using
Lipofectame 2000 and imaged 24 hours post-transfection. The best nuclear localization is obtained when the fusion
proteins have NLS sequences on both the N- and C-term of the fusion protein. The highest observed nuclear localization
occurred in the construct with four NLS elements.

[0512] To more robustly understand the influence of NLS elements on Cas9 Applicants made 16 Cas9-GFP fusions
by adding the same alpha importin NLS sequence on either the N- or C-term looking at zero to three tandem repeats.
Each construct was transfected into HEK 293FT cells using Lipofectame 2000 and imaged 24 hours post-transfection.
Notably, the number of NLS elements does not directly correlate with the extent of nuclear localization. Adding an NLS
on the C-term has a greater influence on nuclear localization than adding on the N-term.

[0513] Cas9 Transcriptional Activator: Applicants functionally tested the Cas9-VP64 protein by targeting the Sox2
locus and quantifying transcriptional activation by RT-gPCR. Eight DNA target sites were chosen to span the promoter
of Sox2. Each construct was transfected into HEK 293FT cells using Lipofectame 2000 and 72 hours post-transfection
total RNA was extracted from the cells. 1 ug of RNA was reverse transcribed into cDNA (gqScript Supermix) in a 40 ul
reaction. 2 ul of reaction product was added into a single 20 ul TagMan assay gPCR reaction. Each experiment was
performed in biological and technicaltriplicates. No RT control and no template control reactions showed no amplification.
Constructs that do not show strong nuclear localization, pXRP02 and pXRP04, result in no activation. For the construct
that did show strong nuclear localization, pXRP08, moderate activation was observed. Statistically significant activation
was observed in the case of guide RNAs Sox2.4 and Sox2.5.

Example 27: In Vivo Mouse Data
Material and reagents
[0514]

Herculase |l fusion polymerase (Agilent Technologies, cat. no. 600679)
10x NEBuffer 4 (NEB, cat. No. B7004S)

Bsal HF (NEB, cat. No. R35358)

T7 DNA ligase (Enzymatics, cat. no. L602L)

Fast Digest buffer, 10X (ThermoScientific, cat. No. B64)
FastDigest Notl (ThermoScientific, cat. No. FD0594)

FastAP Alkaline Phosphatase (ThermoScientific, cat. No. EF0651)
Lipofectamine2000 (Life Technologies, cat. No. 11668-019)
Trypsin (Life Technologies, cat. No. 15400054)

Forceps #4 (Sigma, cat. No. Z168777-1EA)

Forceps #5 (Sigma, cat. No. F6521-1EA)

10x Hank’s Balanced Salt Solution (Sigma, cat. No. H4641-500ML)
Penicillin/Streptomycin solution (Life Technologies, cat. No. P4333)
Neurobasal (Life Technologies, cat. No. 21103049)

B27 Supplement (Life Technologies, cat. No. 17504044)
L-glutamine (Life Technologies, cat. No. 25030081)

Glutamate (Sigma, cat. No. RES5063G-A7)
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-mercaptoethanol (Sigma, cat. No. M6250-100ML)

HA rabbit antibody (Cell Signaling, cat. No. 3724S)

LIVE/DEAD® Cell Imaging Kit (Life Technologies, cat. No. R37601)
30G World Precision Instrument syringe (World Precision Instruments, cat. No. NANOFIL) Stereotaxic apparatus
(Kopf Instruments)

UltraMicroPump3 (World Precision Instruments, cat. No. UMP3-4)
Sucrose (Sigma, cat. No. S7903)

Calcium chloride (Sigma, cat. No. C1016)

Magnesium acetate (Sigma, cat. No. M0631)

Tris-HCI (Sigma, cat. no T5941)

EDTA (Sigma, cat. No. E6758)

NP-40 (Sigma, cat. No. NP40)

Phenylmethanesulfonyl fluoride (Sigma, cat. No. 78830)

Magnesium chloride (Sigma, cat. No. M8266)

Potassium chloride (Sigma, cat. No. P9333)

B-glycerophosphate (Sigma, cat. No. G9422)

Glycerol (Sigma, cat. No. G9012)

Vybrant® DyeCycle™ Ruby Stain (Life technologies, cat. No. S4942)
FACS Aria Flu-act-cell sorter (Koch Institute of MIT, Cambridge US)
DNAeasy Blood & Tissue Kit (Qiagen, cat. No. 69504)

Procedure
Constructing gRNA multiplexes for using in vivo in the brain

[0515] Applicants designed and PCR amplified single gRNAs targeting mouse TET and DNMT family members (as
described herein) Targeting efficiency was assessed in N2a cell line (Figure 15). To obtain simultaneous modification
of several genes in vivo, efficient gRNA was multiplexed in AAV-packaging vector (Figure 16). To facilitate further analysis
of system efficiency applicants added to the system expression cassette consistent of GFP-KASH domain fusion protein
under control of human Synapsin | promoter (Figure 16). This modification allows for further analysis of system efficiency
in neuronal population (more detail procedure in section Sorting nuclei and in vivo results).

[0516] All 4 parts of the system were PCR amplified using Herculase |l Fusion polymerase using following primers:

1st UG Fw:
gagggtctegtectigcggcecgegctagegagggcectatttcccatgattc 1st gRNA Rv:

ctcggtctcggtAAAAAAgcaccgactcggtgceccactttttcaagttgataacggactagce

cttattttaacttgctaTTTCtagctctaaaacNNNNNNNNNNNNNNNNNNNNGGTGTTTC
GTCCTTTCCAC

2nd U6 Fw:
gagggtctcTTTaccggtgagggcctatttcccatgattce 2nd gRNA Ryv:

ctcggtctcctcAAAAAAgcaccgactcggtgeccactttttcaagttgataacggacta
gc cttattttaacttgctalTlTTCtagctctaaaacNNNNNNNNNNNNNNNNNNNNGGTGTTTC
GTCCTTTCCAC

3rd U6 Fw:
gagggtctcTTTgagcetcgagggcctatttcccatgatic 3rd gRNA Rv:
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ctcggtctcgcgtAAAAAAgcaccgactcggtgeccactttttcaagttgataacggact
ag ccttattttaacttgctalTTTCtagctctaaaacNNNNNNNNNNNNNNNNNNNNGGTGTTT
CGTCCTTTCCA

hSyn_GFP-kash Fw: gagggtctcTTacgcgtgtgtctagac

hSyn_GFP-kash Rv: ctcggtctcAaggaCAGGGAAGGGAGCAGTGGTTCACGCCTGTAATCCCAGCAATTTGG GA
GGCCAAGGTGGGTAGATCACCTGAGATTAGGAGTTGC (NNNNNNNNNNNNNNNNNNNN is a reverse compli-
ment targeted genomic sequence)

[0517] Applicants used Golden Gate strategy to assemble all parts (1:1 molecular ratio) of the system in a single step
reaction:

1st U6_gRNA 18 ng
2nd Ug_gRNA 18 ng
31 Us_gRNA 18 ng
Syn_GFP-kash 100 ng
10x NEBuffer 4 1.0 pl

10x BSA 1.0 pl
10 mM ATP 1.0 pl
Bsal HF 0.75 pl
T7 ligase 0.25 pl
ddH,O 10 pl

Cycle number  Condition
1-50 37°Cfor5m,21°Cfor5m

[0518] Golden Gate reaction product was PCR amplified using Herculase Il fusion polymerase and following primers:

Fw 5 cctgtecttgeggecgegcetagecgagggcec
Rv 5’ cacgcggccgcaaggacagggaagggagceag

[0519] PCR product was cloned into AAV backbone, between ITR sequences using Notl restriction sites:

PCR product digestion:

Fast Digest buffer, 10X 3 pl
FastDigest Notl 1l
DNA 1pg
ddH,0 up to 30 pl

AAV backbone digestion:

Fast Digest buffer, 10X 3 pl
FastDigest Notl 1l
FastAP Alkaline Phosphatase 1l
AAV backbone 110
ddH,0 upto 30wl

[0520] After 20 min incubation in 37°C samples were purified using QlAQuick PCR purification kit. Standardized
samples were ligated at a 1:3 vector;insert ratio as follows:
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Digested pUC19 50 ng

Digested insert 1:3 vector:insert molar ratio
T7 ligase 1wl

2X Rapid Ligation Buffer 5pl

ddH,0 up to 10 pl

[0521] Aftertransformation of bacteria with ligation reaction product, applicants confirmed obtained clones with Sanger
sequencing.
[0522] Positive DNA clones were tested in N2a cells after co-transfection with Cas9 construct (Figures 17 and 18).

Design of new Cas9 constructs for AAV delivery

[05623] AAV delivery system despite its unique features has packing limitation - to successfully deliver expressing
cassette in vivo it has to be in size < then 4.7 kb. To decrease the size of SpCas9 expressing cassette and facilitate
delivery applicants tested several alteration: different promoters, shorter polyA signal and finally a smaller version of
Cas9 from Staphylococcus aureus (SaCas9) (Figures 19 and 20). All tested promoters were previously tested and
published to be active in neurons, including mouse Mecp2 (Gray et al., 2011), rat Map1b and truncated rat Map1b (Liu
and Fischer, 1996). Alternative synthetic polyA sequence was previously shown to be functional as well (Levitt et al.,
1989; Gray et al., 2011). All cloned constructs were expressed in N2a cells after transfection with Lipofectamine 2000,
and tested with Western blotting method (Figure 21).

Testing AAV multiplex system in primary neurons

[0524] To confirm functionality of developed system in neurons, Applicants use primary neuronal cultures in vitro.
Mouse cortical neurons was prepared according to the protocol published previously by Banker and Goslin (Banker and
Goslin, 1988).

[0525] Neuronal cells are obtained from embryonic day 16. Embryos are extracted from the euthanized pregnant
female and decapitated, and the heads are placed in ice-cold HBSS. The brains are then extracted from the skulls with
forceps (#4 and #5) and transferred to another change of ice-cold HBSS. Further steps are performed with the aid of a
stereoscopic microscope in a Petri dish filled with ice-cold HBSS and #5 forceps. The hemispheres are separated from
each other and the brainstem and cleared of meninges. The hippocampi are then very carefully dissected and placed
in a 15 ml conical tube filled with ice-cold HBSS. Cortices that remain after hippocampal dissection can be used for
further cell isolation using an analogous protocol after removing the brain steam residuals and olfactory bulbs. Isolated
hippocampi are washed three times with 10 ml ice-cold HBSS and dissociated by 15 min incubation with trypsin in HBSS
(4 ml HBSS with the addition of 10 pl 2.5% trypsin per hippocampus) at 37°C. After trypsinization, the hippocampi are
very carefully washed three times to remove any traces of trypsin with HBSS preheated to 37°C and dissociated inwarm
HBSS. Applicants usually dissociate cells obtained from 10-12 embryos in 1 ml HBSS using 1 ml pipette tips and dilute
dissociated cellsupto4 ml. Cells are plated at adensity of 250 cells/mm2 and cultured at 37°C and 5% CO2 forup to 3 week

HBSS

[0526]
435 ml H20
50 ml 10x Hank's Balanced Salt Solution
16.5 ml 0.3M HEPES pH 7.3
5 ml penicillin-streptomycin solution
Filter (0.2 wm) and store 4°C

Neuron Plating Medium (100 ml)

[0527]

97 ml Neurobasal
2 ml B27 Supplement
1 ml penicillin-streptomycin solution
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250 pl glutamine
125 .l glutamate

[0528] Neurons are transduced with concentrated AAV1/2 virus or AAV1 virus from filtered medium of HEK293FT
cells, between 4-7 days in culture and keep for at least one week in culture after transduction to allow for delivered gene
expression.

