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Abstract of the Dissertation

Combination Exon Skipping Therapy for Duchenne Muscular Dystrophy

by

Derek Wu Wang
Doctor of Philosophy in Microbiology, Immunology & Molecular Genetics
University of California, Los Angeles, 2017

Professor M. Carrie Miceli, Chair

Duchenne muscular dystrophy is caused by mutations in DMD, resulting in loss of
dystrophin essential to muscle health. DMD “exon skipping” uses anti-sense oligo-
nucleotides (AON) to force exon exclusion during mRNA processing to restore
mMRNA reading frame and rescue production of a dystrophin protein with partial
functionality. While initial exon skipping drugs in humans show promise, levels of
rescued dystrophin protein expression remain suboptimal. Greater benefit is
predicted with even modest increases in dystrophin rescue. Using an unbiased
screen of FDA approved drugs, we identified dantrolene as a skip-booster when
used in combination with AON in human and mouse DMD models. Here, we assess
dantrolene booster activity in combination with weekly AON administration in mdx
mice over 6 month treatment duration and under conditions that guide pre-clinical

evaluation. We find that dantrolene boosts levels of skipped mMRNA and rescued



dystrophin, resulting in greater reduction of muscle pathology than AON treatment
alone and without apparent toxicity. Dantrolene has already been safely
administered to a small DMD cohort. Together these findings provide preclinical
support for dantrolene/AON combination therapy to increase the efficacy of exon
skipping drugs and highlight the value of unbiased screens, combinatorial
approaches, and repurposing of FDA approved drugs for discovery of unsuspected

therapeutic application and rapid translation.
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Chapter 1

Introduction

Duchenne Muscular Dystrophy and Exon Skipping



Duchenne Muscular Dystrophy

DMD is a genetic disorder characterized by progressive muscle weakness and
wasting. Over the course of a patient’s lifetime, muscle is replaced by fibrosis and
fat. DMD is an orphan disease, affecting 1 in every 5000 live male births.! Roughly
32,000 patients are affected in the US. Two-thirds of cases are inherited from the
mother, while the remaining third of cases arise from de novo mutations that result
in a lack of dystrophin protein expression.

Patients typically present with delayed motor milestones and weakness of
proximal muscles by the age of 5. ? Before the age of 16, patients become reliant
on wheelchairs due to skeletal deformities and muscle weakness. Patients also
begin to develop limited use of their arms. As the disease progresses, patients
require ventilation to prevent respiratory failure. Patients eventually succumb to
cardiomyopathy and respiratory complications in their 30’s or 40’s. Recent
improvements in treatment have extended the lifespan of patients by more than a
decade. Most current treatment paradigms are aimed at managing disease
pathology. These include steroids to slow muscle degeneration, anticonvulsants to
control seizures, and immunosuppressants to reduce inflammation. >4

Dystrophin is a key component of the Dystrophin Glyocoprotein Complex, which
has many components including: sarcospan, the a- and B- sarcoglycans, and the a-
and B- dystroglycans. ®> The Dystrophin glycoprotein complex provides structural
stability to the sarcolemmal membrane during muscle contraction by binding the
actin cytoskeleton and extracellular matrix. As part of the DGC, dystrophin acts

much like a spring, absorbing force, and stabilizing the muscle membrane as it
2



contracts. Muscles lacking dystrophin and as a result, the DGC, are more
susceptible to membrane leakage and tears that are responsible for progressive
muscle weakening. ©

The gene encoding dystrophin is the largest gene in the human genome,
containing 79 exons. 78 Dystrophin is a hefty protein, weighing in at 427 kDa.® It
has major functional binding domains including: the actin-binding domain, nNos-
binding domain, dystroglycan-binding domain, syntrophin binding domains, and
coiled coiled domains.'® ! The actin-binding domain is found at the N-terminus
and functions to bind the actin cytoskeleton of the cell. At the C-terminal region of
dystrophin contains the dystroglycan-binding domain, syntrophin binding domains,
and coiled coiled domains that are responsible for binding to members of the DGC
and the extracellular matrix. The central rod-domain of dystrophin is composed of
24 spectrin-like repeats and contains an nNOS binding region within spectrin
repeats 16 and 17.12

Many patients who suffer from DMD have mutations in the dystrophin gene that
render an out-of-frame transcript that can be caused by deletions, duplications, and
nonsense mutations.*? This can lead to a premature stop codon, forming an
incomplete transcript that is targeted for nonsense-mediated decay or an unstable
protein product. A majority of DMD mutations occur in area known as a hotspot
region. * Hotspot for mutations occurs between exons 3 and 8 as well as exons 45
and 55 due to the gene’s propensity to undergo recombination in this region. *°
Mutations between exons 45 and 55 account for roughly 62% of all DMD mutations.

A subset of patients with mutations in their DMD gene, still express a mutant

dystrophin protein, and present with a much milder phenotype and are diagnosed
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with Becker’s Muscular Dystrophy. !¢ Like DMD patients, Becker’s patients present
with muscle weakness, calf hypertrophy, and elevated creatine kinase levels. In

contrast to DMD patients, Becker’s patients remain ambulatory beyond the age of
16; in milder cases, patients have been known to remain ambulatory in their 60s.
17 18 The severity of disease is thought to be highly dependent on the amount and

functionality of the mutated dystrophin protein produced by each patient.®

Exon Skipping Therapy

One therapeutic approach to treat DMD is exon skipping therapy, which aims to
convert DMD patients into BMD-like patients by rendering mutant DMD transcripts
back in-frame. Antisense oligonucleotides (AOs) have been developed that are able
to bind to exonic splice enhancer sites of targeted exon switching the DMD gene.
This is thought to block splicing machinery, and result in the exclusion of the
targeted exon and an in-frame transcript.

AOs are synthesize DNA fragments that are manufactured to bind to
complementary sequences of target pre-mRNA. An array of chemical backbones
have been developed in order to improve the stability of AOs and the efficacy and
specificity of binding. The two most studied chemistries of AO are 2'0-methyl-
phosphorothioate AO (2’'OMeAQ) and phosphorodiamidate morpholino oligomers
(PMO).ZO’ 21

Preclinical studies of exon skipping have been performed in various DMD animal
models, including the dystrophin-deficient mdx mouse?* 2* and the dystrophic

golden retriever model.?* 2> For instance, the mdx mouse has a mutation in exon
4



23, which results in a premature stop codon. Like DMD patients, the mdx mouse
does not express dystrophin protein. In the mouse, this results in an acute onset of
skeletal muscle necrosis at around 3 weeks of age, followed by a period of
degeneration and regeneration when stabilized when the mouse reaches adulthood
(3-4 months).?® It should be noted that though the muscle pathology of mdx is
similar to that of young DMD boys, the clinical course is less severe than older
patients.

Promising preclinical studies of AOs in mdx mice have shown that weekly
administration PMO against exon 23 for 6 months to a year is able to induce
functional amounts of skipped dystrophin mRNA transcript and protein. 27+ 28
Treated mice were shown to have increased hind limb and forelimb grip strength,
decrease serum creatine kinase levels, and improved skeletal muscle
histopathology, among other end point measures.

In September of 2016, the FDA granted accelerated approval to Exondys51
(eteplirsen), which is an antisense oligonucleotide that is able to target 14% of
DMD patients (the largest single cohort of skippable m patients), through targeted
skipping of exon 51. ?° Exondys51 is the very first drug approved to treat patients
with DMD.

The primary outcome of the clinical trial used to support this approval was the
6-minute walk test (MWT). This test measures the distance that a patient can walk
in 6 minutes and has been shown to be a global measure of ambulatory function in
DMD.3° Weekly treatment with 30 and 50mg/kg PMO significantly reduced the
decline in 6MWT performance typically seen in DMD boys following three years of

treatment.3! Notably, this significant rescue in function was achieved with
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demonstration of statistically significant dystrophin induction, indicating that
eteplirsen was successful at inducing exon skipping and suggesting that dystrophin
could be a potential biomarker in future studies. The patients in this study saw a
significant functional effect and patients expressed an average of 1% dystrophin by
WB in skeletal muscle. Given these data, it is expected that even minor
improvements in the amount of dystrophin protein expressed can lead to significant
improvements in muscle function. Our lab sought to discover small molecule
boosters of exon skipping 2.

We performed a small-molecule screen to identify existing drugs that enhance
antisense-directed exon skipping. We found that dantrolene, currently used to treat
malignant hyperthermia, potentiates antisense oligomer—guided exon skipping to
increase exon skipping to restore the mRNA reading frame, the sarcolemmal
dystrophin protein, and the dystrophin glycoprotein complex in skeletal muscles of
mdx mice when delivered intramuscularly or intravenously. Further, dantrolene
synergized with multiple weekly injections of antisense to increase muscle strength
and reduce serum creatine kinase in mdx mice. Dantrolene similarly promoted
antisense-mediated exon skipping in reprogrammed myotubes from DMD patients.
Ryanodine and Rycal S107, which, like dantrolene, targets the ryanodine receptor,
also promoted antisense-driven exon skipping, implicating the ryanodine receptor
as the critical molecular target.

This study highlighted the discovery and efficacy as dantrolene as a booster of
exon skipping in both human and mouse models of DMD. Of note, the treatments
performed in this study were relatively short (<3 weeks) and dosed in a manner

that is not amenable to human treatment (IP injections.) This study also does not
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elucidate the long term safety profile of combination therapy with antisense
oligonucleotide and dantrolene. In the following Chapter, I outline the experiments
performed to assess dantrolene’s exon skip boosting activity in the mdx DMD
mouse model in the context of long-term 6 month chronic treatment with weekly IV
€23AO0N at high (300mg/kg), medium (50 mg/kg) or low (10mg/kg) dose in
combination with dantrolene dosed orally. These conditions are more relevant to
potential combination therapy in Duchenne patients currently prescribed ExonDys51

or exposed to other skipping drugs currently in the pipeline.



Chapter 2

Repurposing Dantrolene for Long-term Combination
Therapy to Potentiate Antisense-Mediated DMD Exon
Skipping in the mdx mouse



This chapter represents a manuscript that was submitted to Molecular
Therapy by Derek Wang in the laboratories of Dr. M. Carrie Miceli and Dr. Stanley
Nelson titled, “Repurposing Dantrolene for Long-term Combination Therapy to
Potentiate Antisense-Mediated DMD Exon Skipping in the mdx mouse.” My
contributions include: 1) planning and leading the implementation of mouse
experiments, 2) performing the RNA skipping quantification experiments,
pathophysiology experiments, and serum biomarker experiment, 3) interpreting the
data collected, and 4) writing the manuscript. This chapter represents the bulk of

my thesis project.

Introduction

Duchenne muscular dystrophy (DMD) is the most common lethal genetic disease of
childhood, with an incidence that ranges from 10.7 to 27.8 per 100,000
population3. DMD is mainly caused by frame-shifting multi-exon deletions in the
DMD gene resulting in loss of expression of the encoded protein, dystrophin, which
is critical to muscle cell health®*. Dystrophin stabilizes the muscle membrane in the
context of contraction by linking the cytoskeleton to the extracellular matrix
through N-terminal association with F-actin and C-terminal association with the
Dystrophin associated Glycoprotein Complex (DGC). The DGC spans the membrane
and binds laminin a2 within the basal lamina and requires dystrophin for its
sarcolemmal localization, stability and function. Additionally, dystrophin and the

DGC contribute to muscle cell signaling and stem cell self-renewal®®.



Loss of dystrophin and DGC expression results in muscle membrane damage,
altered signaling and defective muscle regeneration. Membrane damage drives
increased intracellular Ca®* levels, calpain activation, protein degradation and cell
death3®. Proper nitric oxide synthase (NOS) localization at the DCG is lost in the
absence of dystrophin, resulting in hyper-nitrosylation of the ryanodine receptor 1
(RyR1)3’, which also contributes to Ca?* dysregulation. Inflammation and
replacement of muscle with fat and fibrosis, further interferes with muscle
regeneration and function. Over time, this leads to progressive loss of body-wide
skeletal muscle and cardiac function. Boys with DMD become dependent on a
wheelchair- at approximately age 10-12 years and succumb to respiratory and/or

cardiac failure between the ages of 18 and 30 years**.

Becker muscular dystrophy (BMD), a milder form of dystrophy, is also caused
by mutations in DMD?® 3, However, in most instances, DMD mutations in those
with BMD preserve the mRNA reading frame and lead to the production of an
internally deleted dystrophin with partial functionality. BMD patients can range in
severity from loss of ambulation by 16 years old to asymptomatic, depending
largely on the stability and functionality of the mutant dystrophin. Of note, several
in-frame Becker mutations cluster within a hotspot between exons 45 and 55 and
encode internally deleted dystrophin proteins with partially functionality and
generally progress with a milder disease course relative to Duchenne. These
findings provide the basis for therapies aimed at reframing mRNA to rescue Becker-

like proteins with partial functionality*°.
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One therapeutic strategy, termed exon skipping, forces targeted exon
exclusion during pre-mRNA splicing to restore DMD reading frame through systemic
administration of anti-sense oligo-nucleotides (AON)*!**3, Reframing by exon
skipping rescues the expression of a BMD-like internally deleted dystrophin. AON-
guided DMD exon skipping has proven effective in increasing Becker-like
dystrophin, and improving skeletal muscle function in both mouse and dog DMD

models**+4°,

Exondys51, a morpholino AON designed to restore DMD reading frame by
excluding exon 51, was recently granted accelerated approval in the USA and is
relevant to 13% of DMD patients** >% >!, In a small but multi-year study, 12 boys
who were amenable to reframing by skipping exon 51 were administered
Exondys51 weekly by intravenous infusion3! All patients recieived 30mg/kg except
for one who received 60mg/kg. After 3 years, those treated with Exondys51 walked
151 meters further than predicted by a longitudinal natural history of DMD boys
from a cohort well-matched for genotype, age and functional parameters at study
initiation3!. By year 4, only 20% of Exondys51 treated subjects had lost
ambulation, whereas 80% of the matched historical control lost ambulation over the

same time frame®?.

Skeletal muscle biopsies from subjects administered Exondys51
demonstrated a statistically significant induction of dystrophin relative to pre-
treatment control biopsies and, ultimately, accelerated approval was granted based

on this biomarker. Levels of induced dystrophin ranged from 0-2.47%, distributed

11



across an average of 16% of myofibers, within the range known to impart some
functional benefit in the mdx DMD mouse model, and in a BMD patient>*"’. Higher

levels of dystrophin are predicted to impart even greater function?’ >° 56 58-60,

We previously identified dantrolene as a booster of antisense-mediated exon
skipping through an unbiased small molecule screen of the BioMol Library and
validated its efficacy in short-term mdx mouse and human DMD culture models3?.
The mdx mouse has a premature termination within exon 23 of DMD leading to a
muscular dystrophy similar to human DMD. Intravenous administration of e23A0ON
promotes exon 23 skipping, and rescue of an internally deleted dystrophin protein
that is capable of significant functionality and rescue of the DMD-like phenotype?*
61, We have reported that dantrolene (10mg/kg), administered twice daily
intraperitoneally, boosted low dose AON-directed exon 23 skipping (e23A0N),
dystrophin protein expression and strength in the mdx mice over the course of
short-term experiments (1-3 weeks). Further, DMD patient-derived reprogrammed
myotubes bearing an exon 45-50 deletion treated with dantrolene/e51A0ON
combination induced greater levels of in frame skipped DMD exon51 mRNA than
either drug alone, establishing relevance to human DMD treatment®?.

Here we assess dantrolene’s exon skip boosting activity in the mdx DMD
mouse model in the context of long-term 6 month chronic treatment with weekly IV
€23A0N at high (300mg/kg), medium (50 mg/kg) or low (10mg/kg) dose in
combination with dantrolene dosed orally. These conditions are more relevant to
potential combination therapy in Duchenne patients currently prescribed ExonDys51

or exposed to other skipping drugs currently in the pipeline. We demonstrate that
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dantrolene boosts e23A0N-directed DMD mRNA exon skipping, dystrophin protein
expression and rescue of dystrophic pathology in mdx mice in the context of long-
term chronic treatment without toxicity. These findings provide data in support of
the feasibility and efficacy of repurposing dantrolene as a skip-boosting drug for use
in combination with exon skipping AON. Because dantrolene and Exondys51 are
both FDA approved drugs with good safety profiles in Duchenne, combination

therapy could be rapidly tested in human.

Results
Orally Administered Dantrolene Enhances Antisense-Mediated Exon

Skipping and Dystrophin Protein Rescue in mdx mice.

