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Abstract

Duchenne muscular dystrophy (DMD) is a muscle wasting disease that results
from a lack of dystrophin protein, which is an essential musculoskeletal protein. Patients
are typically non-ambulatory by their teenage years and suffer prematurely fatal
respiratory and/or cardiac complications by the third decade of life. DMD is caused by
deleterious mutations in the dystrophin gene, which creates an out-of-frame shift
leading to a lack of dystrophin protein and manifestation of DMD. Although scientists
have had an understanding of the genetic basis of DMD for decades there has been only
modest advancement in improving quality of life for these patients.

Becker muscular dystrophy (BMD) is an allelic disease; BMD is also caused by
mutations in the dystrophin gene, although these mutations maintain the translational
reading frame and thus a truncated, partially functional dystrophin protein is created.
BMD patients have a wide range of symptoms, but BMD typically has much less severe
symptoms than DMD. Thus, a common approach to creating a therapy for DMD is to
shift the DMD genotype to a BMD genotype. One therapy targeting the genetic cause of
the DMD by shifting the messenger RNA (mRNA) and thus protein product to one of
BMD has been conditionally approved by the US Food and Drug Administration (FDA),
but the treatment is transient and thus far has not demonstrated reliable clinical benefit.

DMD presents some unique challenges for developing gene therapies. First, the full-
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length gene is so large that exogenous delivery in size restricted viral vectors is not an
option. Second, popular strategies being explored are transient and would require
lifelong administration. The work presented in this dissertation utilized gene editing
technology. Building on prior proof-of-concept studies, we show a CRISPR-Cas9 system
utilizing Staphylococcus aureus Cas9 (SaCas9) can be used to create permanent changes to
the dystrophin gene. This technique overcomes the main challenges presented, as
editing the native locus does not require delivering the gene exogenously, and CRISPR-
Cas9 mediated DNA double stranded breaks result in permanent changes of the
genome. Here we further the proof-of-concept body of work for utilizing CRISPR-Cas9
to treat DMD by targeting exon 51 for excision in a humanized mouse model.

Initially, we recognized the need for a relevant small animal model. A majority of
DMD in vivo work is done in the mdx mouse or variants of the mdx mouse, which
contains a mutated mouse dystrophin gene such that it does not produce dystrophin
protein and displays a mild dystrophic phenotype. While this is a useful research tool, in
order to move genome editing closer to the clinic we need to be able to test guide RNAs
(gRNAs) that target the human dystrophin gene in a small animal model. As the gRNAs
target exact sequences of the genome they must be designed to the human DMD gene.
These human DMD targeting gRNAs would not match the mouse Dmd gene, and thus
there was a clear need for a preclinical humanized small animal model of DMD. We

obtained an hDMD/mdx mouse that contains the full-length, healthy, wild type human



DMD gene on mouse chromosome 5. Although this mouse has the human DMD gene, it
is ultimately a healthy mouse. Thus, we utilized Streptococcus pyogenes CRISPR-Cas9
(SpCas9) to excise exon 52 of the human DMD gene in the mouse zygotes. We identified
a founder mouse that lacked exon 52 in the genomic DNA (gDNA) and bred that mouse
with the mdx mouse line. Thus, using genome editing, we created the hDMDA52/mdx
mouse, which lacks both human and mouse dystrophin protein expression. We
confirmed this biochemically by sequencing the gDNA to ensure lack of exon 52
between the gRNA targeted sites, lack of exon 52 in the cDNA, and lack of dystrophin
protein by both immunohistochemistry (IHC) staining and Western blot. The
hDMDAS52/mdx mouse also displayed a mild dystrophic phenotype compared to its
healthy counterpart, the hDMD/mdx mouse. We have characterized this hDMDA52/mdx
mouse and shown it lacks dystrophin and has a mild dystrophic phenotype, and this
mouse will be a meaningful tool for testing potential DMD therapies.

Next, we created a CRISPR-SaCas9 system that would target the human DMD
gene for exon 51 excision. While our lab has previously shown efficacy of this method
utilizing SpCas9, we switched to the smaller SaCas9 in order to better accommodate the
small packaging limit of adeno-associated virus (AAV). gRNAs were designed to target
conserved regions in the intronic area flanking exon 51 of dystrophin in both humans
and rhesus macaques. gRNAs were tested individually for on-target activity in

HEK293T cells and those with on-target activity were assessed for off-target activity in
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silico. One gRNA upstream of human dystrophin exon 51 and one gRNA downstream of
exon 51 were selected based on distance from the exon, percent modification measured
by the Surveyor nuclease assay, and potential for off-target activity in humans and
rhesus macaques. Those chosen two gRNAs were tested as a deletion pair in both
HEK293T cells and immortalized myoblasts from a DMD patient, lacking exons 48
through exon 50 that is correctable by removing exon 51, and shown to create the
desired deletion. Currently there is a lack of rules about what makes an effective gRNA,
and in particular even the length of the gRNA protospacer sequence for SaCas9 can have
effects on on-target activity. Thus, the two chosen gRNAs were tested with protospacer
lengths varying from 19 to 23 base pairs (bp) both individually and as deletion pairs in
HEK293T cells. The most effective on-target pair was with both gRNA protospacer
sequences at 23 bp long. These 23 bp length gRNAs were re-tested in HEK293T cells and
DMD patient immortalized myoblasts and shown to be effective at creating deletions in
the genome, having that edit carry over in the mRNA of differentiated myoblasts
resulting in the loss of exon 51 and the junction of exon 47 to exon 52 when Sanger
sequenced, and restored dystrophin protein expression in the differentiated myoblasts
by Western blot. Off-target sequences of these 23 bp length protospacers were assessed
in silico and ten of the predicted off-target sites for each gRNA were tested in vitro in
HEK293T cells by deep sequencing. Although the upstream gRNA did have two off-

target sites that had notable small insertion or deletion (indel) rates measured by treated
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gDNA/untreated gDNA, ultimately all measurable off-target activity was at least two
orders of magnitude lower than the on-target rate of indel formation.

Finally, we created a CRISPR-SaCas9 system with gRNAs that target human
DMD for exon 51 removal, and these exact gRNAs tested in vitro were tested in vivo in
our previously characterized hDMDAS52/mdx mouse. Initially we did a small proof-of-
concept study by packaging our system in AAV8 and performed local injections into the
tibialis anterior (TA) muscle of adult hDMDA52/mdx mice. 8 weeks after treatment the
TA was analyzed. We noted deletion of exon 51 between the gRNA targeted sites in the
gDNA, as well as dystrophin protein restoration by IHC and Western blot. While
promising, DMD is a systemic disease that affects all skeletal and cardiac muscles. Thus,
we next delivered our CRISPR-SaCas9 system using AAV9 systemically by tail vein
injections in adult hDMDAS52/mdx mice or temporal vein injections in neonatal
hDMDAS52/mdx mice. At 16 weeks of age mice were sacrificed for biochemical analysis.
Deep sequencing of gDNA at each gRNA target site showed measurable indel formation
above the limit of detection in all tissues assayed in mice treated as both adults and
neonates. There were a few trends that emerged in this data and hold true throughout
analysis of on-target editing: the upstream gRNA is generally more effective at on-target
activity than the downstream gRNA, the mice treated as neonates show more on-target
activity than mice treated as adults, and there is much more on-target activity in the

heart than in the skeletal muscles. Indels are a measure of on-target activity, but we
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delivered a system to create a deletion and not just individual cuts. Thus, gDNA from
the heart and TA of mice treated as adults was assayed by linear amplification
sequencing, which revealed approximately 4% deletions of exon 51 in gDNA from the
heart and about 1% deletions of exon 51 in gDNA from the TA. Through this method we
are also investigated inversions of the targeted sequence and AAV integrations into the
targeted cut site, both of which were much more prominently present in the heart gDNA
than the TA gDNA. Confident we were able to edit the genome at low, although
measurable, levels, we examined changes in mRNA. In the mRNA from hearts of both
mice treated as adults and neonates we see clear deletions of exon 51 by endpoint
polymerase chain reaction (PCR). Sanger sequencing the deletion band revealed the
exact junction of exon 50 to exon 53 as expected. We performed quantitative droplet
digital PCR (ddPCR) on cDNA from the heart, TA, diaphragm, and gastrocnemius, and
similar to the indel formation we saw the highest amount of exon 51 deletions in the
heart cDNA at about 20% in both mice treated as adults and neonates. The deletions in
skeletal muscles varied from about 0.15% to about 1.5% and were all measurable above
the limit of detection as defined by the average of samples from untreated mice. Lastly,
we examined dystrophin protein expression. By Western blot we saw mouse to mouse
variability in intensity, but largely some degree of dystrophin protein expression
restoration in protein extracted from hearts and gastrocnemius muscles from mice

treated as both adults and neonates, although qualitatively the mice treated as neonates
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have more dystrophin protein expression than those treated as adults. IHC on hearts
and TA muscle sections similarly showed variable but nonetheless present dystrophin
protein expression restoration in both mice treated as adults and neonates. Consistent
with prior data, we saw more dystrophin expression in the heart than in the TA, and this
difference is exacerbated in the mice treated as adults.

In sum, the objective of this dissertation was to create a clinically relevant
CRISPR-SaCas9 system and test it in vitro and in vivo in a diseased humanized mouse
model. This work is an incremental step to propel forward methods to permanently
correct the dystrophin gene by gene editing technology to treat DMD. We created a
useful mouse model for the field to test preclinical therapies in vivo and make the most
of the rapidly advancing gene editing tools. Collectively this work is significant in
extending early proof-of-principle studies to a translational strategy for gene editing as a

potential treatment for DMD.
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Chapter 1. Introduction

1.1 Rationale and Significance

Duchenne muscular dystrophy is a prematurely fatal disease with no curative
treatment. This X-linked disease affects about 1 in 5000 male births and is the result of
deleterious mutation(s) in the DMD gene that was uncovered thirty years ago’2. These
mutations lead to an absence of the dystrophin protein, which results in progressive
muscle wasting that ultimately leads to death in the third decade of life typically from
respiratory and/or cardiac complications. The current standard of care, while it has
progressed over the years and been shown to elongate life, is largely palliative as it does
not focus on the genetic cause of the disease. An allelic disease, Becker muscular
dystrophy, often displays significantly less severe phenotypes, and thus it is a common
strategy to try to shift the DMD genotype to a BMD genotype in order to in theory also
shift symptoms to be less acute and improve expected lifetime and quality of life.

Many therapies are in development to treat DMD. Although the lead candidate
for a DMD treatment is exon skipping, clinical trial results from these treatments still
lead to an overall decline in ambulation®*. Partial dystrophin restoration is promising,
but there are several limitations such as poor delivery of oligonucleotides to the heart
and the need for lifetime re-administration>”. The FDA Advisory Committee advised for

rejected approval for both lead exon skipping candidates, drisapersen and eteplirsen,



based on lack of efficacy, although eteplirsen was eventually granted conditional
approval. Ex vivo gene therapy approaches show promise, but may be limited
therapeutically due to poor in vivo engraftment, survival of genetically modified cells,
and the systemic nature of DMD#1¢, Plasmid-mediated gene transfer is being
investigated, but low efficiency of delivery and transient expression are of concern!”-.
Efficiency can be improved by viral delivery®. Adenovirus can package the entire
dystrophin cDNA, however the potent immune response in vivo to adenovirus is
troublesome and will likely limit the widespread use of adenovirus in a systemic gene
therapy context. Delivering the complete dystrophin gene, as in classical gene therapy,
with size-restricted viral vectors is not currently feasible as the full-length dystrophin
cDNA is 14 kb?'. Thus, various truncated dystrophin cDNAs, coined minidystrophin
and microdystrophin, have been tested using AAV and result in improved force
generation?>%. There is evidence that truncated dystrophins improve cardiomyopathy in
the mdx mouse®®, however this treatment may not mitigate myocardial fibrosis®. Thus,
while proven successful in various animal models for restoring function in skeletal
muscle, it is unclear whether these truncated versions of dystrophin will be effective in
treating DMD-related cardiomyopathy in humans as they do not possess the full wild
type functionality. Further, vector loss over time may be problematic for AAV-delivered

minidystrophin and microdystrophin. However, AAV is a promising delivery method



as many muscle-tropic serotypes exist*** and the first FDA approved gene therapy,
Spark Therapeutics” Luxturna, utilizes AAV#. Current strategies to treat DMD with gene
therapy rely on exogenous transgene delivery or require re-administration of a transient
treatment, and thus have safety and practicality concerns. Our approach aims to correct
the endogenous DMD gene permanently after one treatment utilizing the gene editing
tool CRSIPR-Cas9 and this method is potentially curative. The overall objective of this
work was to develop a CRISPR-Cas9 system suitable to be translated to humans to
remove exon 51 in the DMD gene by creating and characterizing a humanized mouse
model of DMD and testing a CRISPR-Cas9 system both in vitro and in vivo for excision of

exon 51.

1.2 Specific Aims

Aim 1: Creation and Characterization of a Humanized Diseased
Mouse Model of Duchenne Muscular Dystrophy

The hDMD/mdx mouse*!, which contains full-length wild type human DMD on
mouse chromosome 5, was obtained from the Leiden University Medical Center. This
mouse was mated, and the zygotes were injected with a CRISPR-SpCas9 system with
two gRNAs targeted to the intronic region flaking human DMD exon 52. Resulting
founder pups that lacked exon 52 were identified by PCR genotyping and bred to mdx
mice. hDMDA52/mdx (het;hemi) mice were confirmed to have a loss of exon 52 in both

gDNA and cDNA, as well as a loss of dystrophin protein in the heart and TA muscle by



IHC staining and loss of dystrophin protein expression in the TA by Western blot. The
phenotype of the mice was assessed by in vivo motor function tests and hDMDA52/mdx
mouse has decreased overall activity in an open field as measured by distance moved
and rearing postures, as well as decreased grip strength compared to the hDMD/mdx
mouse. This mouse model contains the human dystrophin gene, which we have mutated
to be a relevant DMD genotype. CRISPR-Cas9 systems with gRNAs specific for the
human dystrophin gene can now be tested in vivo in a diseased small animal model of

DMD.

Aim 2: Validation of a CRISPR-SaCas9 System for Deletion of Exon 51
In Vitro

Prior work has shown feasibility of removing an exon using two gRNAs and
CRISPR-Cas9%. Our group and others have demonstrated in vivo success when
delivering a CRISPR-Cas9 system utilizing AAV*+, but these studies were conducted in
classic mouse models of DMD. Thus, the gRNAs previously used in vivo delivered by
AAV target the mouse Dmd gene. As gRNAs are specific to exact DNA sequences,
further tests for the human gene are required. Our lab has previously shown success
excising human dystrophin exon 51 in vitro as well as cell implantation of edited cells in
vivo, but this was achieved utilizing SpCas94. SaCas9 is approximately 1 kb smaller than
SpCas9¥, thus looking to the future of creating an all-in-one AAV vector system, as

opposed to delivery using two viral vectors, a new CRISPR-SaCas9 system needed to be



tested. Here we show selection and screening of SaCas9 gRNAs that target conserved
sequences in the human genome and rhesus macaque genome at the intronic sequences
flanking exon 51 of DMD. On-target efficacy was evaluated in vitro of individual gRNAs
by the Surveyor assay, and exon 51 deletion potential was evaluated by endpoint PCR of
gDNA and cDNA. gRNAs were tested in both HEK293T cells and immortalized DMD
patient myoblasts. After initial gRNA screening, the gRNA protospacer length was
varied and re-tested. In this specific genomic context, we found 23 bp gRNAs to be more
effective by individual on-target activity and deletion pair efficacy, and thus moved
forward with 23 bp length gRNAs. Off-target potential was assessed in silico with Cas-
OFFinder® and investigated with deep sequencing, where there were no major concerns
found. In this work we have created a CRISPR-SaCas9 system for deletion of exon 51

and showed on-target efficacy in vitro with limited off-target potential.

Aim 3: In Vivo Gene Correction of Duchenne Muscular Dystrophy by
Deletion of Exon 51 Using CRISPR-SaCas9

Following the work of the first two aims, we have gRNAs that target the human
DMD gene to excise exon 51 as well as a relevant humanized diseased mouse model.
Thus, we packaged our CRISPR-SaCas9 system into AAV and delivered it in vivo to
hDMDA52/mdx mice as both neonates and adults. Lack of exon 52 in this mouse shifts
the reading frame to out of frame and the mouse produces no dystrophin protein;

treatment to remove exon 51, leading to the junction of exon 50 to exon 53, restores the



reading frame and creates a BMD genotype. We first showed proof-of-concept of in vivo
excision of exon 51 by CRISPR-SaCas9 delivered by AAVS8 through local injection into
the TA muscle of adult mice. After 8 weeks the TA muscle was analyzed and found to
have deletion of exon 51 in the gDNA as well as restored dystrophin protein expression
by IHC and Western blot. Next, we aimed for systemic treatment as DMD is a systemic
disease. We systemically treated neonatal and adult mice with our AAV9 CRISPR-
SaCas9 system. At 16 weeks of age we saw indel formation at both gRNA on-target
locations as well as deletions of exon 51 in the cDNA in various muscle tissues.
Deletions of exon 51 in the heart were most prevalent, and measurable deletions
occurred in skeletal muscles tested. Western blot and IHC confirmed restoration of
dystrophin protein expression. Overall, we see higher levels of editing in the heart than
skeletal muscle, and in mice treated as neonates compared to those treated as adults. The
in vivo gene editing rates leave room for improvement, but we do see dystrophin

restoration and thus a promising start to a potential therapeutic for DMD.



Chapter 2. Literature Review
2.1 Duchenne and Becker Muscular Dystrophy

2.1.1 Pathology

Duchenne muscular dystrophy and Becker muscular dystrophy are allelic X-
linked muscle wasting diseases that are caused by mutations in the dystrophin gene.
Mutations in the DMD gene in DMD patients lead to a lack of the essential
musculoskeletal dystrophin protein, whereas mutations the DMD gene in BMD patients
maintain the reading frame and thus a truncated but partially functional protein is
created (see Figure 1%").

DMD affects about 1 in 5000 live male births®?, making it the most common form
of muscular dystrophy®. DMD is the most severe form of muscular dystrophy> and is
the most common fatal genetic disease®. DMD is diagnosed in early childhood, with a
historical mean age of diagnosis of 4 years and eleven months for families without a
history of DMD?. This average age of diagnosis seems to be dropping after observation
of delayed motor milestones such as walking and standing up from sitting®. Children
also often have a waddling gait and trouble with daily activities such as climbing stairs,
jumping, and running. The muscle wasting is progressive, and patients are usually
bound to a wheelchair by the age of 12. Muscle wasting continues to progress ultimately

leading to premature death due usually due to cardiac and/or respiratory complications



in the third decade of life. A retrospective study of 835 DMD patients showed cardiac
related deaths have a mean age of 19.6 years, whereas respiratory related deaths for
patients who benefitted from mechanical ventilation was 27.9 years®.