AAV-driven expression of the system

[0529] Applicants confirmed expression of SpCas9 and SaCas9 in neuronal cultures after AAV delivery using Western
blot method (Figure 24). One week after transduction neurons were collected in NuPage SDS loading buffer with -
mercaptoethanol to denaturate proteins in 95°C for 5 min. Samples were separated on SDS PAGE gel and transferred
on PVYDF membrane for WB protein detection. Cas9 proteins were detected with HA antibody.

[05630] Expression of Syn-GFP-kash from gRNA multiplex AAV was confirmed with fluorescent microscopy (Figure 32).

Toxicity

[05631] To assess the toxicity of AAV with CRISPR system Applicants tested overall morphology of neurons one week
after virus transduction (Figure 27). Additionally, Applicants tested potential toxicity of designed system with the
LIVE/DEAD® Cell Imaging Kit, which allows to distinguish live and dead cells in culture. It is based on the presence of
intracellular esterase activity (as determined by the enzymatic conversion of the non-fluorescent calcein AM to the
intensely green fluorescent calcein). On the other hand, the red, cell-impermeant component of the Kit enters cells with
damaged membranes only and bind to DNA generating fluorescence in dead cells. Both flourophores can be easily
visualized in living cells with fluorescent microscopy. AAV-driven expression of Cas9 proteins and multiplex gRNA
constructs in the primary cortical neurons was well tolerated and not toxic (Figures 25 and 26), what indicates that
designed AAV system is suitable for in vivo tests.

Virus production

[05632] Concentrated virus was produced according to the methods described in McClure et al., 2011. Supernatant
virus production occurred in HEK293FT cells.

Brain surgeries

[05633] For viral vector injections 10-15 week old male C57BL/6N mice were anesthetized with a Ketamine/Xylazine
cocktail (Ketamine dose of 100 mg/kg and Xylazine dose of 10 mg/kg) by intraperitoneal injection. Intraperitonial admin-
istration of Buprenex was used as a pre-emptive analgesic (1 mg/kg). Animals were immobilized in a Kopf stereotaxic
apparatus using intra-aural positioning studs and tooth bar to maintain an immobile skull. Using a hand-held drill, a hole
(1-2mm) at -3.0 mm posterior to Bregma and 3.5 mm lateral for injection in the CA1 region of the hippocampus was
made. Using 30G World Precision Instrument syringe at a depth of 2.5 mm, the solution of AAV viral particles in a total
volume of 1 ul was injected. The injection was monitored by a 'World Precision Instruments UltraMicroPump3’ injection
pump at a flow rate of 0.5 ul/min to prevent tissue damage. When the injection was complete, the injection needle was
removed slowly, at a rate of 0.5 mm/min. After injection, the skin was sealed with 6-0 Ethilon sutures. Animals were
postoperatively hydrated with 1 mL lactated Ringer's (subcutaneous) and housed in a temperature controlled (37°C)
environment until achieving an ambulatory recovery. 3 weeks after surgery animals were euthanized by deep anesthesia
followed by tissue removal for nuclei sorting or with 4% paraformaldehyde perfusion for immunochemistry.

Sorting nuclei and in vivo results

[0534] Applicants designed a method to specifically genetically tag the gRNA targeted neuronal cell nuclei with GFP
for Fluorescent Activated Cell Sorting (FACS) of the labeled cell nuclei and downstream processing of DNA, RNA and
nuclear proteins. To that purpose the applicants’ multiplex targeting vector was designed to express both a fusion protein
between GFP and the mouse nuclear membrane protein domain KASH (Starr DA, 2011, Current biology) and the 3
gRNAs to target specific gene loci of interest (Figure 16). GFP-KASH was expressed under the control of the human
Synapsin promoter to specifically label neurons. The amino acid of the fusion protein GFP-KASH was:
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MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICT
TGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGY VQERTIFFKDDGN
YKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIK
VNFKIRHNIEDGSVQLADHY QQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMV
LLEFVTAAGITLGMDELYKSGLRSREEEEETDSRMPHLDSPGSSQPRRSFLSRVIRAAL
PLQLLLLLLLLLACLLPASEDDYSCTQANNFARSFYPMLRYTNGPPPT

[05635] One week after AAV1/2 mediated delivery into the brain a robust expression of GFP-KASH was observed. For
FACS and downstream processing of labeled nuclei, the hippocampiwere dissected 3 weeks after surgery and processed
for cell nuclei purification using a gradient centrifugation step. For that purpose the tissue was homogenized in 320 mM
Sucrose, 5 mM CacCl, 3 mM Mg(Ac)2, 10 mM Tris pH 7.8, 0.1 mM EDTA, 0.1% NP40, 0.1 mM Phenylmethanesulfonyl
fluoride (PMSF), 1 mM p-mercaptoethanol using 2ml Dounce homogenizer (Sigma) The homogenisate was centrifuged
on a 25% to 29% Optiprep® gradient according to the manufacture’s protocol for 30 min at 3.500 rpm at 4 °C. The
nuclear pellet was resuspended in 340 mM Sucrose, 2 mM MgCl2, 25 mM KCI, 65 mM glycerophosphate, 5% glycerol,
0.1 mM PMSF, 1 mM B-mercaptoethanol and Vybrant® DyeCycle™ Ruby Stain (Life technologies) was added to label
cell nuclei (offers near-infrared emission for DNA). The labeled and purified nuclei were sorted by FACS using an Aria
Flu-act-cell sorter and BDFACS Diva software. The sorted GFP+ and GFP- nuclei were finally used to purify genomic
DNA using DNAeasy Blood & Tissue Kit (Qiagen) for Surveyor assay analysis of the targeted genomic regions. The
same approach can be easily used to purify nuclear RNA or protein from targeted cells for downstream processing. Due
to the 2-vector system (Figure 16) the applicants using in this approach efficient Cas9 mediated DNA cleavage was
expected to occur only in a small subset of cells in the brain (cells which were co-infected with both the multiplex targeting
vector and the Cas9 encoding vector). The method described here enables the applicants to specifically purify DNA,
RNA and nuclear proteins from the cell population expressing the 3 gRNAs of interest and therefore are supposed to
undergo Cas9 mediated DNA cleavage. By using this method the applicants were able to visualize efficient DNA cleavage
in vivo occurring only in a small subset of cells.

[05636] Essentially, what Applicants have shown here is targeted in vivo cleavage. Furthermore, Applicants used a
multiple approach, with several different sequences targeted at the same time, but independently. Presented system
can be applied for studying brain pathologic conditions (gene knock out, e.g. Parkinson disease) and also open a field
for further development of genome editing tools in the brain. By replacing nuclease activity with gene transcription
regulators or epigenetic regulators it will be possible to answer whole spectrum of scientific question about role of gene
regulation and epigenetic changes in the brain in not only in the pathologic conditions but also in physiological process
as learning and memory formation. Finally, presented technology can be applied in more complex mammalian system
as primates, what allows to overcome current technology limitations.

Example 28: Model Data

[0637] Several disease models have been specifically investigated. These include de novo autism risk genes CHDS,
KATNAL2, and SCN2A; and the syndromic autism (Angelman Syndrome) gene UBE3A. These genes and resulting
autism models are of course preferred, but show that the invention may be applied to any gene and therefore any model
is possible.

[05638] Applicants have made these cells lines using Cas® nuclease in human embryonic stem cells (hESCs). The
lines were created by transient transfection of hESCs with Cbh-Cas9-2A-EGFP and pU6-sgRNA. Two sgRNAs are
designed for each gene targeting most often the same exons in which patient nonsense (knock-out) mutations have
beenrecently described fromwhole exome sequencing studies of autistic patients. The Cas9-2A-EGFP and pU6 plasmids
were created specifically for this project.

Example 29: AAVproduction system or profocol

[05639] An AAV production system or protocol that was developed for, and works particularly well with, high through
put screening uses is provided herein, but it has broader applicability in the present invention as well. Manipulating
endogenous gene expression presents various challenges, as the rate of expression depends on many factors, including
regulatory elements, mRNA processing, and transcript stability. To overcome this challenge, Applicants developed an
adeno-associated virus (AAV)-based vector for the delivery. AAV has an ssDNA-based genome and is therefore less
susceptible to recombination.
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[0540] AAV1/2 (serotype AAV1/2,i.e., hybrid or mosaic AAV1 / AAV2 capsid AAV) heparin purified concentrated virus
protocol

Media: D10 + HEPES

[0541]

500ml bottle DMEM high glucose + Glutamax (GIBCO)

50ml Hyclone FBS (heat-inactivated) (Thermo Fischer)

5.5ml HEPES solution (1M, GIBCO)

Cells: low passage HEK293FT (passage <10 at time of virus production, thaw new cells of passage 2-4 for virus
production, grow up for 3-5 passages)

Transfection reagent: Polyethylenimine (PEI) "Max"

[0542]

Dissolve 50mg PEI "Max" in 50ml sterile Ultrapure H20

Adjust pH to 7.1

Filter with 0.22um fliptop filter

Seal tube and wrap with parafilm

Freeze aliquots at -20°C (for storage, can also be used immediately)

Cell Culture
[0543]

Culture low passage HEK293FT in D10 + HEPES
Passage everyday between 1:2 and 1:2.5
Advantageously do not allow cells to reach more than 85% confluency

For T75
[0544]

- Warm 10ml HBSS (-Mg2+, -Ca2+, GIBCO) + 1ml TrypLE Express (GIBCO) per flask to 37°C (Waterbath)
Aspirate media fully

- Add 10ml warm HBSS gently (to wash out media completely)

- Add 1ml TrypLE per Flask

- Place flask in incubator (37°C) for 1min

- Rock flask to detach cells

- Add 9ml D10 + HEPES media (37°C)

- Pipette up and down 5 times to generate single cell suspension

- Splitat1:2-1:2.5 (12ml media for T75) ratio (if cells are growing more slowly, discard and thaw a new batch, they
are not in optimal growth)

- transferto T225 as soon as enough cells are present (for ease of handling large amounts of cells)

AAV production (5*15cm dish scale per construct):
[0545]
Plate 10 million cells in 21.5 ml media into a 15cm dish
Incubate for 18-22 hours at 37°C
Transfection is ideal at 80% confluence

Per plate

[05646] Prewarm 22ml media (D10 + HEPES)
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Prepare tube with DNA mixture (use endofree maxiprep DNA):
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5.2 ug vector of interest plasmid

4.35 ug AAV 1 serotype plasmid

4.35 ug AAV 2 serotype plasmid

10.4 ug pDF6 plasmid (adenovirus helper genes) [ Vortex to mix
Add 434 uL DMEM (no seruml)

Add 130 ul PEI solution

Vortex 5-10 seconds

Add DNA/DMEM/PEI mixture to prewarmed media

Vortex briefly to mix

Replace media in 15cm dish with DNA/DMEM/PEI mixture
Return to 37°C incubator

Incubate 48h before harvesting (make sure medium isn’t turning too acidic)

Virus harvest:

[0548]

1. aspirate media carefully from 15cm dish dishes (advantageously do not dislodge cells)

2. Add 25 mI RT DPBS (Invitrogen) to each plate and gently remove cells with a cell scraper. Collect suspension in
50 ml tubes.

3. Pellet cells at 800x g for 10 minutes.

4. Discard supernatant

pause point: freeze cell pellet at -80C if desired

[0549]

5. resuspend pellet in 150 mM NacCl, 20 mM Tris pH 8.0, use 10 ml per tissue culture plate.

6. Prepare a fresh solution of 10% sodium deoxycholate in dH20. Add 1.25 ml of this per tissue culture plate for a
final concentration of 0.5%. Add benzonase nuclease to a final concentration of 50 units per ml. Mixtube thoroughly.
7. Incubate at 37°C for 1 hour (Waterbath).

