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CRISPR/CAS9-BASED REPRESSORS FOR SILENCING GENE TARGETS IN
VIVO AND METHODS OF USE

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No. 62/321,947, filed
April 13, 2016, and U.S. Provisional Application No. 62/369,248, filed August 1, 2016.
The contents of the aforesaid applications are hereby incorporated by reference in their

entirety.

STATEMENT OF GOVERNMENT INTEREST
This invention was made with Government support under Federal Grant Nos. 1 RO1
DA036865 and 1 DP2 OD008586 awarded by the NIH. The Government has certain

rights to this invention.

BACKGROUND

Engineered DNA-binding proteins that can be customized to target any gene in
mammalian cells have enabled rapid advances in biomedical research and are a promising
platform for gene therapies. The RNA-guided CRISPR-Cas9 system has emerged as a
promising platform for programmable targeted gene regulation. Fusion of catalytically
inactive, “dead” Cas9 (dCas9) to the Kruppel-associated box (KRAB) domain generates a
synthetic repressor capable of highly specific and potent silencing of target genes in cell
culture experiments. However, a technology to deliver CRISPR/Cas9-based gene
repressors in vivo has not been developed. Adeno-associated virus (AAV) vectors have
been proposed for gene delivery of CRISPR-Cas9 components for in vivo studies and
therapeutic applications. AAYV vectors provide stable gene expression with low risk of
mutagenic integration events. AAV vectors can be engineered to target tissues of interest
in vivo, and are already in use in humans in clinical trials. However, gene delivery of S.
pyogenes dCas9-KRAB in vivo is challenging because the size of the S. pyogenes dCas9
and KRAB domain fusion exceeds the packaging limits of standard AAV vectors.
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SUMMARY

In an aspect, the disclosure features a method of modulating expression of a gene, in vivo,

in a subject comprising administering to, or providing in, the subject:

(a) (1) a fusion molecule comprising a sequence comprising a dCas9 molecule
fused to a modulator of gene expression; or (ii) a nucleic acid that encodes a
fusion molecule comprising a sequence comprising a dCas9 molecule fused to a
modulator of gene expression; and

(b) (1) a gRNA which targets the fusion molecule to the gene; or (ii) a nucleic acid
that encodes a gRNA which targets the fusion molecule to the gene,

in an amount sufficient to modulate expression of the gene.

In an embodiment, the method comprises administering to, or provided in, the subject any

of: (a)(ii) and (b)(ii), (a)(i) and (b)(i), (a)(i) and (b)(ii), or (a)(ii) and (b)(i).

In an embodiment, the method comprises administering to, or provided in, the subject:
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene.

In an embodiment, the nucleic acid of (a)(i1) comprises DNA. In an embodiment, the

nucleic acid of (b)(i1) comprises DNA. In an embodiment, the nucleic acid of (a)(i1)

comprises RNA. In an embodiment, the nucleic acid of (b)(i1) comprises RNA.

In an embodiment, the method comprises one or both of (a) and (b) are packaged in a

viral vector. In an embodiment, (a) is packaged in a viral vector. In an embodiment, (b)

is packaged in a viral vector. In an embodiment, (a) and (b) are packaged in the same

viral vector.

In an embodiment, the viral vector comprises an AAV vector. In an embodiment, the

viral vector comprises a lentiviral vector.

In an embodiment, (a) is packaged in a first viral vector and (b) is packaged in a second

viral vector. In an embodiment, the first viral vector comprises an AAV vector and the

second viral vector comprises an AAV vector.
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In an embodiment, the dCas9 molecule comprises a gRNA binding domain of a Cas9
molecule. In an embodiment, the dCas9 molecule comprises one, two or all of: a Recl
domain, a bridge helix domain, or a PAM interacting domain, of a Cas9 molecule.

In an embodiment, the dCas9 molecule is a mutant of a wild-type Cas9 molecule, e.g., in
which the Cas9 nuclease activity is inactivated. In an embodiment, the dCas9 molecule
comprises a mutation that inactivates a Cas9 nuclease activity, e.g., a mutation in a DNA-
cleavage domain of a Cas9 molecule. In an embodiment, the dCas9 molecule comprises
a mutation that inactivates a Cas9 nuclease activity, e.g., a mutation in a RuvC domain
and/or a mutation in a HNH domain.

In an embodiment, the dCas9 molecule comprises a Staphylococcus aureus dCas9
molecule, a Streptococcus pyogenes dCas9 molecule, a Campylobacter jejuni dCas9
molecule, a Corynebacterium diphtheria dCas9 molecule, a Fubacterium ventriosum
dCas9 molecule, a Streptococcus pasteurianus dCas9 molecule, a Lactobacillus
Jfarciminis dCas9 molecule, a Sphaerochaeta globus dCas9 molecule, an Azospirillum
(e.g., strain B510) dCas9 molecule, a Gluconacetobacter diazotrophicus dCas9 molecule,
a Neisseria cinerea dCas9 molecule, a Roseburia intestinalis dCas9 molecule, a
Parvibaculum lavamentivorans dCas9 molecule, a Nitratifractor salsuginis (e.g., strain
DSM 16511) dCas9 molecule, a Campylobacter lari (e.g., strain CF89-12) dCas9
molecule, or a Streptococcus thermophilus (e.g., strain LMD-9) dCas9 molecule.

In an embodiment, the dCas9 molecule comprises an S. aureus dCas9 molecule, e.g.,
comprising an S. aureus dCas9 sequence described herein.

In an embodiment, the S. aureus dCas9 molecule comprises a mutation at an amino acid
position, corresponding to position 10, 580, or both (e.g., D10A, N580A, or both),
relative to a wild-type S. aureus dCas9 molecule, numbered according to SEQ ID NO:
25.

In an embodiment, the S. aureus dCas9 molecule comprises the amino acid sequence of
SEQ ID NO: 35 or 36, a sequence substantially identical (e.g., at least 80%, 85%, 90%,
92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 35 or 36, or a sequence
having one, two, three, four, five or more changes, e.g., amino acid substitutions,

insertions, or deletions, relative to SEQ ID NO: 35 or 36, or any fragment thereof.
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In an embodiment, the dCas9 molecule comprises an S. pyogenes dCas9 molecule, e.g.,
comprising an S. pyogenes dCas9 sequence described herein.

In an embodiment, the S. pyogenes dCas9 molecule comprises a mutation at an amino
acid position, corresponding to position 10, 840, or both (e.g., D10A, H840A, or both),
relative to a wild-type S. pyogenes dCas9 molecule, numbered according to SEQ ID NO:
24,

In an embodiment, the dCas9 molecule is less than 1400, 1300, 1200, 1100, 1000, 900,
800, 700, 600, or 500 amino acids in length. In an embodiment, the dCas9 molecule is
500-1300, 600-1200, 700-1100, 800-1000, 500-1200, 500-1000, 500-800, 500-600, 1000-
1200, 800-1200, or 600-1200 amino acids in length.

In an embodiment, the dCas9 molecule has a size that is less than 90%, 80%, 70%, 60%,
50%, 40%, or 30% of the size of a wild-type Cas9 molecule, e.g., a wild-type S. pyogenes
Cas9 molecule or a wild-type S. aureus dCas9 molecule.

In an embodiment, the modulator of gene expression comprises a modulator of gene
expression described herein.

In an embodiment, the modulator of gene expression comprises a repressor of gene
expression, e.g., a Kriippel associated box (KRAB) molecule, an mSin3 interaction
domain (SID) molecule, four concatenated mSin3 interaction domains (SID4X), MAX-
interacting protein 1 (MXI1), or any fragment thereof.

In an embodiment, the modulator of gene expression comprises a Kriippel associated box
(KRAB) molecule comprising the sequence of SEQ ID NO: 34, a sequence substantially
identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical)
to SEQ ID NO: 34, or a sequence having one, two, three, four, five or more changes, e.g.,
amino acid substitutions, insertions, or deletions, relative to SEQ ID NO: 34, or any
fragment thereof.

In an embodiment, the modulator of gene expression comprises an activator of gene
expression, e.g., a VP16 transcription activation domain, a VP64 transcriptional
activation domain, a p65 activation domain, an Epstein—Barr virus R transactivator Rta
molecule, a VP64-p65-Rta fusion (VPR), Ldbl self-association domain, or any fragment
thereof.
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In an embodiment, the modulator of gene expression comprises a modulator of epigenetic
modification, e.g., a histone acetyltransferase (e.g., p300 catalytic domain), a histone
deacetylase, a histone methyltransferase (e.g., SUV39H1 or G9a (EHMT2)), a histone
demethylase (e.g., Lys-specific histone demethylase 1 (LSD1)), a DNA methyltransferase
(e.g., DNMT3a or DNMT3a-DNMT3L), a DNA demethylase (e.g., TET1 catalytic
domain or TDQG), or fragment thereof.

In an embodiment, the modulator of gene expression is fused to the C-terminus, N-
terminus, or both, of the dCas9 molecule.

In an embodiment, the modulator of gene expression is fused to the dCas9 molecule
directly. In an embodiment, the modulator of gene expression is fused to the dCas9
molecule indirectly, e.g., via a non-modulator or a linker, or a second modulator.

In an embodiment, a plurality of modulators of gene expression, e.g., two or more
identical, substantially identical, or different modulators, are fused to the dCas9
molecule.

In an embodiment, the fusion molecule further comprises a nuclear localization sequence.
In an embodiment, one or more nuclear localization sequences are fused to the C-
terminus, N-terminus, or both, of the dCas9 molecule, e.g., directly or indirectly, e.g., via
a linker.

In an embodiment, the one or more nuclear localization sequences comprise the amino
acid sequence of SEQ ID NO: 37 or 38, a sequence substantially identical (e.g., at least
80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 37 or
38, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 37 or 38, or any fragment
thereof.

In an embodiment, the fusion molecule comprises the amino acid sequence of SEQ ID
NO: 39, 40, or 41, a sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%,
95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 39, 40, or 41, or a sequence
having one, two, three, four, five or more changes, e.g., amino acid substitutions,
insertions, or deletions, relative to SEQ ID NO: 39, 40, or 41, or any fragment thereof.

In an embodiment, the nucleic acid that encodes the fusion molecule comprises the

sequence of SEQ ID NO: 23, a sequence substantially identical (e.g., at least 80%, 85%,
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90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 23, or a sequence
having one, two, three, four, five or more changes, e.g., substitutions, insertions, or
deletions, relative to SEQ ID NO: 23, or any fragment thereof.

In an embodiment, the gRNA comprises a unimolecular gRNA. In an embodiment, the
gRNA comprises a bimolecular gRNA.

In an embodiment, the gRNA comprises a gRNA sequence described herein.

In an embodiment, gene expression is modulated in a cell, tissue, or organ described
herein, e.g., Table 2 or 3. In an embodiment, gene expression is modulated in the liver.
In an embodiment, the modulation is sufficient to alter a function of the gene, or a
symptom of a disorder associated with the gene, as described herein, e.g., in Table 2 or 3.
In an embodiment, the modulation comprises modulation of transcription. In an
embodiment, the modulation comprises down-regulation of transcription. In an
embodiment, the modulation comprises up-regulation of transcription.

In an embodiment, the modulation comprises modulating the temporal pattern of
expression of the gene. In an embodiment, the modulation comprises modulating the
spatial pattern of expression of the gene.

In an embodiment, the modulation comprises modulating a post-transcriptional or co-
transcriptional modification, e.g., splicing, 5’ capping, 3’ cleavage, 3’ polyadenylation, or
RNA export.

In an embodiment, the modulation comprises modulating the expression of an isoform,
e.g., an increase or decrease in the expression of an isoform, the increase or decrease in
the expression of a first isoform over a second isoform.

In an embodiment, the modulation comprises modulating chromatin structure, e.g.,
increasing or decreasing methylation, acetylation, phosphorylation, or ubiquitination,
e.g., at a preselected site, or altering the spatial pattern, cell specificity, or temporal
occurrence of methylation, acetylation, phosphorylation, or ubiquitination.

In an embodiment, the modulation comprises modulating a post-translational
modification (e.g., indirectly), e.g., glycosylation, lipidation, acetylation,
phosphorylation, amidation, hydroxylation, methylation, ubiquitination, sulfation,
nitrosylation, or proteolysis.

In an embodiment, the modulation does not comprise cleaving the subject’s DNA.
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In an embodiment, the modulation comprises an inducible modulation.

In an embodiment, the gene is selected from Table 2, optionally wherein the method
down-regulates the expression of the gene.

In an embodiment, the gene is selected from Table 3, optionally wherein the method up-
regulates the expression of the gene.

In an embodiment, the gene comprises PCSK9.

In an embodiment, the dCas9 molecule does not cleave the genome of the subject.

In another aspect, the disclosure features a method of modulating expression of a gene, in
vivo, in a subject comprising administering to, or providing in, the subject:
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene, and
wherein one or both of (a)(1) and (b)(ii) are packaged in an AAV vector.
In an embodiment, the fusion molecule comprises a fusion molecule described herein.
In an embodiment, the fusion molecule comprises a sequence described herein, e.g., the
amino acid sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having
one, two, three, four, five or more changes, e.g., amino acid substitutions, insertions, or
deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or any fragment
thereof.
In an embodiment, the gRNA comprises a gRNA sequence described herein.
In an embodiment, the gene is selected from Table 2 or 3. In an embodiment, the gene
comprises PCSK9.
In an embodiment, (a)(ii) and (b)(ii) are packaged in different AAV vectors. In an
embodiment, (a)(i1) and (b)(i1) are packaged in the same AAV vector.
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In another aspect, the disclosure features a pharmaceutical composition, or unit dosage
form, comprising, in an amount sufficient for modulating a gene in a human subject, or in
an amount sufficient for a therapeutic effect in a human subject,
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule, e.g., an S. aureus dCas9 molecule, fused to a
modulator of gene expression; and/or
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene,
wherein one or both of (a)(i1) and (b)(ii) are packaged in a viral vector.
In an embodiment, the fusion molecule comprises a fusion molecule described herein.
In an embodiment, the fusion molecule comprises a sequence described herein, e.g., the
amino acid sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having
one, two, three, four, five or more changes, e.g., amino acid substitutions, insertions, or
deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or any fragment
thereof.
In an embodiment, the gRNA comprises a gRNA sequence described herein.
In an embodiment, the gene is selected from Table 2 or 3. In an embodiment, the gene
comprises PCSK9.
In an embodiment, one or both of (a)(i1) and (b)(i1) are packaged in an AAV vector.
In an embodiment, (a)(ii) and (b)(ii) are packaged in the same viral vector, e.g., an AAV
vector. In an embodiment, (a)(i1) and (b)(i1) are packaged in different viral vectors, e.g.,
AAV vectors.
In an embodiment, the viral vector (e.g., AAV vector) comprising (a)(ii), and the viral
vector (e.g., AAV vector) comprising (b)(ii), are provided in separate containers.
In an embodiment, the viral vector (e.g., AAV vector) comprising (a)(ii) and the viral
vector (e.g., AAV vector) comprising (b)(ii), are provided in the same container.
In an embodiment, the pharmaceutical composition, or unit dosage form, is formulated
for administration, e.g., oral, parenteral, sublingual, transdermal, rectal, transmucosal,

topical, intrapleural, intravenous, intraarterial, intraperitoneal, subcutaneous,
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intramuscular, intranasal intrathecal, or intraarticular administration, or administration via
inhalation or via buccal administration, or any combination thereof, to the subject.

In an embodiment, the pharmaceutical composition, or unit dosage form, is formulated
for intravenous administration to the subject.

In an embodiment, the pharmaceutical composition, or unit dosage form, is disposed in a
device suitable for administration, e.g., oral, parenteral, sublingual, transdermal, rectal,
transmucosal, topical, intrapleural, intravenous, intraarterial, intraperitoneal,
subcutaneous, intramuscular, intranasal intrathecal, or intraarticular administration, or
administration via inhalation or via buccal administration, or any combination thereof, to
the subject.

In an embodiment, the pharmaceutical composition, or unit dosage form, is disposed in a
device suitable for intravenous administration to the subject.

In an embodiment, the pharmaceutical composition, or unit dosage form, is disposed in a
volume of at least 1, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250,
300, 400, or 500 ml.

In an embodiment, the nucleic acid of (a)(i1) comprises DNA. In an embodiment, the
nucleic acid of (b)(i1) comprises DNA. In an embodiment, the nucleic acid of (a)(i1)
comprises RNA. In an embodiment, the nucleic acid of (b)(i1) comprises RNA.

In an embodiment, the dCas9 molecule comprises a gRNA binding domain of a Cas9
molecule.

In an embodiment, the dCas9 molecule comprises one, two or all of: a Recl domain, a
bridge helix domain, or a PAM interacting domain, of a Cas9 molecule. In an
embodiment, the dCas9 molecule is a mutant of a wild-type Cas9 molecule, e.g., in which
the Cas9 nuclease activity is inactivated. In an embodiment, the dCas9 molecule
comprises a mutation that inactivates a Cas9 nuclease activity, e.g., a mutation in a DNA-
cleavage domain of a Cas9 molecule. In an embodiment, the dCas9 molecule comprises
a mutation that inactivates a Cas9 nuclease activity, e.g., a mutation in a RuvC domain
and/or a mutation in a HNH domain.

In an embodiment, the dCas9 molecule comprises a Staphylococcus aureus dCas9
molecule, a Streptococcus pyogenes dCas9 molecule, a Campylobacter jejuni dCas9

molecule, a Corynebacterium diphtheria dCas9 molecule, a Fubacterium ventriosum
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dCas9 molecule, a Streptococcus pasteurianus dCas9 molecule, a Lactobacillus
Jfarciminis dCas9 molecule, a Sphaerochaeta globus dCas9 molecule, an Azospirillum
(e.g., strain B510) dCas9 molecule, a Gluconacetobacter diazotrophicus dCas9 molecule,
a Neisseria cinerea dCas9 molecule, a Roseburia intestinalis dCas9 molecule, a
Parvibaculum lavamentivorans dCas9 molecule, a Nitratifractor salsuginis (e.g., strain
DSM 16511) dCas9 molecule, a Campylobacter lari (e.g., strain CF89-12) dCas9
molecule, or a Streptococcus thermophilus (e.g., strain LMD-9) dCas9 molecule.

In an embodiment, the dCas9 molecule comprises an S. aureus dCas9 molecule, e.g.,
comprising an S. aureus dCas9 sequence described herein. In an embodiment, the S.
aureus dCas9 molecule comprises a mutation at an amino acid position, corresponding to
position 10, 580, or both (e.g., D10A, N580A, or both), relative to a wild-type S. aureus
dCas9 molecule, numbered according to SEQ ID NO: 25.

In an embodiment, the S. aureus dCas9 molecule comprises the amino acid sequence of
SEQ ID NO: 35 or 36, a sequence substantially identical (e.g., at least 80%, 85%, 90%,
92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 35 or 36, or a sequence
having one, two, three, four, five or more changes, e.g., amino acid substitutions,
insertions, or deletions, relative to SEQ ID NO: 35 or 36, or any fragment thereof.

In an embodiment, the dCas9 molecule comprises an S. pyogenes dCas9 molecule, e.g.,
comprising an S. pyogenes dCas9 sequence described herein. In an embodiment, the S.
pyogenes dCas9 molecule comprises a mutation at an amino acid position, corresponding
to position 10, 840, or both (e.g., DIOA, H840A, or both), relative to a wild-type S.
pyogenes dCas9 molecule, numbered according to SEQ ID NO: 24.

In an embodiment, the dCas9 molecule is less than 1400, 1300, 1200, 1100, 1000, 900,
800, 700, 600, or 500 amino acids in length.

In an embodiment, the dCas9 molecule is 500-1300, 600-1200, 700-1100, 800-1000, 500-
1200, 500-1000, 500-800, 500-600, 1000-1200, 800-1200, or 600-1200 amino acids in
length.

In an embodiment, the dCas9 molecule has a size that is less than 90%, 80%, 70%, 60%,
50%, 40%, or 30% of the size of a wild-type Cas9 molecule, e.g., a wild-type S. pyogenes

Cas9 molecule or a wild-type S. aureus dCas9 molecule.
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In an embodiment, modulator of gene expression comprises a modulator of gene
expression described herein.

In an embodiment, modulator of gene expression comprises a KRAB molecule, e.g.,
comprising the sequence of SEQ ID NO: 34, a sequence substantially identical (e.g., at
least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO:
34, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 34, or any fragment
thereof.

In an embodiment, the gRNA comprises a unimolecular gRNA. In an embodiment, the
gRNA comprises a bimolecular gRNA. In an embodiment, the gRNA comprises a gRNA
sequence described herein.

In an embodiment, gene expression is modulated in a cell, tissue, or organ described
herein, e.g., Table 2 or 3. In an embodiment, gene expression is modulated in the liver.
In an embodiment, the modulation is sufficient to alter a function of the gene, or a
symptom of a disorder associated with the gene, as described herein, e.g., in Table 2 or 3.
In an embodiment, the modulation comprises modulation of transcription. In an
embodiment, the modulation comprises down-regulation of transcription. In an
embodiment, the modulation comprises up-regulation of transcription.

In an embodiment, the modulation comprises modulating the temporal pattern of
expression of the gene. In an embodiment, the modulation comprises modulating the
spatial pattern of expression of the gene.

In an embodiment, the modulation comprises modulating a post-transcriptional or co-
transcriptional modification, e.g., splicing, 5’ capping, 3’ cleavage, 3’ polyadenylation, or
RNA export.

In an embodiment, the modulation comprises modulating the expression of an isoform,
e.g., an increase or decrease in the expression of an isoform, the increase or decrease in
the expression of a first isoform over a second isoform.

In an embodiment, the modulation comprises modulating chromatin structure, e.g.,
increasing or decreasing methylation, acetylation, phosphorylation, or ubiquitination,
e.g., at a preselected site, or altering the spatial pattern, cell specificity, or temporal

occurrence of methylation, acetylation, phosphorylation, or ubiquitination.

11
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In an embodiment, the modulation comprises modulating a post-translational
modification (e.g., indirectly), e.g., glycosylation, lipidation, acetylation,
phosphorylation, amidation, hydroxylation, methylation, ubiquitination, sulfation,
nitrosylation, or proteolysis.

In an embodiment, the gene is selected from Table 2, optionally wherein the method
down-regulates the expression of the gene. In an embodiment, the gene is selected from
Table 3, optionally wherein the method up-regulates the expression of the gene. In an
embodiment, the gene comprises PCSKO.

In an embodiment, the dCas9 does not cleave the genome of the subject.

In another aspect, the disclosure features a pharmaceutical composition, or unit dosage
form, comprising, in an amount sufficient for modulating a gene in a human subject, or in
an amount sufficient for a therapeutic effect in a human subject,
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and/or
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene,
wherein one or both of (a)(i1) and (b)(ii) are packaged in a viral vector.
In an embodiment, the fusion molecule comprises a sequence described herein, e.g., the
amino acid sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having
one, two, three, four, five or more changes, e.g., amino acid substitutions, insertions, or
deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or any fragment
thereof.
In an embodiment, the gRNA comprises a gRNA sequence described herein.
In an embodiment, the gene is selected from Table 2 or 3. In an embodiment, the gene
comprises PCSK9.
In an embodiment, one or both of (a)(i1) and (b)(i1) are packaged in an AAV vector.
In an embodiment, (a)(ii) and (b)(ii) are packaged in different AAV vectors. In an
embodiment, (a)(i1) and (b)(i1) are packaged in the same AAV vector.
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In another aspect, the disclosure features a viral vector comprising:
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and/or
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to a
gene.
In an embodiment, the viral vector is an AAYV vector.
In an embodiment, the fusion molecule comprises a fusion molecule described herein.
In an embodiment, the dCas9 molecule comprises a dCas9 molecule described herein,
e.g., an §. aureus dCas9 molecule.
In an embodiment, the modulator of gene expression comprises a modulator described
herein.
In an embodiment, the gene is a gene described herein.
In an embodiment, the viral vector comprises:
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
PCSKO9,
wherein one or both of (a)(i1) and (b)(ii) are packaged in an AAV vector.
In an embodiment, the fusion molecule comprises a sequence described herein, e.g., the
amino acid sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having
one, two, three, four, five or more changes, e.g., amino acid substitutions, insertions, or
deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or any fragment
thereof.
In an embodiment, the gRNA comprises a gRNA sequence described herein.
In an embodiment, the gene is selected from Table 2 or 3. In an embodiment, the gene

comprises PCSK9.
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In an embodiment, the disclosure features a method of treating a disorder, comprising
administering to a subject:
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to a
gene associated with the disorder,
thereby treating the disorder.
In an embodiment, the disorder is selected from Table 2 or 3. In an embodiment, the
gene is selected from Table 2 or 3.
In an embodiment, one or both of (a)(i1) and (b)(ii) are provided in an AAV vector.
In an embodiment, the fusion molecule comprises a fusion molecule described herein.
In an embodiment, the dCas9 molecule comprises a dCas9 molecule described herein.
In an embodiment, the modulator of gene expression comprises a modulator described
herein.

In an embodiment, the gRNA comprises a gRNA sequence described herein.

In an embodiment, the disclosure features a method of treating a cardiovascular disease,
comprising administering to a subject:
(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and
(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to a
PCSKO9 gene,
thereby treating the cardiovascular disease.
In an embodiment, the fusion molecule comprises a fusion molecule described herein.
In an embodiment, the dCas9 molecule comprises a dCas9 molecule described herein.
In an embodiment, the modulator of gene expression comprises a modulator described
herein.
In an embodiment, the dCas9 molecule is an S. aureus dCas9 molecule.
In an embodiment, the fusion molecule comprises a sequence described herein, e.g., the
amino acid sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
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higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having
one, two, three, four, five or more changes, e.g., amino acid substitutions, insertions, or
deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or any fragment
thereof.

In an embodiment, the gRNA comprises a gRNA sequence described herein.

In an embodiment, one or both of (a)(i1) and (b)(ii) are provided in an AAV vector.

In another aspect, the disclosure features:

(a) (1) a fusion molecule comprising a sequence comprising a dCas9 molecule
fused to a modulator of gene expression; or (ii) a nucleic acid that encodes a fusion
molecule comprising a sequence comprising a dCas9 molecule fused to a modulator of
gene expression; and

(b) (1) a gRNA which targets the fusion molecule to a gene; or (ii) a nucleic acid

that encodes a gRNA which targets the fusion molecule to the gene,
for use in a method of modulating expression of the gene, in vivo, in a subject.

In an embodiment, the fusion molecule comprises a fusion molecule described herein.
In an embodiment, the dCas9 molecule comprises a dCas9 molecule described herein.
In an embodiment, the modulator of gene expression comprises a modulator described
herein.

In an embodiment, the gRNA comprises a gRNA sequence described herein.

In an embodiment, the gene is a gene described herein.

In some embodiments, the method comprises a method described herein.

In another aspect, the disclosure features:

(a) (1) a fusion molecule comprising a sequence comprising a dCas9 molecule
fused to a modulator of gene expression; or (ii) a nucleic acid that encodes a fusion
molecule comprising a sequence comprising a dCas9 molecule fused to a modulator of
gene expression; and

(b) (1) a gRNA which targets the fusion molecule to a gene; or (ii) a nucleic acid

that encodes a gRNA which targets the fusion molecule to the gene,
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for use in a method of treating or preventing a disorder associated with the gene, in vivo,
in a subject.

In an embodiment, the fusion molecule comprises a fusion molecule described herein.
In an embodiment, the dCas9 molecule comprises a dCas9 molecule described herein.
In an embodiment, the modulator of gene expression comprises a modulator described
herein.

In an embodiment, the gRNA comprises a gRNA sequence described herein.

In an embodiment, the gene is a gene described herein.

In some embodiments, the disorder is a disorder described herein.

The present disclosure addresses these shortcomings by creating a modified
programmable RNA-guided dCas9-based repressor for efficient packaging in AAV and
in vivo gene regulation. This gene delivery system can be customized to target any
endogenous gene by designing a new guide RNA molecule, enabling patent and stable

gene repression in animal models and therapeutic use.

One aspect of the present disclosure provides a fusion protein comprising, consisting of,
or consisting essentially of three heterologous polypeptide domains, wherein the first
polypeptide domain comprises, consists of, or consists essentially of a dead Clustered
Regularly Interspaced Short Palindromic Repeats associated (dCas) protein, the second
polypeptide domain comprises, consists of, or consists essentially of a Kruppel-associated
box (KRAB), and the polypeptide domain has an activity selected from the group
consisting of transcription activation activity, transcription repression activity,
transcription release factor activity, histone modification activity, nuclease activity,
nucleic acid association activity, methylase activity, and demethylase activity.

Another aspect of the present disclosure provides a gene therapy construct comprising,
consisting of, or consisting essentially of a polynucleotide encoding a fusion protein
comprising three heterologous polypeptide domains, wherein the first polypeptide
domain comprises, consists of, or consists essentially of a dead Clustered Regularly
Interspaced Short Palindromic Repeats associated (dCas) protein, the second polypeptide

domain comprises, consists of, or consists essentially of a Kruppel-associated box
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(KRAB), and the polypeptide domain has an activity selected from the group consisting
of transcription activation activity, transcription repression activity, transcription release
factor activity, histone modification activity, nuclease activity, nucleic acid association

activity, methylase activity, and demethylase activity.

In some embodiments, the gene therapy construct comprises a vector system. In certain

embodiments, the vector system comprises an AAV vector system.

In another embodiment, the gene therapy construct further comprises a first and second

AAYV inverted terminal repeat (ITR) sequence flanking the fusion protein.

Another aspect of the present disclosure provides a pharmaceutical composition
comprising the gene therapy construct as described herein in a biocompatible

pharmaceutical carrier.

In some embodiments, the Cas protein comprises Cas9.

In some embodiments, the gene therapy construct is designed for the targeted reduction
of the PCSK9 gene. In some embodiments, the gene therapy construct is designed for the

targeted reduction of the expression of the PCSK9 gene.

Another aspect of the present disclosure provides a method of suppressing the expression
of a gene in a cell in vivo comprising, consisting of, or consisting essentially of
administering to a cell a therapeutically effective amount of a gene therapy construct as

described herein such that the gene expression is suppressed.

Another aspect of the present disclosure provides a method of suppressing a gene in vivo
in a subject comprising, consisting of, or consisting essentially of administering to the
subject a therapeutically effective amount of a gene therapy construct as described herein

such that the gene is suppressed.
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In some embodiments, the method is designed for the targeted reduction of the PCSK9
gene. In some embodiments, the method is designed for the targeted reduction of the

expression of the PCSK9 gene.

Another aspect of the present disclosure provides a kit for the suppression of a gene in
vivo comprising a gene therapy construct or pharmaceutical composition as described

herein and instructions for use.

Yet another aspect of the present disclosure provides all that is described and illustrated

herein.

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing aspects and other features of the disclosure are explained in the following

description, taken in connection with the accompanying drawings, herein:

FIGs. 1A-1D are graphs showing the adaptation of SaCas9 for transcriptional repression.
FIG. 1A is a schematic graph showing introducing inactivating mutations D10A and
NS580A into the cleavage domains of SaCas9 to generate a nuclease-null dSaCas9 DNA-
binding domain. FIG. 1B is a schematic graph showing a single lentiviral vector with
puromycin resistance used to express dSaCas9-KRAB and a U6-gRNA cassette for in
vitro testing of dSaCas9 repressors. FIGs. 1C and 1D are bar graphs showing that
multiple gRNAs against the synthetic CAG promoter effected potent repression of
mRNA by qPCR (FIG. 1C) and protein via luciferase bioluminescence (FIG. 1D) in
primary mouse fibroblasts expressing a CAG-luciferase reporter cassette. * indicates p <
0.05 by Student’s t-test compared to non-treated (NT) controls (n = 2 independent

experiments).

FIGs. 2A and 2B are graphs showing the silencing of endogenous genes with the
dSaCas9-KRAB repressor. In FIG. 2A, eight gRNAs were designed to target the skeletal
muscle DNase-hypersensitivity peak upstream of the transcription start site in the

endogenous mouse Acvr2b gene locus. FIG. 2B is a bar graph showing that several
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single gRNAs effected strong repression of Acvr2b when delivered with dSaCas9-KRAB,
compared to no lentivirus (No LV) and dSaCas9-KRAB only (No gRNA) controls. *
indicates p < 0.05 by Student’s t-test compared to No LV controls (n = 2 independent

experiments).

FIGs. 3A-3E are graphs showing the targeting of Acvr2b with AAV-dSaCas9-KRAB in
vivo. FIG. 3A is a schematic showing a two-vector AAV9 expression system used to
deliver dSaCas9-KRAB and Acvr2b gRNA intramuscularly to the right tibialis anterior
muscle (TA) of adult wild-type mice. FIGs. 3B and 3D are bar graphs showing that
dSaCas9 was efficiently expressed as measured by qPCR in the injected TA at 4 and 8
weeks, respectively, after injection. FIGs. 3C and 3E are bar graphs showing Acvr2b
expression in the injected TA as assayed by qPCR at 4 and 8 weeks, respectively, post-

AAYV treatment. (n = 3 mice, * indicates p < 0.05 compared to PBS sham controls)

FIG. 4 is a bar graph showing the analysis of AAV-gRNA vector genome signal in
intramuscularly injected mice. For PBS sham, AAV-dSaCas9-KRAB only, and AAV-
dSaCas9-KRAB and AAV-Acvr2b-gRNA treated mice, the bars from left to right show
the presence of the AAV-U6-gRNA vector, as measured by qPCR, in the liver, heart,
right tibialis anterior (TA), left TA, right gastrocnemius (gastroc), and left gastroc,

respectively.

FIGs. SA-5D are graphs showing the silencing of endogenous genes in vivo with AAV-
dSaCas9-KRAB. FIGs. 5A and 5C are bar graphs showing that intramuscular delivery of
AAV9 expressing dSaCas9-KRAB results in efficient transgene expression in the liver
and heart, respectively, 8 weeks after transduction in adult wild-type mice. FIGs. 5B and
5D are bar graphs showing that delivery of dSaCas9-KRAB with Acvr2b gRNA reduces
target gene expression in the liver and heart, respectively, at 8 weeks after treatment. (n =

3 mice, * indicates p <0.05 by Student’s t-test compared to PBS sham controls)

FIG. 6 is a graph showing a restriction map of a lentiviral vector encoding S. aureus

Cas9 KRAB-based repressor.
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FIG. 7 is a graph showing a restriction map of an AAV vector encoding S. aureus Cas9

KRAB-based repressor.

FIG. 8 is a graph showing a restriction map of an AAV vector encoding S. aureus Cas9

U6-gRNA.

FIG. 9 is a graph showing a restriction map of an AAV vector encoding S. aureus Cas9

U6-gRNA.

FIGs. 10A-10C are schematics showing an AAV-based gene delivery system for
CRISPR/Cas9-based synthetic repressors. In FIG. 10A, a nuclease-null S. aureus dCas9
DNA-binding domain was generated by introducing two catalytically inactivating
mutations to the nuclease domains of Cas9. dCas9 derived from S. aureus was fused to a
KRAB synthetic repressor to create a synthetic repressor for in vivo gene delivery. Dual
vector (FIG. 10B) and single AAV vector (FIG. 10C) platforms were designed to
efficiently express dCas9-KRAB and a custom guide RNA target molecule in vivo.

FIGs. 11A-11C are graphs showing targeted reduction of the PCSK9 gene in vivo with
engineered synthetic repressors. FIG. 11A is a schematic showing vectors used for
targeted reduction of PCSK9 expression. S. aureus dCas9-KRAB (dCas9-KRAB) was
targeted to the mouse PCSK9 gene and delivered in a dual-vector AAV system
intravenously in C57B1/6 wild-type 7-week old mice. At 2 weeks post- systemic
treatment, circulating PCSK9 (FIG. 11B) and total cholesterol levels (FIG. 11C) are
significantly repressed in the serum compared to sham PBS-injected controls and dCas9-
KRAB-treated controls without a guide RNA (* indicates p < 0.05 by Student’s t-test

compared to PBS sham controls, n = 4 mice per condition).
FIGs. 12A-12E are graphs showing results from a study in which mice were

intravenously administered with PBS, or AAV vectors encoding dSaCas9-KRAB (dCK)
alone, or low-dose dSaCas9-KRAB (dCK) and PCSK9 guide RNA (gRNA). FIG. 12Ais
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a graph showing serum PCSKO9 levels for the three treatment groups as measured by
ELISA. FIG. 12B is a bar graph showing relative PCSK9 mRNA levels in the liver, as
normalized to GAPDH mRNA levels, for the three treatment groups. FIG. 12C is a graph
showing data from an RNA-Seq study comparing the RNA levels in the liver in the
dSaCas9-KRAB and gRNA treatment group with those in the dSaCas9-KRAB alone
treatment group. The dot representing PCSK9 RNA levels is labeled in the figure.