In contrast, BMD is about 3 times less prevalent than DMD?* and very mild BMD
phenotypes can be as minor as asymptomatic increase in concentration of creatine
kinase, a marker of muscle damage, in blood serum, muscle cramps, and presence of
myoglobin in the urine>. BMD patients lose ambulation anywhere between the late
teenage years to mid-life years®, but may preserve ambulation until after age 60°!.
Cardiomyopathy is the cause of death for about half of all BMD patients® ®. Clinically
the distinction between BMD and DMD is defined by ambulation past 16 years of age,
which all BMD patients’ display. BMD has a later onset of muscle weakness and
symptoms may not onset until after age 30. Sometimes weakness of the quadriceps
femoris is the only initial sign of muscle weakness. The mean age of death for BMD

patients is in the mid-40s™.
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Figure 1: Overview of dystrophin mutations and the BMD or DMD genotypes in the exons 45-55
mutational hotspot region of dystrophin.



2.1.2 The Dystrophin Gene

DMD is the largest known naturally occurring gene made of up about 2.5 million
bp of genomic sequence on the X chromosome®. Approximately 99% of the gene is made
up of introns®, and the gene contains 79 exons®. These exons encode 14,000 bp of
messenger RNA. DMD can be mutated in an afflicted patient by carrier mothers passing
on their mutated DNA or by spontaneous mutation, which occurs in about one-third of
cases likely due to the large size of the gene® and particularly the large introns®. There
are many types of mutations possible: deletions of one or more exons are most common,
making up about 61% of cases, whereas duplications of exons (9%), nonsense nucleotide
changes (16%), nucleotide changes disrupting a splice site (5%), and small insertion or
deletion mutations (8%) are generally less common®. A majority of exon deletions occur
in two mutational “hot spot” regions, exons 45-55 and exons 2-20. If these mutations
maintain the reading frame the genotype is one of BMD. However, if the mutations

disrupt the reading frame the genotype is that of DMD.

2.1.3 The Dystrophin Protein

The wild type DMD gene produces the 427 kilodalton dystrophin protein.
Dystrophin is found at the plasma membrane of skeletal and cardiac muscle and some
neurons®. This protein links the internal cytoskeleton of a cell to the extracellular matrix,
and thus plays a structural role. This membrane-spanning protein is essential for

membrane stabilization® and likely protects the sarcolemma from excessive force during
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muscle contraction and relaxation”. The protein is organized into four general regions:
the actin-binding domain at the N-terminus, the central rod domain, the cysteine-rich
domain, and the carboxyl terminal domain. The C-terminus of the dystrophin protein
associates with numerous other proteins to create the dystrophin glycoprotein complex.
Mutations that cause DMD result in completely absent or extremely reduced levels of
dystrophin protein to be produced. When dystrophin is absent the dystrophin
glycoprotein complex is destabilized resulting in progressive fiber damage and
membrane leakage. The rod domain contains 24 repeating units, called spectrin-like
repeats, which account for most of the protein®. Loss of exons in the 45-55 hotspot
remove part of the repetitive rod domain, whereas loss of exons in the 2-20 hot spot can
remove all or some of the actin-binding site with part of the rod domain. Loss of exons
in the rod domain have been found to be tolerable without severe pathology, as seen in
some BMD patients®. BMD patients produce some level of internally truncated, but
partially functional dystrophin protein. In particular if the protein created is truncated in
the rod region patients can display quite mild phenotypes even with 46% of the coding
sequence deleted (exons 17-48)°!. This specific individual was still ambulatory at 61
years old despite missing almost half of the dystrophin protein.

Dystrophic muscle tissue undergoes continuous cycles of necrosis and
regeneration, leading to fibers with centrally located nuclei, increased permeability, and

high fibrotic and adipose tissue content. The regenerative capacity of the cell is
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eventually lost, likely due to loss of muscle fibers occurring faster than the regenerative
ability of the satellite cells, which ultimately leads to muscle necrosis, fibrosis, and loss
of muscle function”. This process is severe in DMD patients, whereas BMD patients
exhibit a wide range of severity of loss of muscle function, but they are typically less

acutely impacted than DMD patients.

2.1.4 Standard of Care

Preventative and interventional care for DMD patients has largely been poorly
standardized until the past decade”, although there are some basic measure that have
historically been taken. Following initial diagnosis both DMD and BMD patients
typically undergo a physical therapy assessment, developmental evaluation to design an
individual education plan if needed, cardiomyopathy evaluation, and consultation with
a genetic counselor®. Generally, both DMD and BMD patients are prescribed ACE
inhibitors and/or beta blockers for cardiomyopathy to improve left ventricular
function”7. Scoliosis, which is prevalent in non-ambulatory patients, is managed as
appropriate, including bracing and surgery”. Patients often undergo nutritional
assessment, and physical therapy and gentle exercise if possible to promote mobility and
prevent contractures. Bone and cardiac health are closely monitored, with a complete
cardiac evaluation occurring at least every two years”. For DMD patients in particular,

respiratory management has been shown to extend life”””°, and thus respiratory
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evaluations during clinic visits are conducted at least every 6 months in non-ambulatory
patients®.

Corticosteroids are often prescribed to DMD patients, whereas the effectiveness
in BMD patients is less well understood>. Treatment typically begins once motor
function plateaus or begins to decline, usually between 4-8 years old in DMD patients.
For DMD patients it is thought that prednisone has a stabilizing effect on membranes as
well as an anti-inflammatory effect that may be beneficial®%3. However, side effects are
almost universal including weight gain and behavioral changes®. Thus, the dose and
frequency with which prednisone is given is often changing. Deflazacort, which has only
been available in the United States since 2017, is thought to have fewer side effects,
especially weight gain, and may help to decrease the decline of muscle function®
including helping to preserve pulmonary function®.

While some interventions and treatments have been shown to prolong life, none
of the described standard of care offers hope of a cure. There is a plethora of therapies
for DMD, and to a lesser extent for BMD, being investigated including gene therapies
that aim to compensate for a lack of dystrophin, and gene and molecular therapies based
on restoring dystrophin protein production including cell therapies, exogenous gene

delivery, exon skipping, and gene editing.
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2.2 Therapies that Compensate for Lack of Dystrophin
2.2.1 Myostatin Inhibition

Myostatin is a member of the transforming growth factor-beta family and a
regulator of muscle growth. Inhibition of the myostatin pathway leads to increase in
muscle size and strength. Hypertrophy and hyperplasia of the muscle have been shown
in mice®!, rats®> %, dogs® %, cows®, and non-human primates® ¥, after myostatin
inhibition or knock-out. A recombinant human antibody that binds to myostatin and
inhibits its activity® is currently being tested in an open-label phase 2 clinical trial
(NCT02907619), as well as a phase 2/3 trial testing an anti-myostatin adnectin
(NCT03039686). Follistatin is a myostatin antagonist, and thus can also be used to inhibit
the myostatin pathway. A modified follistatin can be delivered via AAV; in a phase 1/2a
clinical trial for BMD no adverse effects were encountered and 2 out of 3 patients in both
the low and high dose cohorts showed improvements in the six-minute walk test
(6MWT)%. The same treatment is currently being evaluated in 6 DMD patients as a

phase 1/2 clinical trial (NCT02354781).

2.2.2 Green Tea Extract

Addition of green tea extract, or specific components of the green tea extract, has
been studied in mice and shown to decrease serum creatine kinase levels and preserve
some muscle fiber morphology and function® . (+)- Epicatechin, an antioxidant that

reduces NF-«kB pathway signaling'”, is being tested in a phase 1/2 clinical trial
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(NCT02964377) for cardioprotective properties'®? and is currently recruiting.
Epigallocatechin-Gallate has also been shown to be neuroprotective and is currently

being tested in a phase 2/3 clinical trial (NCT01183767).

2.2.3 GALGT2 Gene Transfer

The GALGT2 gene is known to glycosylate a dystroglycan in skeletal muscle!0% 104
and can induce overexpression of dystroglycan-binding proteins'® as well as strengthen
the extracellular matrix to prevent eccentric contraction-induced muscle injury'®. Gene
transfer of GALGT2 has shown prevention of muscle damage in the mdx mouse model
of DMD'%. Further, rhesus macaques treated with an AAV-delivered GALGT2 showed
increase expression of dystrophin and laminim a2 surrogate proteins, such as utrophin,
plectinl, agrin, and laminin a5'”. A phase 1/2 clinical trial utilizing AAV delivered

GALGT?2 is currently recruiting (NCT03333590).

2.2.4 Steroids

Steroid use is generally accepted as part of the standard of care for DMD
patients, although the side effects leave vast room for improvement. As previously
detailed, breakthrough steroids like deflazacort can have meaningful impact on patient
lives. A myriad of improved steroids are being investigated, including vamorolone,
which is a glucocorticoid receptor with strong anti-inflammatory activity that may limit

negative side effects such as stunted growth, insulin resistance, and weight gain'®. In a
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phase 1 study vamorolone was shown to be safe!®, and a phase 2 study is set to begin
shortly (NCT03439670).

Steroid antagonists are also being investigated. Eplerenone, which blocks
aldosterone that acts to raise blood pressure, has been shown to be both safe and
effective for cardioprotection particularly when started at a young age (NCT01521546)'%.
A phase 3 clinical trial assessing eplerenone to preserve cardiac and pulmonary function

in DMD patients is ongoing (NCT02354352).

2.2.5 Inflammation

Muscles from DMD patients show infiltration of inflammatory cells, mostly
macrophages and lymphocytes!!?. A study utilizing the mdx mouse model depleted the
macrophages from the mice and showed reduced muscle pathology''. An inhibitor of
hematopoietic prostaglandin D synthase, which plays a role in the production of
prostanoids and mast cells, is being tested in a phase 2 clinical trial (NCT02752048) with
the primary outcome measured being change in the 6MWT.

NF-kB drives inflammation and muscle degeneration while also inhibiting
muscle regeneration!®* "2, Edasalonexent, a small molecule inhibitor of NF-kB, has
reduced inflammation and fibrosis as well as increased diaphragm function in mouse
and dog models of DMD!'%. It has also proven to be safe in a phase 1 clinical trial'4, and

is currently being tested in a phase 1/2 clinical trial (NCT02439216) for further safety and
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efficacy studies. Primary outcomes of safety and tolerability and muscle composition

and inflammation measured by MRI will assessed.

2.2.6 nNOS Pathway Enhancement

A lack of dystrophin disrupts the recruitment of neuronal nitric oxide synthase
(nNOS) to the sarcolemma''®, which affects production of nitric oxide!'¢. The loss of
nNOS from the sarcolemma versus the total loss in dystrophic muscle is not well
understood, but generally nNOS deficiency plays a role in misregulation of muscle
development, blood flow, fatigue, inflammation, and fibrosis'”’. Hence many therapies
aim to enhance the nNOS pathway. Tadalafil, a phosphodiesterase type 5 inhibitor that
boosts defective NO-cGMP signaling in skeletal muscle microvessels, has proven
effective in preventing muscle ischemia, injury, and fatigue in mdx mice!'s ", Short-term
dosing also showed forearm muscle ischemia was ameliorated when tested with
handgrip exercise in patients with DMD'?* and BMD'?. In a phase 3 clinical trial daily
dosing of tadalafil at a high and low dose both failed to improve 6MWT change from
baseline compared to control groups (NCT01865084)'22. A phase 1 study testing tadalafil
and sildenafil, which reduces respiratory weakness and fibrosis in the mdx mouse
model'?, proved safe as well and improved functional ischemia and exercise-induced
muscle blood flow in 10 DMD patients'?. Sildenafil alone, in a phase 2 clinical trial for
DMD and BMD patients, failed to show improvements in cardiomyopathy

(NCT01168908)124,

17



2.2.7 HDAC Inhibition

Histone deacetylase (HDAC) activity is constitutively active in DMD muscles'?.
Dosing of HDAC inhibitors has been shown to prevent fibrosis and promote
regeneration in the mdx mouse model'? 1?7, A phase 1/2 study of Givinostat
(NCT01761292), an HDAC inhibitor, showed histological evidence of reduced fibrotic
tissue'?s. While this study was not designed to test efficacy through assessments like the
6MWT, a phase 3 study is currently recruiting (NCT02851797) and functional benefit

results will be evaluated over the next few years.

2.2.8 Utrophin

Utrophin is an autosomal paralogue of dystrophin. Upregulation of utrophin has
been proposed as a potential therapy for DMD'?. When utrophin is upregulated
functional improvement is seen in mice'® and dogs'*. Small molecules can be used to
modulate utrophin levels and have been shown to be well tolerated in patients in a
phase 1 clinical trial'3?, and a phase 2 clinical trial is ongoing (NCT02858362). While
promising there is concern that utrophin does not anchor nNOS to the sarcolemma, thus
blood flow relating to metabolic needs may remain in DMD patients treated with

utrophin upregulation therapies'®.

2.2.9 Complementary and Alternative Medicines

While largely not covered in this literature review, the rise of complementary

and alternative medicines has not escaped potential for treating muscular dystrophy.
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Nutraceuticals being investigated include coenzyme Q10, melatonin, traditional Chinese
herbal supplements and acupuncture, active compounds from soybeans and turmeric
for inflammation, resveratrol, increasing nitric oxide availability by use of beetroot juice,
L-arginine, taurine, and vitamin D'*. While some of these show potential, largely many

produce only anecdotal evidence and none address the genetic cause of the disease.

2.3 Therapies that Restore Dystrophin Expression

Many strategies to treat DMD rely on shifting the DMD genotype to one of BMD.
While this is ultimately not a cure in the classical sense, as the gene would not be
returned to the wild type sequence, the generally much milder symptoms of BMD as

shown by natural history make this a promising therapeutic strategy.

2.3.1 Cell-Based Therapies

Cell therapies for DMD aim to introduce functional dystrophin into patient
muscle by isolating healthy cells that can then be used to repopulate and replace
dystrophic tissue. Early work included clinical trials exploring transplantation of healthy
donor muscle progenitors directly into DMD patient muscles, as well as combining
methods of immunosuppression with the injection. However, engraftment success was
low and few patients showed meaningful dystrophin expression restoration'®. Along
with insufficient donor engraftment, other challenges include immune rejection and
poor migration from the injection site'>*13, While in theory replacing dystrophic cells

and muscle with healthy versions seems simple, there are a multitude of challenges. In
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particular, body wide delivery would be necessary to treat DMD. DMD affects all
skeletal muscles and the heart, so significant migration and an extremely large amount
of cells would be needed. As muscle makes up approximately 40% of body weight'®, it
is unlikely at this time that a cell therapy will prove efficacious for a systemic disease

like DMD.

2.3.2 Exon Skipping

Antisense oligonucleotides (AONSs) are small single-stranded chemically
modified DNAs or RNAs that are designed to target specific gene transcripts. The small
size is crucial for delivery. For treatment of DMD AONs are used to alter pre-mRNA
splicing, such that specific exons in dystrophin are skipped during the splicing
process'¥. The targeted sequence is spliced out with its flanking introns as the
modifications essentially hide the exon from the splicing machinery. By skipping exons
the reading frame can be restored, and may be applicable to up to 83% of all DMD
mutations'#!. Exon skipping is a mutation-specific approach, such that every patient
would need to be genotyped and matched to a therapy that will correct their specific
reading frame mutations to return to in-frame. Currently there is a focus on skipping
single exons as a proof-of-principle for the overall approach. However, this approach
may prove challenging for the patients with duplications of one or more exons; AONs
target both the original and duplicated copies, which will generally result in an out-of-

frame transcript. Thus, more than 1 exon will need to be targeted for these patients. This
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approach requires a combination of several AONs being delivered as a “cocktail” of
drugs in order to skip larger regions of the transcript. If a cocktail for exons 45-55 were
effective, this could treat a large cohort of DMD patients to produce functional
dystrophin.
2.3.2.1 Eteplirsen

Eteplirsen, brand name Exondys 51, is the first exon skipping therapy to be
conditionally approved by the FDA for treatment of DMD patients who would benefit
from skipping of exon 51. Skipping of exon 51 is applicable to approximately 13% of
patients, which represents the largest patient population for skipping of a single exon'4.
Sarepta Therapeutics eteplirsen, a phosphorodiamidate morpholino oligomer (PMO),
remains uncharged at physiological pH!4 and targets exon 51 in dystrophin!#. A
primary outcome assessed in DMD clinical trials is the 6MWT, a validated outcome
measure used in a variety of clinical trials®. The test essentially consists of seeing how
far a person can walk over the time of six minutes. This test aims to measure the systems
involved in walking as a measure of disease progression'4. However, the voluntary
nature of this test a well as the duration have been questioned'#’. Treatment with
eteplirsen resulted in a slower rate of decline in the G MWT compared to historical
controls, but not maintenance or improvement of function measured by the 6MWT?.

The FDA cited concerns in their briefing document for the Advisory Committee

about how immunofluorescence images were collected, particularly because the primary

21



outcome evaluation was dystrophin expression. The Western blot data from patient
muscle biopsies shows a relative increase of dystrophin about 3-fold higher compared to
DMD patients. The FDA also had concerns comparing the treatment groups to historical
controls, particularly because the open-label study introduces bias to all participants.
Furthermore, the treated patients were receiving intensive physical therapy and steroid
treatments and it is unclear if the historical controls were treated similarly. Lastly, at the
time of submission only 12 patients had been treated with eteplirsen for one year or
longer, and the FDA cited that this small group does not have the power to assess
frequency of infrequent but potentially very serious adverse side effects. While the
current safety profile of eteplirsen is promising, the lack of data for long-term treatment
is notable. The FDA Advisory Committee voted to reject the approval of eteplirsen,
however the FDA ultimately did not follow the Advisory Committee’s suggestion and
granted conditional approval of eteplirsen. The FDA did note in the letter of accelerated
approval that “clinical benefit of Exondys 51, including improved motor function, has
not been established” and that the clinical benefit of eteplirsen needs to be verified in a
2-year randomized, double-blind, controlled trial with the primary endpoint being the

North Star Ambulatory Assessment!*® rather than the 6MWT14 150,

2.3.2.2 Ongoing Development of Exon Skipping Therapies

While the first exon skipping drug has been conditionally approved, that drug

only targets exon 51. Further clinical trial investigation for exon 51 skipping is ongoing
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(NCT03508947), as well as clinical trials to establish AONs for skipping exon 45
(NCT02667483, NCT02530905, NCT03532542), exon 53'5! (NCT02081625, NCT03167255,
NCT03532542), and exon 44'%2 (NCT02329769) . The impressive preclinical animal data
supports the concept of therapeutic AON-mediated exon skipping, but the modest
clinical trial results suggest that improvements to delivery, pharmacodynamics, and
pharmacokinetics are necessary to significantly improve patient outcomes. More recent
AON formulations, such as the tricyclo-DNA oligomers, show improved uptake in
multiple tissues after systemic administration, including therapeutic benefit in the
heart'. Additionally, the incorporation of cell-penetrating peptides into AONs can
similarly assist in tissue penetration, particularly facilitating delivery to the heart'.
Finally, the expression of exon skipping AONs linked to small nuclear RNAs such as U7
enables the efficient delivery and prolonged expression of AONs in skeletal and cardiac
muscle by AAV vectors'> 1%, The success of this approach in dog models of DMD is

promising for its continued development'>-1%.

