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COMPOSITIONS AND METHODS FOR CORRECTING DYSTROPHIN
MUTATIONS IN HUMAN CARDIOMYOCYTES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application Serial No. 62/624,748,

filed January 31, 2018, which is incorporated by reference herein in its entirety for all purposes.

FEDERAL FUNDING SUPPORT CLAUSE
This invention was made with government support under grants no. HL-130253, HL-
077439, DK-099653, and AR-067294 awarded by the National Institutes of Health (NIH). The

government has certain rights in the invention.

SEQUENCE LISTING
The instant application contains a Sequence Listing which has been submitted
electronically in ASCII format and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on January 31, 2019, is named UTFDP0002WO.txt and is 1,722,119 bytes

1n size.

FIELD OF THE DISCLOSURE
The present disclosure relates to the fields of molecular biology, medicine and genetics.
More particularly, the disclosure relates to compositions and uses thereof for genome editing

to correct mutations in vivo using an exon-skipping approach.

BACKGROUND

Muscular dystrophies (MD) are a group of more than 30 genetic diseases characterized
by progressive weakness and degeneration of the skeletal muscles that control movement.
Duchenne muscular dystrophy (DMD) is one of the most severe forms of MD that affects
approximately 1 in 5000 boys and is characterized by progressive muscle weakness and
premature death. Cardiomyopathy and heart failure are common, incurable and lethal features
of DMD. The disease is caused by mutations in the gene encoding dystrophin (DMD), a large
intracellular protein that links the dystroglycan complex at the cell surface with the underlying
cytoskeleton, thereby maintaining integrity of the muscle cell membrane during contraction.
Mutations in the dystrophin gene result in loss of expression of dystrophin, causing muscle

membrane fragility and progressive muscle wasting.
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SUMMARY

Genomic editing with CRISPR/Cas9 is a promising new approach for correcting or
mitigating disease-causing mutations. Duchenne muscular dystrophy (DMD) is associated with
lethal degeneration of cardiac and skeletal muscle caused by more than 3000 different
mutations in the X-linked dystrophin gene (DMD). Most of these mutations are clustered in
“hotspots.” As described in the Examples herein, a screen was performed for optimal guide
RNAs capable of introducing insertion/deletion (indel) mutations by nonhomologous end
joining that abolish conserved RNA splice sites in 12 exons that potentially allow skipping of
the most common mutant or out-of-frame DMD exons within or nearby mutational hotspots.
The correction of DMD mutations by exon skipping is referred to herein as “myoediting.” In
proof-of-concept studies, myoediting was performed in representative induced pluripotent stem
cells from multiple patients with large deletions, point mutations, or duplications within the
DMD gene and efficiently restored dystrophin protein expression in derivative cardiomyocytes.
In three-dimensional engineered heart muscle (EHM), myoediting of DMD mutations restored
dystrophin expression and the corresponding mechanical force of contraction. Correcting only
a subset of cardiomyocytes (30 to 50%) was sufficient to rescue the mutant EHM phenotype to
near-normal control levels. Thus, it is shown that abolishing conserved RNA splicing
acceptor/donor sites and directing the splicing machinery to skip mutant or out-of-frame exons
through myoediting allows correction of the cardiac abnormalities associated with DMD by
eliminating the underlying genetic basis of the disease.

Thus, in some embodiments, the disclosure provides a method for editing a mutant
dystrophin gene in a cardiomyocyte, the method comprising contacting the cardiomyocyte with
a Cas9 nuclease or a sequence encoding a Cas9 nuclease, and a gRNA or a sequence encoding
a gRNA, wherein the gRNA targets a splice donor or splice acceptor site of the dystrophin
gene.

The disclosure also provides a method for treating or preventing Duchene Muscular
Dystrophy (DMD) in a subject in need thereof, the method comprising administering to the
subject a Cas9 nuclease or a sequence encoding a Cas9 nuclease, and a gRNA or a sequence
encoding a gRNA, wherein the gRNA targets a splice donor or splice acceptor site of the
dystrophin gene; wherein the administering restores dystrophin expression in at least 10% of
the subject’s cardiomyocytes.

The disclosure also provides a method for treating or preventing Duchene Muscular

Dystrophy (DMD) in a subject in need thereof, the method comprising contacting an induced



10

15

20

25

30

CA 03088547 2020-07-14

WO 2019/152609 PCT/US2019/015988

pluripotent stem cell (iPSC) with a Cas9 nuclease or a sequence encoding a Cas9 nuclease, and
a gRNA, or a sequence encoding a gRNA, wherein the gRNA targets a splice donor or splice
acceptor site of the dystrophin gene; differentiating the iPSC into a cardiomyocyte; and
administering the cardiomyocyte to a the subject.

Also provided is a cell (such as an induced pluripotent stem cell (iPSC) or
cardiomyocyte) produced according to the methods of the disclosure, and compositions thereof.
In some embodiments, the cell expresses a dystrophin protein.

Also provided is an induced pluripotent stem cell (iPSC) comprising a Cas9 nuclease,
or a sequence encoding a Cas9 nuclease, and a gRNA, or a sequence encoding a gRNA,
wherein the gRNA targets a splice donor or splice acceptor site of the dystrophin gene.

[3PE)

As used in the specification, “a” or “an” may mean one or more. As used in the claim(s),
when used in conjunction with the word “comprising”, the words “a” or “an” may mean one
or more than one.

The use of the term “or” in the claims is used to mean “and/or” unless explicitly
indicated to refer to alternatives only or the alternatives are mutually exclusive, although the
disclosure supports a definition that refers to only alternatives and “and/or.” As used herein
“another” may mean at least a second or more.

Throughout this application, the term “about™ is used to indicate that a value includes
the inherent variation of error for the device, for the method being employed to determine the
value, or that exists among the study subjects. Such an inherent variation may be a variation
of £10% of the stated value.

Throughout this application, nucleotide sequences are listed in the 5° to 3” direction,
and amino acid sequences are listed in the N-terminal to C-terminal direction, unless indicated
otherwise.

Other objects, features and advantages of the present invention will become apparent
from the following detailed description. It should be understood, however, that the detailed
description and the specific examples, while indicating preferred embodiments of the
invention, are given by way of illustration only, since various changes and modifications within
the spirit and scope of the invention will become apparent to those skilled in the art from this

detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present disclosure. The disclosure may be better
understood by reference to one or more of these drawings in combination with the detailed

description of specific embodiments presented herein.

FIG. 1A-1C. Myoediting strategy and identification of optimal guide RNAs to
target the top 12 exons in DMD. (FIG. 1A) Conserved splice sites contain multiple NAG and
NGG sequences, which enable cleavage by SpCas9. The numbers indicate the frequency of
occurrence (%). (FIG. 1B) Human DMD exon structure. Shapes of intron-exon junctions
indicate complementarity that maintains the open reading frame upon splicing. Red arrowheads
indicate the top 12 targeted exons. The numbers indicate the order of the exons. (FIG. 1C)
T7E1 assays in human 293 cells transfected with plasmids expressing the corresponding guide
RNA (gRNA), SpCas9, and GFP for the top 12 exons. The PCR products from GFP+ and
GFP— cells were cut with T7 endonuclease I (T7E1), which is specific to heteroduplex DNA
caused by CRISPR/Cas9-mediated genome editing. Red arrowhead indicates cleavage bands

of T7TE1. M denotes size marker lane. bp indicates the base pair length of the marker bands.

FIG. 2A-2J. Rescue of dystrophin mRNA expression in iPSC-derived
cardiomyocytes with diverse mutations by myoediting. (FIG. 2A) Schematic of the
myoediting of DMD iPSCs and 3D-EHMs-based functional assay. (FIG. 2B) Myoediting
targets the exon 51 splice acceptor site in Del DMD iPSCs. A deletion (exons 48 to 50) in a
DMD patient creates a frameshift mutation in exon 51. The red box indicates out-of-frame exon
51 with a stop codon. Destruction of the exon 51 splice acceptor in DMD iPSCs allows splicing
from exons 47 to 52 and restoration of the dystrophin open reading frame. (FIG. 2C) Using the
guide RNA library, three guide RNAs (Ex51-gl, Ex51-g2, and Ex51-g3) that target sequences
5" of exon 51 were selected. FIG. 2C discloses SEQ ID NO: 2481. (FIG. 2D) RT-PCR of
cardiomyocytes differentiated from uncorrected DMD (Del), corrected DMD iPSCs (Del-
Cor.), and WT. Skipping of exon 51 allows splicing from exons 47 to 52 (lower band) and
restoration of the DMD open reading frame. (FIG. 2E) Myoediting strategy for pseudo-exon
47A (pEx). DMD exons are represented as blue boxes. Pseudo-exon 47A (red) with stop codon
is marked by a stop sign. The black box indicates myoediting-mediated indel. (FIG. 2F)
Sequence of guide RNAs for pseudo-exon 47A of pEx. DMD exons are represented as blue
boxes, and pseudo-exons are represented as red boxes (47A). sgRNA, single-guide RNA. FIG.
2F discloses SEQ ID NOS 2482-2484, respectively, in order of appearance. (FIG. 2G) RT-PCR

4
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of human cardiomyocytes differentiated from WT, uncorrected DMD (pEx), and corrected
DMD iPSCs (pEx-Cor.) by guide RNAs In47A-gl and In47A-g2. Skipping of pseudo-exon
47A allows splicing from exons 47 to 48 (lower band) and restoration of the DMD open reading
frame. (FIG. 2H) Myoediting strategy for the duplication (Dup) of exons 55 to 59. DMD exons
are represented as blue boxes. Duplicated exons are represented as red boxes. The black box
indicates myoediting-mediated indel. (FIG. 21) Sequence of guide RNAs for intron 54 of Dup
(In54-g1, In54-g2, and In54-g3). FIG. 2I discloses SEQ ID NOS 2485-2487, respectively, in
order of appearance. (FIG. 2J) RT-PCR of human cardiomyocytes differentiated from WT,
uncorrected DMD (Dup), and corrected DMD iPSCs (Dup-Cor.). Skipping of duplicated exons
55 to 59 allows splicing from exons 54 to 55 and restoration of the DMD open reading frame.
RT-PCR of RNA was performed with the indicated sets of primers (F and R) (Table 4).