8. Remove cellular debris by centrifuging at 3000 x g for 15 mins. Transfer to fresh 50 ml tube and ensure all cell
debris has been removed to prevent blocking of heparin columns.

Heparin column purification of AAV1/2:

[0550]

1. Set up HiTrap heparin columns using a peristaltic pump so that solutions flow through the column at 1 ml per
minute. It is important to ensure no air bubbles are introduced into the heparin column.

2. Equilibrate the column with 10 ml 150 mM NacCl, 20 mM Tris, pH 8.0 using the peristaltic pump.

3. Binding of virus: Apply 50 ml virus solution to column and allow to flow through.

4. Wash step 1: column with 20 ml 100 mM NacCl, 20 mM Tris, pH 8.0. (using the peristaltic pump)

5. Wash step 2: Using a 3 ml or 5 ml syringe continue to wash the column with 1 ml 200 mM NacCl, 20 mM Tris, pH
8.0, followed by 1 ml 300 mM NacCl, 20 mM Tris, pH 8.0.

Discard the flow-through.

(prepare the syringes with different buffers during the 50min flow through of virus solution above)

6. Elution Using 5 mlsyringes and gentle pressure (flow rate of < 1ml/min) elute the virus fromthe column by applying:

1.5 ml 400 mM NacCl, 20 mM Tris, pH 8.0
3.0 ml 450 mM NaCl, 20 mM Tris, pH 8.0
1.5 ml 500 mM NacCl, 20 mM Tris, pH 8.0

[0651] Collect these in a 15 ml centrifuge tube.

124



10

15

20

25

30

35

40

45

50

55

DK/EP 3011029 T3

Concentration of AAV1/2:
[0552]

1. Concentration step 1: Concentrate the eluted virus using Amicon ultra 15ml centrifugal filter units with a 100,000
molecular weight cutoff. Load column eluate into the concentrator and centrifuge at 2000x g for 2 minutes (at room
temperature. Check concentrated volume - it should be approximately 500 pl. If necessary, centrifuge in 1min
intervals until correct volume is reached.

2. buffer exchange: Add 1ml sterile DPBS to filter unit, centrifuge in 1min intervals until correct volume (500ul) is
reached.

3. Concentration step 2: Add 500ul concentrate to an Amicon Ultra 0.5ml 100K filter unit. Centrifuge at 6000g for
2min. Check concentrated volume - it should be approximately 100 pl. If necessary, centrifuge in 1min intervals
until correct volume is reached.

4. Recovery: Invert filter insert and insert into fresh collection tube. Centrifuge at 1000g for 2min.

[05653] Aliquot and freeze at -80°C

[0554] Iul is typically required per injection site, small aliquots (e.g. 5ul) are therefore recommended (avoid freeze-
thaw of virus).

determine DNasel-resistant GC particle titer using qPCR (see separate protocol)

Materials

[0555]
Amicon Ultra, 0.5ml, 100K; MILLIPORE; UFC510024
Amicon Ultra, 15ml, 100K; MILLIPORE; UFC910024
Benzonase nuclease; Sigma-Aldrich, E1014
HiTrap Heparin cartridge; Sigma-Aldrich; 54836
Sodium deoxycholate; Sigma-Aldrich; D5670

AAV1 supernatant production protocol

[0556]

Media: D10 + HEPES

500ml bottle DMEM high glucose + Glutamax (Invitrogen)

50ml Hyclone FBS (heat-inactivated) (Thermo Fischer)

5.5ml HEPES solution (1M, GIBCO)

Cells: low passage HEK293FT (passage <10 at time of virus production)
Thaw new cells of passage 2-4 for virus production, grow up for 2-5 passages
Transfection reagent: Polyethylenimine (PEI) "Max"

Dissolve 50mg PEI "Max" in 50ml sterile Ultrapure H20

Adjust pH to 7.1

Filter with 0.22um fliptop filter

Seal tube and wrap with parafilm

Freeze aliquots at -20°C (for storage, can also be used immediately)

Cell Culture

Culture low passage HEK293FT in D10 + HEPES Passage everyday between 1:2 and 1:2.5 Advantageously do let
cells reach more than 85% confluency

[0557] ForT75

- Warm 10ml HBSS (-Mg2+, -Ca2+, GIBCO) + 1ml TrypLE Express (GIBCO) per flask to 37°C (Waterbath)
- Aspirate media fully

- Add 10ml warm HBSS gently (to wash out media completely)

- Add 1ml TrypLE per Flask

- Place flask in incubator (37°C) for 1min

- Rock flask to detach cells
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- Add 9ml D10 + HEPES media (37°C)

- Pipette up and down 5 times to generate single cell suspension

- Splitat1:2-1:2.5 (12ml media for T75) ratio (if cells are growing more slowly, discard and thaw a new batch, they
are not in optimal growth)

- transferto T225 as soon as enough cells are present (for ease of handling large amounts of cells)

[0658] AAV production (single 15cm dish scale)

Plate 10 million cells in 21.5 ml media into a 15cm dish
Incubate for 18-22 hours at 37°C

Transfection is ideal at 80% confluence per plate
Prewarm 22ml media (D10 + HEPES)

[05659] Prepare tube with DNA mixture (use endofree maxiprep DNA):

5.2 ug vector of interest plasmid

8.7 ug AAV 1 serotype plasmid

10.4 ug DF6 plasmid (adenovirus helper genes)

Vortex to mix

Add 434 uL DMEM (no serum!) Add 130 ul PEI solution
Vortex 5-10 seconds

Add DNA/DMEM/PEI mixture to prewarmed media

Vortex briefly to mix

Replace media in 15cm dish with DNA/DMEM/PEI mixture
Return to 37°C incubator

Incubate 48h before harvesting (advantageously monitor to ensure medium is not turning too acidic)

[0560] Virus harvest:

Remove supernatant from 15cm dish

Filter with 0.45 um filter (low protein binding) Aliquot and freeze at -80°C
Transduction (primary neuron cultures in 24-well format, 5DIV)

Replace complete neurobasal media in each well of neurons to be transduced with fresh neurobasal (usually 400ul
out of 500ul per well is replaced)

Thaw AAV supernatant in 37°C waterbath

Let equilibrate in incubator for 30min

Add 250 ul AAV supernatant to each well

Incubate 24h at 37°C

Remove media/supernatant and replace with fresh complete neurobasal

Expression starts to be visible after 48h, saturates around 6-7 Days Post Infection
Constructs for pAAV plasmid with GOI should not exceed 4.8kb including both ITRS.

[0561] Example of a human codon optimized sequence (i.e. being optimized for expression in humans) sequence :
SaCas9 is provided below:
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ACCGGTGCCACCATGTACCCATACGATGTTCCAGATTACGC
TTCGCCGAAGAAAAAGCGCAAGGTCGAAGCGTCCATGAAAAGGAACTACATTCT
GGGGCTGGACATCGGGATTACAAGCGTGGGGTATGGGATTATTGACTATGAAAC
AAGGGACGTGATCGACGCAGGCGTCAGACTGTTCAAGGAGGCCAACGTGGAAAA
CAATGAGGGACGGAGAAGCAAGAGGGGAGCCAGGCGCCTGAAACGACGGAGAA
GGCACAGAATCCAGAGGGTGAAGAAACTGCTGTTCGATTACAACCTGCTGACCG
ACCATTCTGAGCTGAGTGGAATTAATCCTTATGAAGCCAGGGTGAAAGGCCTGA
GTCAGAAGCTGTCAGAGGAAGAGTTTTCCGCAGCTCTGCTGCACCTGGCTAAGC
GCCGAGGAGTGCATAACGTCAATGAGGTGGAAGAGGACACCGGCAACGAGCTG
TCTACAAAGGAACAGATCTCACGCAATAGCAAAGCTCTGGAAGAGAAGTATGTC
GCAGAGCTGCAGCTGGAACGGCTGAAGAAAGATGGCGAGGTGAGAGGGTCAATT
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AATAGGTTCAAGACAAGCGACTACGTCAAAGAAGCCAAGCAGCTGCTGAAAGTG
CAGAAGGCTTACCACCAGCTGGATCAGAGCTTCATCGATACTTATATCGACCTGC
TGGAGACTCGGAGAACCTACTATGAGGGACCAGGAGAAGGGAGCCCCTTCGGAT
GGAAAGACATCAAGGAATGGTACGAGATGCTGATGGGACATTGCACCTATTTTCC
AGAAGAGCTGAGAAGCGTCAAGTACGCTTATAACGCAGATCTGTACAACGCCCT
GAATGACCTGAACAACCTGGTCATCACCAGGGATGAAAACGAGAAACTGGAATA
CTATGAGAAGTTCCAGATCATCGAAAACGTGTTTAAGCAGAAGAAAAAGCCTAC
ACTGAAACAGATTGCTAAGGAGATCCTGGTCAACGAAGAGGACATCAAGGGCTA
CCGGGTGACAAGCACTGGAAAACCAGAGTTCACCAATCTGAAAGTGTATCACGA
TATTAAGGACATCACAGCACGGAAAGAAATCATTGAGAACGCCGAACTGCTGGA
TCAGATTGCTAAGATCCTGACTATCTACCAGAGCTCCGAGGACATCCAGGAAGAG
CTGACTAACCTGAACAGCGAGCTGACCCAGGAAGAGATCGAACAGATTAGTAAT
CTGAAGGGGTACACCGGAACACACAACCTGTCCCTGAAAGCTATCAATCTGATTC
TGGATGAGCTGTGGCATACAAACGACAATCAGATTGCAATCTTTAACCGGCTGAA
GCTGGTCCCAAAAAAGGTGGACCTGAGTCAGCAGAAAGAGATCCCAACCACACT
GGTGGACGATTTCATTCTGTCACCCGTGGTCAAGCGGAGCTTCATCCAGAGCATCAA
AGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAATGATATCATTATCGAGCT
GGCTAGGGAGAAGAACAGCAAGGACGCACAGAAGATGATCAATGAGATGCAGAAA
CGAAACCGGCAGACCAATGAACGCATTGAAGAGATTATCCGAACTACCGGGAAAGA
GAACGCAAAGTACCTGATTGAAAAAATCAAGCTGCACGATATGCAGGAGGGAAAGT
GTCTGTATTCTCTGGAGGCCATCCCCCTGGAGGACCTGCTGAACAATCCATTCAACT
ACGAGGTCGATCATATTATCCCCAGAAGCGTGTCCTTCGACAATTCCTTTAACAACA
AGGTGCTGGTCAAGCAGGAAGAGAACTCTAAAAAGGGCAATAGGACTCCTTTCCAG
TACCTGTCTAGTTCAGATTCCAAGATCTCTTACGAAACCTTTAAAAAGCACATTCTG
AATCTGGCCAAAGGAAAGGGCCGCATCAGCAAGACCAAAAAGGAGTACCTGCTGG
AAGAGCGGGACATCAACAGATTCTCCGTCCAGAAGGATTTTATTAACCGGAATCTG
GTGGACACAAGATACGCTACTCGCGGCCTGATGAATCTGCTGCGATCCTATTTCCGG
GTGAACAATCTGGATGTGAAAGTCAAGTCCATCAACGGCGGGTTCACATCTTTTCTG
AGGCGCAAATGGAAGTTTAAAAAGGAGCGCAACAAAGGGTACAAGCACCATGCCG
AAGATGCTCTGATTATCGCAAATGCCGACTTCATCTTTAAGGAGTGGAAAAAGCTGG
ACAAAGCCAAGAAAGTGATGGAGAACCAGATGTTCGAAGAGAAGCAGGCCGAATC
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TATGCCCGAAATCGAGACAGAACAGGAGTACAAGGAGATTTTCATCACTCCTCACC
AGATCAAGCATATCAAGGATTTCAAGGACTACAAGTACTCTCACCGGGTGGATAAA
AAGCCCAACAGAGAGCTGATCAATGACACCCTGTATAGTACAAGAAAAGACGATAA
GGGGAATACCCTGATTGTGAACAATCTGAACGGACTGTACGACAAAGATAATGACA
AGCTGAAAAAGCTGATCAACAAAAGTCCCGAGAAGCTGCTGATGTACCACCATGAT
CCTCAGACATATCAGAAACTGAAGCTGATTATGGAGCAGTACGGCGACGAGAAGAA
CCCACTGTATAAGTACTATGAAGAGACTGGGAACTACCTGACCAAGTATAGCAAAA
AGGATAATGGCCCCGTGATCAAGAAGATCAAGTACTATGGGAACAAGCTGAATGCC
CATCTGGACATCACAGACGATTACCCTAACAGTCGCAACAAGGTGGTCAAGCTGTC
ACTGAAGCCATACAGATTCGATGTCTATCTGGACAACGGCGTGTATAAATTTGTGAC
TGTCAAGAATCTGGATGTCATCAAAAAGGAGAACTACTATGAAGTGAATAGCAAGT
GCTACGAAGAGGCTAAAAAGCTGAAAAAGATTAGCAACCAGGCAGAGTTCATCGCC
TCCTTTTACAACAACGACCTGATTAAGATCAATGGCGAACTGTATAGGGTCATCGGG
GTGAACAATGATCTGCTGAACCGCATTGAAGTGAATATGATTGACATCACTTACCGA
GAGTATCTGGAAAACATGAATGATAAGCGCCCCCCTCGAATTATCAAAACAATTGC
CTCTAAGACTCAGAGTATCAAAAAGTACTCAACCGACATTCTGGGAAACCTGTATGA
GGTGAAGAGCAAAAAGCACCCTCAGATTATCAAAAAGGGCTAAGAATTC