2.3.3 Readthrough Therapy

Stop codons are responsible for 13% to 15% of mutations in DMD patients!0 161,
Being able to readthrough these stop codons and continue to produce the dystrophin
protein has potential to impact as many patients as treatment for skipping exon 51.
Aminoglycosides have been used to induce readthrough in mdx mice, which showed

restoration of dystrophin protein expression and protection against contraction induced
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injury?®2, Early clinical trials using gentamicin to treat DMD and BMD patients showed
the treatment was well tolerated but lacked consistent restored expression of full-length
dystrophin across patients!®> ¢4, which fueled further studies with increased dose and
treatment period time. In a later clinical trial dystrophin levels did significantly increase
and there was a slight increase in forced vital capacity!*>. However, use of gentamicin as
a therapy had potential for severe negative side effects such as renal toxicity, so novel
compounds were pursued instead!®. Ataluren, which induces ribosomal readthrough of
premature stop codons, was effective at promoting dystrophin expression in the mdx
mouse model and human and mouse muscle cells'. A phase 2a clinical trial showed
dystrophin expression in 23 of 38 patients'*$, and a phase 2b clinical trial did not see
significant results in the (MWT, although there were non-statistically significant
improvements!®®. A phase 3 study also failed to achieve statistical significance in the
6MWT, but did show a 15 meter improvement in the overall study population as well as
all patients in the treated group remained ambulatory whereas 4 of 52 control patients
lost ambulation'”?. Ataluren, brand name Translarna developed by PTC Therapeutics,
has been approved in Europe to treat some patients with DMD and BMD, and further

readthrough compounds are being investigated'”.

2.3.4 Minidystrophin and Microdystrophin

The entire dystrophin gene is too large to deliver, however many variations of

delivering the dystrophin complementary DNA (cDNA) are ongoing. The mouse
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dystrophin cDNA has been delivered as naked plasmid to the mdx mouse and resulted
in stably expressed dystrophin in 1-5% of myofibers!”. This principle was applied in
clinical trial where 6 out of 9 patients had low but present levels of dystrophin's.
However, this plasmid-mediated gene delivery approach is ultimately transient, which
presents an array of issues such as patient compliance and cost.

Efficiency of gene transfer and expression levels can be increased by using a viral
delivery system rather than plasmid DNA. However, the full-length dystrophin cDNA
exceeds packaging limits of many viral vectors. The cDNA can be split up into three
parts and delivered through co-injection of three viruses, where the expression cassette
is reconstituted in vivo; although the efficiency of reconstitution is low, this study
suggests that with optimization co-injection may be a viable way to express the full-
length dystrophin cDNA'7. A therapeutic utilizing AAV is particularly compelling as
AAV has been shown to have high levels of in vivo transduction to achieve long-term
gene expression'’4, and the virus remains predominantly episomal so it does not pose
risk of nonspecific integration like lentivirus'”> 17

In order to utilize AAV, truncated versions of the dystrophin cDNA have been
created termed minidystrophin and microdystrophin. The dystrophin gene contains
repetitive domains that can seemingly be removed to truncate the size of the dystrophin
cDNA to achieve functionality. This approach has shown improved cardiac performance

and preserved muscle function in a variety of mouse models, as well as emphasizing
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that dystrophin expression in a relatively small amount of myofibers can result in
considerable recovery of contractile force?-?%31-3% 17717 This promising method was
taken to clinical trial where patients were injected intramuscularly with various doses of
AAV expressing minidystrophin. Unfortunately, efficacy proved problematic as there
were very few dystrophin-positive fibers in some patients even though the viral
genomes were easily detectable in muscle biopsies'®. It appears the immune system
played a role in the lackluster results; T cells targeting dystrophin epitopes were
detected in the blood of many patients. This likely represents an immune response to the
foreign epitope'®. However, some patients were found to have these T cells before
injection of the AAV-minidystrophin. There is no mechanistic explanation for the
antidystrophin immune response. Additionally, it is unclear if the delivered
minidystrophin played a part. This immune response will also be of utmost concern for
future approaches for dystrophin restoration in DMD patients. Clinical trials utilizing
AAV now routinely screen patients for pre-existing immunity'®!. Past failure has not
deterred hope for minidystrophin and microdystrophin treatments. A phase 1 clinical
trial for systemic dosing of AAV9-minidystrophin driven by a muscle specific promoter
is currently recruiting (NCT03362502), and a phase 1/2 clinical trial for systemic

administration of microdystrophin is also recruiting (NCT03362502).
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2.3.5 Gene Editing

Completion of the human genome project enabled diseases with clear genetic
causes to have treatments with a genetics-based approach'®?; recent advances in genome
engineering have shown considerable promise for addressing the genetic basis of
diseases!s>156, Classical gene therapy has been focused on delivering exogenous DNA to
supplement the endogenous gene expression'¥”. However, recent developments of
sequence-specific DNA-binding proteins, and their nuclease forms, such as zinc finger
proteins and nucleases's® 1%, transcription activator-like effectors and nucleases!*-%?,
meganucleases' %, and CRISPR-Cas9> 1% have allowed a variety of DNA targeting
methods. These engineered proteins facilitate new opportunities for gene therapy by
designing these proteins to bind to nearly any target site in the human genome. The zinc
finger protein and transcription activator-like effectors can be fused to the FokI
endonuclease domain to enable targeting cleaving of DNA; Cas9 is a nuclease itself and
can be utilized in the same fashion. When a DNA break is created, naturally occurring
DNA-repair mechanisms are triggered. Non-homologous end joining can occur, leading
to a scar in the DNA. This scar is a result of the error-prone repair process that results in
small insertions or deletions where the double-stranded break was made, referred to as
indels. These indels can be used to shift or mutate a reading frame in the targeted
sequence. Two nuclease systems can also be introduced in order to delete the sequence

between the two double stranded breaks. Alternatively, the user can provide a donor
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template with the nuclease to introduce specific changes at the targeted genomic site.
The CRISPR-Cas9 system in particular combines a nuclease that cleaves double-stranded
DNA with a gRNA that contains a constant region the Cas9 binds and a variable
sequence the user designs to target a complementary genomic sequence. The relative
ease of designing and testing this tool along with the efficacy of the system has created
excitement around the potential of rewriting the human genome. However, all of these
tools have shown preliminary success. These technologies have been used to correct
genetic mutations associated with a plethora of diseases such as sickle cell anemia, X-
linked severe combined immunodeficiency, and hemophilia'® 19 197200,

CRISPR sequences, the hallmark of a bacterial defense system?"-2%4, are present in
more than 40% of bacteria and 90% of archaea?®. These repeating elements are adjacent
to well-conserved CRISPR-associated genes?®, and the non-repeating spacer sequence
was found naturally to match DNA sequencing belonging to viruses and other various
mobile genetic elements?* 27, The activity of the Cas enzyme is guided by small CRISPR
RNAs, which are transcribed from spacer sequences?®. These spacer sequences have
highly similar sequences at regions denoted the protospacer adjacent motif, which is
critical for the CRISPR system to function?”. Particularly important was the discovery
that not only can CRISPR systems from one bacterium be transferrable to other bacterial
strains?!%, but also that these Cas enzymes, specifically Cas9, can be reprogrammed to

target a specific DNA sequence in bacteria?'"' 212 and eukaryotic cells?'% 24, The
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endogenous CRISPR system requires two RNAs to form the CRISPR-Cas9 complex in
order to created DNA double stranded breaks, but a single chimeric RNA can be used in
place of these two RNAs termed a single guide RNA?!!, Use of CRISPR-Cas9 in
eukaryotic systems allows for ease of design and testing with this extremely flexible tool
for a variety of genome-targeting purposes, including gene editing for therapeutic
applications?®.

A majority of DMD-causing mutations are deletions that push the translational
reading frame out of frame, thus deleting targeted exons of the DNA can restore the
reading frame. Frameshifts can also be created with targeted nucleases to create indels.
Meganucleases were used to show insertions and deletions could be utilized to restore
the reading frame of the dystrophin gene, successfully restoring dystrophin in myoblasts
in vitro and in muscle fibers through electroporation in vivo?’e. ZFNs, TALENs and the
CRISPR-Cas9 system have also been used for dystrophin repair#>44 4217224 Exon 51 has
been targeted as removal of this exon would address about 13% of the patient
population, which represents the largest segment for a single exon'#!2?5. A large deletion
of exons 45-55 has also been studied, as this would address mutations for about 60-65%
of DMD patients and this naturally occurring deletion often presents as a very mild
BMD phenotype> 226227, Ex vivo editing of patient derived myoblasts*>?*! and hIPSCs??*

224 followed by cell transplantation or injection has been shown to restore functional
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dystrophin protein expression of the mdx mouse in vivo. There has also been
demonstration of knocking in exon 44 to restore a region of the dystrophin gene??.
Recently, several groups showed efficacy of true in vivo gene editing?*>4> 47 218,
Adenovirus and AAV have been utilized to deliver CRISPR-Cas9 systems to restore
dystrophin expression in skeletal and cardiac muscle in the mdx mouse or variants of the
mdx mouse model. Furthermore, groups have shown both local and systemic delivery of
these viral systems in adult and neonatal mice result in increased muscle force. Systemic
delivery is of particular interest as treatment of DMD clinically requires systemic
application. For the first time, these labs have produced a phenotypic change in a model
of muscular dystrophy utilizing CRISPR-Cas9. These results also emphasize findings
that relatively few dystrophin positive fibers are required for dramatic protein
expression change?”. Furthermore, Tabebordbar et al show that the satellite cells, the
stem cells of muscle, are edited via AAV delivered CRISPR-Cas9, meaning that the cells
that repopulate muscle will no longer create cells with a DMD genotype®. Recently,
groups have also shown editing of human dystrophin in a humanized mouse model by
CRISPR-Cas9 plasmid delivery??® and by exon skipping??. These recent findings show

great promise for the future of genome engineering to address DMD.
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Chapter 3. Creation and Characterization of a
Humanized Diseased Mouse Model of Duchenne
Muscular Dystrophy

This work was done in collaboration with Christopher Nelson, Annemieke Aartsma-Rus, and

Charles Gersbach.

3.1 Synopsis

CRISPR-Cas9 has recently been described as a useful tool for creating new
animal models®!. The increased efficiency compared to the traditional route to creating
transgenic animals is highly attractive. Further, CRISPR-Cas9 can be targeted to precise
loci, enabling the ability to make exact changes to genomic DNA. Here we utilized
CRISPR-SpCas9 to target the human DMD gene in a transgenic mouse model. By
removing exon 52 we created a mouse model with the diseased human DMD genotype
and assessed the phenotype. The mouse lacks dystrophin protein expression and
displays a mild dystrophic phenotype measured by distance moved and rearing
postures in an open field and front paw grip strength. The phenotype is comparable to
the mdx mouse and shows deficits compared to the unedited healthy hDMD/mdx mouse
model. Our hDMDAS52/mdx is a useful tool for testing gene therapy strategies for DMD

in vivo in a small animal model.

3.2 Introduction

Although humans and mice have about 80% of identical DNA in protein coding

regions, only about 40% of nucleotides overall?*?, including non-coding intronic regions,
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are identical. Even in species where greater than 90% of the DNA sequence is conserved,
such as the rhesus macaque that has 93.5% identity to humans?3, just a 1% different can
result in approximately 30 million different bp. Genome editing tools target precise
DNA loci, so these differences across species can have a large effect. For CRISPR-Cas9 to
target a precise DNA locus there must be between 17-24 bp for a gRNA to target along
with the required protospacer adjacent motif (PAM) for the species of Cas9. Thus, when
designing a CRISPR-Cas9 system to target the human genome it is unlikely that a large
amount of perfectly overlapping sequences designed for specific target sites in the
human gene will exist in the mouse gene. Majority of previous in vivo studies for DMD
have been conducted in a mouse model such as the mdx or mdx. These all rely on the
mouse genome, rather than the human genome. While they have been crucial in proving
proof-of-concepts for a variety of translational projects, ultimately human-specific
gRNAs need to be tested and validated in a small animal model. Targeting the mouse
genome will likely use gRNAs not compatible with the human genome.

This hurdle requires the use of a humanized mouse. The hDMD mouse contains
the full-length wild type sequence of the human DMD gene located on mouse
chromosome 5. This hDMD mouse has been bred with the mdx mouse such that no
mouse dystrophin is expressed, and the human dystrophin protein has previously been
shown to express to similar levels as the native mouse dystrophin*'. Thus, a humanized

mouse, much more relevant for specific DNA targeting tools for translational medicine,
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provides an excellent opportunity for study. While this does contain the human
sequence for the DMD gene, it is the full-length and healthy 2.5 million bp. A more
relevant model would have the human DMD gene, but with a DMD genotype —a
diseased mouse model. Hence, we undertook transforming this hDMD/mdx mouse, with
healthy human dystrophin, into a mouse containing a DMD genotype on the human
DMD gene.

Removal of exon 51 is applicable to about 13% of the DMD population, which is
the largest pool of patients for removal of a single exon. Exon 51 removal rescues a DMD
genotype that has an existing loss of exon 52. Exon 52 is 118 bp, and thus a small target
for removal from a genome. Loss of exon 52 can also be rescued by removal of exon 53,
as well as exons 45-55. Thus, we sought out to delete exon 52 from the human DMD

gene in the hDMD/mdx mouse to create a diseased humanized mouse model of DMD.

3.3 Materials and Methods
3.3.1 Design of gRNA to Delete Exon 52

Approximately 250 bp upstream and downstream of exon 52 were obtained from
the NCBI Reference Sequence NG_012232.1. These sequences were submitted to
crispr.mit.edu with the human target genome specified. This online tool scores gRNAs
and sorts them by score based on DNA targeting specificity?**. The top 4 gRNAs scored

for both upstream and downstream of exon 52 were selected for testing.
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3.3.2 Plasmid Constructs

The expression cassettes for S. pyogenes gRNA and human codon optimized
SpCas9 nuclease were used as previously described*. Briefly, SpCas9 expression is
driven by a CMV promoter (Addgene #41815) and the gRNA constant region with BbsI
cloning sites for the protospacer is driven by the human U6 promoter (Addgene #53188)
on a separate plasmid. The gRNA plasmid is digested with BbsI and CIP and gel

extracted to prepare for cloning.

3.3.3 Molecular Cloning

gRNA sequences were identified and short sequences compatible with the Bbsl
cut site overhangs were added on. The oligonucleotides containing the gRNA and BbsI
cloning sequences were ordered from IDT DNA, ordering both the forward and reverse
oligonucleotide for each gRNA sequence. Oligonucleotides were resuspended in
molecular biology grade water, and complimentary oligonucleotides for a single gRNA
were annealed together with T4 DNA Ligase Buffer and a thermocycler program slowly
decreasing in temperature. The resulting annealed oligonucleotides were diluted 1:100
in molecular grade water. Diluted annealed gRNA oligonucleotides were cloned into the
previously digested gRNA constant region backbone using T4 DNA ligase. Ligations
were transformed into STBL3 or DH5a bacterial cells and plated on agar with
carbenicillin. Plates were incubated overnight at 37°C. Individually colonies were grown

up overnight in LB broth at 37°C and centrifuged the following morning. Supernatent
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was decanted, and pellets were processed using the QIAprep Spin Miniprep Kit
(Qiagen). Plasmid was sent to sequencing (Eton Bioscience) and sequenced with the
M13R-reverse primer to verify the gRNA insert. Sequence verified plasmids were
transformed, glycerol stocks were made, and further bacterial preps were completed as

required.

3.3.4 Cell Culture and Transfection

HEK293T cells were obtained from the American Tissue Collection Center
(ATCC) through the Duke Cell Culture Facility. Cells were maintained in DMEM
supplemented with 10% fetal bovine calf serum and 1% penicillin/streptomycin. Cells
were cultured at 37°C with 5% CO2. Transfection was mediated by Lipofectamine 2000
(Invitrogen) using a total of 800 nanograms (ng) of plasmid DNA. For testing single
guide RNAs 400 ng of human codon optimized SpCas9 (hCas9) plasmid DNA and 400
ng of sequence verified gRNA plasmid DNA were combined. For testing deletions
mediated by 2 gRNAs, 400 ng of hCas9 plasmid DNA and 200 ng of each sequence
verified gRNA plasmid DNA were used. Lipofectamine and DNA were suspended in
OptiMEM and placed dropwise on cells in a 24-well plate. 400,000 cells were transfected

in suspension in 0.5 mL of media per well. Cells were cultured for 48-72 hours.

3.3.5 Surveyor Assay for Indel Detection

Cells were harvested by adding trypsin and centrifuging the cells at 350 rpm.

Supernatant was aspirated and the cell pellet was processed using the DNEasy Blood
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and Tissue Kit (Qiagen). gDNA was assayed for indel formation using the Surveyor
Mutation Detection Kit (IDT DNA), which detects mutations characteristic of nuclease-
mediated non-homologous end joining (NHE]). The target locus in the genomic DNA
isolated from cells was PCR amplified using AccuPrime High Fidelity PCR kit
(Invitrogen). The resulting PCR products were randomly melted and annealed in a
thermocycler programmed to 95°C for 240 s, 85°C for 60 s, 75°C for 60s, 65°C for 60s,
55°C for 60 s, 45°C for 60 s, 35°C for 60 s, and 25°C for 60s with a -0.3°C/s rate between
steps. This melting and annealing allows for small mismatches, from the nuclease
activity, in DNA strands to be annealed together. These mismatches were then detected
and cut, creating DNA fragments from the PCR amplified regions. This was achieved by
incubating 8 ul of the reannealed regions with 1 pl of Surveyor Nuclease S and 1 ul of
Enhancer S for 1 hour at 42°C. Next 1.25 ul of SDS and 2 ul of loading buffer were added
and the mixture was incubated for 5 minutes at 65°C. 6ul of this product was loaded into
a 10% TBE polyacrylamide gel and run at 200V for 30 minutes. The gel was stained in
ethidium bromide, followed by 3 washes in deionized water, and imaged on a Bio-Rad
Gel Imager. The on-target activity of the gRNA was estimated by quantification of
densitometry of cut and uncut bands using the ImageLab software suite (Bio-Rad) as

previously described?®.
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3.3.6 In Vitro Testing of gRNAs to Delete Exon 52

After assessment of individual gRNAs upstream and downstream of exon 52 the
two gRNAs with the most on-target activity, as measured by quantification of the results
of the Surveyor assay, were transfected as pairs of gRNAs to create a deletion of exon 52.
48-72 hours after transfection cells were harvested by trypsin and centrifuged.
Supernatant was aspirated, and the pellet was processed with the DNEasy Blood and
Tissue kit. Resulting gDNA was amplified using a primer upstream of the upstream
gRNA target site, and downstream of the downstream gRNA target site by PCR
utilizing the AccuPrime High Fidelity PCR kit. PCR products were electrophoresed on a
1% agarose gel with ethidium bromide at 130V for 30 minutes. The gel was assessed for
deletion of exon 52 using densitometry and the ImageLab software suite. The gRNA pair

resulting in the highest amount of deletion of exon 52 was chosen to move forward with.