Previous studies using twice daily intra-peritoneal (IP) injections identified
dantrolene as a booster of DMD exon skipping in short term treatment using non-
clinical grade dantrolene (Sigma). Dantrolene is already clinically available in tablet
form for oral administration under the trade name, Dantrium. Because oral dosing
is much more practical both for long term mouse studies and translation to human
DMD, we performed a series of 3 week pilot studies to determine if orally
administered dantrium incorporated into chow ad libitum boosted dystrophin
induction of systemically administered e23A0N. We found that orally administered
dantrolene administered in combination with 50mg/kg e23A0N E23A0ON boosted
dystrophin immunofluorescence intensity per cross sectional area relative to
€23A0N treatment alone (Supplementary Figure 1). Therefore, we relied on oral
dantrium incorporated into chow to assess dosing, efficacy and safety during the

course of chronic combination treatment.
13



6-month combination therapy promotes increased exon skipping and

dystrophin expression in skeletal muscle

We next assessed the efficacy of long-term administration of combination
therapy of e23A0N and dantrolene in mdx mice. We designed a blinded, placebo-
controlled, multi-dose six month study, in which mdx mice were fed a diet
containing 30-70mg/kg/day dantrolene ad libitum in combination with weekly retro-
orbital injections of e23A0N at either 0, 10, 50, or 300mg/kg (Figure 1).
Experiments were blinded and performed within recently published guidelines®:. At
the beginning of the study, 6-8 week old mice underwent stratified randomization
based on age and weight. Mice were acclimated to the facility for one week. Then,
using a staggered start method, cohorts of 9 mice (from random treatment groups)
were initiated into the experiment because our workflow is limited to harvest of
muscles of 9 mice per day. Mice were weighed weekly and dantrolene chow dose
adjusted to maintain consistent dosing throughout the study. Serum levels of
dantrolene were assessed at the end of the treatment period demonstrated levels of

0.27 +/- 0.18 ug/ml were achieved (Supplementary Figure 2a,b,c).

During the 6-month treatment, the mice did not show any change in body
weight or feeding habits. Because of the potential for liver and kidney damage upon
chronic treatment we assessed serum levels of y-glutamyl transferase (GGT),
creatinine, bilirubin and blood urea nitrogene (BUN) one week prior to sacrificing

animals. We found no significant changes in these measures that were reflective of
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kidney or liver toxicity (Figure 2). Dantrolene treatment led to a 18% decrease in
serum BUN levels in all treated groups (Figure 2), though this decrease is not
anticipated to be biologically significant. Hematoxylin and eosin staining did not
reveal any differences in pathology of the heart, liver, and kidney associated with
€23A0N and dantrolene dosing (not shown).

After 6 months of combination therapy, levels of DMD exon skipping were
determined in quadriceps and diaphragm using ddPCR (figure 3A). The data were
not normally distributed but trended toward enhanced exon skipping with
dantrolene/E23A0N combination therapy relative to dantrolene alone. Further,
dantrolene skip boosting activity was determined across multiple E23A0ON
concentrations. Therefore, we determine that a Friedman’s two way nonparametric
ANOVA by ranks is mest the most appropriate statistical tool. For this analysis,
guantitative ddPCR readout for exon skipping in each mouse was ranked. Once
ranked, the findings for each muscle, considered separately, were first fitted for
E23A0N, followed by dantrolene, and the possibility of their interaction. Based on
this analysis, we find that E23AO0ON has a highly significant positive treatment effect
when considered across all E23A0ON concentrations combined in both quadriceps
and diaphragm (p=<0.0001 for each, Supplemental Figure 3). Further,
dantrolene/E23A0ON combination treatment significantly boosts mMRNA exon skipping
relative to E23A0N treatment alone, when all E23A0ON concentrations tested are
considered together (p=0.012 for quadriceps, p=0.0008 for diaphragm, Figure 3b
and Supplemental Figure 3). Meta-analysis of the p values, utilizing the chi-

squared distribution with 4 degrees of freedom, from quadriceps and diaphragm
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combined demonstrate even higher confidence in dantrolene/E23A0N treatment
effect on exon skipping (p=0.00012), Figure 3b).

We next assessed dystophin protein expression in mice treated with
combination therapy both by quantitating the intensity of dystrophin
immunofluorescence staining (Figure 4a) and the percentage of dystrophin
positive fibers (Figure 4b) within transverse muscle sections. We used the same
statistical model (Friedman’s nonparametric two-way ANOVA by ranks) to
demonstrated that dystrophin protein levels were also boosted when dantrolene
was used in combination with e23A0ON with a high degree of confidence, when all
E23AO0N concentrations are considered together for dystrophin immunofluorescence
intensity in the quadriceps (p=0.0032) and for dystrophin positive fibers in the
quadriceps (p=0.0069) and diaphragms (p=0.0035) (Figure 4a,b,c,d and
Supplemental Figure 4) . Using this analysis, statistical significance was not
achieved for dystrophin immunofluorescence intensity in the diaphragm (p=0.086).
However, meta-analysis of the p values, from quadriceps and diaphragm combined
demonstrate greater confidence in dantrolene/E23A0ON treatment effect on
dystrophin immunofluorescence (p=0.0025) and dystrophin positive fibers
(p=0.00028,Figure 4c). The size of the effect is considerable.

For example 300 mg/kg the dantrolene boost led to a doubling of dystrophin
fluorescence from 13.9% to 27.5% and percent positive fibers from 12.6% to
23.1% of levels observed in control C57BI6 mice in the quadriceps (Figure 4a,
4b).

Accordingly, combination therapy boosted dystrophin protein expression

induced by e23A0N, as measured by Western blot analysis of total protein in the
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quadriceps (Figure 5a,b), with a high degree of certainty, determined using our
statistical model (p=0.0054 , Figure 5c and Supplemental Figure 5). Increases
were on the order of 1% - 1.7% absolute levels of wildtype dystrophin.

To determine whether dantrolene helps promote sarcollemmal DGC protein
stability expression in the context of e23A0N treatment, we assessed dantrolene’s
effect on other members of the DGC. Long-term dantrolene combined with e23A0N
treatment rescued the sarcollemmal localization of both a-sarcoglycan and f3-
dystroglycan, indicators of DGC rescue. Figure 6 shows images from 50mg/kg
e23A0N treatment group (Figure 6); although similar results were seen at 10 and
300mg/kg e23A0N (Data not shown). Immunostaining of skeletal muscle
demonstrated the presence of intact N-terminal, rod domain, and C-terminal
dystrophin protein sequences (Supplementary Figure 6). Serial sections of the
guadriceps and diaphragm indicate that dystrophin-positive fibers colocalized with
fibers expressing DGC proteins. Together, these findings demonstrate that
dantrolene boosts e23A0N activity during long-term treatment to facilitate
restoration of dystrophin protein with sufficient functionality to enable DGC rescue

and localization to the sarcolemma.

Dantrolene/e23A0ON combination therapy reverses pathology to a greater
extent than e23AO0ON alone.

Serum creatine kinase (CK) levels are an indicator of muscle fiber integrity,
as muscle CK leaks into the serum upon membrane damage. After 6 months of
treatment serum CK levels in mdx mice were reduced in response to e23A0N, as

expected. These levels were further reduced significantly with daily oral dantrolene
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supplementation across all E23A0ON treatments combined as determined by our
statistical model (p<0.0001, Figure 7a,b and Supplemental Figure 7). In
keeping with a previous report, mdx treatment with dantrolene alone, lowers CK to
some extent®" ©°, but not to the same degree as treatment with dantrolene and
e23A0N combined. However, the high degree of rescue induced by each dantrolene
and PMO alone preclude distinguishing between a synergistic versus additive effect.
To determine the effect of combination therapy on mdx muscle
histopathology, we quantitated: 1) ongoing regeneration of myofibers by assessing
embryonic myosin heavy chain (eMHC) expression; 2) degeneration/regeneration
by assessing myofiber centronucleation %71, In the mdx model, muscle injury leads
to increases in regeneration/degeneration, thus eMHC and centronucleation are
each anticipated to decrease with dystrophin rescue. eMHC and centronucleation
were both decreased in response to e23A0N treatment alone (Supplementary
Figure 8). Dantrolene further facilitates the decrease.in centronucleation in the
diaphragm to a high degree of certainty when examined across all E23A0ON
treatments combined as determined by our statistical model (p=0.017, Figure
8a,d and Supplemental Figure 8). Using this analysis, statistical significance was
not achieved for centronucleation in the quadriceps (p=0.066) Dantrolene also
further facilitates the decrease in eMHC positive fibers in the quadriceps (p=0.021)
and diaphragm (p=0.025) to a high degree of certainty using the same statistical
tool (Figure 8b,c,d and Supplemental Figure 8). Meta-analysis of the p values,
from quadriceps and diaphragm combined demonstrate even higher confidence in
dantrolene/E23AO0N treatment effect on centronucleated fibers (p=0.0087) and

eMHC positive fibers (p=0.0045,Figure 4c). These findings highlight that
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dantrolene boost can impact mdx pathophysiology predicted to impact muscle
function and highlights the potential of combination therapy to facilitate therapeutic

outcome without detectable toxicity.

Meta-analyses performed on the results of a multivariate Friedman’s two-
way nonparametric ANOVA show that dantrolene significantly boosts the
AON effect on all quantitative outcomes

To better evaluate the significance of dantrolene boost across both muscles,
results from the multivariate analyses and meta-analyses across all outcomes are
shown side by side in Table 1. Together, our meta-analyses demonstrate that
dantrolene boosts the e23A0N effect on all quantitative outcomes measured across

both muscles with high significance (p-value 0.00012-0.0087).

Discussion

Here we provide preclinical mouse data in support of usirg repurposing
dantrolene to boost AON-guided DMD exon skipping. Dantrolene is already FDA
approved for both malignant hyperthermia and spasticity’? and has been used
broadly in the pediatric population’?. When used in combination with e23A0N,
dantrolene increased e23 skipped mRNA, dystrophin protein expression, and rescue
of pathophysiology after 6 months of chronic dosing in the mdx DMD mouse
model,. We used a dosing scheme more compatible with human DMD treatment
than our previous studies, attempting to more closely approximate a regimen of

chronic oral dosing of dantrium.
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While no published study exactly recapitulates our dosing scheme, two
published studies report a higher degree of dystrophin rescue in mdx mice after
long-term treatment with similar doses of morpholino. The reason for this is
unclear. Possible explanations for differences observed between studies include:
timing of dosing, length of study, quantitation or injection the input morpholino, or
sensitivity of the methods used to measure dystrophin. Of note, the dystrophin
output reported in the two published studies vary by two fold, implying that either
dosing or variation in laboratory protocol can impact reported rescued dystrophin
levels. Regardless, because we observed a significant dantrolene boost effect across
all concentrations of PMO tested, such differences should not impact the conclusions
reach regarding dantrolene efficacy as a skip booster. It should be noted that the
relative fold change with dantrolene treatment reported in Table 1 is averaged
across all e23A0N concentrations tested. At higher doses of e23A0N, dantrolene
provides a greater therapeutic effect to the outcome measures assessed.

Mouse to human equivalence formulas would predict that a 30mg/kg/week
Exondys51 dosing in boys weighing 20kg would be equivalent to 240 mg/kg weekly
dosing in mice. However, AON exon skipping drug appears not to scale typically
from mouse to dog using standard equivalence formulas based on surface area’
and therefore, is unlikely to scale typically in humans. In our experiments the
300mg/kg e23A0N dose in €23 skipping in mdx, induces 7% dystrophin distributed
across 13% of the quadriceps fibers. By comparison, ExonDys51induces
significantly less dystrophin in DMD boys, on average 0.93% (range 0-2.47%),
distributed across 16% of fibers (range 1.4-33.5%) relative to normal human

muscle3!. We suggest that the 50mg/kg morpholino e23A0N dose in mdx is the
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most equivalent to current human ExonDys51 dosing of 30mg/kg; at 50mg/kg
€23A0N we observed on average 5% dystrophin distributed across 7.1% of
quadriceps fibers. Here, we demonstrate a boost of exon skipping activity at each
10, 50 and 300mg/kg/week e23A0N dosing, when administered chronically with
oral dantrolene. This broad range spans both the calculated and apparent
equivalence estimates for Exondys51.

The pivotal Exondys51 trial used to support accelerated approval relied on
30-50 mg/kg weekly dosing in humans and was suggestive of some functional
benefit. Along with accelerated approval, the FDA suggested that exploring higher
and/or more frequent Exondys51 dosing to increase dystrophin rescue and clinical
efficacy further. However, increasing the number of doses is unlikely to be practical
and it is unclear if higher dosing is feasible from either a production or toxicity
perspective. AON modifications that promise better delivery and that use skip
boosting agents represent alternative approaches to increasing dystrophin levels. In
addition to our identifying dantrolene boost activity, others have reported skip
boosting using CELF2a inhibitors, 6-thioguanine, NOLS8 protein, and carbohydrate-
based infusions’>’®, However, dantrolene is an already FDA approved drug with
previous exposure in boys with DMD and a good safety profile. Given that
dantrolene is effective across all concentrations of e23A0N tested, it is reasonable
to predict that it may boost Exondys51 activity at the approved dose.

We have previously published that dantrolene boosts AON exon 51 skipping
in human patient fibroblast-derived myotube cultures®2. Ongoing work in our
laboratory indicates that dantrolene boosts human DMD exon skipping in

combination with AON directed against additional DMD exons relevant to drugs
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currently in the pipeline. (Barthélémy and Miceli, unpublished findings). Our
published findings showing that dantrolene can boost skipping in combination with
either AON or 2-o-methyl AON chemistries may indicate that dantrolene boost is
agnostic to AON chemistry.

Dantrolene is an FDA approved drug indicated for chronic use for spasticity
(1.5-6.5mg/kg’?) and acutely for malignant hyperthermia (4-8mg/kg’?) and widely

studied in multiple animal models and humans’®83, It targets the RyR1, responsible
for Ca2% release from the sarcoplasmic reticulum and regulating levels of cytosolic

and SR luminal Ca27 levels essential for EC (excitation-contraction) coupling. In
DMD, RyR is dysregulated, contributing to increased intracellular calcium and DMD
pathology?’. As a potential means of controlling calcium-handling-defects in DMD,
Bertorini et al administered 8 mg/kg/day dantrolene to 7 DMD boys over a two year
period’3. In those studies, Dantrolene was well tolerated in 6/7 patients; 1/7
experienced increased, but mild muscle weakness that was reversed upon lowering
the dose to émg/kg/day. A trend toward reducing manual muscle testing
deterioration was observed in some patients and a statistically significant reduction
in CK levels was reported. Though the data were insufficient to establish functional
benefit, this study demonstrates long-term treatment with dantrolene can be
tolerated in children with DMD.

We demonstrated reduced CK levels in mdx mice treated with dantrolene
alone, but observed no effect on any other measures of mdx histopathology or exon
skipping in the absence of e23A0N, consistent with published data®* ®. In one
published study in mdx mice, 6 week dantrolene treatment reduced both CK levels

and some, but not all, measures of strength, despite no observed effect on
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histopathology.®* Therefore, any planned AON/dantrolene combination therapy
should include strength assessment and dose adjusting to minimize potential acute
weakness induced by dantrolene.

In the current study, we measured dantrolene serum levels to be an average
of 0.26 ug/mL +/-0.18, at the low end of the known therapeutic range used fer
otherindieations in humans (0.37 to 1.24 ug/mL)”% 8% 8> Together with findings
that other RyR calcium modulators, like RyCal S107, can also boost exon skipping,

it is likely dantrolene boost activity results from RyR calcium modulation®6-8,

Calcium regulation of alternative splicing has been described in other models®-°t,
In our studies dantrolene boosts dystrophin levels by as much as 1-1.7
percent of wild type levels and allow expression in an additional 4-10 % of the
fibers at the most relevant AON doses, an increase predicted to increase muscle
function. Our findings provide pre-clinical support and guidance for combination
AON/dantrolene therapy for enhancement of Exondys51 or other skipping drugs in
the research pipeline. Because Exondys51 and dantrolene are already FDA
approved, our findings can be rapidly translated from mouse to human trial,

highlighting the value of screening FDA approved drugs for combination therapies

that promise greater efficacy.