Example 30: Minimizing off-target cleavage using Cas9 nickase and two guide RNAs

[05662] Cas9is a RNA-guided DNA nuclease that may be targeted to specific locations in the genome with the help of
a 20bp RNA guide. However the guide sequence may tolerate some mismatches between the guide sequence and the
DNA-target sequence. The flexibility is undesirable due to the potential for off-target cleavage, when the guide RNA
targets Cas9 to a an off-target sequence that has a few bases different from the guide sequence. For all experimental
applications (gene targeting, crop engineering, therapeutic applications, etc) it is important to be able to improve the
specificity of Cas9 mediated gene targeting and reduce the likelihood of off-target modification by Cas9.

[0563] Applicants developed a method of using a Cas9 nickase mutant in combination with two guide RNAs to facilitate
targeted double strand breaks in the genome without off-target modifications. The Cas9 nickase mutant may be generated
from a Cas9 nuclease by disabling its cleavage activity so that instead of both strands of the DNA duplex being cleaved
only one strand is cleaved. The Cas9 nickase may be generated by inducing mutations in one ore more domains of the
Cas9 nuclease, e.g. Ruvcl or HNH. These mutations may include but are not limited to mutations in a Cas®9 catalytic
domain, e.g in SpCas9 these mutations may be at positions D10 or H840. These mutations may include but are not
limited to D10A, E762A, H840A, N854A, N863A or D986A in SpCas9 but nickases may be generated by inducing
mutations at corresponding positions in other CRISPR enzymes or Cas9 orthologs. In a most preferred embodiment of
the invention the Cas9 nickase mutant is a SpCas®9 nickase with a D10A mutation.

[0564] The way this works is that each guide RNA in combination with Cas® nickase would induce the targeted single
strand break of a duplex DNA target. Since each guide RNA nicks one strand, the net result is a double strand break.
The reason this method eliminates off-target mutations is because it is very unlikely to have an off-target site that has
high degrees of similarity for both guide sequences (20bp+2bp(PAM) = 22bp specificity for each guide, and two guides
means any off-target site will have to have close to 44bp of homologous sequence). Although it is still likely that individual
guides may have off-targets, but those off-targets will only be nicked, which is unlikely to be repaired by the mutagenic
NHEJ process. Therefore the multiplexing of DNA double strand nicking provides a powerful way of introducing targeted
DNA double strand breaks without off-target mutagenic effects.

[0565] Applicants carried out experiments involving the co-transfection of HEK293FT cells with a plasmid encoding
Cas9(D10A) nickase as well as DNA expression cassettes for one or more guides. Applicants transfected cells using
Lipofectamine 2000, and transfected cells were harvested 48 or 72 hours after transfections. Double nicking-induced
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NHEJ were detected using the SURVEYOR nuclease assay as described previously herein (Figures 33, 34 and 35).
[0566] Applicants have furtheridentified parameters that relate to efficient cleavage by the Cas9 nickase mutant when
combined with two guide RNAs and these parameters include but are not limited to the length of the 5’ overhang. Efficient
cleavage is reported for 5’ overhang of at least 26 base pairs. In a preferred embodiment ofthe invention, the 5’ overhang
is at least 30 base pairs and more preferably at least 34 base pairs. Overhangs of up to 200 base pairs may be acceptable
for cleavage, while 5’ overhangs less than 100 base pairs are preferred and 5’ overhangs less than 50 base pairs are
most preferred (Figures 36 and 37).

Example 31: Tandem single guide RNAs (tsgRNAs)

[0567] The bacterial CRISPR-Cas system is an RNA-guided endonuclease that Applicants have shown can induce
targeted modification of the eukaryotic genome predictably, precisely, and efficiently. The minimal components required
to reconstitute this system in mammalian cells consist of delivery of the Cas9 endonuclease as well as a guide RNA
carrying a 20bp specificity sequence complementary to the target site of interest. Until now, delivery of multiple individual
guide RNAs was required to achieve multiplex genome editing. While co-transfection of multiple guides is relative simple
in tissue culture, many in vivo and therapeutic applications for the CRISPR-Cas system would benefit from a single-
vector system that could still allow multiplex editing.

[0568] Applicants mutagenized different parts ofthe original chimeric guide RNA architecture to determine what portions
of the chimeric guide RNA would be amenable for alteration or improvement. From these studies, Applicants found that
the two distal hairpins appear primarily to function in stabilization of the chimeric RNA. Alteration of the direct-repeat-
and-tracrRNA duplex region, as well as the unstructured region between the duplex and the first hairpin of the tracrRNA
abolished cleavage activity. However, increased stabilization of the two tracrRNA tail hairpins through introduction of
G-C pairs (Architectures A and B in Figure 38A) did not decrease the ability of Cas9 to induce targeted indels.

[0569] Inthe native bacterial CRISPR system, Cas9 processes a continuous repetitive transcript of DR-flanked spacers
into discrete units upon assembly with tracrRNA. Applicants reasoned that multiple preassembled sgRNA could likewise
be processed into discrete functional units. To create tandem sgRNA (tsgRNA), an 8-nt linker was introduced between
the tracrRNA end of the first sgRNA and the spacer of the following sgRNA (Figure 38B). Applicants tested the tsgRNA
in two assays: microdeletion induction with wild-type Cas9 (Figure 38C) and indel formation with nickase Cas9n (Figure
38D). Applicants found that both tsgRNAs created with either Architecture A or B scaffolds were able to achieve targeted
modification at levels comparable to individual delivery of both guide RNAs.

[05670] Tandem sgRNA are synthesized in a 2-round PCR as follows:

Round 1: Amplification using U6 promoter as template, U6-Fwd primer (as in previous PCR expression cassette
experiments for sgRNA delivery), and a modified Reverse primer that contains from 5’ to 3’ (in reverse complement
direction): spacer-2, sgRNA modified scaffold, spacer-1, U6 priming region.

Round 2: Amplifies using product from round 1 as template, using U6-Fwd primer as previously described, and a
reverse primer 5' to 3’ (in reverse complement direction): modified scaffold, spacer-2. (Figure 38).

[05671] After2rounds of PCR, the full-length tsgRNA product is purified and co-transfected with Cas9 fortesting in cells.
Example 32: Tandem single guide RNAs (tsgRNAs)

[05672] The ability to simultaneously deliver more than a single guide RNA on a single vector is particularly tractable
for lentiviral screening methodologies. The propensity of lentivirus to recombine has limited the ability to drive expression
of multiple short RNAs from a single vectorwith the requirement of utilizing multiple unique promoters. A tandem approach
may allow a single promoter to drive expression of at least two guide RNAs. In addition to allowing one to target com-
binations of genomic targets, placing two guide RNAs immediately adjacent to one another facilitates cloning in a single-
step high-throughput fashion (Fig. 39A). To further decrease homology between adjacent scaffolds to lessen viral re-
combination and to increase guide stability within the tandem array, Applicants have created and are validating divergent
scaffold sequences that conserve secondary structure (Fig. 39B). Finally, through Northern blot analyses using a probe
targeted against a particular spacer-scaffold combination, Applicants have observed that tandem guide RNAs are indeed
processed to single sgRNA units and that the efficiency of processing is increased with the modified scaffolds relative
to the wild-type+85 scaffold (Fig. 39C). Assembly of tandem guides can be accomplished by annealing of ultramers
containing Spacerl-Scaffold-Spacer 2 (Fig. 39A), two-step PCR, or by Golden Gate assembly, which would be most
amenable to construction of longer arrays.
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Example 33: Characterization and optimization of the CRISPR/Cas system for applications in genome engineering.

[05673] Recent studies of Cas9 specificity have shown that although each base within the 20-nt guide sequence con-
tributes to overall specificity, multiple mismatches between the guide RNA and its complementary DNA can be tolerated
in a quantity-, position-, and base identity-sensitive manner. As a result, Cas® can cleave genomic loci that share
imperfect homology with the target 20-nt guide sequence, leading to off-target DSBs and NHEJ repair. Subsequent indel
formation at off-target cleavage sites can lead to significant levels of unwanted mutations, which limit the utility of Cas9
for genome editing applications requiring high levels of precision, including generation of isogenic cell lines for testing
causal genetic variations as well as in vivo and ex vivo genome editing-based therapies.

[0574] To improve the specificity of Cas9-mediated genome editing, Applicants developed a novel strategy that com-
bines the D10A mutant nickase version of Cas9 (Cas9n) with a pair of offset sgRNAs targeting opposite strands of the
target site. Nicking of both DNA strands at the target site by a pair of Cas9 nickases leads to site-specific DSBs, while
individual nicks are predominantly repaired by the high-fidelity base excision repair pathway (BER) as opposed to error-
prone NHEJ. This strategy would minimize off-target mutagenesis by each Cas9n-sgRNA complex while maximizing
on-target NHEJ comparable to wild-type Cas9 and would be analogous to dimeric zinc finger nucleases (ZFNs) and
transcription activator-like effector nucleases (TALENS), where DNA cleavage relies upon the synergistic interaction of
two independent specificity-encoding modules. ZFNs and TALENSs generate DSBs through the proximity-induced dimer-
ization of two Fokl monomers, each of which nicks one DNA strand. Similarly, Applicants paired Cas9n with two sgRNAs
targeting opposite strands of a desired locus. This 'double nicking’ strategy would effectively magnify the targeting
specificity of Cas9 by requiring simultaneous targeting by two sgRNAs.

[05675] Finally, to facilitate the co-delivery of multiple sgRNA, Applicants have developed a system for expressing pairs
of sgRNAs under a single promoter. Applicants first studied the structural components of sgRNA critical for function,
and secondly used this knowledge to inform the design of sequence-divergent new sgRNA scaffolds that facilitate tandem
sgRNA transcription.

Materials and Methods
PCR amplification of U6-promoter-driven sgRNAs and tandem sgRNAs.