3.3.7 Creation of the hDMDA52/mdx Mouse

An overview of the general process for injecting mRNA into mouse zygotes is
shown in Error! Reference source not found.. Briefly, mRNA of 2 gRNAs for exon 52
deletion and hCas9 was generated by the Duke BAC Recombineering Core through in
vitro transcription. hDMD/mdx mice were obtained from Leiden University Medical
Center under material-transfer agreement. Mice were mated to each other until we
obtained 10 singly-housed hDMD/mdx (homo;hemi) males. Female B6SJLF1/] mice

(Jackson Laboratories #100012) were superovulated by giving an intraperitoneal
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injection of pregnant mare’s serum gonadotropin on day 1, followed by an
intraperitoneal injection of human chorionic gonadotropin on day 3. 12 hours after hCG
injection, female superovaulated mice were mated 1:1 with male hDMD/mdx mice. Mice
were checked for vaginal plugs, then zygotes were harvested. Pronuclear injection of
both gRNAs and hCas9 mRNA was performed into approximately 220 zygotes. Zygotes
that survived injection were implanted into pseudo-pregnant CD1 female mice and left
to gestate. 7-10 days after birth tails snips were taken from pups. Tail snips were
processed using the DNEasy Blood and Tissue kit (Qiagen) and PCR amplified to assess
deletion of exon 52. Chimeric mice lacking exon 52 were mated to mdx mice to establish

a stable line of hDMDAB2/mdx mice.

In vitro work

Create mRNA from
guides, SpCas9

>8w hDMD males Order donor females Day 1: IP Dav 3: IP HCG +12 hours:
singly housed (B6SILF1/)) PMSG b7 en mate
Day 4: check for e Inject Cas9 + Implant into pseudo
vaginal plugs guides pregnant CD1 females

| 18
Pups born 7-10 post birth:
m "20 days later Tail snips Bas PR for 452

Figure 2: Overview of the process to utilize a CRISPR-Cas9 system to inject
into mouse zygotes to create a transgenic mouse with a precise edit.
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3.3.8 Biochemical Analysis of the hDMDA52/mdx Mouse
3.3.8.1 Endpoint PCR Assay to Detect Genomic Deletions

Lack of exon 52 was confirmed by PCR amplification, as described in 3.3.6 In
Vitro Testing of gRNAs to Delete Exon 52, of gDNA from tail snip and ear punch, and
resulting band was extracted using the QIAQuick Gel Extraction Kit (Qiagen) and

Sanger sequenced (Eton Biosciences).

3.3.8.2 mRNA Analysis

RNA was extracted from tissue using the RNEasy Universal Plus Mini Kit
(Qiagen). RNA was reverse transcribed using SuperScript VILO cDNA Synthesis kit
(Thermo Fisher) for 2 hours at 42°C according to the manufacturer’s instructions. The
target loci was amplified by 35 cycles of PCR with the AccuPrime High Fidelity PCR kit
(Invitrogen). PCR products were electrophoresed on 1% TAE-agarose gels and stained
with ethidium bromide for analysis. The resolved PCR bands were extracted with the
QIAQuick Gel Extraction Kit (Qiagen) and Sanger sequenced (Eton Biosciences) for
analysis.
3.3.8.3 Western Blot

Tissues were either snap frozen after harvesting or stored in RNALater, then
disrupted with a probe sonicator (Fisher Scientific FB50) or a BioMasherlIl homogenizer
in RIPA buffer (Sigma) with a protease inhibitor cocktail (Roche) and incubated for 30

minutes on ice with intermittent vortexing. Samples were centrifuged at 16000xg for 30
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minutes at 4°C and the supernatant was isolated. Total protein amount was quantified
using the bicinchronic acid assay according to the manufacturer’s instructions (Pierce).
Protein isolate was mixed with NuPAGE loading buffer (Invitrogen) and 5% [3-
mercaptoethanol and boiled at 100°C for 10 minutes. 20-25 ug total protein per lane was
loaded into 4-14% NuPAGE Bis-Tris gels (Invitrogen) with MOPS buffer (Invitrogen)
and electrophoresed for 30 minutes at 200V. Protein was transferred to nitrocellulose
membranes for 1 hour in 1X tris-glycine transfer buffer containing 10% methanol and
0.01% SDS at 4°C at 400mA. The blot was blocked between 1 hour and overnight at 4°C
in 5% milk-TBST. Blots were probed with MANDYSS8 (1:200, Sigma) for 1 hour in 5%
milk-TBST at room temperature or overnight at 4°C. Blots were then incubated with
mouse horseradish peroxidase-conjugated secondary antibody (Santa Cruz) for 30
minutes in 5% milk-TBST. Blots were visualized using Western-C ECL substrate (Biorad)

on a ChemiDoc chemiluminescent system (Biorad).

3.3.8.4 Immunohistochemical Staining

Muscle biopsies were stored in RNALater or flash frozen in liquid nitrogen, then
mounted and frozen in Optimal Cutting Temperature compound. Serial 10 micron
sections were obtained by cryosectioning of the embedded tissue at -20°C. Cryosections
were washed in PBS and blocked in PBS containing 10% heat-inactivated fetal bovine
serum for dystrophin detection for 30-60 minutes. Cryosections were incubated

overnight at 4°C with MANDYS8. After primary staining, dystrophin was detected
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using a tyramide-based immunofluorescence signal amplification detection kit (Life
Technologies). Sections of the heart and tibialis anterior muscle were stained with the
MANDYSS antibody (Sigma) to assess dystrophin expression. Briefly, cryosections were
incubated with 1:200 goat anti-mouse biotin-XX secondary (Life Technologies #B2763) in
blocking buffer for one hour at room temperature. The signal was then amplified using
streptavidin-HRP conjugates (1:100, from TSA Kit) in blocking buffer for one hour at
room temperature. Finally, cryosections were incubated with tyramide-AlexaFluor488
conjugates (1:100, TSA kit) in manufacturer-provided amplification buffer for 10 minutes
at room temperature. Stained cryosections were then mounted in ProLong AntiFade

(Life Technologies #P36934) and visualized with conventional fluorescence microscopy.

3.3.8.5 Serum CK Assay

Blood was drawn by cardiac puncture either while the mouse is under anesthesia
or post-mortem. Blood was left at room temperature for 10-30 minutes, or on ice for 15-
120 minutes. Blood was centrifuged at 1200 rpm for 25 minutes; the top layer of serum
was collected and snap frozen in liquid nitrogen. Serum was diluted 1:5 and tested per
manufacturer’s instructions using the Liquid Creatine Kinase (CK) Reagent Set (Pointe

Scientific). Statistical analysis was a two-tailed t-test.

3.3.9 Phenotype Analysis of the hDMDA52/mdx Mouse

Mice were assessed for phenotypic changes in four tests: open field, rotarod, foot

fault, and grip strength. 11 mdx mice were tested, but 1 died between 1 year and 1.5
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years of age. 10 hDMD/mdx and 10 hDMDA52/mdx mice were tested. In instances where
there is missing data at a time point all mice possible are used for comparisons at one
single time point between different mouse strains; for a single mouse strain across
different time points mice without all data points are excluded in all time points in order

to conduct a repeated measures analysis.

3.3.9.1 Open Field Protocol

In open field mice were allowed exploration of an open field arena (20 x 20 x 30
cm) for 30 minutes (Omnitech Versamax Legacy). Automated monitoring of activity and
location of animals was conducted with infrared diodes on the X, y, and z axis interfaced
to a computer running Fusion Activity software (version 5.3, Omnitech). Data was
output in 5 minute windows, giving 6 data points per mouse for total distance moved
and rearing postures exhibited. Data was analyzed first with linear regression to assess
the role of time. If time does not have a statistically meaningful role, data was collapsed
into one average instead of six data points for each mouse. Averages for comparison
between mouse strains were analyzed by one-way ANOVA corrected by Tukey. If the
time factor is meaningful data was analyzed by repeated measures two-way ANOVA
corrected by Tukey. When comparing time points within the same mouse strain a

repeated-measures one-way ANOVA corrected by Tukey was conducted.
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3.3.9.2 Rotarod Protocol

In the rotarod (Med Associates) test mice were subjected to two protocols. In
both protocols mice were given four 300 second trials separated by an interval of 20-30
minutes and duration on the rod, latency to fall, is recorded. On day one mice were
tested on an accelerating rotarod. The rotarod started at 4 RPM and increased to 40 RPM
over 300 seconds. The average speed of the rotarod at which the mouse fell off was
recorded and rounded to the nearest 4 RPM. This was the speed used on the second day
of testing in the steady speed protocol. This speed was typically 24 RPM but declines
with mouse age. On the second day of testing mice underwent four trials of 300 seconds
each at a steady speed as determined by the first day of testing. The average of the 4
trials was calculated, resulting in one data point per mouse. Data comparing mouse
strains at one time point was analyzed by one-way ANOVA corrected by Tukey. Data
comparing different time points within one mouse strain were analyzed by repeated

measures one-way ANOVA corrected by Tukey.

3.3.9.3 Foot Fault Protocol

In the foot fault test mice were placed onto a platform comprised of parallel rods
and allowed free exploration for five minutes. Directly beneath the rods is a platform
that records each time the mouse’s foot slips between the rods and touches the platform

(CleverSys). The total number of foot faults were scored using Foot Fault software
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(CleverSys). Mice were given three trials across three consecutive days. Data was

analyzed by repeated measures two-way ANOVA corrected by Tukey.

3.3.9.4 Grip Strength Protocol

In grip strength, the instrument bar (San Diego Instruments) was adjusted to the
angle which bests suits the mouse’s ability to grip and pull. Mice were given 3-5 trials
each for front paws and whole body grip strength. The average of the trials was reported
as grams-force. Data between strains at one time point was analyzed by one-way
ANOVA corrected by Tukey. Data within one strain across time points was analyze by

repeated measures one-way ANOVA corrected by Tukey.

3.4 Results
3.4.1 Targeting CRISPR-SpCas to Excise Exon 52 In Vitro

After transfection of individual gRNAs with hCas9 into HEK293T cells, on-target
activity was assessed by the Surveyor assay. Of the four gRNAs tested upstream of exon
52 in intron 51, labeled 93-96, three of the four showed meaningful activity, with two
showing 13-15% modification. Of the four tested downstream of exon 52 in intron 52,

labeled 97-100, two of the four showed activity, between 9-11% modifications.
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Figure 3: Surveyor assay to assess on-target editing in intronic regions flaking
dystrophin exon 52. Left: Surveyor assay of gRNAs (labeled 93-96) and quantification
of percent mofidication by densitometry. Right: Surveyor assay of gRNAs
downstream of exon 52 (labeled 97-100) and quantification of percent modification by
densitometry. “C” is a control lane using gDNA transfected only with Cas9 and with
no gRNA.

These four gRNAs, two each upstream and downstream (labels 93, 94, 98, and
99), were tested pairwise together in transfections to delete exon 52. All four pairs of
gRNAs tested deleted exon 52 from the genomic DNA, and measurements by
densitometry indicated the pair of gRNAs 94 and 99 was most effective at removal of

exon 52.
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Figure 4: In vitro deletion of exon 52. Endpoint PCR electrophoresed on an
agarose gel showing a smaller band, indicative of a deletion of exon 52 (top).
Quantification of percent deletions by densitometry (bottom).

3.4.2 Injection of the CRISPR-SpCas9 System for Exon 52 Deletion
into Zygotes and Resulting Founder Pups

These gRNA plasmids were given to the Duke BAC Recombineering core for
creation of mRNA and injection into zygotes. 2 rounds of injections occurred. From the
first there were 471 embryos produced from five visible plugs, and 150 fertilized
embryos. Of the embryos that survived the pronuclear injection nine pups were born
from three surrogate mothers. The second round of injections produced 5 visible plugs,
but only 77 usable embryos. Despite the low number of embryos 17 pups were born.

Typically, about 300 usable embryos are produced; these low numbers are likely
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reflective of the fact that the mdx mouse strain is known to be a challenging breeder (The
Jackson Laboratory Strain 001801). From the first round of injections, one pup (#7) had a
clear deletion of exon 52, and from the second round of injections two pups (#63 and
#76) displayed deletion of exon 52.

Founder pup #63 exhibited both the expected unmodified parent band lacking
any deletion and the deletion band, whereas founders #7 and #63 displayed only the
PCR amplification band lacking exon 52. Founder #7 was qualitatively not a good

breeder, whereas founder #76 starting breeding well at the age of sexual maturity.
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Figure 5: Genotyping founder pups after CRISPR-SpCas9 mRNA zygote
injection. Genotyping by PCR amplification of gDNA from tail snips of pups born
after zygote injection of our CRISPR-Cas9 system to remove exon 52. Top band is
unmodified, smaller band is a lack of exon 52. 7, 63, and 76 are random identifying
numbers for the pups; these three show deletions of exon 52.

Pups resulting from breeding with founder #76 consistently lacked exon 52, and

thus founder pup #76 was used to create the hDMDA52/mdx mouse line and the other
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founders were euthanized to ensure we were propagating the exact same genomic DNA

changes from founder #76.
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Figure 6: Genotyping results of pups from founder #76. Genotyping by PCR
amplification of gDNA from tail snips from a litter with sire 76. Left-most lane is
gDNA from treated HEK293T cells, showing the top unmodified band and the
smaller band lacking exon 52. All pups sired from founder 76 show only the smaller
band lacking exon 52.

Pups from the first litter bred from founder #76 were sacrificed for biochemical
analysis. Sequencing of the loci around where our CRISPR-Cas9 system targeted exon 52
removal indicate a 16bp insertion between the predicted cut sites 3bp into the gRNA
sequence upstream of the PAM. We expected this insertion to not be problematic as it is

in an intronic region.

Intron Upstream Insertion Downstream gRNA Intron
51 gRNA 52
C G ATIA GTAGATTIA GAAG A

A\ s A L AAAAAAAAMAN AR AAA AN AN ARAAAA

Figure 7: Indel scar between cut sites for removing exon 52. Sanger sequencing
of gDNA from an hDMDA52/mdx mouse. There is an insertion (red) between the
expected cut sites of the two gRNAs.
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3.4.3 Deletion of Exon 52 in the Genome Results Edited RNA and
Protein

Pups from later litters were assessed for modifications in the mRNA by PCR
amplification of cDNA. As introns are not transcribed into RNA, we expected to see a
loss of exon 52 with no additional bp insertions or deletions as a result of our gRNA
targeted scar. We observed the expected perfect ligation of exon 51 to exon 53, indicative
that our system to remove exon 52 from the gDNA carries through to the mRNA.

We further characterized the mouse by IHC staining. Immunofluorescence
staining for dystrophin on sections from muscle biopsies taken from the heart and TA
confirmed a lack of dystrophin expression, with the exception of a few revertant fibers

that is consistent with what is seen in the mdx mouse.

Heart Tibialis anterior
Laminin Dystrophin Laminin Dystrophin
hDMD/mdx :
hDMDAS52/mdx
pup1
hDMDAS52/mdx
pup 2

Figure 8: IHC staining for dystrophin on sections of the heart and tibialis
anterior muscles. Top row shows the hDMD/mdx mouse, which is positive for
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dystrophin staining (red) at the cell membrane and overlaps with the laminin staining
(green). Rows 2 and 3 show representative hDMDA52/mdx mice (pup 1 and pup 2)
that have consistent laminin staining, but lack dystrophin staining with the exception
of a few rare revertant fibers.

We also performed Western blot on protein extracted from the TA muscle and
confirmed lack of dystrophin protein expression in our mouse compared to clear

dystrophin expression in the hDMD/mdx mouse.

hDMD/mdx hDMDAS2/mdx

- . .
Dystrophin ﬁ
GAPDH - U

Figure 9: Western blot for dystrophin shows the dystrophin-expressing
hDMD/mdx mouse in the first column and a lack of dystrophin expression in our
hDMDA52/mdx mouse in the second column.

3.4.4 Deletion of Exon 52 in the Genome Results in Elevated Serum
CK Activity

Through a UV assay we also showed an increase in serum CK levels compared to

the wild type C57BL/6] mouse strain, consistent with reports for the mdx mouse model.
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Figure 10: Elevated serum CK activity in hDMDAS52/mdx mice.
3.4.5 Phenotype Analysis of the hDMDA52/mdx Mouse

hDMDAb52/mdx, hDMD/mdx, and mdx underwent phenotypic testing at the Duke
Mouse Behavioral and Neuroendocrine Core Facility at 8 weeks, 16 weeks, 1 year, and
1.5 years of age. The hDMD/mdx mouse serves as a positive control as this mouse has
healthy human dystrophin. The mdx mouse serves as a benchmark, as we would expect

our hDMDAS52/mdx mouse to display a similar phenotype.

3.4.5.1 Open Field Protocol

At 8 weeks of age we saw a dystrophic phenotype in the mdx and hDMDAS2/mdx
mice compared to the hDMD/mdx mice in distance moved in an open field. Both

dystrophic mice moved significantly less on average over 6 five-minute periods.
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Consistent with less movement in an open field, the two dystrophic mouse lines also

displayed less rearing postures measured during the same test.
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Figure 11: Assessment of total distance moved (left) and rearing postures
(right) displayed in an open field at 8 weeks of age. hDMD/mdx mice (green circles)
serve as the healthy control, mdx mice (blue squares) serve as the negative control we
expect our hDMDA52/mdx mice (purple triangles) to be similar to. The hDMD/mdx
mouse is statistically significantly more active in the open field than both dystrophic
mice, which are indistinguishable from each other.

Mice were serially tested to assess the baseline of the phenotype of the mouse

over the lifetime. 8 weeks is a relatively early test as the mouse is just now considered a

young adult. The mdx phenotype is mild, and we expect our hDMDA52/mdx phenotype

to be similar. Thus, further assessments were carried out. Generally, the dystrophic

phenotype trends continue through all timepoints. At 16 weeks, 1 year, and 1.5 years we

saw the expected statistically significant decrease in overall distance moved by both the

mdx and hDMDAb52/mdx mice compared to the hDMD/mdx mice. Rearing postures
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generally continued to trend downward in the dystrophic mice, although it was not

always statistically significant.
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Figure 12: Asessment of total distance moved (left) and rearing postures (right)
at 16 weeks, 1 year, and 1.5 years of age. hDMD/mdx mice serve as the healthy control,
mdx mice serve as the negative control we expect our hDMDA52/mdx mice to be
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similar to. The distance traveled measures continues such that the hDMD/mdx mouse
travels more than both dystrophic mice, which are indistinguishable from each other,
across all time points. Rearing postures are generally decreased in both dystrophic
mice compared to the hDMD/mdx mouse strain, however this difference is not always
statistically significant.