Methods

Long-term Treatment Blinding

The present randomized, blinded, placebo-controlled study was performed on 180
mdx mice. Factorial randomization was used and mice were stratified into
treatment groups based on animal age and weight and randomly assigned to each
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treatment group. 24 or 18 mdx mice aged 4-6 weeks were used in each group.
Procedures involving all mdx mice were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of California, Los Angeles (UCLA).
Individuals dosing the mice and performing data-generating assays were blinded.
Once all the data was collected, the blind was lifted for the individual performing

statistics

Mice and Tissue Preparation

Procedures involving all mdx mice were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of California, Los Angeles (UCLA).

For three weeks and 6 months experiments with systemic injections of e23A0N, the
quadriceps were harvested and the right muscle was frozen in optimal cutting
temperature compound (OCT) for sectioning and analysis by
immunohistochemistry, whereas the left muscle was cut in half and snap-frozen for
analysis by Western blot and ddPCR. For the diaphragm, one half of the muscle
was designated for immunohistochemistry and one-fourth for Western blot and RT-

PCR. Mice and chow were weighed weekly.

AON and dantrolene administration to mdx mice

e23A0N morpholino®® (5’-GGCCAAACCTCGGCTTACCTGAAAT-3’; provided by
Sarepta Therapeutics) was injected intravenously (retro-orbitally) in 100uL of
saline. For three week experiments, Revonto (dantrolene sodium NDC 27505-001-
65; DSM Pharmaceuticals, Inc.) was resuspended in water and administered by oral

gavage in a 100uL bolus twice-daily. For 6 month experiments, control and
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experimental feed was formulated into 58YP chow at 0, 1121 & 1328 parts per
million (ppm) Dantrium from capsules (NDC 0115-4433-1 GlobalRPH) (Lot
10007332) and irradiated (Newco Distributors, Inc.) Mice were given ad libitum
access to chow. The amount of chow consumed was weighed weekly to calculate

daily dose of dantrolene per mouse.

RNA isolation, qPCR, and ddPCR

Total RNA was isolated from frozen skeletal muscle with the Qiagen RNeasy Fibrous
Tissue Kit and reverse transcribed to complementary DNA (cDNA) using the iScript
cDNA Synthesis Kit (Bio-Rad). The final concentration of digested total DNA was
adjusted to fall within the linear range for the Poisson calculation for the expected
number of droplets in the digital PCR. Each sample was partitioned into 15,000
droplets on a DGS8 cartridge (Bio-Rad) and each droplet was amplified by PCR using
the following protocol: initial denaturation step at 95 °C for 10 min, 40 cycles of
94°C for 30s and 60°C for 60s, followed by 98°C for 10 minutes. Primer-probe sets
to assess specific full-length or skipped Dmd exon 23 mRNAs have been previously
described 32. For amplification of exons from 22-24; the percentage of exon
skipping was expressed as the total exon 23 skipped transcript as a percentage of
total (skipped +unskipped) Dmd transcript. Samples were loaded onto the QX200
droplet reader and ddPCR data were analyzed with QuantaSoft analysis software °3.

The target concentration in each sample was expressed as copies per nanogram.

Measurement of serum creatine kinase, y-glutamyl transpeptidase,

creatinine, total bilirubin, and blood urea nitrogen
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Blood was collected by retro-orbital bleeding of the mice. After clotting, samples
were spun at 6,000 rpm at 4°C. Serum was collected, snap frozen in liquid
nitrogen, and stored at -80°C. Creatine kinase analysis was performed with the
Genzyme Creatine Kinase kit (BioPacific Diagnostic Inc.) y-glutamyl
transpeptidase, creatinine, total bilirubin, and blood urea nitrogen measurements
were performed by the UCLA Division of Laboratory Animal Medicine (DLAM)

Pathology & Laboratory Medicine Services.

Measurement of dantrolene serum levels

Blood was collected by retro-orbital bleeding of the mice. After clotting, samples
were spun at 6,000 rpm at 4°C. Serum was collected, snap frozen in liquid
nitrogen, and stored at -80°C. Dantrolene serum analysis was performed with the
Dantrolene ELISA Kit (Neogen Corp.; Product #106319; Lot 140923) Samples were

run in duplicate. Diluted dantrolene solution was used to generate a standard curve.

Western blot protocol

Total protein was isolated from flash-frozen quadriceps and diaphragms from
the treated MDX and control C57 mice. Tissues were homogenized in Mito buffer
[0.2 mM EDTA, 0.25 mM sucrose, 10 mM tris-HCI (pH 7.4)] with
protease/phosphatase inhibitor cocktail (Pierce) and
deoxyribonuclease/ribonuclease and subjected to low-speed (3000g) centrifugation
for 10 min at 4°C. The supernatant was centrifuged at 100,000g (high-speed
centrifugation) for 1 hour for isolation of membrane fraction. Isolated membranes

and pellet after low-speed centrifugation were combined and resuspended in 300 ml
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of extraction buffer [50 mM tris-HCI (pH 7.4), 7 M urea, 2 M thiourea, 4% CHAPS,
2% SDS, 50 mM b-mercaptoethanol]. Protein concentration was determined by 2-D
Quant Kit (GE Healthcare Life Sciences).

Forty micrograms of total protein were run on a 6% polyacrylamide gel and
transferred onto a nitrocellulose membrane for 2 hours at 4°C. The membrane was
blocked for 1 hour in 5% milk and then incubated with MANDYS8 (Sigma) (anti-
dystrophin), 1:400 in TBS-T, hVin-1 (Sigma), 1:5000 in TBST (antivinculin), a
skeletal muscle membrane protein not associated with the DGC that was used as a
loading control.

For analysis, dystrophin protein levels were normalized to the loading and
then pooled across treatment groups to determine the average dystrophin rescue.
Serial dilutions of C57 sample into untreated MDX sample were run simultaneously.
All western data included were run through quality control, as defined by linearity of
dilution of C57 controls. The average densitometry value for 100% of dystrophin in
C57 was calculated as mean of densitometry values of C57 serial dilutions
multiplied by dilution factor. Densitometry analysis was performed with ImagelLab

5.1 gel documentation system (Bio-Rad).

Histology and Immunofluorescence

Immunohistochemistry (IHC) was performed on unfixed 10-mm tissue sections
using MouseOnMouse kit (Vector Labs). IHC assessment used the following primary
antibodies: MANDYSS8 (dystrophin rod domain), Ab15277 (dystrophin C terminus;
Abcam), and Manex1A (dystrophin N terminus; Developmental Studies Hybridoma

Bank). [O-Sarcoglycan was detected with NCL-OJ[ -SARC (Novocastra), -
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dystroglycan with NCLO- DG (Novocastra), eMHC (DSHB; BF-G6-c), and DNA with
4’ ,6-diamidino-2-phenylindole (DAPI). Secondary labeling was performed with
fluorescein isothiocyanate (FITC) anti-mouse or FITC anti-rabbit (Vector Labs).
Sections were mounted in Vectashield Mounting Medium (Vector Labs). Fluorescent
images were acquired and analyzed using Ariol SL-50 (Applied Imaging Corp., San
Jose, CA). The Ariol scanner is based on an Olympus BX61 microscope with
motorized stage and autofocus capabilities, equipped with a black and white video
camera (Jai CVM2CL). Scanning and analyses were performed through the
Translational Pathology Core Laboratory, Department of Pathology and Laboratory
Medicine, David Geffen School of Medicine at UCLA. For quantifying dystrophin
immunofluorescence, the minimum threshold was placed above background level
for all sections. Analytical readouts included: area of IFL signal (area of signal
above the signal threshold) and total area of the section. The total area of positive
pixels above the minimum threshold per muscle section was counted using
AxioVision Rel.4.6.3.0 acquisition software. Each sample’s dystrophin
immunofluorescent levels are expressed as a percentage of area of positive pixels
in C57 (100%). For quantifying dystrophin positive fibers, the minimum threshold
was placed above background level for all sections. For each sample, fibers were
counted across the entire section. Dystrophin positive fibers were defined as fibers
that had sarcolemmal dystrophin expression above background and surrounding
>75-80% of each fiber. For both measurements, all of our readings were well
below the maximal intensity threshold (pixel saturation was avoided). DGC
localized on revertant fibers were controlled for in IHC by inclusion of placebo-

treated mdx controls for all experiments. For quantifying centronucleation and

28



eMHC positive fibers, diaphragms and quads from the 3-6 mice per treatment
group, which had total dystrophin levels by western blot near the median were
selected. The average percentage of fibers with centrally located nuclei in the
diaphragm per group was determined by counting entire muscle cross sections. For
quantifying eMHC positive fibers, quadriceps/diaphragms from 6 mice per group
which had total dystrophin levels by western blot near the median were selected.
The total number of eMHC positive fibers were counted and compared to the total
number of muscle fibers per section. For pathology, a standard protocol was used
for hematoxylin and eosin (H&E) staining. All mouse liver, heart, and kidney were

reviewed blindly by a certified pathologist.

Statistical Analysis

We observed that the data from our study were not normally distributed.
Therefore, we performed a Friedman’s Two-way Nonparametric ANOVA by ranks
using SAS software (version 9.4, SAS Institute Inc., Cary, NC), where we ran a
statistical analyses on the ranks of the observations for each of the 7 traits (or
assays). We ran the data taken from the quadriceps, diaphragm or serum
separately. The model fit E23AO0N first followed by dantrolene and the possibility of
their interaction. In every case, E23A0ON was highly significantly (p<0.0001) with
the trait except for centronucleated fibers in the quadriceps, which was still
significant (p<0.04) (data not shown). Table 1 presents the p-values for
dantrolene for each of the outcome measures. For this portion of the analyses, a
conservative significance was set at 0.01 to allow for testing multiple traits and the

possibility of their non-independence. A meta analyses was performed on the p-
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values from the quadriceps and diaphragm utilizing the chi-squared distribution

with 4 degrees of freedom.
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Figure Legends

Figure 2-1. Overview of long-term dosing experiment.
(@) Treatment groups for 6-8 week old mdx mice subjected to 6 months

combination therapy. (b) Protocol outline for long-term dosing experiment.

Figure 2-2. 6-month treatment with 10, 50, and 300 mg/kg e23A0ON with
dantrolene did not adversely effect serum biomarkers and histopathology.
(@) The levels of the following serum enzymes were analyzed: y-
glutamyltransferase (GGT) (U/L), creatinine (mg/dL), total bilirubin (mg/dL), blood
urea nitrogen (BUN) (mg/mL). A significant reduction in BUN levels were observed
with addition of dantrolene in mice receiving 0, 10, 50, and 300 mg/kg e23A0N
when compared to their e23A0N only counterparts. (*P<0.05 compared to e23A0N
only control, #P<0.01 compared to e23A0N only control, TP<0.001 compared to

e23A0N only control. Two-tailed t-test)

Figure 2-3. Dantrolene boosts e23A0N to promote RNA exon 23 skipping.
(a) Effect of dantrolene on e23A0N induction of Dmd exon 23 skipping as
determined by the ratio of skipped/(skipped+unskipped) DMD mRNA-for the

quadriceps and diaphragm. mRNA from each muscle in each treatment group was
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quantified independently. Each point represents a single mouse; ¥ Dantrolene was
dosed at 30-70mg/kg/day. (b) P-values from the multivariate assessment of the
effect of dantrolene on e23A0N treatment for exon 23 skipped / (skipped +
unskipped) transcript as measured by ddPCR. P-values were determined by
performing a Friedman’s Two-way Nonparametric ANOVA by ranks using SAS
software. A conservative significance was set at 0.01 to allow for testing multiple
traits and the possibility of their non-independence. A meta analyses was
performed on the p-values from the quadriceps and diaphragm utilizing the chi-

squared distribution with 4 degrees of freedom.=

Figure 2-4. Dantrolene boosts 23A0N to promote rescue of dystrophin
immunofluorescence intensity and percent dystrophin-positive fibers.

(@) Effect of dantrolene on e23A0N-induced skipped dystrophin protein as
measured by quantitative immunofluorescence of individual quadriceps and
diaphragms stained with an anti-dystrophin antibody (MANDYS8) that recognizes
the rod domain of dystrophin. One cross-section per muscle per animal was
evaluated for total dystrophin signal above a minimum background threshold and
normalized to total cross sectional area as described in the methods. Data are
presented a percent of C57 control levels of dystrophin. (b) Effect of dantrolene on
e23A0N-induced expression of dystrophin protein in mdx mice treated for 6
months. in as measured by % dystrophin-positive fibers in individual quadriceps
and diaphragms. One cross-section per muscle per animal was evaluated for
dystrophin expression. ¥ Dantrolene was dosed at 30-70mg/kg/day. (c) P-values

from the multivariate assessment of the effect of dantrolene on e23A0N treatment
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for dystrophin immunofluorescence quantitation and dystrophin positive fibers. P-
values were determined by performing a Friedman’s Two-way Nonparametric
ANOVA by ranks using SAS software. A conservative significance was set at 0.01 to
allow for testing multiple traits and the possibility of their non-independence. A
meta analyses was performed on the p-values from the quadriceps and diaphragm
utilizing the chi-squared distribution with 4 degrees of freedom. For dystrophin
immunofluorescence quantitation. (d) Effect of dantrolene on e23A0N sarcolemmal
dystrophin expression as illustrated by representative images from quadriceps and
diaphragms of mdx mice after treatment with e23A0ON +/- dantrolene. Scale bar,

50pum.

Figure 2-5. Dantrolene boosts e23AO0N to promote rescue of dystrophin
protein after chronic treatment.

(a) Western blot demonstrating the effect of dantrolene on e23A0ON-induced
expression of total dystrophin protein in mdx mice treated for 6 months. Protein
from each muscle of mice in all treatments group was isolated and quantified
independently. ¥ Dantrolene was dosed at 30-70mg/kg/day. (b) Representative
Western blots for dystrophin protein expression from quadriceps are shown.
C57BI/6 protein was loaded at 25%, 12.5%, and 6.25% dilutions (diluted in protein
samples from mdx mice to serve as a standard.) (c) P-values from the multivariate
assessment of the effect of dantrolene on e23A0N treatment for dystrophin protein
by western blot. P-values were determined by performing a Friedman’s Two-way
Nonparametric ANOVA by ranks using SAS software. A conservative significance

was set at 0.01 to allow for testing multiple traits and the possibility of their non-
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independence. A meta analyses was performed on the p-values from the
quadriceps and diaphragm utilizing the chi-squared distribution with 4 degrees of

freedom.

Figure 2-6. Dantrolene/e23AO0ON combination therapy restores sarcolemmal
dystrophin and DGC after chronic treatment.

Effect of dantrolene/e23A0ON combination therapy on rescue of DGC components as
illustrated by representative immunofluorescence images of serial cross-sections
from treated mdx quadriceps. Dystrophin was detected with an antibody specific to
the rod domain (MANDYSS8). Additional DGC components, a-sarcoglycan and B-
dystroglycan, were detected with NCL-a-SARC and NCL-B-DG antibodies,

respectively. # Dantrolene was dosed at 30-70mg/kg/day.

Figure 2-7. Creatine kinease reduction boosted with dantrolene/e23A0N

combination therapy.

(@) A reduction in creatine kinase levels with addition of dantrolene in mice
receiving 0, 10, and 50 mg/kg e23A0ON/dantrolene combination (b) P-values from
the multivariate assessment of the effect t of dantrolene on e23A0N treatment for
serum CK levels. P-values were determined by performing a Friedman’s Two-way
Nonparametric ANOVA by ranks using SAS software. A conservative significance
was set at 0.01 to allow for testing multiple traits and the possibility of their non-

independence.
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Figure 2-8. Reduction of centronucleation in the diaphragm and eMHC
positive fibers in the quadriceps treatment with e23A0ON and dantrolene.
(@) Cross-sections of diaphragm muscles were stained with H&E, highlighting
centronucleated fibers, and the percentage of fibers with centrally located nuclei
was counted (b,c) Cross-sections of diaphragm and quadriceps muscles were
stained with anti-eMHC, highlighting regenerating fibers. (*P<0.05 compared to
€23A0N only control. ***P<0.001 compared to e23A0N only control. Two-tailed t-
test; ¥ Dantrolene was dosed at 30-70mg/kg/day. (d) P-values from the
multivariate assessment of the effect of dantrolene on e23A0ON treatment for
centronucleation and eMHC positive fibers. P-values were determined by
performing a Friedman’s Two-way Nonparametric ANOVA by ranks using SAS
software. A conservative significance was set at 0.01 to allow for testing multiple
traits and the possibility of their non-independence. A meta analyses was
performed on the p-values from the quadriceps and diaphragm utilizing the chi-

squared distribution with 4 degrees of freedom.