FIGs. 12D and 12E are graphs showing the serum levels of total and LDL cholesterol for

the three treatment groups as measured in a colorimetric assay.

FIGs. 13A-13F are graphs showing results from a study in which mice were
intravenously administered with PBS, or AAV vectors encoding dSaCas9-KRAB (dCK)
alone, PCSK9 guide RNA (gRNA) alone, or moderate-dose dSaCas9-KRAB (dCK) and
PCSKO9 guide RNA (gRNA). FIGs. 13A and 13B are graphs showing serum PCSK9
levels for the three treatment groups as measured by ELISA. In FIG. 13B, the serum
PCSKO9 levels are normalized to the levels at Day 0. FIGs. 13C and 13D are graphs
showing total cholesterol levels in the serum for the three treatment groups as measured
in a colorimetric assay. In FIG. 13D, the serum total cholesterol levels are normalized to
the levels at Day 0. FIGs. 13E and 13F are graphs showing LDL cholesterol levels in the
serum for the three treatment groups as measured in a colorimetric assay. In FIG. 13F,

the serum LDL cholesterol levels are normalized to the levels at Day 0.

FIGs. 14A-14C are graphs showing results from a study in which mice were
intravenously administered with PBS, moderate-dose, or high-dose of AAV vectors
encoding dSaCas9-KRAB and PCSK9 gRNA. FIG. 14A is a graph showing serum
PCSKO levels for the three treatment groups as measured by ELISA. FIGs. 14B and 14C
are graphs showing total cholesterol levels in the serum. FIG. 14D is a graph showing

LDL cholesterol levels in the serum.
DETAILED DESCRIPTION

For the purposes of promoting an understanding of the principles of the present

disclosure, reference will now be made to preferred embodiments and specific language
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will be used to describe the same. It will nevertheless be understood that no limitation of
the scope of the disclosure is thereby intended, such alteration and further modifications
of the disclosure as illustrated herein, being contemplated as would normally occur to one
skilled in the art to which the disclosure relates.

Articles “a” and “an” are used herein to refer to one or to more than one (i.e. at least one)
of the grammatical object of the article. By way of example, “an element” means at least
one element and can include more than one element.

Unless otherwise defined, all technical terms used herein have the same meaning as

commonly understood by one of ordinary skill in the art to which this disclosure belongs.

A. Definitions

As used herein, the term “coding sequence” or “encoding nucleic acid” means the nucleic
acids (RNA or DNA molecule) that comprise a nucleotide sequence which encodes a
protein. The coding sequence can further include initiation and termination signals
operably linked to regulatory elements including a promoter and polyadenylation signal
capable of directing expression in the cells of an individual or mammal to which the

nucleic acid is administered. The coding sequence may be codon optimized.

The term “complement” or “complementary” as used herein with reference to a nucleic
acid can mean Watson-Crick (e.g., A-T/U and C-G) or Hoogsteen base pairing between
nucleotides or nucleotide analogs of nucleic acid molecules. “Complementarity” refers to
a property shared between two nucleic acid sequences, such that when they are aligned
antiparallel to each other, the nucleotide bases at each position will be complementary.
The term “correcting”, “genome editing” and “restoring” refers to changing a mutant
gene that encodes a mutant protein, a truncated protein or no protein at all, such that a
full-length functional or partially full-length functional protein expression is obtained.
Correcting or restoring a mutant gene may include replacing the region of the gene that
has the mutation or replacing the entire mutant gene with a copy of the gene that does not
have the mutation with a repair mechanism such as homology-directed repair (HDR).

Correcting or restoring a mutant gene may also include repairing a frameshift mutation
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that causes a premature stop codon, an aberrant splice acceptor site or an aberrant splice
donor site, by generating a double stranded break in the gene that is then repaired using
non-homologous end joining (NHEJ). NHEJ may add or delete at least one base pair
during repair which may restore the proper reading frame and eliminate the premature
stop codon. Correcting or restoring a mutant gene may also include disrupting an aberrant
splice acceptor site or splice donor sequence. Correcting or restoring a mutant gene may
also include deleting a non-essential gene segment by the simultaneous action of two
nucleases on the same DNA strand in order to restore the proper reading frame by
removing the DNA between the two nuclease target sites and repairing the DNA break by
NHEJ.

As used herein, the term “donor DNA”, “donor template” and “repair template” refers to
a double-stranded DNA fragment or molecule that includes at least a portion of the gene
of interest. The donor DNA may encode a full-functional protein or a partially-functional

protein.

As used herein, the terms “frameshift” or “frameshift mutation” are used interchangeably
and refer to a type of gene mutation wherein the addition or deletion of one or more
nucleotides causes a shift in the reading frame of the codons in the mRNA. The shift in
reading frame may lead to the alteration in the amino acid sequence at protein translation,

such as a missense mutation or a premature stop codon.

As used herein, the term “functional” and “full-functional” describes a protein that has
biological activity. A “functional gene” refers to a gene transcribed to mRNA, which is

translated to a functional protein.

As used herein, the term “fusion protein” refers to a chimeric protein created through the
covalent or non-covalent joining of two or more genes, directly or indirectly, that
originally coded for separate proteins. In some embodiments, the translation of the fusion
gene results in a single polypeptide with functional properties derived from each of the

original proteins.
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As used herein, the term “genetic construct” refers to the DNA or RNA molecules that
comprise a nucleotide sequence that encodes a protein. The coding sequence includes
initiation and termination signals operably linked to regulatory elements including a

promoter and polyadenylation signal capable of directing expression in cells.

The term “Homology-directed repair” or “HDR” as used interchangeably herein refers to
a mechanism in cells to repair double strand DNA lesions when a homologous piece of
DNA is present in the nucleus, mostly in G2 and S phase of the cell cycle. HDR uses a
donor DNA template to guide repair and may be used to create specific sequence changes
to the genome, including the targeted addition of whole genes. If a donor template is
provided along with the site specific nuclease, such as with a CRISPR/Cas9-based
systems, then the cellular machinery will repair the break by homologous recombination,
which is enhanced several orders of magnitude in the presence of DNA cleavage. When
the homologous DNA piece is absent, nonhomologous end joining may take place

instead.

The term “genome editing” as used herein refers to changing a gene. Genome editing
may include correcting or restoring a mutant gene. Genome editing may include
knocking out a gene, such as a mutant gene or a normal gene. Genome editing may be

used to treat disease or enhance muscle repair by changing the gene of interest.

The term “identical” or “identity” as used herein in the context of two or more nucleic
acids or polypeptide sequences means that the sequences have a specified percentage of
residues that are the same over a specified region. The percentage may be calculated by
optimally aligning the two sequences, comparing the two sequences over the specified
region, determining the number of positions at which the identical residue occurs in both
sequences to yield the number of matched positions, dividing the number of matched
positions by the total number of positions in the specified region, and multiplying the
result by 100 to yield the percentage of sequence identity. In cases where the two

sequences are of different lengths or the alignment produces one or more staggered ends
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and the specified region of comparison includes only a single sequence, the residues of
single sequence are included in the denominator but not the numerator of the calculation.
When comparing DNA and RNA, thymine (T) and uracil (U) may be considered
equivalent. Identity may be performed manually or by using a computer sequence
algorithm such as BLAST or BLAST 2.0. Identity of related peptides can be readily
calculated by known methods. Such methods include, but are not limited to, those
described in Computational Molecular Biology, Lesk, A. M., ed., Oxford University
Press, New York, 1988; Biocomputing: Informatics and Genome Projects, Smith, D. W,
ed., Academic Press, New York, 1993; Computer Analysis of Sequence Data, Part 1,
Griffin, A. M., and Griffin, H. G,, eds., Humana Press, New Jersey, 1994; Sequence
Analysis in Molecular Biology, von Heinje, G., Academic Press, 1987; Sequence
Analysis Primer, Gribskov, M. and Devereux, J., eds., M. Stockton Press, New York,
1991; and Carillo et al, SIAM J. Applied Math. 48, 1073 (1988), herein incorporated by

reference in their entirety.

As used herein, the terms “mutant gene” or “mutated gene” as used interchangeably
herein refers to a gene that has undergone a detectable mutation. A mutant gene has
undergone a change, such as the loss, gain, or exchange of genetic material, which affects
the normal transmission and expression of the gene. A “disrupted gene” as used herein
refers to a mutant gene that has a mutation that causes a premature stop codon. The

disrupted gene product is truncated relative to a full-length undisrupted gene product.

The term “non-homologous end joining (NHEJ) pathway” as used herein refers to a
pathway that repairs double-strand breaks in DNA by directly ligating the break ends
without the need for a homologous template. The template-independent re-ligation of
DNA ends by NHEJ is a stochastic, error-prone repair process that introduces random
micro-insertions and micro-deletions (indels) at the DNA breakpoint. This method may
be used to intentionally disrupt, delete, or alter the reading frame of targeted gene
sequences. NHEJ typically uses short homologous DNA sequences called
microhomologies to guide repair. These microhomologies are often present in single-

stranded overhangs on the end of double-strand breaks. When the overhangs are perfectly
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compatible, NHEJ usually repairs the break accurately, yet imprecise repair leading to
loss of nucleotides may also occur, but is much more common when the overhangs are

not compatible.

The term “normal gene” as used herein refers to a gene that has not undergone a change,
such as a loss, gain, or exchange of genetic material. The normal gene undergoes normal

gene transmission and gene expression.

The term “nuclease mediated NHEJ” as used herein refers to NHEJ that is initiated after a

nuclease, such as a cas9, cuts double stranded DNA.

As used herein, the term “nucleic acid” or “oligonucleotide” or “polynucleotide” as used
herein means at least two nucleotides covalently linked together. The depiction of a
single strand also defines the sequence of the complementary strand. Thus, a nucleic acid
also encompasses the complementary strand of a depicted single strand. Many variants of
a nucleic acid may be used for the same purpose as a given nucleic acid. Thus, a nucleic
acid also encompasses substantially identical nucleic acids and complements thereof. A
single strand provides a probe that may hybridize to a target sequence under stringent
hybridization conditions. Thus, a nucleic acid also encompasses a probe that hybridizes
under stringent hybridization conditions. Nucleic acids may be single stranded or double
stranded, or may contain portions of both double stranded and single stranded sequence.
The nucleic acid may be DNA, both genomic and cDNA, RNA, or a hybrid, where the
nucleic acid may contain combinations of deoxyribo- and ribo-nucleotides, and
combinations of bases including uracil, adenine, thymine, cytosine, guanine, inosine,
xanthine hypoxanthine, isocytosine and isoguanine. Nucleic acids may be obtained by

chemical synthesis methods or by recombinant methods.

As used herein, the term “operably linked” means that expression of a gene is under the
control of a promoter with which it is spatially connected. A promoter may be positioned
5’ (upstream) or 3’ (downstream) of a gene under its control. The distance between the

promoter and a gene may be approximately the same as the distance between that
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promoter and the gene it controls in the gene from which the promoter is derived. As is
known in the art, variation in this distance may be accommodated without loss of

promoter function.

The term “partially-functional” as used herein describes a protein that is encoded by a
mutant gene and has less biological activity than a functional protein but more than a
non-functional protein. In one embodiment, a partially-functional protein shows a
biological activity that is less than 95%, 90%, 85%, 80%, 75%, 70%, 65%, 60%, 55%.,
50%, 45%, 40%, 35%, or 30% of that of a corresponding functional protein.

The term “premature stop codon” or “out-of-frame stop codon” as used interchangeably
herein refers to nonsense mutation in a sequence of DNA, which results in a stop codon
at a location not normally found in the wild-type gene. A premature stop codon may
cause a protein to be truncated or shorter compared to the full-length version of the

protein.

The term “promoter” as used herein means a synthetic or naturally-derived molecule
which is capable of conferring, activating or enhancing expression of a nucleic acid in a
cell. A promoter may comprise one or more specific transcriptional regulatory sequences
to further enhance expression and/or to alter the spatial expression and/or temporal
expression of a nucleic acid. A promoter may also comprise distal enhancer or repressor
elements, which may be located as much as several thousand base pairs from the start site
of transcription. A promoter may be derived from sources including viral, bacterial,
fungal, plants, insects, and animals. A promoter may regulate the expression of a gene
component constitutively, or differentially with respect to cell, the tissue or organ in
which expression occurs or, with respect to the developmental stage at which expression
occurs, or in response to external stimuli such as physiological stresses, pathogens, metal
ions, or inducing agents. Representative examples of promoters include the bacteriophage
T7 promoter, bacteriophage T3 promoter, SP6 promoter, lac operator-promoter, tac
promoter, SV40 late promoter, SV40 early promoter, RSV-LTR promoter, and CMV IE

promoter.
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The term “target gene” as used herein refers to any nucleotide sequence encoding a
known or putative gene product. The target gene may be a mutated gene involved in a

genetic disease or disorder.

The term “target region” as used herein refers to the region of the target gene to which

the site-specific nuclease is designed to bind.

As used herein, the term “transgene” refers to a gene or genetic material containing a
gene sequence that has been isolated from one organism and is introduced into a different
organism. Alternatively, the term “transgene” also refers to a gene or genetic material
that is chemically synthesized and introduced into an organism. This non-native segment
of DNA may retain the ability to produce RNA or protein in the transgenic organism, or
it may alter the normal function of the transgenic organism’s genetic code. The

introduction of a transgene has the potential to change the phenotype of an organism.

As used herein, the term “variant” when used with respect to a nucleic acid means (i) a
portion or fragment of a referenced nucleotide sequence; (i) the complement of a
referenced nucleotide sequence or portion thereof; (iii) a nucleic acid that is substantially
identical to a referenced nucleic acid or the complement thereof; or (iv) a nucleic acid
that hybridizes under stringent conditions to the referenced nucleic acid, complement
thereof, or a sequences substantially identical thereto. “Variant” with respect to a peptide
or polypeptide that differs in amino acid sequence by the insertion, deletion, or
conservative substitution of amino acids, but retain at least one biological activity.
Variant may also mean a protein with an amino acid sequence that is substantially
identical to a referenced protein with an amino acid sequence that retains at least one
biological activity. A conservative substitution of an amino acid, i.e., replacing an amino
acid with a different amino acid of similar properties (e.g., hydrophilicity, degree and
distribution of charged regions) is recognized in the art as typically involving a minor
change. These minor changes may be identified, in part, by considering the hydropathic

index of amino acids, as understood in the art. Kyte et al., J. Mol. Biol. 157: 105-132
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(1982), incorporated herein by reference in its entirety. The hydropathic index of an
amino acid is based on a consideration of its hydrophobicity and charge. It is known in
the art that amino acids of similar hydropathic indexes may be substituted and still retain
protein function. In one aspect, amino acids having hydropathic indexes of £2 are
substituted. The hydrophilicity of amino acids may also be used to reveal substitutions
that would result in proteins retaining biological function. A consideration of the
hydrophilicity of amino acids in the context of a peptide permits calculation of the
greatest local average hydrophilicity of that peptide. Substitutions may be performed with
amino acids having hydrophilicity values within +2 of each other. Both the
hydrophobicity index and the hydrophilicity value of amino acids are influenced by the
particular side chain of that amino acid. Consistent with that observation, amino acid
substitutions that are compatible with biological function are understood to depend on the
relative similarity of the amino acids, and particularly the side chains of those amino
acids, as revealed by the hydrophobicity, hydrophilicity, charge, size, and other

properties.

As used herein, the term “vector” as used herein means a nucleic acid sequence
containing an origin of replication. A vector may be a viral vector, bacteriophage,
bacterial artificial chromosome or yeast artificial chromosome. A vector may be a DNA
or RNA vector. A vector may be a self-replicating extrachromosomal vector, such as a
DNA plasmid.
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As used herein, the terms “gene transfer,” “gene delivery,” and “gene transduction” refer
to methods or systems for reliably inserting a particular nucleotide sequence (e.g., DNA
or RNA), fusion protein, polypeptide and the like into targeted cells. The vector may
also comprise an adenovirus (AAV) vector. As used herein, the terms “adenoviral
associated virus (AAV) vector,” “AAV gene therapy vector,” and “gene therapy vector”
refer to a vector having functional or partly functional ITR sequences and transgenes. As
used herein, the term “ITR” refers to inverted terminal repeats (ITR). The ITR sequences

may be derived from an adeno-associated virus serotype, including without limitation,

AAV-1, AAV-2, AAV-3, AAV-4, AAV-5, and AAV-6. The ITRs, however, need not be
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the wild-type nucleotide sequences, and may be altered (e.g., by the insertion, deletion or
substitution of nucleotides), so long as the sequences retain function to provide for
functional rescue, replication and packaging. AAV vectors may have one or more of the
AAYV wild-type genes deleted in whole or part, preferably the rep and/or cap genes but
retain functional flanking ITR sequences. Functional ITR sequences function to, for
example, rescue, replicate and package the AAV virion or particle. Thus, an “AAV
vector” 1s defined herein to include at least those sequences required for insertion of the
transgene into a subject’s cells. Optionally included are those sequences necessary in cis

for replication and packaging (e.g., functional ITRs) of the virus.

As used herein, the term “gene therapy” refers to a method of treating a patient wherein
polypeptides or nucleic acid sequences are transferred into cells of a patient such that
activity and/or the expression of a particular gene is modulated. In certain embodiments,
the expression of the gene is suppressed. In certain embodiments, the expression of the
gene is enhanced. In certain embodiments, the temporal or spatial pattern of the

expression of the gene is modulated.

The terms “adeno-associated virus inverted terminal repeats” or “AAV ITRs” refer to the
palindromic regions found at each end of the AAV genome which function together in cis
as origins of DNA replication and as packaging signals for the virus. For use in some
embodiments of the present invention, flanking AAV ITRs are positioned 5’ and 3 of
one or more selected heterologous nucleotide sequences. Optionally, the ITRs together
with the rep coding region or the Rep expression products provide for the integration of

the selected sequences into the genome of a target cell.

As used herein, the term “AAYV rep coding region” refers to the region of the AAV
genome that encodes the replication proteins Rep 78, Rep 68, Rep 52 and Rep 40. These
Rep expression products have been shown to possess many functions, including
recognition, binding and nicking of the AAV origin of DNA replication, DNA helicase
activity and modulation of transcription from AAV (or other heterologous) promoters.

The Rep expression products are collectively required for replicating the AAV genome.
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Muzyczka (Muzyczka, Curr. Top. Microbiol. Immunol., 158:97-129 (1992)) and Kotin
(Kotin, Hum. Gene Ther., 5:793-801 (1994)), incorporated herein by reference in their
entirety, provide additional descriptions of the AAV rep coding region, as well as the cap
coding region described below. Suitable homologues of the AAV rep coding region
include the human herpesvirus 6 (HHV-6) rep gene which is also known to mediate
AAV-2 DNA replication (Thomson el al., Virol., 204:304-311 (1994), incorporated

herein by reference in its entirety).

As used herein, the term “AAV cap coding region” refers to the region of the AAV
genome that encodes the capsid proteins VP1, VP2, and VP3, or functional homologues
thereof. These cap expression products supply the packaging functions, which are
collectively required for packaging the viral genome. In some embodiments, AAV2 Cap

proteins may be used.

As used herein, the term “AAYV helper function” refers to AAV coding regions capable of
being expressed in a host cell to complement AAYV viral functions missing from the AAV
vector. Typically, the AAV helper functions include the AAV rep coding region and the
AAYV cap coding region. The helper functions may be contained in a “helper plasmid” or
“helper construct.” An AAV helper construct as used herein, refers to a molecule that
provides all or part of the elements necessary for AAV replication and packaging. Such
AAYV helper constructs may be a plasmid, virus or genes integrated into cell lines or into
the cells of a subject. It may be provided as DNA, RNA, or protein. The elements do not
have to be arranged co-linearly (i.e., in the same molecule). For example, rep78 and
rep68 may be on different molecules. An “AAV helper construct” may be, for example, a
vector containing AAV coding regions required to complement AAV viral functions
missing from the AAV vector (e.g., the AAV rep coding region and the AAV cap coding

region).
As used herein, the terms “accessory functions” and “accessory factors” refer to functions

and factors that are required by AAYV for replication, but are not provided by the AAV

vector or AAV helper construct. Thus, these accessory functions and factors must be
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provided by the host cell, a virus (e.g., adenovirus or herpes simplex virus), or another
expression vector that is co-expressed in the same cell. Generally, the E1, E2A, E4 and
VA coding regions of adenovirus are used to supply the necessary accessory function
required for AAV replication and packaging (Matsushita et al., Gene Therapy 5:938

(1998), incorporated herein by reference in its entirety).

Portions of the AAV genome have the capability of integrating into the DNA of cells to
which it is introduced. As used herein, “integrate,” refers to portions of the genetic
construct that become covalently bound to the genome of the cell to which it is
administered, for example through the mechanism of action mediated by the AAV Rep
protein and the AAV ITRs. For example, the AAV virus has been shown to integrate at
19q13.3-qter in the human genome. The minimal elements for AAV integration are the
inverted terminal repeat (ITR) sequences and a functional Rep 78/68 protein. In some
embodiments, the present invention incorporates the ITR sequences into a vector for
integration to facilitate the integration of the transgene into the host cell genome for
sustained transgene expression. The genetic transcript may also integrate into other

chromosomes if the chromosomes contain the AAV integration site.

The predictability of insertion site reduces the danger of random insertional events into
the cellular genome that may activate or inactivate host genes or interrupt coding
sequences, consequences that limit the use of vectors whose integration is random, e.g.,
retroviruses. The Rep protein mediates the integration of the genetic construct containing
the AAV ITRs and the transgene. The use of AAV is advantageous for its predictable
integration site and because it has not been associated with human or non-human primate
diseases, thus obviating many of the concerns that have been raised with virus-derived

gene therapy vectors.

“Portion of the genetic construct integrates into a chromosome” refers to the portion of
the genetic construct that will become covalently bound to the genome of the cell upon
introduction of the genetic construct into the cell via administration of the gene therapy

particle. The integration is mediated by the AAV ITRs flanking the transgene and the
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AAYV Rep protein. Portions of the genetic construct that may be integrated into the
genome include the transgene and the AAV ITRs.

The “transgene” may contain a transgenic sequence or a native or wild-type DNA
sequence. The transgene may become part of the genome of the primate subject. A
transgenic sequence can be partly or entirely species-heterologous, i.e., the transgenic
sequence, or a portion thereof, can be from a species which is different from the cell into

which it is introduced.

As used herein, the term “stably maintained” refers to characteristics of transgenic
subject (e.g., a human or non-human primate) that maintain at least one of their
transgenic elements (i.e., the element that is desired) through multiple generations of
cells. For example, it is intended that the term encompass many cell division cycles of the
originally transfected cell. The term “stable transfection” or “stably transfected” refers to
the introduction and integration of foreign DNA into the genome of the cell. The term
“stable transfectant” refers to a cell that has stably integrated foreign DNA into the
genomic DNA.

2%

As used herein, the terms “transgene encoding,” “nucleic acid molecule encoding,”
“DNA sequence encoding,” and “DNA encoding” refer to the order or sequence of
deoxyribonucleotides along a strand of deoxyribonucleic acid. The order of these
deoxyribonucleotides may, for example, determine the order of amino acids along the
polypeptide (protein) chain. The DNA sequence thus may code for the amino acid

sequence.

As used herein, the term “wild type” (wt) refers to a gene or gene product which has the
characteristics of that gene or gene product when isolated from a naturally occurring
source. A wild-type gene is that which is most frequently observed in a population and is
thus arbitrarily designed the “normal” or “wild-type” form of the gene. In contrast, the
term “modified” or “mutant” refers to a gene or gene product that displays modifications

in sequence and/or functional properties (i.e., altered characteristics) when compared to
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the wild-type gene or gene product. It is noted that naturally occurring mutants may be
isolated, which are identified by the acquisition of altered characteristics when compared

to the wild-type gene or gene product.

As used herein, the term “AAV virion,” “AAV particle,” or “AAV gene therapy
particle,” “AAV gene therapy vector,” or “rAAV gene therapy vector” refers to a
complete virus unit, such as a wt AAV virus particle (comprising a linear, single-stranded
AAYV nucleic acid genome associated with at least one AAV capsid protein coat). In this
regard, single-stranded AAV nucleic acid molecules of either complementary sense (e.g.,
“sense” or “antisense” strands) can be packaged into any one AAV virion and both
strands are equally infectious. Also included are infectious viral particles containing a
heterologous DNA molecule of interest (e.g., CFTR or a biologically active portion
thereof), which is flanked on both sides by AAV ITRs.

As used herein, the term “transfection” refers to the uptake of a foreign nucleic acid (e.g.,
DNA or RNA) by a cell. A cell has been “transfected” when an exogenous nucleic acid
(DNA or RNA) has been introduced inside the cell membrane. A number of transfection
techniques are generally known in the art (See, e.g., Graham et al., Virol., 52:456 (1973);
Sambrook et al., Molecular Cloning, a Laboratory Manual, Cold Spring Harbor
Laboratories, New York (1989); Davis et al., Basic Methods in Molecular Biology,
Elsevier, (1986); and Chu et al., Gene 13:197 (1981), incorporated herein by reference in
their entirety). Such techniques may be used to introduce one or more exogenous DNA
moieties, such as a gene transfer vector and other nucleic acid molecules, into suitable

recipient cells.

As used herein, the terms “stable transfection” and “stably transfected” refers to the
introduction and integration of foreign DNA into the genome of the transfected cell. The
term “stable transfectant” refers to a cell, which has stably integrated foreign DNA into

the genomic DNA.

As used herein, the term “transient transfection” or “transiently transfected” refers to the
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introduction of foreign DNA into a cell wherein the foreign DNA fails to integrate into
the genome of the transfected cell and is maintained as an episome. During this time the
foreign DNA 1is subject to the regulatory controls that govern the expression of
endogenous genes in the chromosomes. The term “transient transfectant” refers to cells
which have taken up foreign DNA but have failed to integrate this DNA. As used herein,
the term “transduction” denotes the delivery of a DNA molecule to a recipient cell either
in vivo or in vitro, via a replication-defective viral vector, such as via a recombinant

AAYV virion.

As used herein, the term “recipient cell” refers to a cell which has been transfected or
transduced, or is capable of being transfected or transduced, by a nucleic acid construct or
vector bearing a selected nucleotide sequence of interest. The term includes the progeny
of the parent cell, whether or not the progeny are identical in morphology or in genetic
make-up to the original parent, so long as the selected nucleotide sequence is present. The
recipient cell may be the cells of a subject to which the gene therapy particles and/or gene

therapy vector has been administered.

As used herein, the term “recombinant DNA molecule” refers to a DNA molecule which
is comprised of segments of DNA joined together by means of molecular biological

techniques.

As used herein, the term “regulatory element” refers to a genetic element which can
control the expression of nucleic acid sequences. For example, a promoter is a regulatory
element that facilitates the initiation of transcription of an operably linked coding region.
Other regulatory elements are splicing signals, polyadenylation signals, termination

signals, etc.

The term DNA “control sequences” refers collectively to regulatory elements such as
promoter sequences, polyadenylation signals, transcription termination sequences,
upstream regulatory domains, origins of replication, internal ribosome entry sites

(“IRES”), enhancers, and the like, which collectively provide for the replication,
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transcription and translation of a coding sequence in a recipient cell. Not all of these

control sequences need be present.

Transcriptional control signals in eukaryotes generally comprise “promoter” and
“enhancer” elements. Promoters and enhancers consist of short arrays of DNA sequences
that interact specifically with cellular proteins involved in transcription (Maniatis et al
Science 236:1237 (1987), incorporated herein by reference in its entirety). Promoter and
enhancer elements have been isolated from a variety of eukaryotic sources including
genes in yeast, insect and mammalian cells and viruses (analogous control sequences, i.e.,
promoters, are also found in prokaryotes). The selection of a particular promoter and
enhancer depends on the recipient cell type. Some eukaryotic promoters and enhancers
have a broad host range while others are functional in a limited subset of cell types (See
e.g., Voss et al., Trends Biochem. Sci., 11:287 (1986), and Maniatis et al., supra, for
reviews, incorporated herein by reference in their entirety). For example, the SV40 early
gene enhancer is very active in a variety of cell types from many mammalian species and
has been used to express proteins in a broad range of mammalian cells (Dijkema et al,
EMBO J. 4:761 (1985), incorporated herein by reference in its entirety). Promoter and
enhancer elements derived from the human elongation factor 1-alpha gene (Uetsuki et al.,
J. Biol. Chem, 264:5791 (1989), Kim et al., Gene 91:217 (1990); and Mizushima and
Nagata, Nucl. Acids. Res., 18:5322 (1990)), the long terminal repeats of the Rous
sarcoma virus (Gorman et al., Proc. Natl. Acad. Sci. U.S.A. 79:6777 (1982)), and the
human cytomegalovirus (Boshart et al., Cell 41:521 (1985)) are also of utility for
expression of proteins in diverse mammalian cell types, incorporated herein by reference
in their entirety. Promoters and enhancers can be found naturally, alone or together. For
example, retroviral long terminal repeats comprise both promoter and enhancer elements.
Generally promoters and enhancers act independently of the gene being transcribed or
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translated. Thus, the enhancer and promoter used can be “endogenous,” “exogenous,” or
“heterologous” with respect to the gene to which they are operably linked. An
“endogenous” enhancer/promoter is one which is naturally linked with a given gene in
the genome. An “exogenous” or “heterologous” enhancer or promoter is one which is

placed in juxtaposition to a gene by means of genetic manipulation (i.e., molecular
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biological techniques) such that transcription of that gene is directed by the linked

enhancer/promoter.

As used herein, the term “CBA” promoter refers to a fusion of the chicken B-actin

promoter and CMV immediate-early enhancer.

As used herein, the term “tissue specific” refers to regulatory elements or control
sequences, such as a promoter, an enhancer, etc., wherein the expression of the nucleic
acid sequence is substantially greater in a specific cell type(s) or tissue(s). In particularly
preferred embodiments, the CB promoter (CB is the same as CBA defined above)
displays good expression of human CFTR, rAAV5-CB- DELTA 264CFTR, rAAVS5-CB-
DELTA 27-264CFTR, or another biologically active portion of CFTR. It is not intended,
however, that the present invention be limited to the CB promoter or to lung specific
expression, as other tissue specific regulatory elements, or regulatory elements that

display altered gene expression patterns, are encompassed within the invention.

The presence of “splicing signals” on an expression vector often results in higher levels
of expression of the recombinant transcript. Splicing signals mediate the removal of
introns from the primary RNA transcript and consist of a splice donor and acceptor site
(Sambrook et al., Molecular Cloning: A Laboratory Manual, 2nd ed., Cold Spring Harbor
Laboratory Press, New York (1989), pp. 16.7-16.8, incorporated herein by reference in its
entirety). A commonly used splice donor and acceptor site is the splice junction from the

16S RNA of SV40.

Transcription termination signals are generally found downstream of a polyadenylation
signal and are a few hundred nucleotides in length. The term “poly A site” or “poly A
sequence” as used herein denotes a DNA sequence which directs both the termination
and polyadenylation of the nascent RNA transcript. Efficient polyadenylation of the
recombinant transcript is desirable as transcripts lacking a poly A tail are unstable and are
rapidly degraded. The poly A signal utilized in an expression vector may be

“heterologous” or “endogenous.” An endogenous poly A signal is one that is found
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naturally at the 3” end of the coding region of a given gene in the genome. A
heterologous poly A signal is one which has been isolated from one gene and operably
linked to the 3” end of another gene. A commonly used heterologous poly A signal is the
SV40 poly A signal. The SV40 poly A signal is contained on a 237 bp BamHI/Bcll
restriction fragment and directs both termination and polyadenylation (Sambrook et al.,

supra, at 16.6-16.7, incorporated herein by reference in its entirety).

As used herein, the term “subject” and “patient” are used interchangeably herein and
refer to both human and nonhuman animals. The term “nonhuman animals” of the
disclosure includes all vertebrates, e.g., mammals and non-mammals, such as nonhuman

primates, sheep, dog, cat, horse, cow, chickens, amphibians, reptiles, and the like.

As defined herein, a “therapeutically effective amount” or “therapeutic effective dose” is
an amount or dose of a fusion protein, polypeptide, nucleic acid, AAV particle(s), or
virion(s) capable of producing sufficient amounts of a desired protein to modulate the
activity of the protein in a desired manner, thus providing a palliative tool for clinical
intervention. In some embodiments, a therapeutically effective amount or dose of a
transfected fusion protein, polypeptide, nucleic acid, AAV particle(s), or virion(s) as
described herein is enough to confer suppression of a gene targeted by the fusion
protein/gene therapy construct.

As used herein, the term “treat”, e.g., a disorder, means that a subject (e.g., a human) who
has a disorder, is at risk of having a disorder, and/or experiences a symptom of a disorder,
will, in an embodiment, suffer a less severe symptom and/or will recover faster, when a
fusion molecule or a nucleic acid that encodes the fusion molecule, and/or a gRNA or a
nucleic acid that encodes the gRNA, e.g., as described herein, is administered than if the

fusion molecule or a nucleic acid that encodes the fusion molecule, and/or the gRNA or a

nucleic acid that encodes the gRNA, were never administered.

B. CRISPR system

“Clustered Regularly Interspaced Short Palindromic Repeats” and “CRISPRs”, as used

interchangeably herein, refer to loci containing multiple short direct repeats that are
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found in the genomes of approximately 40% of sequenced bacteria and 90% of
sequenced archaea. The CRISPR system is a microbial nuclease system involved in
defense against invading phages and plasmids that provides a form of acquired immunity.
The CRISPR loci in microbial hosts contain a combination of CRISPR-associated (Cas)
genes as well as non-coding RNA elements capable of programming the specificity of the
CRISPR-mediated nucleic acid cleavage. Short segments of foreign DNA, called spacers,
are incorporated into the genome between CRISPR repeats, and serve as a ‘memory’ of
past exposures. Cas9 forms a complex with the 3’ end of the single guide RNA (sgRNA),
and the protein-RNA pair recognizes its genomic target by complementary base pairing
between the 5° end of the sgRNA sequence and a predefined 20 bp DNA sequence,
known as the protospacer. This complex is directed to homologous loci of pathogen DNA
via regions encoded within the CRISPR RNA (crRNA), i.e., the protospacers, and
protospacer-adjacent motifs (PAMs) within the pathogen genome. The non-coding
CRISPR array is transcribed and cleaved within direct repeats into short crRNAs
containing individual spacer sequences, which direct Cas nucleases to the target site
(protospacer). By simply exchanging the 20 bp recognition sequence of the expressed
sgRNA, the Cas9 nuclease can be directed to new genomic targets. CRISPR spacers are
used to recognize and silence exogenous genetic elements in a manner analogous to

RNALI in eukaryotic organisms.

Three classes of CRISPR systems (Types L, IT and III effector systems) are known. The
Type I effector system carries out targeted DNA double-strand break in four sequential
steps, using a single effector enzyme, Cas9, to cleave dsDNA. Compared to the Type I
and Type III effector systems, which require multiple distinct effectors acting as a
complex, the Type II effector system may function in alternative contexts such as
eukaryotic cells. The Type II effector system consists of a long pre-ctrRNA, which is
transcribed from the spacer-containing CRISPR locus, the Cas9 protein, and a trans-
encoded small RNA (tractrRNA), which is involved in pre-crRNA processing. The
tractrRNAs hybridize to the repeat regions separating the spacers of the pre-crRNA, thus
initiating dsSRNA cleavage by endogenous RNase III. This cleavage is followed by a

second cleavage event within each spacer by Cas9, producing mature crRNAs that
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remain associated with the tractrRNA and Cas9, forming a Cas9:crRNA-tractrRNA

complex.

The Cas9:crRNA-tracrRNA complex unwinds the DNA duplex and searches for
sequences matching the crRNA to cleave. Target recognition occurs upon detection of
complementarity between a “protospacer” sequence in the target DNA and the remaining
spacer sequence in the crRNA. Cas9 mediates cleavage of target DNA if a correct
protospacer-adjacent motif (PAM) is also present at the 3° end of the protospacer. For
protospacer targeting, the sequence must be immediately followed by the protospacer-
adjacent motif (PAM), a short sequence recognized by the Cas9 nuclease that is required
for DNA cleavage. Difterent Type II systems have differing PAM requirements. The S.
pyogenes CRISPR system may have the PAM sequence for this Cas9 (SpCas9) as 5°-
NRG-3’, where R is either A or G, and characterized the specificity of this system in
human cells. A unique capability of the CRISPR/Cas9 system is the straightforward
ability to simultaneously target multiple distinct genomic loci by co-expressing a single
Cas9 protein with two or more sgRNAs. For example, the Streptococcus pyogenes (S.
pyogenes) Type Il system naturally prefers to use an “NGG” sequence, where “N” can be
any nucleotide, but also accepts other PAM sequences, such as “NAG” in engineered
systems (Hsu et al, Nature Biotechnology (2013) doi: 10.1038/nbt.2647, incorporated
herein by reference in its entirety). Similarly, the Cas9 derived from Neisseria
meningitidis (NmCas9) normally has a native PAM of NNNNGATT, but has activity
across a variety of PAMs, including a highly degenerate NNNNGNNN PAM (Esvelt et
al. Nature Methods (2013) doi: 10.1038/nmeth.2681, incorporated herein by reference in

its entirety).