FIG. 3A-3F. Immunocytochemistry and Western blot analysis show dystrophin
protein expression rescued by myoediting. (FIG. 3A to 3C) Immunocytochemistry of
dystrophin expression (green) shows DMD iPSC cardiomyocytes lacking dystrophin
expression. Following successful myoediting, the corrected DMD iPSC cardiomyocytes
express dystrophin. Immunofluorescence (red) detects cardiac marker troponin-I. Nuclei are
labeled by Hoechst dye (blue). (FIG. 3D to 3F) Western blot analysis of WT (100 and 50%),
uncorrected (Del, pEx, and Dup) and corrected DMD (Del-Cor#27, pEx-Cor#19, and Dup-
Cor#6.) iCM. Red arrowhead (above 250 kD) indicates the immunoreactive bands of
dystrophin. Blue arrowhead (above 150 kD) indicates the immunoreactive bands of MyHC
loading controls. kD indicates protein molecular weight. Scale bar, 100 mm.

FIG. 4A-4F, Rescued DMD cardiomyocyte-derived EHM showed enhanced FOC
(force of contraction). (FIG. 4A) Experimental setup for EHM preparation, culture, and
analysis of contractile function. (FIG. 4B to 4D) Contractile dysfunction in DMD EHM can be
rescued by myoediting. FOC normalized to muscle content of each individual EHM in response
to increasing extracellular calcium concentrations; n = 8/8/6/4/6/6/4/4; *P < 0.05 by two-way
analysis of variance (ANOVA) and Tukey’s multiple comparison test. WT EHM data are
pooled from parallel experiments with indicated DMD lines and applied to Fig. 4 (B to D).
(FIG. 4E) Maximal cardiomyocyte FOC normalized to WT. n = 8/8/6/4/6/6/4/4; *P < 0.05 by
one-way ANOVA and Tukey’s multiple comparison test. (FIG. 4F) Titration of corrected
cardiomyocytes revealed that 30% of cardio-myocytes needed to be repaired to partially rescue
the phenotype, and 50% of cardiomyocytes needed to be repaired to fully rescue the phenotype
(100% Del-Cor.) in EHMs. WT, Del, and 100% Del-Cor. are pooled data, as displayed in Fig.
4.
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FIG. 5A-5B. Genome editing of DMD top 12 exons by CRISPR/Cas9. (FIG. 5A)
DNA sequences of DMD top 12 exons (51, 45, 53, 44, 46, 52, 50, 43, 6, 7, 8 and 55) from
GPF+ human 293 cells edited by SpCas9 using the corresponding guide RNAs (Table 5). PCR
products from genomic DNA of each sample were subcloned into pCRII-TOPO vector and
individual clones were picked and sequenced. Unedited wild type (WT) sequences are on the
top and representative edited sequences are on the bottom. Deleted sequences are replaced by
black dashes. Red lower case letters (ag) indicate the splice acceptor sites (SA, 3' end of the
intron). Blue lower case letters (gt) indicate the splice donor sites (SD, 5' end of the intron).
FIG. 5A discloses SEQ ID NOS 2488-2526 in the left column and SEQ ID NOS 2427-2546 in
the right column, all respectively, in order of appearance. (FIG. SB) RT-PCR of RNA from
edited 293 cells indicate deletion of targeted DMD Dp140 isoform exons (51, 53, 46, 52, 50
and 55). Black arrows indicate the RT-PCR products with exon deletions. M denotes size
marker lane. bp indicates the length of the marker bands. Sequence of the RT-PCR products
of exon deletion bands contained the two flanking exons, but skipped the targeted exon. For
example, sequence of the RT-PCR products of AEx51 band confirmed that exon 50 spliced
directly to exon 52, excluding exon 51. FIG. 5B discloses "GAGCCTGCAACA" as SEQ ID
NO: 2547, "ATCGAACAGTTG" as SEQ ID NO: 2548, "AAAGAGTTACTG" as SEQ ID
NO: 2549, "CAGAAGTTGAAA" as SEQ ID NO: 2550, "GTGAAGCTCCTA" as SEQ ID
NO: 2551 and "TAAAAGGACCTC" as SEQ ID NO: 2552.

FIG. 6A-6D. Correction of a large deletion mutation (Del. Ex47-50) in DMD iPSCs
and iPSC-derived cardiomyocytes. (FIG. 6A) T7E1 assay using human 293 cells transfected
with plasmid expressing SpCas9, gRNAs (Ex51-gl, g2 and g3), and GFP show genome
cleavage at DMD exon 51. Red arrowheads point to cleavage products. M, marker; bp, base
pair. (FIG. 6B) DNA sequences of DMD exon 51 from GPF+ DMD Del iPSCs edited by
SpCas9 and the guide RNA Ex51 g3. PCR products from genomic DNA of a mixture of
myoedited DMD iPSCs were subcloned into pCRII-TOPO vector and sequenced as described
above. Uncorrected exon51 sequence is on the top and representative edited sequences are on
the bottom. Deleted sequences are replaced by black dashes. Red lower-case letters (ag)
indicate the splice acceptor sites. The number of deleted nucleotides is indicated by (-). FIG.
6B discloses SEQ ID NOS 2553-2561, respectively, in order of appearance. (FIG. 6C)
Sequence of the lower RT-PCR band from Fig. 2D (Del-Cor. lane) confirms skipping of exon
51, which reframed the DMD ORF (dystrophin transcript from exons 47 to 52). FIG. 6C
discloses SEQ ID NO: 2562. (FIG. 6D) Immunocytochemistry shows dystrophin expression in
iPSC-derived cardiomyocyte mixtures (Del-Cor.) and single colony (Del-Cor-SC) following

6
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SpCas9-mediated exon skipping with guide RNA Ex51-g3 compared to WT and uncorrected
cardiomyocyte (Del). Green, dystrophin staining; red, troponin I staining; blue, nuclei staining.
Scale bar = 100 pm.

FIG. 7A-7D. Correction of a pseudo-exon mutation (pEx47A) in DMD iPSCs and
iPSC-derived cardiomyocytes. (FIG. 7A) T7El assay using DMD pEx47A iPSCs
nucleofected with vector expressing SpCas9, gRNAs (pEx47A-gl and g2), and GFP show
genome cleavage at DMD pseudo-exon 47A. Red arrowheads point to cleavage products. M,
marker; bp, base pair. (FIG. 7B) DNA sequences of DMD pseudo-exon 47A from GPF+ DMD
Del iPSCs edited by SpCas9 and the guide RNA pEx47A-gl and g2. PCR products from
genomic DNA of a mixture of myoedited DMD iPSCs were subcloned and sequenced as
described above. Uncorrected pseudo-exon 47A sequence is on the top and representative
edited sequences are on the bottom. Deleted sequences are replaced by black dashes. Red lower
case letter (g) indicate point mutation in the cryptic splice acceptor site. The number of deleted
nucleotides is indicated by (-). FIG. 7B discloses SEQ ID NOS 2563-2567, respectively, in
order of appearance. (FIG. 7C) Sequence of the lower RT-PCR bands from Fig. 2G (pEx and
pEx-Cor. lanes) confirms skipping of pseudo-exon 47A, which reframed the DMD ORF
(dystrophin transcript from exons 47 to 48). FIG. 7C discloses SEQ ID NOS 2568-2569,
respectively, in order of appearance. (FIG. 7D) Immunocytochemistry shows dystrophin
expression in iPSC-derived cardiomyocyte mixtures (pEx-Cor.) and single colony (pEx-Cor-
SC) following SpCas9-mediated exon skipping with guide RNA pEx47A-g2 compared to WT
and uncorrected cardiomyocyte (pEx). Green, dystrophin staining; red, troponin I staining;
blue, nuclei staining. Scale bar = 100 pm.