Table 2-1. Friedman’s two-way nonparametric ANOVA and meta-analyses
of the effect of dantrolene on e23AO0ON treatment for all quantiative
outcomes

Relative fold change and p-values of the effect of dantrolene on e23A0N treatment
for all quantiative outcomes measured in the study. P-values were determined by
performing a Friedman’s Two-way Nonparametric ANOVA by ranks using SAS
software. A conservative significance was set at 0.01 to allow for testing multiple

traits and the possibility of their non-independence. A meta analyses was
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performed on the p-values from the quadriceps and diaphragm utilizing the chi-

squared distribution with 4 degrees of freedom.

Supplementary Figure 2-1. Oral Dantrolene synergizes with systemically
delivered e23A0N to promote exon 23 skipping and restoration dystrophin
expression after 3 weeks treatment.

Effect of Dantrolene on e23A0N-induced skipped dystrophin protein as measured
by quantitative immunofluorescence of individual quadriceps and diaphragms. Mice
were dosed systemically with once weekly e23A0N at 0, 10, 50, and 300 mg/kg.
One cross-section per muscle per animal was evaluated for dystrophin expression,
and data are presented a percent of C57 control levels of dystrophin. Error bars
represent one standard deviation from the mean. n =4 - 5. ¥ Dantrolene was
dosed at 30-70mg/kg/day. (*P<0.05 compared to e23kAON only control by two-

tailed t-test.)

Supplementary Figure 2-2. Dantrolene was detected at physiologically
relevant levels in the serum of mice fed with dantrolene chow.

(a) Serum was isolated from all mice after 26 weeks of treatment. Dantrolene was
detected by ELISA. Each sample run in duplicate. Variability shown is between
mice, not samples n = 60. (b) A standard curve was included on each plate to
ensure linearity and all experimentally determined points were within the limits of

the dantrolene standard curve.
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Supplementary Figure 2-3. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23AON treatment for exon 23
skipped / (skipped + unskipped) transcript as measured by ddPCR.

For this analysis, quantitative ddPCR readout of skipped/(skipped+unskipped) for
exon skipping in each mouse was ranked. Once ranked, the findings for each
muscle, considered separately, were first fitted for PMO, followed by dantrolene,

and the possibility of their interaction.

Supplementary Figure 2-4. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23A0ON treatment for dystrophin
immunofluorescence quantitation and dystrophin positive fibers.

For this analysis, quantitative dystrophin immunofluorescence quantitation and
dystrophin positive fibers.readout in each mouse was ranked. Once ranked, the
findings for each muscle, considered separately, were first fitted for PMO, followed

by dantrolene, and the possibility of their interaction.

Supplementary Figure 2-5. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23AO0N treatment for dystrophin
protein by western blot.

For this analysis, quantitative readout of dystrophin protein by western blot.in each
mouse was ranked. Once ranked, the findings for each muscle, considered
separately, were first fitted for PMO, followed by dantrolene, and the possibility of

their interaction.
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Supplementary Figure 2-6. Combination therapy rescues expression of
dystrophin with presence of N-terminal, rod domain, and C-terminal
protein sequences.

Dystrophin was detected with antibodies specific to the N-terminal domain
(Manex1A), rod domain (MANDYS8), and C-terminal domain (Ab15277) ,
respectively. #"—" defined as 0mg/kg daily dose dantrolene. “+"” defined as 30-

70mg/kg daily dose dantrolene.

Supplementary Figure 2-7. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23AO0ON treatment for serum CK
levels.

For this analysis, quantitative readout of serum CK levels in each mouse was
ranked. Once ranked, the findings for each muscle, considered separately, were

first fitted for PMO, followed by dantrolene, and the possibility of their interaction.

Supplementary Figure 2-8. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23AON treatment for
centronucleation and eMHC positive fibers.

For this analysis, quantitative readout for centronucleation and eMHC positive fibers
in each mouse was ranked. Once ranked, the findings for each muscle, considered
separately, were first fitted for PMO, followed by dantrolene, and the possibility of

their interaction.
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Figures

Figure 2-1. Overview of long-term dosing experiment.

a b
# of PMO | Dantrolene *Stratified randomization *Weekly systemic injection PMO
Mice | (mgikg) | (mgrkg)* by age ar.1d maskln.g +Ad libitum access to Dantrolene Chow
+Acclimation to facility *Weekly measurement of mass and food
24 0 _ consumption
24 0 +
24 10 --
24 10 + *Serum collection *Sacrifice
24 50 - +Tissue collection
24 50 +
18 300 - 25 weeks
18 300 +
#“—" defined as Omg/kg daily dose Dantrolene
180 “+” defined as 30-70mg/kg daily dose Dantrolene.

Figure 1 Overview of long-term dosing experiment. (a) Treatment groups for 6-8 week old mdx mice subjected to 6 months
combination therapy. (b) Protocol outline for long-term dosing experiment.
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Figure 2-2. 6-month treatment with 10, 50, and 300 mg/kg e23A0ON with
dantrolene did not adversely affect serum biomarkers and histopathology.
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Figure 2-3. Dantrolene boosts e23A0N to promote RNA exon 23 skipping.
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Figure 2-4. Dantrolene boosts 23A0N to promote rescue of dystrophin

immunofluorescence intensity and percent dystrophin-positive fibers.
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Treatment
Dystrophin immunofluorescence
quantitation (%C57) 1.33 0.0032 0.086 0.0025

Dystrophin positive fibers (%) 1.42 0.0069 0.0035 0.00028
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Figure 2-5. Dantrolene boosts e23AO0N to promote rescue of dystrophin
protein after chronic treatment.
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Figure 2-6. Dantrolene/e23AO0ON combination therapy restores sarcolemmal

dystrophin and DGC after chronic treatment.
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Figure 2-7. Creatine kinease reduction boosted with dantrolene/e23A0ON

combination therapy.

10 ~
% 8 - L
£ .
x 6 1 i .
[ s $
EE 4 - -y
E e
.
S 2 {
0 L .
Dmg!kg 300 C57
n=11-20 W -Dant m+Dant
b .
Friedman's Two-way ANOVA by
ranks
Outcome |Relative Fold Change with Serum
Measure Dantrolene Treatment (p-value)
Serum CK 0.49 =0.0001

45



Figure 2-8. Reduction of centronucleation in the diaphragm and eMHC

positive fibers in the quadriceps treatment with e23A0ON and dantrolene.
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46



Table 2-1. Friedman’s two-way nonparametric ANOVA and meta-analyses

of the effect of dantrolene on e23A0ON treatment for all quantiative

outcomes
Relative Fold
Change with | Quadriceps |Diaphragm| Serum Meta
Outcome Measure n Dantrolene (p-value) (p-value) |(p-value)| analysis
Treatment
Exon 23 skipped / (skipped + unskipped) 124 137 0012 00008 B 0.00012
transcript (%) ’ ’ ’ )
Dystrophin immunofluorescence quantitation
(%C5T) 152 1.33 0.0032 0.086 - 0.0025
Dystrophin positive fibers (%) 154 1.42 0.0089 0.0035 - 0.00028
Dystrophin protein by Western blot (% C57) | 131 123 0.0054 - - --
Centronucleated fibers (%) 47 0.97 0.066 0.017 - 0.0087
eMHC positive fibers (%) 47 0.33 0.021 0.025 - 0.0045
Serum CK 132 049 - - =0.0001 -
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Supplementary Figure 2-1. Oral Dantrolene synergizes with systemically
delivered e23A0N to promote exon 23 skipping and restoration dystrophin

expression after 3 weeks treatment.
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Supplementary Figure 2-2. Dantrolene was detected at physiologically

relevant levels in the serum of mice fed with dantrolene chow.
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Supplementary Figure 2-3. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23AO0ON treatment for exon 23
skipped / (skipped + unskipped) transcript as measured by ddPCR.
Friedman's Two-way Nonparametric ANOVA
The ANOVA Procedure

Dependent Variable: RPCR_Q}  Rank for Variable PCR_()

Sum of
Source DF Squares | Mean Square | F Value [ Pr=F
Model 7| 1258259029 179751200 57.16 | <0001
Error 117 | 3674.3971 314.4837

Corrected Total | 124 [ 162620,5000

R-Sgquare | Coeff Var | Root MSE | RPCR_(Q Mean

0.773730 | 2814871 17.73360 63 00000
Source DF | Anova 55 | Mean Square | F Value | Pr > F
PMO 3 [ 121276.2635 40425.4212 12855 | <0001
Dantrolene 1| 20515705 2051.5705 652 00119
PMO*Dantrolene 3| 24980639 8326806 263 | 0.0522

Dependent Variable: RPCRD  Rank for Variable PCRD

Sum of
Source DF Squares | Mean Square | F Value | Pr>F
Model 7| 203225, 7682 200322526 71.56 | <0001
Error 138 | 550002318 4057263
Corrected Total | 145 | 259216.0000

R-Square | Coeff Var | Root MSE | RPCRD Mean

0. 784002 27 404 2014265 T3.500040
Source DF | Anova 55 | Mean Square | F Value | Pr > F
PMO 3| 1983200385 GH109.6TIS 162,94 | <0001
Dantrolens 1 47546.2345 4756, 2545 11.72 | 00008
PMO*Danirolene 3 140.4953 468318 0.12 | 09500
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Supplementary Figure 2-4. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23A0N treatment for dystrophin
immunofluorescence quantitation and dystrophin positive fibers.

Friedman's Tw 1y Nonp etric ANOVA
The ANOVA Procedure
Dependent Variable: RC57_Q Rank for Variable C57_Q
Sum of
Source DF Squares | Mean Square | F Value | Pr > F
Model 7| 229837 8073 328339725 69.48 | <0001
Ervor 145 | 685231927 4725737
Corrected Total | 152 | 208361 0000
R-Square | Coeff Var | Root MSE | RC57_Q Mean
0770335 | 2823216 [ 2173876 77.00000
Source DF | AnovaSS | Mean Square | F Value | Pr>F
PMO 3| 222163 5627 740545209 | 156.70 | <.0001
Dantrolene 1| 4367113 4256713 | 901 00032
PMO*Dantrolene 3| M417.5333 1130.1778 241 | 00693
Dependent Variable: RC57D Rank for Variable C57D
Sum of —
Source DF |  Squares | Mean Square | F Value | Pr > F
Model 7 | 300546.6800 429352400 | 18879 | <.0001
Error 151 | 343418200 227.4203
Corrected Total | 155 | 334888 5000
R-Square | Coefl Var | Root MSE [ RC57D Mean
0.897453 18.85095 15.08076 S0.00000
Source DF| AnovaSS | Mean Square | F Value | Pr > F
PMO 3| 2091127200 99704.2403 | 435.40 | <.0001
Dantrolene 1 677.9420 677.9429 298 | 0.0863
PMO*Dantrolene [ 3| 7560161 252.0054 L1t | 03478

Dependent Variable: RPostiveQ Rank for Variable PostiveQ

i Sum of _ s ‘
Source DF|  Squares | Mean Square | F Value | Pr> F
Model 7| 246586 4318 352266331 8165 | <0001
Error 147 | 634185682 4314188
Corrected Total | 154 | 310005 0000
R-Square | Coel Var | Root MSE | RPostiveQ Mean
0.795427 2662901 2077062 78.00000
Source DF | AnovaSS | Mean Square | F Value | Pr > F
PMO 3| 2398887374 700620123 | 18535 | <0001
Dantrolene 1| 32340059 3234.09%9 750 | 0.0069
PMO*Dantrolene | 3| 34635085 11545328 208 | 0.0404
Dependent Variable: RPostivel) Rank for Variable PostiveD
Sum of

Source DF |  Squares | Mean Square | F Value | Pr > F

Model 7| 3164494676 452070668 | 18592 | <0001

Error 154 | 374465324 2431573

Corrected Total | 161 | 3535% 0000

R-Square | CoefT Var | Root MSE | RPostiveD Mean
0.8NISS 19.13321 1539357 $1.50000

Source DF | AnovaSS | Mean Square | F Value | Pr > F

PMO 3| 3127346671 104248 8590 | 42871 | <0001

Dantrolene 1| 21418141 2141 8141 881 | 00035

PMO*Dantrolene | 3| 13729864 524.3258 216 | 00955
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Supplementary Figure 2-5. Results of Friedman’s two-way nonparametric

ANOVA on the effect of dantrolene on e23AO0ON treatment for dystrophin

protein by western blot.

The ANOVA Procedure

Dependent Variable: RWB_Q Rank for Variable WB_Q

Friedman's Two-way Nonparametric ANOVA

Sum of

Source DF Squares | Mean Square | F Value | Pr>F
Model 7] 135014.2588 19287.7513 42.27 | =.0001
Error 124 | 56582.7412 456.3124
Corrected Total | 131 | 191597.0000

R-Square | Coeff Var | Root MSE | RWB Q Mean

0.704678 32.12251 21.36147 66.50000

Source DE| AnovaSS | Mean Square | F Value |Pr>F
PMO 3| 130085.5562 43661.8521 95.68 | <.0001
Dantrolene 1 3662.6436 3662.6436 8.03 | 0.0054
PMO*Dantrolene 3 366.0590 122.0197 0.27 | 0.8488

52




Supplementary Figure 2-6. Combination therapy rescues expression of
dystrophin with presence of N-terminal, rod domain, and C-terminal

protein sequences.
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Supplementary Figure 2-7. Results of Friedman’s two-way nonparametric

ANOVA on the effect of dantrolene on e23A0N treatment for serum CK

levels.

Friedman's Two-way Nonparametric ANOVA
The ANOVA Procedure

Dependent Variable: RCK_Serum Rank for Variable CK_Serum

Source DF S?I:':reosf Mean Square | F Value | Pr>F
Model 7| 76303.8689 10900.5527 11.38 | <.0001
Error 125 | 119736.6311 957.8930

Corrected Total | 132 | 196040.5000

R-Square | Coeff Var | Root MSE | RCK Serum Mean

0.389225 | 46.19380 30.94985 67.00000
Source DF | AnovaSS | Mean Square | F Value | Pr > F
PMO 3 | 30801.59067 10267.19689 10.72 | <.0001
Dantrolene 1| 39072.39425 39072.39425 40.79 | <.0001
PMO*Dantrolene 3| 6429.88396 2143.29465 2.24 | 0.0872
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Supplementary Figure 2-8. Results of Friedman’s two-way nonparametric
ANOVA on the effect of dantrolene on e23AO0N treatment for

centronucleation and eMHC positive fibers.

Friedman's Two-way Nonp ic ANOVA
The ANOVA Procedure

Dependent Variable: RCentroQ Rank for Variable CentroQ Dependent Variable: ReMICQ Rank for Variable eMHCQ

for| s

1501 416667 214 485095

<o

| 926.607143
| 40| 2722250000 68.0%62%

7
404256083333 | 106.402083
| 47 [ 5757300000

3| 5587375000 1862 438333

993.1666667 3310555556
1| 379.6875000 3796875000 357 | 0.0662
128.5625000 42.8541667 040 | 0.7518

1] 391.020833 301.02083% 573 00213
3| 507.8%4167 169234722 249] 00743

681.857143 782 | <0001 6192946429

| 40/ 3459 000000 §7.223000
47| 8262000000

38 | 1902553571 50.067199

45 | 8095.500000

0.764986 | 3010986 7075818 2350000

5742540559 1914.180186
1| 272695652 272695652 545 | 0.0250

3| 1770217 59236739 118] 03290
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Chapter 3

Growing a Bank of Primary Patient Cells to Model and

Test Various Exon Skipping Strategies
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This chapter outlines the contributions I made to the cell bank at the Center
for Duchenne Muscular Dystrophy. This bank was built to give DMD and other
muscular dystrophy researchers a resource for studying primary patient samples.
This bank enables the pursuit and development of personalized therapies, such as
exon skipping. Part of my thesis work entails growing a bank of primary patient
cells by processing skin biopsies from DMD patients. I helped the solidify the
protocols used to isolate fibroblasts from skin biopsies and helped determine the
best methods of expansion and differentiation.