[0676] Spacerselection fortargeting by Cas9and subsequentgeneration of PCR ampliconwas performed as described
in Ran et al. Briefly, oligo ultramers consisting of U6 priming site, spacer sequence, and guide RNA scaffold were
synthesized by IDT for amplification of U6-driven PCR cassettes for cellular transfections. In both cases, either QiaQuick
(Qiagen) or EconoSpin (Epoch Life Sciences) spin columns were used to clean up PCR reactions prior to transfections.
Tandem sgRNA are synthesized in a 2-round PCR as follows: Round 1: Amplification using U6 promoter as template,
Ue-Fwd primer (as in previous PCR expression cassette experiments for sgRNA delivery), and a modified Reverse
primer that contains from 5’ to 3’ (in reverse complement direction): spacer-2, sgRNA modified scaffold, spacer-1, U6
priming region. Round 2: Amplifies using product from round 1 as template, using U6-Fwd primer as previously described,
and a reverse primer 5' to 3’ (in reverse complement direction): modified scaffold, spacer-2. After 2 rounds of PCR, the
full-length tsgRNA product is purified and co-transfected with Cas9 for testing in cells. In both cases, either QiaQuick
(Qiagen) or EconoSpin (Epoch Life Sciences) spin columns were used to clean up PCR reactions prior to transfections.
A list of the sgRNAs used and their genomic targets can be found in Table E.

Cell culture and transfection

[05677] Human embryonic kidney (HEK) cell line 293FT (Life Technologies) was maintained in Dulbecco’s modified
Eagle’'s Medium (DMEM) supplemented with 10% fetal bovine serum (HyClone), 2mM GlutaMAX (Life Technologies),
100U/mL penicillin, and 100w.g/mL streptomycin at 37°C with 5% CO2 incubation. Cells are passaged at regular intervals
and seeded onto 24-well plates (Corning) at a density of 120,000 cells/well, 24 hours prior to transfection. Cells were
transfected using Lipofectamine 2000 (Life Technologies) at 80-90% confluency per manufacturer recommended pro-
tocol: A total of 400ng Cas®9 plasmid and 100 ng of U6-sgRNA PCR product was transfected per well of a 24-well plate.
For double-nicking experiments or transfections involving more than a single guide, 100ng of each sgRNA was trans-
fected. In the case of tandem sgRNAs, 200ng of purified U6-tsgRNA PCR product was transfected per well.

[05678] Human embryonic stem cell line HUES62 (Harvard Stem Cell Institute core) was maintained in feeder-free
conditions on GelTrex (Life Technologies) in mTesR medium (Stemcell Technologies) supplemented with 100ug/ml
Normocin (InvivoGen). HUES62 cells were transfected with Amaxa P3 Primary Cell 4-D Nucleofector Kit (Lonza) following
the manufacturer's protocol.
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SURVEYOR nuclease assay for genome modification

[0679] 293FT and HUES62 cells were transfected with DNA as described above. Cells were incubated at 37°C for 72
hours post-transfection prior to genomic DNA extraction. Genomic DNA was extracted using the QuickExtract DNA
Extraction Solution (Epicentre) following the manufacturer’s protocol. Briefly, pelleted cells were resuspended in Quick-
Extract solution and incubated at 65°C for 15 minutes, 68°C for 15 minutes, and 98°C for 10 minutes.

[0580] The genomic region flanking the CRISPR target site for each gene was PCR amplified (primers listed in Table
G), and products were purified using QiaQuick Spin Column (Qiagen) following the manufacturer's protocol. 400ng total
of the purified PCR products were mixed with 2.l 10X Taq DNA Polymerase PCR buffer (Enzymatics) and ultrapure
water to a final volume of 20pl, and subjected to a re-annealing process to enable heteroduplex formation: 95°C for
10min, 95°C to 85°C ramping at - 2°C/s, 85°C to 25°C at - 0.25°C/s, and 25°C hold for 1 minute. After re-annealing,
products were treated with SURVEYOR nuclease and SURVEYOR enhancer S (Transgenomics) following the manu-
facturer's recommended protocol, and analyzed on 4-20% Novex TBE poly-acrylamide gels (Life Technologies). Gels
were stained with SYBR Gold DNA stain (Life Technologies) for 30 minutes and imaged with a Gel Doc gel imaging
system (Bio-rad). Quantification was based on relative band intensities. Indel percentage was determined by the formula,
100x(1-(1-(b+c)/(a+b+c)1/2), where a is the integrated intensity of the undigested PCR product, and b and ¢
are the integrated intensities of each cleavage product.

Deep sequencing to assess targeting specificity

[05681] HEK 293FT cells were plated and transfected as described above, 72 hours prior to genomic DNA extraction.
The genomic region flanking the CRISPR target site for each gene was amplified (primers listed in Table H) by a fusion
PCR method to attach the Illumina P5 adapters as well as unique sample-specific barcodes to the target. PCR products
were purified using EconoSpin 96-well Filter Plates (Epoch Life Sciences) following the manufacturer’'s recommended
protocol.

[0582] Barcoded and purified DNA samples were quantified by Qubit 2.0 Fluorometer (Life Technologies) and pooled
in an equimolar ratio. Sequencing libraries were then sequenced with the lllumina MiSeq Personal Sequencer (Life
Technologies).

Sequencing data analysis, indel detection, and homologous recombination detection

[0583] MiSeq reads were filtered by requiring an average Phred quality (Q score) of at least 30, as well as perfect
sequence matches to barcodes and amplicon forward primers. Reads from on- and off-target loci were analyzed by
performing Ratcliff-Obershelp string comparison, as implemented in the Python difflib module, against loci sequences
that included 30 nucleotides upstream and downstream of the target site (a total of 80 bp). The resulting edit operations
were parsed, and reads were counted as indels if insertion or deletion operations were found. Analyzed target regions
were discarded if part of their alignment fell outside the MiSeq read itself or if more than 5 bases were uncalled.
[0584] Negative controls for each sample provided a gauge for the inclusion or exclusion of indels as putative cutting
events. For quantification of homologous recombination, reads were first processed as in the indel detection workflow,
and then checked for presence of homologous recombination template CCAGGCTTGG.

Flow cytometric analysis for Cas9 self-targeting indel induction

[05685] Cells were transfected as above using the Cas9 plasmid PX475 encoding SpCas9-t2a-GFP in the presence
of guide RNAs targeting Cas9 itself. Three days following transfection, cells were washed once with PBS, trypsinized
and triturated to single cell suspension, and re-suspended in PBS buffer supplemented with 5% FBS and 2mM EDTA.
Fluorescent intensity was subsequently measured using the Accuri C6 flow cytometer.

[0586] Northern blot analysis of sSgRNA processingCells were transfected as described above and incubated for 72
hrs at 37C. RNA was subsequently extracted from the cells per mirVVana miRNA isolation kit protocol (Life Technologies)
to enrich for small RNAs. Purified small RNAs were resolved on a denaturing gel, transferred to BrightStar Positively-
Charged Nylon Membrane (Ambion), and probed overnight using radioactive or biotinylated oligonucleotides targeted
against specific sgRNA spacer sequences. Visualization was performed through the use of a Typhoon imager or Li-Cor
CLx machine depending on probe modality.
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Results
Cas9 nickase generates efficient NHEJ with closely approximated dual guide RNAs

[05687] The targeting specificity and activity of the Cas9 nuclease is dependent on base-pairing interaction between
the 20nt guide sequence within the sgRNA and the target DNA. Applicants therefore reasoned that lengthening the
guide sequence might increase guide:target basepairing and increase Cas9 targeting specificity. However, this failed
to improve Cas9 targeting specificity as a majority of the lengthened guide sequence is processed back to a 20-nt length.
Applicants therefore explored an alternate strategy forincreasing the overall base-pairing length between guide sequence
and DNA target based on simultaneous nicking of both strands of DNA by two separate Cas9-sgRNA complexes. Single-
strand nicks by Cas9n are preferentially repaired by the BER pathway, which typically results in extremely low levels of
mutagenesis. Applicants reasoned that two nicking enzymes directed by a pair of sgRNAs targeting opposite strands
of atarget locus, requiring double the number of sgRNA bases paired to target DNA, might still be able to mediate DSBs
while loci nicked by a single sgRNA-Cas9 duplex would be perfectly repaired (schematized in Figure 40A). By co-
transfecting sgRNAs and the Cas9 D10A nickase (Cas9n), which nicks the strand of DNA complementary to the sgRNA,
into human embryonic kidney (HEK293FT) cells, Applicants observed that whereas Cas9n in combination with guide
pairs could efficiently induce indel formation, Cas9n with single guides alone did not result in detectable modification of
the target locus by SURVEYOR assay (Figure 40B).

[05688] Given that the double-nicking strategy requires two Cas9n-sgRNA complexes to simultaneously target the
same locus, steric hindrance is likely to be of concern in determining whether any pair of sgRNAs targeting opposite
strands of DNA may be used for generating DSBs. To thoroughly characterize the parameters of paired guide RNAs
that would be amenable to indel formation, Applicants systematically designed sgRNA pairings targeting three different
human genes separated by a range of offset distances from -200 to 200 bp, creating both 5'- and 3’-overhang products,
and tested each for NHEJ (pairs listed in Table D). Significantly, across all three genes, Applicants observed substantial
indel frequency (up to 40%) for sgRNA pair offsets from -4 to 20 bp (Figure 41A). Notably, indels formed by double-
nicking with paired guide RNAs can result in larger and more varied types of mutations (representative indels observed
by deep sequencing shown in Figure 41B) than usually observed with single guides, which typically result in small
deletions in the target sequence 4-6 bp upstream from the PAM. Occasionally, sgRNAs offset by up to 100 bp were
observed to mediate on-target modification, which suggests a wide range of possible spacings fortargeting. Importantly,
all single sgRNAs transfections with wild-type Cas9, but not Cas9n, mediated efficient indel formation (summarized in
Table D), consistent with relative spacing between guide pairs being the primary determinant of double-nickase induced
genome modification. Impressively, double nickase indel frequencies were generally comparable to those mediated by
wild-type Cas9 nuclease targeting the same locus. Taken together, these results indicate that double nicking can serve
as a generalizable and predictable solution for efficiently mediating precisely targeted DSBs.

Double nicking allows high-efficiency homologous recombination

[05689] While induction of double-stranded DNA breaks can introduce mutagenic indels at targeted genomic loci and
mediate gene knockout, it can also be a mechanism by which to facilitate homology directed repair (HDR) to enable
highly precise editing or gene replacement of target sites. Given the wealth of SNP data that is being generated and the
increasing association with and appreciation of small or single base-pair mutations in disease tissues through genome-
or exome-wide sequencing efforts, the ability to reliably and efficiently alter small genomic regions for downstream
functional testing or disease modeling would prove enormously useful.

[0590] Previously, Applicants have shown that Cas9n, when used with a single sgRNA to nick DNA, can initiate HDR.
However, HDR occurs at a much lower frequency when mediated by nicking rather than DSB, which can further vary
among cell types. To test the efficiency of HDR with using a double-nicking strategy, Applicants targeted the human
EMX1 locus with two pairs of sgRNAs offset by -3 and 17 bp (generating 31- and 52-bp 5’ overhangs, respectively) and
introduced a single-stranded oligonucleotide (ssODN) bearing a Hindlll restriction site as the HDR repair template in
order to introduce a restriction fragment length polymorphism (RFLP) into the genomic locus (Figure 42A). Subsequent
RFLP demonstrated that both sgRNA pairs were able to successfully introduce the HR template at frequencies signifi-
cantly higher than those of single-guide Cas9n transfections and comparable to those of wild-type Cas9 (Figure 42B).
[0591] The growing interest and development in stem cells (ESC) or patient derived induced pluripotent stem cells
(iPSC) biology represents simultaneously a key opportunity for generating new disease paradigms and developing new
therapeutics, as well as an increasing need to develop ever more precise and efficient means of genome modification.
While double-stranded breaks have been shown to efficiently facilitate HDR in ESC and iPSCs, there is still much interest
in using nicking approaches for HDR in these sensitive applications due to their lower off-target activity. However, single
nick approaches to inducing HDR in human embryonic stem cells using the CRISPR-Cas system have met with limited
success. To improve HDR efficiency in ES cells, Applicants subsequently attempted double-nicking induced HDR in the
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HUES62 cell line observed significantly increased rates of incorporation of the HDR template (Figure 42C).