FIG. 8A-8E. Correction of a large duplication mutation (Dup. Ex55-59) in DMD
iPSCs and iPSC-derived cardiomyocytes. (FIG. 8A) This insertion site (In59-In54 junction)
was confirmed by PCR using a forward primer targeting intron 59 (F2) and a reverse primer
targeting intron 54 (F1) (Fig. 2H and Table 4). The duplication-specific PCR band was absent
in WT cells and was presented in Dup cells. (FIG. 8B) T7E1 assays using 293 cells with vector
expressing SpCas9, gRNAs (In54-gl, g2 and g3), and GFP show genome cleavage at DMD
intron 54. Red arrowheads point to cleavage products. M, marker; bp, base pair. (FIG. 8C)
mRNA with duplicated exons was semi-quantified by RT-PCR using the primers flanking the
duplication borders exon 53 and exon 55 (Ex53F, a forward primer in exon 53 and Ex59R, a
reverse primer in exon 59). Similarly, duplicated exons was semi-quantified by RT-PCR using
the primers flanking the duplication borders exon 59 and exon 60 (Ex59F, a forward primer in

exon 59 and Ex60R, a reverse primer in exon 60). The duplication-specific RT-PCR upper

7
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bands (red arrowhead) were absent in WT cells and were decreased dramatically in Dup-Cor.
cells. (FIG. 8D) PCR results of three representative corrected single colonies (Dup-Cor-SC #4,
6 and 26) and the uncorrected control (Dup). The absence of a duplication-specific PCR band
(F2-R1) in colonies 4, 6 and 26 confirmed the deletion of the duplicated DNA region. M
denotes size marker lane. bp indicates the length of the marker bands. (FIG. 8E)
Immunocytochemistry shows dystrophin expression in iPSC-derived cardiomyocyte mixtures
(Dup-Cor.) and single colony (Dup-Cor-SC #6) following SpCas9-mediated exon skipping
with guide RNA In54-gl compared to WT and uncorrected cardiomyocyte (Dup). Green,

dystrophin staining; red, troponin I staining; blue, nuclei staining. Scale bar = 100 pm.

DETAILED DESCRIPTION

DMD is a new mutation syndrome with more than 4,000 independent mutations that
have been identified in humans (world-wide web at dmd.nl). The majority of patient mutations
include deletions that cluster in a hotspot, and thus a therapeutic approach for skipping certain
exon applies to large group of patients. The rationale of the exon skipping approach is based
on the genetic difference between DMD and Becker muscular dystrophy (BMD) patients. In
DMD patients, the reading frame of dystrophin mRNA is disrupted resulting in prematurely
truncated, non-functional dystrophin proteins. BMD patients have mutations in the DMD gene
that maintain the reading frame allowing the production of internally deleted, but partially
functional dystrophins leading to much milder disease symptoms compared to DMD patients.

Duchenne muscular dystrophy (DMD) afflicts ~1 in 5000 males and is caused by

mutations in the X-linked dystrophin gene (DMD). These mutations include large deletions,
large duplications, point mutations, and other small mutations. The rod-shaped dystrophin
protein links the cytoskeleton and the extracellular matrix of muscle cells and maintains the
integrity of the plasma membrane. In its absence, muscle cells degenerate. Although DMD
causes many severe symptoms, dilated cardiomyopathy is a leading cause of death of DMD

patients.

CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR-
associated protein 9)-mediated genome editing is emerging as a promising tool for correction
of genetic disorders. Briefly, an engineered RNA-guided nuclease, such as Cas9 or Cpfl,
generates a double-strand break (DSB) at the targeted genomic locus adjacent to a short
protospacer adjacent motif (PAM) sequence. There are three primary pathways to repair the

DSB: (i) Nonhomologous end joining (NHEJ) directly ligates two DNA ends and leads to
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imprecise insertion/deletion (indel) mutations. (ii)) Homology-directed repair (HDR) uses
sister chromatid or exogenous DNA as a repair template and generates a precise modification
at the target sites. (iii) Microhomology-mediated end joining (MMEJ) uses short sequences
of nucleotide homology (5 to 25 base pairs) flanking the original DSB to ligate the broken
ends and deletes the region between the microhomologies. Although NHEJ can effectively
generate indel mutations in most cell types, HDR- or MMEJ-mediated editing is generally
thought to be restricted to proliferating cells.

Internal in-frame deletions of dystrophin are associated with Becker muscular
dystrophy (BMD), a relatively mild form of muscular dystrophy. Inspired by the attenuated
clinical severity of BMD versus DMD, exon skipping has been advanced as a therapeutic
strategy to bypass mutations that disrupt the dystrophin open reading frame by modulating
splicing patterns of the DMD gene. Several recent studies used CRISPR/Cas9-mediated
genome editing to correct various types of DMD mutations in human cells and mice. Some
have deployed pairs of guide RNAs to correct the mutation, which requires simultaneous
cutting of DNA and excision of large intervening genomic sequences (23 to 725 kb).
Fortuitously, the PAM sequence for Streptococcus pyogenes Cas9 (SpCas9), the first and
most widely used form of Cas9, contains NAG or NGG, corresponding to the universal splice
acceptor sequence (AG) and most of the donor sequences (GG). Thus, in principle, directing
Cas9 to splice junctions and the elimination of these consensus sequences by indels can allow
for efficient exon skipping. In addition, only a single cleavage of DNA, which disrupts the
splice site, can enable skipping of an entire exon.

Given the thousands of individual DMD mutations that have been identified in humans,
an obvious question is how such a large number of mutations might be corrected by
CRISPR/Cas9-mediated genome editing. Human DMD mutations are clustered in specific
“hotspot™ areas of the gene (exons 45 to 55 and exons 2 to 10) such that skipping 1 or 2 of 12
targeted exons within or nearby the hotspots (termed “top 12 exons™) can, in principle, rescue
dystrophin function in a majority (~60%) of DMD patients. Here, CRISPR/Cas9 is used with
single-guide RN As to destroy the conserved splice acceptor or donor sites preceding DMD
mutations or to bypass mutant or out-of-frame exons, thereby allowing splicing between
surrounding exons to recreate in-frame dystrophin proteins lacking the mutations. This
approach was first tested by screening for optimal guide RNAs capable of inducing skipping
of the DMD 12 exons that would potentially allow skipping of the most commonly mutated

or out-of-frame exons within nearby mutational hotspots. As examples of this approach, the
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restoration of dystrophin expression is demonstrated in induced pluripotent stem cell (iPSC)-
derived cardiomyocytes harboring exon deletions and a pseudo-exon point mutation. Finally,
human iPSC-derived three-dimensional (3D) engineered heart muscle (EHM) was used to test
the efficacy of gene editing to overcome abnormalities in cardiac contractility associated with
DMD. Contractile dysfunction was observed in DMD EHM, recapitulating the dilated
cardiomyopathy (DCM) clinical phenotype of DMD patients, and contractile function was
effectively restored in corrected DMD EHM. Thus, genome editing represents a powerful
means of eliminating the genetic cause and correcting the muscle and cardiac abnormalities
associated with DMD.

These and other aspects of the disclosure are described in further detail below.

CRISPR Systems

CRISPRs (clustered regularly interspaced short palindromic repeats) are DNA loci
containing short repetitions of base sequences. Each repetition is followed by short segments
of “spacer DNA” from previous exposures to a virus. CRISPRs are found in approximately
40% of sequenced eubacteria genomes and 90% of sequenced archaea. CRISPRs are often
associated with Cas genes that code for proteins related to CRISPRs. The CRISPR/Cas system
is a prokaryotic immune system that confers resistance to foreign genetic elements such as
plasmids and phages and provides a form of acquired immunity. CRISPR spacers recognize

and silence these exogenous genetic elements like RNAI in eukaryotic organisms.

CRISPR repeats range in size from 24 to 48 base pairs. They usually show some dyad
symmetry, implying the formation of a secondary structure such as a hairpin, but are not truly
palindromic. Repeats are separated by spacers of similar length. Some CRISPR spacer
sequences exactly match sequences from plasmids and phages, although some spacers match
the prokaryote’s genome (self-targeting spacers). New spacers can be added rapidly in response

to phage infection.

Guide RNA (gRNA). As an RNA guided protein, Cas9 requires a short RNA to direct
the recognition of DNA targets. Though Cas9 preferentially interrogates DNA sequences
containing a PAM sequence NGG it can bind here without a protospacer target. However, the
Cas9-gRNA complex requires a close match to the gRNA to create a double strand break.
CRISPR sequences in bacteria are expressed in multiple RNAs and then processed to create
guide strands for RNA. Because Eukaryotic systems lack some of the proteins required to

process CRISPR RNAs the synthetic construct gRNA was created to combine the essential
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pieces of RNA for Cas9 targeting into a single RNA expressed with the RNA polymerase type
III promoter U6. Synthetic gRNAs are slightly over 100 bp at the minimum length and contain

a portion which is targets the 20 protospacer nucleotides immediately preceding the PAM

CA 03088547 2020-07-14

sequence NGG; gRNAs do not contain a PAM sequence.

exemplary wildtype dystrophin gene includes the human sequence (see GenBank Accession
NO. NC 000023.11), located on the human X chromosome, which codes for the protein
dystrophin (GenBank Accession No. AAAS53189; SEQ ID NO: 5), the sequence of which is
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In some embodiments, the gRNA targets a site within a mutant dystrophin gene. In
some embodiments, the gRNA targets a dystrophin intron. In some embodiments, the gRNA
targets a dystrophin exon. In some embodiments, the gRNA targets a site in a dystrophin exon
that is expressed and is present in one or more of the dystrophin isoforms shown in Table 1. In
embodiments, the gRNA targets a dystrophin splice site. In some embodiments, the gRNA
targets a splice donor site on the dystrophin gene. In embodiments, the gRNA targets a splice

acceptor site on the dystrophin gene.
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In embodiments, the guide RNA targets a mutant DMD exon. In some embodiments,
the mutant exon is exon 23 or 51. In some embodiments, the guide RNA targets at least one
of exons 1, 23, 41, 44, 46, 47, 48, 49, 50, 51, 52, 53, 54, or 55 of the dystrophin gene. In
embodiments, the guide RNA targets at least one of introns 44, 45, 50, 51, 52, 53, 54, or 55 of
the dystrophin gene. In preferred embodiments, the guide RNAs are designed to induce
skipping of exon 51 or exon 23. In embodiments, the gRNA is targeted to a splice acceptor

site of exon 51 or exon 23.