The CDMD currently has over 100 cell lines banked (Table 3-1). 40 of these
cell lines are amenable to exon skipping (Table 3-2) within the hotspot mutation
region in the dystrophin gene between exons 44 and 55. Of these 40 cell lines: 9
are amenable to exon 51 skipping, 4 are amenable to exon 53 skipping, 8 are
amenable to exon 45 skipping, and 8 are amenable to exon 44 skipping. A majority
of DMD mutations occur in area known as a hotspot region. * Hotspot for
mutations occurs between exons 3 and 8 as well as exons 45 and 55 due to the
gene'’s propensity to undergo recombination in this region. '* Mutations between
exons 45 and 55 account for roughly 62% of all DMD mutations. These cell lines will
enable researchers to perform clinically relevant experiments, as antisense
oligonucleotides targeting exon 51, 53, 45, and 44 are either on the market or in
the clinical pipeline. These cell lines are available to the research community for a
wide range of applications especially in muscular dystrophy

For each sample, we record the DMD mutation and whether or not the

patient can be treated with exon skipping therapy.
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We also perform a run select samples through a custom comparative genomic
hybridization (CGH) array (Figure 3-1) with 14,022 proves tiling the DMD gene to
confirm patient mutations. Probe number one maps to genomic position
chrX:31047266 and probe 14,022 maps to genomic position chrX:33267570.
Some of these samples have been included in a genetic modifier study, transduced
to become induced directly reprogrammed myotubes and cultured into induced-
pluripotent stem cell lineage.

For DMD, many in vitro assays performed with patient cells are performed on
myotubes that have been directly reprogrammed from patient fibroblasts. In order
to achieve regulated myogenesis of patient-derived fibroblasts to myotubes by
addition of 40H-Tamoxifen, our cells have been transduced by a lentiviral vector,
Lv-CMV-MyoD-ER(T)®? (gift from J. Chamberlain). The vector contains a MyoD gene
with a mutated estrogen receptor. The addition of 40H-Tamoxifen to these cell
cultures allows it to bind to the mutated estrogen receptor which is inserted
between the MyoD1 gene. This causes the estrogen receptor to dimerize, allowing
functional MyoD to translocate to the nucleus and halt the cell cycle, pushing the
fibroblasts towards muscle cell differentiation. This viral vector is human-trophic
and is missing packaging proteins, rendering it non-replicative.

Our lab also created a sister construct, Lv-CMV-MyoD-ER(T)-IRES-Puro
(Figure 3-2) , that contains a puromycin selectable marker with its own internal
ribosomal entry site. This marker allows us to select for only the patients
fibroblasts that have been efficiently transofected with the vector. This marker has
proven critical for improving the quality of myotubes differentiated in the laboratory

as well as the selection of transfected iPSC described in Chapter 4.
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As one of our goals is to create a bank of DMD patient-derived fibroblasts
that others can use, we have also transduced our cells with a lentiviral vector
containing hTERT®* (gift from Woody Wright). The vector, RRL-sin-hTERT, is a self-
inactivating lentiviral vector containing the human telomerase reverse transcriptase
gene to immortalize our cells. This viral vector is human-trophic and is missing
packaging proteins, rendering it non-replicative.

To date, the cell bank has had application in screening for drugs, testing of
therapies (exon skippuing and CRISPR/Cas9), and identifying modifiers of disease.
In collaboration with Dr. Stanley Nelson, Dr. April Pyle’s laboratory, and the Broad
stem cell core at UCLA, some of these samples have been included in a genetic
modifier study, transduced to become induced directly reprogrammed myotubes
and cultured into induced pluripotent stem cell lineage and characterized. The
immediate goal is to generate 10 additional patient-derived pluripotent stem cell
lines that will span the diversity of the DMD disease. This will allow for cross-
validation between patient-specific mutation models and allow for greater
confidence that the results are not influenced by patient-specific genetic modifiers.

The cell bank has been and will continue to be an important resource to
investigators on and off campus who are interested in human models of

neuromuscular disease.
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MATERIALS AND METHODS

Derivation of Fibroblast from Human Skin Biopsy

Skin punches were placed in 10mL sterile DMEM (HIGH GLUCOSE, --Phenol red, --
L-glutamine) + 1x Pen/strep and stored on ice during transport. Tissues were
processed within an hour of the skin punch, following aseptic precautions
throughout the process. 2% AOF collagenase was prepared fresh every time and
resupended in HBSS (+calcium, +MgCl2, no serum). 6 well plates were coated with
0.1 % gelatin and left overnight at 37c. Transportation medium was aspirated from
the tissue and tissue was rinsed twice with HBSS (+ca, +MG, NO SERUM). 3 ml of
HBSS was added to the tissue and transferred with tissue into a 6cm Corning dish.
HBSS was aspirated gently and 300ul of 2% AOF collagenase was added. Tissue
was chopped into 1mm pieces with sterile individual use scalpels. 3.7ml collagenase
was added to the well and incubated with chopped tissue for 90min at 37°c. Sample
was gently shaken every 20min. 5ml of MSCBM was added to the collagenase and
pipetted into a 15mL tube. Another 5ml of MSBCM was added to 6cm dish for final
rinse and added to the same 15ml tube. Sample was centrifuged at 300g for 5min.
The supernatant was aspirated and the pellet was rinsed with 5ml of MSCBM.
Sample was centrifuged at 300g 5min. Supernatant was aspirated. Resuspend Cell
pellet was resuspended in 3ml media and added to gelatin coated well. After 2-3
weeks cells were transferred into a t75 flask. After 3-4 days (or until sub-confluent)
cells were transferred into a t175. Cells were frozen at 1.1076 cells/vial in 10%

DMSO-FBS.
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CGH Array

A custom oligonucleotide array was designed with 14,022 probes tiling the DMD
gene with a resolution of approximately 1 probe every 160bp (Agilent). Probe
number one maps to genomic position chrX:31047266 and probe 14,022 maps to
genomic position chrX:33267570. Genomic DNA from iDRM5017 was labeled with
Cy3, and non-mutated human genomic DNA was labeled with Cy5 using a random
priming kit (Agilent) and labeled DNA was co-hybridized to the custom designed
array. Arrays were scanned with the DNA Microarray Scanner with Surescan High-
Resolution Technology (Agilent) and data were extracted with Feature Extraction
Software version 10.5.1.1. The values were extracted from the software and
analyzed in R. Probes 4409 to 5615 demonstrated lower Cy3 signal and are
consistent with a deletion from chrX: 31928123 in intron 44 to chrX: 31725186 in
intron 50, which includes exons 45-50 of DMD. Base pair positions are reported
relative to build HG18 and the log ratio of the Cy3/Cy5 (iDRM5017/normal)

intensity is plotted for all probes.
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hTERT Transduction

Dy L (09/27/20): Fiate GM03114 p. 13in a E-well plate at 130,000 o2ls par well.

Dery 2 [09/25/10): Transduce with 0 1ug LY-RTERT and 0.1ug LV-GFF.

Da',l!-[n'!,"?j.l'!.nl: imaze 24 hrtimzpl:-int OR MITosCope.

ey & (09,3020} image 48 hr timepoint on mioroscope.

Dy 3 [10,04,/10) image 72 hr timepoint on microscope. Check for SFP positivity by FACS.

Plate Layout:
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Day 2 Protocod: (03/27,/2040])
1] Perform the following dilutions to achieve 0. 4wz of vines per well [2pprow. & MOd of 30] in 1 mL of medix
3. 1WELL= Mock trestment |Megative Control)
Far well:
Fibroblast Growth Bedia= 396ul
Protamine Sulfste= Sul
b 2 'WELLS= L\-5FF [Positive Controd)- vinus concentration at 0.38ug/mL
Each well has its own 1.3ml tude; Per welk:
Far well:
RL-cFFT-GEFF winus= 172 dul
Fibroblast Growth Medis= 8236l
Protamine Sulfabe= Sul
€ 3'WELLS= LV-hTERT- vinus conpembration at 1.00ug/mi
Each wel Fas iz own 1 9mL tuse; Per well:
L¥-BTERT= 100ul
Fibroblast Growth Mediss 835ul
Frotamine Sultate= $ul
2] Aspirsts off medium from G-aell plate. Transfer 1mil of ach viral supernstant difution to ssch well.
incubate ab 5% CO2 ard 37C overnight.
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MyoD Transduction

Day 1 (4/30/12): Plate GMO5112 well 4 p 16. and GM02338 Well 6 p 21. each in a 6-well plate at 100,000 cells per well.
Day 2 (5/1/12); Transduce with 0.1ug Lv-MyoD.
Day 3 [5/2/12): Wash 2x with fibroblast growth media. Repeat Day 2.
Day 4 [5/3/12): Wash 2x with fibroblast growth media and add 2mi per well.
“When cells are recoverad, harvest and transfer to another flask to continue growing.
Check transduction efficiency by IHC for induction of kyoD after Tamoxifen exposure.
Test for fusion and terminal muscle markers by differentiating for 8 days using fusion protocol and stain for MHC

Plate Layout:
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—

Day 2 & 3 Protocol: (09/30/2010, (10/01,/2010)
1} Perform the following dilutions to achieve 0.1ug of virus per well (approx. a BO1 of 50) in 1 mi of media:
a.  1WELL= Mock treatment [Megative Control)
Per well:

Fibroblast Growth Media= 996ul
Protamine Sulfate= Jul

b. 5 WELLS= LV-MyoD- wirus concentration at .8 ug/mil

Each well has its own 1.5ml tube; Per well:

Per well:

LW-WhyoD wirus = 125ul =] 525 uL
Fibroblast Growth Media= 871ul 4.355 miL
Protamine Sulfate= qul 20l

2]  aspirate off medium from swell plate. Transfer 1mi of each viral supernatant dilution to each well.
Spin at 1250rpm for 90 minutes. Paraffin wrap the edges of the plate.
Incubate at 5% CO2 and 37C overnight.

Mote: Protamine sulfate at img/ml [1000x stock) in sterle PES. Keep at 4C, stable & months.
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TABLES AND FIGURES

Table 3-1. cDMD Cell Bank (as of 9/20/2017)

. Skip to
ﬁglrlnlélne Source fg?(tﬁ:gy e‘c;( Age DMD Mutation i:ilctaj:wre
CDMD 9/9/201 40Y
1001 UCLA 0 F R+ WT n/a
CDMD 9/9/201 40Y
1002 UCLA 0 M R+ WT n/a
CDMD 10/26/2 )

1003 UCLA 010 M| 9YR AE46-51 E45
UCLA
CDMD " 12/2/201 60Y
1004 | Perry 1 M R+ wT n/a
Shieh
CDMD |Children's 5/1191/20
1006 National receive 10Y
(alias: | Hospital, d: M R AE46-47 E45
DMD Washingt )
(5/20/2
1005) on DC 011)
E50si
CDMD 11/3/20] | 13Y ngle
1008 UCLA 11 M R E50 DUP OR
E50_5
1
CDMD 11/11/2 12Y )
1012 UCLA 011 M R AE8-11 E12
Dr.
Kathryn
Wagner ES0
55:43[) from M 22\( AE51 or
Kennedy E52
Krieger
Institute.
CDMD 11/23/2 E44
1015 UCLA 011 M| 8YR AE45 or 46
CDMD 12/7/20 16Y E2sin
1021 UCLA 11 M R E2 DUP gle
UCLA
CDMD | Neuromu [12/14/2| _|40Y , : ) .
1022 scular 011 F R+ Carrier Mother with E12-22 DUP
Clinic
CDMD UCLA |12/15/2 )
1023 |Neuromu| o011 |M]2YR AE3-23 BMD
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scular

Clinic
CDMD UCLA
1023 | Neuromu (12/23/2 9YR AE3-23 BMD
muscle scular 011
biopsy Clinic
UCLA
CDMD | Neuromu [12/16/2 10Y ) .
1024 scular 011 R E6-7 DUP
Clinic
UCLA
CDMD | Neuromu |12/17/2| | 40Y , : ) -
1025 scular 011 R+ Carrier Mother with E6-7 DUP
Clinic
UCLA
CDMD | Neuromu [12/18/2 )
1026 scular 011 8YR AE51-54 E>5
Clinic
UCLA BMD
CDMD | Neuromu [12/19/2 20Y endin or
1027 scular 011 R P 9
. DMD
Clinic
UCLA
CDMD | Neuromu [12/20/2 40Y -
1028 scular 011 R4+ c.4100_delA (1 bp DEL)
Clinic
UCLA
CDMD | Neuromu (12/21/2 10Y .
1029 scular 011 R c.4100_delA (1 bp DEL)
Clinic
CDMD UCLA 20Y |c.1961_delT>A, p.LEU654* (point mut.|
1037 R @E16)
CONP | ucta [#25/201u| 2vR | ¢.7327_7328del_AC (2bp DEL @ E51) | --
CDMD 6/4/201
1044 UCLA 2 5YR AE45-50 E51
UC Davis
Neuromu
scular
CDMD Clinic [1/7/201 11Y )
1045 (Evan de 3 R AE45-50 E51
Bie, Eric
Henricson
).
CDMD UCLA |2/20/20 13Y )
1056 | Neuromu| 13 R AE43-50 ES1
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scular

Clinic
Cincinnati
Children's
CDMD1| Hospital [3/19/20 22Y . .
062 (Dr. 13 R
Brenda
Wong)
UC Davis
CDMD1| Neuromu |3/18/20 11Y )
063 scular 13 R AE45-50 E51
Clinic
CDMD1 4/4/201 16Y E44
064 UCLA 3 R AE45 or 46
CDMD1 6/19/20
065 UCLA 13 7YR E2 DUP
CDMD1 6/19/20 40Y
066 UCLA 13 R+ E2 DUP
CDMD1 7/3/201 )
067 UCLA 3 5YR E2-E12 DUP
CDMDL ycra |7/15/20 AE10-42
075 13
CDMD1 7/24/20 19Y
076 UCLA 13 R pending --
CDMD1 8/30/20 44Y .
077 UCLA 13 R WT
CDMD1 3/18/20 B
078 UCLA 13 8mo WT
CDMD1 3/18/20 N
079 UCLA 13 WT
CDMD1 3/18/20 B
080 UCLA 13 WT
CDMD1 |Dallas/UM|5/23/20 29Y WT B
081 N 13 R
CDMD1 |Dallas/UM|5/23/20,, | 40Y WT B
082 N 13 R+
CDMD1 |Dallas/UM|5/23/20 40Y WT B
083 N 13 R+
FSHD?2
muscle UCLA 1/20/20 -- WT --
. 12
biopsy
CDMD1 10/23/2
084 UCLA 17913 14 AE46-47 E45
CDMD1 10/23/2
085 UCLA 17513 8 AE45-50 (**see description) E51
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CDMD1 11/1/20 E44
086 13 AE45 or 46
CDMD 1/27/20 ~ ~
1087 14 60
cDMD1 5/21/20| |14Y
088 UCLA 14 R AE49-50 ES1
cDMD1 5/21/20
090 UCLA 14 8YR AE45-52 E53
cDMD1 5/21/20| |11Y E44
089 UCLA 14 R AE45 or 46
recieve
d:
oompi| YCHA 17/18/20
091 14 6 IVS32 +1 G>T 32
recieve
d:
oomp1| YA 17/18/20
092 14 9 IVS32 +1 G>T 32
recieve
d:
coMmp1 | Stanford |- 1850 E6+
093 14 AE8-41 E7
cDMD1 8/12/20
094 CHOC 14 -
DMD | ycla  |6/24/20
1095 15 13 Dup E45-52
DMD | ycla |10/1/20
1096 14 6 .6283C>T
1097 014 13 .6472-6473 del
1098 014 15 AE46-48 E45
1099 014 8 AE46-48 E45
DMD | ycLa |10/15/2
1100 014 10 AE45-48
DMD | ycLa |10/15/2
1101 014 11 AE18-50
cDMD UCLA |12/10/2
1102 014 63 None
cDMD 6/1/201
1108 5 9 dup E8-12
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cDMD ucla 6/3/201
1109 5 5 unknown mutation cf notes
cDMD ucla 6/24/20
1110 15 9 E 50 del E51
cDMD ucla 6/25/20
1111 15 29 none
cDMD ucla 7/8/201
1118 5 11 E44 dup
not in
UCLA,
omp | NP 1102771
1134 5 13 pseudoexon 62 inclusion
cDMD UCLA 12/17/2
1145 015 12
cDMD UCLA 12/29/2 Mutation is deletion of all of exon 49-53
1146 015 3 and the 5’ part of exon 54
4 base pair deletion at nucleotide
cDMD UCLA |5/25/20 locations 6936 to 6939 causing a
1166 16 8yo frameshift mutation in of exon 48 E48
cDMD
1168 A
muscle UCLA 06/09/2
bx 016 4yo
cDMD
1168 B UCLA |06/09/2 4yo
skin bx 016
cDMD 08/17/1 11
1175 UCLA 6 yo
cDMD 09/28/2 14y )
1184 UCLA 016 o del 3-7 E8
muscle
cDMD bx on 10y )
2001 UCLA 03/08/1 o del 49-52 53
7
1229 cincinnati
muscle
1230 UCLA bx on 7yo |nonsense mutation in exon 70
03/23/1 Y
7
muscle
cDMD bx on 13y )
2002 UCLA 03/17/1 o del46-47 45
7
cDMD muscle
2003 UCLA bx on 7yo del 46-55 45
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04/17/1