[0592] Analogous to defining optimal sgRNA spacing for indel generation by double-nicking, Applicants next sought
todetermine the ideal parameters for potentiating HDR. Applicants posited that to most efficiently facilitate strand invasion
and subsequent conversion, at least one of the sgRNA paired RNAs should be targeted close to the site of integration.
Applicants tested a variety of sgRNA pairs wherein at least one of the targeted cleavage sites was close to the site of
recombination (Figure 43). Applicants observed that sgRNA pairs predicted to generate a 5’ overhang with at least one
target within 22bp ofthe site ofintegration were able to incorporate the provided HDR template at frequencies comparable
to wild-type Cas9 nuclease mediated HDR. In contrast, SgRNA pairs that targeted the same strand of DNA, spaced by
negative offsets, or that had neither sgRNAs close to the site of integration were unable to facilitate HDR at detectable
levels.

Double nicking mediates highly specific genome editing

[0593] Having shown that double-nicking mediates high efficiency induction of both NHEJ and HDR at levels compa-
rable to those induced by wild-type Cas9, Applicants next sought to determine whether this approach results in improved
specificity over Cas9 through quantification of off-target activities. Applicants co-delivered Cas9n with two sgRNAs
spaced by a 23-bp offset to target the human EMX1 locus (Figure 44A). As expected, this configuration of paired sgRNAs
resulted in on-target indel levels comparable to those of wild-type Cas9 transfected with either sgRNA singly (Figure
44B, left panel). Strikingly, Applicants did not detect any modification by SURVEYOR assay at one of the sgRNA 1 off-
target sites (OT-4) in the case of double-nicking where the wild-type Cas9 showed 10% modification (Figure 43, right
panel). Applicants subsequently used deep sequencing to assess modification at 5 different sgRNA 1 off-target loci and
observed significant mutagenesis at all sites with wild-type Cas9 + sgRNA 1 alone (Figure 43). In contrast, off-target
cleavage by Cas9n was barely detectable and difficult to distinguish from sequencing error. Normalized to a specificity
ratio (on- to off-target indel percentage ratio), Cas9n with two sgRNAs could achieve over 100-fold greater specificity
relative to wild-type Cas9 (Figure 43).

[0594] In summary, the strategy of using the nickase Cas9n with closely approximated pairs of guide RNAs is as
efficientat inducing NHEJ and facilitating HDR as the wild-type nuclease, while achieving much highertargeting specificity.
Furthermore, the relatively wide range of offset distances between the double guides that is compatible with robust
activity renders double-nicking an attractive and easily implemented method.

[0595] Systematic mutagenesis of sgRNA architecture identifies regions for further optimization

[0596] One ofthe critical elements ofthe type || CRISPR-Cas nuclease system is the transactivating crRNA (tracrRNA),
which shares partial sequence homology and base-pairs with the repeat region of the crRNA and is required for the
assembly of the final Cas9-crRNA-tracrRNA complex. While elements from tracrRNA and crRNA have been adapted
to form a single artificially linked sgRNA (hereafter referred to as the wild-type sp85 scaffold) (Jinek Science, HSU), the
effects of sgRNA scaffold modification and tolerance towards mutagenesis has in general not been comprehensively
studied.

[0597] The sgRNA scaffold can be functionally and structurally divided into several components. The crRNA portion
includes the guide sequence and the direct repeat regions. The tracrRNA begins with a 14-nt anti-repeat that partially
basepairs with the direct repeat to form a stem loop (stem loop 1), and further contains an 18-bp linker to two additional
stem loops (stem loop 2 and 3). Importantly, there are several unpaired bases within the direct repeat and tracrRNA
anti-repeat stem loop 1, which create a bulge separating the proximal and distal direct repeat regions (Figure 45A).
Applicants hypothesized that optimization of the sgRNA architecture could improve the genome editing activity of Cas9
and subsequently performed a systematic interrogation of the sgRNA scaffold to gain a better functional understanding
of each component.

[0598] Applicants first identified regions of the sgRNA likely important for binding and recognition by Cas9. Strikingly,
replacement of the stem loop 1 bulge with perfectly base-pairing sequences completely abolished Cas9-mediated indel
activity, while substituting other non-base pairing nucleotides and thus retaining the bulge structure still allowed main-
tenance of modest activity. Within stem loop 1, mutations in the proximal direct repeat was not uniformly tolerated:
whereas shortening the proximal direct repeat duplex or mutating the poly-T tract to mixed pyrimidines and purines
abolished Cas9 activity, mutating the poly-T tract to pyrimidines alone was well-tolerated (Figure 45B). Finally, truncation,
shuffling, or randomization of the 18-bp linker sequence likewise resulted in complete loss of activity. However, it is
possible that this longer linker forms additional secondary structures not predicted by RNA-folding, and further finer
mapping mutagenesis experiments will be needed to elucidate its structural role.

[0599] Consistent with previous studies showing that stem loops 2 and 3 are not critical for Cas® activity even though
they significantly improve cleavage efficiency, alterations of the distal hairpins are largely well tolerated. For instance,
both stem loops 2 and 3 could be largely replaced with G-C basepairs or extended in length without adversely affecting
activity (Figure 45B). Together, these findings suggest that while the proximal direct repeat, bulge, and linker may be
involved in Cas9 recognition and binding, the two distal hairpins are likely more important for sgRNA folding and stability.
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Indeed, simultaneous stabilization of both distal hairpins along with mutating the distal direct repeat region was well
tolerated, yielding indel activity comparable to the original scaffold (Figure 46).

Ue-driven tandem guide RNAs are able to deliver two functional sgRNAs

[0600] The programmable nature of the CRISPR-Cas system by small RNAs makes it inherently more tractable than
purely protein module-based tools such as ZFNs and TALENSs for applications requiring multiplex targeting. Indeed,
Applicants and others have already shown that this can be readily achieved by co-delivering multiple sgRNAs in a variety
of applications. While this approach works well for in vitro studies, in vivo or therapeutic applications would benefit from
using a single vector system such as AAV. One of the major limitations of such systems is the amount genetic information
thatcan be delivered (~4.8kb for AAV), above which the efficiency of AAV particle assembly rapidly declines. Furthermore,
the alternative approach of using pooled delivery of independently transcribed sgRNAs is stochastic in nature and less
reproducible than a single vector system, especially in applications where target saturation may not be desired or
achievable. Many endogenous microbial CRISPR systems naturally occur as a single-promoter driven array of direct
repeats interspaced by protospacers, which are transcribed as a single transcript prior to their processing into individual
mature crRNAs. However, given that the chimeric sgRNA system works much more efficiently than the native crR-
NA:tracrRNA duplex, Applicants sought to develop a system by which a single promoter may drive the expression of
multiple sgRNAs arranged in tandem, similar to the native microbial CRISPR loci.

[0601] Applicants hypothesized that structurally stable sgRNA scaffolds would be more likely to fold into independent,
functionally active units when multiple units are transcribed together in the same transcript. To test this, Applicants began
by inserting an 8-nt linker between tandem adjacent sgRNAs (Figure 47A); for each the invariant sgRNA scaffold (non-
guide region), we used either pairs of original sp85 sgRNA or scaffolds with stabilized distal hairpins (4558 and 4561).
Strikingly, Applicants observed that when the tsgRNAs targeted closely approximated genomic loci previously shown
to induce indels with Cas9 nickase, the stabilized scaffolds 4558 and 4561 were able to induce indels at frequencies
similar to those induced by co-transfected individual sgRNAs (Figure 47B). Moreover, when paired with wild-type Cas9
nuclease, tsgRNAs were similarly able to induce genomic microdeletions in the human EMX1 locus at levels comparable
to multiplexed, individual sgRNAs (Figure 47C).

Optimization of tandem sgRNA scaffold architecture

[0602] Having shownthatsgRNAstranscribed intandem are able to simultaneously targettwo genomic loci, Applicants
next sought to determine the optimal linker for connecting the adjacent guide-scaffolds. Applicants designed tsgRNAs
using linker sequences of varying lengths in a genomic microdeletion assay with two sgRNAs. Given that endogenous
individual protospacers are separated by 36-nt long direct repeat sequences, we also tested linkers that encoded for
either half of a direct repeat or a full-length direct repeat. Interestingly, Applicants observed there was not a strong
correlation between linker sequence length and the efficiency of genome modification, even in cases where there was
no linker separating the distal end ofthe sgRNA from the guide sequence ofthe second (Figure 48). However, it appeared
that inclusion of direct repeat sequences adversely affected activity while there's a modest preference towards 12-nt
linker length for cleavage efficiency, although more studies are needed to confirm these observations.

Processing of tandem sgRNAS into individual subunits occurs, is position-dependent

[0603] An obvious question to transcribing multiple sgRNAs under the same promoter is whether or not the co-tran-
scribed tandem sgRNAs are processed to individual guide-scaffold units. To answer this, Applicants designed tandem
sgRNAs that carried the same guide in either the first or second position (Figure 49A). Subsequent Northern blot analyses
of transfected cells showed three distinct RNA species, corresponding to a 200+ nt (likely unprocessed tandem RNA
transcript), a ~140 nt transcript (consistent with premature transcriptional termination signaled by the poly-U tract in the
second scaffold), and a ~100 nt fully processed sgRNA (Figure 49B).

[0604] When the target spacer is in the first position in the tsgRNA, Applicants observed abundant fully processed
sgRNA of the same size as individually UB-transcribed sgRNAs. However, when placed in the second position, there
were only trace amounts of fully processed sgRNA present. Consistent with this, Applicants observed that reversing
spacer order in microdeletion assays could significantly alter the efficiency of genomic modification (data not shown).
Furthermore, when testing other pairs of sgRNAs targeting different genomic loci, Applicants observed that the same
guide sequence typically has better activity when placed in the first rather than the second position (Figure 49C). These
observations suggest that while most spacers are compatible with a single guide transcript, the sequence of the second
spacer may be more likely to influence activity of the second sgRNA in the context of a tandem sgRNA.
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Pairing of sequence-divergent scaffolds results in better second spacer activity

[0605] To optimize the activity of the second spacer, Applicants devised an assay for assessing its activity by fluores-
cence cytometry. By targeting the second guide against Cas9 itself in a plasmid expressing Cas9-2A-GFP, Applicants
can assess indel activity by measuring the fluorescence fraction and intensity of transfected cells (Figure 50A). Applicants
observed that transfecting cells with single sgRNAs targeting Cas9 or co-delivering Cas9-targeting sgRNA with another
sgRNA significantly reduced the mean fluorescence intensity (MFI) of the Cas9-2A-GFP-transfected GFP-positive frac-
tion, whereas cells transfected with Cas9-2A-EGFP and a non-Cas9-targeting sgRNA maintained high MFI (Figure 50B).
[0606] Given that each sgRNA scaffold needs to fold into a stable secondary structure, Applicants hypothesized that
a potential reason for the decreased activity of the second spacer may be due to secondary structure interactions not
within asingle but between the two sgRNA scaffolds. Applicants surmised that the use ofdivergent, minimally homologous
sgRNA scaffolds that are less likely to base-pair with each other could reduce interactions between the pair and aid
individual folding. To test this hypothesis, Applicants designed a set of twelve distinct sgRNA scaffolds, each with the
first guide targeting GRIN2B and the second targeting Cas9, and performed a pair-wise comparison of all scaffold
combinations. Subsequent flow-cytometric analyses identified five potential candidate sgRNA scaffolds that significantly
reduced both the MFI of the GFP-positive fraction as well as the overall percentage of GFP-positive cells; the levels of
reductions are similarto those obtained by transfecting singly transcribed Cas9-targeting sgRNA (Figure 50C). Consistent
with the notion that inter-scaffold interactions may be disrupting proper sgRNA folding and processing, most of the five
scaffolds showed relatively poor activity when transcribed in tandem with highly homologous sgRNAs. Indeed, sequence
alignment analysis of the twelve scaffolds showed that the pairs of tandem scaffolds that showed the highest activity
had the greatest sequence divergence between the two sgRNAs (Figure 51). In summary, tandem-arrayed sgRNAs
represents a potentially useful approach for co-delivery of two sgRNAs in a single RNA transcript. While some guide
sequences appear to function well in the second position, optimization of the sgRNA architecture to maximize inter-
scaffold sequence divergence and improve structural stability will likely aid processing and activity of tandem
sgRNAs.once with PBS, trypsinized and triturated to single cell suspension, and re-suspended in PBS buffer supple-
mented with 5% FBS and 2mM EDTA. Fluorescent intensity was subsequently measured using the Accuri C6 flow
cytometer.