C. CRISPR/Cas9-based system

An engineered form of the Type II effector system of S. pyogenes was shown to function
in human cells for genome engineering. In this system, the Cas9 protein was directed to
genomic target sites by a synthetically reconstituted “guide RNA” (“gRNA”, also used
interchangeably herein as a chimeric single guide RNA (“sgRNA”)), which is a crRNA-
tracrRNA fusion that obviates the need for RNase III and crRNA processing in general.
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Provided herein are CRISPR/Cas9-based engineered systems for use in genome editing
and treating genetic diseases. The CRISPR/Cas9-based engineered systems may be
designed to target any gene, including genes involved in a genetic disease, aging, tissue
regeneration, or wound healing. The CRISPR/Cas9-based systems may include a Cas9
protein or Cas9 fusion protein and at least one gRNA. The Cas9 fusion protein may, for
example, include a domain that has a different activity from what is endogenous to Cas9,

such as a transactivation domain.

The target gene may be involved in differentiation of a cell or any other process in which
activation of a gene may be desired, or may have a mutation such as a frameshift
mutation or a nonsense mutation. If the target gene has a mutation that causes a
premature stop codon, an aberrant splice acceptor site or an aberrant splice donor site, the
CRISPR/Cas9-based system may be designed to recognize and bind a nucleotide
sequence upstream or downstream from the premature stop codon, the aberrant splice
acceptor site or the aberrant splice donor site. The CRISPR-Cas9-based system may also
be used to disrupt normal gene splicing by targeting splice acceptors and donors to induce
skipping of premature stop codons or restore a disrupted reading frame. The
CRISPR/Cas9-based system may or may not mediate off-target changes to protein-coding
regions of the genome. In some embodiments, the expression of the target gene is to be

suppressed.

D. Cas9

The CRISPR/Cas9-based system may include a Cas9 protein or a fragment thereof, a
Cas9 fusion protein, a nucleic acid encoding a Cas9 protein or a fragment thereof, or a
nucleic acid encoding a Cas9 fusion protein. As used herein, a “Cas9 molecule” may
refer to a Cas9 protein, or a fragment thereof. Cas9 protein is an endonuclease that
cleaves nucleic acid and is encoded by the CRISPR loci and is involved in the Type 11
CRISPR system. The Cas9 protein may be from any bacterial or archaea species, such as
Streptococcus pyogenes. Cas9 sequences and structures from different species are known
in the art, see, e.g., Ferretti et al., Proc Natl Acad Sci U S A. (2001); 98(8): 4658-63;
Deltcheva et al., Nature. 2011 Mar 31;471(7340):602-7; and Jinek et al., Science.
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(2012);337(6096):816-21, incorporated herein by reference in their entirety. Exemplary
S. pyogenes Cas9 sequence is available at the Uniprot database under accession number
Q99ZW2. Exemplary Staphylococcus aureus (S. aureus) Cas9 sequence is available at

the Uniprot database under accession number JJRUAS. Exemplary Cas9 sequences are

also shown in Table 1.

S. pyogenes Cas9 is the most commonly studied Cas9 molecule. Notably, S. pyogenes
Cas9 is quite large (the gene itself is over 4.1 Kb), making it challenging to be packed
into certain delivery vectors. For example, Adeno-associated virus (AAV) vector has a
packaging limit of 4.5 or 4.75 Kb. This means that Cas9 as well as regulatory elements
such as a promoter and a transcription terminator all have to fit into the same viral vector.
Constructs larger than 4.5 or 4.75 Kb will lead to significantly reduced virus production.
One possibility is to use a functional fragment of S. pyogenes Cas9. Another possibility
is to split Cas9 into its sub-portions (e.g., the N-terminal lobe and the C-terminal lobe of
Cas9). Each sub-portion is expressed by a separate vector, and these sub-portions
associate to form a functional Cas9. See, e.g., Chew et al., Nat Methods. 2016;13:868-
74; Truong et al., Nucleic Acids Res. 2015; 43: 6450-6458; and Fine et al., Sci Rep.
2015;5:10777, incorporated by reference herein in their entirety.

Alternatively, shorter Cas9 molecules from other species can be used in the compositions
and methods disclosed herein, e.g., Cas9 molecules from Staphylococcus aureus,
Campylobacter jejuni, Corynebacterium diphtheria, Fubacterium ventriosum,
Streptococcus pasteurianus, Lactobacillus farciminis, Sphaerochaeta globus,
Azospirillum (strain B510), Gluconacetobacter diazotrophicus, Neisseria cinerea,
Roseburia intestinalis, Parvibaculum lavamentivorans, Nitratifractor salsuginis (strain
DSM 16511), Campylobacter lari (strain CF89-12), or Streptococcus thermophilus
(strain LMD-9). Exemplary Cas9 sequences from these species are also shown in Table
1. In certain embodiments, the present disclosure provides an AAV vector comprising a
nucleotide encoding a Cas9 molecule from Strepfococcus pyogenes, Staphylococcus
aureus, Campylobacter jejuni, Corynebacterium diphtheria, Eubacterium ventriosum,

Streptococcus pasteurianus, Lactobacillus farciminis, Sphaerochaeta globus,
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Azospirillum (strain B510), Gluconacetobacter diazotrophicus, Neisseria cinerea,

Roseburia intestinalis, Parvibaculum lavamentivorans, Nitratifractor salsuginis (strain

DSM 16511), Campylobacter lari (strain CF89-12), or Streptococcus thermophilus

(strain LMD-9), or fragment thereof.

Table 1. Exemplary Cas9 amino acid sequences

SEQ Description Sequence

ID NO:

24 S. pvogenes MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRH
serotype M1 SIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQ
Cas9 (Q992W2) | EIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDE

VAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRG
HFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA
KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPN
FKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLL
KALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIK
PILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGEL
HAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRF
AWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLP
NEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ
KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDR
FNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDR
EMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGI
RDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGR
HKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQI
LKEHPVENTQLONEKLYLYYLQNGRDMYVDQELDINRLSD
YDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVV
KKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGF
IKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITL
KSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALI
KKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFY
SNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFAT
VRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKK
DWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELL
GITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKY SLFELEN
GRKRMLASAGELQKGNELALPSKY VNFLYLASHYEKLKGS
PEDNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDKV
LSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDR
KRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

25

S, aureus Cas9
(J7RUA5S)

MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVE
NNEGRRSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSEL
SGINPYEARVKGLSQKLSEEEFSAALLHLAKRRGVHNVNEV
EEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVR
GSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLET
RRTYYEGPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSV
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KYAYNADLYNALNDLNNLVITRDENEKLEYYEKFQIENVF
KQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYH
DIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSEL
TQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIF
NRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVI
NAIIKKYGLPNDIHNELAREKNSKDAQKMINEMQKRNRQTNE
RIEEIIRTTGKENAKYLIEKIKLHDMQEGKCLYSLEAIPLEDL
LNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKGNRTP
FQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERD
INRFSVQKDFINRNLVDTRYATRGLMNLLRSYFRVNNLDVK
VKSINGGFTSFLRRKWKFKKERNKGYKHHAEDALIIANADFI
FKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIFI
TPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLY STRKDDK
GNTLIVNNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQT
YQKLKLIMEQYGDEKNPLYKYYEETGNYLTKYSKKDNGPV
IKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVY
LDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKIS
NQAEFIASFYNNDLIKINGELYRVIGVNNDLLNRIEVNMIDIT
YREYLENMNDKRPPRIKTIASKTQSIKKYSTDILGNLYEVKS
KKHPQIKKG

26

FEubacterium
Ventriosum
Cas9
(A5Z395)

MGYTVGLDIGVASVGVAVLDENDNIVEAVSNIFDEADTSNN
KVRRTLREGRRTKRRQKTRIEDFKQLWETSGYIIPHKLHLNII
ELRNKGLTELLSLDELYCVLLSMLKHRGISYLEDADDGEKG
NAYKKGLAFNEKQLKEKMPCEIQLERMKKY GKYHGEFIIEI
NDEKEYQSNVFTTKAYKKELEKIFETQRCNGNKINTKFIKKY
MEIYERKREYYIGPGNEKSRTDYGIYTTRTDEEGNFIDEKNIF
GKLIGKCSVYPEEYRASSASYTAQEFNLLNDLNNLKINNEKL
TEFQKKEIVEIIKDASSVNMRKIIKKVIDEDIEQY SGARIDKK
GKEIYHTFEIYRKLKKELKTINVDIDSFTREELDKTMDILTLN
TERESIVKAFDEQKFVYEENLIKKLIEFRKNNQRLFSGWHSF
SYKAMLQLIPVMYKEPKEQMQLLTEMNVFKSKKEKYVNY
KYIPENEVVKEIYNPVVVKSIRTTVKILNALIKKYGYPESVVI
EMPRDKNSDDEKEKIDMNQKKNQEEY EKILNKIYDEKGIEIT
NKDYKKQKKLVLKLKLWNEQEGLCLYSGKKIAIEDLLNHP
EFFEIDHIIPKSISLDDSRSNKVLVYKTENSIKENDTPYHYLTR
INGKWGFDEYKANVLELRRRGKIDDKKVNNLLCMEDITKID
VVKGFINRNLNDTRYASRVVLNEMQSFFESRKYCNTKVKVI
RGSLTYQMRQDLHLKKNREESYSHHAVDAMLIAFSQKGYE
AYRKIQKDCYDFETGEILDKEKWNKYIDDDEFDDILYKERM
NEIRKKIIEAEEKVKYNYKIDKKCNRGLCNQTIYGTREKDGK
IHKISSYNIYDDKECNSLKKMINSGKGSDLLMYNNDPKTYR
DMLKILETY SSEKNPFVAYNKETGDYFRKY SKNHNGPKVEK
VKYYSGQINSCIDISHKY GHAKNSKKVVLVSLNPYRTDVYY
DNDTGKYYLVGVKYNHIKCVGNKYVIDSETYNELLRKEGV
LNSDENLEDLNSKNITYKFSLYKNDHQYEKGGEYYTERFLS
RIKEQKNLIETKPINKPNFQRKNKKGEWENTRNQIALAKTK
YVGKLVTDVLGNCYIVNMEKFSLVVDK

27

Azospirillum
(strain B510)
Cas9

MARPAFRAPRREHVNGWTPDPHRISKPFFILVSWHLLSRVVI
DSSSGCFPGTSRDHTDKFAEWECAVQPYRLSFDLGTNSIGW
GLLNLDRQGKPREIRALGSRIFSDGRDPQDKASLAVARRLA
RQMRRRRDRYLTRRTRLMGALVRFGLMPADPAARKRLEV
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(D3NT09)

AVDPYLARERATRERLEPFEIGRALFHLNQRRGYKPVRTAT
KPDEEAGKVKEAVERLEAAIAAAGAPTLGAWFAWRKTRGE
TLRARLAGKGKEAAYPFYPARRMLEAEFDTLWAEQARHHP
DLLTAEAREILRHRIFHQRPLKPPPVGRCTLYPDDGRAPRAL
PSAQRLRLFQELASLRVIHLDLSERPLTPAERDRIVAFVQGRP
PKAGRKPGKVQKSVPFEKLRGLLELPPGTGFSLESDKRPELL
GDETGARIAPAFGPGWTALPLEEQDALVELLLTEAEPERAIA
ALTARWALDEATAAKLAGATLPDFHGRYGRRAVAELLPVL
ERETRGDPDGRVRPIRLDEAVKLLRGGKDHSDFSREGALLD
ALPYYGAVLERHVAFGTGNPADPEEKRVGRVANPTVHIAL
NQLRHLVNAILARHGRPEEIVIELARDLKRSAEDRRREDKRQ
ADNQKRNEERKRLILSLGERPTPRNLLKLRLWEEQGPVENR
RCPYSGETISMRMLLSEQVDIDHILPFSVSLDDSAANKVVCL
REANRIKRNRSPWEAFGHDSERWAGILARAEALPKNKRWR
FAPDALEKLEGEGGLRARHLNDTRHLSRLAVEYLRCVCPKV
RVSPGRLTALLRRRWGIDAILAEADGPPPEVPAETLDPSPAE
KNRADHRHHALDAVVIGCIDRSMVQRVQLAAASAEREAAA
REDNIRRVLEGFKEEPWDGFRAELERRARTIVVSHRPEHGIG
GALHKETAYGPVDPPEEGFNLVVRKPIDGLSKDEINSVRDPR
LRRALIDRLAIRRRDANDPATALAKAAEDLAAQPASRGIRR
VRVLKKESNPIRVEHGGNPSGPRSGGPFHKLLLAGEVHHVD
VALRADGRRWVGHWVTLFEAHGGRGADGAAAPPRLGDGE
RFLMRLHKGDCLKLEHKGRVRVMQVVKLEPSSNSVVVVEP
HQVKTDRSKHVKISCDQLRARGARRVTVDPLGRVRVHAPG
ARVGIGGDAGRTAMEPAEDIS

28

Gluconacetoba
cter
diazotrophicus
(strain ATCC
49037) Cas9
(A9HKP2)

MGENMIDESLTFGIDLGIGSCGWAVLRRPSAFGRKGVIEGM

GSWCFDVPETSKERTPTNQIRRSNRLLRRVIRRRRNRMAAIR
RLLHAAGLLPSTDSDALKRPGHDPWELRARGLDKPLKPVEF
AVVLGHIAKRRGFKSAAKRKATNISSDDKKMLTALEATRER
LGRYRTVGEMFARDPDFASRRRNREGKYDRTTARDDLEHE

VHALFAAQRRLGQGFASPELEEAFTASAFHQRPMQDSERLV
GFCPFERTEKRAAKLTPSFERFRLLARLLNLRITTPDGERPLT
VDEIALVTRDLGKTAKLSIKRVRTLIGLEDNQRFTTIRPEDED
RDIVARTGGAMTGTATLRKALGEALWTDMQERPEQLDAIV

QVLSFFEANETITEKLREIGLTLAVLDVLLTALDAGVFAKFK

GAAHISTKAARNLLPHLEQGRRYDEACTMAGYDHAASRLS

HHGQIVAKTQFNALVTEIGESIANPIARKALIEGLKQIWAMR

NHWGLPGSIHVELARDVGNSIEKRREIEKHIEKNTALRARER
REVHDLLDLEDVNGDTLLRYRLWKEQGGKCLYTGKAIHIR

QIAATDNSVQVDHILPWSRFGDDSFNNKTLCLASANQQKKR
STPYEWLSGQTGDAWNAFVQRIETNKELRGFKKRNYLLKN

AKEAEEKFRSRNLNDTRYAARLFAEAVKLLYAFGERQEKG

GNRRVFTRPGALTAALRQAWGVESLKKQDGKRINDDRHHA
LDALTVAAVDEAEIQRLTKSFHEWEQQGLGRPLRRVEPPWE
SFRADVEATYPEVFVARPERRRARGEGHAATIRQVKERECT

PIVFERKAVSSLKEADLERIKDGERNEAIVEAIRSWIATGRPA
DAPPRSPRGDITKIRLATTIKAAVPVRGGTAGRGEMVRADV
FSKPNRRGKDEWYLVPVYPHQIMNRKAWPKPPMRSIVANK
DEDEWTEVGPEHQFRFSLYPRSNIEIIRPSGEVIEGYFVGLHR

NTGALTISAHNDPKSIHSGIGTKTLLAISKY QVDRFGRKSPVR
KEVRTWHGEACISPTPPG
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29

Neisseria
cinerea Cas9
(DOW2Z9)

MAAFKPNPMNYILGLDIGIASVGWAIVEIDEEENPIRLIDLGV
RVFERAEVPKTGDSLAAARRLARSVRRLTRRRAHRLLRARR
LLKREGVLQAADFDENGLIKSLPNTPWQLRAAALDRKLTPL
EWSAVLLHLIKHRGYLSQRKNEGETADKELGALLKGVADN
THALQTGDFRTPAELALNKFEKESGHIRNQRGDY SHTFNRK
DLQAELNLLFEKQKEFGNPHVSDGLKEGIETLLMTQRPALS
GDAVQKMLGHCTFEPTEPKAAKNTY TAERFVWLTKLNNLR
ILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLDLDD
TAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDK
KSPLNLSPELQDEIGTAFSLFKTDEDITGRLKDRVQPEILEAL
LKHISFDKFVQISLKALRRIVPLMEQGNRYDEACTEIYGDHY
GKKNTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRY
GSPARIHIETAREVGKSFKDRKEIEKRQEENRKDREKSAAKF
REYFPNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLGRLN
EKGY VEIDHALPFSRTWDDSFNNKVLALGSENQNKGNQTP
YEYFNGKDNSREWQEFKARVETSRFPRSKKQRILLQKFDED
GFKERNLNDTRYINRFLCQFVADHMLLTGKGKRRVFASNG
QITNLLRGFWGLRKVRAENDRHHALDAVVVACSTIAMQQK
ITRFVRYKEMNAFDGKTIDKETGEVLHQKAHFPQPWEFFAQ
EVMIRVFGKPDGKPEFEEADTPEKLRTLLAEKLSSRPEAVHK
YVTPLFISRAPNRKMSGQGHMETVKSAKRLDEGISVLRVPL
TQLKLKDLEKMVNREREPKLYEALKARLEAHKDDPAKAFA
EPFYKYDKAGNRTQQVKAVRVEQVQKTGVWVHNHNGIAD
NATIVRVDVFEKGGKY YLVPIYSWQVAKGILPDRAVVQGK
DEEDWTVMDDSFEFKFVLY ANDLIKLTAKKNEFLGYFVSLN
RATGAIDIRTHDTDSTKGKNGIFQSVGVKTALSFQKY QIDEL
GKEIRPCRLKKRPPVR

30

Roseburia
intestinalis
Cas9
(C7G697)

MRENGSDERRRNMDEKMDY RIGLDIGIASVGWAVLQNNSD
DEPVRIVDLGVRIFDTAEIPKTGESLAGPRRAARTTRRRLRR
RKHRLDRIKWLFENQGLINIDDFLKRYNMAGLPDVYQLRYE
ALDRKLTDEELAQVLLHIAKHRGFRSTRKAETAAKENGAVL
KATDENQKRMQEKGYRTVGEMIYLDEAFRTGCSWSEKGYT
LTPRNKAENYQHTMLRAMLVEEVKEIFSSQRRLGNEKATEE
LEEKYLEIMTSQRSFDLGPGMQPDGKPSPY AMEGFSDRVGK
CTFLGDQGELRGAKGTYTAEYFVALQKINHTKLVNQDGET
RNFTEEERRALTLLLFTQKEVKYAAVRKKLGLPEDILFYNLN
YKKAATKEEQQKENQNTEKAKFIGMPYYHDYKKCLEERVK
YLTENEVRDLFDEIGMILTCYKNDDSRTERLAKLGLVPIEME
GLLAYTPTKFQHLSMKAMRNIIPFLEKGMTYDKACEEAGYD
FKADSKGTKQKLLTGENVNQTINEITNPVVKRSVSQTVKVIN
AIIRTYGSPQAINIELAREMSKTFEERRKIKGDMEKRQKNNE
DVKKQIQELGKLSPTGQDILKYRLWQEQQGICMYSGKTIPLE
ELFKPGY DIDHILPY SITFDDSFRNKVLVTSQENRQKGNRTP
YEYMGNDEQRWNEFETRVKTTIRDYKKQQKLLKKHFSEEE
RSEFKERNLTDTKYITTVIYNMIRQNLEMAPLNRPEKKKQV
RAVNGAITAYLRKRWGLPQKNRETDTHHAMDAVVIACCTD
GMIQKISRYTKVRERCY SKGTEFVDAETGEIFRPEDYSRAEW
DEIFGVHIPKPWETFRAELDVRMGDDPKGFLDTHSDVALEL
DYPEYTYENLRPIFVSRMPNHKVTGAAHADTIRSPRHFKDEG
IVLTKTALTDLKLDKDGEIDGYYNPQSDLLLYEALKKQLLL
YGNDAKKAFAQDFHKPKADGTEGPVVRKVKIQKKQTMGV
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FVDSGNGIAENGGMVRIDVFRVNGKYYFVPVYTADVVKKV
LPNRASTAHKPYGEWKVMEDKDFLFSLY SRDLIHIKSKKDIP
IKMVNGGMEGIKETYAYYIGADISAANIQGIAHDSRYKFRGL
GIQSLDVLEKCQIDVLGHVSVVRSEKRMGFS

31

Parvibaculum
lavamentivora
ns (strain DS-
1) Cas9
(ATHP9)

MERIFGFDIGTTSIGFSVIDY SSTQSAGNIQRLGVRIFPEARDP
DGTPLNQQRRQKRMMRRQLRRRRIRRKALNETLHEAGFLP
AYGSADWPVVMADEPYELRRRGLEEGLSAYEFGRAIYHLA
QHRHFKGRELEESDTPDPDVDDEKEAANERAATLKALKNE
QTTLGAWLARRPPSDRKRGIHAHRNVVAEEFERLWEVQSK
FHPALKSEEMRARISDTIFAQRPVFWRKNTLGECRFMPGEPL
CPKGSWLSQQRRMLEKLNNLAIAGGNARPLDAEERDAILSK
LQQQASMSWPGVRSALKALYKQRGEPGAEKSLKFNLELGG
ESKLLGNALEAKLADMFGPDWPAHPRKQEIRHAVHERLWA
ADYGETPDKKRVIILSEKDRKAHREAA ANSFVADFGITGEQ
AAQLQALKLPTGWEPYSIPALNLFLAELEKGERFGALVNGP
DWEGWRRTNFPHRNQPTGEILDKLPSPA SKEERERISQLRNP
TVVRTQNELRKVVNNLIGLYGKPDRIRIEVGRDVGKSKRER
EEIQSGIRRNEKQRKKATEDLIKNGIANPSRDDVEKWILWKE
GQERCPYTGDQIGFNALFREGRYEVEHIWPRSRSFDNSPRNK
TLCRKDVNIEKGNRMPFEAFGHDEDRWSAIQIRLQGMVSAK
GGTGMSPGKVKRFLAKTMPEDFAARQLNDTRYAAKQILAQ
LKRLWPDMGPEAPVKVEAVTGQVTAQLRKLWTLNNILADD
GEKTRADHRHHAIDALTVACTHPGMTNKLSRYWQLRDDPR
AEKPALTPPWDTIRADAEKAVSEIVVSHRVRKKVSGPLHKE
TTYGDTGTDIKTKSGTYRQFVTRKKIESLSKGELDEIRDPRIK
EIVAAHVAGRGGDPKKAFPPY PCVSPGGPEIRKVRLTSKQQL
NLMAQTGNGYADLGSNHHIATYRLPDGKADFEIVSLFDASR
RLAQRNPIVQRTRADGASFVMSLAAGEAIMIPEGSKKGIWIV
QGVWASGQVVLERDTDADHSTTTRPMPNPILKDDAKKVSI
DPIGRVRPSND

32

Nitratifractor
salsuginis
(strain DSM
16511) Cas9
(E6WZS9)

MKKILGVDLGITSFGYAILQETGKDLYRCLDNSVVMRNNPY
DEKSGESSQSIRSTQKSMRRLIEKRKKRIRCVAQTMERYGIL
DYSETMKINDPKNNPIKNRWQLRAVDAWKRPLSPQELFAIF
AHMAKHRGYKSIATEDLIY ELELELGLNDPEKESEKKADER
RQVYNALRHLEELRKKYGGETIAQTIHRAVEAGDLRSYRNH
DDYEKMIRREDIEEEIEKVLLRQAELGALGLPEEQVSELIDEL
KACITDQEMPTIDESLFGKCTFYKDELAAPAYSYLYDLYRL
YKKLADLNIDGYEVTQEDREKVIEWVEKKIAQGKNLKKITH
KDLRKILGLAPEQKIFGVEDERIVKGKKEPRTFVPFFFLADIA
KFKELFASIQKHPDALQIFRELAEILQRSKTPQEALDRLRAL
MAGKGIDTDDRELLELFKNKRSGTRELSHRYILEALPLFLEG
YDEKEVQRILGFDDREDY SRYPKSLRHLHLREGNLFEKEEN
PINNHAVKSLASWALGLIADLSWRY GPFDEIILETTRDALPE
KIRKEIDKAMREREKALDKIIGKYKKEFPSIDKRLARKIQLW
ERQKGLDLYSGKVINLSQLLDGSADIEHIVPQSLGGLSTDYN
TIVTLKSVNAAKGNRLPGDWLAGNPDYRERIGMLSEKGLID
WKKRKNLLAQSLDEIYTENTHSKGIRATSYLEALVAQVLKR
YYPFPDPELRKNGIGVRMIPGKVTSKTRSLLGIKSKSRETNFH
HAEDALILSTLTRGWQNRLHRMLRDNY GKSEAELKELWKK
YMPHIEGLTLADYIDEAFRRFMSKGEESLFYRDMFDTIRSISY
WVDKKPLSASSHKETVYSSRHEVPTLRKNILEAFDSLNVIKD
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RHKLTTEEFMKRYDKEIRQKLWLHRIGNTNDESYRAVEERA
TQIAQILTRYQLMDAQNDKEIDEKFQQALKELITSPIEVTGKL
LRKMRFVYDKLNAMQIDRGLVETDKNMLGIHISKGPNEKLI
FRRMDVNNAHELQKERSGILCYLNEMLFIFNKKGLIHYGCL
RSYLEKGQGSKYIALFNPRFPANPKAQPSKFTSDSKIKQVGI
GSATGIIKAHLDLDGHVRSYEVFGTLPEGSIEWFKEESGYGR
VEDDPHH

33

Campylobacter
lari Cas9
(G1UFN3)

MRILGFDIGINSIGWAFVENDELKDCGVRIFTKAENPKNKES
LALPRRNARSSRRRLKRRKARLIAIKRILAKELKLNYKDYVA
ADGELPKAYEGSLASVYELRYKALTQNLETKDLARVILHIA
KHRGYMNKNEKKSNDAKKGKILSALKNNALKLENYQSVG
EYFYKEFFQKYKKNTKNFIKIRNTKDNYNNCVLSSDLEKEL
KLILEKQKEFGYNYSEDFINEILKVAFFQRPLKDFSHLVGAC
TFFEEEKRACKNSYSAWEFVALTKIINEIKSLEKISGEIVPTQT
INEVLNLILDKGSITYKKFRSCINLHESISFKSLKYDKENAEN
AKLIDFRKLVEFKKALGVHSLSRQELDQISTHITLIKDNVKL
KTVLEKYNLSNEQINNLLEIEFNDYINLSFKALGMILPLMRE
GKRYDEACEIANLKPKTVDEKKDFLPAFCDSIFAHELSNPVV
NRAISEYRKVLNALLKKYGKVHKIHLELARDVGLSKKAREK
IEKEQKENQAVNAWALKECENIGLKASAKNILKLKLWKEQ
KEICIY SGNKISIEHLKDEKALEVDHIYPY SRSFDDSFINKVLV
FTKENQEKLNKTPFEAFGKNIEKWSKIQTLAQNLPYKKKNKI
LDENFKDKQQEDFISRNLNDTRYIATLIAKYTKEYLNFLLLS
ENENANLKSGEKGSKIHVQTISGMLTSVLRHTWGFDKKDRN
NHLHHALDAIIVAY STNSIHKAFSDFRKNQELLKARFYAKEL
TSDNYKHQVKFFEPFKSFREKILSKIDEIFVSKPPRKRARRAL
HKDTFHSENKIIDKCSYNSKEGLQIALSCGRVRKIGTKY VEN
DTIVRVDIFKKQNKFYAIPITY AMDFALGILPNKIVITGKDKNN
NPKQWQTIDESYEFCFSLYKNDLILLQKKNMQEPEFAYYND
FSISTSSICVEKHDNKFENLTSNQKLLFSNAKEGSVKVESLGI
QNLKVFEKYIITPLGDKIKADFQPRENISLKTSKKYGLR

In one embodiment, Cas9 comprises one or more of the following domains: a Recl

domain, a Rec2 domain, a bridge helix domain, a PAM interacting domain, an HNH

nuclease domain, and a RuvC nuclease domain. Without wishing to be bound by theory,

the Recl domain is responsible for binding guide RNA. The arginine-rich bridge helix

domain plays an important role in initiating cleavage activity upon binding of target

DNA. The PAM-Interacting domain confers PAM specificity and is therefore

responsible for initiating binding to target DNA. The HNH and RuvC domains are

nuclease domains that cut single-stranded DNA complementary and noncomplementary
to the guide RNA, respectively. See, e.g., Nishimasu et al., Cell (2014) 156:935-49;
Anders et al., Nature (2014) 513: 569-73; Jinek et al., Science (2014) 343: 1247997,
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Sternberg et al., Nature (2014) 507: 62-7, incorporated by reference herein in their

entirety.

E. dCas9

The Cas9 protein may be mutated so that the nuclease activity is inactivated. An
inactivated Cas9 protein from S. pyogenes (1Cas9, also referred to as “dCas9”) with no
endonuclease activity has been recently targeted to genes in bacteria, yeast, and human
cells by gRNA to silence gene expression through steric hindrance. As used herein, a
“dCas molecule” may refer to a dCas protein, or a fragment thereof. As used herein, a
“dCas9 molecule” may refer to a dCas9 protein, or a fragment thereof. As used herein,
the terms “iCas” and “dCas” are used interchangeably and refer to a catalytically inactive
CRISPR associated protein. In one embodiment, the dCas molecule comprises one or
more mutations in a DNA-cleavage domain. In one embodiment, the dCas molecule
comprises one or more mutations in the RuvC or HNH domain. In one embodiment, the
dCas molecule comprises one or more mutations in both the RuvC and HNH domain. In
one embodiment, the dCas molecule is a fragment of a wild-type Cas molecule. In one
embodiment, the dCas molecule comprises a functional domain from a wild-type Cas
molecule, wherein the functional domain is chosen from a Recl domain, a bridge helix
domain, or a PAM interacting domain. In one embodiment, the nuclease activity of the
dCas molecule is reduced by at least 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%.,
85%, 90%, 95%, 99% compared to that of a corresponding wild type Cas molecule.

Suitable dCas molecule can be derived from a wild type Cas molecule. The Cas
molecule can be from a type I, type II, or type III CRISPR-Cas systems. In one
embodiment, suitable dCas molecules can be derived from a Casl, Cas2, Cas3, Cas4,
Cas5, Caso6, Cas7, Cas8, Cas9, or Casl0 molecule. In one embodiment, the dCas
molecule is derived from a Cas9 molecule. The dCas9 molecule can be obtained, for
example, by introducing point mutations (e.g., substitutions, deletions, or additions) in
the Cas9 molecule at the DNA-cleavage domain, e.g., the nuclease domain, e.g., the
RuvC and/or HNH domain. See, e.g., Jinek et al., Science (2012) 337:816-21,

incorporated by reference herein in its entirety. For example, introducing two point
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mutations in the RuvC and HNH domains reduces the Cas9 nuclease activity while
retaining the Cas9 sgRNA and DNA binding activity. In one embodiment, the two point
mutations within the RuvC and HNH active sites are D10A and H840A mutations of the
S. pyogenes Cas9 molecule. Alternatively, D10 and H840 of the S. pyogenes Cas9
molecule can be deleted to abolish the Cas9 nuclease activity while retaining its sgRNA
and DNA binding activity. In one embodiment, the two point mutations within the RuvC
and HNH active sites are D10A and N580A mutations of the S. aureus Cas9 molecule.
In one embodiment, the dCas molecule is an S. aureus dCas9 molecule comprising a
mutation at D10 and/or N580, numbered according to SEQ ID NO: 25. In one
embodiment, the dCas molecule is an S. aureus dCas9 molecule comprising D10A and/or
N580A mutations, numbered according to SEQ ID NO: 25. In one embodiment, the
dCas molecule is an S. aureus dCas9 molecule comprising the amino acid sequence of
SEQ ID NO: 35 or 36, a sequence substantially identical (e.g., at least 80%, 85%, 90%,
92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 35 or 36, or a sequence
having one, two, three, four, five or more changes, e.g., amino acid substitutions,

insertions, or deletions, relative to SEQ ID NO: 35 or 36, or any fragment thereof.

SEQ ID NO: 35 (exemplary S. aureus dCas9)

KRNYILGLAIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRL
KRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLH
LAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVR
GSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSP
FGWKDIKEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENE
KLEYYEKFQIUENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVY
HDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKG
YTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDF
ILSPVVKRSFIQSIKVINAIIKKYGLPNDIIIELAREKNSKDAQKMINEMQKRNRQT
NERIEEIIRTTGKENAKYLIEKIKLHDMQEGKCLY SLEAIPLEDLLNNPFNYEVDHI
IPRSVSFDNSFNNKVLVKQEEASKKGNRTPFQYLSSSDSKISYETFKKHILNLAKG
KGRISKTKKEYLLEERDINRFSVQKDFINRNLVDTRYATRGLMNLLRSYFRVNNL
DVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAEDALITANADFIFKEWKKLDK
AKKVMENQMFEEKQAESMPEIETEQEYKEIFITPHQIKHIKDFKDYKYSHR VDKK
PNRELINDTLYSTRKDDKGNTLIVNNLNGLYDKDNDKLKKLINKSPEKLLMYHH
DPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTKY SKKDNGPVIKKIKYYGN
KLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKFVTVKNLDVIKKEN
YYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYRVIGVNNDLLNRIEV
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NMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKY STDILGNLYEVKSKKHPQIIK
KG

SEQ ID NO: 36 (exemplary S. aureus dCas9)

MKRNYILGLAIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARR
LKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVK GLSQKLSEEEFSAALL
HLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKY VAELQLERLKKDGEV
RGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGS
PFGWKDIKEW YEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDEN
EKLEYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKV
YHDIKDITARKEITENAELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLK
GYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVD
DFILSPVVKRSFIQSIK VINAIIKK Y GLPNDIITELAREKNSKDAQKMINEMQKRNR
QTNERIEENIRTTGKENAKYLIEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEV
DHIIPRSVSFDNSFNNKVLVKQEEASKKGNRTPFQYLSSSDSKISYETFKKHILNL
AKGKGRISKTKKEYLLEERDINRFSVQKDFINRNLVDTRYATRGLMNLLRSYFRV
NNLDVK VK SINGGFTSFLRRKWKFKKERNK GYKHHAEDALIIANADFIFKEWKK
LDKAKKVMENQMFEEKQAESMPEIETEQEYKEIFITPHQIKHIKDFKDYKYSHRV
DKKPNRELINDTLYSTRKDDKGNTLIVNNLNGLYDKDNDKLKKLINKSPEKLLM
YHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTKYSKKDNGPVIKKIKY
YGNKLNAHLDITDDYPNSRNK VVKLSLKPYRFDVYLDNGVYKFVTVKNLDVIK
KENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYRVIGVNNDLLN
RIEVNMIDITYREYLENMNDKRPPRIIK TTIASKTQSIKKYSTDILGNLYEVKSKKHP
QIIKKG

Similar mutations can also apply to any other naturally-occurring Cas9 (e.g., Cas9 from
other species) or engineered Cas9 molecules. In certain embodiments, the dCas9
molecule comprises a Streptococcus pyogenes dCas9 molecule, a Staphylococcus aureus
dCas9 molecule, a Campylobacter jejuni dCas9 molecule, a Corynebacterium diphtheria
dCas9 molecule, a Fubacterium ventriosum dCas9 molecule, a Streptococcus
pasteurianus dCas9 molecule, a Lactobacillus farciminis dCas9 molecule, a
Sphaerochaeta globus dCas9 molecule, an Azospirillum (strain B510) dCas9 molecule, a
Gluconacetobacter diazotrophicus dCas9 molecule, a Neisseria cinerea dCas9 molecule,
a Roseburia intestinalis dCas9 molecule, a Parvibaculum lavamentivorans dCas9
molecule, a Nitratifractor salsuginis (strain DSM 16511) dCas9 molecule, a
Campylobacter lari (strain CF89-12) dCas9 molecule, a Streptococcus thermophilus
(strain LMD-9) dCas9 molecule, or fragment thereof. In certain embodiments, the

present disclosure provides an AAV vector comprising a nucleotide encoding a
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Streptococcus pyogenes dCas9 molecule, a Staphylococcus aureus dCas9 molecule, a
Campylobacter jejuni dCas9 molecule, a Corynebacterium diphtheria dCas9 molecule, a
LEubacterium ventriosum dCas9 molecule, a Streptococcus pasteurianus dCas9 molecule,
a Lactobacillus farciminis dCas9 molecule, a Sphaerochaeta globus dCas9 molecule, an
Azospirillum (strain B510) dCas9 molecule, a Gluconacetobacter diazotrophicus dCas9
molecule, a Neisseria cinerea dCas9 molecule, a Roseburia intestinalis dCas9 molecule,
a Parvibaculum lavamentivorans dCas9 molecule, a Nitratifractor salsuginis (strain
DSM 16511) dCas9 molecule, a Campylobacter lari (strain CF89-12) dCas9 molecule, a

Streptococcus thermophilus (strain LMD-9) dCas9 molecule, or fragment thereof.
In one embodiment, as used herein, “iCas9” and “dCas9” both refer to a Cas9 protein that
has the amino acid substitutions D10A and H840A and has its nuclease activity

inactivated. In certain embodiments, the Cas9 protein comprises dCas9.