Suitable gRNAs and genomic target sequences for use in various compositions and

methods disclosed herein are provided as SEQ ID NOs: 60-705, 712-862, and 947-2377.

In some embodiments, the gRNA or gRNA target site has a sequence of any one of the

gRNAs or gRNA target sites shown in Tables 5-19.

In some embodiments, gRNAs of the disclosure comprise a sequence that is
complementary to a target sequence within a coding sequence or a non-coding sequence
corresponding to the DMD gene, and, therefore, hybridize to the target sequence. In some
embodiments, gRNAs for Cpfl comprise a single crRNA containing a direct repeat scaffold
sequence followed by 24 nucleotides of guide sequence. In some embodiments, a “guide”
sequence of the crRNA comprises a sequence of the gRNA that is complementary to a target
sequence. In some embodiments, crRNA of the disclosure comprises a sequence of the gRNA
that is not complementary to a target sequence. “Scaffold” sequences of the disclosure link the
gRNA to the Cpfl polypeptide. “Scaffold” sequences of the disclosure are not equivalent to a
tracrRNA sequence of a gRNA-Cas9 construct.

In some embodiments, a nucleic acid may comprise one or more sequences encoding a
gRNA. In some embodiments, a nucleic acid may comprise 1, 2, 3,4, 5,6,7, 8,9, 10, 11, 12,
13,14, 15,16, 17, 18, 19, or 20 sequences encoding a gRNA. In some embodiments, all of the
sequences encode the same gRNA. In some embodiments, all of the sequences encode different
gRNAs. In some embodiments, at least 2 of the sequences encode the same gRNA, for example
atleast 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 of the sequences encode
the same gRNA.
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Nucleases

Cas Nucleases. CRISPR-associated (cas) genes are often associated with CRISPR
repeat-spacer arrays. As of 2013, more than forty different Cas protein families had been
described. Of these protein families, Casl appears to be ubiquitous among different
CRISPR/Cas systems. Particular combinations of cas genes and repeat structures have been
used to define 8 CRISPR subtypes (Ecoli, Ypest, Nmeni, Dvulg, Tneap, Hmari, Apern, and
Mtube), some of which are associated with an additional gene module encoding repeat-
associated mysterious proteins (RAMPs). More than one CRISPR subtype may occur in a
single genome. The sporadic distribution of the CRISPR/Cas subtypes suggests that the system

is subject to horizontal gene transfer during microbial evolution.

Exogenous DNA is apparently processed by proteins encoded by Cas genes into small
elements (~30 base pairs in length), which are then somehow inserted into the CRISPR locus
near the leader sequence. RNAs from the CRISPR loci are constitutively expressed and are
processed by Cas proteins to small RNAs composed of individual, exogenously-derived
sequence elements with a flanking repeat sequence. The RNAs guide other Cas proteins to
silence exogenous genetic elements at the RNA or DNA level. Evidence suggests functional
diversity among CRISPR subtypes. The Cse (Cas subtype Lcoli) proteins (called CasA-E in E.
coli) form a functional complex, Cascade, that processes CRISPR RNA transcripts into spacer-
repeat units that Cascade retains. In other prokaryotes, Cas6 processes the CRISPR transcripts.
Interestingly, CRISPR-based phage inactivation in E. coli requires Cascade and Cas3, but not
Casl and Cas2. The Cmr (Cas RAMP module) proteins found in Pyrococcus furiosus and other
prokaryotes form a functional complex with small CRISPR RNAs that recognizes and cleaves
complementary target RNAs. RNA-guided CRISPR enzymes are classified as type V

restriction enzymes.

Cas9 is a nuclease, an enzyme specialized for cutting DNA, with two active cutting
sites, one for each strand of the double helix. One or both sites may be deactivated while
preserving Cas9’s ability to locate its target DNA. Jinek ef al. (2012) combined tracrRNA and
spacer RNA into a "single-guide RNA" molecule that, mixed with Cas9, can find and cut the
correct DNA targets and such synthetic guide RN As are used for gene editing.

Cas9 proteins are highly enriched in pathogenic and commensal bacteria. CRISPR/Cas-
mediated gene regulation may contribute to the regulation of endogenous bacterial genes,

particularly during bacterial interaction with eukaryotic hosts. For example, Cas protein Cas9
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of Francisella novicida uses a unique, small, CRISPR/Cas-associated RNA (scaRNA) to
repress an endogenous transcript encoding a bacterial lipoprotein that is critical for /. novicida
to dampen host response and promote virulence. It has been shown that coinjection of Cas9
mRNA and sgRNAs into the germline (zygotes) can be used to generate mice with mutations.

Delivery of Cas9 DNA sequences also is contemplated.

The CRISPR/Cas systems are separated into three classes. Class 1 uses several Cas
proteins together with the CRISPR RN As (crRNA) to build a functional endonuclease. Class 2
CRISPR systems use a single Cas protein with a crRNA. Cpfl has been recently identified as
a Class II, Type V CRISPR/Cas system containing a ~1,300 amino acid protein. See also U.S.
Patent Publication 2014/0068797, which is incorporated by reference in its entirety.

In some embodiments, the compositions of the disclosure include a small version of a
Cas9 from the bacterium Staphylococcus aureus (UniProt Accession No. JTRUAS). The small
version of the Cas9 provides advantages over wildtype or full length Cas9. In some

embodiments the Cas9 is a Streptococcus pyogenes (spCas9).

Cpfl Nucleases. Clustered Regularly Interspaced Short Palindromic Repeats from
Prevotella and Francisella 1 or CRISPR/Cpfl is a DNA-editing technology which shares some
similarities with the CRISPR/Cas9 system. Cpf1 is an RN A-guided endonuclease of a class I1
CRISPR/Cas system. This acquired immune mechanism is found in Prevotella and Francisella
bacteria. It prevents genetic damage from viruses. Cpfl genes are associated with the CRISPR
locus, coding for an endonuclease that use a guide RNA to find and cleave viral DNA. Cpfl is
a smaller and simpler endonuclease than Cas9, overcoming some of the CRISPR/Cas9 system

limitations.

Cpfl appears in many bacterial species. The ultimate Cpfl endonuclease that was
developed into a tool for genome editing was taken from one of the first 16 species known to

harbor it.

In embodiments, the Cpfl is a Cpfl enzyme from Acidaminococcus (species BV3L6,
UniProt Accession No. U2UMQ6; SEQ ID NO: 870), having the sequence set forth below:

1
6l
121
181
241
301
36l

MTQFEGEFTNL
YADQCLOLVQ
INKRHAEIYK
SAEDISTAIP
FSFPEYNQLL
RFIPLFKOIL
LTHIFISHKK

YOVSKTLRFE
LDWENLSAAT
GLFKAELENG
HRIVQODNEPK
TOTOIDLYNQ
SDRNTLSFIL
LETISSALCD

LIPOGKTLKH
DSYRKEKTEE
KVLKQLGTVT
FKENCHIFTR
LLGGISREAG
EEFKSDEEVI
HWDTLRNALY

21

IQEQGFIEED
TRNALIEEQA
TTEHENALLR
LITAVPSLRE
TEKIKGLNEV
QSFCKYKTLL
ERRISELTGK

KARNDHYKEL
TYRNATIHDYF
SEDKETTYES
HEENVKKAIG
LNLAIQKNDE
RNENVLETAE
ITKSAKEKVQ

KPIIDRIYKT
IGRTDNLTDA
GEYENRKNVE
IFVSTSIEEV
TAHITIASLPH
ALFNELNSID
RSLKHEDINL
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LSEAFKQKTS
EVDPEFSARL
NNGAILEVKN
QLKAVTAHFOQ
EATCKWIDET
IMDAVETGKL
PKSRMKRMAH
TKEVSHEIIK
ERNLIYITVI
YLSOVIHEIV
YPAEKVGGVL
HESRKHEFLEG
GTPFIAGKRI
ATDTMVALIR
ALKGQLLLNH

EILSHAHAAL
TGIKLEMEPS
GLYYLGIMPK
THTTPILLSN
RDFLSKYTKT
YLEQIYNKDF
RLGEKMLNKK
DRRETSDKFEF
DSTGKILEQR
DLMIHYQAVV
NPYQLTDQET
FDFLHYDVKT
VPVIENHRET
SVLOMRNSNA
LKESKDLKLO

DOPLPTTLKK
LSEYNKARNY
QOKGRYKALSFEF
NFIEPLEITK
TSIDLSSLRP
AKGHHGKPNL
LKDOKTPIPD
FHVPITLNYOQ
SLNTIQQEDY
VLENLNFEFGEK
SEFAKMGTQSG
GDFILHFKMN
GRYRDLYPAN
ATGEDYINSP
NGISNODWLA
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QEEKEILKSQ
ATKKPYSVEK
EPTEKTSEGFE
EIYDLNNPEK
SSQYKDLGEY
HTLYWTGLES
TLYQELYDYV
AANSPSKENQ
QOKKLDNREKE
SKRTGIAEKA
FLEYVPAPYT
RNLSFQRGLP
ELTALLEEKG
VRDLNGVCED
YIQELRN