Discussion
Double nicking approach to genome editing with CRISPR

[0607] Specificity is of paramount importance when introducing permanent genomic alterations, especially for highly
sensitive applications such as gene therapy or studies aimed at linking causal genetic variants with biological processes
or disease phenotypes. Designer nucleases such as ZFNs62 and TALENs63 have reported off-target activities over
15%. Given that both approaches are based on complex, evolved protein-DNA interactions, prediction or optimization
of specificity through protein engineering can prove quite challenging. Nonetheless, efforts have been made to increase
TALEN specificity, such as extending the number of bases recognized by protein monomers.

[0608] Strategies for improving the targeting accuracy of the CRISPR-Cas system can optimize either of its two
essential components - the Cas9 nuclease or sgRNA. While Applicants’ work has shown that extending the guide length
does not improve specificity, it has recently been reported that shorter guide lengths could potentially significantly
decrease nonspecific activity at known off-target sites. However, given that shorter guide sequence also increases the
number of possible similar targets across a genome, it remains to be seen whether this strategy will decrease overall
genome-wide off-target mutation frequencies. Here, Applicants have demonstrated that combining two sgRNAs with
Cas9 nickases is able to effectively generate DSBs while avoiding mutagenic events arising from single-stranded DNA
break mutations as they are typically repaired with high fidelity.

[0609] In the context of delivering gene repair or replacement templates, Cas9n nicking of DNA with a single sgRNA
has been previously shown to facilitate HDR without generating indels. However, it is substantially less efficient at doing
so relative to wild-type Cas9, and can be susceptible to differences in HDR efficiency among different cell types48,52.
However, Applicants have demonstrated that using two closely approximated guides to target the Cas9n nickase to the
same genomic locus can mediate HDR at high efficiencies while keeping off-target modifications to background levels.
Moreover, the characterization of spacing parameters governing successful Cas9 double nickase-mediated gene tar-
geting reveals an effective window of over 100-bp in which sgRNAs targeting opposite strands can be paired for double-
nicking applications, allowing for a high degree of flexibility in their design. Applicants have additionally demonstrated
that double nicking-mediated indel frequencies are comparable to those of wild-type Cas9 modification at multiple loci
in both human and mouse cells, confirming the reproducibility of this strategy for high-precision genome engineering.
[0610] Though the ability to potentiate specific, targeted indel mutations greatly enables functional analyses by gene
knock-out, the use of double-nicking to precisely target homologous recombination has practical implications in the
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generation of model systems and organisms. It has been reported that blastocyst injection of Cas9 nuclease with sgRNA
and HDR template can generate conditional and reporter mice in a single step. While this finding immensely streamlines
an otherwise laborious and prolonged process, the relatively high dose of Cas@ mRNA and guide RNA injected into
each blastocyst can become a real concern for off-target modifications. Indeed, concurrent work by collaborators and
other members of the lab has already demonstrated that analogous blastocyst delivery of Cas9n with two sgRNAs can
induce efficient targeted gene modification at the mouse Mecp2 locus. Further studies investigating the efficiency and
specificity of the double-nicking approach in facilitating homologous recombination in the context of mouse model gen-
eration will be immensely informative.

[0611] While significant off-target mutagenesis has been previously reported for Cas9 nucleases in human cells, the
double-nicking approach provides a generalizable solution for rapid and accurate genome editing. Even though double-
nicking is conceptually similarto ZFN- and TALEN-based genome editing systems, which utilize hemi-nuclease domains
to induce DSBs, the ease, flexibility, and improved predictably of using an RNA-guided DNA targeting system significantly
increases its potential downstream applications. Given that it has been observed that cooperative nicking at off-target
sites can still occur in the context of ZFNs and TALENS, significant and thorough characterization of the true genome-
wide off-target activity of the CRISPR-Cas system is still prerequisite to its further development as means of efficient,
ultrahigh-precision genome editing. Even so, Applicants believe that double nicking with Cas®n represents a solid step-
forward in establishing CRISPR-Cas system as a versatile tool for genome manipulation in both basic science research
and medicine.

sgRNA optimization and creation of tandem guide RNAs

[0612] Following the initial derivation of the chimeric sgRNA41 from elements oftracrRNA and crRNA, the subsequent
sp85 sgRNA scaffold40,48 was developed from full-length tracrRNA and has become the most commonly architecture
used for genome editing applications. However, aside from relatively few studies aimed at improving sgRNA stability,
there has not yet been any reported fine mapping of sgRNA structure-function relationships or optimization of the sgRNA
architecture through sequence replacement. The targeted, functional studies Applicants performed have identified a
number of regions within the sgRNA that may be amenable to further modification or addition of functional groups that
may broaden the range of applications for the CRISPR-Cas9 system. Notably, despite having tested a wide-range of
scaffold modifications, Applicants observed few changes that significantly improve the indel activity of Cas9. Further
elucidation of the structure-function relationship of the sgRNA interacting with its nuclease will be informative in making
more targeted changes to both the sgRNA and Cas9 simultaneously that may allow further gains in on-target efficiency.
[0613] Theribonuclease RNAselll has been shown as necessary for processing and maturation of the crRNA following
binding to tracrRNA in the type || CRISPR systems. However, processing at the 5’ end remains largely unknown in both
microbial and eukaryotic contexts. A recent report investigating processing of Neisseria spp. CRISPR RNA processing
identified transcriptional promoters located in the direct repeat preceding each spacer sequence that drives transcription
of individual crRNA units. Applicants have previously observed that lengthening of the spacer sequence to 30-nt does
not result in a longer sgRNA: Northern blot analysis shows still the same length transcript as with sgRNAs with 20-nt
guide sequences. Furthermore, Applicants’ observation that sgRNA units can be fully processed - albeit at low levels -
from the second position of the tsgRNA might point to the existence of potential endonucleases involved with end-
maturation of sgRNAs.

[0614] RNA-sequencing analyses have shown that spacers located at the promoter-proximal end of the CRISPR
arrays tend to be of higher abundance than those located more distally, suggesting that transcriptional processivity may
be an important parameter in determining relative efficiency of mature crRNA units. Consistent with Applicants’ findings,
this study also reports that certain spacer sequences predicted to form secondary interactions with adjacent RNA are
often under-represented. Thus, while developing synthetic CRISPR arrays, consideration of spacer sequence is likely
to become of increasing importance.

[0615] There have been a number of recent studies using CRISPR-Cas9 lentiviral libraries for genome-wide knockout
screens that have shown greater reproducibility and sensitivity than analogous RNAi-libraries. The ability to simultane-
ously deliver more than a single guide RNA on a single vector would be particularly interesting in the context of lentiviral
screening methodologies, which would open the door for both high-throughput deletion as well as pairwise screens. In
the context of commonly used shRNA libraries, the propensity of lentivirus to recombine has limited our ability to drive
expression of multiple short RNAs from a single vector with the requirement of utilizing multiple unique promoters.
Although it remains to be seen how many sgRNAs can be efficiently arrayed in tandem, this approach allows for a single
promoterto drive expression of atleasttwo sgRNAs. Furthermore, the knowledge that sequence-divergent yet structurally
similar sgRNA scaffolds can remain active will be useful in a variety of applications where recombination between
structural elements has been a limitation.
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Table E: List of spRNAx used in this study
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EMXT
ERIXT
EMX1
EMX1
EMXT
SRIXT
EMX1
EMX1
E8XY
R
EMKT
EMX?
EMXH
EXT
EMXT
EMXY
E&#XH
EMXT

EMX1

EMXT
EMAT
ERXT

DYRKIA
DYRKIA
OYRKIA
DYRKIA
DYRKTA
DYRKIA
DYBKIA
DYRIKTA
DYRKTA
DYRKIA
DYRK1A
DYHRKIA
DYRKTA
DYRKTA
DYRKIA
DYRKTA
DYRKIA
DYRKTA
DYRKIA

E=r TN & IR C O i B ]

~t

EEOCTCCAAGGAGTOUGAGCAGAAGAA AR

AGGELCCLAGTERITGEOTCRG
GOCOCACACATGERGARACTEY
TCACOTEGHCCABGEAGSGA
TGAAGEYBYGETTCTAGAAL
AGCTETECTTCCACARICES
GLCGTTTGTACTTTETCCTC
CARMCGGECAGRAGTTGRIGG
CEBCAGAAGDIGRAGGAGGA
THAGTCCGAGTAGRAGAAGA
GGEAGLCCTTCITOTTOTGIT
AGGRGECITCCCATCRCRTIAAS
TGOECCALIGETTERTETER,
TTGCCALGRAGCAGGUCART
CACGABGCAGGUTAATEGRG

TURCCHCCARTERETABOET

GOCAGAGTGLTGER TTGLTGED

GRCATUGATET KN

ACTOTEOOOTOGTEGGTTTG
CHRACCARCACYCTOCCOTONG
TICTTCTTCTGCTREEACTC
CTCCCCATTRGCOTGCTTCG

TR TN

G

GRAGTAPCAGAAATGEALOTAT

GETCACTOTACTGATGTGAR
GCCASACATBAGTGACOAAL
GTTCCTTARATAACARCTTT
TETCAMATGRTATARARCRTT
ATCTGGYCAGRATATEATAL
STCACTCTACTGATGTOAAT
CATCTGAARGGUCAGCAGUAT
TEATARGGIAGARACCTGET
GARGATARITOASGCTTTARR
GTATCATTTGACATATCTAL
CAGCATEEARTGAMMATGRL
SUABCATGRARTOARBATES

STCCAACCOCAACACATOAL
TCACTGETACTGATETGAATG
TCCTACRAGRRGATAAGTGA
TATCATYIGACATATCTARY

AACTTTYOFRACTACAARCA
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265G
pMee
TG
GGG
BGHG
GEG
TG

THE

GG
TEG

AGG

H.