F. Cas9 fusion protein

The CRISPR/Cas9-based system may include a fusion protein. The fusion protein may
comprise three heterologous polypeptide domains, wherein the first polypeptide domain
comprises, consists of, or consists essentially of a dead Clustered Regularly Interspaced
Short Palindromic Repeats associated (dCas) protein, the second polypeptide domain
comprises, consists of, or consists essentially of a Kruppel-associated box (KRAB), and
the polypeptide domain has an activity selected from the group consisting of transcription
activation activity, transcription repression activity, transcription release factor activity,
histone modification activity, nuclease activity, nucleic acid association activity,

methylase activity, and demethylase activity.

(1) Transcription Activation Activity

The third polypeptide domain may have transcription activation activity, i.e., a
transactivation domain. For example, gene expression of endogenous mammalian genes,
such as human genes, may be achieved by targeting a fusion protein of iCas9 and a
transactivation domain to mammalian promoters via combinations of gRNAs. The

transactivation domain may include a VP 16 protein, multiple VP 16 proteins, such as a
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VP48 domain or VP64 domain, or p65 domain of NF kappa B transcription activator

activity. For example, the fusion protein may be iCas9-VP64.

(2) Transcription Repression Activity

The third polypeptide domain may have transcription repression activity. The second
polypeptide domain may have a Kruppel associated box activity, such as a KRAB
domain, ERF repressor domain activity, Mxil repressor domain activity, SID4X repressor
domain activity, Mad-SID repressor domain activity or TATA box binding protein

activity. For example, the fusion protein may be dCas9-KRAB.

(3) Transcription Release Factor Activity

The third polypeptide domain may have transcription release factor activity. The second
polypeptide domain may have eukaryotic release factor 1 (ERF1) activity or eukaryotic
release factor 3 (ERF3) activity.

(4) Histone Modification Activity

The third polypeptide domain may have histone modification activity. The second
polypeptide domain may have histone deacetylase, histone acetyltransferase, histone
demethylase, or histone methyltransferase activity. The histone acetyltransferase may be
p300 or CREB-binding protein (CBP) protein, or fragments thereof. For example, the
fusion protein may be dCas9-p300.

(5) Nuclease Activity

The third polypeptide domain may have nuclease activity that is different from the
nuclease activity of the Cas9 protein. A nuclease, or a protein having nuclease activity, is
an enzyme capable of cleaving the phosphodiester bonds between the nucleotide subunits
of nucleic acids. Nucleases are usually further divided into endonucleases and
exonucleases, although some of the enzymes may fall in both categories. Well known

nucleases are deoxyribonuclease and ribonuclease.
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(6) Nucleic Acid Association Activity

The third polypeptide domain may have nucleic acid association activity or nucleic acid
binding protein- DNA-binding domain (DBD) is an independently folded protein domain
that contains at least one motif that recognizes double- or single-stranded DNA. A DBD
can recognize a specific DNA sequence (a recognition sequence) or have a general
affinity to DNA. nucleic acid association region selected from the group consisting of
helix-turn-helix region, leucine zipper region, winged helix region, winged helix-turn-
helix region, helix-loop-helix region, immunoglobulin fold, B3 domain, Zinc finger,

HMG-box, Wor3 domain, TAL effector DNA-binding domain.

(7) Methylase Activity
The third polypeptide domain may have methylase activity, which involves transferring a
methyl group to DNA, RNA, protein, small molecule, cytosine or adenine. The second

polypeptide domain may include a DNA methyltransferase.

(8) Demethylase Activity

The third polypeptide domain may have demethylase activity. The second polypeptide
domain may include an enzyme that remove methyl (CH3-) groups from nucleic acids,
proteins (in particular histones), and other molecules. Alternatively, the second
polypeptide may covert the methyl group to hydroxymethylcytosine in a mechanism for
demethylating DNA. The second polypeptide may catalyze this reaction. For example,
the second polypeptide that catalyzes this reaction may be Tetl.

In one aspect, the CRISPR/Cas9-based system may include a dCas molecule and a
modulator of gene expression, or a nucleic acid encoding a dCas molecule and a
modulator of gene expression. In one embodiment, the dCas molecule and the modulator
of gene expression are linked covalently. In one embodiment, the modulator of gene
expression is covalently fused to the dCas molecule directly. In one embodiment, the
modulator of gene expression is covalently fused to the dCas molecule indirectly, e.g.,
via a non-modulator or linker, or via a second modulator. In one embodiment, the

modulator of gene expression is at the N-terminus and/or C-terminus of the dCas
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molecule. In one embodiment, the dCas molecule and the modulator of gene expression
are linked non-covalently. In one embodiment, the dCas molecule is fused to a first tag,
e.g., a first peptide tag. In one embodiment, the modulator of gene expression is fused to
a second tag, e.g., a second peptide tag. In one embodiment, the first and second tag,
e.g., the first peptide tag and the second peptide tag, non-covalently interact with each
other, thereby brining the dCas molecule and the modulator of gene expression into close

proximity.

In one embodiment, the CRISPR/Cas9-based system includes a fusion molecule or a
nucleic acid encoding a fusion molecule. In one embodiment, the fusion molecule
comprises a sequence comprising a dCas molecule fused to a modulator of gene
expression. In one embodiment, the dCas molecule comprises a Strepfococcus pyogenes
dCas9 molecule, a Staphylococcus aureus dCas9 molecule, a Campylobacter jejuni
dCas9 molecule, a Corynebacterium diphtheria dCas9 molecule, a Fubacterium
ventriosum dCas9 molecule, a Streptococcus pasteurianus dCas9 molecule, a
Lactobacillus farciminis dCas9 molecule, a Sphaerochaeta globus dCas9 molecule, an
Azospirillum (strain B510) dCas9 molecule, a Gluconacetobacter diazotrophicus dCas9
molecule, a Neisseria cinerea dCas9 molecule, a Roseburia intestinalis dCas9 molecule,
a Parvibaculum lavamentivorans dCas9 molecule, a Nitratifractor salsuginis (strain
DSM 16511) dCas9 molecule, a Campylobacter lari (strain CF89-12) dCas9 molecule, a
Streptococcus thermophilus (strain LMD-9) dCas9 molecule, or fragment thereof. In one
embodiment, the modulator of gene expression is chosen from a repressor of gene

expression, an activator of gene expression, or a modulator of epigenetic modification.

Different modulators of gene expression are known in the art, see, e.g., Thakore et al.,

Nat Methods. 2016;13:127-37, incorporated by reference herein in its entirety.

(1) Repressor of gene expression
The repressor may be any known repressor of gene expression, for example, a repressor
chosen from Kriippel associated box (KRAB) domain, mSin3 interaction domain (SID),

MA X-interacting protein 1 (MXI1), a chromo shadow domain, an EAR-repression
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domain (SRDX), eukaryotic release factor 1 (ERF1), eukaryotic release factor 3 (ERF3),
tetracycline repressor, the lad repressor, Catharanthus roseus G-box binding factors 1 and
2, Drosophila Groucho, Tripartite motif-containing 28 (TRIM28), Nuclear receptor co-

repressor 1, Nuclear receptor co-repressor 2, or fragment or fusion thereof.

Kriippel associated box (KRAB)

The KRAB domain is a type of transcriptional repression domains present in the N-
terminal part of many zinc finger protein-based transcription factors. The KRAB domain
functions as a transcriptional repressor when tethered to a target DNA by a DNA-binding
domain. The KRAB domain is enriched in charged amino acids and can be divided into
sub-domains A and B. The KRAB A and B sub-domains can be separated by variable
spacer segments and many KRAB proteins contain only the A sub-domain. A sequence
of 45 amino acids in the KRAB A sub-domain has been shown to be important for
transcriptional repression. The B sub-domain does not repress transcription by itself but
does potentiate the repression exerted by the KRAB A sub-domain. The KRAB domain
recruits corepressors KAP1 (KRAB-associated protein-1, also known as transcription
intermediary factor 1 beta, KRAB-A interacting protein and tripartite motif protein 28)
and heterochromatin protein 1 (HP1), as well as other chromatin modulating proteins,
leading to transcriptional repression through heterochromatin formation. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule
comprising a dCas9 molecule fused to a KRAB domain or fragment thereof. In one
embodiment, the KRAB domain or fragment thereof is fused to the N-terminus of the
dCas9 molecule. In one embodiment, the KRAB domain or fragment thereof is fused to
the C-terminus of the dCas9 molecule. In one embodiment, the KRAB domain or
fragment thereof is fused to both the N-terminus and the C-terminus of the dCas9
molecule. In one embodiment, the fusion molecule comprises a KRAB domain
comprising the sequence of SEQ ID NO: 34, a sequence substantially identical (e.g., at
least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO:
34, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 34, or any fragment

thereof.
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SEQ ID NO: 34 (exemplary KRAB)
DAKSLTAWSRTLVTFKDVFVDFTREEWKLLDTAQQILYRNVMLENYKNLVSLG
YQLTKPDVILRLEKGEEPWLVEREIHQETHPDSETAFEIKSSVPKKKRKYV

mSin3 interaction domain (SID)

The mSin3 interaction domain (SID) is an interaction domain that is present on several
transcription repressor proteins. It interacts with the paired amphipathic alpha-helix 2
(PAH2) domain of mSin3, a transcriptional repressor domain that is attached to
transcription repressor proteins such as the mSin3A corepressor. In one embodiment, the
methods and compositions disclosed herein include a fusion molecule comprising a
dCas9 molecule fused to an mSin3 interaction domain or fragment thereof. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule
comprising a dCas9 molecule fused to four concatenated mSin3 interaction domains
(SID4X). In one embodiment, the four concatenated mSin3 interaction domains (SID4X)

are fused to the C-terminus of the dCas9 molecule.

MAX-interacting protein 1 (MXI1)

Mxil is a repressor of MYC. Mxil antagonizes MYC transcriptional activity possibly by
competing for binding to MY C-associated factor X (MAX), which binds to MYC and is
required for MYC to function. In one embodiment, the methods and compositions
disclosed herein include a fusion molecule comprising a dCas9 molecule fused to Mxil
or fragment thereof. In one embodiment, Mxil is fused to the C-terminus of the dCas9

molecule.

(2) Activator of gene expression

The activator may be any known activator of gene expression, for example, a VP16
activation domain, a VP64 activation domain, a p65 activation domain, an Epstein—Barr
virus R transactivator Rta molecule, or fragment thereof. Activations that can be used
with a dCas9 molecule are known in the art. See, e.g., Chavez et al., Nat Methods.

(2016) 13: 563—-67, incorporated by reference herein in its entirety.
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VP16, VP64, VP160

VP16 is a viral protein sequence of 16 amino acids that recruits transcriptional activators
to promoters and enhancers. VP64 is a transcription activator comprising four copies of
VP16, e.g., a molecule comprising four tandem copies of VP16 connected by Gly-Ser
linkers. VP160 is a transcription activator comprising 10 copies of VP16. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule
comprising a dCas9 molecule fusedto 1, 2, 3,4, 5,6, 7, 8,9, 10, or more copies of VP16.
In one embodiment, the methods and compositions disclosed herein include a fusion
molecule comprising a dCas9 molecule fused to VP64. In one embodiment, the methods
and compositions disclosed herein include a fusion molecule comprising a dCas9
molecule fused to VP160. In one embodiment, VP64 is fused to the C-terminus, the N-

terminus, or both the N-terminus and the C-terminus of the dCas9 molecule.

p635 activation domain (p654D)

p65AD is the principal transactivation domain of the 65kDa polypeptide of the nuclear

form of the NF-«B transcription factor. An exemplary sequence of human transcription
factor p65 is available at the Uniprot database under accession number Q04206. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule

comprising a dCas9 molecule fused to p65 or fragment thereof, e.g., p65AD.

Epstein-Barr virus (EBV) R transactivator (Rta)

Rta, an immediate-early protein of EBV, is a transcriptional activator that induces lytic
gene expression and triggers virus reactivation. In one embodiment, the methods and
compositions disclosed herein include a fusion molecule comprising a dCas9 molecule

fused to Rta or fragment thereof.

VP64, p635, Rta fusions
In one embodiment, the methods and compositions disclosed herein include a fusion
molecule comprising a dCas9 molecule fused to VP64, p65, Rta, or any combination

thereof. The tripartite activator VP64-p65-Rta (also known as VPR), in which the three
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transcription activation domains are fused using short amino acid linkers, can effectively
up-regulate target gene expression when fused to a dCas9 molecule. In one embodiment,
the methods and compositions disclosed herein include a fusion molecule comprising a

dCas9 molecule fused to VPR.

Synergistic Activation Mediators (SAM)

In one embodiment, the methods and compositions disclosed herein include a CRISPR-
Cas system that comprises three components: (1) a dCas9-VP64 fusion, (2) a gRNA
incorporating two MS2 RNA aptamers at the tetraloop and stem-loop, and (3) the MS2-
P65-HSF1 activation helper protein. This system, named Synergistic Activation
Mediators (SAM), brings together three activation domains - VP64, P65 and HSF1 and
has been described in Konermann et al., Nature. 2015;517:583-8, incorporated by

reference herein in its entirety.

Ldb1 self-association domain
In one embodiment, the methods and compositions disclosed herein include a fusion
molecule comprising a dCas9 molecule fused to Ldb1 self- association domain. Ldbl

self- association domain recruits enhancer-associated endogenous Ldb1.

(3) Modulator of epigenetic modification

In one embodiment, the methods and compositions disclosed herein include a fusion
molecule comprising a dCas9 molecule fused to a modular of epigenetic modification. In
one embodiment, the fusion molecule modulates target gene expression via epigenetic
modification, e.g., via histone acetylation or methylation, or DNA methylation, at a
regulatory element of target gene, e.g., a promoter or enhancer. The modulator may be
any known modulator of epigenetic modification, e.g., a histone acetyltransferase (e.g.,
p300 catalytic domain), a histone deacetylase, a histone methyltransferase (e.g.,
SUV39H1 or G9a (EHMT?2)), a histone demethylase (e.g., LSD1), a DNA
methyltransferase (e.g., DNMT3a or DNMT3a-DNMT3L), a DNA demethylase (e.g.,
TET]1 catalytic domain or TDG), or fragment thereof.
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In one embodiment, the methods and compositions disclosed herein include a fusion
molecule comprising a dCas9 molecule fused to Lys-specific histone demethylase 1
(LSD1) or fragment thereof. In one embodiment, the methods and compositions
disclosed herein include a fusion molecule comprising a dCas9 molecule fused to
acetyltransferase p300 or fragment thereof, e.g.., the catalytic core of p300. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule
comprising a dCas9 molecule fused to CREB-binding protein (CBP) protein or fragment
thereof. In one embodiment, the methods and compositions disclosed herein include a
fusion molecule comprising a dCas9 molecule fused to Ten-eleven translocation
methylcytosine dioxygenase 1 (TET1) or fragment thereof. In one embodiment, the
methods and compositions disclosed herein include a fusion molecule comprising a
dCas9 molecule fused to thymine DNA glycosylase (TDG) or fragment thereof. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule
comprising a dCas9 molecule fused to SUV39H1 or fragment thereof. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule
comprising a dCas9 molecule fused to G9a (EHMT2) or fragment thereof. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule
comprising a dCas9 molecule fused to DNMT3a or fragment thereof. In one
embodiment, the methods and compositions disclosed herein include a fusion molecule

comprising a dCas9 molecule fused to DNMT3a-DNMT3L or fragment thereof.

In one embodiment, the Cas9 fusion protein also comprises a nuclear localization
sequence (NLS), e.g., a NLS fused to the N-terminus and/or C-terminus of Cas9.
Nuclear localization sequences are known in the art. In one embodiment, the NLS
comprises the amino acid sequence of SEQ ID NO: 37 or 38, a sequence substantially
identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical)
to SEQ ID NO: 37 or 38, or a sequence having one, two, three, four, five or more
changes, e.g., amino acid substitutions, insertions, or deletions, relative to SEQ ID NO:

37 or 38, or any fragment thereof.
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SEQ ID NO: 37 (exemplary nuclear localization sequence)
APKKKRKVGIHGVPAA

SEQ ID NO: 38 (exemplary nuclear localization sequence)
KRPAATKKAGQAKKKK

In one embodiment, the fusion molecule is a NLS-dSaCas9-NLS-KRAB fusion molecule
comprising from the N-terminus to the C-terminus: a first NLS, an S. aureus dCas9
molecule, a second NLS, and a KRAB, fused directly or indirectly (e.g., via a linker). In
one embodiment, the fusion molecule is a HA-NLS-dSaCas9-NLS-KRAB fusion
molecule comprising from the N-terminus to the C-terminus: a HA tag, a first NLS, an S.
aureus dCas9 molecule, a second NLS, and a KRAB, fused directly or indirectly (e.g.,
via a linker). In one embodiment, the fusion molecule is encoded by a nucleic acid
comprising the sequence of SEQ ID NO: 23, a sequence substantially identical (e.g., at
least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO:
23, or a sequence having one, two, three, four, five or more changes, e.g., substitutions,
insertions, or deletions, relative to SEQ ID NO: 23, or any fragment thereof. In one
embodiment, the fusion molecule comprises the fusion molecule comprises the amino
acid sequence of SEQ ID NO: 39, 40, or 41, a sequence substantially identical (e.g., at
least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO:
39, 40, or 41, or a sequence having one, two, three, four, five or more changes, e.g.,
amino acid substitutions, insertions, or deletions, relative to SEQ ID NO: 39, 40, or 41, or

any fragment thereof.

SEQ ID NO: 39 (exemplary HA-NLS-dSaCas9-NLS-KRAB sequence)

MYPYDVPDYAAPKKKRKVGIHGVPAAKRNYILGLAIGITSVGYGIIDYETRDVID
AGVRLFKEANVENNEGRRSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSELS
GINPYEARVKGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQIS
RNSKALEEKYVAELQLERLKKDGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQ
LDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSV
KYAYNADLYNALNDLNNLVITRDENEKLEY YEKFQIENVFKQKKKPTLKQIAK
EILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQ
SSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIA
IFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYGLPNDII
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IELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIKLHDMQ
EGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEEASKKGNR
TPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFIN
RNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNK
GYKHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEY
KEIFITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLN
GLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYE
ETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYR
FDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFY
NNDLIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKT
QSIKKY STDILGNLYEVKSKKHPQIIKKGKRPAATKKAGQAKKKKGSDAKSLTA
WSRTLVTFKDVFVDFTREEWKLLDTAQQILYRNVMLENYKNLVSLGYQLTKPD
VILRLEKGEEPWLVEREIHQETHPDSETAFEIKSSVPKKKRKYV

SEQ ID NO: 40 (exemplary HA-NLS-dSaCas9-NLS-KRAB sequence)

YPYDVPDYAAPKKKRKVGIHGVPAAKRNYILGLAIGITSVGYGIIDYETRDVIDA
GVRLFKEANVENNEGRRSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSELSG
INPYEARVKGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQISR
NSKALEEKYVAELQLERLKKDGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQL
DQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSVK
YAYNADLYNALNDLNNLVITRDENEKLEY YEKFQIIENVFKQKKKPTLKQIAKEI
LVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQS
SEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAI
FNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKY GLPNDIII
ELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIKLHDMQE
GKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEEASKKGNRT
PFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINR
NLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYK
EIFITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLY STRKDDKGNTLIVNNLNG
LYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEE
TGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRF
DVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYN
NDLIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQ
SIKKYSTDILGNLYEVKSKKHPQIKKGKRPAATKKAGQAKKKKGSDAKSLTAW
SRTLVTFKDVFVDFTREEWKLLDTAQQILYRNVMLENYKNLVSLGYQLTKPDVI
LRLEKGEEPWLVEREIHQETHPDSETAFEIKSSVPKKKRKV

SEQ ID NO: 41 (exemplary NLS-dSaCas9-NLS-KRAB)

APKKKRKVGIHGVPAAKRNYILGLAIGITSVGYGIIDYETRDVIDAGVRLFKEAN
VENNEGRRSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVK
GLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKY
VAELQLERLKKDGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYID
LLETRRTYYEGPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSVKYAYNADLY
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NALNDLNNLVITRDENEKLEYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKG
YRVTSTGKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTN
LNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPK
KVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYGLPNDIIIELAREKNSK
DAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIKLHDMQEGKCLYSLEA
IPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEEASKKGNRTPFQYLSSSD
SKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINRNLVDTRYA
TRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAEDA
LITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIFITPHQIK
HIKDFKDYKYSHRVDKKPNRELINDTLY STRKDDKGNTLIVNNLNGLYDKDNDK
LKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTKYS
KKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGV
YKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGE
LYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDI
LGNLYEVKSKKHPQIIKKGKRPAATKKAGQAKKKKGSDAKSLTAWSRTLVTFK
DVFVDFTREEWKLLDTAQQILYRNVMLENYKNLVSLGYQLTKPDVILRLEKGEE
PWLVEREIHQETHPDSETAFEIKSSVPKKKRKYV

G. gRNA
As described above, the CRISPR/Cas9 system utilizes gRNA that provides the targeting

of the CRISPR/Cas9-based system. The gRNA is a fusion of two noncoding RNAs: a
crRNA and a tracrRNA. The sgRNA may target any desired DNA sequence by
exchanging the sequence encoding a 20 bp protospacer which confers targeting
specificity through complementary base pairing with the desired DNA target. gRNA
mimics the naturally occurring crRNA:tractrRNA duplex involved in the Type II Effector
system. This duplex, which may include, for example, a 42-nucleotide crRNA and a 75 -

nucleotide tracrRNA, acts as a guide for the Cas9 to cleave the target nucleic acid. The

2
2

term “target region”, “target sequence” or “protospacer” as used interchangeably herein
refers to the region of the target gene to which the CRISPR/Cas9-based system targets.
The CRISPR/Cas9-based system may include at least one gRNA, wherein the gRNAs
target different DNA sequences. The target DNA sequences may be overlapping. The
target sequence or protospacer is followed by a PAM sequence at the 3” end of the
protospacer. Different Type II systems have differing PAM requirements. For example,
the §. pyogenes Type Il system uses an “NGG” sequence, where “N” can be any

nucleotide.
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The number of gRNA administered to the cell may be at least 1 gRNA, at least 2 different
gRNAs, at least 3 different gRNAs, at least 4 different gRNAs, at least 5 different
gRNAs, at least 6 different gRNAs, at least 7 different gRNAs, at least 8 different
gRNAs, at least 9 different gRNAs, at least 10 different gRNAs, at least 11 different
gRNAs, at least 12 different gRNAs, at least 13 different gRNAs, at least 14 different
gRNAs, at least 15 different gRNAs, at least 16 different gRNAs, at least 17 different
gRNAs, at least 18 different gRNAs, at least 19 different gRNAs, at least 20 different
gRNAs, at least 25 different gRNAs, at least 30 different gRNAs, at least 35 different
gRNAs, at least 40 different gRNAs, at least 45 different gRNAs, or at least 50 different
gRNAs. The number of gRNA administered to the cell may be between at least 1 gRNA
to at least 50 different gRNAs, at least 1 gRNA to at least 45 different gRNAs, at least 1
gRNA to at least 40 different gRNAs, at least 1 gRNA to at least 35 different gRNAs, at
least 1 gRNA to at least 30 different gRNAs, at least 1 gRNA to at least 25 different
gRNAs, at least 1 gRNA to at least 20 different gRNAs, at least 1 gRNA to at least 16
different gRNAs, at least 1 gRNA to at least 12 different gRNAs, at least 1 gRNA to at
least 8 different gRNAs, at least 1 gRNA to at least 4 different gRNAs, at least 4 gRNAs
to at least 50 different gRNAs, at least 4 different gRNAs to at least 45 different gRNAs,
at least 4 different gRNAs to at least 40 different gRNAs, at least 4 different gRNAs to at
least 35 different gRNAs, at least 4 different gRNAs to at least 30 different gRNAs, at
least 4 different gRNAs to at least 25 different gRNAs, at least 4 different gRNAs to at
least 20 different gRNAs, at least 4 different gRNAs to at least 16 different gRNAs, at
least 4 different gRNAs to at least 12 different gRNAs, at least 4 different gRNAs to at
least 8 different gRNAs, at least 8 different gRNAs to at least 50 different gRNAs, at
least 8 different gRNAs to at least 45 different gRNAs, at least 8 different gRNAs to at
least 40 different gRNAs, at least 8 different gRNAs to at least 35 different gRNAs, 8
different gRNAs to at least 30 different gRNAs, at least 8 different gRNAs to at least 25
different gRNAs, 8 different gRNAs to at least 20 different gRNAs, at least 8 different
gRNAs to at least 16 different gRNAs, or 8 different gRNAs to at least 12 different
gRNAs.
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In one embodiment, the gRNA is selected to increase or decrease transcription of a target
gene. In one embodiment, the gRNA targets a region upstream of the transcription start
site of a target gene, e.g., between 0-1000 bp upstream of the transcription start site of a
target gene. In one embodiment, the gRNA targets a region downstream of the
transcription start site of a target gene, e.g., between 0-1000 bp downstream of the
transcription start site of a target gene. In one embodiment, the gRNA targets a promoter
region of a target gene. In one embodiment, the gRNA targets an enhancer region of a

target gene.

gRNA can be divided into a target binding region, a Cas9 binding region, and a
transcription termination region. The target binding region hybridizes with a target
region in a target gene. Methods for designing such target binding regions are known in
the art, see, e.g., Doench et al., Nat Biotechnol. (2014) 32:1262-7; and Doench et al., Nat
Biotechnol. (2016) 34:184-91, incorporated by reference herein in their entirety. Design
tools are available at, e.g., Feng Zhang lab's target Finder, Michael Boutros lab's Target
Finder (E-CRISP), RGEN Tools (Cas-OF Finder), CasFinder, and CRISPR Optimal
Target Finder. In certain embodiments, the target binding region can be between about
15 and about 50 nucleotides in length (about 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27,28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, or
about 50 nucleotides in length). In certain embodiments, the target binding region can be
between about 19 and about 21 nucleotides in length. In one embodiment, the target

binding region is 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 nucleotides in length.

In one embodiment, the target binding region is complementary, e.g., completely
complementary, to the target region in the target gene. In one embodiment, the target
binding region is substantially complementary to the target region in the target gene. In
one embodiment, the target binding region comprises no more than 1, 2, 3,4, 5,6, 7, 8,9,

or 10 nucleotides that are not complementary to the target region in the target gene.

In one embodiment, the target binding region is engineered to improve stability or extend

half-life, e.g., by incorporating a non-natural nucleotide or a modified nucleotide in the
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target binding region, by removing or modifying an RNA destabilizing sequence element,
by adding an RNA stabilizing sequence element, or by increasing the stability of the
Cas9/gRNA complex. In one embodiment, the target binding region is engineered to
enhance its transcription. In one embodiment, the target binding region is engineered to

reduce secondary structure formation.
In one embodiment, the Cas9 binding region of gRNA is modified to enhance the
transcription of the gRNA. In one embodiment, the Cas9 binding region of gRNA is

modified to improve stability or assembly of the Cas9/gRNA complex.

H. Gene Therapy Construct

Another aspect of the present disclosure provides a gene therapy construct comprising,
consisting of, or consisting essentially of a fusion protein comprising three heterologous
polypeptide domains, wherein the first polypeptide domain comprises, consists of, or
consists essentially of a dead Clustered Regularly Interspaced Short Palindromic Repeats
associated (dCas) protein, the second polypeptide domain comprises, consists of, or
consists essentially of a Kruppel-associated box (KRAB), and the polypeptide domain
has an activity selected from the group consisting of transcription activation activity,
transcription repression activity, transcription release factor activity, histone modification
activity, nuclease activity, nucleic acid association activity, methylase activity, and

demethylase activity.

In one aspect, the present disclosure provides a nucleic acid encoding a fusion protein
comprising a dCas9 molecule fused to a modulator of gene expression. In one
embodiment, the nucleic acid contains a promoter operably linked to a polynucleotide
encoding the fusion protein. In one embodiment, the promoter is constitutive. In one
embodiment, the promoter is inducible. In one embodiment, the promoter is tissue
specific. In one embodiment, the promoter is specific for liver expression. In one
embodiment, the promoter for the polynucleotide encoding the fusion protein is selected
to express an amount of the fusion protein that is proportional to the amount of gRNA, or

amount of gRNA expression.
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In another aspect, the present disclosure provides a nucleic acid encoding gRNA. In one
embodiment, the nucleic acid contains a promoter operably linked to a polynucleotide
encoding the gRNA. In one embodiment, the promoter is constitutive. In one
embodiment, the promoter is inducible. In one embodiment, the promoter is tissue
specific. In one embodiment, the promoter is specific for liver expression. In one
embodiment, the promoter for the polynucleotide encoding the gRNA is selected to
express an amount of the gRNA that is proportional to the amount of the fusion protein,

or amount of fusion protein expression.

In some embodiments, the gene therapy construct comprises a vector system. In certain

embodiments, the vector system comprises an AAV vector system.

In another embodiment, the gene therapy construct further comprises a first and second

AAYV inverted terminal repeat (ITR) sequence flanking the fusion protein.

In one embodiment, the vector system is a single viral vector system comprising a viral
vector. In one embodiment, the vector is an adeno-associated virus (AAV) vector. In
one embodiment, the adeno-associated virus is selected from the serotype 2, the serotype
5, the serotype 7, the serotype 8, and the serotype 9. In one embodiment, the vector
comprises a first nucleic acid molecule that encodes a fusion molecule comprising a
dCas9 molecule fused to a modulator that regulates the expression of a gene, and a
second nucleic acid molecule that encodes a gRNA that targets the fusion molecule to the

gene.

In one embodiment, the vector system comprises two or more viral vectors. In one
embodiment, the vector system is a dual viral vector system comprising a first viral
vector and a second viral vector. In one embodiment, the first and second vectors are
adeno-associated virus (AAV) vectors. In one embodiment, the adeno-associated virus
(AAV) vectors are the same or different AAV serotypes. In one embodiment, the adeno-

associated virus is selected from the serotype 2, the serotype 5, the serotype 7, the
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serotype 8, and the serotype 9. In one embodiment, the first vector comprises a first

nucleic acid molecule that encodes a fusion molecule comprising a dCas9 molecule fused
to a modulator that regulates the expression of a gene; and the second vector comprises a
second nucleic acid molecule that encodes a gRNA that targets the fusion molecule to the

gene.

Different AAV capsids may be used in the compositions and methods described herein.
For example, suitable AAV includes, but is not limited to, AAVS (see, e.g., US 7,790,449
and US 7,282,199, incorporated by reference herein in their entirety), AAVO (see, e.g.,
US 7,906, 111 and US 2011/0236353, incorporated by reference herein in their entirety),
hu.37 (see, e.g., US 7,906,111 and US 2011/0236353, incorporated by reference herein in
their entirety), AAV1, AAV2, AAV3, AAV4, AAVS, AAV6, AAV6.2, AAV7, and
AAVS (see, e.g., US 7,790,449 and US 7,282,199, incorporated by reference herein in
their entirety). The sequences of additional suitable AAV vectors and methods for
generating them are disclosed in WO 2003/042397, WO 2005/033321, WO
2006/110689, US 7,790,449, US 7,282,199, and US 7,588,772, incorporated by reference
herein in their entirety. Still other AAV may be selected, optionally taking into
consideration tissue preferences of the selected AAV capsid. A recombinant AAV vector
(AAV viral particle) may comprise, packaged within an AAV capsid, a nucleic acid
molecule containing a 5 AAV ITR, the expression cassettes described herein and a 3’
AAV ITR. As described herein, an expression cassette may contain regulatory elements
for an open reading frame(s) within each expression cassette and the nucleic acid

molecule may optionally contain additional regulatory elements.

The AAV vector may contain a full-length AAV 5’ inverted terminal repeat (ITR) and a
full-length 3” ITR. A shortened version of the 5° ITR, termed AITR, has been described
in which the D-sequence and terminal resolution site (trs) are deleted. The abbreviation
"s¢" refers to self-complementary. "Self-complementary AAV" refers a construct in
which a coding region carried by a recombinant AAV nucleic acid sequence has been
designed to form an intra-molecular double-stranded DNA template. Upon infection,

rather than waiting for cell mediated synthesis of the second strand, the two
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complementary halves of sScAAV will associate to form one double stranded DNA
(dsDNA) unit that is ready for immediate replication and transcription. See, e.g.,
McCarty et al, Gene Ther. 2001, 8:1248-54, incorporated by reference herein in its
entirety. Self-complementary AAVs are described in, e.g., US 6,596,535; US 7,125,717,
and US 7,456,683, incorporated by reference herein in their entirety.

A single-stranded AAV viral vector may be used. Methods for generating and isolating
AAYV viral vectors suitable for delivery to a subject are known in the art. See, e.g., US
7,790,449; US 7,282,199: WO 2003/042397; WO 2005/033321; WO 2006/110689; and
US 7,588,772. In one system, a producer cell line is transiently transfected with a
construct that encodes the transgene flanked by ITRs and a construct(s) that encodes rep
and cap. In a second system, a packaging cell line that stably supplies rep and cap is
transfected (transiently or stably) with a construct encoding the transgene flanked by
ITRs. In each of these systems, AAV virions are produced in response to infection with
helper adenovirus or herpesvirus, requiring the separation of the rAAVs from
contaminating virus. More recently, systems have been developed that do not require
infection with helper virus to recover the AAV - the required helper functions (i.e.,
adenovirus El, E2a, VA, and E4 or herpesvirus ULS, ULS8, UL52, and UL29, and
herpesvirus polymerase) are also supplied, in trans, by the system. In these newer
systems, the helper functions can be supplied by transient transfection of the cells with
constructs that encode the required helper functions, or the cells can be engineered to
stably contain genes encoding the helper functions, the expression of which can be
controlled at the transcriptional or posttranscriptional level. In yet another system, the
transgene flanked by ITRs and rep/cap genes are introduced into insect cells by infection
with baculovirus-based vectors. For reviews on these production systems, see generally,
e.g., Zhang et al., Hum Gene Ther. 2009;20:922-9, incorporated by reference herein in its
entirety. Methods of making and using these and other AAV production systems are also
described in the following U.S. patents, incorporated by reference herein in their entirety:
5.139,941; 5,741,683: 6,057,152; 6,204,059; 6,268,213 6,491,907 6,660,514: 6,951,753
7,094.604; 7,172,893; 7,201,898: 7,229,823: and 7,439,065.
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In another embodiment, other viral vectors may be used, including integrating viruses,
e.g., herpesvirus or lentivirus vectors. Suitably, where one of these other vectors is
generated, it is produced as a replication-defective viral vector. In one embodiment, the
genome of the viral vector does not include genes encoding the enzymes required to
replicate (the genome can be engineered to be “gutless” - containing only the transgene of
interest flanked by the signals required for amplification and packaging of the artificial

genome), but these genes may be supplied during production.

In another embodiment, a non-viral delivery system may be used. For example, a
composition disclosed herein comprising a nucleic acid may be formulated with
nanoparticles, micelles, liposomes, cationic lipids, poly-glycans, polymers, lipids and/or
cholesterols. See, e.g., Su et al., Mol. Pharmaceutics, 2011, 8, 774-787; WO
2013/182683, WO 2010/053572, and WO 2012/170930, incorporated by reference herein

in their entirety.
Another aspect of the present disclosure provides a pharmaceutical composition
comprising the gene therapy construct as described herein in a biocompatible

pharmaceutical carrier.

In another aspect, the present disclosure provides a modified programmable RNA-guided

dCas9-based repressor for efficient packaging in AAV and in vivo gene regulation. This
gene delivery system can be customized to target any endogenous gene by designing a
new guide RNA molecule, enabling patent and stable gene repression in animal models

and therapeutic use.