LDSLLGLYHL
FKILNFOMPTL
DKMYYDYFPD
EPKKFQTAYA
YAELNPLLYH
PENLAKTSIK
NHRLSHDLSD
RVNAYLKEHP
RVAARQAWSV
VYQOFEKMLT
SKIDPLTGEV
GFMPAWDIVE
IVFRDGSNIL
SREFONPEWPM

In some embodiments, the Cpfl is a Cpfl enzyme from Lachnospiraceae (species
ND2006, UniProt Accession No. AOA182DWE3; SEQ ID NO: 871), having the sequence set
forth below:

1

6l
121
181
241
301
36l
421
481
541
601
661l
721
781
841
901
961
1021
1081
1141
1201

AASKLEKETN
SEFINDVLHSI

KKDIIETILP

LTRYISNMDI

IIGGEVTESG
VLEVEFRNTLN
DKWNAEYDDI

QOKVDEIYKVY
TNRDESFEFYGD
TDYRATILRY
KKWMAYYNPS

TEKYKDIAGE
HTMYEFKLLED
SYDVYKDKREFE
YIVVVDGKGN
KAGYISQVVH
KKSNPCATGG
SIADSKKFEIS

KNNVEFAWEEV
SITGRTDVDEFE
KAEDEKLDKV

CYSLSKTLRF
KLKNLNNYIS

EAADDKDEIA
FEKVDAIEDK
EKIKGLNEYT

KNSEIFSSIK
HLKKKAVVTE
GSSEKLEFDAD
FVLAYDILLK
GSKYYLAIMD
EDIQKIYKNG
YREVEEQGYK
ENNHGQIRLS

SEDQYELHIP

IVEQYSLNEI

KICELVEKYD
ALKGYQITNK
SEDRIMYVPE
CLTSAYKELF
LISPVKNSDG
KIAISNKEWL

KAIPVGKTQE
LFRKKTRTEK
LVNSENGETT
HEVQEIKEKI
NLYNAKTKQA
KLEKLEFKNED
KYEDDRRKSFEF
EVLEKSLKKN
VDHIYDAIRN
KKYAKCLOKT
TEFKKGDMENL
VSFESASKKE
GGAELFMRRA
IATNKCPKNI
INNENGIRIK
AVIALEDLNS
FESEFKSMSTO
EDLFEFALDY
NKYGINYQQOG
IFYDSRNYEA
EYAQTSVK

NIDNKRLLVE
ENKELENLETI
AFTGEFEDNRE
LNSDYDVEDF
LPKFKPLYKOQO
EYSSAGIEVK
KKIGSFEFSLEQ
DAVVAIMKDL
YVTOKPYSKD
DKDDVNGNYE
NDCHKLIDFEF
VDKLVEEGKL
SLKKEELVVH
FKINTEVRVL
TDYHSLLDKK
GEKNSRVKVE
NGEFIFYIPAW
KNEFSRTDADY
DIRALLCEQS
QENATILPKNA

DEKRAEDYKG
NLRKEIAKAF
NMFSEEAKST
FEGEFEFNEVL
VLSDRESLSFE
NGPAISTISK
LOEYADADLS
LDSVKSFENY
KFKLYFONPQ
KINYKLLPGP
KDSISRYPKW
YMEQIYNKDEF
PANSPIANKN
LKHDDNPYVTI
EKERFEARQN
KOVYQKFEKM
LTSKIDPSTG
IKKWKLYSYG
DKAFYSSEMA
DANGAYNIAR

VKKLLDRYYL
KGAAGYKSLFEF
SIAFRCINEN
TOEGIDVYNA
YGEGYTSDEE
DIFGEWNLIR
VVEKLKEIIT
IKAFFGEGKE
EMGGWDKDKE
NKMLPKVEFE'S
SNAYDENEFSE
SDKSHGTPNL
PDNPKKTTTL
GIDRGERNLL
WTSIENIKEL
LIDKLNYMVD
EVNLLKTKYT
NRIRIFAAAK
LMSLMLOMRN
KVLWAIGQFK

In some embodiments, the Cpfl is codon optimized for expression in mammalian cells.

In some embodiments, the Cpfl is codon optimized for expression in human cells or mouse

cells.

The Cpfl locus contains a mixed alpha/beta domain, a RuvC-I followed by a helical

region, a RuvC-Il and a zinc finger-like domain. The Cpfl protein has a RuvC-like

endonuclease domain that is similar to the RuvC domain of Cas9. Furthermore, Cpfl does not

have a HNH endonuclease domain, and the N-terminal of Cpf1 does not have the alpha-helical

recognition lobe of Cas9.
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Cpfl CRISPR-Cas domain architecture shows that Cpfl is functionally unique, being
classified as Class 2, type V CRISPR system. The Cpfl loci encode Casl, Cas2 and Cas4
proteins more similar to types [ and III than from type II systems. Database searches suggest

the abundance of Cpfl-family proteins in many bacterial species.

Functional Cpfl does not require a tractrRNA, therefore, only crRNA is required. This
benefits genome editing because Cpf1 is not only smaller than Cas9, but also it has a smaller

sgRNA molecule (approximately half as many nucleotides as Cas9).

The Cpfl-crRNA complex cleaves target DNA or RNA by identification of a
protospacer adjacent motif 5'-YTN-3' (where "Y" is a pyrimidine and "N" is any nucleobase)
or 5'-TTN-3', in contrast to the G-rich PAM targeted by Cas9. After identification of PAM,
Cpf1 introduces a sticky-end-like DNA double-stranded break of 4 or 5 nucleotides overhang.

The CRISPR/Cpf1 system consist of a Cpfl enzyme and a guide RNA that finds and
positions the complex at the correct spot on the double helix to cleave target DNA.

CRISPR/Cpfl systems activity has three stages:

Adaptation, during which Casl and Cas2 proteins facilitate the adaptation of small
fragments of DNA into the CRISPR array;

Formation of crRNAs: processing of pre-cr-RNAs producing of mature crRNAs to

guide the Cas protein; and

Interference, in which the Cpfl is bound to a crRNA to form a binary complex to

identify and cleave a target DNA sequence.

Cas9 versus Cpfl. Cas9 requires two RNA molecules to cut DNA while Cpfl needs
one. The proteins also cut DNA at different places, offering researchers more options when
selecting an editing site. Cas9 cuts both strands in a DNA molecule at the same position, leaving
behind ‘blunt” ends. Cpfl leaves one strand longer than the other, creating 'sticky' ends that are
easier to work with. Cpfl appears to be more able to insert new sequences at the cut site,
compared to Cas9. Although the CRISPR/Cas9 system can efficiently disable genes, it is
challenging to insert genes or generate a knock-in. Cpfl1 lacks tracrRNA, utilizes a T-rich PAM
and cleaves DNA via a staggered DNA DSB.

In summary, important differences between Cpfl and Cas9 systems are that Cpfl

recognizes different PAMs, enabling new targeting possibilities, creates 4-5 nt long sticky ends,
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instead of blunt ends produced by Cas9, enhancing the efficiency of genetic insertions and
specificity during NHEJ or HDR, and cuts target DNA further away from PAM, further away

from the Cas9 cutting site, enabling new possibilities for cleaving the DNA.

Table 2: Differences between Cas9 and Cpfl

Feature Cas9 Cpfl

Two RNA required (Or 1 fusion transcript .
Structure (crRNA+racrRNA=gRNA)) One RNA required
Cuttmg. Blunt end cuts Staggered end cuts
mechanism

. . Distal fi
Cutting site Proximal to recognition site ista rom-
recognition site

Target sites G-trich PAM T-rich PAM

Other Nucleases. In some embodiments, the nuclease is a Cas9 or a Cpfl nuclease. In
addition to Cas9 nucleases and Cpfl nucleases, other nucleases may be used in the
compositions and methods of the disclosure. For example, in some embodiments, the nuclease
is a Type II, Type V-A, Type V-B, Type V-C, Type V-U, Type VI-B nuclease. In some
embodiments, the nuclease is a Cas9, Cas12a, Cas12b, Cas12c, Tnp-B like, Cas13a (C2c2), or
Cas13b nuclease. In some embodiments, the nuclease is a TAL nuclease, a meganuclease, or a

zinc-finger nuclease.

CRISPR-mediated gene editing. The first step in editing the DMD gene using
CRISPR/Cpfl or CRISPR/Cas9 (or another nuclease) is to identify the genomic target
sequence. The genomic target for the gRNAs of the disclosure can be any approximately 24
nucleotide DNA sequence, provided that the sequence is unique compared to the rest of the
genome. In some embodiments, the genomic target sequence corresponds to a sequence within
exon 51, exon 45, exon 44, exon 53, exon 46, exon 52, exon 50, exon 43, exon 6, exon 7, exon
8, and/or exon 55 of the human dystrophin gene. In some embodiments, the genomic target
sequenceis a5’ or 3 splice site of exon 51, exon 45, exon 44, exon 53, exon 46, exon 52, exon
50, exon 43, exon 6, exon 7, exon 8, and/or exon 55 of the human dystrophin gene. In some
embodiments, the genomic target sequence corresponds to a sequence within an intron

immediately upstream or downstream of exon 51, exon 45, exon 44, exon 53, exon 46, exon
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52, exon 50, exon 43, exon 6, exon 7, exon 8, and/or exon 55 of the human dystrophin gene.