7
cDMD muscle 11
7004/1| UCLA | bx on Oy del 48-52 53
239 05/1/17
muscle
bx on 39y .
1282 UCLA 08/08/1 o UDN patient
7
cDMD ”Bisflne 11
7005/1| UCLA Y del 46-48 45
08/11/1 o]
288 -
T
7006/1 UCLA 9yo del 44 45
08/17/1
298 -
muscle
cDMD
bx on 14y
2887/1 UCLA 09/01/1 o]
7 del 45-52
muscle
cDMD
bx on 10y
7008/1 UCLA 09/21/1 o
371 7
cDMD 06/21/2 55y
8001 UCLA 016 o healthy control
cDMD 09/30/2 46y
8002 UCLA 016 o healthy control
cDMD 10/28/2 52y .
8003 UCLA 016 o carrier c.4100_delA (1 bp DEL) 30
cDMD 12/13/1 43y .
8004 UCLA 6 o carrier
cDMD 12/21/1 33y
8006 UCLA 5 o healthy control
OMD |y a [02/28/11y126Y | pocker DMD exon 51-52 deletion
8010 7 o]
COMD | joa  |04/17/1 | 14y Becker DMD exon 3-7 deletion 8
8011 7 0
cDMD 08/08/1
8012 UCLA 7 del exon 51 50
cDMD 09/18/1 17y | pseudoexon inclusion in intron 37 that
UCLA
8013 7 o] causes a stop codon
cDMD 09/18/1 41y
8014 UCLA 7 o]
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51 9
53 4
45 8
44 8
others 11

Table 3-2. DMD patient cell lines amenable to exon skipping
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owogene | § ¥ & & & §

log 2{iDRM501?IN0rmaI)

T | 1 I | T | 1 | 1
317 375 38 3185 39 3195 32 3205 321 3215

Normalized DMD Copy Number

Position (Mb)

Figure 3-1. Custom CGH array confirms deletion breakpoints in GM05017
used to create iDRM 5017. A custom oligonucleotide array was designed with
14,022 probes tiling the DMD gene with a resolution of approximately 1 probe
every 160bp (Agilent). Probe humber one maps to genomic position chrX:31047266
and probe 14,022 maps to genomic position chrX:33267570. Genomic DNA from
iDRM5017 was labeled with Cy3, and non-mutated human genomic DNA was
labeled with Cy5 using a random priming kit (Agilent) and labeled DNA was co-
hybridized to the custom designed array. Arrays were scanned with the DNA
Microarray Scanner with Surescan High-Resolution Technology (Agilent) and data
were extracted with Feature Extraction Software version 10.5.1.1. The values were
extracted from the software and analyzed in R. Probes 4409 to 5615 demonstrated
lower Cy3 signal and are consistent with a deletion from chrX: 31928123 in intron

44 to chrX: 31725186 in intron 50, which includes exons 45-50 of DMD. Base pair
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positions are reported relative to build HG18 and the log ratio of the Cy3/Cy5

(iDRM5017/normal) intensity is plotted for all probes.

\ _CMV Promater 1934..2484

F,
CMV-MycDER(T)-IRES-Puro

10742 bp

“ER(T) 3211.4168

‘MyoDER(T) 2533. 5257

Figure 3-2. MyoD Puro Vector (CMV-MyoDER(T)-IRES-Puro
A vector construct containing a tamoxifen-inducible MyoD transgene, driven by the

CMV promotor. This vector also contains a puromycin selectable marker with its
own internal ribosomal entry site. This marker allows us to select for only the

patients fibroblasts that have been efficiently transofected with the vector.

72



Chapter 4

Preliminary Studies to Test Engraftment Conditions for a

DMD Xenograft Model System for Studying DMD in vivo
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Introduction

The mdx mouse is a well-characterized in vivo model system for studying
DMD. Thus far, we have conducted studies in human patient-derived fibroblasts,
whereby we have developed methods of differentiating them into myoblasts and
myotubes. We have used these cell lines to test the effectiveness and specificity (to
particular exons of dystrophin) of small molecule drugs in improving functional
dystrophin production and overall cell phenotype, with or without the presence of
specific antisense oligonucleotides that alter dystrophin exon splicing.

We sought to develop a model that would enable DMD researchers to study
DMD patient cell lines in the context of a complete muscle niche. In collaboration
with April Pyle and Melissa Spencer’s lab, we performed a set of experiments to
determine the best method for engrafting DMD patient cells into the mouse muscle
and differentiating these cells into muscle lineage. In very early experiments,
FK506 was used to suppress the immune system, but engraftment was not
successful.

We then decided to move into immunocompromised mice to allow for better
engraftment. The goal was to develop a set of engraftment conditions that could
ultimately be used on immunocompromised/mdx mice.

As a general overview, on Day 0 we prepare the muscle niche for injection
(Figure 4-1). We also begin IP injections of tamoxifen in mice that will be
receiving iDRM patient cells. iDRMs are patient-derived fibroblasts that are from
either wild type or DMD patients. iDRMs contain a tamoxifen-inducible MyoD
expression vector. Expression of MyoD in the presence of tamoxifen forces these
cells to differentiate into muscle lineage. On Day 1, we inject the patient cells
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intramuscular into the TA. On day 8, allowing sufficient time to
engraft/differentiate, we deliver a systemic injection of PMO in mice that were
engrafted with dystrophic cells in order to assess rescued dystrophin in the event of
exon skipping. On day 14, we harvest the skeletal muscle for assessment of mMRNA
and protein biomarkers.

For these experiments, there were 5 key experimental conditions we chose to
optimize: Mouse genetic background, muscle niche pre-treatment, cell type, cell
number, and length of experiment (Table 4-1).

Our human xenograft studies required the use of immunocompromised mice,
in order to avoid xenograft rejection. Mdx/nude mice were our ideal mouse
background but were not readily available at the time. Due to mutation induced
disruption of the FOXN1 gene, nude mice have a deteriorated or absent thymus,
resulting in a lack of mature T lymphocytes but the presence of NK cells. We
sought to establish engraftment conditions, while our mdx/nude mouse colony was
being established. The two most established immunodeficient backgrounds we
considered were SCID/Beige and Rag-2/y-chain 7~ mice. SCID/Beige are congenic
mice that possess both autosomal recessive mutations SCID (Prkdcscid) and beige
(Lystbg). The SCID mutation results in severe combined immunodeficiency affecting
both the B and T lymphocytes. The beige mutation results in defective natural killer
(NK) cells. The Rag-2/y-chain 7~ mouse are a cross between common gamma
knockout and Rag2 (recombinase activating gene) deficient mice. The common
gamma knockout mouse lacks functinoal receptors for IL-2, IL-4, IL-7, IL-9, and IL-
15. This results in compromised lymphocyte development. These mice lack NK cells

and produce very small numbers of T and B cells. Crossing the Rag2-deficient
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background onto the common gamma knockout mouse results in a mouse that
lacks NK, T, and B cells.

We also sought to determine which pre-treatment condition was necessary to
prepare the muscle niche for engraftment (Figure 4-1). Cardiotoxin has been
previously used in engraftment experiments in mdx mice to induce muscle damage
and open a niche where injected cells could localize and integrate into the muscle
mileu. *>°7 We also sought to determine whether pre-treatment with irradiation
would faciltiate better engraftment. Irradiation at 14-18 Gy is commonly used to
clear the muscle niche of progenitor cells, increasing the engraftment potential of
newly injected cells, 98-100

In these preliminary experiments, we tested 4 different cells types: 1) iDRM,
NCAM/CD56+ progenitor cells, LiCl differentiated iPSCs, and Wnt7a iPSCs. For
initial experiments, a taxomifen-inducible MyoD vector was used to differentiate the
iDRM. We needed to troubleshoot the delivery and differentiation conditions in vivo.
At the time, directed differentiation was the only option, given that the MyoD vector
was not selectable and could not be used in iPSC, which are more difficult to
transform. However, the Miceli lab subsequently created a tamoxifen-inducible
MyoD vector with a puromycin selectable marker, which enabled the use of MyoD-
overexpressing iPSC in future engraftment studies.

In the preliminary studies, we aimed to identify the ideal cell type that could
best represent human DMD muscle in vivo in engraftment studies.The iPSCs used in
these experiment are DMD-hiPSCs that are cultured in BMP4 (2 days) then cultured
in either Wnt7a or LiCl. Treatment with Wnt7a and LiCl results in a higher

percentage of cells expressing Pax7, a marker for muscle progenitor cells.
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Mice were sacrificed 2 or 3 weeks following engraftment of cells. At sacrifice,
half of each TA was flash frozen in liquid nitrogen for RNA analysis, while the other
half was embedded in OCT for IHC analysis.

We sought to detect levels of engraftment by qPCR and IHC to look for
human-specific mMRNA transcript and protein. By gPCR, we looked for human-
specific mMRNA transcript for Dystrophin, MyoG, Desmin, and GAPDH. By IHC, we
looked for human-specific spectrin, dystrophin, and general dystrophin and MHC
(for muscle markers).

In order to identify the areas that would have the best chance of engraftment, we
cut each TA into intervals of 90 10 micron sections. Within each interval, a section
was stained with H&E and scored for centronucleation and inflammation as markers
of cardiotoxin-induced damage and therefore regions where engraftment was most
likely to occur. Intervals that had sections with increased centronucleation and

inflammation were then stained for IHC markers mentioned previously.

Results and Discussion

In the xenografts based on iDRMs, we detected human desmin, MyoG, and GAPDH
transcripts, confirming that human cells engrafted (Figure 4-2). Antibody to
human spectrin was also used but has subsequently been reported to cross-react
with regenerating mouse myofibers!®! and therefore the data are not included. Both
engrafted iPSC and iDRM cells expressed dystrophin transcript, suggesting that
these cells had differentiated to muscle lineage within the muscle niche (Figure 4-
2). We found that a range of 1 to 3 million cells was adequate for engraftment.

Cells engrafted in both 2 and 3 week studies. Looking across all 74 engraftment
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procedures analyzed 75% of SCID/Bge mice expressed hGAPDH and hMHC mRNA.
When comparing cardiotoxin vs cardiotoxin + irradiation niche pre-treatment,
combination treatment resulted in 22% higher frequency of hGAPDH mRNA
expresssion in samples We tested 1, 3, and 5M cell injections for engraftment.
100% of the 3M cell injections results in hGAPDH mRNA expression in the TA. A
high proportion of 14 days experiments resulted in hGAPDH, hMHC and
hDystrophin mRNA as compared to 21 days experiments. For example, 61% of 14
days experiments resulted in GAPDH+ mRNA compared to 33% of 21 days
experiments. In conclusion, the techniques developed in these preliminary studies

helped guide the engraftment experiments performed in the Appendix.

Materials and Methods

Engraftment into Immunodeficient Mice

Mdx, rag2-/-yc-/- , and SCID/Beige mice were acquired from Jackson Laboratory.
Five- to seven-week-old NSG-mdx mice were pretreated with 50 ml of 10 mM
cardiotoxin (Sigma-Aldrich) injected into the TA 24 hr prior to engraftment. We
tested 4 different cells types: 1) iDRM, NCAM/CD56+ progenitor cells, LiCl
differentiated iPSCs, and Wnt7a iPSCs. We wanted to identify the ideal cell type
that could best represent human DMD muscle in vivo in engraftment studies. The
iPSCs used in these experiment are DMD-hiPSCs that are cultured in BMP4 (2 days)
then cultured in either Wnt7a or LiCl. Treatment with Wnt7a and LiCl results in a

higher percentage of cells expressing Pax7, a marker for muscle progenitor cells. 1
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to 5 x 10° cells in 50uL PBS were injected intramuscularly and the TA was

harvested after 14 or 21 days.

Mice and Tissue Preparation

Procedures involving all mdx mice were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of California, Los Angeles (UCLA).
The TA were harvested and the right muscle was frozen in optimal cutting
temperature compound (OCT) for sectioning and analysis by
immunohistochemistry, whereas the left muscle was cut in half and snap-frozen for

analysis by Western blot and ddPCR.

RNA isolation, RT-PCR, and qPCR

RNA was isolated with TRIzol (Invitrogen; mouse cells) and the Qiagen RNeasy
Micro Kit (human cells and intervals from the TA muscle). RNA was isolated from
frozen skeletal muscle with the Qiagen RNeasy Fibrous Tissue Kit. Total RNA from
mice was reverse-transcribed with oligo(dT)20 (Invitrogen). A nested RT-PCR was
performed between Dmd exons 20 and 26.36 Products were run on a 2% agarose
gel and visualized with ethidium bromide. Densitometry quantitation of gels was
performed in Imagel. The quantitative TagMan assay to assess specific full-length
or skipped Dmd exon 23 mRNAs used primer-probe sets that have been previously
described.66 Briefly, primer-probe sets specific to the internal loading control,

Rplp0, are complexed with primer-probe sets that amplify either the Dmd full-
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length or exon 23 skip product. The skip—to-full-length mRNA ratio was calculated

as:

in which CTRS and CTRFL are the Ct values for the ribosomal gene in either the skip
(S) or the full-length (FL) reaction. CTS and CTFL are the Ct values corresponding
to detection of Dmd exon 23-skipped or full-length mRNA product. In human cells,
dystrophin complementary DNA (cDNA) was reverse-transcribed with 200 ng of
RNA with a DMD exon 54-specific primer. A nested RT-PCR between DMD exons 43
to 52 was then performed with previously described primers.41 For detection of
muscle markers, 100 to 400 ng of RNA were reverse-transcribed into cDNA with
oligo(dT)20 and RT-PCRs were performed for endogenous MyoD, desmin,
myogenin, utrophin, myosin heavy chain, and glyceraldehyde-3- phosphate

dehydrogenase (GAPDH) as input control.

Sequences of primers used for RT-PCR

The following primers were used for RT-PCR of various muscle markers. For
identifying muscle markers in reprogrammed fusing myotubes, 100 to 400 ng of

RNA were reverse-transcribed with oligo(dT)20.

MyoD: forward, 5'-GCAGGTGTAACCGTAACC-3’; reverse,
5’-ACGTACAAATTCCCTGTAGC-3’ (53)
Myosin heavy chain: forward, 5'-CTGGCTCTCCTCTTTGTTGG-3’;

reverse, 5'-AGTTTCATTGGGGATGATGC-3’
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Desmin: forward, 5'-CCTACTCTGCCCTCAACTTC-3’; reverse,
5’-AGTATCCCAACACCCTGCTC-3’ (53)

Myogenin: forward, 5'-GCCACAGATGCCACTACTTC-3’; reverse,
5’-CAACTTCAGCACAGGAGACC-3’ (53)

GAPDH: forward, 5'-GAGCCACATCGCTCAGACAC-3’; reverse,
5’-CATGTAGTTGAGGTCAATGAAGG-3’ (54)

RyR1 PCR1: forward, 5'-CATCAACTATGTCACCAGCATCCG-3’;
reverse, 5'-GGCTGAACCTTAGAAGAGTC-3’

RyR1 PCR2: forward, 5'-GAGACCTTCTATGATGCAGC-3’; reverse,
5’-AGAGCTCGTGGATGTTCTC-3’

Utrophin: forward, 5'-TGTCGGTTCACCGCCAGAGT-3’; reverse,

5'-GTGGCCTGCTGGGAACATTT-3’ (55).