In some embodiments, the Cas protein comprises Cas9.

In some embodiments, the gene therapy construct is designed for the targeted reduction

of the PCSKO9 gene.
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1. Gene Therapy Target

The invention disclosed herein can be used to modulate the expression of a gene of
interest. In one embodiment, the expression of the gene is down-regulated. In one
embodiment, the expression of the gene is up-regulated. In one embodiment, the
temporal pattern of the expression of the gene is modulated. In one embodiment, the
spatial pattern of the expression of the gene is modulated. Exemplary genes, tissues
expressing these genes, and relevant disease indications are disclosed in Tables 2 and 3.
Table 2 provides genes, the expression of which can be down-regulated to treat diseases
shown alongside the genes. Table 3 provides genes, the expression of which can be up-

regulated to treat diseases shown alongside the genes.
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Table 2. Exemplary genes for expression modulation (e.g., repression) and Exemplary

Diseases and Tissues

Gene Disease Tissue

proprotein convertase Hypercholesteremia Liver

subtilisin/kexin type 9

(PCSK9)

activin receptor type-2B muscle weakness Muscle

(ACVR2B)

huntingtin gene (HTT) Huntington's disease Brain

superoxide dismutase 1 Amyotrophic lateral sclerosis Brain

(SOD1)

transthyretin (TTR) Hereditary ATTR amyloidosis Liver

antithrombin Hemophilia Liver

complement component C5 | Complement-mediated disease Liver

aminolevulinic acid Hepatic porphyria Liver

synthase 1

glycolate oxidase Primary hyperoxaluria type 1 Liver

transmembrane protease, Beta thalassemia Liver

serine 6 (Tmprss6)

alpha-antitrypsin (AAT) Alpha-1 antitrypsin (AAT) deficiency Liver

vascular endothelial growth | Age-related macular degeneration Retina

factor (VEGF)

COorf72 Familial frontotemporal dementia (FTD) Brain
and amyotrophic lateral sclerosis (ALS)

KRAS Cancer tumor

human epidermal growth Cancer tumor

factor receptor 2 (HER2)

Beta catenin Cancer tumor

angiopoietin-like 3 Hyperlipidemia Liver

(ANGPTL3)

apolipoprotein C-III Hyperlipidemia Liver

(apoCIII)

PD-L1 Chronic liver infection Liver

HBV, HCV, HDV viral Hepatitis Liver

genomes

vascular endothelial growth | Age-related macular degeneration Retina

factor receptor 1 (VEGFR1)

RTP801 Age-related macular degeneration Retina

beta-2 adrenergic receptor | Glaucoma, Ocular hypertension Retina

(ADRB2)

Caspase 2 Glaucoma, Ocular hypertension Retina

IKKbeta Glaucoma Retina

apolipoprotein A Cardiovascular disease Liver

factor 12 Hereditary angioedema Liver
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prekallikrein Hereditary angioedema Liver
apolipoprotein B-100 Hypercholesteremia Liver
glucagon receptor Diabetes Liver

microRNA-103/107 Nonalcoholic steatohepatitis (NASH) in Liver
patients with type 2 diabetes

Diacylglycerol O- Nonalcoholic steatohepatitis (NASH) in Liver

Acyltransferase 2 (DGAT?2) | patients with type 2 diabetes

Ube3a-ATS Angelman Syndrome Brain

TNFR Autoimmmune disease Various-

cartilage

FRGI Facioscapulohumeral muscular dystrophy | Muscle

BCR-ABL Chronic myelogenous leukemia Blood tumor

TEL-AMLI1 Acute lymphoblastic leukemia Blood tumor

PTEN Cancer Tumor

Other tumor suppressors Cancer Tumor

Mendelian disorders Various Various

Triggering receptor Neurodegenerative disease, e.g., CNS

expressed on myeloid cells | Alzheimer's disease, amyotrophic lateral

2 (TREM-2) sclerosis, and Parkinson's disease

APOE4 Alzheimer's disease CNS

CD33 Alzheimer's disease CNS

Other disease risk genes Various Various

Table 3. Exemplary genes for expression modulation (e.g., activation) and Exemplary

Diseases and Tissues

Gene Disease Tissue
aromatic L-amino acid Parkinson’s disease Brain
decarboxylase (AADC)

triggering receptor Alzheimer's Disease Brain

expressed on myeloid cells
2 (TREM2)

vascular endothelial growth

Tissue regeneration

Various - muscle

factor (VEGF)

brain-derived neurotrophic | Neurological conditions Brain

factor (BDNF)

platelet-derived growth Tissue regeneration Various - muscle
factor (PDGF)

utrophin Muscular dystrophy Skeletal and cardiac muscle
frataxin Friedreich's ataxia Brain

sodium voltage-gated Dravet Syndrome Brain

channel alpha subunit 1

(SCNI1A)

pigment epithelium-derived | Wet AMD, cancer Eye, tumor

factor (PEDF)
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BCL2 Associated X (BAX) | Cancer Tumor
mammary serine protease Cancer Tumor
inhibitor (maspin)
p33 Cancer Tumor
cystic fibrosis Cystic fibrosis Lung
transmembrane
conductance regulator
(CFTR)
fragile X mental retardation | Fragile X Brain
1 (FMR1)
methyl-CpG-binding Rhett syndrome Brain
protein 2 (MECP2)
ubiquitin-protein ligase Angelman syndrome Brain
E3A (Ube3a)
ubiquitin-protein ligase Prader-Willi syndrome Brain
E3A (Ube3a)

IL1IRA rheumatoid arthritis Cartilage
HBG1/HBG2 sickle cell anemia Blood
IL-10 Collitis, inflammatory Gut - T cells
bowel disease
IL-2 Various- graft versus host Various
disease, rheumatoid
arthritis, lupus, type 1
diabetes
Growth factors (e.g., having | Various Various

a protective or regenerative
function)

J. Methods

A variety of different diseases and conditions (e.g., one or more diseases described

herein), e.g., diseases and conditions associated with one or more genes described herein,

including, e.g., genetic deletions, insertions or mutations, can be treated using the method

described herein. The compositions described herein can be delivered to any of the cells,

tissues, or organs described herein to treat a disorder or condition associated with a gene

described herein. Exemplary genes for expression modulation (e.g., repression or

activation), and exemplary diseases and tissues, are described in Tables 2 and 3.

In one aspect, the present disclosure provides a method of suppressing the expression of a

gene in a cell in vivo comprising, consisting of, or consisting essentially of administering
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to a cell a therapeutically effective amount of a gene therapy construct as described

herein such that the gene expression is suppressed.

In one aspect, the present disclosure provides a method of suppressing the expression of a
gene in vivo in a subject comprising, consisting of, or consisting essentially of
administering to the subject a therapeutically effective amount of a gene therapy

construct as described herein such that the gene expression is suppressed.

In some embodiments, the method is designed for the targeted reduction of the PCSK9
gene. In some embodiments, the method is designed for the targeted reduction of the

expression of the PCSK9 gene.

In one aspect, the present disclosure provides a method of increasing the expression of a
gene in a cell in vivo comprising, consisting of, or consisting essentially of administering
to a cell a therapeutically effective amount of a gene therapy construct as described

herein such that the gene expression is increased.

In one aspect, the present disclosure provides a method of increasing the expression of a
gene in vivo in a subject comprising, consisting of, or consisting essentially of
administering to the subject a therapeutically effective amount of a gene therapy

construct as described herein such that the gene expression is increased.

In one embodiment, the aforementioned methods comprise administering to the cell or
subject: a first nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression, and a second
nucleic acid that encodes a gRNA which targets the fusion molecule to the gene, in an
amount sufficient to modulate expression of the gene. In one embodiment, the first and
second nucleic acids are packaged in a same vector or different vectors. In one
embodiment the first and second nucleic acids are packaged in a same AAV vector or
different AAV vectors. In one embodiment, the first nucleic acid is a DNA. In one

embodiment, the first nucleic acid is an mRNA.
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In one embodiment, the aforementioned methods comprise administering to the cell or
subject: a fusion molecule comprising a sequence comprising a dCas9 molecule fused to
a modulator of gene expression, and a nucleic acid that encodes a gRNA which targets
the fusion molecule to the gene, in an amount sufficient to modulate expression of the
gene. In one embodiment, the nucleic acid is packaged in a viral vector, e.g., an AAV

vector.

In one embodiment, the aforementioned methods comprise administering to the cell or
subject: a fusion molecule comprising a sequence comprising a dCas9 molecule fused to
a modulator of gene expression, and a gRNA which targets the fusion molecule to the

gene, in an amount sufficient to modulate expression of the gene.

In one embodiment, the aforementioned methods comprise administering to the cell or
subject: a nucleic acid that encodes a fusion molecule comprising a sequence comprising
a dCas9 molecule fused to a modulator of gene expression, and a gRNA which targets the
fusion molecule to the gene, in an amount sufficient to modulate expression of the gene.
In one embodiment, the nucleic acid is packaged in a viral vector, e.g., an AAV vector.

In one embodiment, the nucleic acid is a DNA. In one embodiment, the nucleic acid is an

mRNA.

Different administration routes may be used for the methods disclosed herein. The
compositions disclosed herein can be administered systemically or locally. In some
embodiments, the compositions disclosed herein are administered intravenously,
subcutaneously, orally, via inhalation, intranasally, intratracheally, intraarterially,
intraocularly, or intramuscularly. In some embodiments, the compositions may be
delivered in a single administration or multiple administrations. In one embodiment, two
or more AAV vectors may be delivered, see, e.g., WO 2011/126808 and WO
2013/049493, incorporated by reference herein in their entirety.
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In the case of AAV viral vectors, quantification of the genome copies (“GC”) may be
used as the measure of the dose contained in the formulation. Any method known in the
art can be used to determine the genome copy (GC) number of the replication-defective

virus compositions of the invention.

Production of lentivirus is measured as IU per volume (e.g., mL). IU is infectious unit, or
alternatively transduction units (TU); IU and TU can be used interchangeably as a

quantitative measure of the titer of a viral vector particle preparation.

Any known RNA delivery method can be used in the methods disclosed herein, including
but not limited to, delivering RNA using block copolymers (see, e.g., US 2011/0286957,
EP2620161, and WO 2015/017519, incorporated by reference herein in their entirety),
and delivering RNA using cationic complexes or liposomal formulations (see, .e.g.,
Landen et al., Cancer Biol. Ther. (2006) 5(12); Khoury et al., Arthritis Rheumatol. (2006)
54: 1867-77, incorporated by reference herein in their entirety). Local administration to
the liver has also been demonstrated by injecting double stranded RNA directly into the
circulatory system surrounding the liver using renal vein catheterization, see, e.g., Hamar

et al., PNAS (2004) 101: 14883-8, incorporated by reference herein in its entirety.

Other methods are disclosed in WO 2013/143555; US 2013/0323001; US 2012/0195917,
Soutschek et al., Nature (2004) 432: 173-8; Morrissey et al., Hepatol. (2005) 41: 1349-
56; Uchida et al, (2013) PLoS ONE 8: 56220, incorporated by reference herein in their

entirety.

K. Kits
Another aspect of the present disclosure provides a kit for the suppression of a gene in
vivo comprising a gene therapy construct or pharmaceutical composition as described

herein and instructions for use.

Yet another aspect of the present disclosure provides all that is described and illustrated

herein.
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The present invention may be defined in any of the following numbered paragraphs:

1. A method of modulating expression of a gene, in vivo, in a subject comprising
administering to, or providing in, the subject:

(a) (1) a fusion molecule comprising a sequence comprising a dCas9 molecule
fused to a modulator of gene expression; or (ii) a nucleic acid that encodes a fusion
molecule comprising a sequence comprising a dCas9 molecule fused to a modulator of
gene expression; and

(b) (1) a gRNA which targets the fusion molecule to the gene; or (ii) a nucleic acid
that encodes a gRNA which targets the fusion molecule to the gene,

in an amount sufficient to modulate expression of the gene.

2. The method of paragraph 1, comprising administering to, or provided in, the
subject any of: (a)(ii) and (b)(ii), (a)(i) and (b)(i), (a)(i) and (b)(ii), or (a)(ii) and (b)(i).

3. The method of paragraph 1 or 2, comprising administering to, or provided in,
the subject:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene.

4. The method of any of the preceding paragraphs, wherein the nucleic acid of
(a)(i1) comprises DNA.

5. The method of any of the preceding paragraphs, wherein the nucleic acid of
(b)(i1) comprises DNA.

6. The method of any of the preceding paragraphs, wherein the nucleic acid of
(a)(i1) comprises RNA.

7. The method of any of the preceding paragraphs, wherein the nucleic acid of
(b)(i1) comprises RNA.

8. The method of any of the preceding paragraphs, wherein one or both of (a) and
(b) are packaged in a viral vector.

9. The method of any of the preceding paragraphs, wherein (a) is packaged in a

viral vector.
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10. The method of any of the preceding paragraphs, wherein (b) is packaged in a
viral vector.

11. The method of any of the preceding paragraphs, wherein (a) and (b) are
packaged in the same viral vector.

12. The method of any of paragraphs 8-11, wherein the viral vector comprises an
AAV vector.

13. The method of any of paragraphs 8-11, wherein the viral vector comprises a
lentiviral vector.

14. The method of any of paragraphs 1-10, wherein (a) is packaged in a first viral
vector and (b) is packaged in a second viral vector.

15. The method of paragraph 14, wherein the first viral vector comprises an AAV
vector and the second viral vector comprises an AAV vector.

16. The method of any of the preceding paragraphs, wherein the dCas9 molecule
comprises a gRNA binding domain of a Cas9 molecule.

17. The method of any of the preceding paragraphs, wherein the dCas9 molecule
comprises one, two or all of: a Recl domain, a bridge helix domain, or a PAM interacting
domain, of a Cas9 molecule.

18. The method of any of the preceding paragraphs, wherein the dCas9 molecule
is a mutant of a wild-type Cas9 molecule, e.g., in which the Cas9 nuclease activity is
inactivated.

19. The method of any of the preceding paragraphs, wherein the dCas9 molecule
comprises a mutation that inactivates a Cas9 nuclease activity, e.g., a mutation in a DNA-
cleavage domain of a Cas9 molecule.

20. The method of any of the preceding paragraphs, wherein the dCas9 molecule
comprises a mutation that inactivates a Cas9 nuclease activity, e.g., a mutation in a RuvC
domain and/or a mutation in a HNH domain.

21. The method of any of the preceding paragraphs, wherein the dCas9 molecule
comprises a Staphylococcus aureus dCas9 molecule, a Streptococcus pyogenes dCas9
molecule, a Campylobacter jejuni dCas9 molecule, a Corynebacterium diphtheria dCas9
molecule, a Fubacterium ventriosum dCas9 molecule, a Streptococcus pasteurianus

dCas9 molecule, a Lactobacillus farciminis dCas9 molecule, a Sphaerochaeta globus
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dCas9 molecule, an Azospirillum (e.g., strain B510) dCas9 molecule, a
Gluconacetobacter diazotrophicus dCas9 molecule, a Neisseria cinerea dCas9 molecule,
a Roseburia intestinalis dCas9 molecule, a Parvibaculum lavamentivorans dCas9
molecule, a Nitratifractor salsuginis (e.g., strain DSM 16511) dCas9 molecule, a
Campylobacter lari (e.g., strain CF89-12) dCas9 molecule, or a Streptococcus
thermophilus (e.g., strain LMD-9) dCas9 molecule.

22. The method of any of the preceding paragraphs, wherein the dCas9 molecule
comprises an S. aureus dCas9 molecule, e.g., comprising an S. aureus dCas9 sequence
described herein.

23. The method of any of the preceding paragraphs, wherein the S. aureus dCas9
molecule comprises a mutation at an amino acid position, corresponding to position 10,
580, or both (e.g., D10A, N580A, or both), relative to a wild-type S. aureus dCas9
molecule, numbered according to SEQ ID NO: 25.

24. The method of any of the preceding paragraphs, wherein the S. aureus dCas9
molecule comprises the amino acid sequence of SEQ ID NO: 35 or 36, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 35 or 36, or a sequence having one, two, three, four, five
or more changes, e.g., amino acid substitutions, insertions, or deletions, relative to SEQ
ID NO: 35 or 36, or any fragment thereof.

25. The method of any of paragraphs 1-20, wherein the dCas9 molecule
comprises an S. pyogenes dCas9 molecule, e.g., comprising an §. pyogenes dCas9
sequence described herein.

26. The method of any of paragraphs 1-20, the S. pyogenes dCas9 molecule
comprises a mutation at an amino acid position, corresponding to position 10, 840, or
both (e.g., D10A, H840A, or both), relative to a wild-type S. pyogenes dCas9 molecule,
numbered according to SEQ ID NO: 24.

27. The method of any of the preceding paragraphs, wherein the dCas9 molecule
is less than 1400, 1300, 1200, 1100, 1000, 900, 800, 700, 600, or 500 amino acids in
length.
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28. The method of any of the preceding paragraphs, wherein the dCas9 molecule
is 500-1300, 600-1200, 700-1100, 800-1000, 500-1200, 500-1000, 500-800, 500-600,
1000-1200, 800-1200, or 600-1200 amino acids in length.

29. The method of any of the preceding paragraphs, wherein the dCas9 molecule
has a size that is less than 90%, 80%, 70%, 60%, 50%, 40%, or 30% of the size of a wild-
type Cas9 molecule, e.g., a wild-type S. pyogenes Cas9 molecule or a wild-type S. aureus
dCas9 molecule.

30. The method of any of the preceding paragraphs, wherein the modulator of
gene expression comprises a modulator of gene expression described herein.

31. The method of any of the preceding paragraphs, wherein the modulator of
gene expression comprises a repressor of gene expression, e.g., a Krippel associated box
(KRAB) molecule, an mSin3 interaction domain (SID) molecule, four concatenated
mSin3 interaction domains (SID4X), MA X-interacting protein 1 (MXI1), or any
fragment thereof.

32. The method of any of the preceding paragraphs, wherein the modulator of
gene expression comprises a Kriippel associated box (KRAB) molecule comprising the
sequence of SEQ ID NO: 34, a sequence substantially identical (e.g., at least 80%, 85%,
90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 34, or a sequence
having one, two, three, four, five or more changes, e.g., amino acid substitutions,
insertions, or deletions, relative to SEQ ID NO: 34, or any fragment thereof.

33. The method of any of the preceding paragraphs, wherein the modulator of
gene expression comprises an activator of gene expression, e.g., a VP16 transcription
activation domain, a VP64 transcriptional activation domain, a p65 activation domain, an
Epstein—Barr virus R transactivator Rta molecule, a VP64-p65-Rta fusion (VPR), Ldbl
self-association domain, or any fragment thereof.

34. The method of any of the preceding paragraphs, wherein the modulator of
gene expression comprises a modulator of epigenetic modification, e.g., a histone
acetyltransferase (e.g., p300 catalytic domain), a histone deacetylase, a histone
methyltransferase (e.g., SUV39H1 or G9a (EHMT?2)), a histone demethylase (e.g., Lys-
specific histone demethylase 1 (LSD1)), a DNA methyltransferase (e.g., DNMT3a or
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DNMT3a-DNMT3L), a DNA demethylase (e.g., TET1 catalytic domain or TDG), or
fragment thereof.

35. The method of any of the preceding paragraphs, wherein the modulator of
gene expression is fused to the C-terminus, N-terminus, or both, of the dCas9 molecule.

36. The method of any of the preceding paragraphs, wherein the modulator of
gene expression is fused to the dCas9 molecule directly.

37. The method of any of paragraphs 1-34, wherein the modulator of gene
expression is fused to the dCas9 molecule indirectly, e.g., via a non-modulator or a
linker, or a second modulator.

38. The method of any of the preceding paragraphs, wherein a plurality of
modulators of gene expression, e.g., two or more identical, substantially identical, or
different modulators, are fused to the dCas9 molecule.

39. The method of any of the preceding paragraphs, wherein the fusion molecule
further comprises a nuclear localization sequence.

40. The method of paragraph 39, wherein one or more nuclear localization
sequences are fused to the C-terminus, N-terminus, or both, of the dCas9 molecule, e.g.,
directly or indirectly, e.g., via a linker.

41. The method of paragraph 40, wherein the one or more nuclear localization
sequences comprise the amino acid sequence of SEQ ID NO: 37 or 38, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 37 or 38, or a sequence having one, two, three, four, five
or more changes, e.g., amino acid substitutions, insertions, or deletions, relative to SEQ
ID NO: 37 or 38, or any fragment thereof.

42. The method of any of the preceding paragraphs, wherein the fusion molecule
comprises the amino acid sequence of SEQ ID NO: 39, 40, or 41, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 39, 40, or 41, or a sequence having one, two, three, four,
five or more changes, e.g., amino acid substitutions, insertions, or deletions, relative to
SEQ ID NO: 39, 40, or 41, or any fragment thereof.

43. The method of any of the preceding paragraphs, wherein the nucleic acid that

encodes the fusion molecule comprises the sequence of SEQ ID NO: 23, a sequence
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substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 23, or a sequence having one, two, three, four, five or
more changes, e.g., substitutions, insertions, or deletions, relative to SEQ ID NO: 23, or
any fragment thereof.

44. The method of any of the preceding paragraphs, wherein the gRNA
comprises a unimolecular gRNA.

45. The method of any of paragraphs 1-43, wherein the gRNA comprises a
bimolecular gRNA.

46. The method of any of the preceding paragraphs, wherein the gRNA
comprises a gRNA sequence described herein.

47. The method of any of the preceding paragraphs, wherein gene expression is
modulated in a cell, tissue, or organ described herein, e.g., Table 2 or 3.

48. The method of any of the preceding paragraphs, wherein gene expression is
modulated in the liver.

49. The method of any of the preceding paragraphs, wherein the modulation is
sufficient to alter a function of the gene, or a symptom of a disorder associated with the
gene, as described herein, e.g., in Table 2 or 3.

50. The method of any of the preceding paragraphs, wherein the modulation
comprises modulation of transcription.

51. The method of any of the preceding paragraphs, wherein the modulation
comprises down-regulation of transcription.

52. The method of any of the preceding paragraphs, wherein the modulation
comprises up-regulation of transcription.

53. The method of any of the preceding paragraphs, wherein the modulation
comprises modulating the temporal pattern of expression of the gene.

54. The method of any of the preceding paragraphs, wherein the modulation
comprises modulating the spatial pattern of expression of the gene.

55. The method of any of the preceding paragraphs, wherein the modulation
comprises modulating a post-transcriptional or co-transcriptional modification, e.g.,

splicing, 5” capping, 3’ cleavage, 3’ polyadenylation, or RNA export.
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56. The method of any of the preceding paragraphs, wherein the modulation
comprises modulating the expression of an isoform, e.g., an increase or decrease in the
expression of an isoform, the increase or decrease in the expression of a first isoform over
a second isoform.

57. The method of any of the preceding paragraphs, wherein the modulation
comprises modulating chromatin structure, e.g., increasing or decreasing methylation,
acetylation, phosphorylation, or ubiquitination, e.g., at a preselected site, or altering the
spatial pattern, cell specificity, or temporal occurrence of methylation, acetylation,
phosphorylation, or ubiquitination.

58. The method of any of the preceding paragraphs, wherein the modulation
comprises modulating a post-translational modification (e.g., indirectly), e.g.,
glycosylation, lipidation, acetylation, phosphorylation, amidation, hydroxylation,
methylation, ubiquitination, sulfation, nitrosylation, or proteolysis.

59. The method of any of the preceding paragraphs, wherein the modulation does
not comprise cleaving the subject’s DNA.

60. The method of any of the preceding paragraphs, wherein the modulation
comprises an inducible modulation.

61. The method of any of the preceding paragraphs, wherein the gene is selected
from Table 2, optionally wherein the method down-regulates the expression of the gene.

62. The method of any of paragraphs 1-60, wherein the gene is selected from
Table 3, optionally wherein the method up-regulates the expression of the gene.

63. The method of any of the preceding paragraphs, wherein the gene comprises
PCSKO.

64. The method of any of the preceding paragraphs, wherein the dCas9 molecule
does not cleave the genome of the subject.

65. A method of modulating expression of a gene, in vivo, in a subject
comprising administering to, or providing in, the subject:

(a)(i1) a nucleic acid that encodes a fusion molecule (e.g., a fusion molecule
described herein) comprising a sequence comprising an S. aureus dCas9 molecule fused

to a KRAB molecule; and
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(b)(i1) a nucleic acid that encodes a gRNA (e.g., a gRNA described herein) which
targets the fusion molecule to the gene, and

wherein one or both of (a)(1) and (b)(ii) are packaged in an AAV vector.

66. The method of paragraph 65, wherein the fusion molecule comprises a
sequence described herein, e.g., the amino acid sequence of SEQ ID NO: 34, 35, 36, 37,
38, 39, 40, or 41, a sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%,
95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or
41, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40,
or 41, or any fragment thereof.

67. The method of paragraph 65 or 66, wherein the gRNA comprises a gRNA
sequence described herein.

68. The method of any of paragraphs 65-67, wherein the gene is selected from
Table 2 or 3.

69. The method of any of paragraphs 65-68, wherein the gene comprises PCSKO.

70. The method of any of paragraphs 65-69, wherein (a)(ii) and (b)(ii) are
packaged in different AAV vectors.

71. The method of any of paragraphs 65-70, wherein (a)(ii) and (b)(ii) are
packaged in the same AAV vector.

72. A pharmaceutical composition, or unit dosage form, comprising, in an
amount sufficient for modulating a gene in a human subject, or in an amount sufficient
for a therapeutic effect in a human subject,

(a)(i1) a nucleic acid that encodes a fusion molecule (e.g., a fusion molecule
described herein) comprising a sequence comprising a dCas9 molecule, e.g., an S. aureus
dCas9 molecule, fused to a modulator of gene expression (e.g., a modulator described
herein); and/or

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene,

wherein one or both of (a)(i1) and (b)(i1) are packaged in a viral vector, e.g., an

AAYV vector.
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73. The pharmaceutical composition, or unit dosage form, of paragraph 72,
wherein the fusion molecule comprises a sequence described herein, e.g., the amino acid
sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence substantially
identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical)
to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having one, two, three,
four, five or more changes, e.g., amino acid substitutions, insertions, or deletions, relative
to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or any fragment thereof.

74. The pharmaceutical composition, or unit dosage form, of paragraph 72 or 73,
wherein the gRNA comprises a gRNA sequence described herein.

75. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-74, wherein the gene is selected from Table 2 or 3.

76. The method of any of paragraphs 72-75, wherein the gene comprises PCSKO.

77. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-76, wherein (a)(i1) and (b)(ii) are packaged in the same viral vector, e.g., an AAV
vector.

78. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-77, wherein (a)(i1) and (b)(ii) are packaged in different viral vectors, e.g., AAV
vectors.

79. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-78, wherein the viral vector (e.g., AAV vector) comprising (a)(ii), and the viral vector
(e.g., AAV vector) comprising (b)(ii), are provided in separate containers.

80. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-79, wherein the viral vector (e.g., AAV vector) comprising (a)(ii) and the viral vector
(e.g., AAV vector) comprising (b)(ii), are provided in the same container.

81. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-80, which is formulated for administration, e.g., oral, parenteral, sublingual,
transdermal, rectal, transmucosal, topical, intrapleural, intravenous, intraarterial,
intraperitoneal, subcutaneous, intramuscular, intranasal intrathecal, or intraarticular
administration, or administration via inhalation or via buccal administration, or any

combination thereof, to the subject.
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82. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-81, which is formulated for intravenous administration to the subject.

83. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-82, which is disposed in a device suitable for administration, e.g., oral, parenteral,
sublingual, transdermal, rectal, transmucosal, topical, intrapleural, intravenous,
intraarterial, intraperitoneal, subcutaneous, intramuscular, intranasal intrathecal, or
intraarticular administration, or administration via inhalation or via buccal administration,
or any combination thereof, to the subject.

84. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-83, which is disposed in a device suitable for intravenous administration to the
subject.

85. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-84, which is disposed in a volume of at least 1, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70,
80, 90, 100, 150, 200, 250, 300, 400, or 500 ml.

86. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-85, wherein the nucleic acid of (a)(ii) comprises DNA.

87. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-86, wherein the nucleic acid of (b)(i1) comprises DNA.

88. The pharmaceutical composition, or unit dosage form, of paragraphs 72-85 or
87, wherein the nucleic acid of (a)(ii) comprises RNA.

89. The pharmaceutical composition, or unit dosage form, of paragraphs 72-86 or
88, wherein the nucleic acid of (b)(i1) comprises RNA.

90. The pharmaceutical composition, or unit dosage form, of paragraphs 72-89,
wherein the dCas9 molecule comprises a gRNA binding domain of a Cas9 molecule.

91. The pharmaceutical composition, or unit dosage form, of paragraphs 72-90,
wherein the dCas9 molecule comprises one, two or all of: a Recl domain, a bridge helix
domain, or a PAM interacting domain, of a Cas9 molecule.

92. The pharmaceutical composition, or unit dosage form, of paragraphs 72-91,
wherein the dCas9 molecule is a mutant of a wild-type Cas9 molecule, e.g., in which the

Cas9 nuclease activity is inactivated.
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93. The pharmaceutical composition, or unit dosage form, of paragraphs 72-90,
wherein the dCas9 molecule comprises a mutation that inactivates a Cas9 nuclease
activity, e.g., a mutation in a DNA-cleavage domain of a Cas9 molecule.

94. The pharmaceutical composition, or unit dosage form, of paragraphs 72-93,
wherein the dCas9 molecule comprises a mutation that inactivates a Cas9 nuclease
activity, e.g., a mutation in a RuvC domain and/or a mutation in a HNH domain.

95. The pharmaceutical composition, or unit dosage form, of paragraphs 72-94,
wherein the dCas9 molecule comprises a Staphylococcus aureus dCas9 molecule, a
Streptococcus pyogenes dCas9 molecule, a Campylobacter jejuni dCas9 molecule, a
Corynebacterium diphtheria dCas9 molecule, a Fubacterium ventriosum dCas9
molecule, a Streptococcus pasteurianus dCas9 molecule, a Lactobacillus farciminis
dCas9 molecule, a Sphaerochaeta globus dCas9 molecule, an Azospirillum (e.g., strain
B510) dCas9 molecule, a Gluconacetobacter diazotrophicus dCas9 molecule, a Neisseria
cinerea dCas9 molecule, a Roseburia intestinalis dCas9 molecule, a Parvibaculum
lavamentivorans dCas9 molecule, a Nitratifractor salsuginis (e.g., strain DSM 16511)
dCas9 molecule, a Campylobacter lari (e.g., strain CF89-12) dCas9 molecule, or a
Streptococcus thermophilus (e.g., strain LMD-9) dCas9 molecule.

96. The pharmaceutical composition, or unit dosage form, of paragraphs 72-95,
wherein the dCas9 molecule comprises an S. aureus dCas9 molecule, e.g., comprising an
S. aureus dCas9 sequence described herein.

97. The pharmaceutical composition, or unit dosage form, of paragraph 96,
wherein the S. aureus dCas9 molecule comprises a mutation at an amino acid position,
corresponding to position 10, 580, or both (e.g., D10A, N580A, or both), relative to a
wild-type S. aureus dCas9 molecule, numbered according to SEQ ID NO: 25.

98. The pharmaceutical composition, or unit dosage form, of paragraph 96,
wherein the S. aureus dCas9 molecule comprises the amino acid sequence of SEQ ID
NO: 35 or 36, a sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%,
95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 35 or 36, or a sequence having
one, two, three, four, five or more changes, e.g., amino acid substitutions, insertions, or

deletions, relative to SEQ ID NO: 35 or 36, or any fragment thereof.
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99. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-95, wherein the dCas9 molecule comprises an S. pyogenes dCas9 molecule, e.g.,
comprising an S. pyogenes dCas9 sequence described herein.

100. The pharmaceutical composition, or unit dosage form, of paragraph 99,
wherein the S. pyogenes dCas9 molecule comprises a mutation at an amino acid position,
corresponding to position 10, 840, or both (e.g., D10A, H840A, or both), relative to a
wild-type S. pyogenes dCas9 molecule, numbered according to SEQ ID NO: 24.

101. The pharmaceutical composition, or unit dosage form, of paragraphs 72-
100, wherein the dCas9 molecule is less than 1400, 1300, 1200, 1100, 1000, 900, 800,
700, 600, or 500 amino acids in length.

102. The pharmaceutical composition, or unit dosage form, of paragraphs 72-
101, wherein the dCas9 molecule is 500-1300, 600-1200, 700-1100, 800-1000, 500-1200
500-1000, 500-800, 500-600, 1000-1200, 800-1200, or 600-1200 amino acids in length.

2

103. The pharmaceutical composition, or unit dosage form, of paragraphs 72-
102, wherein the dCas9 molecule has a size that is less than 90%, 80%, 70%, 60%, 50%,
40%, or 30% of the size of a wild-type Cas9 molecule, e.g., a wild-type S. pyogenes Cas9
molecule or a wild-type S. aureus dCas9 molecule.

104. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-103, wherein modulator of gene expression comprises a modulator of gene expression
described herein.

105. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-104, wherein modulator of gene expression comprises a KRAB molecule, e.g.,
comprising the sequence of SEQ ID NO: 34, a sequence substantially identical (e.g., at
least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO:
34, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 34, or any fragment
thereof.

106. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-105, wherein the gRNA comprises a unimolecular gRNA.

107. The pharmaceutical composition, or unit dosage form, of any of paragraphs

72-105, wherein the gRNA comprises a bimolecular gRNA.
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108. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-107, wherein the gRNA comprises a gRNA sequence described herein.

109. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-108, wherein gene expression is modulated in a cell, tissue, or organ described herein,
e.g., Table 2 or 3.

110. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-109, wherein gene expression is modulated in the liver.

111. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-110, wherein the modulation is sufficient to alter a function of the gene, or a symptom
of a disorder associated with the gene, as described herein, e.g., in Table 2 or 3.

112. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-111, wherein the modulation comprises modulation of transcription.

113. The pharmaceutical composition, or unit dosage form, of any of paragraphs

72-112, wherein the modulation comprises down-regulation of transcription.

114. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-113, wherein the modulation comprises up-regulation of transcription.

115. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-114, wherein the modulation comprises modulating the temporal pattern of expression
of the gene.

116. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-115, wherein the modulation comprises modulating the spatial pattern of expression of
the gene.

117. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-116, wherein the modulation comprises modulating a post-transcriptional or co-
transcriptional modification, e.g., splicing, 5’ capping, 3’ cleavage, 3’ polyadenylation, or
RNA export.

118. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-117, wherein the modulation comprises modulating the expression of an isoform, e.g.,
an increase or decrease in the expression of an isoform, the increase or decrease in the

expression of a first isoform over a second isoform.
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119. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-118, wherein the modulation comprises modulating chromatin structure, e.g.,
increasing or decreasing methylation, acetylation, phosphorylation, or ubiquitination,
e.g., at a preselected site, or altering the spatial pattern, cell specificity, or temporal
occurrence of methylation, acetylation, phosphorylation, or ubiquitination.

120. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-119, wherein the modulation comprises modulating a post-translational modification
(e.g., indirectly), e.g., glycosylation, lipidation, acetylation, phosphorylation, amidation,
hydroxylation, methylation, ubiquitination, sulfation, nitrosylation, or proteolysis.

121. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-120, wherein the gene is selected from Table 2, optionally wherein the method down-
regulates the expression of the gene.

122. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-120, wherein the gene is selected from Table 3, optionally wherein the method up-
regulates the expression of the gene.

123. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-122, wherein the gene comprises PCSK9.

124. The pharmaceutical composition, or unit dosage form, of any of paragraphs
72-123, wherein the dCas9 does not cleave the genome of the subject.

125. A pharmaceutical composition, or unit dosage form, comprising, in an
amount sufficient for modulating a gene in a human subject, or in an amount sufficient
for a therapeutic effect in a human subject,

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and/or

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene,

wherein one or both of (a)(i1) and (b)(i1) are packaged in a viral vector, e.g., an
AAV vector.

126. The pharmaceutical composition, or unit dosage form, of paragraph 125,
wherein the fusion molecule comprises a sequence described herein, e.g., the amino acid

sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence substantially
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identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical)
to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having one, two, three,
four, five or more changes, e.g., amino acid substitutions, insertions, or deletions, relative
to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or any fragment thereof.

127. The pharmaceutical composition, or unit dosage form, of paragraph 125 or
126, wherein the gRNA comprises a gRNA sequence described herein.

128. The pharmaceutical composition, or unit dosage form, of any of paragraphs
125-127, wherein the gene is selected from Table 2 or 3.

129. The pharmaceutical composition, or unit dosage form, of any of paragraphs
125-128, wherein the gene comprises PCSK9.