Exemplary genomic target sequences can be found in Tables 2, 6, 8, 10, 12, 14 and 19.

The next step in editing the DMD gene is to identify all Protospacer Adjacent Motif
(PAM) sequences within the genetic region to be targeted. The target sequence must be
immediately upstream of a PAM. Once all possible PAM sequences and putative target sites
have been identified, the next step is to choose which site is likely to result in the most efficient
on-target cleavage. The gRNA targeting sequence needs to match the target sequence, and the
gRNA targeting sequence must not match additional sites within the genome. In preferred
embodiments, the gRNA targeting sequence has perfect homology to the target with no
homology elsewhere in the genome. In some embodiments, a given gRNA targeting sequence
will have additional sites throughout the genome where partial homology exists. These sites
are called “off-targets” and should be considered when designing a gRNA. In general, off-
target sites are not cleaved as efficiently when mismatches occur near the PAM sequence, so
gRNAs with no homology or those with mismatches close to the PAM sequence will have the
highest specificity. In addition to “off-target activity”, factors that maximize cleavage of the
desired target sequence (“on-target activity””) must be considered. It is known to those of skill
in the art that two gRNA targeting sequences, each having 100% homology to the target DNA
may not result in equivalent cleavage efficiency. In fact, cleavage efficiency may increase or
decrease depending upon the specific nucleotides within the selected target sequence. Close
examination of predicted on-target and off-target activity of each potential gRNA targeting
sequence is necessary to design the best gRNA. Several gRNA design programs have been
developed that are capable of locating potential PAM and target sequences and ranking the
associated gRNAs based on their predicted on-target and off-target activity (e.g. CRISPRdirect,

available at www.crispr.dbcls.jp).

The next step is to synthesize and clone desired gRNAs. Targeting oligos can be
synthesized, annealed, and inserted into plasmids containing the gRN A scaffold using standard
restriction-ligation cloning. However, the exact cloning strategy will depend on the gRNA
vector that is chosen. The gRNAs for Cpf1 are notably simpler than the gRNAs for Cas9, and
only consist of a single crRNA containing direct repeat scaffold sequence followed by

approximately 24 nucleotides of guide sequence.

Each gRNA should then be validated in one or more target cell lines. For example,

after the Cas9 or Cpfl and the gRNA are delivered to the cell, the genomic target region may
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be amplified using PCR and sequenced according to methods known to those of skill in the

art.

In some embodiments, gene editing may be performed in vitro or ex vivo. In some
embodiments, cells are contacted in vitro or ex vivo with a Cas9 or a Cpfl and a gRNA that
targets a dystrophin splice site. In some embodiments, the cells are contacted with one or more
nucleic acids encoding the Cas9 or Cpfl and the guide RNA. In some embodiments, the one or
more nucleic acids are introduced into the cells using, for example, lipofection or
electroporation. Gene editing may also be performed in zygotes. In embodiments, zygotes
may be injected with one or more nucleic acids encoding Cas9 or Cpfl and a gRNA that targets

a dystrophin splice site. The zygotes may subsequently be injected into a host.

In embodiments, the Cas9 or Cpf1 is provided on a vector. In embodiments, the vector
contains a Cas9 derived from S. pyogenes (SpCas9, SEQ ID NO. 872). In embodiments, the
vector contains a Cas9 derived from S. aureus (SaCas9, SEQ ID NO. 873). In embodiments,
the vector contains a Cpfl sequence derived from a Lachnospiraceae bacterium. See, for
example, Uniprot Accession No. AOA182DWE3; SEQ ID NO. 871. In embodiments, the
vector contains a Cpfl sequence derived from an Acidaminococcus bacterium. See, for
example, Uniprot Accession No. U2UMQ6; SEQ ID NO. 870. In some embodiments, the Cas9
or Cpfl sequence is codon optimized for expression in human cells or mouse cells. In some
embodiments, the vector further contains a sequence encoding a fluorescent protein, such as
GFP, which allows Cas9 or Cpfl-expressing cells to be sorted using fluorescence activated cell
sorting (FACS). In some embodiments, the vector is a viral vector such as an adeno-associated

viral vector.

In embodiments, the gRNA is provided on a vector. In some embodiments, the vector
is a viral vector such as an adeno-associated viral vector. In embodiments, the Cas9 or Cpfl
and the guide RNA are provided on the same vector. In embodiments, the Cas9 or Cpfl and

the guide RNA are provided on different vectors.

In some embodiments, the cells are additionally contacted with a single-stranded DMD
oligonucleotide to effect homology directed repair. In some embodiments, small INDELs
restore the protein reading frame of dystrophin (“reframing” strategy). When the reframing
strategy is used, the cells may be contacted with a single gRNA. In embodiments, a splice

donor or splice acceptor site is disrupted, which results in exon skipping and restoration of the
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protein reading frame (“exon skipping” strategy). When the exon skipping strategy is used,

the cells may be contacted with two or more gRNAs.

Efficiency of in vitro or ex vivo Cas9 or Cpfl-mediated DNA cleavage may be assessed
using techniques known to those of skill in the art, such as the T7 E1 assay. Restoration of
DMD expression may be confirmed using techniques known to those of skill in the art, such as

RT-PCR, western blotting, and immunocytochemistry.

In some embodiments, in vitro or ex vivo gene editing is performed in a muscle or
satellite cell. In some embodiments, gene editing is performed in iPSC or iCM cells. In
embodiments, the iPSC cells are differentiated after gene editing. For example, the iPSC cells
may be differentiated into a muscle cell or a satellite cell after editing. In embodiments, the
1PSC cells are differentiated into cardiac muscle cells, skeletal muscle cells, or smooth muscle
cells. In embodiments, the iPSC cells are differentiated into cardiomyocytes. iPSC cells may

be induced to differentiate according to methods known to those of skill in the art.

In some embodiments, contacting the cell with the Cas9 or the Cpfl and the gRNA
restores dystrophin expression. In embodiments, cells which have been edited in vitro or ex
vivo, or cells derived therefrom, show levels of dystrophin protein that is comparable to
wildtype cells. In embodiments, the edited cells, or cells derived therefrom, express dystrophin
at a level that is 50%, 60%, 70%, 80%, 90%, 95% or any percentage in between of wildtype
dystrophin expression levels. In embodiments, the cells which have been edited in vitro or ex
vivo, or cells derived therefrom, have a mitochondrial number that is comparable to that of
wildtype cells. In embodiments the edited cells, or cells derived therefrom, have 50%, 60%,
70%, 80%, 90%, 95% or any percentage in between as many mitochondria as wildtype cells.
In embodiments, the edited cells, or cells derived therefrom, show an increase in oxygen

consumption rate (OCR) compared to non-edited cells at baseline.

Nucleic Acid Expression Vectors. As discussed above, in certain embodiments,
expression cassettes are employed to express a transcription factor product, either for
subsequent purification and delivery to a cell/subject, or for use directly in a genetic-based delivery
approach. Provided herein are expression vectors which contain one or more nucleic acids
encoding Cas9 or Cpfl and at least one DMD guide RNA that targets a dystrophin splice site. In
some embodiments, a nucleic acid encoding Cas9 or Cpfl and a nucleic acid encoding at least

one guide RNA are provided on the same vector. In further embodiments, a nucleic acid
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encoding Cas9 or Cpfl and a nucleic acid encoding least one guide RNA are provided on
separate vectors.

Expression requires that appropriate signals be provided in the vectors, and include
various regulatory elements such as enhancers/promoters from both viral and mammalian
sources that drive expression of the genes of interest in cells. Elements designed to optimize
messenger RNA stability and translatability in host cells also are defined. The conditions for
the use of a number of dominant drug selection markers for establishing permanent, stable cell
clones expressing the products are also provided, as is an element that links expression of the

drug selection markers to expression of the polypeptide.

Throughout this application, the term “expression cassette” is meant to include any type
of genetic construct containing a nucleic acid coding for a gene product in which part or all of
the nucleic acid encoding sequence is capable of being transcribed and translated, i.e., is under
the control of a promoter. A “promoter” refers to a DNA sequence recognized by the synthetic
machinery of the cell, or introduced synthetic machinery, required to initiate the specific
transcription of a gene. The phrase “under transcriptional control” means that the promoter is
in the correct location and orientation in relation to the nucleic acid to control RN A polymerase
initiation and expression of the gene. An “expression vector” is meant to include expression
cassettes comprised in a genetic construct that is capable of replication, and thus including one
or more of origins of replication, transcription termination signals, poly-A regions, selectable

markers, and multipurpose cloning sites.

Regulatory Elements. The term promoter will be used here to refer to a group of
transcriptional control modules that are clustered around the initiation site for RNA polymerase
II. Much of the thinking about how promoters are organized derives from analyses of several
viral promoters, including those for the HSV thymidine kinase (k) and SV40 early
transcription units. These studies, augmented by more recent work, have shown that promoters
are composed of discrete functional modules, each consisting of approximately 7-20 bp of
DNA, and containing one or more recognition sites for transcriptional activator or repressor

proteins.

At least one module in each promoter functions to position the start site for RNA
synthesis. The best known example of this is the TATA box, but in some promoters lacking a

TATA box, such as the promoter for the mammalian terminal deoxynucleotidyl transferase
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gene and the promoter for the SV40 late genes, a discrete element overlying the start site itself

helps to fix the place of initiation.