Rather than comparing between mice strains at one time point, we have also
compared within a mouse strain across time. Notably there is a dramatic drop in total
distance moved after the 8-week time point. This is interestingly also true for the healthy
control hDMD/mdx mouse, although the 8-week value for the hDMD/mdx mouse is
about twice as much than the dystrophic strains. Thus, even a dramatic drop within the
strain over time can still lead to differences across strains. Also, somewhat unexpectedly
we saw no difference between the 16-week time point and 1.5 years in any strain,
particularly in either dystrophic strain. In general, it is thought that aging mice should
exacerbate the dystrophic phenotype. We did not observe this phenomenon in this test
at this time point. It may be that 1.5 years is not old enough, as it is not uncommon to see

aged mdx mice reported at 20+ months old>®.
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Figure 13: All mice strains decreased their overall distance moved after 8 weeks of age. No strains, including both dystrophic
mouse strains, show statistically significant decreases in overall distance moved between 16 weeks and 1.5 years or 1 year and 1.5
years of age.



Rearing postures within each mouse strain over time displays a similar pattern
as distance moved: there is a significant decrease between 8 weeks of age and 16 weeks
of age, and otherwise the number of rearing postures displayed stayed relatively steady
over time in all three genotypes. In both primary outcomes from the open field protocol,
distance moved and rearing postures, we did not see a decrease between 16 weeks of
age and 1.5 years of age in any strain. This is to be expected for the hDMD/mdx mouse

but is surprising for the mdx and hDMDA52/mdx dystrophic mouse strains.
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Figure 14: Rearing postures over time within a mouse strain. All three mice strains show a decrease in rearing postures
after 8 weeks of age, but none show statistically significant changes between 16 weeks, 1 year, and 1.5 years old.



3.4.5.2 Rotarod Protocol

The accelerating rotarod protocol was conducted at 4 time points as previously
specified to test coordination as a proxy for muscle integrity. At all time points we do

not see any statistically significant differences between mouse strains.
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Figure 15: Accelerating rotarod protocol does not show any differences
between mouse strains at any of the 4 time points measured.
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Within a mouse strain there was a clear effect of aging in the two dystrophic
mice. In our healthy control hDMD/mdx mouse we do not see any significant differences
in latency to fall on an accelerating rotarod over time. The mdx mouse shows no
distinguishable difference between 8 weeks and 16 weeks of age, but the 1 year and 1.5
year time points show a lack of coordination in comparison to both earlier time points.
The hDMDA52/mdx mice shows no deficit in latency to falling off the accelerating
rotarod in the early 8 and 16 week time points, and similarly to the mdx mice show a
deficit at 1.5 years of age. This protocol clearly demonstrates the effect of aging on
coordination in the dystrophic mouse strains, as our healthy hDMD/mdx mouse showed
no decline, whereas both the mdx and hDMDA52/mdx dystrophic mouse strains fall off

of the accelerating rod earlier as they age.
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Accelerating rotarod over time
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Figure 16: Accelerating rotarod protocol within mouse strains. The hDMD/mdx mouse maintains coordination over time,
whereas both dystrophic strains see a statistically significant decrease in the latency to fall, and thus a lack of coordination, as

they age.



Steady speed rotarod tests were conducted at all 4 time points as previously
specified. Generally, over the trials or taking an average of all the trials we saw little to
no appreciable difference. At 8 weeks the trend of the dystrophic mouse strains falling
off the rod sooner than the hDMD/mdx mouse strain was present, but not statistically
significant. At 16 weeks of age, the mdx mouse and hDMD/mdx mouse showed similar
time to latency, whereas the hDMDA52/mdx mouse displayed an increased ability to
stay on the rod. At 1 year and 1.5 years of age the expected trend, the hDMD/mdx mouse
having a higher time to latency compared to the two dystrophic mouse strains, returns

but is not statistically significant.
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Figure 17: Steady speed rotarod protocol between mouse strains at four time
points. Generally, we see a trend of the two dystrophic mouse strains falling off the
rod earlier than the healthy hDMD/mdx mouse strain, however these trends are not
statistically significant.
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Within a single mouse strain over time we observed a general decrease in latency to falling off of the rod in the two

dystrophic phenotypes. The healthy hDMD/mdx mouse strain showed very little loss in coordination on a rotarod at steady speed

such that there is no significant difference in these time points.
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Figure 18: Steady speed protocol within a mouse strain over time. The hDMD/mdx mouse maintains coordination and
displays no statistically significant differences in latency to fall over the four time points. The mdx mouse shows statistically
significant decreases at 1.5 years of age, and the hDMDAS52/mdx mouse strain trends downward with time but without a
statistically significant change in latency to fall.



3.4.5.3 Foot Fault Protocol

Similar to the rotarod tests, we see little differences in foot fault. Surprisingly, the
mdx mouse performed well in the foot fault assessment, as fewer faults is indicative of
increased coordination. At 8 weeks and 16 weeks of age the mdx mouse displays
significant coordination compared to both the hDMD/mdx and hDMDA52/mdx mouse,

which are indistinguishable from each other.
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Figure 19: Foot fault protocol between mouse strains at a given time. Overall
the mdx mouse strain consistently shows the least amount of foot faults, making it the
most coordinated strain. The hDMD/mdx and hDMDAS52/mdx mouse strains are
indistinguishable.
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Within the mdx mouse strain we see no statistically significant change in increased number of errors committed over time. In

both the hDMD/mdx and hDMDA52/mdx mice we see decreases in numbers of errors over time, but this is likely due to the high

amount of errors in the first trial at 8 weeks of age for both mouse strains. While there is statistically significant changes in both

dystrophic mouse strains over time, we did not see a strong trend of increasing number of errors as expected.
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Figure 20: Foot fault protocol within a mouse strain over time. The hDMD/mdx mouse displays less faults overall at 1.5
years of age compared to 8 weeks of age, indicative of improved coordination on this test, likely from learning. The mdx and
hDMDA52/mdx mouse strains are largely unchanged over time and do not display a loss of coordination with age as expected.



3.4.5.4 Grip Strength Protocol

Front paw grip strength and whole body grip strength were measured directly,
with rear paw grip strength being inferred from the subtraction of the front paw average
from the whole body average. Similar to the rotarod tests, at 8 weeks and 16 weeks of
age we unexpectedly observed increase front paw grip strength in the mdx mouse
compared to both the hDMD/mdx and hDMDA52/mdx mouse strains. The
hDMDAbB2/mdx was significantly weaker than the healthy hDMD/mdx mouse. By 1 year
of age the mdx front paw grip strength measurement suggested dystrophy, as it was
statistically weaker than the hDMD/mdx line. Similarly, our hDMDAS52/mdx mouse was
weaker than the healthy hDMD/mdx line at 1 year of age. However, at 1.5 years this

trend was abolished as the hDMD/mdx mouse line appears to have lost some strength.
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Figure 21: Front paw grip strength between strains over time. The
hDMDA52/mdx mouse strain shows decreased strength compared to the hDMD/mdx
mouse strain at the first three time points. The mdx strain shows significant strength

at 8 and 16 weeks of age, but displays significant dystrophy beginning at 1 year of
age.
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Front paw grip strength compared within a mouse strain measured across time shows little differences in the hDMD/mdx

mouse line, a general decrease over time in the mdx line, and an initial decrease followed by a rise in the hDMDA52/mdx line.
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Figure 22: Front paw grip strength within a mouse strain over time. The healthy hDMD/mdx mouse shows relatively
constant grip strength measures over time as expected. Both dystrophic strains display an unexpected increase in strength at 1.5
years of age after having shown initial signs of decrease.



Whole body grip strength shows little difference in the first year, but at 1.5 years
the expected trend emerges of the dystrophic mouse lines being indistinguishable from

one another and significantly weaker from the healthy control hDMD/mdx mouse.
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Figure 23: Whole body grip strength between mouse strains over time. Whole
body grip strength is largely indistinguishable between mouse strains until the mice
have aged significantly, to 1.5 years old, at which time the two dystrophic mouse lines
show statistically significantly decreased whole body grip strength compared to the
hDMD/mdx mouse line.
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Whole body grip strength within each mouse strain over time showed few differences. The hDMD/mdx mouse did not change
over time as expected in this healthy mouse model. The mdx mouse did see a decrease at 1 year compared to 8 weeks and 16 weeks,
but this decrease was no longer statistically significant by the 1.5 year measurement. The hDMDA52/mdx mouse had an overall P-

value < 0.05, but when comparing the mean of each column to the mean of every other column there was no statistical significance.
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Figure 24: Whole body grip strength within a mouse strain over time. Comparing time points within each mouse strain
reveals little to no difference. Interestingly, the two dystrophic mouse strains are not statistically weaker at 1.5 years of age
compared to 8 weeks of age.



Rear paw grip strength, as a subtractive measure of front paw grip strength from

whole body grip strength, shows similar trends to the whole body grip strength. We see

the expected pattern of a stronger hDMD/mdx mouse at 16 weeks and 1.5 years, just as in

the whole body grip strength.
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Figure 25: Rear paw grip strength between strains. The expected decreased rear
paw grip strength of both dystrophic strains is observed at 16 weeks and 1.5 years of

age.
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Within mouse strains we see no statistically significant changes over time of rear paw grip strength, mirroring the data we see
within strains over time of whole body grip strength. As this measure is subtractive and not measured directly it is not surprising to

see the whole body grip strength trends mimicked.
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Figure 26: Rear paw grip strength within a mouse strain over time. We observed no statistically significant changes in rear
paw grip strength within any of the three mouse strains over the four time points assessed.



3.5 Discussion
3.5.1 Exon 52 Removal in Zygotes

After successful screening of SpCas9 gRNAs for exon 52 deletion in vitro, the
gRNAs and SpCas9 were transcribed into mRNA for injection into zygotes for creating a
transgenic animal utilizing CRISPR-Cas9. Here, we demonstrated modest rates of
successful gene editing in a zygote, 3 out of 26 pups born following mRNA injection.
While this is only an 11% success rate, this proved much more efficient than another
groups attempt at targeting ES cells by homologous recombination with a targeting
vector where over 1000 colonies were screened and negative for the deletion of exon
5220, When using TALENSs to mediate the homologous recombination they showed a
3.2% success rate and again screened 1000 colonies. CRISPR-Cas9 mRNA injection into
zygotes appears to be a significantly simpler process, less laborious, and has increased

success rates.

3.5.2 Biochemical Analysis to Characterize the hDMDA52/mdx Mouse

The founder mouse we chose to carry out the linage did not have the perfect
ligation 3 base pairs into the PAM, however the 16 base pair insertion scar proved to
have no consequence in the removal of exon 52 in the mRNA. Subsequently, we saw a
lack of dystrophin protein expression by Western blot and staining regardless of the 16

base pair insertion. We also observed increase serum CK levels compared to wild-type
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mice, a hallmark sign of damaged muscle fibers, indicative of the dystrophic genotype

and phenotype.

3.5.3 Dystrophic Phenotype of the hDMDA52/mdx Mouse

The expected dystrophic phenotype of our mouse is mild, like that of the mdx
mouse. Interestingly, we generally see this to be true in the open field tests and the front
paw grip strength tests, but lack to see a difference in the foot fault and rotarod tests. In
particular the rotarod tests had high variability and increased sample size may be
required. In the future we plan to conduct the grip strength tests with a larger number of
pulls/trials for each mouse in order to also test fatigue, as well as assess the mouse by
the two limb and four limb hanging protocols?”. Alternatively, a more severe mouse
model can be utilized. For example, we are currently breeding our hDMDAb52/mdx

mouse with a utrophin null line, which has a considerably more severe phenotype.

3.5.4 Conclusions

Importantly, we have created a mouse model that may be a relevant tool for the
field. It is applicable to tests methods for loss of exon 51, exon 53, and exons 45-55 by
genome editing, like CRISPR-Cas9, or RNA modification such as antisense
oligonucleotide therapies. Depending on the regulatory landscape, it may be possible to
obtain permission for a small phase 1 clinical trial based on efficacy and toxicity of a

relevant humanized small animal model, like our hDMDAS52/mdx mouse, alone. This
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well-characterized tool presents the field with an exciting new option for pursuing gene
therapies for DMD.

Genome editing has proven a powerful tool for creation of new animal models.
Compared to the traditional route of creating transgenic animals, use of CRISPR-Cas9 to
edit a zygote can be achieved with relative ease. Here, we have shown deletion of a
small region in the human DMD gene, and other groups have done the same in the
hDMD mouse. CRISPR-Cas9 has also been utilized to create various models® utilizing
single cuts, nicks, knock-ins, and deletions?. Precision edits to the genome in an animal
model allow for potentially more relevant small animal models to aid in clinical
translation. While we have utilized CRISPR-Cas9 to create a more relevant mouse model
for DMD, the tool has also been shown to create transgenic larger animal models such as
pigs, cows, and nonhuman primates. Thus, this strategy is now being widely applied to

a variety of diseases and animal models.
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Chapter 4. Validation of a CRISPR-SaCas9 System for
Deletion of Exon 51 In Vitro

This work was done in collaboration with Christopher Nelson and Charles Gersbach.

4.1 Synopsis

Removal of exon 51 is a common method for shifting a DMD genotype to a BMD
genotype. Here we demonstrate feasibility of this using a CRISPR-SaCas9 system with
two gRNAs targeted to intronic regions surrounding human dystrophin exon 51. gRNAs
were designed to target the human genome as well as conserved sequences in the rhesus
macaque genome. We show removal of exon 51 from gDNA, as well as loss of exon 51 in
cDNA by PCR amplification. This loss of exon 51 at the genomic level leads to
dystrophin protein restoration in immortalized DMD patient myoblasts. We also
evaluated potential for off-target cutting in the human genome. These gRNAs can be
tested directly in the hDMDAS52/mdx mouse for in vivo safety and efficacy and can also

be tested in larger animal models such as the rhesus and crab-eating macaques.

4.2 Introduction

Approximately 13% of DMD patients can be treated by removal of exon 51 to
shift to a BMD genotype, which represents the largest possible patient population for
removal of a single exon. Thus, this is a common method being explored to treat DMD.
Our lab has previously used SpCas9 targeted to the intronic region around exon 51 to

show viability of this method for removal of exon 51 and dystrophin protein restoration.
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While successful, this strategy utilized SpCas9, which is coded by 4104 bp?4. Packaging
SpCas9 in AAV for eventual in vivo delivery can be achieved, however the large size of
SpCas9 may be a limiting factor. AAV packaging limits are typically reported to be
about 4700 bp?®. Thus, utilization of SpCas9 would require two vectors for packaging
both the SpCas9 and the two gRNAs required to create a deletion. A future gene therapy
for DMD utilizing AAV would ideally only require one AAV per treatment for
manufacturing considerations, both cost and logistics. Thus, rather than continue with
the already verified SpCas9 system we set out to create a system utilizing the smaller
SaCas9. SaCas9 has been shown to have comparable on-target activity to SpCas9 while
creating fewer off-target DNA breaks??. SaCas9 is 3156 bp*’, about one kb smaller than
SpCas9. This easily allows packaging of SaCas9 and one gRNA into a plasmid ready for
AAV production. As our system is a deletion we do require two gRNAs, but future
engineering of smaller elements may allow both gRNAs and SaCas9 to fit into the AAV
packaging limit. There is a clear need for exploration of potential permanent
therapeutics for DMD, thus we investigated a CRISPR-SaCas9 system for exon 51

removal.

4.3 Materials and Methods
4.3.1 Design of gRNAs to Delete Exon 51

Intronic regions directly upstream and downstream of human, rhesus macaque,

and crab-eating macaque exon 51 in DMD were obtained from NCBI (NC_022292.1,
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NC_027913.1, and NC_022292.1 respectively). The human dystrophin genome
surrounding exon 51 was annotated for any differences compared to the rhesus
macaque genome. Sites with the required PAM (NNGRRT) and at least 18 bp of
conserved sequence were marked as eligible sequences. Potential gRNA sequences were
run through the Basic Local Alignment Search Tool (NCBI) to ensure the protospacer
would only target one site in the human genome, the intended on-target cut site in the
intronic regions around exon 51. Eligible sequences were ordered from IDT DNA for

cloning.

4.3.2 Plasmid Constructs

A stable SaCas9 expression plasmid without ITRs containing CMV driven
SaCas9 was created from the Zhang AAV plasmid containing (Addgene 61592).
Similarly, the gRNA cassette was cloned into a plasmid driven by the hU6 promoter

with BbslI cloning sites.

4.3.3 Molecular Cloning

Molecular cloning was carried out as described in 3.3.3 Molecular Cloning.

4.3.4 Cell Culture and Transfection

Cell culture and transfection of HEK293T cells was carried out as described in
3.3.4 Cell Culture and Transfection. Immortalized myoblasts from a DMD patient
lacking exons 48-50 were maintained in basal skeletal muscle media (PromoCell)
supplemented with 20% fetal bovine calf serum (Sigma), 50 pg/mL of fetuin (Sigma), 10
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ng/mL of human epidermal growth factor (Sigma), 1 ng/mL of human basic fibroblastic
growth factor (Sigma), 10 pg/mL of human insulin (Sigma), 1% GlutaMAX (Invitrogen),
and 1% penicillin/streptomycin (ThermoFisher) or antibiotic-antimycotic
(ThermoFisher). Cells were maintained at 37°C at 5% CO2. HEK293T cells were
transfected as described in 3.3.4 Cell Culture and Transfection. Immortalized DMD
patient myoblasts were electroporated as previously described*. Briefly, one million
cells were electroporated in PBS using the Gene Pulser XCell (BioRad) with 20-40 ug of
DNA in less than 20 pl of volume at 160 volts, a capacitance of 1000, and infinite
resistance. Cells were transferred to a 6-well plate after electroporation and allowed to

grow undisturbed for 3 days.

4.3.5 Surveyor Assay for Indel Detection

The surveyor assay was carried out as specified in 3.3.5 Surveyor Assay for Indel

Detection.

4.3.6 In Silico Off-Target Prediction

Off-target analysis was conducted in silico using Cas-OFFinder. Initially, the
protospacer being evaluated was the query sequence, the PAM type selected was SaCas9
with NNGRRT, up to 4 mismatches were allowed, and the genome specified was either
the homo sapiens of macaca mulatta. Bulge size was not considered at this time. Results
were sorted by number of mismatches. Further off-target analysis was conducted on

tinal gRNA selection as the query sequence, the PAM type selected was SaCas9 with

79



NNGRRT, up to 4 mismatches, and up to 2 bp bulge in both DNA and RNA. This was
run for homo sapiens, macaca mulatta, and macaca fascicularis. Further, the human off-

target analysis was expanded to include up to 9 mismatches rather than 4.