The thermocycler conditions for MyoD, myosin heavy chain, desmin, myogenin, and
GAPDH were 94°C for 2 min, followed by 33 cycles of 94°C for 30 s, 62°C for 30 s,
and 72°C for 30 s, with a final extension of 72°C for 10 min. Amplification of the
RyR1 required a nested PCR. Conditions for the first ryanodine receptor PCR were
95°C for 5 min, 20 cycles of 95°C for 30 s, 56°C for 2 min, 72°C for 90 s, and a
final extension of 72°C for 10 min. The nested PCR conditions were 95°C for 5 min,
35 cycles of 95°C for 30 s, 59°C for 2 min, 72°C for 90 s, and a final extension of
72°C for 10 min. Thermocycler conditions for the amplification of utrophin required
a single PCR. Conditions were 94°C for 5 min, 94°C for 1 min, 60°C for 1 min, 72°C
for 1 min, repeat steps 2 to 4 for 35 cycles, and a final extension of 72°C for 10
min.
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PMO and dantrolene in vivo administration

PMOE23 morpholino (5'-GGCCAAACCTCGGCTTACCTGAAAT-3’; Gene Tools) was
injected intramuscularly into the TA muscle in 25 ml of saline. Intravenous
administration was performed through the tail vein in 200 ml of saline or retro-
orbitally in 50 ml. Dantrolene (Sigma) was resuspended in DMSO, heated to 50°C,

and diluted in saline (final 20% DMSOQO) before twice-daily intraperitoneal injections.
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Figure Legends

Figure 4-1. Overview of General Engraftment Experiment
Proposed protocol for engraftment of human DMD patient-derived cell lines into

mdx mouse Tibialis anterior.

Figure 4-2. DMD patient-derived iDRM 5017 and iPSC 5017 engraft into

mdx TA and express muscle markers

(a) Effect of dantrolene on PMOE23 induction of Dmd exon 23 skipping

Table 4-1. Engraft Conditions Explored for Preliminary Experiments

Table 4-2. DMD patient—derived iDRM 5017 temporally express muscle
markers at the RNA and protein level during the fusion process.

(a) Expression of human desmin, human myogenin, and human GAPDH assessed
by RTPCR of tibialis anterior following 2 and 3 weeks engraftment protocol. (b)
Expression of human dystrophin assessed by RTPCR of tibialis anterior following 3

week engraftment.
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Figure 4-1. Overview of General Engraftment Experiment
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Table 4-2. DMD patient-derived iDRM 5017 temporally express muscle

markers at the RNA and mRNA level during the fusion process.
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Chapter 5

Concluding Remarks: Future Perspectives and Directions

88



This dissertation aims to establish the safety and efficacy profile of long term
dosing of PMO and dantrolene in mdx mice to inform the improvement of current
exon skipping therapies on the market and in the pipeline for DMD. This
dissertation also aims to further develop scientific tools for the use of researchers
studying DMD and other muscular dystrophies.

The current standard of care for DMD aims to target and ameliorate
symptoms associated with the progressive wasting of muscles %2, Newer therapies
aim to target the molecular basis of the disease by restoring or facilitating
dystrophin protein expression. In addition to combating DMD, these therapies are
setting the stage for personalized medicine. When treating such a genetically
heterogeneous population like DMD, it is critical that each therapy be individualized
to the subpopulation it aims to treat. These new personalized therapies for DMD
include: stop codon read-through agents, dystrophin-expressing AAV vectors, and
exon skipping therapies. Ataluren is an oral agent that suppresses nonsense
mutations in genetic diseases and, in DMD, facilitates readthrough of stop codons to
allow expression of dystrophin protein in the 10% of DMD patients who have
nonsense mutations 193195, The European Medicines Agency gave Ataluren
conditional approval for DMD in 2014 and renewed that approval in 2016. On the
other hand, the FDA filed a Refuse to File letter in 2016, claiming the the results of
the phase IIb study and ACT DMD phase III trial did not demonstrate adequate
evidence of effectiveness 1%, Ataluren is not the only new DMD therapeutic to face
a tough regulatory landscape.

The initial exon skipping therapies to seek regulatory approval were

Biomarin’s drisapersen and Sarepta’s Exondys51. Drisapersen was rejected by the
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FDA in January of 2016 %7 on the basis of toxicity and lack of strong data regarding
efficacy, while Exondys51 received accelerated approval from the FDA based on
dystrophin protein expression and a difference 6 minute walk test in treated subject
group deemed that was deemed a reasonably likely to cause clinical benefit. The
approval in 2016 by the FDA of Exondys51 is the first therapeutic for DMD, and a
groundbreaking achievement by the DMD field %8, Exondys51 was granted
accelerated approval based for DMD patients amenable to exon 51 skip, 13% of the
DMD population*3. This is an example of mutation specific precision therapy
targeted at the fundamental defect of one of the most common genetic diseases
and sets the stage for numerous additional therapies.

In the wake of these therapeutic achievements, it is the responsibility of
researchers to continue moving the field closer and closer to a cure. While the
approval is an exciting development, it is also clear that the effect is small and not
adequate to arrest the disease progression. Thus, substantial work is needed to
enhance the amount of dystrophin induced in muscles of Duchenne children. A
common thread amongst the commercial-stage therapies discussed is the pursuit of
and need for improved efficacy. This dissertation attempts to address this need and
show that dantrolene can safely improve the efficacy of exon skipping therapies like
Exondys51. The aim of this dissertation is in-line with other ‘second generation’
treatments in development for DMD: improving upon current treatment modalities.
Near term, second generation treatments include peptide-conjugated PMO (PPMO)
and mini-dystrophin-expressing AAV vectors, both of which are likely to be tested in
human clinical trials in the coming year. PPMO provides the promise of increased

cellular uptake of AON resulting in more dystrophin rescue compared to traditional
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PMOs like Exondys51 1%°, Newer AAV vectors with codon optimized micro-
dystrophin constructs aim to provide a more effective replacement for the missing
dystrophin protein 1% 111 More distant strategies to remove exons from DNA using
CRISPR/cas9 are a promising avenue of research as well112/ 113,

Looking forward, the data from this dissertation shows that dantrolene has
the potential ability to improve current and new exon skipping therapies for
Duchenne muscular dystrophy in the mdx mouse model. It is true that translation
from mouse to human efficacy is not always observed, but these data support the
rationale for a human clinical trial. Both agents are proven to be safe individually
and well tolerated in longterm exposure3!- 73 114 and from this thesis in
combination. Further with an increasing group of patients being administered
Exondys51, assessing the clinical utility of adding dantrolene is viable. A
reasonable clinical trial strategy would be a comparison of dantrolene with
Exondys51 versus those treated with Exondys51. Since the effect observed in
mouse is convincing, but modest, a longerterm study of at least two years in mid-
ambulant boys with Duchenne is the most promising strategy. This allows the
assessment of preservation of 6MWT between double-blind placebo controlled
groups. A concern in clinical trials in ambulatory boys is the possibility that
dantrolene, through its effect on the RyR could induce transient muscle weakness
and result in falls or functional limitations. However, the dosing tested in mouse is
not associated with a dramatic decrease in muscle strength in humans. Further, it
may also be worthwhile to determine whether or dantrolene can be used to boost
exon skipping therapies used to treat other diseases as a large number of diseases

may be amenable to a similar strategy. This dissertation highlights the evolving
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relevance of personalized therapies in today’s healthcare landscape with specific

application to DMD.
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Appendix

A Single CRISPR-Cas9 Deletion Strategy that Targets the
Majority of DMD Patients Restores Dystrophin Function in
hiPSC-Derived Muscle Cells
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The Appendix includes a paper that was published in Cell Stem Cell'!? by
Young et al, in the laboratories of Dr. April Pyle and Dr. Melissa Spencer titled, “A
Single CRISPR-Cas9 Deletion Strategy that Targets the Majority of DMD Patients
Restores Dystrophin Function in hiPSC-Derived Muscle Cells.” While none of the
data I generated was directuly included in the paper, troubleshooting related to the
engraftment and in vitro/in vivo induction of differentiation by a tamoxifen-inducible
MyoD vector provided a starting point for components of this study. My
contributions include performing preliminary experiments aimed at establishing
conditions for: 1) MyoD expression and induction in culture and in vivo and 2)
conditions for engrafting DMD patient-derived cells in the mdx mouse model of
DMD, as outlined in Chapter 4. Conditions that I tested in Chapter 4 were not used
in the following publication because techniques were modified and led to improved
engraftment. Also, the studies in the following paper were performed in NSG/mdx

mice, which I did not use in my preliminary studies.

Summary

Mutations in DMD disrupt the reading frame, prevent dystrophin translation,
and cause Duchenne muscular dystrophy (DMD). Here we describe a CRISPR/Cas9
platform applicable to 60% of DMD patient mutations. We applied the platform to
DMD-derived hiPSCs where successful deletion and non-homologous end joining of
up to 725 kb reframed the DMD gene. This is the largest CRISPR/Cas9-mediated

deletion shown to date in DMD. Use of hiPSCs allowed evaluation of dystrophin in
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disease-relevant cell types. Cardiomyocytes and skeletal muscle myotubes derived
from reframed hiPSC clonal lines had restored dystrophin protein. The internally
deleted dystrophin was functional as demonstrated by improved membrane
integrity and restoration of the dystrophin glycoprotein complex in vitro and in vivo.
Furthermore, miR31 was reduced upon reframing, similar to observations in Becker
muscular dystrophy. This work demonstrates the feasibility of using a single

CRISPR pair to correct the reading frame for the majority of DMD patients.

Introduction

Duchenne muscular dystrophy (DMD) is the most common fatal genetic
disease of childhood, affecting ~1 in 3,500-5,000 boys. In DMD, progressive
muscle degeneration generally leads to death in the twenties, and there are
currently no highly effective therapies. DMD is often caused by frameshifting exonic
deletions in DMD, which encodes dystrophin. Dystrophin stabilizes the dystrophin
glycoprotein complex (DGC) at the sarcolemma; loss of functional dystrophin leads
to the degradation of DGC components, which results in muscle membrane fragility
and leakage of creatine kinase (CK).!1> Approximately 60% of mutations causing
DMD occur between DMD exons 45-55.11¢ Multiple independent clinical reports in
patients and dystrophic mice have revealed that in frame deletions of exons 45-55
produce an internally deleted dystrophin protein and are associated with a very
mild Becker muscular dystrophy (BMD) disease course, with some patients still

asymptomatic in their sixties.!'¢11° Thus, genetic manipulation to create a large
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deletion of exons 45-55 is a therapeutic strategy to restore the reading frame for
60% of DMD patients with mutations in this region.

One promising approach to induce genetic correction of DMD is through the
use of the bacterially acquired immune surveillance system known as clustered
regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated
nuclease (Cas) 9. In this system a short guide RNA (gRNA), which is complimentary
to a specific site in the genome, is used to target the Cas9 nuclease and induce
double-stranded breaks (DSBs). The DSBs can be repaired through non-
homologous end joining (NHEJ) or homology-directed repair.

Previous work has shown that CRISPR/Cas9 components can modify the DMD
gene.?9-126 Tn this investigation, we describe a therapeutically relevant
CRISPR/Cas9 platform that we designed to modify DMD. Our platform involves
excision of exons 45-55 and NHEJ to reframe dystrophin through creation of an
internally deleted protein that is stable and functional. The internally deleted
protein mimics the naturally occurring exon 45-55 deletion observed in mild BMD
patients and encompasses 60% of DMD patient mutations.

For the first time, we demonstrate CRISPR/Cas9-mediated deletion and NHEJ]
of up to 725 kb of the DMD gene in human induced pluripotent stem cell (hiPSC)
lines. We show that CRISPR/Cas9 reframed, hiPSC-derived skeletal and cardiac
muscle cells express stable dystrophin that improves membrane stability and
restores a DGC member, b-dystroglycan. We also demonstrate reduced microRNA
31 (miR31) levels after the reading frame is restored, consistent with the
observations made in BMD patients.'?” Furthermore, we show restoration of

dystrophin and b-dystroglycan in vivo after engraftment of reframed hiPSC-derived
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skeletal muscle cells into a mouse model of DMD. This work sets the stage for use
of reframed DMD hiPSC-derived cells or in vivo correction strategies using

CRISPR/Cas9 for direct translation to patients with DMD.

Results

DMD hiPSC Lines Are Pluripotent and Genetically Stable

We have developed several xenobiotic-free hiPSC lines derived from wild-
type and DMD patient fibroblasts using current good manufacturing practice
protocols. Each DMD hiPSC line harbors a unique frameshifting DMD mutation
within the exon 45-55 hotspot region. All hiPSC lines (Center for Duchenne
Muscular Dystrophy [CDMD] 1003, 1006, and 1008) express pluripotency markers
(NANOG and SOX2) and are karyotypically normal (Figures 1A and 1B). CDMD
hiPSCs maintain pluripotency, as they form teratomas in vivo that represent all

three germ layers (Figure 1C), and each harbor unique mutations (Figure 1D).

CRISPR/Cas9-Mediated Deletion and NHEJ of up to 725 kb in the DMD

Gene

In order to delete exons 45-55 of DMD, gRNAs were designed to target
introns 44 and 55. gRNA sites were chosen to only retain ~500 bp of the intron

next to each of the flanking exons (44 and 56). The rationale for this design is to
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develop gRNAs applicable to as many patient mutations as possible and to ensure
that a small functional chimeric intron is generated. During NHEJ, the 30 end of
intron 44 and the 50 end of intron 55 join to create a ~1 kb chimeric intron (Figure
2A). We expect that introns generated in this manner are functional and splice
correctly to create an in-frame transcript, with exon 44 joined with exon 56.

Since hiPSCs are challenging to genetically manipulate, human embryonic
kidney (HEK) 293FT cells were used to screen five gRNAs at each intronic region.
All gRNAs demonstrated individual cutting activity on Surveyor assay up to 34%
(Figures S1A and S1B). Using multiplex PCR, gRNAs transfected in pairs were
shown to effectively delete the entire 708 kb region encompassing exons 45-55
(Figures S1C and S1D).

In order to assess the feasibility of an exon 45-55 deletion across different
patient mutations, we applied our gRNAs to three DMD hiPSC lines. The lines
(CDMD 1003, 1006, and 1008) require ~530 kb, 670 kb, or 725 kb, respectively,
for successful deletion and NHEJ of DMD. The gRNAs used were shown to be active
in all three lines and effectively deleted exons 45-55 (Figures S2 and S3).
Transient puromycin selection of cells nucleofected with the CRISPR plasmids

improved the efficiency of deletion in CDMD 1003 and 1006 hiPSCs (Figure S3D).

Clonal Reframed DMD hiPSC Lines Contain No Off - Target Activity at

Candidate Sites

Stably deleted DMD hiPSC lines were generated from CDMD 1003 and 1006

by clonal selection after nucleofection with the gRNA pair 44C4 and 55C3 (Figures
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2B and 2C) and are pluripotent (Figures 2C and S4B). All reframed lines were
karyotypically normal except for one clone (CDMD 1003-81), which was found to
contain a 1q32 amplification confirmed via FISH analysis (Figure S4A), also
observed in the original parental line and in all daughter clones after post hoc
analysis. The 1g32 amplification is common in hPSCs after extended propagation in
culture, and thus was not a result of CRISPR mediated off-target activity.'?® To
determine off-target activity of our gRNAs, the top ten homologous sites per guide
were determined by COSMID and sequenced in all clonal and parental lines.*?° No
off-target mutations were observed at any site (Table S2). All variants, besides a
heterozygous SNP in chromosome 11, were detected in less than 1% of reads,

which is consistent with error in the sequencing method.

Dystrophin (DYSD45-55) Expression Is Restored in Reframed DMD hiPSC-

Derived Cardiomyocytes and Skeletal Myotubes

CRISPR/Cas9-mediated deletion of DMD should result in an internally deleted
dystrophin protein lacking exons 45-55 (hereafter referred to as DYS24°7°%), As
hiPSCs do not express dystrophin, we differentiated the reframed DMD hiPSC clonal
lines to two disease-relevant cell types, cardiomyocytes and skeletal muscle
myotubes, using directed differentiation or overexpression (OE) of MyoD to
evaluate rescue of DYS24°->>, PCR and sequencing of the exon 44/56 boundary in
cDNA from the reframed cardiomyocyte clones demonstrated correct splicing of the
dystrophin transcript (Figures S4C and S4D). Additionally, both the reframed

cardiac and skeletal muscle cell lines restored dystrophin expression as assayed by
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immunocytochemistry and western blot (Figures 3A-3C). Compared to wild-type
CDMD 1002 or human skeletal muscle myotubes (HSMM), the band was truncated

by ~66 kDa as expected.