RNA Polymerase and Pol III Promoters. In eukaryotes, RNA polymerase III (also
called Pol III) transcribes DNA to synthesize ribosomal 5S rRNA, tRNA and other small
RNAs. The genes transcribed by RNA Pol III fall in the category of “housekeeping” genes
whose expression is required in all cell types and most environmental conditions. Therefore,
the regulation of Pol III transcription is primarily tied to the regulation of cell growth and the
cell cycle, thus requiring fewer regulatory proteins than RNA polymerase II. Under stress

conditions however, the protein Maf1 represses Pol III activity.

In the process of transcription (by any polymerase) there are three main stages: (i)
initiation, requiring construction of the RNA polymerase complex on the gene's promoter; (ii)
elongation, the synthesis of the RNA transcript; and (iii) termination, the finishing of RNA

transcription and disassembly of the RNA polymerase complex.

Promoters under the control of RNA Pol III include those for ribosomal 5S rRNA,
tRNA and few other small RNAs such as U6 spliceosomal RNA, RNase P and RNase MRP
RNA, 7SL RNA (the RNA component of the signal recognition particles), Vault RNAs, Y
RNA, SINEs (short interspersed repetitive elements), 7SK RNA, two microRNAs, several

small nucleolar RNAs and several few regulatory antisense RNAs.

Additional Promoters and Elements

In some embodiments, the Cas9 or Cpfl constructs of the disclosure are expressed by
a muscle-cell specific promoter. This muscle-cell specific promoter may be constitutively

active or may be an inducible promoter.

Additional promoter elements regulate the frequency of transcriptional initiation.
Typically, these are located in the region 30-110 bp upstream of the start site, although a
number of promoters have recently been shown to contain functional elements downstream of
the start site as well. The spacing between promoter elements frequently is flexible, so that
promoter function is preserved when elements are inverted or moved relative to one another.
In the tk promoter, the spacing between promoter elements can be increased to 50 bp apart
before activity begins to decline. Depending on the promoter, it appears that individual

elements can function either co-operatively or independently to activate transcription.

29



10

15

20

25

30

CA 03088547 2020-07-14

WO 2019/152609 PCT/US2019/015988

In certain embodiments, viral promoters such as the human cytomegalovirus (CMV)
immediate early gene promoter, the SV40 early promoter, the Rous sarcoma virus long terminal
repeat, rat insulin promoter and glyceraldehyde-3-phosphate dehydrogenase can be used to
obtain high-level expression of the coding sequence of interest. The use of other viral or
mammalian cellular or bacterial phage promoters which are well-known in the art to achieve
expression of a coding sequence of interest is contemplated as well, provided that the levels of
expression are sufficient for a given purpose. By employing a promoter with well-known
properties, the level and pattern of expression of the protein of interest following transfection
or transformation can be optimized. Further, selection of a promoter that is regulated in

response to specific physiologic signals can permit inducible expression of the gene product.

Enhancers are genetic elements that increase transcription from a promoter located at a
distant position on the same molecule of DNA. Enhancers are organized much like promoters.
That is, they are composed of many individual elements, each of which binds to one or more
transcriptional proteins. The basic distinction between enhancers and promoters is operational.
An enhancer region as a whole must be able to stimulate transcription at a distance; this need
not be true of a promoter region or its component elements. On the other hand, a promoter
must have one or more elements that direct initiation of RNA synthesis at a particular site and
in a particular orientation, whereas enhancers lack these specificities. Promoters and enhancers
are often overlapping and contiguous, often seeming to have a very similar modular

organization.

Below is alist of promoters/enhancers and inducible promoters/enhancers that could be
used in combination with the nucleic acid encoding a gene of interest in an expression
construct. Additionally, any promoter/enhancer combination (as per the Eukaryotic Promoter
Data Base EPDB) could also be used to drive expression of the gene. Eukaryotic cells can
support cytoplasmic transcription from certain bacterial promoters if the appropriate bacterial
polymerase is provided, either as part of the delivery complex or as an additional genetic

expression construct.

The promoter and/or enhancer may be, for example, immunoglobulin light chain,
immunoglobulin heavy chain, T-cell receptor, HLA DQ a and/or DQ [, P-interferon,
interleukin-2, interleukin-2 receptor, MHC class I 5, MHC class Il HLA-Dra, B-Actin, muscle
creatine kinase (MCK), prealbumin (transthyretin), elastase I, metallothionein (MTII),

collagenase, albumin, a-fetoprotein, t-globin, B-globin, c-fos, c-HA-ras, insulin, neural cell
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adhesion molecule (NCAM), ai-antitrypain, H2B (TH2B) histone, mouse and/or type 1
collagen, glucose-regulated proteins (GRP94 and GRP78), rat growth hormone, human serum
amyloid A (SAA), troponin I (TN I), platelet-derived growth factor (PDGF), Duchenne
muscular dystrophy, SV40, polyoma, retroviruses, papilloma virus, hepatitis B virus, human

immunodeficiency virus, cytomegalovirus (CMV), and gibbon ape leukemia virus.

In some embodiments, inducible elements may be used. In some embodiments, the
inducible element is, for example, MTII, MMTV (mouse mammary tumor virus), p-interferon,
adenovirus 5 E2, collagenase, stromelysin, SV40, murine MX gene, GRP78 gene, o-2-
macroglobulin, vimentin, MHC class I gene H-2xb, HSP70, proliferin, tumor necrosis factor,
and/or thyroid stimulating hormone o gene. In some embodiments, the inducer is phorbol ester
(TFA), heavy metals, glucocorticoids, poly(rl)x, poly(rc), ElA, phorbol ester (TPA),
interferon, Newcastle Disease Virus, A23187, IL-6, serum, interferon, SV40 large T antigen,

PMA, and/or thyroid hormone. Any of the inducible elements described herein may be used

with any of the inducers described herein.

Of particular interest are muscle specific promoters. These include the myosin light
chain-2 promoter, the a-actin promoter, the troponin 1 promoter; the Na'/Ca?* exchanger
promoter, the dystrophin promoter, the a7 integrin promoter, the brain natriuretic peptide
promoter and the aB-crystallin/small heat shock protein promoter, a-myosin heavy chain
promoter and the ANF promoter. In some embodiments, the muscle specific promoter is the

CK8 promoter. The CK8 promoter has the following sequence (SEQ ID NO. 874):

1 CTAGACTAGC ATGCTGCCCA TGTAAGGAGG CAAGGCCTGG GGACACCCGA GATGCCTGGT
6l TATAATTAAC CCAGACATGT GGCTGCCCCC CCCCCCCCAA CACCTGCTGC CTCTAAAAAT
121 AACCCTGCAT GCCATGTTCC CGGCGAAGGG CCAGCTGTCC CCCGCCAGCT AGACTCAGCA
181 CTTAGTTTAG GAACCAGTGA GCAAGTCAGC CCTTGGGGCA GCCCATACAA GGCCATGGGG
241 CTGGGCAAGC TGCACGCCTG GGTCCGGGGT GGGCACGGTG CCCGGGCAAC GAGCTGAAAG
301 CTCATCTGCT CTCAGGGGCC CCTCCCTGGG GACAGCCCCT CCTGGCTAGT CACACCCTGT
36l AGGCTCCTCT ATATAACCCA GGGGCACAGG GGCTGCCCTC ATTCTACCAC CACCTCCACA
421 GCACAGACAG ACACTCAGGA GCCAGCCAGC

In some embodiments, the muscle-cell cell specific promoter is a variant of the CK8

promoter, called CK8e. The CK8e promoter has the following sequence (SEQ ID NO. 875):

1 TGCCCATGTA AGGAGGCAAG
61 ACATGTGGCT GCCCCCCCCC

GCCTGGGGAC ACCCGAGATG CCTGGTTATA ATTAACCCAG
CCCCAACACC TGCTGCCTCT AAAAATAACC CTGCATGCCA
121 TGTTCCCGGC GAAGGGCCAG CTGTCCCCCG CCAGCTAGAC TCAGCACTTA GTTTAGGAAC
181 CAGTGAGCAA GTCAGCCCTT GGGGCAGCCC ATACAAGGCC ATGGGGCTGG GCAAGCTGCA
241 CGCCTGGGTC CGGGGTGGGC ACGGTGCCCG GGCAACGAGC TGAAAGCTCA TCTGCTCTCA
301 GGGGCCCCTC CCTGGGGACA GCCCCTCCTG GCTAGTCACA CCCTGTAGGC TCCTCTATAT
361 AACCCAGGGG CACAGGGGCT GCCCTCATTC TACCACCACC TCCACAGCAC AGACAGACAC
421 TCAGGAGCCA GCCAGC
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Where a ¢DNA insert is employed, one will typically desire to include a
polyadenylation signal to effect proper polyadenylation of the gene transcript. Any
polyadenylation sequence may be employved such as human growth hormone and SV40
polyadenylation signals. Also contemplated as an element of the expression cassette is a
terminator. These elements can serve to enhance message levels and to minimize read through

from the cassette into other sequences.