4.3.7 Detection of Exon 51 Deletion

Exon 51 deletion was detected using primers surrounding the gRINA target sites
and the AccuPrime High Fidelity PCR kit, with the general protocol following the

methods described in 3.3.6 In Vitro Testing of gRNAs to Delete Exon 52.

4.3.8 Cell Differentiation

Immortalized DMD patient myoblasts were grown up to confluency in growth
media and then maintained in differentiation media consisting of DMEM supplemented
with 1% insulin-transferrin-selenium (Invitrogen) and 1% penicillin/streptomycin
(Invitrogen) for 6-7 days. After visual inspection to determine differentiation, myofibers
were trypsinized for harvested, centrifuged, and media was aspirated away from the cell
pellet. The pellet was resuspended in PBS, centrifuged, and the PBS was aspirated. Cell

pellets were snap frozen in liquid nitrogen and stored at -80°C.

4.3.9 mRNA Analysis

RNA was isolated from differentiated myofibers using the RNEasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions. RNA was reverse transcribed to
cDNA using the VILO cDNA synthesis kit (Life Technologies) for 2 hours at 42°C
according to the manufacturer’s instructions. PCR amplification, gel analysis, and
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sequencing were performed as described in 3.3.8.1 Endpoint PCR Assay to Detect

Genomic Deletions.

4.3.10 Western Blot

Detection of dystrophin protein was carried out by Western blot. Differentiated
immortalized DMD patient myofibers were collected and lysed in RIPA buffer (Sigma)
and supplemented with a protease inhibitor cocktail (Roche). Protein was quantified and

processed as specified in 3.3.8.3 Western Blot.

4.3.11 Deep Sequencing of Potential Off-Target Sites

Potential off-target sites for both final gRNA selections were evaluated in silico
with up to 9 mismatches with 0 bp bulge, and with up to 4 mismatches with up to 2 bp
bulge in DNA and RNA. Results were compiled and scored by applying higher weight
to genome mismatches distal to the PAM. Bulge location was not taken into account in
the weighting. The sequence that had the least amount of mismatches in the genome and
no bulge was selected for evaluation regardless of score. The sequences with the 4
highest scores for sequences with no bulge, not including the initial lowest mismatch,
were also selected. Sequences with the 5 highest scores including bulges were selected
for analysis, but sequences that were effectively repeats of each other with the exception
of different bulge location were not included. Thus, each gRNA was analyzed for off-

targets at 5 locations with no bulge and 5 locations with 1-2 bp bulges in the DNA or
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RNA. Primers were designed to amplify the on-target and off-target regions in
amplicons of less than 200 bp in size.

HEK293T cells were transfected with SaCas9 only or SaCas9 and either the
upstream or downstream gRNA in triplicate. gDNA from these cells were combined
such that the three biological replicates were combined into one. gDNA was PCR
amplified around the on-target and 20 off-target regions of interest for 30 cycles using
the AccuPrime High Fidelity PCR kit (Invitrogen) and cleaned with Agencourt AMPure
XP Beads (Beckman Coulter). A second round of PCR amplification was used to add
[llumina flowcell binding sequences and experiment-specific barcodes on the 5" end of
the primer sequence. The PCR products were pooled and sequenced with 150 bp paired-
end reads on an Illumina MiSeq instrument. Samples were demultiplexed according to
assigned barcode sequences and the added Illumina sequences were trimmed from
reads. Because the amplicons are less than 200 bp there was overlap in the paired-end
reads. This overlap was used to create a consensus PCR amplicon for each paired-end
read using single ungapped alignment. Indel analysis was performed using default

CRISPResso settings and a 20 bp window?4.

4.4 Results
4.4.1 On-Target Activity of Individual gRNAs

gRNAs were designed to target intron 50 and intron 51 within 3000 bp of exon

51. Initially all protospacers were designed to be 22 bp long. The deletion product was
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designed to be relatively small in size, thus we only designed gRNAs near the exon.
These gRNAs target conserved regions in the human and rhesus macaque genome. 6
gRNAs in intron 50 (156, 157, 159, 168, 170, 171) and 3 gRNAs in intron 51 (160, 166, 167)
showed on-target activity when tested individually in vitro. gRNAs were first tested

individually with SaCas9 in HEK293T cells by transfection, and gDNA was assessed for

on-target activity by the Surveyor assay.
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Figure 27: On-target activity of individual gRNAs in vitro for exon 51 deletion.
The left shows representative on-target activity of individual gRNAs, C is a negative
control transfected with only SaCas9. The right shows the average percent
modification measured by densitometry of bands on the gel by any given gRNA, n=3,
mean + SEM.

4.4.2 In Silico Off-Target Predictions for Individual gRNAs

In silico off target analysis of all nine gRNAs was run using Cas-OFFinder as

specified in 4.3.6 In Silico Off-Target Prediction. gRNAs were evaluated based on how
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far away in the genome they targeted from exon 51, the percent modification as

measured by Surveyor in Error! Reference source not found., and how many potential

off-targets were found in the human and rhesus macaque genome.

gRNA

JCR156

JCR157

JCR159

JCR168

JCR170

JCR171

Table 1: In Silico off-target analysis for gRNAs flanking exon 51. gRNA
column is an arbitrary number used for labeling, where is relative to exon 51 does the
gRNA target, how far (nt) is the number of nucleotides the predicted gRNA cut site is
from exon 51 in the human genome, human off target is the number of hits in the
human genome that contain a certain amount of mismatches from the in silico
analysis, and the rhesus off target column is the same in silico analysis for the rhesus

Where

upstream

upstream

upstream

upstream

upstream

upstream

How
far (nt)

1300

1284

101

1824

2851

2947

genome.

% mod *
SEM

7.28% £ 0.66

9.45% £ 1.48

7.88% £ 1.07

9.17% £ 0.35

6.66% £ 0.74

5.82% +0.59
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Human off
target

4 mismatch: 23
3 mismatch: 6
2, 1 mismatch: 0

4 mismatch: 6
<4 mismatch: 0

4 mismatch: 16
<4 mismatch: 0

4 mismatch: 21
3 mismatch: 1
<3 mismatch: 0

4 mismatch: 1
3 mismatch: 1
<3 mismatch: 0

4 mismatch: 5
3 mismatch: 1
<3 mismatch: 0

Rhesus off
target

4 mismatch: 19
3 mismatch: 7
2 mismatch: 1
<2:0

4 mismatch: 5
<4 mismatch: 0

4 mismatch: 15
3 mismatch: 1
<3 mismatch: 0

4 mismatch: 13
<4 mismatch: 0

4 mismatch: 3
<4 mismatch: 0

4 mismatch: 2
3 mismatch: 1
2 mismatch: 1



JCR160 downstream 78 5.25% + 0.50
JCR166  downstream 1266 5.09% + 1.21
JCR167 downstream 1534 6.59% =+ 0.44

gRNAs JCR157 and JCR160 were selected for further evaluation.

4 mismatch: 2
<4 mismatch: 0

4 mismatch: 25
3 mismatch: 5
<3:0

4 mismatch: 4
3 mismatch: 2
<3 mismatch: 0

<2 mismatch: 0

4 mismatch: 4
<4 mismatch: 0

4 mismatch: 17
3 mismatch: 5
<3 mismatch: 0

4 mismatch: 10
<4 mismatch: 0

4.4.3 Deletion of Exon 51 in Two Cell Types Using CRISPR-SaCas9

gRNAs JCR157 and JCR160, which target the intronic region around exon 51 for

deletion of exon 51, were transfected into HEK293T cells and electroporated into

immortalized DMD patient myoblasts with SaCas9 to determine compatibility for

creating a deletion. gDNA was PCR amplified around the region of interest and

electrophoresed on an agarose gel for assessment.
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Figure 28: Unmodified parent bands and smaller sized bands indicating the
deletion of exon 51 mediated by our CRISPR-SaCas9 and 2 gRNA system. C is control
treated with only SaCas9, and + are cells treated with both gRNAs and SaCas9.

4.4.4 Protospacer Length Effects on On-Target Activity

JCR157 and JCR160 protospacers were originally designed to be 22 bp long. The
same location was targeted, but with varying lengths of protospacer to investigate if the
change in length effected on-target activity. Protospacer length was varied from 19 to 23
nucleotides long and tested for on-target activity in HEK293T cells.

Intron 50 gRNA (upstream) Average % modification = SEM

; ’

c 19 20

12 4

19 20 21 22 23

Figure 29: JCR157, originally with a 22 nucleotide length protospacer, modified
to have protospacer length between 19 and 23 bp and tested in HEK293T cells. A

o N B O

number of nucleotides
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representative Surveyor assay is shown. The average percent modification was
calculated from n=3, average + SEM. C is control transfected with only SaCas9.

Intron 51 gRNA (downstream) Average % modification + SEM
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Figure 30: JCR160, originally with a 22 nucleotide length protospacer, modified
to have protospacer length between 19 and 23 bp and tested in HEK293T cells. A
representative Surveyor assay is shown. The average percent modification was
calculated from n=3, average + SEM. C is control transfected with only SaCas9. The
last lane labeled 23 (2) shows the average of percent modification from 2 gels for the
23 length protospacer, as one value was a clear outlier at 1.9%.

4.4.5 Varying Protospacer Length in Combination Mildly Effects Exon
51 Deletion Efficiency

gRNAs with protospacer lengths of 21, 22, and 23 nucleotides both upstream and
downstream of exon 51 were assessed for efficacy as a pair to create deletions after

transfection of HEK293T cells.
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End point PCR for A51 (upstream + downstream)
c 22+22 22421 22+23 21422 21+21 21+23 23422 23+21 23+23

o Average % deletion
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22+22 22+21 22+23 21422 21+21 21+23 23+22 23+21 23+23

Figure 31: Representative gel image showing deletion of exon 51 in HEK293T
cells transfected with SaCas9 and 2 gRNAs flanking the exon of varying lengths. The
average * SEM was calculated from densitometry on n=3.

The gRNA pair using both 23 nucleotide length protospacers was identified as
most promising, numbered JCR179 (upstream of exon 51 in intron 50) and JCR183 gRNA

(downstream of exon 51 in intron 51).

4.4.6 23 bp Length Protospacers Show Repeatable On-Target Activity

gRNAs JCR179 and JCR183 were tested individually for on-target efficacy in

HEK293T cells and DMD immortalized patient myoblasts.
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Figure 32: Surveyor assays for both 23 nucleotide length gRNAs in HEK293T
cells and immortalized DMD patient myoblasts. C is a control lane with only SaCas9,
all other lanes are replicates with the individual gRNA and SaCas9.

Next, JCR179 and JCR183 were transfected together with SaCas9 in HEK293T
cells and electroporated into immortalized DMD patient myoblasts to assess potential

for creating the desired deletion.
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Figure 33: PCR products around exon 51 showing the deletion of exon 51 in the
smaller bands on the gel mediated by our CRISPR-SaCas9 system and gRNAs JCR179
and JCR183 in both HEK293T cells and immortalized DMD patient myoblasts. C is a
control lane treated only with SaCas9. The following lanes are 3 replicates of the same
treatment of both gRNAs and SaCas9.

4.4.7 Deletion of Exon 51 in Genome Leads to Loss of Exon 51 in
MRNA

Immortalized DMD patient myoblasts were differentiated and RNA was
harvested. RNA was reverse transcribed to cDNA, and the cDNA was amplified by PCR
using primers in exon 44 and exon 52. Unmodified parent bands and deletion bands

were Sanger sequenced for evaluation of loss of exon 51.

179 + 179 + 179 +
183 179 183 183 179 183 183

e

<«— deletion

179 183

.

Figure 34: PCR amplification and gel analysis of cDNA shows the smaller
deletion band in only cells treated with both gRNAs and SaCas9.
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Figure 35: Sanger sequencing of the unmodified and deletion bands from gel
extracts in Figure 34 show lack of exon 51 in the deletion band and the exact junction
of exon 47 to exon 52 as expected.

4.4.8 Excision of Exon 51 in Genome Leads to Restoration of
Dystrophin Protein Expression

Protein was extracted from differentiated myofibers and assessed for dystrophin

protein expression by Western blot.

- - a2 B oo

L T e n————__CU

WT  Blank 4 + + + + + + + + +  5acas9
5% cells
+ - + + - + + - + Upstream gRNA

- + + - + + - + +  Downstream gRNA

Figure 36: Western blot for dystrophin protein expression from immortalized
DMD patient cells. Only cells treated with both the upstream and downstream gRNA
and SaCas9 show dystrophin protein restoration expression, indicating that our
CRISPR-SaCas9 system is causal.

4.4.9 23 bp Length gRNAs have No Predicted Off-Targets in the
Human Genome with 3 or Less Mismatches

gRNAs JCR179 and JCR183 show efficacy individually and as a pair to create a

deletion. These gRNAs, now with a 23 bp protospacer, were evaluated in silico for
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potential off-target activity allowing for up to 4 mismatches in the human, rhesus

macaque, and crab-eating macaque genomes.

92



Table 2: Summary of in silico off-target analysis of the upstream gRNA. Number of mismatches refers to the number of

nucleotides in the genome that do not match the protospacer. The human, rhesus macaque, and crab-eating macaque genomes

were assessed.

JCR179
(upstream)

1, 2, or 3 mismatches w/0 bulge - 0
2 mismatches with 1 bulge size — 1,
DNA bulge, chr9
3 mismatches with 1 bulge — 6
* Bulge in DNA -2 in chr9
* Bulge in RNA -4 in chr3, 6, 12
3 mismatches with 2 bulge size — 7
* Bulge in DNA -2 in chr6, X
* Bulgein RNA -5in chr3, 7, 13,
14
4 mismatches — 1 in chr2
4 mismatches with 1 bulge — 122
* Bulge in DNA - 32
* Bulge in RNA -90

1 mismatch - 0
2 mismatches with 2 bulge size - 2,
RNA bulge, in chrl, 11
3 mismatch w/0 bulge-1 in chr18
3 mismatches with 1 bulge — 10
* Bulge in DNA -4 in chrl4, 15,
18
* Bulgein RNA -6inchr2, 4, 5,
12
3 mismatches with 2 bulge — 35
* Bulgein DNA -5
* Bulgein RNA -30
4 mismatches — 2 in chrl, 3
4 mismatches with 1 bulge — 131
* Bulge in DNA - 47
* Bulgein RNA -84

93

1 mismatch -0
2 mismatches with 2 bulge size — 2, RNA
bulge, in chrl1
3 mismatch w/0 bulge — 1 in chr10
3 mismatch with 1 bulge — 11
* Bulge in DNA -4 in chrl10, 14, 15
* Bulgein RNA -7 in chr2, 4, 5, 12,13
3 mismatch with 2 bulge — 32
* Bulge in DNA -4 in chr4, 10, 13
* Bulge in RNA - 28
4 mismatch w/0 bulge — 1 in chr13
4 mismatch with 1 bulge — 120
* Bulge in DNA - 47
* Bulgein RNA-73



Table 3: Summary of in silico off-target analysis of the downstream gRNA. Number of mismatches refers to the number

of nucleotides in the genome that do not match the protospacer. The human, rhesus macaque, and crab-eating macaque genomes

were assessed.

JCR183
(downstream)

1, 2, or 3 mismatches w/0 bulge — 0
3 mismatches with 1 bulge — 10

* Bulge in DNA -4 in chr9, 11

* Bulge in RNA -7 off targets in
chr2, 15,18, 11

3 mismatches with 2 bulge — 14

* Bulge in DNA -0 off targets

* Bulge in RNA - 14 off targets in
chr12,3,1,2,21,17,6,14,9, 18

4 mismatches with 0 bulge — 2 in chr2,

4 mismatches with 1 bulge — 121

* Bulge in DNA -30
* Bulge in RNA -91

1 mismatch - 0
2 mismatches with 2 RNA bulge -1
(bulge in RNA at chr4)
3 mismatches with 0 bulge -2 in
ChrX
3 mismatches with 1 bulge — 10
* Bulge in RNA - 10 at chr8, 7,
16,20, 9
3 mismatches with 2 bulge — 21
* Bulge in DNA -7 in chri8, 17,
11
* Bulge in RNA - 14 in chrS§, 4,
10, 6, x, 18
4 mismatches, 0 bulge — 1 in Chr2
4 mismatches with 1 bulge — 92
* Bulgein DNA - 14
* Bulgein RNA-78

94

1 mismatch - 0
2 mismatches with 2 RNA bulge -1 (bulge
in RNA at chr4)
3 mismatch with 0 bulge — 2 at Chr6, 8
3 mismatch with 1 bulge — 9
* Bulgein RNA -9in Chr8, 7,9, 20
3 mismatch with 2 bulge — 18
* Bulgein DNA - 4in ch§, 17
* Bulgein RNA -14in chr4, 6, 8, 10,
18, X
4 mismatch with 0 bulge — 1 in Chr2
4 mismatch with 1 bulge — 83
* Bulgein DNA -15
* Bulge in RNA - 68



4.4.10 Deep Sequencing at Potential Off-Target Sites in the Human
Genome Reveals Little Off-Target gRNA Activity

10 off-target sites, shown in Table 4 and

Table 5 in the human genome were identified for each gRNA to be assessed in
vitro. Lowercase letters in the off-target DNA indicate the nucleotide that is a mismatch
from the gRNA sequence.

Table 4: Ten predicted off-target sites for the upstream gRNA.

JCR179: CTAGACCATTTCCCACCAGTTCTNNGRRT

Upstream gRNA

oT # mis

# Off-target DNA Position match Bulge
chr12:107142017,

1 aTCTGgectCCCAGCTGTGTGTTGAGAGT 107142417 5 0
chr8:106857602,

2 aaaTGAaAAgaCAGCTGTGTGTTTGGAAT 106858002 6 0
chr9:79943551,

3  tctgacTAACCCAtCTGTGTGTTCTGGGT 79943951 7 0
chr2:163347518,

4 aTtatggAACgCAGCTGTGTGTTTAGAAT 163347918 7 0
chr2:156507464,

5 CTCTGAgAACaCAGCTaTGTGTcCTGGAT 156507864 4 0
chr7:2370970,

6 aTCcGATt--CCAGCTGTGTGTTCAGAAT 2371370 3 2
chr6:50926005,

7 CaCTGATAACCCtGGACTGTGTGETAAGAAT 50926405 3 2
chrX:12401804,

8 CTCTGAaAGTAgCCAGCTGTGTGCTTGGAGT 12402204 3 2
chr3:30293153,

9 CcCTGACAACCCACCT-TGTGTTATGAGT 30293553 3 1
chr4:9914904,

10 CTCTGActtCCCAGCTGTGTAGTcCTGGGT 9915304 4 1
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Table 5: Ten predicted off-target sites for the downstream gRNA.