x

. sapiens
. saplens
| BApIEns
{ sapiens
. sapiens

. sapiens

sapians

| sapiens
. sapiens
| saplens
H. sapiens
. sapions
| sapiens
| sapigns
. sapens
| sapiens
L sapiens

| sapiens

SaRRIS

saplens

. Gapiens

| Sapieas
. saplens
| sapiens
sapiens
aaw«&ws ,,,,,
. sapiens
| sapiens
| sapiens
. sapiens
. sapiens

sapiens

. sapiens

. saplens

sAEns

i

IenRS

| sapiens
. saplens

| sapiens

H. sapions

iy

. sapiens
. 83pigas
. sapiens

| sapiens
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DYRK1A
DYBKIA
DYBKIA
DYRK1A
YRKIA
DYRKIA
DYRK14
DYRIIA
DYRKTA
DYRK1IA
DYRK1A
DYRKIA
DYRKIA
DYRKIA
DYRKIA
GRINZS
GRINZS
GRINZS
GRINZB
GRINZB
GRINZB
GRINZB
GRINZB
GRINZG
GRINZEB
GRINZB
GRINGE
GRINZE
GRINZS
GRINZE
GRINZB
GRINZS
GRINZS
GRINZE
GRINZB
GRINZB
GRINZB
GRINZB
GRIN2B
GRINZE
GRINZE
GRINZE
GRINZE
GRINGB
GRINZS

85

73
74
75
76

&1

ARQCTCACTERTCITOTTGT
CTCACTTATCTICTTOTACS
CCATGCTGCTRGCCTTCAGR
GOYGCTOGECTRCAGRTGEC
TCAGCARCCTCTAACTAALC
TCATTTTCATPCCATGLTEC
CAYGCARACCPRCATCTGTY
TARTRIAGANPCAGAGHLTE
TTRTTTCTEIAGAATATTAS
AABAGACCTAAACABARGAR
TGTETOAGRATARARGAGTT
COGRCTARGADCTTGARGTD
CTEOTTETACCATTTGAGTT
TCAGAGCTTOCTGACACCCR
ABTACCTAGTEACAGGUATT
GOTGATCATGCPCYTTEGST
TCEGTGATCTCATRYCTGAC
CARCAATGUCARTOCTRGEE
COTCETREGCACTTCCRALG
TYECLCETERECATCCTITEA
TEATTTCOACCATCTCTCNG
GEAGRACAGCACTCOGOTCY
CTGETTGOTETTGGICGTCN
CCAACACCARLCAGRACTTG
ACARCAATECCARYBOTEGE
GTGRARRTCATCTTTICTCGT
TCTRCTECCTRACACGEICA
COAGCTOTOCTGUCTEACAL
TLCRTGATGRCCACCTICGTE
ATGACAGUAATGCCARTGIT
AGUAATOCCARTGCTGEGEG
GUUAACARCCAADCAGRACTY

TEACAGCARTGCCRATICTG

GAGARCAGCACTCCORCTATR
CRBCCTGACACTOLGUCAGGAC
CTEETAGATGEAGYRGGETY
AENGCTETTCTCCCAAGTTC
GECATTGCTETCATCOTOGT
TCCCAAGTTCTRETGEGTET
TPGRCEGTCIICHCOETETC
TRCCGACGAGRTGEOCATIA
TECCATTGCTRTCATCOTCS
CAGBAGAGCCCCQCCAGTAT
CHETGEGCACTECCCACGAGE
TEACCGOADGATCIAGHEEE
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ARG
ACG

s

TGG

TRG

iXG3
TEG
GG
GGG
ety
GG
TRG
GI3G
TG

RIG
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saplens

. sapiens
. Sapfens

| sapiens

. gapiens
. sapians
. sapiens
. SADiens
. sapiens
. sapiens
. Rapians
. sapiens
. sapiens
| sapfens
. sapiens
. sapiens
. gapiens
. FADIENS
. §aplens
. sapiens
. sapiens
. sApiEns
| SApISNS
. sapions
. sapiens
. Bagiens
. sapiens
. aplens
. sapfens
. gaptens

| Sapiens

Fapiens

. gapiens

. sapiens
. sapiens
. SADIENS
i. SAHENS
| sapiens
. sapiens
. sapiens
. sapfens

. sapfens
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“able F. List of spRNA4 scaffolds used in this study

FetalkRAtacoGita

20 gaastagoasgit T
lige rancomlzation 81 sgaichalhAbiacoNNNNLs
[
g4 -
63 Btaccaeygtisaa

Ataccasctta

NNNNNVNNRHNNNNNNac - tGAARsagmgguas

sgagebaltiAbtaccaagtbsaasts BN

20 yL.L_agaacl

94  gtztzagazct

9z gqiuohragayel Atacaaeqgttasantan

g Llageasyllanaslangye oag

ylol_zyajcla

calbcaae  laladtaa cdag

cgoGgTITTT

Table G Primers used for SURVEYOR assays
Primer Name  Genomic Target  Sequence

SUV901 EMX1 CCATCCCCTTCTGTGAATGT
SUV902 EMX1 GGAGATTGGAGACACGGAGA
DYRK1A-F DYRK1A GGAGCTGGTCTGTTGGAGAA
DYRK1A-R DYRK1A TCCCAATCCATAATCCCACGTT
GRIN2B-F GRIN2B CAGGAGGGCCAGGAGATTTG
GRIN2B-R GRIN2B TGAAATCGAGGATCTGGGCG
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Table H. Primers used to generate amplicons for NGS

Primer Name Sequence
EMX1-F GGAGGACAAAGTACAAACGGC
EMX1-R ATCGATGTCCTCCCCATTGG
EMX1-HR-F CCATCCCCTTCTGTGAATGT
EMX1-HR-R GGAGATTGGAGACACGGAGA
EMX1-OT1.1-F TGGGAGAGAGACCCCTTCTT
EMX1-OT1.1-R TCCTGCTCTCACTTAGACTTTCTC
EMX1-OT1.2-F GACATTCCTCCTGAGGGAAAA
EMX1-OT1.2-R GATAAAATGTATTCCTTCTCACCTTC
EMX1-OT1.3-F CCAGACTCAGTAAAGCCTGGA
EMX1-OT1.3-R TGGCCCCAGTCTCTCTTCTA
EMX1-OT1.4-F CACGGCCTTTGCAAATAGAG
EMX1-OT1.4-R CATGACTTGGCCTTTGTAGGA

[0616] While preferred embodiments of the present invention have been shown and described herein, it will be ocbvious
to those skilled in the art that such embodiments are provided by way of example only. Numerous variations, changes,
and substitutions will now occur to those skilled in the art without departing from the invention. It should be understood
thatvarious alternatives to the embodiments ofthe invention described herein may be employed in practicing the invention.
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Patentkrav

1. Tkke-naturligt forekommende eller modificeret
sammensatning til ekspression i en celle, som omfatter:

et enkelt polynukleotid, der omfatter sekvenser til
ekspression af to eller flere CRISPR-Cas®9-systemguides fra en
enkelt promotor, hvor hver systemguide er et kimert RNA
(chiRNA) og omfatter fra 5'-mod-3' en guidesekvens, der
hybridiserer til et DNA-mal 1 et locus af interesse, en tracr-
komplementaer sekvens og en tracr-sekvens, og hvor tracr-
sekvensen 1 et forste chiRNA er koblet til guidesekvensen 1 et

andet chiRNA ved hjalp af en linkersekvens.

2. Sammensatning ifelge krav 1, hvor linkersekvensen
omfatter mindst 5 nukleotider, fortrinsvis mindst
10 nukleotider, mere fortrinsvis mindst 20 nukleotider, eller

hvor linkeren har 8 eller 12 nukleotider.

3. Sammensatning ifelge et hvilket som helst af kravene 1
til 2, der yderligere omfatter et Cas9 eller en kodonoptimeret

polynukleotidsekvens, der koder for Cas9.

4. Sammensatning ifelge krav 3, hvor Cas9 omfatter en eller

flere nukleare lokaliseringssekvenser.

5. Sammensatning ifelge et hvilket som helst af kravene 3
til 4, hvor Cas9 er SaCas9 eller SpCas9.

6. Sammensatning 1ifelge krav 3 til 5, hvor Cas9 er en
nickase.
7. Sammensatning ifelge krav 6, hvor Cas9 omfatter en eller

flere mutationer i et katalytisk dom:ne, fortrinsvis hvor den
ene eller de flere mutationer er wvalgt fra gruppen, der bestar
af DI10A, E762A, H840A, N854A, N863A og D986A 1 SpCas9 eller
tilsvarende positioner 1 andre Cas9’er, og mest fortrinsvis

hvor Cas9 har DI10A-mutationen.
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8. Sammensatning ifelge et hvilket som helst af kravene 1
til 7, hvor den forste guidesekvens er 1 stand til at styre
spaltning af den ene streng af DNA-dupleksen tat pa den forste
malsekvens, og den anden guidesekvens er i stand til at styre
spaltning af den anden streng tat pad den anden malsekvens, og
den fgrste og anden guidesekvens er konfigureret til at

generere et b'-udh&ng.

9. Sammensatning ifwlge krav 8, hvor:

(a) 5’ —udha&nget er hejst 200 basepar eller er hejst
100 basepar eller er hgjst 50 basepar; eller

(b) 5" —udha&nget er mindst 26 basepar eller er mindst

30 basepar eller er 34-50 basepar.

10. Sammensatning ifeglge et hvilket som helst af kravene 1
til 7, hvor den forste guidesekvens er 1 stand til at styre
spaltning af den ene streng af DNA-dupleksen tat pa den forste
malsekvens, og den anden guidesekvens er i stand til at styre
spaltning af den anden streng tat pad den anden malsekvens, og
den fgrste og anden guidesekvens er konfigureret til at

generere et 3'-udh&ng.

11. Sammensatning ifglge krav 10, hvor:
(a) 3’ —udha&nget er hejst 150 basepar eller er hejst
100 basepar eller er hgjst 25 basepar; eller

(b) 3" —udhanget er mindst 10 basepar eller er mindst
15 basepar.
12. Fremgangsmade til modificering af et genomisk locus af

interesse i en celle eller til modificering af en ikke-human
organisme eller til modificering af en DNA-dupleks 1 et locus
af interesse 1 en celle, hvilken fremgangsmade omfatter
administrering af den ikke-naturligt forekommende eller
modificerede sammensatning, der omfatter sammensatningen
ifeglge et hvilket som helst af kravene 1 til 11,

hvor fremgangsmaden ikke er en fremgangsmade til behandling af
menneske- eller dyrekroppen ved hjalp af terapi, der udfgres

Pa menneske- eller dyrekroppen, og



10

15

20

DK/EP 3011029 T3

hvor fremgangsmaden ikke er en fremgangsmade til modificering

af konscellers genetiske identitet hos mennesker.

13. Fremgangsmade ifelge krav 12, hvor det enkelte
polynukleotid, der omfatter sekvenser til ekspression af to
eller flere CRISPR-Cas9-systemguides fra en enkelt promotor,
er tilvejebragt som en forste DNA-sekvens, og hvor
sammensatningen omfatter en kodonoptimeret
polynukleotidsekvens, der koder for Cas9, og polynukleotidet
er tilvejebragt som en DNA-sekvens,

hvor hver af den forste DNA-sekvens og den anden DNA-sekvens

er tilvejebragt i en vektor.

14. Fremgangsmade ifelge krav 13, hvor hver af den forste
DNA-sekvens og den anden DNA-sekvens er tilvejebragt 1 den

samme eller forskellige vektorer.

15. Sammensatning ifeglge et hvilket som helst af kravene 1

til 11 til anvendelse til terapi.

16. Veartscelle, der omfatter sammensatningen ifglge et
hvilket som helst af kravene 1 til 11, hvor vartscellen ikke

er en human kegnscelle og ikke er et humant embryo.
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Cas9 Expression in Mouse Hippocampus [AAV)

Cas9 Expression in Mouse Cortex (AAV)
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