Therapeutic Compositions

AAV-Cas9 vectors

In some embodiments, a Cas9 may be packaged into an AAV vector. In some
embodiments, the AAV vector is a wildtype AAV vector. In some embodiments, the AAV
vector contains one or more mutations. In some embodiments, the AAV vector is isolated or
derived from an AAV vector of serotype AAVI1, AAV2, AAV3, AAV4, AAVS, AAV6,
AAV7, AAVS, AAV9, AAVI10, AAV11, AAVI12, AAVRh74, AAV2i8, AAVRh10, AAV39,
AAV43, AAVRhS, avian AAV, bovine AAV, canine AAV, equine AAV, and ovine AAV or

any combination thereof.

Exemplary AAV-Cas9 vectors contain two ITR (inverted terminal repeat) sequences
which flank a central sequence region comprising the Cas9 sequence. In some embodiments,
the ITRs are isolated or derived from an AAV vector of serotype AAVI1, AAV2, AAV3,
AAV4, AAVS, AAV6, AAV7, AAVS, AAVY, AAV10, AAVI1, AAV12, AAVRh74,
AAV2i8, AAVRh10, AAV39, AAV43, AAVRAS, avian AAV, bovine AAV, canine AAV,
equine AAV, and ovine AAV or any combination thereof. In some embodiments, the ITRs
comprise or consist of full-length and/or wildtype sequences for an AAV serotype. In some
embodiments, the ITRs comprise or consist of truncated sequences for an AAV serotype. In
some embodiments, the ITRs comprise or consist of elongated sequences for an AAV serotype.
In some embodiments, the ITRs comprise or consist of sequences comprising a sequence
variation compared to a wildtype sequence for the same AAV serotype. In some embodiments,
the sequence variation comprises one or more of a substitution, deletion, insertion, inversion,
or transposition. In some embodiments, the ITRs comprise or consist of at least 100, 101, 102,
103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121,
122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140,
141, 142, 143, 144, 145, 146, 147, 148, 149 or 150 base pairs. In some embodiments, the ITRs
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comprise or consist of 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113,
114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132,
133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149 or 150
base pairs. In some embodiments, the ITRs have a length of 110 + 10 base pairs. In some
embodiments, the ITRs have a length of 120 + 10 base pairs. In some embodiments, the ITRs
have a length of 130 £ 10 base pairs. In some embodiments, the ITRs have a length of 140 +
10 base pairs. In some embodiments, the ITRs have a length of 150 + 10 base pairs. In some
embodiments, the ITRs have a length of 115, 145, or 141 base pairs.

In some embodiments, the AAV-Cas9 vector may contain one or more nuclear
localization signals (NLS). In some embodiments, the AAV-Cas9 vector contains 1, 2, 3, 4, or
5 nuclear localization signals. Exemplary NLS include the c-myc NLS (SEQ ID NO: 884), the
SV40 NLS (SEQ ID NO: 885), the hnRNPAI M9 NLS (SEQ ID NO: 886), the nucleoplasmin
NLS (SEQ ID NO: 887), the sequence
RMRKFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNV (SEQ ID NO: 888) of
the IBB domain from importin-alpha, the sequences VSRKRPRP (SEQ ID NO: 889) and
PPKKARED (SEQ ID NO: 890) of the myoma T protein, the sequence PQPKKKPL (SEQ ID
NO: 891) of human p53, the sequence SALIKKKKKMAP (SEQ ID NO: 892) of mouse c-abl
IV, the sequences DRLRR (SEQ ID NO: 893) and KQKKRK (SEQ ID NO: 894) of the
influenza virus NS1, the sequence RKLKKKIKKL (SEQ ID NO: 895) of the Hepatitis virus
delta antigen and the sequence REKKKFLKRR (SEQ ID NO: 896) of the mouse Mx1 protein.
Further acceptable nuclear localization signals include bipartite nuclear localization sequences
such as the sequence KRKGDEVDGVDEVAKKKSKK (SEQ ID NO: 897) of the human
poly(ADP-ribose) polymerase or the sequence RKCLQAGMNLEARKTKK (SEQ ID NO:
898) of the steroid hormone receptors (human) glucocorticoid.

In some embodiments, the AAV-Cas9 vector may comprise additional elements to
facilitate packaging of the vector and expression of the Cas9. In some embodiments, the AAV-
Cas9 vector may comprise a poly A sequence. In some embodiments, the poly A sequence may
be a mini-poly A sequence. In some embodiments, the AAV-CAs9 vector may comprise a
transposable element. In some embodiments, the AAV-Cas9 vector may comprise a regulator
element. In some embodiments, the regulator element is an activator or a repressor.

In some embodiments, the AAV-Cas9 may contain one or more promoters. In some
embodiments, the one or more promoters drive expression of the Cas9. In some embodiments,
the one or more promoters are muscle-specific promoters. Exemplary muscle-specific

promoters include myosin light chain-2 promoter, the a-actin promoter, the troponin 1
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promoter, the Na+/Ca2+ exchanger promoter, the dystrophin promoter, the a7 integrin
promoter, the brain natriuretic peptide promoter, the aB-crystallin/small heat shock protein
promoter, a-myosin heavy chain promoter, the ANF promoter, the CK8 promoter and the CK8e
promoter.

In some embodiments, the AAV-Cas9 vector may be optimized for production in yeast,
bacteria, insect cells, or mammalian cells. In some embodiments, the AAV-Cas9 vector may
be optimized for expression in human cells. In some embodiments, the AAV-Cas9 vector may

be optimized for expression in a bacculovirus expression system.

AAV-sosRNA Vectors

In some embodiments, at least a first sequence encoding a gRNA and a second sequence
encoding a gRNA may be packaged into an AAV vector. In some embodiments, at least a first
sequence encoding a gRNA, a second sequence encoding a gRNA, and a third sequence
encoding a gRNA may be packaged into an AAV vector. In some embodiments, at least a first
sequence encoding a gRNA, a second sequence encoding a gRNA, a third sequence encoding
a gRNA, and a fourth sequence encoding a gRNA may be packaged into an AAV vector. In
some embodiments, at least a first sequence encoding a gRNA, a second sequence encoding a
gRNA, a third sequence encoding a gRNA, a fourth sequence encoding a gRNA, and a fifth
sequence encoding a gRNA may be packaged into an AAV vector. In some embodiments, a
plurality of sequences encoding a gRNA are packaged into an AAV vector. For example, 1, 2,
3,4,5,6,7,8,9,10,11,12,13, 14, 15,16, 17, 18, 19, or 20 sequences encoding a gRNA may
be packaged into an AAV vector. In some embodiments, each sequence encoding a gRNA is
different. In some embodiments, at least1,2,3.4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17,
18, 19, or 20 of the sequences encoding a gRNA are the same. In some embodiments, all of

the sequence encoding a gRNA are the same.

In some embodiments, the AAV vector is a wildtype AAV vector. In some
embodiments, the AAV vector contains one or more mutations. In some embodiments, the
AAYV vector is isolated or derived from an AAV vector of serotype AAVI1, AAV2, AAV3,
AAV4, AAVS, AAV6, AAV7, AAVS, AAV9, AAV10, AAVI1, AAV12, AAVRh74,
AAV2i8, AAVRh10, AAV39, AAV43, AAVRhS, avian AAV, bovine AAV, canine AAV,

equine AAV, and ovine AAV or any combination thereof.

Exemplary AAV-sgRNA vectors contain two ITR (inverted terminal repeat) sequences

which flank a central sequence region comprising the sgRNA sequences. In some
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embodiments, the ITRs are isolated or derived from an AAV vector of serotype AAV1, AAV2,
AAV3, AAV4, AAVS5, AAV6, AAVT, AAVS, AAVO, AAV10, AAV11, AAV12, AAVRh74,
AAV2i8, AAVRh10, AAV39, AAV43, AAVRhS, avian AAV, bovine AAV, canine AAV,
equine AAV, and ovine AAV or any combination thereof. In some embodiments, the ITRs
are isolated or derived from an AAV vector of a first serotype and a sequence encoding a capsid
protein of the AAV-sgRNA vector is isolated or derived from an AAV vector of a second
serotype. In some embodiments, the first serotype and the second serotype are the same. In
some embodiments, the first serotype and the second serotype are not the same. In some
embodiments, the first serotype is AAV1, AAV2, AAV3, AAV4, AAVS5, AAV6, AAVT,
AAVS, AAV9, AAV10, AAV11, AAV12, AAVRh74, AAV2i8, AAVRh10, AAV39, AAV43,
AAVRhS, avian AAV, bovine AAV, canine AAV, equine AAV, and ovine AAV. In some
embodiments, the second serotype is AAV1, AAV2, AAV3, AAV4, AAVS, AAV6, AAV7T,
AAVS, AAV9, AAV10, AAV11, AAV12, AAVRh74, AAV2i8, AAVRh10, AAV39, AAV43,
AAVRhS, avian AAV, bovine AAV, canine AAV, equine AAV, and ovine AAV. In some
embodiments, the first serotype is AAV2 and the second serotype is AAV1, AAV2, AAV3,
AAV4, AAVS, AAV6, AAV7, AAVS, AAV9, AAV10, AAVI1, AAV12, AAVRh74,
AAV2i8, AAVRh10, AAV39, AAV43, AAVRhS, avian AAV, bovine AAV, canine AAV,
equine AAV, and ovine AAV. In some embodiments, the first serotype is AAV2 and the second
serotype is AAVO.

In some embodiments, a first ITR is isolated or derived from an AAV vector of a first
serotype, a second ITR is isolated or derived from an AAV vector of a second serotype and a
sequence encoding a capsid protein of the AAV-sgRNA vector is isolated or derived from an
AAYV vecto