JCR183: CTAGACCATTTCCCACCAGTTCTNNGRRT

Downstream gRNA

oT # mis

#  Off-target DNA Position match Bulge
chr2:20474819,

1 tTtGACCATTaaCCACCAGTTCTCAGGGT 20475219 4 0
chr2:229995093,

2 aaAaAggATTTCCCcCCAGTTCTCTGAAT 229995493 6 0
chr2:122297287,

3 CTAccaCATTagCCACCAGTTCTCAGAAT 122297687 5 0
chr17:76897040,

4  aaAaACCATTTCCCctCAGTTCTGCGGAT 76897440 5 0
chr20:4200507,

5 aaAGACCAaTTCaaACCAGTTCTAGGGGT 4200907 5 0
chr12:66496322,

6  acAaAtCATTTCtCtCCAGTTCTTTGAAT 66496722 6 0
chr2:176857782,

7  CcAaAgCATTTCCCA--AGTTCTGTGAAT 176858182 3 2
chrb5:3790697,

8 tTgGttCA-TTCCCACCAGTTCTAAGGGT 3791097 4 1
chr11:76348972,

9 CTttACCATTTCtCA-CAGTTCTGTGGGT 76349372 3 1
chr6:22928312,

10 CTtaAagATTTCCCACC-GTTCTTAGAAT 22928712 4 1

Off-target analysis was conducted by targeted PCR amplification of the region of
interest and deep sequencing to assess the presence of indels. Results are summarized in
Table 6 and Table 7. In a test of one replicate, the downstream gRNA had very little off-
target activity in the 10 sites sequenced overall. The upstream gRNA had 2 targets, in

chromosomes 6 and 8, with a treated/untreated ratio of >3, but neither fall within a gene
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and are potentially inconsequential. Further, both gRNAs had on-target activity 2 orders

of magnitude higher than the off-target site with highest treated/untreated ratio.
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Table 6: Results of deep sequencing at predicted off-target sites for the upstream gRNA. % Indels is the raw number of
indels measured, Treated/Untreated is a ratio of the % Indels for each target site in cells treated or not treated with SaCas9 and
the gRNA.

N N Y el i
match Untreated
CTCTGATAACCCAGCTGTGTGTT 10.32198  541.31914
OT1 aTCTGgcctCCCAGCTGTGTGTTGAGAGT 12 0.00599 0.80381
OT2 a2aaTGAaAAgaCAGCTGTGTGTTTGGAAT 0.01219 4.72349
OT3  tctgacTAACCCAtCTGTGTGTTCTGGGT 0.01077 0.50565

8
9
OT4  aTtatggAACgCAGCTGTGTGTTTAGAAT 2 0.01829 1.01779
2
7

OT5 CICTGAgAACaCAGCTaTGTGTcCTGGAT 0.02145 1.15074
OT6  aTCcGATt--CCAGCTGTGTGTTCAGAAT 0.03847 1.98617
OT7 CaCTGATAACCCtGGACTGTGTGgTAAGAAT 6 0.06162 5.12194
OT8 CTICTGAaAGTAgCCAGCTGTGTGCTTGGAGT X 0.08000 1.51824
OT9 CcCTGACAACCCACCT-TGTGTTATGAGT 3 0.01695 0.59104
OT10 CTCTGActtCCCAGCTGTGTAGTcCTGGGT 4 0.03293 2.19131

Upstream gRNA
— = N NN O O O O O O

B W W W W B 39 9 o O

98



Table 7: Results of deep sequencing at predicted off-target sites for the downstream gRNA. % Indels is the raw number of
indels measured, Treated/Untreated is a ratio of the % Indels for each target site in cells treated or not treated with SaCas9 and
the gRNA. Italicized results had less than 10,000 reads and thus were unlikely to pick up rare gene edit activities, thus may not

be representative of the true % indel and treated/untreated rates.

I N Y il
match Untreated
CTAGACCATTTCCCACCAGTTCT 7.95862 122.50396
OT1 tTtGACCATTaaCCACCAGTTCTCAGGGT 2 0.02095 1.70051
OT2 aaAaAggATTTCCCcCCAGTTCTCTGAAT 2 0.49412 1.16700
OT3 CTAccaCATTagCCACCAGTTCTCAGAAT 2 0.01741 1.54855
OT4 aaAaACCATTTCCCctCAGTTCTGCGGAT 17 0.03581 0.32211
OT5 aaAGACCAaTTCaaACCAGTTCTAGGGGT 20 0.00000 0.00000
OT6  acAaAtCATTTCtCtCCAGTTCTTTGAAT 12 0.01727 2.02953
OT7 CcAaAgCATTTCCCA--AGTTCTGTGAAT 2 0.01839 0.66683
OT8 tTgGttCA-TTCCCACCAGTTCTAAGGGT 5 0.07263 1.63037
OT9 CTttACCATTTCtCA-CAGTTCTGTGGGT 11 0.03695 0.63062
OT10 CTtaAagATTTCCCACC-GTTCTTAGAAT 6 0.04533 1.71282
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4.5 Discussion

4.5.1 Individual gRNA On-Target Activity, Off-Target Predictions, and
Deletion of Exon 51 in gDNA

gRNAs were originally designed starting as close to exon 51 as possible. Of 16
gRNAs tested, 9 gRNAs showed variable levels of on-target activity in HEK293T cells,
between approximately 5% and 10%. As we aimed to keep the deletion as small as
possible we did not test any other gRNAs further away from the exon. To help
determine which two gRNAs, one in intron 50 and one in intron 51, we proceeded with
the 22 bp protospacers that were assessed in silico for off-target activity.

Currently, there are no definite rules of what makes for a “good” gRNA. We
aimed to balance on-target activity, size of the deletion and thus location of the gRNA
target relative to the exon, and amount of potential off-targets in the human genome and
some consideration for off-target potential in the rhesus macaque genome. Particular
weight was given to the potential off-targets in the human genome, as if these gRNAs
were to be further developed for clinical use the safety profile for humans must be
favorable. Hence, JCR157 and JCR160 were chosen to move forward with as they both
had no off-target locations with less than 4 mismatches in the protospacer in the human

genome.

4.5.2 Effect of Varying Protospacer Length

As previously discussed, there is no set length for the SaCas9 protospacer. We

initially tested all protospacers at a 22 bp length for ease of comparison. After selection
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of individual gRNAs to move forward with we decided to test them in varying lengths
from 19 to 23 bp. All lengths showed activity with a general trend of increased on-target
activity with increased protospacer length as assessed by the Surveyor assay. The 21, 22,
and 23 bp length protospacers were tested as deletion pairs, and again all produced clear
deletions of exon 51. While all pairs worked well, we moved forward with both 23 bp
length protospacers as those created a deletion in 49% of the PCR amplified gDNA as
measured by densitometry. This was the most effective pair of gRNAs for creating the
desired deletion. However, the least effective pair still created deletions in 43% of gDNA
as measured by densitometry, so further investigation into effect of gRNA length in
different locations in the human genome warrant study.

The 23 bp gRNAs, JCR179 and JCR183, were evaluated for individual on-target
activity in both HEK293Ts and DMD immortalized patient myoblasts. As previously
observed we saw robust levels of editing in HEK293T cells. Levels of editing in the
immortalized DMD myoblasts were less apparent by the Surveyor nuclease assay,
particularly for JCR183. However, when evaluated as a deletion pair we saw clear lack
of exon 51 in both HEK293T cells and the immortalized DMD patient myoblasts. These

gRNAs proved effective for on-target activity in the genome in two cells types.

4.5.3 Gene Edits are Carried Through Transcription and Translation

JCR179 and JCR183 showed efficacy for individual on-target activity as well as

deletion of exon 51 in the genome. Ultimately, we are interested in dystrophin protein
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restoration, so further assays were conducted to assess the potential for changes at the
genomic level to be carried through transcription and translation. We previously
obtained immortalized DMD patient myoblasts as a gift from Vincent Mouly that lack
exons 48-50242, The loss of exon 48-50 is an out of frame deletion, and thus a DMD
genotype and these cells do not produce functional dystrophin protein. This genotype
can be shifted to in-frame by deleting exon 51, for a A48-51 genotype, restoring the
reading frame and creating a BMD genotype. Immortalized DMD patient myoblasts
were electroporated with our CRISPR-SaCas9 system and differentiated into myofibers.
RNA was extracted, reverse transcribed to cDNA, and PCR amplified. Cells treated with
both gRNAs and SaCas9 displayed smaller bands indicative of deletion of exon 51 when
electrophoresed on an agarose gel. Cells treated with only 1 gRNA and SaCas9 showed
only one unmodified band on a gel, showing that both gRNAs are necessary to create
the targeted deletion as expected. Sanger sequencing of the larger and smaller band
confirmed that the smaller band is the deletion of exon 51, and exon 47 ligates perfectly
to exon 52.

Protein was extracted from myofibers and probed for dystrophin protein
expression via Western blot. Similarly, only cells treated with all 3 parts of the system —
both the upstream and downstream gRNA and SaCas9 —showed dystrophin protein

restoration. This confirms that exon 51 deletion is achievable using these gRNAs and
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SaCas9, and that the excision of exon 51 utilizing CRISPR-SaCas9 is a viable option to
restore dystrophin protein expression.

Prior off-target analysis was conducted on 22 bp length protospacers. As we have
shown efficacy of the 23 bp length protospacers and are moving forward with those,
further off-target analysis was conducted on JCR179 and JCR183. I silico analysis with
Cas-OFFinder confirmed that like the 22 bp length protospacer corollaries these 23 bp
length protospacers also have no off-target sites with less than 4 mismatches in sequence
and 0 bp DNA or RNA bulge. Both gRNAs also do not have any exact matches in either
the rhesus macaque or crab-eating macaque genome. 10 off-target sites were selected for
each gRNA for evaluation by deep sequencing. Sites with mismatches in the genome
with and without DNA or RNA bulge were analyzed. Potential off-target sites were
chosen by assigning a weight factor to each DNA position with the highest weight
further from the PAM, as mismatches away from the seed sequence are most likely to be
tolerated. Off-targets were assessed in HEK293T cells as they are human genome targets
and thus cannot be accurately assessed in the hDMDA52/mdx mouse, which only
contains the human DMD gene and not the rest of the human genome. Two potential
off-target sites, off-target 2 and 7 for the upstream gRNA, showed relatively high levels
of indels measured by treated/untreated. However, the on-target showed two orders of
magnitude higher indel rates measured by treated/untreated. The downstream gRNA

showed no such off-targets with potentially high levels of activity. Upstream OT2 is in a
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region of chromosome 8 that is not in a gene, and OT7 is similarly in a region of
chromosome 6 that is not located in a gene. Thus, while these off-targets may prove to

have significant rates of indel formations they should be of little biologic consequence.

4.5.4 Conclusions

Through this worked we have shown efficacy of a CRISPR-SaCas9 system to
target DMD for excision of exon 51. On-target activity was shown to be two orders of
magnitude more efficacious than off-target activity, and the only off-targets with
potentially concerning activity do not reside in genes. The off-target assessment was
conducted on only 10 sites per gRNA, thus a genome wide unbiased method for
detection of off-targets?** 24 would bolster the work. The gRNAs selected were tested at
several protospacer lengths, furthering the obvious need for thoroughly tested
guidelines of what makes an effective gRNA to be standardized. Moreover, the best
individual gRNAs may not create the most effective deletion pair, and thus larger
screens of gRNAs in pairs would be enlightening to find the best pair for creating
deletions. While the chosen gRNAs do have limitations, they show clear on-target
activity both individually as well as for creating deletions in two relevant cell types. For
this preclinical study the chosen gRNAs display generally desirable characteristics,
particularly the high ratio of on-target to off-target activity, but further optimization of

gRNA sequence and pairs may help increase the on-target activity.
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Chapter 5. In Vivo Gene Correction of DMD by Deletion
of Exon 51 Using CRISPR-SaCas9

This work was done in collaboration with Christopher Nelson, Matthew Gemberling, Veronica
Gough, Matthew Oliver, Ruth Castellnos Rivera, Aravind Asokan, Annemieke Aartsma-Rus,

and Charles Gersbach.

5.1 Synopsis

Removal of exon 51 utilizing CRISPR-Cas9 shows potential to treat patients in
the future. Here, we further the preclinical proof-of-principle body of work by treating a
humanized mouse model, with an edited human DMD gene that creates a DMD
genotype, with a CRISPR-SaCas9 system. We first showed feasibility with a small local
injection study, finding that AAV-mediated CRISPR-SaCas9 treatment for excision of
exon 51 in the TA results in loss of DMD exon 51 in the gDNA and dystrophin protein
restoration by IHC and Western blot. We next treated both adult and neonatal mice
systemically with AAV9 packaging our CRISPR-SaCas9 human DMD exon 51 targeting
system. We found measurable indels at both gRNA target sites, upstream and
downstream of exon 51, in various skeletal and cardiac muscles from mice treated as
adults and neonates. Indel rates were highest in the heart, and generally higher for mice
treated as neonates than mice treated as adults. Deletions of exon 51 in cDNA were also
present in samples from various skeletal and cardiac muscles measured by ddPCR. The

heart cDNA had about 20% deletions of exon 51 in both mice treated as adults and
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neonates, whereas the deletion rates in skeletal muscle samples were an order of
magnitude lower. IHC staining and Western blot both confirm dystrophin protein
expression restoration. There was mouse to mouse variability, and the mice treated as
neonates displayed more prominent dystrophin expression restoration, but dystrophin
protein expression was visible to some degree in all mice. This work furthers proof-of-

principle for CRISPR-Cas9 to be an effective permanent treatment for DMD.

5.2 Introduction

While promising in vitro work is exciting, ultimately preclinical therapies must
be tested in vivo for safety and efficacy. Plasmid delivery of CRISPR-Cas9 systems in vivo
is possible but not very effective, thus we chose to package our system in muscle-tropic
AAV vectors. Due to AAV packaging limit constrains we had to use two viral vectors to
deliver both gRNAs and SaCas9, but are pursuing an all-in-one vector system that will
be able to package all three essential components of the system. With the characterized
hDMDA52/mdx mouse and our human dystrophin exon 51 targeting CRISPR-SaCas9
system validated in vitro in hand, we were able to test those exact human DMD targeting
guides in our hDMDA52/mdx mouse. Although in vivo off-target potential of these
human targeting gRNAs cannot be evaluated effectively, as the mouse has only the
human dystrophin gene and otherwise lacks the human genome, we were able to assess

on-target editing of the human DMD gene for in vivo efficacy. This is the first such work

106



utilizing an AAV-mediated delivery of CRISPR-Cas9 to the human DMD gene in a small

animal model.

5.3 Materials and Methods
5.3.1 Molecular Cloning and AAV Production

gRNAs identified in 4.4.6 23 bp Length Protospacers Show Repeatable On-Target
Activity were cloned into a plasmid containing SaCas9 driven by the CMV promoter
with the Bsal restriction enzyme (Addgene plasmid #61591, see Figure 37). SURE 2
supercompetent cells (Agilent Technologies) were used for transformation (see Figure
37). Colonies were prepared, sequence verified, and test digested with the Smal
restriction enzyme to investigate potential recombination events. Verified plasmids were
grown up at 32°C overnight for no more than 14 hours in 400-500 mL of Terrific Broth
(Thermo Fisher) in 2 L flasks. Bacterial pellets were processed using the EndoFree
Plasmid Mega Kit (Qiagen), and resulting plasmid was Smal test digested and sequence
verified. Plasmid was sent to collaborators in Aravind Asokan’s laboratory at the
University of North Carolina, Chapel Hill, or the Nationwide Children’s Hospital Viral

Vector Core where AAV was produced.

|
m- - L 3xHA g hU6 g gRNA |

|
EW' - - 3xHA g hU6 g gRNA 2

Figure 37: Plasmid design for AAV production where gRNA1 and gRNA2 are
JCR179 and JCR183.
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5.3.2 Intramuscular Injections of AAV

All animal studies were conducted under protocols approved by the Duke
University Institutional Animal Care and Use Committee. 7-8 week old male
hDMDA52/mdx mice were anesthetized and placed on a warming pad. The TA muscle
was prepared for injection of 30 pl of AAVS solution (~5E11 viral genomes/mouse) or
saline into the right or left TA, respectively. 8 weeks after treatment mice were
euthanized via CO: inhalation and tissues were collected into RNALater (Life

Technologies) for DNA, RNA, or protein analysis.

5.3.3 Systemic Injection of AAV into Adult and Neonatal Mice

P2 neonatal hDMDA52/mdx male mice were anesthetized by hypothermia and
then injected with 40 ul AAV9 solution (~1.5E12 viral genomes/mouse) into the temporal
vein. 7-8 week old adult male hDMDAS52/mdx mice were injected via the tail vein with
200 pl of AAVY solution (~4E12 - 7.5E12 viral genomes/mouse). At 16 weeks of age mice
were euthanized by CO: inhalation and tissues were collected into RNALater (Life
Technologies) for DNA, RNA, or protein analysis, or embedded in OCT for frozen tissue

sections.

5.3.4 Biochemical Analysis to Detect Deletion of Exon 51 and
Dystrophin Protein Expression

Endpoint PCR detection of loss of exon 51 in gDNA and cDNA was performed

as previously described in 4.3.7 Detection of Exon 51 Deletion. Staining of histological
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sections and Western blot probing for dystrophin protein expression was performed as

previously described in 3.3.8 Biochemical Analysis of the hDMDAS52/mdx Mouse.

5.3.5 ddPCR for Deletion of Exon 51 in cDNA

Quantitative ddPCR was performed on cDNA samples using a QX200 Droplet
Digital PCR System. Exon 51 deletion in cDNA extracted from animal tissues was
detected using the QX200 ddPCR Supermix for Probes (BioRad) and Taqman assays
with probes designed to bind to the junction of human dystrophin exon 50 and exon 53,
as well as a probe for exon 59. ddPCR for deletion of exon 51 in cDNA from animal

tissues analysis was conducted by using the same threshold across all wells.

5.3.6 Deep Sequencing for On-Target Activity

Deep sequencing for detection of indels created by genome editing was
performed on genomic DNA samples from heart, diaphragm, TA, and gastrocnemius
for all mice treated as adults (n=10 except for gastrocnemius n=5) and mice treated as
neonates (n=4). PCR of the genomic DNA was completed using two primer pairs
designed to flank the two cut sites. A second round of PCR was used to add [llumina
flowcell binding sequencing and experiment-specific barcodes on the 5" end of the
primer sequencing. The PCR products were pooled and sequenced with 150 bp paired-
end reads on an Illumina MiSeq instrument. Indel analysis was performed using
CRISPRess0?! with a window of 5 and default parameters. Deep sequencing to detect

deletions of exon 51 was adapted from a previously published method for linear
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amplification-mediated high-throughput genome-wide translocation sequencing?? n=4

for heart samples and n=7 for TA samples.

5.4 Results

5.4.1 Intramuscular Injection of AAV Packaged CRISPR-SaCas9
System Leads to Loss of Exon 51

The AAVS8 packaging our previously in vitro validated CRISPR-SaCas9 system
was intramuscularly injected into the TA of adult mice to remove exon 51 from the
genome. When gDNA was PCR amplified, electrophoresed on an agarose gel, and
Sanger sequenced, we observed the dominant product being the expected ligation of the

gRNAs 3 bp upstream from the PAM.