130. The pharmaceutical composition, or unit dosage form, of any of paragraphs
125-129, wherein (a)(i1) and (b)(ii) are packaged in different AAV vectors.

131. The pharmaceutical composition, or unit dosage form, of any of paragraphs
125-130, wherein (a)(i1) and (b)(ii) are packaged in the same AAV vector.

132. A viral vector comprising:

(a)(i1) a nucleic acid that encodes a fusion molecule (e.g., a fusion molecule
described herein) comprising a sequence comprising a dCas9 molecule (e.g., a dCas9
molecule described herein), e.g., an S. aureus dCas9 molecule, fused to a modulator of
gene expression (e.g., a modulator described herein); and/or

(b)(i1) a nucleic acid that encodes a gRNA (e.g., a gRNA described herein) which
targets the fusion molecule to a gene (e.g., a gene described herein).

133. The viral vector of paragraph 132, which is an AAV vector.

134. The viral vector of paragraph 132 and 133, comprising:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
PCSKO9,

wherein one or both of (a)(i1) and (b)(ii) are packaged in an AAV vector.

135. The viral vector of any of paragraphs 132-134, wherein the fusion molecule
comprises a sequence described herein, e.g., the amino acid sequence of SEQ ID NO: 34,

35, 36, 37, 38, 39, 40, or 41, a sequence substantially identical (e.g., at least 80%, 85%,
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90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 34, 35, 36, 37, 38,
39, 40, or 41, or a sequence having one, two, three, four, five or more changes, e.g.,
amino acid substitutions, insertions, or deletions, relative to SEQ ID NO: 34, 35, 36, 37,
38, 39, 40, or 41, or any fragment thereof.

136. The viral vector of any of paragraphs 132-135, wherein the gRNA
comprises a gRNA sequence described herein.

137. The viral vector of any of paragraphs 132-136, wherein the gene is selected
from Table 2 or 3.

138. The viral vector of any of paragraphs 132-137, wherein the gene comprises
PCSKO.

139. A method of treating a disorder, comprising administering to a subject:

(a)(i1) a nucleic acid that encodes a fusion molecule (e.g., a fusion molecule
described herein) comprising a sequence comprising a dCas9 molecule (e.g., a dCas9
molecule) fused to a modulator of gene expression (e.g., a modulator describe herein);,
and

(b)(i1) a nucleic acid that encodes a gRNA (e.g., a gRNA described herein) which
targets the fusion molecule to a gene associated with the disorder,

thereby treating the disorder.

140. The method of paragraph 139, wherein the disorder is selected from Table 2
or 3.

141. The method of paragraph 139 or 140, wherein the gene is selected from
Table 2 or 3.

142. The method of any of paragraphs 139-140, wherein one or both of (a)(i1)
and (b)(i1) are provided in an AAV vector.

143. A method of treating a cardiovascular disease, comprising administering to a
subject:

(a)(i1) a nucleic acid that encodes a fusion molecule (e.g., a fusion molecule
described herein) comprising a sequence comprising a dCas9 molecule (e.g., a dCas9
molecule described herein) fused to a modulator of gene expression (e.g., a modulator

describe herein); and
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(b)(i1) a nucleic acid that encodes a gRNA (e.g., a gRNA described herein) which
targets the fusion molecule to a PCSK9 gene,

thereby treating the cardiovascular disease.

144. The method of paragraph 143, wherein the dCas9 molecule is an S. aureus
dCas9 molecule.

145. The method of paragraph 143 or 144, wherein the fusion molecule
comprises a sequence described herein, e.g., the amino acid sequence of SEQ ID NO: 34,
35, 36, 37, 38, 39, 40, or 41, a sequence substantially identical (e.g., at least 80%, 85%,
90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 34, 35, 36, 37, 38,
39, 40, or 41, or a sequence having one, two, three, four, five or more changes, e.g.,
amino acid substitutions, insertions, or deletions, relative to SEQ ID NO: 34, 35, 36, 37,
38, 39, 40, or 41, or any fragment thereof.

146. The method of any of paragraphs 143-145, wherein the gRNA comprises a
gRNA sequence described herein.

147. The method of any of paragraphs 143-146, wherein one or both of (a)(i1)
and (b)(i1) are provided in an AAV vector.

The following examples are provided by way of illustration and not by way of limitation.

EXAMPLES

1. Invivo transcriptional repression of endogenous genes using S. aureus Cas9-based

repressors.
1.1 Synopsis

RNA-guided dCas9-KRAB repressors have demonstrated promise in cell culture models
for silencing target gene expression efficiently and specifically. An exciting application
of this technology would be to study gene regulation in development and disease in
animal models and to design novel gene therapies. However, a technology to deliver
CRISPR/Cas9-based gene repressors in vivo has not been developed. AAV vectors have
been used as a delivery platform for CRISPR/Cas9 nuclease components for in vivo
studies and therapeutic applications (Ran, F.A. et al. Nature 520, 186-91 (2015),

incorporated by reference herein in its entirety). Recently, a smaller Cas9 nuclease
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protein derived from S. aureus was described for AAV delivery and in vivo gene editing
(Ran, F.A. et al. Nature 520, 186-91 (2015)). In this example, a KRAB repressor motif
was fused to S. aureus nuclease-null dCas9 (dSaCas9), thereby generating a
programmable RNA-guided repressor for in vivo gene regulation. dSaCas9-KRAB
repressors efficiently silenced a reporter luciferase gene in primary fibroblasts and the
myostatin receptor Acvr2b in a mouse myoblast cell line. When delivered
intramuscularly via an AAV9 dual-vector expression system, dSaCas9-KRAB and
Acvr2b gRNA were efficiently expressed in the injected tibialis anterior, heart, and liver
tissues of adult wild-type mice. No appreciable silencing of Acvr2b was achieved in
skeletal muscle, but dSaCas9-KRAB was biologically active and significantly silenced
Acvr2b expression in heart and liver when delivered with a target guide RNA molecule.
This gene delivery system can be customized to target any endogenous gene, enabling

potent and stable gene repression in animal models and for therapeutic applications.

1.2 Introduction

RNA-guided gene regulation with the CRISPR/Cas9 system has enabled functional
genomics studies in cell culture systems (Kearns, N.A. et al. Nat Methods (2015);
Gilbert, L.A. et al. Cell 159, 647-61 (2014), Thakore, P.I. et al. Nat Methods 12, 1143-9
(2015); Konermann, S. et al. Nature 517, 583-8 (2015), incorporated by reference herein
in their entirety). The potency and specificity of dCas9-KRAB epigenetic repressors, in
particular, are promising for loss-of-function studies and guiding cell phenotype in vitro
(Thakore, P.1., et al. Nat Methods 13, 127-37 (2016); Gilbert, L. A. et al. Cell 159, 647-61
(2014); Thakore, P.1. et al. Nat Methods 12, 1143-9 (2015), incorporated by reference
herein in their entirety). Adapting programmable transcriptional modulators for use in
vivo would allow for the study of gene regulation in complex organisms and enable the

development of therapies to address aberrant gene regulation in disease.

The large packaging capacity of lentiviral vectors, a commonly used method to stably
deliver CRISPR/Cas9 components in vifro, can accommodate the 4.2 kb S. pyogenes
Cas9, epigenetic modulator fusions, a single gRNA, and associated regulatory elements

required for expression. While efficacious for in vifro delivery, under certain
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circumstances, lentiviral delivery is typically not suitable for in vivo gene regulation due
to concerns for insertional mutagenesis. Adeno-associated viral (AAV) vectors are a
promising gene delivery vehicle as they provide stable episomal gene expression with
minimal integration and have been extensively engineered to target a variety of tissue
types (Asokan, A, et al. Mol Ther 20, 699-708 (2012), incorporated by reference herein
in its entirety). However, the packaging capacity of AAV is limited to 4.5 kb, precluding
delivery of the 4.2 kb S. pyogenes dCas9 DNA-binding domain, KRAB repressor motif,
and associated regulatory elements. A smaller 3.2 kb Cas9 nuclease derived from S.
aureus (SaCas9) has recently been identified and adapted for genome editing in vivo in
the liver and skeletal muscle (Ran, F.A. et al. Nature 520, 186-91 (2015); Nelson, C.E. et
al. Science 351, 403-7 (2016); Tabebordbar, M. et al. Science 351, 407-11 (2016),
incorporated by reference herein in their entirety). A SaCas9-based transcriptional
repressor was generated for AAV-based delivery and silencing of endogenous genes in

Vivo.

The SaCas9-based transcriptional repressor was tested in vifro for silencing a luciferase
reporter gene in primary fibroblasts. For in vivo gene regulation, the myostatin receptor,
Acvr2b, was targeted. Inhibiting the myostatin signaling pathway is a potential method
for treating skeletal muscle degeneration. Myostatin is a secreted protein that acts as a
negative regulator of skeletal muscle growth by binding the activin type II receptor
(Acevr2b) and activating TGF-P signaling pathways (Lee, S.J. Annu Rev Cell Dev Biol
20, 61-86 (2004), incorporated by reference herein in its entirety). Knockout animal
models of myostatin and Acvr2b demonstrate a double muscling phenotype (Lee, S.J.
Annu Rev Cell Dev Biol 20, 61-86 (2004); Lee, S.J. et al. Proc Natl Acad Sci U S A 109,
E2353-60 (2012), incorporated by reference herein in its entirety). Blocking myostatin
signaling through systemic administration of blocking antibodies or soluble Acvr2b
receptors has been tested in clinical trials for the treatment of muscular dystrophy, but has
thus far showed limited efficacy and safety concerns over adverse side effects (Wagner,
K .R. et al. Ann Neurol 63, 561-71 (2008); Smith, R.C. & Lin, B.K. Curr Opin Support
Palliat Care 7, 352-60 (2013), incorporated by reference herein in their entirety). A more
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targeted strategy to localize myostatin inhibition to skeletal muscle may increase the

efficacy and safety of this strategy for treating muscle disorders.

An AAV9 two-vector system was designed for expressing SaCas9 repressors and
targeting guide RNA (gRNA) molecule. AAV9 can provide stable and high transgene
expression in skeletal and cardiac muscle (Asokan, A, et al. Mol Ther 20, 699-708
(2012); Zincarelli, C., et al. Mol Ther 16, 1073-80 (2008), incorporated by reference
herein in their entirety) and is currently being evaluated in clinical trials for spinal
muscular atrophy. When delivered intramuscularly in adult wild-type mice, SaCas9
repressors effected significant silencing of the endogenous Acvr2b gene in the heart and
liver. These studies demonstrate that SaCas9-based repressors can regulate genes in

animal models and will facilitate the development of gene-regulation based therapies.

1.3 Materials and methods

1.3.1 Plasmid constructs and AAV design

An inactive version of SaCas9 (dSaCas9) was created by introducing D10A and N580A
mutations (Ran, F.A. et al. Nature 520, 186-91 (2015), incorporated by reference herein
in its entirety). dSaCas9 was cloned into a lentiviral vector driven by the human
Ubiquitin C (hUbC) promoter, fused to a KRAB repressor motif, and linked to a
puromycin resistance cassette via T2A ribosome skipping peptide. For sgRNA screening,
the oligonucleotides containing protospacer sequences were synthesized (IDT-DNA),
hybridized, phosphorylated, and inserted into a phU6-SaCas9 gRNA plasmid using BbsI
sites. U6-gRNA cassettes were then cloned in reverse orientation upstream of the hUbC

promoter in dSaCas9-KRAB lentiviral vectors for stable expression.

A Staphylococcus aureus Cas9 (SaCas9) AAV expression plasmid (Addgene #61592)
was received as a gift from the Zhang lab (Ran, F.A. et al. Nature 520, 186-U98 (2015),
incorporated by reference herein in its entirety). We replaced the nuclease-active SaCas9
with dSaCas9-KRAB. We also removed the C’ terminal 3x HA epitope tag and

incorporated a single N’ terminal HA tag for tracking protein expression. For the AAV-
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U6 gRNA plasmid, a U6-Acvr2b gRNA cassette was cloned into a pTR-eGFP backbone
replacing the CMV with the gRNA.

1.3.2 Cell culture

C2C12s cells and HEK293T cells were obtained from the American Tissue Collection
Center (ATCC) through the Duke University Cancer Center Facilities. Primary
fibroblasts were harvested from the tail and ear of adult mice expressing a CAG-
Luciferase-P2A-GFP cassette (Jackson Laboratories). C2C12 cells were maintained in
DMEM supplemented with 20% FBS and 1% penicillin-streptomycin. HEK293T cells
were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin.
Mouse fibroblasts were cultured in DMEM supplemented with 10% FBS and 1%

penicillin-streptomycin. All cell lines were cultured at 37C with 5% CO,.

1.3.3 Lentiviral production

C2C12s and primary fibroblasts were transduced with lentivirus to stably express
dSaCas9-KRAB and target gRNA molecules. To produce VSV-G pseudotyped
lentivirus, HEK293T cells were plated at a density of 5.1e3 cells/cm”®in high glucose
DMEM supplemented with 10% FBS and 1% pencillin-streptomycin. The next day after
seeding, cells in 10-cm plates were co-transfected with the appropriate dSaCas9-KRAB
lentiviral expression plasmid (20 pg), the second-generation packaging plasmid psPAX2
(Addgene #12260, 15 pg), and the envelope plasmid pMD2.G (Addgene #12259, 6 ug)
by calcium phosphate precipitation (Salmon, P. & Trono, D. Curr Protoc Neurosci
Chapter 4, Unit 4 21 (2006), incorporated by reference herein in its entirety). After 14-20
hours, transfection medium was exchanged for 10 mL of fresh 293T medium.
Conditioned medium containing lentivirus was collected 24 and 48 hours after the first
media exchange. Residual producer cells were cleared from the lentiviral supernatant by
filtration through 0.45 um cellulose acetate filters and incubated overnight by incubation
with Lenti-X. Concentrated virus was pelleted by centrifugation according to the
manufacturer’s protocol and resuspended at 20-fold concentration in PBS. Concentrated
viral supernatant was snap-frozen in liquid nitrogen and stored at -80 °C for future use.

For transduction, concentrated viral supernatant was diluted 1:20 with media. To
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facilitate transduction, the cationic polymer polybrene was added at a concentration of 4
ug/mL to the viral media. Non-transduced (NT) cells did not receive virus but were
treated with polybrene as a control. The day after transduction, the medium was
exchanged to remove the virus. Puromycin at 2 ug/mL (C2C12s) or 4 ug/mL
(fibroblasts) was used to initiate selection for transduced cells approximately 48 hours

after transduction.

1.3.4 AAV production

ITRs were verified by Smal digest before production. AAV-dSaCas9-KRAB and AAV-
U6 Acvr2b gRNA were used to generate AAVO in two separate batches by the Gene
Transfer Vector Core at Schepens Eye Research Institute, Massachusetts Eye and Ear.
Titers were provided at 5.3x10" vp/mL (AAV-dSaCas9-KRAB) and 1.6x10" vp/mL
(AAV-UG6 Acvr2b gRNA).

1.3.5 Animal studies

Animal studies were conducted with adherence to the guidelines for the care and use of
laboratory animals of the National Institutes of Health (NIH). All the experiments with
animals were approved by the Institutional Animal Care and Use Committee (IACUC) at
Duke University. 6-8 week old C57BI/6 mice (Jackson Labs) were anesthetized and
maintained at 37 °C. The right tibialis anterior muscle was prepared and injected with 30-
40 pL of AAV solution (5.6 x10' - 7.46 x10'! vp) or sterile PBS using a 30G needle.
Mice were injected with a saline control, a Sell vp dose AAV-dSaCas9-KRAB alone, or
a 1:1 mixture of lel2 total dose of AAV-dSaCas9-KRAB and AAV-U6 Acvr2b gRNA.
At 4 and 8 weeks post-injection, mice were euthanized by CO; inhalation and tissue was
collected into RNALater® (Life Technologies) for DNA and RNA or snap-frozen for

protein analysis.

1.3.6 qRT-PCR

Cells were harvested for total RNA isolation using the RNeasy Plus RNA isolation kit
(Qiagen). Tissue samples were stored in RNALater (Ambion) and total RNA was
isolated using the RNA Universal Plus Kit (Qiagen). cDNA synthesis was performed

99



WO 2017/180915 PCT/US2017/027490

using the SuperScript VILO ¢cDNA Synthesis Kit (Invitrogen). For genomic qPCR
experiments, genomic DNA from tissue samples was isolated using a Blood and Tissue
Kit (Qiagen). Quantitative real-time PCR (qQRT-PCR) using QuantIT Perfecta Supermix
was performed with the CFX96 Real-Time PCR Detection System (Bio-Rad) with the
oligonucleotide primers optimized for 90-110% amplification efficiency. The results are
expressed as fold-increase mRNA expression of the gene of interest normalized to Gapdh

expression by the 44C; method.

1.3.7 Western blot

Cells or minced tissue were lysed in RIPA buffer (Sigma), and the BCA assay (Pierce)
was performed to quantify total protein. Lysates were mixed with LDS sample buffer
(Invitrogen) and boiled for 5 min; equal amounts of total protein were run in NuPAGE
Novex 4-12% Bis-Tris polyacrylamide gels (Life Technologies) and transferred to
nitrocellulose membranes. Nonspecific antibody binding was blocked with 5% nonfat
milk in TBS-T (50 mM Tris, 150 mM NaCl and 0.1% Tween-20) for 30 min. The
membranes were then incubated with primary antibody in 5% milk in TBS-T: rabbit
anti-ACTRIIB diluted 1:1000 overnight at 4°C, anti-HA diluted 1:1000 for 60 min at
room temperature, or rabbit anti-GAPDH diluted 1:5000 for 60 min at room temperature.
Membranes labeled with primary antibodies were incubated with anti-mouse (Santa Cruz

SC-2005) or anti-rabbit HRP-conjugated antibody (Sigma-Aldrich, A6154) diluted

2

1:5000 for 60 min and washed with TBS-T for 60 min. Membranes were visualized using
the Immun-Star WesternC Chemiluminescence Kit (Bio-Rad) and images were captured

using a ChemiDoc XRS+ system and processed using ImageLab software (Bio-Rad).

1.4 Results

1.4.1 Generation of a transcriptional repressor from S. aureus Cas9

DI10A and N580A mutations were introduced into the SaCas9 nuclease in order to
abrogate catalytic activity and create a nuclease-null programmable DNA-binding
domain (Ran, F.A. et al. Nature 520, 186-91 (2015), incorporated by reference herein in
its entirety) (FIG. 1A). Fusion of a synthetic KRAB motif generated a dSaCas9

repressor. An N-terminal HA-tag was included to facilitate protein analysis and an N-
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and C-terminal nuclear localization sequence was included to enable trafticking of

dSaCas9-KRAB into the cell nucleus.

For initial testing in vifro, dSaCas9-KRAB and single gRNAs were stably expressed
using a lentiviral delivery system with puromycin selection (FIG. 1B). dSaCas9-KRAB
was first tested in primary mouse fibroblasts expressing a luciferase reporter knocked in
at chromosome 7 of the genome. Nine gRNAs to the synthetic CAG promoter driving
transgene expression were designed, searching for base pair target sequences followed by
the SaCas9 PAM, 5 NNGRRT 3’ (SEQ ID NO: 1, wherein N is any nucleotide, and R is
G or A). Multiple gRNAs exhibited robust repression of luciferase expression via qPCR
and Western 7 days after transduction of fibroblasts (FIGs. 1C and 1D). These results
confirmed that dSaCas9-KRAB repressors were effective at silencing a reporter gene in

Vitro.

1.4.2 Silencing endogenous Acvr2b in myoblasts

SaCas9-based repressors were targeted to the myostatin receptor Acvr2b in C2C12 mouse
myoblasts. gRNAs were targeted to the DNase I hypersensitivity site (DHS) containing
the transcription start site (TSS) of Acvr2b according to DNase-seq data on mouse
skeletal muscle from the ENCODE project (Consortium, E.P. et al. Nature 489, 57-74
(2012), incorporated by reference herein in its entirety) (FIG. 2A). dSaCas9-KRAB and
a single gRNA were stably expressed using a lentiviral delivery system, and multiple
gRNAs effected potent repression of endogenous Acvr2b by qPCR 7 days after
transduction and selection in C2C12s (FIG. 2B).

1.4.3 Transcriptional repression of the Acvr2b gene in vivo with AAV delivery of S.
aureus Cas9 repressors

To accommodate the limited packaging capacity of AAV, a two-vector system was
designed to deliver dSaCas9-KRAB and a single gRNA for targeted gene repression
(FIG. 3A). AAV9 vectors expressing dSaCas9-KRAB and an Acvr2b gRNA were
generated and purified by the Massachusetts General Hospital Ear and Eye Vector Core.
The Cr4 Acvr2b gRNA was chosen for AAV in vivo studies. AAVO is a muscle-tropic
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serotype capable of producing high levels of transgene expression (Zincarelli, C., et al.

Mol Ther 16, 1073-80 (2008), incorporated by reference herein in its entirety).

Adult C57BI/6 wild-type mice were injected in the tibialis anterior of the right limb with
a mixture of AAV-dSaCas9-KRAB and AAV-Acvr2b-gRNA, at Sell vector genome
copies delivered per AAV per limb. Age-matched controls received a PBS sham
injection or AAV-dSaCas9-KRAB injection without gRNA. At 4 and 8 weeks post-
transduction, dSaCas9-KRAB was steadily expressed via qPCR in the injected TA
muscle (FIGs. 3B and 3D). Acvr2b expression was not significantly affected by delivery
of dSaCas9-KRAB alone or dSaCas9-KRAB with Acyvr2b gRNA at 4 weeks post-
treatment (FIG. 3C). At 8 weeks post-AAYV delivery, Acvr2b mRNA expression was
significantly reduced compared to sham-injected muscles in both AAV treatment groups
(FIG. 3E). However, targeting dSaCas9-KRAB with Acvr2b gRNA result in stronger
repression than delivery of dSaCas9-KRAB alone.

To determine if delivered AAV escaped the injected muscle and distributed systemically,
vector genome signal was quantified in the liver, heart, and tibialis anterior muscles of
treated mice at 8 weeks post-transduction. For AAV-Acvr2b-gRNA, the highest vector
genome signals were found in the liver, heart, the right gastrocnemius muscle, and the
injected tibialis anterior muscle (FIG. 4). Various AAYV serotypes demonstrate tropism
for the liver, and AAVO can efficiently transduce cardiac muscle (Asokan, A, et al. Mol
Ther 20, 699-708 (2012); Zincarelli, C., et al. Mol Ther 16, 1073-80 (2008), incorporated
by reference herein in their entirety). dSaCas9-KRAB was expressed in the liver and
heart at 4 and 8 weeks post-transduction via qPCR (FIG. 5). At 8 weeks post-
transduction, Acvr2b expression in the heart was reduced by ~50% with delivery of
dSaCas9-KRAB with gRNA. dSaCas9-KRAB alone did not have a significant effect on
Acvr2b expression. Changes in Acvr2b expression in the liver were not statistically
significant at 8 weeks post-transduction. These results indicate that dSaCas9-KRAB is
biologically active in vivo and AAV delivery is a promising method for achieving

targeted repression in animal models.
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1.5 Discussion

The efficiency and specificity of CRISPR/Cas9 gene silencing has shown great
preclinical promise. In this example, a platform was presented to translate RNA-guided
gene repression /7 vivo in a wild-type mouse model. dSaCas9-KRAB potently silenced
reporter and endogenous genes in vifro, and AAV9 delivery of CRISPR/Cas9
components in an adult wild-type mouse model resulted in efficient silencing of the

Acvr2b gene in the heart.

Muscle tissue contains large and multinucleated fibers and a progenitor population
capable of proliferation and regeneration. These are all factors that may have contributed
to the lack of repression observed in skeletal muscle. dSaCas9-KRAB repression in
muscle may have limited by replication-mediated AAV dilution, diffusion of the
repressor protein and delivered gRNA molecule along the myofiber, or inability of
dSaCas9-KRAB to silence the majority of nuclei within a fiber. In contrast,
cardiomyocytes of the heart are binucleated and post-mitotic, factors that may have

contributed to the more efficient silencing observed in this tissue.

Interestingly, in some cases, it was observed that delivering dSaCas9-KRAB alone
significantly downregulated Acvr2b expression. This unexpected biological effect may
be related to potential host immune responses of high doses of AAV or expressing
foreign SaCas9-based proteins in mouse tissue. An influx of immune cells or
inflammatory responses could lead to gene expression changes in AAV-treated tissues

and apparent silencing of the target gene.

The CRISPR/Cas9 platform is highly flexible, and the AAV delivery system developed
in this example can easily be adapted to target other gene products. The extent of
immune response to foreign Cas9 proteins and synthetic gRNA molecules, as well as the
specificity of SaCas9-based gene regulation, can also be evaluated. A major determinant
of off-site target binding is the presence of a PAM sequence, and thus the more stringent
PAM requirement of SaCas9 compared to SpCas9 may be indicative of at least

comparable levels of specificity for gene regulation. Lastly, minimal and tissue-specific
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promoters may enable implementation of a single AAV vector system for future in vivo

gene regulation applications.

1.6. Appendix

1.6.1 Lentiviral S. aureus Cas9 KRAB-based repressor

A restriction map of a lentiviral vector encoding S. aureus Cas9 KRAB-based repressor is
shown in FIG. 6. SEQ ID NO: 2 provides the nucleic acid sequence of the lentivial
vector encoding S. aureus Cas9 KRAB-based repressor.

SEQ ID NO: 2

GTCGACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCC
GCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCAA
AATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTTAGGC
GTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACTAGTTAT
TAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACT
TACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGT
ATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAA
ACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGA
CGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGT
ACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGT
GGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTT
TTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGG
GCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGCGCGTTTTGCCTGTACTGGGTCTCTCTG
GTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAAT
AAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGA
TCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGAAA
GCGAAAGGGAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCGCACGGCAAG
AGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAG
ATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGATCGCGATGGGAAAAAATTCGGTTA
AGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACG
ATTCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAAGGCTGTAGACAARATACTGGGACAGCTAC
AACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAGTAGCAACCCTCTAT
TGTGTGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGAAGAGCA
AAACAAAAGTAAGACCACCGCACAGCAAGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATG
AGGGACAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGC
ACCCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAGAAAARAAGAGCAGTGGGAATAGGAGCTTTGT
TCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCGTCAATGACGCTGACGGTACAG
GCCAGACAATTATTGTCTGGTATAGTGCAGCAGCAGAACAATTTGCTGAGGGCTATTGAGGCGCA
ACAGCATCTGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCCAGGCAAGAATCCTGGCTGTGG
AAAGATACCTAAAGGATCAACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAACTCATTTGCACC
ACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTTGGAATCACACGAC
CTGGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCTTAATTGAAGAAT
CGCAAAACCAGCAAGAAAAGAATGAACAAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGG
AATTGGTTTAACATAACAAATTGGCTGTGGTATATAAAATTATTCATAATGATAGTAGGAGGCTT
GGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATATTCAC
CATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAA
GAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCGGCACTGCGTGCGCC
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AATTCTGCAGACAAATGGCAGTATTCATCCACAATTTTAAAAGARAARAGGGGGGATTGGGGGGTAC
AGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAARACTAAAGAATTACAARAAACA
AATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCAGTTTGGTTAALTA
AATAACTTCGTATAGCATACATTATACGAAGTTATGATAAGAGACGGTGGTGgcgccgctacagg
gcgcgtcecccattcecgecattcaggectgegecaactgttgggaagggecgatecggtgegggectetteg
ctattacgccagctggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgecagggtt
ttcccagtcacgacgttgtaaaacgacggccagtgagecgegegtaatacgactcactatagggeg
aattgggtaccgggccccceccectcecgaggtecteccagettttgttecctttagtgagggttaattge
gcgcttggcgtaatcatggtcatagectgtttectgtgtgaaattgttateccgetcacaatteccac
acaacatacgagccggaagcataaagtgtaaagcctggggtgectaatgagtgagectaactcaca
ttaattgcgttgcgctcactgeccegettteccaCTGCATGACGTCTCCACAATTAatTAAgggtge
agcggcctceccgcegecgggttttggegectececgegggegeccecectectecacggecgagegetgece
acgtcagacgaagggcgcaggagcgttcecctgatcecctteccgececggacgetcaggacagecggeccyg
ctgctcataagactcggccttagaaccceccagtatcagcagaaggacattttaggacgggacttygg
gtgactctagggcactggttttctttccagagagecggaacaggcgaggaaaagtagtceccttete
ggcgattctgcggagggatctcecgtggggecggtgaacgeccgatgattatataaggacgecgecggyg
tgtggcacagctagttcecgtecgecagecgggatttgggtecgeggttettgtttgtggategetgtyg
atcgtcacttggtgagttgcgggctgectgggectggeccggggetttegtggecgecgggecgeteyg
gtgggacggaagcgtgtggagagaccgccaagggctgtagtectgggtecgegagcaaggttgece
tgaactgggggttggggggagcgcacaaaatggecggctgtteccecgagtecttgaatggaagacgcet
tgtaaggcgggctgtgaggtcecgttgaaacaaggtggggggcatggtgggecggcaagaacccaagyg
tcttgaggceccttegectaatgegggaaagetcettattecgggtgagatgggetggggecaccatectgg
ggaccctgacgtgaagtttgtcactgactggagaactcgggtttgtecgtetggttgecgggggegyg
cagttatgcggtgccgttgggcagtgcaccecgtacctttgggagegegegectegtegtgtegtyg
acgtcacccgttctgttggcecttataatgcagggtggggccacctgecggtaggtgtgeggtagge
ttttctececgtecgecaggacgcagggttecgggectagggtaggetectectgaatcgacaggegecgyg
acctctggtgaggggagggataagtgaggcgtcagtttectttggteggttttatgtacctatett
cttaagtagctgaagctccggttttgaactatgecgectecggggttggcgagtgtgttttgtgaagt
tttttaggcaccttttgaaatgtaatcatttgggtcaatatgtaattttcagtgttagactagTa
aattgtccgctaaattctggecegtttttggettttttgttagacGAAGCTTGGGCTGCAGGTCGA
CTctagagccaccatgtacccatacgatgttccagattacgctATGGCCCCARAGAAGAAGCGGA
AGGTCGGTATCCACGGAGTCCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGCCATCGGCATC
ACCAGCGTGGGCTACGGCATCATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCT
GTTCAAAGAGGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGA
AGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACTACAACCTGCTGACC
GACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAGTGARAGGGCCTGAGCCAGAAGCT
GAGCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGARAGAGGCGTGCACAACGTGA
ACGAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAARAGAGCAGATCAGCCGGAACAGCAAG
GCCCTGGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGARAGACGGCGAAGTGCG
GGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGC
AGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGG
CGGACCTACTATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTA
CGAGATGCTGATGGGCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACA
ACGCCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAG
AAGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCAC
CCTGAAGCAGATCGCCAAAGAAATCCTCGTGAACGARGAGGATATTAAGGGCTACAGAGTGACCA
GCACCGGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGACATCAARGGACATTACCGCCCGG
AAAGAGATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAG
CAGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGC
AGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATC
CTGGACGAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCC
CAAGAAGGTGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGA
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GCCCCGTCGTGAAGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTAC
GGCCTGCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAAT
GATCAACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGGATCGAGGAAATCATCCGGACCA
CCGGCAAAGAGAACGCCAAGTACCTGATCGAGAAGATCAAGCTGCACGACATGCAGGAAGGCAAG
TGCCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGT
GGACCACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGC
AGGAAGAAgCcCAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCGACAGCAAG
ATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCAA
GACCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCA
TCAACCGGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTAC
TTCAGAGTGAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCG
GCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGA
TCATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAARAAAGTGATG
GAARAACCAGATGTTCGAGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTA
CAAAGAGATCTTCATCACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACA
GCCACCGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAG
GACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAA
GCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGACCT
ACCAGAAACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTAC
GAGGAAACCGGGAACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGAT
TAAGTATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAA
ACAAGGTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTAC
AAGTTCGTGACCGTGAAGAATCTGGATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAA
GTGCTATGAGGAAGCTAAGAAGCTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCT
ACAACAACGATCTGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTG
CTGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAAACATGAACGA
CAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCATTAAGAAGTACAGCA
CAGACATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAAAAGGGC
AAAAGGCCGGCGGCCACGARAARAAGGCCGGCCAGGCAAAAAAGARARANAGYgatcCGATGCTAAGTC
ACTGACTGCCTGGTCCCGGACACTGGTGACCTTCAAGGATGTGTTTGTGGACTTCACCAGGGAGG
AGTGGAAGCTGCTGGACACTGCTCAGCAGATCCTGTACAGAAATGTGATGCTGGAGAACTATAAG
AACCTGGTTTCCTTGGGTTATCAGCTTACTAAGCCAGATGTGATCCTCCGGTTGGAGAAGGGAGA
AGAGCCCTGGCTGGTGGAGAGAGAAATTCACCAAGAGACCCATCCTGATTCAGAGACTGCATTTG
AAATCAAATCATCAGTTCCGAAARAAGAAACGCAAAGTTgctagCGAGGGCAGAGGAAGTCTTCTA
ACATGCGGTGACGTGGAGGAGAATCCCGGCCCTATGACCGAGTACAAGCCCACGGTGCGCCTCGC
CACCCGCGACGACGTCCCCaGGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCA
CGCGCCACACCGTCGATCCGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTC
ACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGEGGETGGCGGETCTG
GACCACGCCGGAGAGCGTCGAAGCGGGGGCGEGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGT
TGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAG
GAGCCCGCGTGGTTCCTGGCCACCGTCGGCGEGTGTCGCCCGACCACCAGGGCAAGGGTCTGGGCAG
CGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCT
CCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAGGTG
CCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGACCAGecacactggeggeC
GTTACTAGCTTCTGCAGCACGACcCcggTTGATAATAGATAACTTCGTATAGCATACATTATACGAA
GTTATGaattCGATATCAAGCTTATCGATAATCAACCTCTGGATTACAAAATTTGTGARAGATTG
ACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTA
TCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTC
TTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCA
ACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCT
CCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGT
TGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGT
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GTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGA
CCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGA
CGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGATACCGTCGACCTCGAGACCTAGAAAAAD
CATGGAGCAATCACAAGTAGCAATACAGCAGCTACCAATGCTGATTGTGCCTGGCTAGAAGCACA
AGAGGAGGAGGAGGTGGGTTTTCCAGTCACACCTCAGGTACCTTTAAGACCAATGACTTACAAGG
CAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCACTCCCAA
CGAAGACAAGATATCCTTGATCTGTGGATCTACCACACACAAGGCTACTTCCCTGATTGGCAGAA
CTACACACCAGGGCCAGGGATCAGATATCCACTGACCTTTGGATGGTGCTACAAGCTAGTACCAG
TTGAGCAAGAGAAGGTAGAAGAAGCCAATGAAGGAGAGAACACCCGCTTGTTACACCCTGTGAGC
CTGCATGGGATGGATGACCCGGAGAGAGAAGTATTAGAGTGGAGGTTTGACAGCCGCCTAGCATT
TCATCACATGGCCCGAGAGCTGCATCCGGACTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAG
CCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTG
CTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTA
GTCAGTGTGGAAAATCTCTAGCAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCT
AGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCC
CACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTC
TGGGGGGETGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGG
GATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCA
CGCGCCCTGTAGCGGCGCATTAAGCGCGGCGEGGGETGTGGTGGTTACGCGCAGCGTGACCGCTACAC
TTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGL
TTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCT
CGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTT
TTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACA
CTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTT
AAAAARATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGTGGAATGTGTGTCAGTTAGG
GTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAG
CAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAAT
TAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGC
CCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCT
CTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCG
GGAGCTTGTATATCCATTTTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCATAGTAT
ATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCC
GGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCC
GGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCG
GTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCT
GTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCG
AGATCGGCGAGCAGCCGTGGGGGECGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCAC
TTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGATTCCACCGCCGCCTTCTATGA
AAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCA
TGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAAT
AGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACT
CATCAATGTATCTTATCATGTCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGT
CATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGC
ATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACT
GCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGA
GAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTT
CGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAAT CAGGGGA
TAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAARAGGCCAGGAACCGTAAAAAGGCCGCGET
TGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAG
AGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCG
CTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGG
CGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGC
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TGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTC
CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGA
GGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACA
GTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATC
CGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA
AAAANGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAAC
TCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTA
AAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCT
TAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCC
GTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCG
AGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCA
GAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTA
AGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACG
CTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCC
CCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCC
GCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAG
ATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGA
GTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTC
ATCATTGGAAAACGTTCTTCGGGGCGAAAACT CTCAAGGATCTTACCGCTGTTGAGATCCAGTTC
GATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGT
GAGCAAAAACAGGAAGGCAAAATGCCGCAAAANAGGGAATAAGGGCGACACGGAAATGTTGAATA
CTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATA
CATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGC
CACCTGAC

1.6.2 AAV S. aureus Cas9 KRAB-based repressor

A restriction map of an AAV vector encoding S. aureus Cas9 KRAB-based repressor is
shown in FIG. 7. SEQ ID NO: 3 provides the nucleic acid sequence of the AAV vector
encoding S. aureus Cas9 KRAB-based repressor.