JCR179 JCR183

Mouse 1 Mouse 2 Mouse 3

- + - + - + fEﬂE@

Figure 38: PCR amplification of gDNA extracted from untreated (-) and treated
(+) TA muscles showing a smaller band from loss of exon 51 in treated muscles.
Sequencing of this band shows the ligation of the gRNA sequences 3 bp upstream of
the PAM.

Loss of exon 51 in the gDNA resulted in dystrophin protein restoration observed

by IHC and Western blot.
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Figure 39: Dystrophin protein expression in treated TA muscles. Top shows
dystrophin stained in green present in the treated sample and absent in the
contralateral control; bottom shows variable but nonetheless present levels of
dystrophin protein detected in only treated samples (+) compared to contralateral
control samples (-) by Western blot.

5.4.2 Systemic Administration of AAV Mediated CRISPR-SaCas9
System Demonstrates On-Target Activity

Following systemic administration on-target activity of both gRNAs was
measured by deep sequencing at the predicted indel sites in cardiac and various skeletal

muscle gDNA from mice treated as adults and neonates.
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Figure 40: Indels measured by deep sequencing in gDNA extract from heart,
TA, diaphragm, and gastrocnemius muscles from mice treated with our CRISPR-
SaCas9 system via AAV9 as adults (purple squares) and neonates (green circles).

Traditional deep sequencing for on-target events does not evaluate the efficacy of
excision of a region of the genome. Deletion, insertion, and AAV integration events were
quantified in the gDNA extracted from hearts and TA muscles from mice treated as
adults by linear amplification-mediated high-throughput genome-wide translocation

sequencing (LAM-HTGTS)?.
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Figure 41: LAM-HTGTS on gDNA from hearts and TA muscles from mice
treated as adults showing deletion, inversion, and AAV integration events.

5.4.3 Excision of Exon 51 in the Genome Leads to Loss of Exon 51 in
MRNA

Precise edits made in the genome are carried through transcription to the RNA.

These changes are detected in the cDNA by endpoint PCR as well as ddPCR.
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Figure 42: Analysis of loss of exon 51 in mRNA by endpoint PCR and ddPCR.
cDNA reverse transcribed from mRNA extracted from heats of mice treated as adults
and neonates was PCR amplified and electrophoresed; the loss of exon 51 is observed
by the smaller band. Sanger sequencing of this band shows the ligation of exon 50 to

exon 53. ddPCR of cDNA from heart, TA, diaphragm, and gastrocnemius muscles
shows measurable loss of exon 51 in all samples. (-) is an untreated mouse, LOD is the
limit of detection that is defined by the average of untreated samples.

5.4.4 Excision of Exon 51 in the Genome Leads to Dystrophin Protein
Expression

Removal of exon 51 in the genome carries through the central dogma and results
in changes in protein due to restoring the reading frame. Dystrophin protein expression
was assessed by Western blot for dystrophin expression, with GAPDH as an internal

loading control, and SaCas9 assessed by the HA tag in protein extracted from hearts.
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Figure 43: Western blots showing variable levels of dystrophin protein
expression in the heart and gastrocnemius muscles from mice treated as adults and
neonates. +C is protein from the hDMD/mdx mouse, -C is protein from an untreated
hDMDA52/mdx mouse, and + indicates treated mice.

IHC on sections from hearts and TA muscles was also utilized to visualize and

qualitatively assess restored dystrophin protein expression.
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Figure 44: IHC for dystrophin (green) protein expression in sections from heart
and TA muscles from mice treated as adults and neonates. hDMD/madx is a positive
control, hDMDAS52/mdx is a negative control. Scale bars are 200um.
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5.5 Discussion

5.5.1 Preliminary Study of In Vivo Exon 51 Removal by Intramuscular
Injection

We showed potential for in vivo exon 51 removal from the human DMD gene in
our hDMDA52/mdx mouse by intramuscular injection into the TA using AAVS8
packaging our CRISPR-SaCas9 system targeted to sequences flanking exon 51. Adult
mice were treated and 8 weeks later assessed for gene editing. Here we showed
successful removal of exon 51 in the gDNA with the expected edited sequence, ligation
of the gRNA sequence in the genome at cut sites 3 bp upstream of the PAM, of the
resulting edited genome. Variable levels of dystrophin restoration were observed mouse
to mouse by Western blot, and representative IHC indicates sparse, but present,
dystrophin protein restoration. This small scale preliminary experiment showed

potential for systemic administration of our system for dystrophin restoration.

5.5.2 On-Target Activity of gRNAs In Vivo Following Systemic
Administration

Indels at the predicted cut site for each gRNA were detected in treated samples
via deep sequencing in gDNA extracted from the heart, TA, diaphragm, and
gastrocnemius muscles. Mice treated as adults and neonates showed deletion of exon 51
in gDNA from hearts and skeletal muscles by endpoint PCR. Although we observed
variable levels of editing with endpoint PCR, the greater sensitivity and reliability of

next generation sequencing revealed consistent deletion of exon 51. In particular, linear
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amplification-mediated high-throughput genome-wide translocation sequencing
demonstrated 4.3% + 1.0% and 1.2% * 0.6% deletion of exon 51 in gDNA from heart and
TA muscles, respectively, of mice treated at 8 weeks of age (Figure 41). Sequencing of
the deletion band from endpoint PCR indicates the majority of the deletion product was
the expected ligation of the predicted SaCas9 cut sites three nucleotides upstream of the

PAM.

5.5.3 Loss of Exon 51 in cDNA After In Vivo Systemic Treatment

PCR amplification of cDNA from hearts also showed a lack of exon 51 in a
fraction of alleles in both mice treated as adults and neonates. Sequencing of the deletion
band shows the exact junction of exons 50 and 53, indicative of exon 51 removal from the
hDMDAb2/mdx mice. Quantification of loss of exon 51 by ddPCR of the cDNA from
adults or neonates showed 19.0% + 1.2% and 19.3% + 3.7% removal in the heart, 0.6% +
0.2% and 1.7% + 0.5% in the TA, 0.2% + 0.02% and 0.4% * 0.08% in the diaphragm, and
0.1% + 0.04% and 1.2% + 0.6% in the gastrocnemius. While we observe the most robust
deletion activity in the heart, it is promising to see activity throughout relevant skeletal

muscles.

5.5.4 Restored Dystrophin Protein Expression Following In Vivo
Systemic Treatment

Western blot of lysates from the heart and gastrocnemius showed variable levels
of dystrophin protein restoration. Significant dystrophin restoration was also observed

by immunofluorescence staining of histological sections of heart and TA muscles from
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mice treated as adults and neonates. The results from mice treated systemically as adults
and neonates demonstrates exon 51 excision from the human gene in vivo, which leads

to variable but nonetheless present levels of restored dystrophin protein expression.

5.5.5 Conclusions

This work shows the potential of NHEJ-mediated targeted gene editing for
Duchenne muscular dystrophy. While the in vivo editing rates are low, we do see
notable dystrophin protein expression. As previously discussed, it is likely we will not
need to achieve 100% dystrophin protein expression to see functional benefit**¢. Here we
show between 1-2% deletions of exon 51 in the gDNA, which is a promising start but
warrants further optimization. Increased gene editing rates should lead to increased
dystrophin protein expression, which may translate to functional benefit. Improved
phenotype of the treated dystrophic mice needs to be investigated further, as well as
immune response to the CRISPR-SaCas9 system. While significant work to push this
technology to this clinic remains, this works shows promising potential for use of
CRISPR-Cas9 technology to potentially be a permanent treatment for the genetic cause

of Duchenne muscular dystrophy.
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Chapter 6. Conclusions

6.1 Summary

This dissertation demonstrates and progresses work for a gene editing therapy
for DMD. Here we have created and characterized a relevant mouse model for DMD
that has the human dystrophin gene mutated to have a DMD genotype, and the mouse
displays a mild DMD phenotype. We have created a CRISPR-SaCas9 system and shown
on-target efficacy in vitro with little off-target concern by deep sequencing, and also
packaged this system in AAV and delivered it to mice locally and systemically. Local
injections indicated clear deletions of exon 51 in gDNA and restoration of dystrophin
protein expression by IHC and Western blot. Systemic injections in neonatal and adult
mice showed on-target indel formation and loss of exon 51 in cDNA from various
muscles. There was also varied, but present, dystrophin protein restoration by IHC and
Western blot. This dissertation capitalized on the rapid advancement of genome
engineering tools for therapeutic applications to treat Duchenne muscular dystrophy.
Although many other treatments for DMD are further along in development, direct
editing of the native locus maintains as much of the natural sequence as possible and is a
powerful method to permanently edit the gene and restore dystrophin protein
expression. Gene editing offers a promising alternative to transient methods such as

oligonucleotides to induce exon skipping and gene transfer of minidystrophin and

120



microdystrophin. While the system showed proof-of-principle for testing human specific

gRNAs in a small animal model, there are still many potential improvements.

6.2 Future Directions
6.2.1 Increased In Vivo Editing Efficacy
6.2.1.1 gRNA Design and Assessment for Deletion Efficacy

A significant challenge with creating a CRISPR-Cas9 system is choosing gRNAs.
While designing gRNAs in general is not difficult, there is very little clarity about what
makes a “good” gRNA. Vague guidelines exist?”, including ranking potential gRNAs
based on off-target likelihood as well as targeting all isoforms if applicable, but there is
little consensus about what makes an optimal guide for those considerations as well as
on-target activity. Particularly, working with newer variants of Cas9, including SaCas9,
complicates this problem further as majority of the literature has used SpCas9 and thus
many suggestions for “good” gRNA design may only be applicable to SpCas9. For
example, gRNA length is still not well understood other than that varying lengths in
different genomic contexts seem to have an effect on SaCas9 gRNAs on-target activity,
whereas this is largely less of a potent problem for SpCas9 gRNA design. In this work
we designed and screened several gRNAs targeted to the intronic region flanking exon
51, but this by no means was a rigorous process. The intronic regions of the DMD gene
are massive, sometimes even over one hundred of thousand bp, and the few gRNAs

screened in Aim 2 certainly do not reflect the vast potential of gRNAs that exist.
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Complicating the issue further is the fact that gRNAs that have strong on-target
activity individually may not be the best gRNAs to use in a deletion pair. Anecdotally,
many lab members have seen gRNAs that have poor or no measurable on-target activity
individually measured by the Surveyor assay that when combined with another gRNA
still create on-target deletions. Thus, there is still much to learn about gRNA design and
testing. To help address this a library screen of gRNAs upstream and downstream of
exon 51 should be tested in vitro or in vivo. The data from this will certainly help discern
optimal guides for making deletions of exon 51, and with careful analysis the large data
set could be used to help uncover what makes a “good” gRNA overall. While this
library screen around exon 51 will be beneficial for this project, gRNAs may very well be
quite context dependent and thus further screens in different genomic loci may need to
be conducted in order to create a set of guidelines for designing effective gRNAs that

would apply in a broad context.

6.2.1.2 Vector Design and AAV Serotype

This work utilized a two-vector system, where each vector contained SaCas9 and
one gRNA. Ultimately, we would like to move to a one vector design where both
gRNAs and SaCas9 are produced from one virus. One motivating factor to this is
temporal considerations. In the current two-vector system it is entirely possible that one
gRNA is making a double stranded break whereas the other gRNA may not be available

at the same time. In a one vector system all necessary parts for creating the deletion will
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be present temporally together. This advantage may help increase our in vivo on-target
editing rates. Another large motivating factor is forward looking to the clinic. A two-
vector system would require two viruses to be produced at GMP quality for every
treatment. Reducing this down to one vector may have meaningful impact on the ability
to produce enough virus for treatment as well as reduced cost of production, which may
lead to reduced cost of treatment for the patient and insurance companies.

Another aspect of vector design is the promoter driving SaCas9. In our current
system we are using a constitutive CMV promoter. For clinical translation we likely
need to test and potentially switch to muscle-specific promoters. This may enhance on-
target editing, but also should reduce the risk of off-target double stranded breaks.

Lastly, our lab has primarily focused on previously-known muscle-tropic AAV
serotypes such as AAV8 and AAV9. While our lab is currently not an AAV engineering
lab, AAV engineering is a large field that is constantly producing new and exciting
engineered AAV variants. Increased transduction of both muscle cells and satellite cells

may increase our overall gene editing levels.

6.2.1.3 Dose Escalation Study

This study was completed at small range of viral doses that is consistent with
the dose range being tested in clinical trials using AAVY, such as the spinal muscular
atrophy type I trial (NCT02122952). While this dose has the most clinical relevance, we

are seeing only modest levels of editing. Other groups have shown treated of DMD in
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vivo in a mouse using doses one to two orders of magnitude higher than what we have
typically been injecting. A true dose escalation study ranging across at least two orders

of magnitude will help elucidate the required dose to achieve high levels of gene editing.

6.2.1.4 Time Course Study

This study analyzed all treated mice at 16 weeks of age. That is approximately 16
weeks after treatment of neonates and 8 weeks post treatment of adults. While this
timepoint may be representative, a time course evaluating gene editing over time would
be informative. In particular, as this is a lifelong disease, timepoints when the mice are
aged will be extremely valuable. It is thought that these permanent edits CRISPR-Cas9
makes will persist, but proof of this from analyzing mice from 18-24+ month old would

be tremendously valuable.

6.2.2 gRNAs Targeted to Create Frameshifts

Deleting an exon using CRISPR-Cas9 is not the only option to treat DMD. Rather,
splice acceptors can be targeted to be shifted out of frame using just one gRNA?*, Splice
acceptors can also be altered via base editing?® 2 so the site is no longer recognized.

This work did not explore these methods, but they warrant investigation.

6.2.3 Replace Exon(s)

Rather than create deletions of exons to restore the reading frame, the missing
exons in the gene could be put back in by homology directed repair or homology-

independent targeted integration?®. This is perhaps the most desirable gene editing

124



strategy as it has potential to return the mRNA product and even possibly the genome
itself to the wild type version. This method then would not rely on shifting a DMD
patient to a BMD genotype, but rather to a genotype with full-length healthy and
functional dystrophin. Homology directed repair rates in muscle have been reported to
be about an order of magnitude lower than NHE] rates*, but this technology is also
being actively researched and pushed forward. If rates of exon integration increase to
rival that of NHE] then these methods may be much more favorable for clinical

development.

6.2.4 Excise Other Portions of the Dystrophin Gene

The hDMDA52/mdx mouse is a useful tool for more than assessing deletion of
exon 51. Removal of exon 53 also restores the reading frame in this mouse, as well as
removal of exons 45-55. The latter is noteworthy as this method could address about 60-

65% of DMD patients® 226227,

6.2.5 Off-Target Analysis

Off-target analysis was done by deep sequencing around predicted sites of off-
target activity on HEK29T cell gDNA. There are obvious limitations of probing for off
targets in vivo, as the work was done in a mouse model that contains primarily the
mouse genome, whereas we are interested in human genome off-targets. Off-target

analysis could be conducted in vitro using a nonbiased method such as digenome-seq?*
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or CIRCLE-seq?*, potentially on gDNA extracted from multiple cell lines including

patient cells rather than just a standard cell line such as HEK293T cells.

6.2.6 Safety Profile

While we have shown work regarding the minimizing of off-target DNA breaks,
the rest of the safety profile needs to be assessed. A dose much higher than what would
be proposed to give to humans needs to be studied. AAV-integration®! rates at both on
and off-target locations needs to be evaluated. The immune response needs to be parsed

out with techniques like an ELISA against SaCas9 and ELISPOT.

6.2.7 Satellite Cells

While editing the muscle directly is important to see short term benefit, editing
the stem cell population of muscle, called satellite cells, is relevant to maintain any
beneficial changes over time. As muscle cells deteriorate due to injury the satellite cells
replace the lost muscle cell population. Thus, in a DMD patient, it is vital to achieve
editing of the satellite cells such that all the muscle cells created by the satellite cells are
not of a DMD genotype. This poses an interesting challenge and dilemma as Cas9 driven
by a muscle specific promoter, by definition, should not effectively edit satellite cells.
Thus, there will likely need to be studies comparing overall editing as well as editing of
satellite cells when SaCas9 is driven by a muscle specific promoter versus a constitutive

promoter. Achieving ideal editing rates of both muscle and satellite cells may also
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require a combination of viruses driven by different promoters, which would need to be

tested at varying ratios in vivo in a small animal model.

6.2.8 Mouse Strain and Phenotype Rescue

The hDMDA52/mdx mouse, like the mdx mouse, exhibits a mild dystrophic
phenotype. We have done preliminary systemic studies to assess phenotypic rescue after
treatment, however results were inconclusive in tests such as overall distance moved,
rearing postures, and grip strength in mice treated as adults and neonates. It is difficult
to show rescue of a phenotype through in vivo tests when the phenotype is quite mild to
begin with. One option is to move to ex vivo and in situ testing of muscle force and
fatigue from hindlimbs, as these tests typically have much less mouse to mouse variance
than the voluntary in vivo tests. Ultimately though we would like to see improvements
through in vivo tests such as grip strength and distance moved to demonstrate systemic
phenotypic rescue rather than only showing improved force in isolated individual
muscles. Thus, exacerbating the disease state of our mouse may prove useful. One
method for this is to exercise the mice by twice weekly treadmill running. This method
has been shown to exacerbate disease pathology?”, and exercising the mice before
and/or after our CRISPR-Cas9 treatment may allow us to see more stark differences in
treated versus untreated mice. Further, we are currently back breeding our
hDMDA52/mdx mouse onto the utrophin double knockout strain, which displays a

severe phenotype that more accurately recapitulates the human disease including
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waddling gait, joint contractures, growth retardation, and necrosis of the diaphragm
starting at 6 days old?2. We expect to see a dramatic difference in baseline of untreated
hDMD/mdx and hDMDA52/mdx mice compared to hDMDAB52/mdx/utrn mice, and this
dramatic starting phenotype leaves a large opportunity to demonstrate statistically

significant improvements in phenotype after our CRISPR-5aCas9 treatment.

6.2.9 CRISPR Variants

This dissertation focused exclusively on SaCas9. However, as the rapidly
advancing field of gene editing progresses new CRISPR variants and classes are being
characterized including Neisseria meningitidis (NmCas9)?3, Francisella novicida
(FnCas9)»*, Campylobacter jejuni (CjCas9)?>> 2, CasX and CasY?7, Cpf12%, C2c1%¥, and
C2c220.261, Different CRISPR variants with different PAMs lead to a plethora of gRNAs
to choose from, which may be particularly useful for needing to target specific sequences
such as splice sites. Further, recent studies highlighting variable but potentially
concerning levels of pre-existing immunity to SpCas9%? and SaCas9%¢* may force the

therapeutic side of the field to shift away from these popular Cas9 tools.
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