SEQ ID NO: 3

gcaggaacccctagtgatggagttggccactceccecctetectgegegetegetegetcactgaggecyg
ggcgaccaaaggtcgcccgacgcecccecgggcetttgececgggeggectecagtgagecgagecgagcgecge
agctgcctgcaggggcgcectgatgeggtattttectecttacgecatectgtgeggtatttcacaccy
catacgtcaaagcaaccatagtacgcgceccctgtageggegecattaagegeggegggtgtggtggt
tacgcgcagcgtgaccgctacacttgceccagegecctagegececgetectttegetttettecett
cctttcectecgeccacgttegecggetttececegtcaagetcectaaatecgggggeteecctttagggtte
cgatttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtygg
gccatcgccecctgatagacggtttttegecctttgacgttggagtccacgttectttaatagtggac
tcttgttccaaactggaacaacactcaaccctatctecgggetattettttgatttataagggatt
ttgccgatttcggectattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaa
caaaatattaacgtttacaattttatggtgcactctcagtacaatctgctctgatgeccgecatagt
taagccagccccgacacccecgceccaacacccecgcetgacgegecctgacgggettgtetgetececggea
tccgecttacagacaagectgtgaccgtcectececgggagetgecatgtgtcagaggttttecacecgtecate
accgaaacgcgcgagacgaaagggcecctcecgtgatacgectatttttataggttaatgtcatgataa
taatggtttcttagacgtcaggtggcacttttcggggaaatgtgcgecggaaccectatttgttta
tttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaata
atattgaaaaaggaagagtatgagtattcaacatttccgtgtcgecccttatteccecttttttgegg
cattttgccttecctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcag
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ttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagtttteg
ccccgaagaacgttttceccaatgatgagcacttttaaagttectgetatgtggegeggtattatece
gtattgacgccgggcaagagcaactcggtcecgecgecatacactattctcagaatgacttggttgag
tactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgectge
cataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagce
taaccgcttttttgcacaacatgggggatcatgtaactcgecttgategttgggaaccggagetyg
aatgaagccataccaaacgacgagcgtgacaccacgatgecctgtagcaatggcaacaacgttgeg
caaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggagg
cggataaagttgcaggaccacttctgegectecggecctteecggetggetggtttattgetgataaa
tctggagccggtgagegtggaageccgeggtatcattgcagecactggggeccagatggtaageccte
ccgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcg
ctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactt
tagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatct
catgaccaaaatcccttaacgtgagttttecgttceccactgagegtcagaccececgtagaaaagatca
aaggatcttcttgagatcctttttttctgegegtaatctgetgettgcaaacaaaaaaaccaccy
ctaccagcggtggtttgtttgccggatcaagagctaccaactecttttteccgaaggtaactggett
cagcagagcgcagataccaaatactgtceccttctagtgtageccgtagttaggeccaccacttcaaga
actctgtagcaccgcctacatacctcecgcectcectgectaatecctgttaccagtggetgetgecagtgge
gataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcageggteggyg
ctgaacggggggttcgtgcacacagcecccagecttggagecgaacgacctacaccgaactgagatace
tacagcgtgagctatgagaaagcgccacgcttceccgaagggagaaaggcggacaggtateccggta
agcggcagggtcggaacaggagagcgcacgagggagcecttceccagggggaaacgectggtatettta
tagtcctgtecgggtttcecgeccacctectgacttgagegtegatttttgtgatgetegtcagggggge
ggagcctatggaaaaacgccagcaacgcggcectttttacggttectggecttttgetggectttt
gctcacatgtcctgcaggcagectgegegetegetegetcactgaggecgececgggegtegggega
cctttggtecgececcggectcagtgagecgagecgagegegcagagagggagtggecaactecatecact
aggggttcctgcggcectctagactcgaggegttgacattgattattgactagttattaatagtaa
tcaattacggggtcattagttcatagcccatatatggagttccgegttacataacttacggtaaa
tggccecgectggcectgaccgceccaacgaccececcgeccattgacgtcaataatgacgtatgttecca
tagtaacgccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccac
ttggcagtacatcaagtgtatcatatgccaagtacgcccecectattgacgtcaatgacggtaaatyg
gcccecgcectggcattatgecccagtacatgaccttatgggactttectacttggcagtacatcectacyg
tattagtcatcgctattaccatggtgatgecggttttggcagtacatcaatgggegtggatagegg
tttgactcacggggatttccaagtctccaccccattgacgtcaatgggagtttgttttggecacca
aaatcaacgggactttccaaaatgtcgtaacaactccgeccccattgacgcaaatgggeggtagge
gtgtacggtgggaggtctatataagcagagctctctggectaactaccggtgeccaccatgtaccceca
tacgatgttccagattacgctGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGC
AGCCAAGCGGAACTACATCCTGGGCCTGGCCATCGGCATCACCAGCGTGGGCTACGGCATCATCG
ACTACGAGACACGGGACGTGatcgATGCCGGCGTGCGGCTGTTCARAGAGGCCAACGTGGAARAC
AACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCATAGAATCCA
GAGAGTGAAGAAGCTGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCA
ACCCCTACGAGGCCAGAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCC
CTGCTGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGACACCGGCAA
CGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTGGARGAGAAATACGTGGCCG
AACTGCAGCTGGAACGGCTGAAGAAAGACGGCGAAGTGCGGGGCAGCATCAACAGATTCAAGACC
AGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCA
GAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCGGACCTACTATGAGGGACCTGGCG
AGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGGGCCACTGCACC
TACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACGCCGACCTGTACAACGCCCTGAA
CGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCTGGAATATTACGAGAAGTTCC
AGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCARAGAAATC
CTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACCAA
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CCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGARAAGAGATTATTGAGAACGCCGAGC
TGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGCAGCGAGGACATCCAGGAAGAACTG
ACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAGATCTCTAATCTGAAGGGCTATAC
CGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCACACCAACG
ACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAGCAG
AAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGAAGAGAAGCTTCAT
CCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACATCATTATCG
AGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCAGAAGCGGAAC
CGGCAGACCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGCARAGAGAACGCCAAGTACCT
GATCGAGAAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCCATCC
CTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCACATCATCCCCAGAAGCGTG
TCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGCAGGAAGAAGCcCAGCAAGAAGGGCAA
CCGGACCCCATTCCAGTACCTGAGCAGCAGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGC
ACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAA
GAACGGGACATCAACAGGTTCTCCGTGCAGARAGACTTCATCAACCGGAACCTGGTGGATACCAG
ATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGTGAACAACCTGGACGTGA
AAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGAAGTGGAAGTTTAAGARAAGAG
CGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTT
CAAAGAGTGGAAGAAACTGGACAAGGCCAARAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGC
AGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATCACCCCCCAC
CAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCACCGGGTGGACAAGAAGCCTAA
TAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAGGACGACAAGGGCAACACCCTGATCG
TGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGCTGAARAAAGCTGATCAACAAGAGC
CCCGAARAGCTGCTGATGTACCACCACGACCCCCAGACCTACCAGARACTGAAGCTGATTATGGA
ACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGAACTACCTGACCA
AGTACTCCAARRAGGACAACGGCCCCGTGATCAAGAAGATTAAGTATTACGGCAACARACTGAAC
GCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAA
GCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGG
ATGTGATCAAARAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAGCTG
AAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATCTGATCAAGATCAA
CGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAGTGAACATGA
TCGACATCACCTACCGCGAGTACCTGGAAAACATGAACGACAAGAGGCCCCCCAGGATCATTAAG
ACAATCGCCTCCAAGACCCAGAGCATTAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGA
AGTGAAATCTAAGAAGCACCCTCAGATCATCARAAAGGGCAAAAGGCCGGCGGCCACGAARARARAGG
CCGGCCAGGCAARAAAGARAAAAGUgatcCGATGCTAAGTCACTGACTGCCTGGTCCCGGACACTG
GTGACCTTCAAGGATGTGTTTGTGGACTTCACCAGGGAGGAGTGGAAGCTGCTGGACACTGCTCA
GCAGATCCTGTACAGAAATGTGATGCTGGAGAACTATAAGAACCTGGTTTCCTTGGGTTATCAGC
TTACTAAGCCAGATGTGATCCTCCGGTTGGAGAAGGGAGAAGAGCCCTGGCTGGTGGAGAGAGAA
ATTCACCAAGAGACCCATCCTGATTCAGAGACTGCATTTGAAATCAAATCATCAGTTCCGARAAAA
GAAACGCAAAGtttaaGaattcctagagctcgcectgatcagecctcecgactgtgecttectagttgeca
gccatctgttgtttgccecctecececegtgecttecttgacecectggaaggtgecacteccactgtee
tttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattectattcectggggggt

ggggtggggcaggacagcaagggggaggattgggaagagaatagcaggcatgetggggag

1.6.3 AAV S. aureus Cas9 U6-gRNA vector with GFP-Kan stuffer

A restriction map of an AAV vector encoding S. aureus Cas9 U6-gRNA is shown in FIG.
8. SEQ ID NO: 4 provides the nucleic acid sequence of the AAV vector encoding S.
aureus Cas9 U6-gRNA (with sample protospacer gRNA sequence).
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SEQ ID NO: 4

ggggggggggggggggggttggccactceccecctetetgegegetegetegetcactgaggecgggeyg
accaaaggtcgcccgacgcecccecgggetttgececgggeggectecagtgagecgagecgagegegecagag
agggagtggccaactccatcactaggggttcctagatctgaattcggtacCagatctaggaaCCT
AGGgcctatttcccatgatteccttcatatttgcatatacgatacaaggctgttagagagataatt
ggaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatt
tcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaactt
gaaagtatttcgatttcttggctttatatatcttgTGGAAAGGACGAAACACCgagcgcgeccccy
cctagcccecgttttagtactctggaaacagaatctactaaaacaaggcaaaatgcececgtgtttatet
cgtcaacttgttggcgagatttttttGCGGCCGCCCgecggtggagecteccagettttgtteeccttt
agtgagggttaatTctagaggatccggtactcgaggaactgaaaaaccagaaagttaactggtaa
gtttagtctttttgtcttttatttcaggtccecggatececggtggtggtgcaaatcaaagaactgcet
cctcagtggatgttgcecctttacttctaggectgtacggaagtgttacttectgectctaaaagectge
ggaattgtacccgcggcecccgggatccaccggtegecaccatggtgagcaagggecgaggagetgtt
caccggggtggtgcccatcctggtcecgagectggacggcgacgtaaacggccacaagttcagegtgt
ccggcgagggcgagggcgatgceccacctacggcaagctgacecctgaagttecatectgecaccaccgge
aagctgcccgtgceccecctggeccacccectegtgaccaccctgacctacggegtgecagtgettecagecyg
ctaccccgaccacatgaagcagcacgacttcecttcaagteccgecatgeccgaaggectacgteccagg
agcgcaccatcttcecttcaaggacgacggcaactacaagacccgegecgaggtgaagttcecgaggge
gacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcecctggg
gcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacyg
gcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagetecgecgaccac
taccagcagaacacccccatcggcgacggecccecgtgetgetgeccgacaaccactacctgageac
ccagtccgceccecctgagcaaagaccccaacgagaagcecgecgatcacatggtectgetggagttegtga
ccgceccgecgggatcacteteggecatggacgagetgtacaagtaaagecggecgeggggatcecagac
atgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttat
ttgtgaaatttgtgatgctattgctttatttgtaaccattataagctgcaataaacaagttaaca
acaacaattgcattcattttatgtttcaggttcagggggaggtgtgggaggttttttagtcgacce
tcgagcagtgtggttttgcaagaggaagcaaaaagcctctceccacccaggectggaatgtttecac
ccaagtcgaaggcagtgtggttttgcaagaggaagcaaaaagcctcteccacccaggectggaatyg
tttccacccaatgtcgagcaacccececgeccagegtettgtecattggegaattecgaacacgecagatyg
cagtcggggcggcgecggtecccaggtecacttegecatattaaggtgacgegtgtggectcecgaacac
cgagcgaccctgcagceccaatatgggatcggeccattgaacaagatggattgcacgcaggttectecg
gccgcecttgggtggagaggctatteggectatgactgggcacaacagacaatcggetgetetgatge
cgccecgtgttcecggectgtcagegcaggggegeccggttetttttgtcaagaccgacctgtecggtyg
ccctgaatgaactgcaggacgaggcagcegceggctategtggetggecacgacgggegttecttge
gcagctgtgctcgacgttgtcactgaagcgggaagggactggcectgectattgggecgaagtgecggyg
gcaggatctcctgtcatctcaccttgectecctgecgagaaagtatccatcatggetgatgecaatge
ggcggctgcatacgcecttgatcecggectacctgeccattecgaccaccaagecgaaacatcgecatecgag
cgagcacgtactcggatggaagccggtcettgtcecgatcaggatgatctggacgaagagcatcaggg
gctcgcecgccagccgaactgttegeccaggectcaaggegegecatgeccgacggegaggatetegteg
tgacccatggcgatgcctgcecttgeccgaatatcatggtggaaaatggececgettttectggattecate
gactgtggccggctgggtgtggcggaccgctatcaggacatagegttggectaccecgtgatattge
tgaagagcttggcggcgaatgggctgaccgecttectegtgetttacggtategecgeteececgatt
cgcagcgcatcgecttectategecttettgacgagttettetgaggggatececgtecgactagaget
cgctgatcagcctcecgactgtgecttcectagttgeccageccatectgttgtttgececectecececegtgece
ttcecttgaccctggaaggtgceccactcececcactgtectttectaataaaatgaggaaattgecatcecge
attgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggat
tgggaagacaatagcaggcatgctggggagagatctaggaaccectagtgatggagttggecact
ccectetetgegegetegetegetcactgaggecgeccgggcaaageccgggegtegggegaccett
tggtcgccecggectcagtgagecgagecgagecgegcagagagggagtggeccaacccccccccccccee
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cceccectgcagceccagcetgecattaatgaatecggecaacgecgeggggagaggeggtttgegtattggg
cgctcecttecgettectegetcactgactegetgegeteggtegtteggetgeggecgageggtate
agctcactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgt
gagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgegttgetggegtttttecatagg
ctccgcecceccecectgacgagcatcacaaaaatcgacgctcaagtcagaggtggecgaaacccgacagg
actataaagataccaggcgtttcccecctggaagcectceccecctegtgegetetectgttecgacecctge
cgcttaccggatacctgtccecgecttteteccttecgggaagegtggegetttectcaatgetcacge
tgtaggtatctcagttcggtgtaggtecgttecgetceccaagetgggetgtgtgcacgaaccececeegt
tcagcccgaccgetgegecttatececggtaactategtettgagtccaaccecggtaagacacgact
tatcgccactggcagcagccactggtaacaggattagcagagecgaggtatgtaggeggtgetaca
gagttcttgaagtggtggcctaactacggctacactagaaggacagtatttggtatctgegetcet
gctgaagccagttaccttcggaaaaagagttggtagectcecttgatcecggcaaacaaaccaccgetyg
gtagcggtggtttttttgtttgcaagcagcagattacgecgcagaaaaaaaggatctcaagaagat
cctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggt
catgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaa
tctaaagtatatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatce
tcagcgatctgtctatttecgttcatccatagttgectgacteccececgtegtgtagataactacgat
acgggagggcttaccatctggccccagtgectgcaatgataccgecgagacccacgctcaccggete
cagatttatcagcaataaaccagccagccggaagggceccgagecgcagaagtggtectgecaacttta
tccgecteccatceccagtcectattaattgttgecgggaagectagagtaagtagttecgecagttaatag
tttgcgcaacgttgttgccattgctacaggcatecgtggtgtcacgectegtegtttggtatggett
cattcagctccggttcecccaacgatcaaggcgagttacatgatccecececcatgttgtgcaaaaaagceg
gttagctccttcecggtcecctececgategttgtcagaagtaagttggeccgecagtgttatcactecatggt
tatggcagcactgcataattctcttactgtcatgccatcecgtaagatgettttetgtgactggtyg
agtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgectecttgececggegtea
atacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcectte
ggggcgaaaactctcaaggatcttaccgectgttgagatccagttcgatgtaacccactegtgeac
ccaactgatcttcagcatcttttactttcaccagecgtttctgggtgagcaaaaacaggaaggcaa
aatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactcttcecctttttea
atattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttaga
aaaataaacaaataggggttccgcgcacatttcccecgaaaagtgceccacctgacgtctaagaaacce
attattatcatgacattaacctataaaaataggcgtatcacgaggccctttegtcectegegegttt
cggtgatgacggtgaaaacctctgacacatgcagctcecccecggagacggtcacagettgtectgtaag
cggatgccgggagcagacaagcecccgtcagggegegtcecagegggtgttggegggtgteggggetygg
cttaactatgcggcatcagagcagattgtactgagagtgcaccatatgcggtgtgaaataccgca
cagatgcgtaaggagaaaataccgcatcaggaaattgtaaacgttaatattttgttaaaattcge
gttaaatttttgttaaatcagctcattttttaaccaataggccgaaatcggcaaaatcceccttata
aatcaaaagaatagaccgagatagggttgagtgttgttccagtttggaacaagagtccactatta
aagaacgtggactccaacgtcaaagggcgaaaaaccgtctatcagggecgatggeccactacgtga
accatcaccctaatcaagttttttggggtcgaggtgececgtaaagcactaaatcggaaccctaaag
ggagcccccgatttagagettgacggggaaagceccggcgaacgtggecgagaaaggaagggaagaaa
gcgaaaggagcgggcgctagggcegetggcaagtgtageggtcacgetgegegtaaccaccacace
cgccgcgcttaatgegecgcectacagggegegtegegecattegecattcaggectacgecaactgtt
gggaagggcgatcggtgcgggcecctcecttegetattacgeccagetggetgea

1.6.5 AAV S. aureus Cas9 U6-gRNA vector with GFP-Kan stuffer

A restriction map of an AAV vector encoding S. aureus Cas9 U6-gRNA is shown in FIG.
9. SEQ ID NO: 5 provides the nucleic acid sequence of the AAV vector encoding S.
aureus Cas9 U6-gRNA (Protospacer is cloned into the Bbsl sites).
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SEQ ID NO: 5

ggggggggggggggggggttggccactceccecctetetgegegetegetegetcactgaggecgggeyg
accaaaggtcgcccgacgcecccecgggetttgececgggeggectecagtgagecgagecgagegegecagag
agggagtggccaactccatcactaggggttcctagatctgaattcggtaccaagetTgectattt
cccatgattcecttcatatttgcatatacgatacaaggctgttagagagataattggaattaattt
gactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagt
ttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttce
gatttcttggctttatatatcttgTGGAAAGGACGAAACACCgggtcttecgagaagacctgtttt
agtactctggaaacagaatctactaaaacaaggcaaaatgccgtgtttatctcgtcaacttgttyg
gcgagatttttttGCGGCCGCCCgeggtggagecteccagettttgttececctttagtgagggttaat
TctagAgagacgtacaaaaaagagcaagaagctaaaaaagatttaaaaattatttttagegecagt
taatggaacaggaactaaatttaccccaaaaatattacgtgaatcaggatataacgttattgagg
ttgaagagcatgcatttgaagatgaaacatttaaaaatgttgtaaatccaaatccagaatttgat
cctgcatgaaaaataccgcttgaatatggtattaaacatgatgcagatattattattatgaatga
cccagatgctgacagatttggaatggcaataaaacatgatggtcattttgtaagattagatggaa
atcaaacaggaccaattttaattgattgaaaattatcaaatctaaaacgcttaaatagcattcca
aaaaatccggctctatattcaagttttgtaacaagtgatttgggtgatagaatcgectcatgaaaa
atatggagttaatattgtaaaaactttaactggatttaaatgaatgggtagagaaattgctaaag
aagaagataacggattaaattttgtttttgcttatgaagaaagttatggatatgtaattgatgac
tcagctagagataaagatggaatacaagcttctatattaatagcagaggctgcttgattttataa
aaaacaaaataaaacattagtagactatttagaagatttatttaaagaaatgggtgcatattaca
ctttcactttaaacttgaattttaaaccagaagaaaagaaattaaaaattgaaccattaatgaaa
tcattgagagcaacacccttaactcaaattgctggacttaaagttgttaatgttgaagactacat
cgatggaatgtataatatgccaggacaagacttactaaaattttatttagaagataagtcatgat
ttgctgttcgcccaagtggaactgaacctaaactaaaaatttattttataggtgttggtgaatct
gttcaaaacgctaaagttaaagtagacgaaattattaaagaattaaaattaaaaatgaatatata
ggagaaaaaatgaaactaaacaaatatatagatcacacattattaaaacaagatgctacgaaagc
tgaaattaaacaattatgtgatgaagcaattgaatttgattttgcaacagtttgtgttaattcat
attgaacaagctattgtaaagaattattaaaaggcacaaatgtaggaataacaaatgttgtaggt
tttcctctaggtgcatgcacaacagctacaaaagcattcgaagtttctgaagcaattaaagatgg
tgcaacagaaattgatatggtattaaatattggtgcattaaaagacaaaaattatgaattagttt
tagaagacatgaaagctgtaaaaaaagcagctggatcacatgttgttaaatgtattatggaaaat
tgtttattaacaaaagaagaaatcatgaaagcttgtgaaatagctgttgaagctggattagaatt
tgttaaaacatcaacaggattttcaaaatcaggtgcaacatttgaagatgttaaactaatgaagt
cagttgttaaagacaatgctttagttaaagcagctggtggagttagaacatttgaagatgctcaa
aaaatgattgaagcaggagctgaccgcttaggaacaagtggtggagtagctattattaaaggtga
agaaaacaacgcgagttactaaaactagcgtttttttattttgectcatttttattaaaagtttge
aaaaaggaacataaaaattctaattattgatactaaagttattaaaaagaagattttggttgatt
ttataaaggtcatagaatataatattttagcatgtgtattttgtgtgctcatttacaaccgtcte
GCggccgcggggatccagacatgataagatacattgatgagtttggacaaaccacaactagaatyg
cagtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataag
ctgcaataaacaagttaacaacaacaattgcattcattttatgtttcaggttcagggggaggtgt
gggaggttttttagtcgacctcgagcagtgtggttttgcaagaggaagcaaaaagcctctceccace
caggcctggaatgtttccacccaagtcgaaggcagtgtggttttgcaagaggaagcaaaaagcect
ctccacccaggcecctggaatgtttceccacccaatgtcgagcaaccecgeccagegtettgtecattygg
cgaattcgaacacgcagatgcagtcggggcggcecgeggteccaggtecacttegecatattaaggtyg
acgcgtgtggcctcgaacaccgagcgaccctgcagecaatatgggateggecattgaacaagatg
gattgcacgcaggttctccggeccgettgggtggagaggctatteggetatgactgggcacaacag
acaatcggctgctctgatgccgecgtgttecggetgtecagegcaggggegececggttetttttgt
caagaccgacctgtccggtgeccecctgaatgaactgcaggacgaggcagegeggctategtggetygg
ccacgacgggcgttecttgegcagetgtgetecgacgttgtcactgaagecgggaagggactggetg
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ctattgggcgaagtgccggggcaggatctectgtcatctcaccttgetectgecgagaaagtate
catcatggctgatgcaatgcggcggctgcatacgecttgatceccggectacctgeccattecgaccace
aagcgaaacatcgcatcgagcgagcacgtactcggatggaagececggtettgtecgatcaggatgat
ctggacgaagagcatcaggggctcgecgecagecgaactgttecgecaggectcaaggegegecatgee
cgacggcgaggatctcecgtecgtgacccatggecgatgectgettgecgaatatcatggtggaaaatg
gccgcttttetggattcatecgactgtggecggetgggtgtggeggacecgetatcaggacatageg
ttggctacccgtgatattgctgaagagecttggecggecgaatgggectgaccgettectegtgettta
cggtatcgccgcecteccgattegecagegecategecttetategecttettgacgagttettetgag
gggatccgtcgactagagctcecgectgatcagectecgactgtgecttectagttgecagecatetgtt
gtttgcccctceccececcecegtgecttecttgacecctggaaggtgecactecccactgtectttectaata
aaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtgggge
aggacagcaagggggaggattgggaagacaatagcaggcatgctggggagagatctaggaacccce
tagtgatggagttggccactccctcectetgegegetegetegetcactgaggecgeccgggcaaadg
ccecgggcegtegggegaccectttggtegececggectcagtgagecgagecgagegegcagagagggagt
ggccaacccccceccececcececcececcecceccecceccecctgecageccagetgecattaatgaatecggecaacgegegggga
gaggcggtttgecgtattgggcecgectcecttecgettectegetcactgactecgetgegeteggtegtt
cggctgcggcgagcggtatcagetcactcaaaggcecggtaatacggttatccacagaatcagggga
taacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggecgegt
tgctggecgttttteccataggctcececgecececectgacgagecatcacaaaaatcgacgectcaagtecag
aggtggcgaaacccgacaggactataaagataccaggcgtttceccececctggaagetececctegtgeg
ctctecectgtteccgaccecctgecgettaccggatacctgtecgecttteteeccttegggaagegtygg
cgctttctcaatgctcacgcectgtaggtatctcagtteggtgtaggtegttegeteccaagetggge
tgtgtgcacgaacccccecegttcageccgaccgetgegecttatecggtaactategtettgagte
caacccggtaagacacgacttatcgceccactggcagcagccactggtaacaggattagcagagcga
ggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaaggaca
gtatttggtatctgcgctctgectgaagccagttaccttcggaaaaagagttggtagetecttgate
cggcaaacaaaccaccgctggtagecggtggtttttttgtttgcaagcagcagattacgecgcagaa
aaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgectcagtggaacgaaaac
tcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaatta
aaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttaccaatgcect
taatcagtgaggcacctatctcagcgatctgtctatttecgttcatccatagttgectgacteccce
gtcgtgtagataactacgatacgggagggcttaccatctggeccccagtgectgcaatgataccgeg
agacccacgctcaccggctccagatttatcagcaataaaccageccageccggaagggcecgagegea
gaagtggtcctgcaactttatccgectceccatccagtctattaattgttgecgggaagectagagta
agtagttcgccagttaatagtttgcgcaacgttgttgeccattgectacaggcategtggtgtcacyg
ctcgtcecgtttggtatggcttcattcagectecggtteccaacgatcaaggecgagttacatgatecce
ccatgttgtgcaaaaaagcggttagctecctteggtecteccgategttgtcagaagtaagttggee
gcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgeccatececgtaag
atgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccga
gttgctcttgccecggegtcaatacgggataataccgecgeccacatagcagaactttaaaagtgete
atcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgetgttgagatccagtte
gatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagegtttetgggt
gagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaata
ctcatactcttcecctttttcaatattattgaagcatttatcagggttattgtctcatgageggata
catatttgaatgtatttagaaaaataaacaaataggggttccgcecgcacatttceccccgaaaagtge
cacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgagg
ccectttegtetegegegttteggtgatgacggtgaaaacctectgacacatgcagetecececggagac
ggtcacagcttgtctgtaagcggatgeccgggagcagacaageccecgtcagggegegtcagegggtyg
ttggcgggtgtecggggcectggcecttaactatgecggecatcagagcagattgtactgagagtgcaccat
atgcggtgtgaaataccgcacagatgcgtaaggagaaaataccgcatcaggaaattgtaaacgtt
aatattttgttaaaattcgcgttaaatttttgttaaatcagctcattttttaaccaataggeccga
aatcggcaaaatcccttataaatcaaaagaatagaccgagatagggttgagtgttgttccagttt
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ggaacaagagtccactattaaagaacgtggactccaacgtcaaagggcgaaaaaccgtctatcag
ggcgatggcccactacgtgaaccatcaccctaatcaagttttttggggtecgaggtgeccgtaaage
actaaatcggaaccctaaagggagcccceccgatttagagettgacggggaaageccggcgaacgtgg
cgagaaaggaagggaagaaagcgaaaggagcgggcgctagggegetggcaagtgtageggtcecacg
ctgcgcgtaaccaccacacccgecgegettaatgegecgetacagggegegtegegecattegee
attcaggctacgcaactgttgggaagggcgatcggtgecgggectecttegetattacgeccagetgg
ctgca

1.6.6 Protospacer sequences for gRNAs
Table 4. CAG Luciferase gRNAs

SEQ ID NO Description | Sequence

6 SaCrl GTCATTATTGACGTCAATGGGC
7 SaCr2 gtgctcagcaactcggggag

8 SaCr3 ctcggggagggaggtgcagg

9 SaCr4 ACTTTCCATTGACGTCAATGGG
10 SaCr5 CTTCGGGGGGGACGGGGCAGGG
11 SaCr6 cttcgeeecgegeccgetaga

12 SaCr7 tcggggaggggggtacagg

13 SaCr8 tgctcagcaactcggggag

14 SaCr9 gcggggggtggeggeaggt

Table 5. Mouse Acvr2b gRNAs

SEQ ID NO Description | Sequence

15 SaCrl gctectetgggaccectga

16 SaCr2 tgctatggageccacgeta

17 SaCr3 ggcgegctctecgagetgg

18 SaCr4 agcgegecccgectagece

19 SaCr5 gcctctttgtatccaacat

20 SaCr6 geacgctcctctgggacceectga
21 SaCr7 gtgggooagaocacctgaa
22 SaCr8 gaggggccatgaacggggg

1.6.7 8. aureus Cas9-based repressor gene sequence

SEQ ID NO: 23 provides a nucleic acid sequence encoding HA-NLS-dSaCas9-NLS-
KRAB. Residues 1-3 are a start codon. Residues 4-30 encode a HA tag. Residues 31-78
encode a first nuclear localization sequence (NLS). Residues 79-3234 encode S. aureus
“dead” Cas9. Residues 103-105 encode the first inactivating mutation. Residues 1813-
1815 encode the second inactivating mutation. Residues 3235-3282 encode a second
NLS. Residues 3289-3597 encode KRAB. Residues 3598-3600 are a stop codon. All
the residues are numbered based on SEQ ID NO: 23.
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SEQ ID NO: 23

atgtacccatacgatgttccagattacgctGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGG
AGTCCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGCCATCGGCATCACCAGCGTGGGCTACG
GCATCATCGACTACGAGACACGGGACGTGatcgATGCCGGCGTGCGGCTGTTCAAAGAGGCCAAC
GTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCA
TAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAGCTGA
GCGGCATCAACCCCTACGAGGCCAGAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTC
TCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGA
CACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTGGAAGAGAAAT
ACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAANGACGGCGAAGTGCGGGGCAGCATCAACAGA
TTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCAGAAGGCCTACCACCA
GCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCGGACCTACTATGAGG
GACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGGGC
CACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACGCCGACCTGTACAA
CGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCTGGAATATTACG
AGAAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCC
AAAGAAATCCTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGA
GTTCACCAACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAGATTATTGAGA
ACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGCAGCGAGGACATCCAG
GAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAGATCTCTAATCTGAA
GGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGC
ACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTG
TCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGAAGAG
AAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACA
TCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCAG
AAGCGGAACCGGCAGACCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGC
CAAGTACCTGATCGAGAAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGG
AAGCCATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCACATCATCCCC
AGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGCAGGAAGAAGCCAGCAA
GAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCGACAGCAAGATCAGCTACGAAACCT
TCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCAAGACCAAGAAAGAGTAT
CTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACCGGAACCTGGT
GGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGTGAACAACC
TGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGAAGTGGAAGTTT
AAGAAAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATTGCCAACGCCGA
TTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCG
AGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATC
ACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCACCGGGTGGACAA
GAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAGGACGACAAGGGCAACA
CCCTGATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGCTGAAAAAGCTGATC
AACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCT
GATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGAACT
ACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGTATTACGGCAAC
AAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCT
GTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGA
AGAATCTGGATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCT
AAGAAGCTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATCTGAT
CAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAG
TGAACATGATCGACATCACCTACCGCGAGTACCTGGAAAACATGAACGACAAGAGGCCCCCCAGG
ATCATTAAGACAATCGCCTCCAAGACCCAGAGCATTAAGAAGTACAGCACAGACATTCTGGGCAA
CCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAGGCCGGCGGCCA
CGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGOgat cCGATGCTAAGTCACTGACTGCCTGGTCC
CGGACACTGGTGACCTTCAAGGATGTGTTTGTGGACTTCACCAGGGAGGAGTGGAAGCTGCTGGA
CACTGCTCAGCAGATCCTGTACAGAAATGTGATGCTGGAGAACTATAAGAACCTGGETTTCCTTGG
GTTATCAGCTTACTAAGCCAGATGTGATCCTCCGGTTGGAGAAGGGAGAAGAGCCCTGGCTGGTG
GAGAGAGAAATTCACCAAGAGACCCATCCTGATTCAGAGACTGCATTTGAAATCAAATCATCAGT
TCCGAAAAAGAAACGCAAAGEttaa
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2. Additional Information

Engineered DNA-binding proteins that can be customized to target any gene in
mammalian cells have enabled rapid advances in biomedical research and are a promising
platform for gene therapies. The RNA-guided CRISPR/Cas9 system has emerged as a
promising platform for programmable targeted gene regulation. Current Cas9
transcriptional repressors are based on Cas9 derived from the S. pyogenes bacterial strain.
Fusion of catalytically inactive, “dead” Cas9 (dCas9) to the Kruppel-associated box
(KRAB) domain generates a synthetic repressor capable of highly specific and potent
silencing of target genes in cell culture experiments. However, a technology to deliver
CRISPR/Cas9-based gene repressors in vivo has not been developed. Adeno-associated
virus (AAV) vectors have been proposed for gene delivery of CRISPR/Cas9 components
for in vivo studies and therapeutic applications. AAV vectors provide stable gene
expression with low risk of mutagenic integration events, can be engineered to target
tissues of interest /n vivo, and are already in use in humans in clinical trials. However,
gene delivery of S. pyogenes dCas9-KRAB in vivo is challenging because the size of the
S. pyogenes dCas9 and KRAB domain fusion exceeds the packaging limit of standard
AAYV vectors. Recently, a smaller Cas9 nuclease protein derived from S. aureus was
described for AAV delivery and in vivo gene editing. An S. aureus nuclease-null dCas9
was generated and fused to a synthetic KRAB repressor to create a programmable RNA-
guided repressor for in vivo gene regulation (FIG. 10A). An AAV-based expression
system was designed to deliver dCas9-KRAB fusion proteins and CRISPR gRNA
targeting molecules in vivo (FIGs. 10B and 10C). When delivered intramuscularly using
an AAV9 serotype vector, S. aureus dCas9-KRAB protein was expressed efficiently in
skeletal muscle up to 8 weeks after delivery in a wild-type mouse model (FIG. 3D).
Furthermore, it was demonstrated that S. aureus dCas9-KRAB is biologically active and
can effectively silence an endogenous gene, acvr2b, in the injected muscle, heart and
liver when delivered with a target guide RNA molecule (FIGs. 3E, 5B and 5D). This
gene delivery system can be customized to target any endogenous gene by designing a
new guide RNA molecule, enabling potent and stable gene repression in animal models

and for human use.
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3. Hypercholesterolemia

Hypercholesterolemia is a risk factor for cardiovascular disease, a leading cause of
mortality in the United States. PCSKO is a circulating protease that binds and facilitates
degradation of low density lipoprotein (LDL) receptors. Individuals with naturally
reduced PCSK9 demonstrate hypocholesterolemia, and silencing PCSK9 expression has
been proposed as a mechanism to lower levels of harmful LDL cholesterol in the serum.
RNA-guided CRISPR/Cas9-based transcriptional modulators can enable efficient and
specific gene repression. An adeno-associated virus (AAV)-based gene modulation
platform was developed using CRISPR/Cas9 repressors to enable targeted silencing of
PCSKO9 gene expression in vivo. To generate RNA-guided repressors, nuclease-inactive
S. aureus Cas9 was fused to the KRAB domain, a motif found in mammalian
transcription factors. CRISPR guide RNAs were targeted to the transcriptional start site
region of the mouse PCSK9 gene. The dCas9-KRAB repressor and PCSK9 guide RNA
(protospacer sequence: gagggaagggatacaggetgga (SEQ ID NO: 42); mm10 coordinates:
chr4 106464536 - 106464557) were expressed on separate adeno-associated viral vectors
and delivered intravenously to wild-type mice (FIG. 11A). Two weeks after treatment,
mice expressing dCas9-KRAB and PCSK9 guide RNA had significantly reduced
circulating PCSK9 and total cholesterol levels in serum, compared to sham-treated and
dCas9-KRAB only-treated controls (FIGs. 11B and 11C). The magnitude of PCSK9
repression and cholesterol reduction depended on the dose of AAV administered.

Overall these results demonstrate that RNA-guided CRISPR/dCas9-KRAB repressors can
effectively silence target liver gene expression in mouse models and show the potential of

this technology for basic research and clinical applications.

4. Regulation of PCSK9 expression in vivo

4.1 Materials and methods

Plasmid constructs and AAV design

An inactive version of S. aureus Cas9 (dSaCas9) was created by introducing D10A and
N580A mutations (Ran et al., Nature. 2015; 520:186-91, incorporated by reference herein
in its entirety). A SaCas9 AAV expression plasmid (Addgene #61592) was received as a
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gift from the Zhang lab (Ran et al. Nature. 2005; 520:186-U98, incorporated by reference
herein in its entirety). The nuclease-active SaCas9 was replaced with dSaCas9-KRAB.
The C’ terminal 3x HA epitope tag was also removed and a single N’ terminal HA tag
was incorporated for tracking protein expression. For the AAV-U6 gRNA plasmid, a
U6-PCSK9 gRNA cassette was cloned into a pTR-eGFP backbone replacing the CMV
with the gRNA.

AAV production
ITRs were verified by Smal digest before production. AAV-dSaCas9-KRAB and AAV-
U6 PCSK9 gRNA were used to generate AAV9 in two separate batches by the Gene

Transfer Vector Core at Schepens Eye Research Institute, Massachusetts Eye and Ear.

Animal studies

Animal studies were conducted with adherence to the guidelines for the care and use of
laboratory animals of the National Institutes of Health (NIH). All the experiments with
animals were approved by the Institutional Animal Care and Use Committee (IACUC) at
Duke University. 6-8 week old C57BI/6 mice (Jackson Labs) were anesthetized and
maintained at 37 °C. The tail vein was prepared and injected with 200 uL of AAV
solution (2 x10'" - 4 x10"* viral genomes/total dose) or sterile PBS using a 31G needle.
Low dose treatment was defined as 2 x10'! viral genomes per vector per mouse (vg/v/m),
and moderate dose was defined as 4 x10"" vg/v/m. Mice were injected with a saline
control, AAV-dSaCas9-KRAB alone, AAV-U6 PCSK9 gRNA alone, or a 1:1 mixture of
AAV-dSaCas9-KRAB and AAV-U6 PCSK9 gRNA. Mice were fasted for 12-14 hours
and submandibular vein blood collections were performed every two weeks, starting on
day O four to six hours prior to tail vein injection. At 6 and 14 weeks post-injection, mice
were euthanized by CO, inhalation, perfused with PBS, and tissue was collected into
RNALater® (Life Technologies) for DNA and RNA, snap-frozen for protein analysis, or
fixed in 4% PFA and embedded in OCT for histology.

qRT-PCR
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Tissue samples were stored in RNALater (Ambion) and total RNA was isolated using the
RNA Universal Plus Kit (Qiagen). ¢cDNA synthesis was performed using the SuperScript
VILO cDNA Synthesis Kit (Invitrogen). For genomic qPCR experiments, genomic DNA
from tissue samples was isolated using a Blood and Tissue Kit (Qiagen). Quantitative
real-time PCR (qQRT-PCR) using QuantIT Perfecta Supermix was performed with the
CFX96 Real-Time PCR Detection System (Bio-Rad) with the oligonucleotide primers
optimized for 90-110% amplification efficiency. The results are expressed as fold-
increase mRNA expression of the gene of interest normalized to Gapdh expression by the
A44C; method.

RNA-sequencing

mRNA was purified from total RNA using oligo(dT) Dynabeads (Invitrogen). First-
strand ¢cDNA was synthesized using the SuperScript VILO ¢DNA Synthesis Kit
(Invitrogen) and second-strand cDNA was synthesized using DNA polymerase I (New
England Biolabs). cDNA was purified using Agencourt AMPure XP beads (Beckman
Coulter). Purified cDNA was treated with Nextera transposase (Illumina) for 5 min at
55°C to simultaneously fragment and insert sequencing primers into the double-stranded
cDNA. Transposase activity was halted using QG buffer (Qiagen) and fragmented cDNA
was purified on AMPure XP beads. Indexed sequencing libraries were PCR-amplified
and sequenced for 50-bp paired-end reads on an Illumina HiSeq 2000 instrument at the
Duke Genome Sequencing Shared Resource. Reads aligned to the delivered AAV vector
were removed from analysis. Filtered reads were then aligned to mouse RefSeq
transcripts using Bowtie 2 (Langmead and Salzberg, Nat Methods. 2012; 9:357-9,
incorporated by reference herein in its entirety). Statistical analysis, including multiple
hypothesis testing, on three independent biological replicates was performed using
DESeq (Anders and Huber, Genome Biol. 2010; 11:R106, incorporated by reference

herein in its entirety).
Western blot

Minced tissue was lysed in RIPA buffer (Sigma), and the BCA assay (Pierce) was

performed to quantify total protein. Lysates were mixed with LDS sample buffer
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(Invitrogen) and boiled for 5 min; equal amounts of total protein were run in NuPAGE
Novex 4-12% Bis-Tris polyacrylamide gels (Life Technologies) and transferred to
nitrocellulose membranes. Nonspecific antibody binding was blocked with 5% nonfat
milk in TBS-T (50 mM Tris, 150 mM NaCl and 0.1% Tween-20) for 30 min. The
membranes were then incubated with primary antibody in 5% milk in TBS-T: rabbit
anti-LDLR diluted 1:1000 overnight at 4°C or or rabbit anti-GAPDH diluted 1:5000 for
60 min at room temperature. Membranes labeled with primary antibodies were incubated
with anti-rabbit HRP-conjugated antibody (Sigma-Aldrich, A6154) diluted 1:5000 for 60
min and washed with TBS-T for 60 min. Membranes were visualized using the Immun-
Star WesternC Chemiluminescence Kit (Bio-Rad) and images were captured using a

ChemiDoc XRS+ system and processed using Imagel.ab software (Bio-Rad).

Histology

A cross section of the median liver lobe was fixed overnight in 4% PFA and embedded in
OCT using liquid nitrogen-cooled isopentane. 10 um sections were cut onto pre-treated
histological slides. Hematoxylin and eosin was used to reveal general liver

histopathology.

Serum Analysis

After harvest, serum was stored in one-time use aliquots at -80C. Total cholesterol and
LDL cholesterol levels were measured from serum via a colorimetric assay according to
manufacturer’s instructions (ThermoScientific Total Cholesterol Reagents #TR13421 and
WakoChemical LDL Cholesterol #993-00404). PCSK9 serum protein levels were
quantified by ELISA with a standard curve according to the manufacturer’s instructions

(R&D Systems #MPC900).
4.2 Results

Three independent studies were conducted, in which dSaCas9-KRAB repressor and
PCSKO9 guide RNA were delivered by AAV vectors to mice.
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In the first study, mice were administered with PBS, AAV-dSaCas9-KRAB alone (1 x
10" total genomes/vector/mouse), or a low-dose 1:1 mixture of AAV-dSaCas9-KRAB
and AAV-U6 PCSK9 gRNA (4 x 10" viral genomes/vector/mouse). Four mice were
tested in each treatment group and followed for 6 weeks. As shown in FIG. 12A, low
dose treatment with dSaCas9-KRAB and PCSK9 gRNA effectively lowered the serum
levels of PCSK9 as measured by ELISA for at least 42 days post-treatment. Treatment
with dSaCas9-KRAB alone did not reduce the serum levels of PCSK9 (FIG. 12A).
Consistent with the reduction of PCSKO9 protein levels, a reduction of PCSK9 mRNA
levels in the liver was also observed in a qRT-PCR analysis (FIG. 12B) as well as a
RNA-seq analysis (FIG. 12C). Total cholesterol and LDL cholesterol levels in the serum
were measured using a colorimetric assay. As shown in FIGs. 12D and 12E, both the
total and LDL cholesterol levels were reduced over the course of 42 days by the low-dose
treatment with dSaCas9-KRAB and PCSK9 gRNA, compared to the PBS treatment or
the treatment with dSaCas9-KRAB alone.

In the second study, mice were administered with PBS, AAV-dSaCas9-KRAB alone (4 x
10" total genomes/vector/mouse), AAV-U6 PCSK9 gRNA alone (4 x 10" total
genomes/vector/mouse), or a moderate-dose 1:1 mixture of AAV-dSaCas9-KRAB and
AAV-U6 PCSK9 gRNA (8 x 10" viral genomes/vector/mouse). Four mice were tested
in each treatment group and followed for 6 weeks. Consistent with results from the low-
dose study described above, treatment with a moderate dose of dSaCas9-KRAB and
PCSK9 gRNA also reduced PCSKO protein levels (FIGs. 13A and 13B), as well as total
cholesterol levels (FIGs. 13C and 13D) and LDL cholesterol levels (FIGs. 13E and 13F)

in the serum.

In the third study, mice were administered with PBS, a low-dose 1:1 mixture of AAV-
dSaCas9-KRAB and AAV-U6 PCSK9 gRNA (4 x 10" viral genomes/vector/mouse), or
a moderate-dose 1:1 mixture of AAV-dSaCas9-KRAB and AAV-U6 PCSK9 gRNA (8 x
10" viral genomes/vector/mouse). Four mice were tested in each group and followed for
24 weeks. As shown in FIG. 14A, both the low-dose and moderate-dose treatments with

dSaCas9-KRAB and PCSK9 gRNA significantly lowered the serum PCSKO levels for at
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least 168 days post-treatment. Both treatments also reduced total (FIGs. 14B and 14C)
and LDL (FIG. 14D) cholesterol levels in the serum.

Any patents or publications mentioned in this specification are indicative of the levels of
those skilled in the art to which the invention pertains. These patents and publications are
herein incorporated by reference to the same extent as if each individual publication was
specifically and individually indicated to be incorporated by reference. In case of conflict,
the present specification, including definitions, will control.

One skilled in the art will readily appreciate that the present invention is well adapted to
carry out the objects and obtain the ends and advantages mentioned, as well as those
inherent therein. The present disclosure described herein are presently representative of
preferred embodiments, are exemplary, and are not intended as limitations on the scope
of the invention. Changes therein and other uses will occur to those skilled in the art
which are encompassed within the spirit of the invention as defined by the scope of the

claims.
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CLAIMS

We claim:

1. A method of modulating expression of a gene, in vivo, in a subject comprising
administering to, or providing in, the subject:

(a) (1) a fusion molecule comprising a sequence comprising a dCas9 molecule
fused to a modulator of gene expression; or (ii) a nucleic acid that encodes a fusion
molecule comprising a sequence comprising a dCas9 molecule fused to a modulator of
gene expression; and

(b) (1) a gRNA which targets the fusion molecule to the gene; or (ii) a nucleic acid
that encodes a gRNA which targets the fusion molecule to the gene,

in an amount sufficient to modulate expression of the gene.

2. The method of claim 1, comprising administering to, or provided in, the

subject any of: (a)(ii) and (b)(ii), (a)() and (b)(i), (2)(i) and (b)(ii), or (a)(ii) and (b)(i).

3. The method of claim 1, comprising administering to, or provided in, the
subject:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to

the gene.

I

. The method of claim 1, wherein the nucleic acid of (a)(ii) comprises DNA.

wn

. The method of claim 1, wherein the nucleic acid of (b)(ii) comprises DNA.

6. The method of claim 1, wherein the nucleic acid of (a)(i1) comprises RNA.

~

. The method of claim 1, wherein the nucleic acid of (b)(ii) comprises RNA.
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8. The method of claim 1, wherein one or both of (a) and (b) are packaged in a

viral vector.

9. The method of claim 1, wherein (a) is packaged in a viral vector.

10. The method of claim 1, wherein (b) is packaged in a viral vector.

11. The method of claim 1, wherein (a) and (b) are packaged in the same viral

vector.

12. The method of claim 8, wherein the viral vector comprises an AAV vector.

13. The method of claim 8, wherein the viral vector comprises a lentiviral vector.

14. The method of claim 1, wherein (a) is packaged in a first viral vector and (b)

is packaged in a second viral vector.

15. The method of claim 14, wherein the first viral vector comprises an AAV

vector and the second viral vector comprises an AAV vector.

16. The method of claim 1, wherein the dCas9 molecule comprises a gRNA

binding domain of a Cas9 molecule.
17. The method of claim 1, wherein the dCas9 molecule comprises one, two or
all of: a Recl domain, a bridge helix domain, or a PAM interacting domain, of a Cas9

molecule.

18. The method of claim 1, wherein the dCas9 molecule is a mutant of a wild-

type Cas9 molecule, e.g., in which the Cas9 nuclease activity is inactivated.
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19. The method of claim 1, wherein the dCas9 molecule comprises a mutation
that inactivates a Cas9 nuclease activity, e.g., a mutation in a DNA-cleavage domain of a

Cas9 molecule.

20. The method of claim 1, wherein the dCas9 molecule comprises a mutation
that inactivates a Cas9 nuclease activity, e.g., a mutation in a RuvC domain and/or a

mutation in a HNH domain.

21. The method of claim 1, wherein the dCas9 molecule comprises a
Staphylococcus aureus dCas9 molecule, a Streptococcus pyogenes dCas9 molecule, a
Campylobacter jejuni dCas9 molecule, a Corynebacterium diphtheria dCas9 molecule, a
LEubacterium ventriosum dCas9 molecule, a Streptococcus pasteurianus dCas9 molecule,
a Lactobacillus farciminis dCas9 molecule, a Sphaerochaeta globus dCas9 molecule, an
Azospirillum (e.g., strain B5S10) dCas9 molecule, a Gluconacetobacter diazotrophicus
dCas9 molecule, a Neisseria cinerea dCas9 molecule, a Roseburia intestinalis dCas9
molecule, a Parvibaculum lavamentivorans dCas9 molecule, a Nitratifractor salsuginis
(e.g., strain DSM 16511) dCas9 molecule, a Campylobacter lari (e.g., strain CF89-12)

dCas9 molecule, or a Streptococcus thermophilus (e.g., strain LMD-9) dCas9 molecule.

22. The method of claim 1, wherein the dCas9 molecule comprises an S. aureus

dCas9 molecule, e.g., comprising an S. aureus dCas9 sequence described herein.

23. The method of claim 1, wherein the S. aureus dCas9 molecule comprises a
mutation at an amino acid position, corresponding to position 10, 580, or both (e.g.,
D10A, N580A, or both), relative to a wild-type S. aureus dCas9 molecule, numbered
according to SEQ ID NO: 25.

24. The method of claim 1, wherein the S. aureus dCas9 molecule comprises the
amino acid sequence of SEQ ID NO: 35 or 36, a sequence substantially identical (e.g., at
least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 35

or 36, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
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substitutions, insertions, or deletions, relative to SEQ ID NO: 35 or 36, or any fragment

thereof.

25. The method of claim 1, wherein the dCas9 molecule comprises an S.
pyogenes dCas9 molecule, e.g., comprising an S. pyogenes dCas9 sequence described

herein.

26. The method of claim 1, the . pyogenes dCas9 molecule comprises a
mutation at an amino acid position, corresponding to position 10, 840, or both (e.g.,
D10A, H840A, or both), relative to a wild-type S. pyogenes dCas9 molecule, numbered
according to SEQ ID NO: 24.

27. The method of claim 1, wherein the dCas9 molecule is less than 1400, 1300,
1200, 1100, 1000, 900, 800, 700, 600, or 500 amino acids in length.

28. The method of claim 1, wherein the dCas9 molecule is 500-1300, 600-1200,
700-1100, 800-1000, 500-1200, 500-1000, 500-800, 500-600, 1000-1200, 800-1200, or
600-1200 amino acids in length.

29. The method of claim 1, wherein the dCas9 molecule has a size that is less
than 90%, 80%, 70%, 60%, 50%, 40%, or 30% of the size of a wild-type Cas9 molecule,

e.g., awild-type S. pyogenes Cas9 molecule or a wild-type S. aureus dCas9 molecule.

30. The method of claim 1, wherein the modulator of gene expression comprises

a modulator of gene expression described herein.

31. The method of claim 1, wherein the modulator of gene expression comprises
a repressor of gene expression, e.g., a Kriippel associated box (KRAB) molecule, an
mSin3 interaction domain (SID) molecule, four concatenated mSin3 interaction domains

(SID4X), MAX-interacting protein 1 (MXI1), or any fragment thereof.
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32. The method of claim 1, wherein the modulator of gene expression comprises a
Kruppel associated box (KRAB) molecule comprising the sequence of SEQ ID NO: 34, a
sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%,
99% or higher identical) to SEQ ID NO: 34, or a sequence having one, two, three, four,
five or more changes, e.g., amino acid substitutions, insertions, or deletions, relative to

SEQ ID NO: 34, or any fragment thereof.

33. The method of claim 1, wherein the modulator of gene expression comprises
an activator of gene expression, e.g., a VP16 transcription activation domain, a VP64
transcriptional activation domain, a p65 activation domain, an Epstein—Barr virus R
transactivator Rta molecule, a VP64-p65-Rta fusion (VPR), Ldb1 self-association

domain, or any fragment thereof.

34. The method of claim 1, wherein the modulator of gene expression comprises
a modulator of epigenetic modification, e.g., a histone acetyltransferase (e.g., p300
catalytic domain), a histone deacetylase, a histone methyltransferase (e.g., SUV39H1 or
G9a (EHMT?2)), a histone demethylase (e.g., Lys-specific histone demethylase 1
(LSD1)), a DNA methyltransferase (e.g., DNMT3a or DNMT3a-DNMT3L), a DNA
demethylase (e.g., TET1 catalytic domain or TDG), or fragment thereof.

35. The method of claim 1, wherein the modulator of gene expression is fused to

the C-terminus, N-terminus, or both, of the dCas9 molecule.

36. The method of claim 1, wherein the modulator of gene expression is fused to

the dCas9 molecule directly.
37. The method of claim 1, wherein the modulator of gene expression is fused to

the dCas9 molecule indirectly, e.g., via a non-modulator or a linker, or a second

modulator.
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38. The method of claim 1, wherein a plurality of modulators of gene expression,
e.g., two or more identical, substantially identical, or different modulators, are fused to

the dCas9 molecule.

39. The method of claim 1, wherein the fusion molecule further comprises a

nuclear localization sequence.

40. The method of claim 39, wherein one or more nuclear localization sequences
are fused to the C-terminus, N-terminus, or both, of the dCas9 molecule, e.g., directly or

indirectly, e.g., via a linker.

41. The method of claim 40, wherein the one or more nuclear localization
sequences comprise the amino acid sequence of SEQ ID NO: 37 or 38, a sequence
substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or
higher identical) to SEQ ID NO: 37 or 38, or a sequence having one, two, three, four, five
or more changes, e.g., amino acid substitutions, insertions, or deletions, relative to SEQ

ID NO: 37 or 38, or any fragment thereof.

42. The method of claim 1, wherein the fusion molecule comprises the amino acid
sequence of SEQ ID NO: 39, 40, or 41, a sequence substantially identical (e.g., at least
80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 39, 40,
or 41, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 39, 40, or 41, or any

fragment thereof.

43. The method of claim 1, wherein the nucleic acid that encodes the fusion
molecule comprises the sequence of SEQ ID NO: 23, a sequence substantially identical
(e.g., at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID
NO: 23, or a sequence having one, two, three, four, five or more changes, e.g.,
substitutions, insertions, or deletions, relative to SEQ ID NO: 23, or any fragment

thereof.
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44. The method of claim 1, wherein the gRNA comprises a unimolecular gRNA.

45. The method of claim 1, wherein the gRNA comprises a bimolecular gRNA.

46. The method of claim 1, wherein the gRNA comprises a gRNA sequence

described herein.

47. The method of claim 1, wherein gene expression is modulated in a cell,

tissue, or organ described herein, e.g., Table 2 or 3.
48. The method of claim 1, wherein gene expression is modulated in the liver.
49. The method of claim 1, wherein the modulation is sufficient to alter a
function of the gene, or a symptom of a disorder associated with the gene, as described

herein, e.g., in Table 2 or 3.

50. The method of claim 1, wherein the modulation comprises modulation of

transcription.

51. The method of claim 1, wherein the modulation comprises down-regulation

of transcription.

52. The method of claim 1, wherein the modulation comprises up-regulation of

transcription.

53. The method of claim 1, wherein the modulation comprises modulating the

temporal pattern of expression of the gene.

54. The method of claim 1, wherein the modulation comprises modulating the

spatial pattern of expression of the gene.
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55. The method of claim 1, wherein the modulation comprises modulating a post-
transcriptional or co-transcriptional modification, e.g., splicing, 5’ capping, 3’ cleavage,

3’ polyadenylation, or RNA export.

56. The method of claim 1, wherein the modulation comprises modulating the
expression of an isoform, e.g., an increase or decrease in the expression of an isoform, the

increase or decrease in the expression of a first isoform over a second isoform.

57. The method of claim 1, wherein the modulation comprises modulating
chromatin structure, e.g., increasing or decreasing methylation, acetylation,
phosphorylation, or ubiquitination, e.g., at a preselected site, or altering the spatial
pattern, cell specificity, or temporal occurrence of methylation, acetylation,

phosphorylation, or ubiquitination.

58. The method of claim 1, wherein the modulation comprises modulating a post-
translational modification (e.g., indirectly), e.g., glycosylation, lipidation, acetylation,
phosphorylation, amidation, hydroxylation, methylation, ubiquitination, sulfation,

nitrosylation, or proteolysis.

59. The method of claim 1, wherein the modulation does not comprise cleaving

the subject’s DNA.

60. The method of claim 1, wherein the modulation comprises an inducible

modulation.

61. The method of claim 1, wherein the gene is selected from Table 2, optionally

wherein the method down-regulates the expression of the gene.

62. The method of any of claims 1-60, wherein the gene is selected from Table 3,

optionally wherein the method up-regulates the expression of the gene.
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63. The method of claim 1, wherein the gene comprises PCSK9.

64. The method of claim 1, wherein the dCas9 molecule does not cleave the

genome of the subject.

65. A method of modulating expression of a gene, in vivo, in a subject
comprising administering to, or providing in, the subject:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene, and

wherein one or both of (a)(1) and (b)(ii) are packaged in an AAV vector.

66. The method of claim 65, wherein the fusion molecule (e.g., a fusion molecule
described herein) comprises a sequence described herein, e.g., the amino acid sequence of
SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence substantially identical (e.g., at
least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO:

34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having one, two, three, four, five or more
changes, e.g., amino acid substitutions, insertions, or deletions, relative to SEQ ID NO:

34, 35, 36, 37, 38, 39, 40, or 41, or any fragment thereof.

67. The method of claim 65, wherein the gRNA comprises a gRNA sequence

described herein.

68. The method of claim 65, wherein the gene is selected from Table 2 or 3.

69. The method of claim 65, wherein the gene comprises PCSKO.

70. The method of claim 65, wherein (a)(i1) and (b)(i1) are packaged in different
AAV vectors.
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71. The method of claim 65, wherein (a)(i1) and (b)(i1) are packaged in the same
AAV vector.

72. A pharmaceutical composition, or unit dosage form, comprising, in an
amount sufficient for modulating a gene in a human subject, or in an amount sufficient
for a therapeutic effect in a human subject,

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and/or

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene,

wherein one or both of (a)(i1) and (b)(ii) are packaged in a viral vector.

73. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the fusion molecule (e.g., a fusion molecule described herein) comprises a sequence
described herein, e.g., the amino acid sequence of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40,
or 41, a sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%,
98%, 99% or higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, or a
sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40,

or 41, or any fragment thereof.

74. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the gRNA comprises a gRNA sequence described herein.

75. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the gene is selected from Table 2 or 3.

76. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the gene comprises PCSKO.
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77. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

(a)(i1) and (b)(i1) are packaged in the same viral vector, e.g., an AAV vector.

78. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

(a)(i1) and (b)(i1) are packaged in different viral vectors, e.g., AAV vectors.

79. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the viral vector (e.g., AAV vector) comprising (a)(i1), and the viral vector (e.g., AAV

vector) comprising (b)(i1), are provided in separate containers.

80. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the viral vector (e.g., AAV vector) comprising (a)(i1) and the viral vector (e.g., AAV

vector) comprising (b)(ii), are provided in the same container.

81. The pharmaceutical composition, or unit dosage form, of claim 72, which is
formulated for administration, e.g., oral, parenteral, sublingual, transdermal, rectal,
transmucosal, topical, intrapleural, intravenous, intraarterial, intraperitoneal,
subcutaneous, intramuscular, intranasal intrathecal, or intraarticular administration, or
administration via inhalation or via buccal administration, or any combination thereof, to

the subject.

82. The pharmaceutical composition, or unit dosage form, of claim 72, which is

formulated for intravenous administration to the subject.

83. The pharmaceutical composition, or unit dosage form, of claim 72, which is
disposed in a device suitable for administration, e.g., oral, parenteral, sublingual,
transdermal, rectal, transmucosal, topical, intrapleural, intravenous, intraarterial,
intraperitoneal, subcutaneous, intramuscular, intranasal intrathecal, or intraarticular
administration, or administration via inhalation or via buccal administration, or any

combination thereof, to the subject.
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84. The pharmaceutical composition, or unit dosage form, of claim 72, which is

disposed in a device suitable for intravenous administration to the subject.

85. The pharmaceutical composition, or unit dosage form, of claim 72, which is
disposed in a volume of at least 1, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100,
150, 200, 250, 300, 400, or 500 ml.

86. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the nucleic acid of (a)(i1) comprises DNA.

87. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the nucleic acid of (b)(i1) comprises DNA.

88. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the nucleic acid of (a)(ii) comprises RNA.

89. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the nucleic acid of (b)(i1) comprises RNA.

90. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the dCas9 molecule comprises a gRNA binding domain of a Cas9 molecule.

91. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule comprises one, two or all of: a Recl domain, a bridge helix domain,

or a PAM interacting domain, of a Cas9 molecule.
92. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the dCas9 molecule is a mutant of a wild-type Cas9 molecule, e.g., in which the Cas9

nuclease activity is inactivated.
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93. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule comprises a mutation that inactivates a Cas9 nuclease activity, e.g., a

mutation in a DNA-cleavage domain of a Cas9 molecule.

94. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule comprises a mutation that inactivates a Cas9 nuclease activity, e.g., a

mutation in a RuvC domain and/or a mutation in a HNH domain.

95. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule comprises a Staphylococcus aureus dCas9 molecule, a Streptococcus
pyogenes dCas9 molecule, a Campylobacter jejuni dCas9 molecule, a Corynebacterium
diphtheria dCas9 molecule, a Fubacterium ventriosum dCas9 molecule, a Streptococcus
pasteurianus dCas9 molecule, a Lactobacillus farciminis dCas9 molecule, a
Sphaerochaeta globus dCas9 molecule, an Azospirillum (e.g., strain B510) dCas9
molecule, a Gluconacetobacter diazotrophicus dCas9 molecule, a Neisseria cinerea
dCas9 molecule, a Roseburia intestinalis dCas9 molecule, a Parvibaculum
lavamentivorans dCas9 molecule, a Nitratifractor salsuginis (e.g., strain DSM 16511)
dCas9 molecule, a Campylobacter lari (e.g., strain CF89-12) dCas9 molecule, or a
Streptococcus thermophilus (e.g., strain LMD-9) dCas9 molecule.

96. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule comprises an S. aureus dCas9 molecule, e.g., comprising an S.

aureus dCas9 sequence described herein.

97. The pharmaceutical composition, or unit dosage form, of claim 96, wherein
the §. aureus dCas9 molecule comprises a mutation at an amino acid position,
corresponding to position 10, 580, or both (e.g., D10A, N580A, or both), relative to a
wild-type S. aureus dCas9 molecule, numbered according to SEQ ID NO: 25.

98. The pharmaceutical composition, or unit dosage form, of claim 96, wherein

the §. aureus dCas9 molecule comprises the amino acid sequence of SEQ ID NO: 35 or
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36, a sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%, 95%, 97%,
98%, 99% or higher identical) to SEQ ID NO: 35 or 36, or a sequence having one, two,
three, four, five or more changes, e.g., amino acid substitutions, insertions, or deletions,

relative to SEQ ID NO: 35 or 36, or any fragment thereof.

99. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule comprises an S. pyogenes dCas9 molecule, e.g., comprising an S.

pyogenes dCas9 sequence described herein.

100. The pharmaceutical composition, or unit dosage form, of claim 99, wherein
the S. pyogenes dCas9 molecule comprises a mutation at an amino acid position,
corresponding to position 10, 840, or both (e.g., D10A, H840A, or both), relative to a
wild-type S. pyogenes dCas9 molecule, numbered according to SEQ ID NO: 24.

101. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule is less than 1400, 1300, 1200, 1100, 1000, 900, 800, 700, 600, or 500

amino acids in length.

102. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule is 500-1300, 600-1200, 700-1100, 800-1000, 500-1200, 500-1000,
500-800, 500-600, 1000-1200, 800-1200, or 600-1200 amino acids in length.

103. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the dCas9 molecule has a size that is less than 90%, 80%, 70%, 60%, 50%, 40%, or 30%
of the size of a wild-type Cas9 molecule, e.g., a wild-type S. pyogenes Cas9 molecule or

a wild-type S. aureus dCas9 molecule.
104. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

modulator of gene expression comprises a modulator of gene expression described

herein.
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105. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
modulator of gene expression comprises a KRAB molecule, e.g., comprising the
sequence of SEQ ID NO: 34, a sequence substantially identical (e.g., at least 80%, 85%,
90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 34, or a sequence
having one, two, three, four, five or more changes, e.g., amino acid substitutions,

insertions, or deletions, relative to SEQ ID NO: 34, or any fragment thereof.

106. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the gRNA comprises a unimolecular gRNA.

107. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the gRNA comprises a bimolecular gRNA.

108. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the gRNA comprises a gRNA sequence described herein.

109. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
gene expression is modulated in a cell, tissue, or organ described herein, e.g., Table 2 or

3.

110. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

gene expression is modulated in the liver.
111. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the modulation is sufficient to alter a function of the gene, or a symptom of a disorder

associated with the gene, as described herein, e.g., in Table 2 or 3.

112. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the modulation comprises modulation of transcription.

138



WO 2017/180915 PCT/US2017/027490

113. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the modulation comprises down-regulation of transcription.

114. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the modulation comprises up-regulation of transcription.

115. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the modulation comprises modulating the temporal pattern of expression of the gene.

116. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the modulation comprises modulating the spatial pattern of expression of the gene.

117. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the modulation comprises modulating a post-transcriptional or co-transcriptional

modification, e.g., splicing, 5’ capping, 3’ cleavage, 3’ polyadenylation, or RNA export.

118. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the modulation comprises modulating the expression of an isoform, e.g., an increase or
decrease in the expression of an isoform, the increase or decrease in the expression of a

first isoform over a second isoform.

119. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the modulation comprises modulating chromatin structure, e.g., increasing or decreasing
methylation, acetylation, phosphorylation, or ubiquitination, e.g., at a preselected site, or
altering the spatial pattern, cell specificity, or temporal occurrence of methylation,

acetylation, phosphorylation, or ubiquitination.

120. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the modulation comprises modulating a post-translational modification (e.g., indirectly),
e.g., glycosylation, lipidation, acetylation, phosphorylation, amidation, hydroxylation,

methylation, ubiquitination, sulfation, nitrosylation, or proteolysis.
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121. The pharmaceutical composition, or unit dosage form, of claim 72, wherein
the gene is selected from Table 2, optionally wherein the method down-regulates the

expression of the gene.

122. The pharmaceutical composition, or unit dosage form, of any of claim 72,
wherein the gene is selected from Table 3, optionally wherein the method up-regulates

the expression of the gene.

123. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the gene comprises PCSKO.

124. The pharmaceutical composition, or unit dosage form, of claim 72, wherein

the dCas9 does not cleave the genome of the subject.

125. A pharmaceutical composition, or unit dosage form, comprising, in an
amount sufficient for modulating a gene in a human subject, or in an amount sufficient
for a therapeutic effect in a human subject,

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and/or

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
the gene,

wherein one or both of (a)(i1) and (b)(ii) are packaged in a viral vector.

126. The pharmaceutical composition, or unit dosage form, of claim 125, wherein
the fusion molecule comprises a sequence described herein, e.g., the amino acid sequence
of SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or 41, a sequence substantially identical (e.g.,
at least 80%, 85%, 90%, 92%, 95%, 97%, 98%, 99% or higher identical) to SEQ ID NO:
34, 35, 36, 37, 38, 39, 40, or 41, or a sequence having one, two, three, four, five or more
changes, e.g., amino acid substitutions, insertions, or deletions, relative to SEQ ID NO:

34, 35, 36, 37, 38, 39, 40, or 41, or any fragment thereof.

140



WO 2017/180915 PCT/US2017/027490

127. The pharmaceutical composition, or unit dosage form, of claim 125, wherein

the gRNA comprises a gRNA sequence described herein.

128. The pharmaceutical composition, or unit dosage form, of claim 125, wherein

the gene is selected from Table 2 or 3.

129. The pharmaceutical composition, or unit dosage form, of claim 125, wherein

the gene comprises PCSKO.

130. The pharmaceutical composition, or unit dosage form, of claim 125, wherein

(a)(i1) and (b)(i1) are packaged in different AAV vectors.

131. The pharmaceutical composition, or unit dosage form, of claim 125, wherein

(a)(i1) and (b)(i1) are packaged in the same AAV vector.

132. A viral vector comprising:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and/or

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to a

gene.

133. The viral vector of claim 132, wherein the viral vector is an AAV vector, the
fusion molecule comprises a fusion molecule described herein, the dCas9 molecule
comprises a dCas9 molecule described herein (e.g., an S. aureus dCas9 molecule), and/or

the modulator of gene expression comprises a modulator described herein.
134. The viral vector of claim 132, comprising:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence

comprising an S. aureus dCas9 molecule fused to a KRAB molecule; and
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(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to
PCSKO9,
wherein one or both of (a)(i1) and (b)(ii) are packaged in an AAV vector.

135. The viral vector of claim 132, wherein the fusion molecule comprises a
sequence described herein, e.g., the amino acid sequence of SEQ ID NO: 34, 35, 36, 37,
38, 39, 40, or 41, a sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%,
95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or
41, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40,

or 41, or any fragment thereof.

136. The viral vector of claim 132, wherein the gRNA comprises a gRNA

sequence described herein.

137. The viral vector of claim 132, wherein the gene is selected from Table 2 or

138. The viral vector of claim 132, wherein the gene comprises PCSK9.

139. A method of treating a disorder, comprising administering to a subject:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to a
gene associated with the disorder,

thereby treating the disorder.
140. The method of claim 139, wherein the disorder is selected from Table 2 or

3, the fusion molecule comprises a fusion molecule described herein, the dCas9 molecule

comprises a dCas9 molecule described herein, the modulator of gene expression
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comprises a modulator described herein, and/or the gRNA comprises a gRNA sequence

described herein.

141. The method of claim 139, wherein the gene is selected from Table 2 or 3.

142. The method of claim 139, wherein one or both of (a)(ii) and (b)(ii) are

provided in an AAV vector.

143. A method of treating a cardiovascular disease, comprising administering to a
subject:

(a)(i1) a nucleic acid that encodes a fusion molecule comprising a sequence
comprising a dCas9 molecule fused to a modulator of gene expression; and

(b)(i1) a nucleic acid that encodes a gRNA which targets the fusion molecule to a
PCSKO9 gene,

thereby treating the cardiovascular disease.

144. The method of claim 143, wherein the fusion molecule comprises a fusion
molecule described herein, the dCas9 molecule comprises a dCas9 molecule described
herein, e.g., an S. aureus dCas9 molecule, and/or the modulator of gene expression

comprises a modulator described herein.

145. The method of claim 143, wherein the fusion molecule comprises a
sequence described herein, e.g., the amino acid sequence of SEQ ID NO: 34, 35, 36, 37,
38, 39, 40, or 41, a sequence substantially identical (e.g., at least 80%, 85%, 90%, 92%,
95%, 97%, 98%, 99% or higher identical) to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40, or
41, or a sequence having one, two, three, four, five or more changes, e.g., amino acid
substitutions, insertions, or deletions, relative to SEQ ID NO: 34, 35, 36, 37, 38, 39, 40,

or 41, or any fragment thereof.

146. The method of claim 143, wherein the gRNA comprises a gRNA sequence

described herein.
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147. The method of claim 143, wherein one or both of (a)(ii) and (b)(ii) are

provided in an AAV vector.
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