DYSD45-55 Protein Restores Membrane Functionality to Cardiomyocytes

and Skeletal Myotubes In Vitro

Cardiomyocytes or skeletal myotubes lacking dystrophin demonstrate
membrane fragility in vitro and respond to osmotic stress by releasing elevated
levels of CK, as is seen in human patients.!!> 130. 131 Tg determine whether DYSA45-55
could restore stability to dystrophic plasma membranes, we subjected differentiated
cardiomyocytes and skeletal muscle myotubes derived from reframed and out-of-
frame hiPSCs to hypo-osmotic conditions. Cells were stressed by incubation in
hypo-osmolar solutions (66-240 mosmol) and CK release into the supernatant was
measured to show functional improvement after dystrophin restoration. Both the
reframed CDMD 1003-49 cardiomyocytes and skeletal muscle cells demonstrated
reduced CK release, similar to wild-type (CDMD 1002), versus the out-of-frame
CDMD 1003 cells, indicating that DYS24>~>> was capable of reducing membrane
fragility (Figure 4A). The same trend was also observed with CDMD 1006/1006-1
cardiomyocytes. (Figure S4E). After normalizing and pooling all experiments, we
observed that significantly less CK was released at 93, 135, and 240 mosmol in the

reframed and wild-type cells compared to out-of-frame (Figure S4F).
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CRISPR/Cas9 Reframing Correlates with miR31 Levels in Skeletal

Myotubes In Vitro

Elevated levels of miR31 have been observed in DMD patient biopsies
compared to wild-type or BMD.'?” We measured levels of miR31 using droplet
digital PCR (ddPCR) after differentiation of out-of-frame and reframed CDMD hiPSCs
to skeletal myotubes. Reframing DMD reduced levels of miR31 (similar to wild-type
cells) compared to out-of-frame DMD, as is observed in human dystrophinopathies
(Figure 4B). Thus, reframing the DMD gene normalizes miR31 levels similar to
BMD, demonstrating functional rescue of the dystrophic phenotype to a BMD

phenotype.

DYSD45-55 Protein Restores the DGC In Vitro and In Vivo

As a third assay of DYS24>~>> functionality, we evaluated its ability to restore
the DGC in vitro and in vivo. The DGC member b-dystroglycan was restored and
detected at the membrane of reframed hiPSCs, but not out-of-frame hiPSCs, after
directed differentiation to skeletal muscle in vitro by immunostaining and western
blot (Figures 4C and 4D). Additionally, skeletal muscle cells derived from a wild-
type (CDMD 1002), out-of-frame (CDMD 1003), or reframed (CDMD 1003-49)
hiPSC line were injected into the tibialis anterior (TA) of NOD scid IL2ZRgamma
(NSG)-mdx mice. Correctly localized dystrophin and b-dystroglycan was only
observed in engrafted human cells (demarked by human lamin A/C and spectrin)

from the reframed or wildtype lines (Figures 4E and 4F). These studies taken
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together with the hypo-osmotic stress assays demonstrate the ability of DYS24°-55
to functionally reassemble the DGC and restore membrane stability in vitro and in

Vivo.

Discussion

Using CRISPR/Cas9 gene editing, we have induced the largest deletion
accomplished to date in DMD hiPSCs and restored a functional dystrophin protein.
Deletion of DMD exons 45-55 has the potential to be therapeutically relevant to
60% of DMD patients. Since this internal deletion has been associated with a very
mild disease course in multiple independent patients, a therapy utilizing this
approach should create a highly functional dystrophin. We showed successful
deletion of exons 45-55 using a single gRNA pair and did not identify any off-target
activity at the top ten homologous sites; however, a more comprehensive and
unbiased approach should be undertaken such as whole-genome sequencing.
Importantly, removal of exons 45-55 resulted in stable dystrophin protein (DYS24°-
>3) in both cardiomyocytes and skeletal myotubes in vitro. Functionality of DYSA45-55
was tested in cardiomyocytes and skeletal muscle derived from reframed DMD
hiPSCs and demonstrated improved membrane stability by a physiologically
relevant measure of CK release, similar to wild-type. The ability to evaluate
cardiomyocyte functionality is an advantage of using hiPSCs, as some current
preclinical and clinical studies for DMD therapies do not efficiently target the
heart.!32 Additionally, we demonstrated a normalization in miR31 levels, a
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microRNA that inhibits dystrophin, after reading frame restoration, similar to what
is observed in human BMD patients.!?’ Finally, we show restored DGC localization in
vitro and in vivo, which further validates the functionality of DYS24°->°, Previous
work by demonstrated that multiplexed gRNAs can restore the DMD reading frame
in primary myoblasts.!?3 However, myoblasts do not provide a renewable source of
stem cells, which is a requirement for long-term therapeutic efficacy.!3® In contrast,
we used hiPSCs, which offer the opportunity to evaluate the internally deleted
dystrophin protein in multiple cell types that are affected in DMD, and in future
studies, they may provide a renewal source of corrected progenitor cells.

Our work is further distinguished from previous studies as we are

the only group to show restoration of dystrophin function on membrane integrity,
miR31 expression, and the DGC in cardiac and skeletal muscle cells following
CRISPR-mediated gene editing.

An advantage of our CRISPR platform is the therapeutic potential of a single
pair of gRNAs to treat the majority of DMD patients. By designing gRNAs that
accomplish a deletion that encompasses the majority of DMD mutations, this
approach is optimized for future clinical studies. It would be unreasonable to
design, validate, and evaluate off targets for every new CRISPR pair tailored for
each individual patient.

Additionally, CRISPR/Cas9 is advantageous over exon skipping, as it results in
permanent restoration of the reading frame as opposed to transient effects on RNA
splicing. Previously, Li et al. (2015) used CRISPR/Cas9 to induce exon skipping,
frameshifting, or exon knock in to restore dystrophin in a DMD hiPSC line with an

exon 44 deletion; however, their platform is only applicable to 3%-9% of DMD
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patients, and two of their strategies relied on the creation of indels, which would be
difficult to apply consistently to each patient.!3* While Ousterout et al. deleted
exons 45-55, they removed significantly less of the intervening region (336 kb) and
thus their approach would cover fewer patient mutations within the hotspot region.
This is because many mutations extend into the intronic region; thus, by designing
gRNAs that encompass more of the intron, our platform is applicable to more
patients.

Another benefit of using this platform to delete a large portion of DMD, as
opposed to single exons, is the known correlation of DYS24>~>> with a mild BMD
phenotype. Large deletions in the rod domain of dystrophin often produce a more
functional (more like wild-type) protein, than even very small deletions.!3* Larger
deletions, which remove hinge III (exons 50-51), are believed to lead to a milder
BMD phenotype than smaller deletions, or those that retain hinge II1.13¢ Thus, in
many cases larger deletions are more therapeutically beneficial than smaller ones,
due to the way they affect the secondary structure of the protein.

In summary, we have developed a potentially therapeutic gene editing
platform for DMD to permanently restore the dystrophin reading frame in multiple
patient-derived hiPSCs. Our approach using CRISPR/Cas9 and NHEJ] deletes up to
725 kb of DMD encompassing exons 45-55 and restores dystrophin protein function
in both cardiomyocytes and skeletal muscle cells derived from reframed hiPSCs. A
current limitation of this platform is that clinical protocols still need to be developed
that allow rapid clonal line derivation and the utilization of hiPSC-derived cardiac
and skeletal muscle progenitors combined with gene correction.?? Alternatively,

CRISPR/Cas9 to restore the reading frame in DMD mouse models has been
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delivered directly in vivo.!?? 124137 Thus, applications of this platform in the future
will allow for the development of an in situ gene strategy or ex vivo gene correction
followed by autologous cell transplantation, either of which offers tremendous

potential for DMD.

105



EXPERIMENTAL PROCEDURES

Differentiation of hiPSCs to Skeletal Muscle Cells and Cardiomyocytes

Skeletal muscle differentiation from hiPSCs was induced using OE of a tamoxifen
inducible MyoD-ERT lentivirus or an adapted 50 day directed differentiation protocol
where NCAM+ HNK1 cells underwent fluorescence-activated cell sorting at day 50.
Cardiomyocytes were derived through aggregates over 30 days. See Supplemental

Experimental Procedures.

Engraftment into Immunodeficient Mice

NSG immunodeficient mice (Jackson Laboratory) were crossed to mdx scid mice
(Jackson Laboratory) to generate NSG-mdx mice (see Supplemental Experimental
Procedures). Five- to seven-week-old NSG-mdx mice were pretreated with 50 ml of
10 mM cardiotoxin (Sigma-Aldrich) injected into the right TA 24 hr prior to
engraftment. For MyoD OE cells, 100 ml of 5 mg/ml tamoxifen (Sigma-Aldrich) was
i.p. injected for 5 days beginning on the day prior to engraftment. 1 3 106 cells in
HBSS were injected intramuscularly and the TA was harvested after 30 days. See

Supplemental Experimental Procedures.

Hypo-osmotic Stress CK Release Assay
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Terminally differentiated skeletal muscle cells and cardiomyocytes plated in
duplicate were stressed by incubation in hypo-osomolar solutions ranging from 66
to 240 mosmol (see Supplemental Experimental Procedures) for 20 min at 37°C.
CK was measured in triplicate from the supernatant and cell lysate with the
Creatine Kinase-SL kit (Sekisui Diagnostics) according to the manufacturer’s

instructions.

SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Cloning of gRNAs

Five guide RNAs were designed to target DMD introns 44 and 55 using the Zhang
lab CRISPR design tool (crispr.mit.edu) and cloned into the spCas9 plasmids pX330
or pX459 from Feng Zhang (Addgene #42230, #48139 respectively) adapted from
Ran et al. (2013). In brief, oligos complementary to each other containing the gRNA
sequence and BbsI restriction enzyme site were obtained from Integrated DNA
Technologies and annealed. The annealed oligos and plasmid were simultaneously
digested with BbsI (New England Biotechnologies) and ligated with T4 DNA ligase

(Life Technologies).
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gRNA sequences and oligos used for cloning

Name Sequence Sense oligo Antisense oligo

44C1 | GTGGTGTCCTTTGAATATGCAGG CACCGTGGTGTCCTTTGAATATGC AAACGCATATTCAAAGGACACCAC
44C2 | AGATTGTCCAGGATATAATTTGG | CACCGAGATTGTCCAGGATATAATT | AAACAATTATATCCTGGACAATCTC
44C3 | TTAGCAACCAAATTATATCCTGG | CACCGTITAGCAACCAAATTATATCC | AAACGGATATAATTTGGTTGCTAAC
44C4 | GTTGAAATTAAACTACACACTGG | CACCGTTGAAATTAAACTACACAC AAACGTGTGTAGTTTAATTTCAAC
44C5 | ATCTTTACCTGCATATTCAAAGG | CACCGATCTTTACCTGCATATTCAA | AAACTTGAATATGCAGGTAAAGATC
55C1 | TACACATTTTTAGGCTTGACAGG | CACCGTACACATTTTTAGGCTTGAC | AAACGTCAAGCCTAAAAATGTGTAC
55C2 | CATTCCTGGGAGTCTGTCATGGG | CACCGCATTCCTGGGAGTCTGTCAT | AAACATGACAGACTCCCAGGAATGC
55C3 | TGTATGATGCTATAATACCAAGG | CACCGTGTATGATGCTATAATACCA | AAACTGGTATTATAGCATCATACAC
55C4 | GTGGAAAGTACATAGGACCTTIGG | CACCGTGGAAAGTACATAGGACCT AAACAGGTCCTATGTACTTTCCAC
55C5 | TCTTATCATAACTCTTACCAAGG | CACCGTCTTATCATAACTCTTACCA | AAACTGGTAAGAGTTATGATAAGAC

Red text is NGG PAM sequence

Mice

All animal work was conducted under protocols approved by the UCLA Animal

Research Committee in the Office of Animal Research Oversight. Mice used for

engraftment experiments were generated by crossing mdx scid (Jackson

Laboratory) with NOD scid IL2Rgamma (Jackson Laboratory) mice. Briefly, female
B10ScSn.Cg-PrkdcscidDmdmdx/J were crossed with male NOD.Cg-

PrkdcscidIl2rgtm1Wjl /Sz]. Then the F1 females from that cross were crossed with
male mdx-scid. The F3 males were screened for dystrophin and gamma mutations
and the mutants were then backcrossed again with mdx-scid females. F4 females
were crossed with F3 mutant males which generated homozygous NSG-mdx mice.

Genotyping was performed through TransnetYX.

Cell culture

Human embryonic kidney (HEK) 293FT cells (Life Technologies) were grown in
standard conditions with growth medium consisting of DMEM (high glucose) with
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10% fetal bovine serum (FBS, Life Technologies), 0.1mM non-essential amino acids
(NEAA, Life Technologies), 6mM L-glutamine (Life Technologies). Human skeletal
muscle myoblasts (HSMM, Lonza) were maintained according to the manufacturer’s
instructions with SkGM-2 medium (Lonza). For terminal differentiation, they were
cultured on Matrigel (Corning) until at least 80% confluent and then switched to N2
differentiation medium (DMEM/F12 with 1% N2 supplement (Life Technologies) and
1% insulin-transferrin-selenium (ITS, Life Technologies)) for 7 days. Human
induced pluripotent stem cells (hiPSCs) were reprogrammed from skin fibroblasts
with the STEMCCA cassette as previously described (Karumbayaram et al., 2012).
They were grown on hESC qualified Matrigel (Corning), fed daily with mTeSR1
medium (Stem Cell Technologies) and passaged with 0.5mM EDTA every 5-7 days.

Karyotype and FISH analyses were performed by Cell Line Genetics®.

Teratoma injections

To prepare hiPSCs for injection, 1-2 confluent wells were collected using 1mg/ml of
collagenase type IV or 0.5mM EDTA. Colonies were dissociated using a 5ml pipette
and centrifuged at 1000rpm. Cell pellets were resuspended in 40pl of Hank's
Balanced Salt Solution (HBSS) and injected into the testes of 6-8 week-old SCID
BEIGE mice (Charles River) as described previously (Alva et al., 2011). After 4-8
weeks, teratomas were isolated and fixed in 4% paraformaldehyde (PFA) for 24
hours, then 70% ethanol. Fixed teratomas were embedded and processed by the
Tissue Procurement Core Laboratory, Department of Pathology and Laboratory

Medicine, David Geffen School of Medicine at UCLA. If teratomas were large, four to
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six quadrants were isolated and fixed in PFA as described above. Tumors were

stained with hematoxylin and eosin and imaged with an Olympus BX51 microscope.

Transfection and nucleofection of gRNAs

3x105 HEK293FT cells were seeded per 12 well and transfected in duplicate the
following day with 1ug DNA using 3ul TransIT293 (Mirus Bio) according to the
manufacturer’s instructions. Amaxa 4D (Lonza) nucleofection of hiPSCs was
performed according to the manufacturer’s instructions. In brief, hiPSCs were pre-
treated with 10puM ROCK inhibitor Y-27632 (ROCK:i, Tocris Bioscience) for 1hr and
trypsinized into a single cell suspension with TryplE (Life Technologies). 8x10°
hiPSCs were nucleofected per 100pul cuvette using solution P3, 2ug or 3.5ug total
DNA, and program CA-137 (Lonza). pMAX GFP (Lonza) was used as a transfection
control. After nucleofection, cells were immediately plated in mTeSR1 with ROCK:i.
For selection, 0.35pug/ml of puromycin in mTeSR1 was added to the cells for 24hrs

the day after nucleofection.

Generation of clonal hiPSC lines

For generation of clonal lines, the day following nucleofection of gRNAs 44C4 and
55C3 (in pX459) cells were selected with 0.35ug/ml of puromycin in mTeSR1 for
one day. The cells were expanded for 7-9 days in mTeSR1 and then either single
cell sorted in ROCKi using a FACSAria sorter (BD) into individual 96 wells or plated

at low densities of 3x105-5x105 cells per 10cm dish in mTeSR1 plus ROCKi. After 2
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weeks, individual colonies were scrapped into a corresponding 48 well and a subset
of the colony was manually dissected and screened using the deletion genotyping

PCR below.

Deletion genotyping PCR

For determining if the exon 45-55 deletion occurred, either individual PCR reactions
or a multiplex PCR containing both sets of primers was performed with AccuPrime
Taq High Fidelity (Life Technologies). One primer pair flanked the deleted region
(del) and one pair was within the deleted region (undel). PCR products were run on
a 1.2% agarose gel and visualized with ethidium bromide staining.

Primer sequences for PCR

Primer name, purpose Sequence

44 F, forward primer for del genotyping CTGGACGGAGCTGGTTTATCT
SSsurv2 R, reverse primer for del genotyping CCCTTTTCTTGGCGTATTGCC
S5undell F, forward primer for undel genotyping GCCTGGGTCTCTGCTATCAA
SSundell R, reverse primer for undel genotyping GCCACTTTGTACTCCGCACT

Analysis of the rejoining sequence after an exon 45-55 deletion was performed by
blunt cloning the deleted PCR products into the Zero Blunt TOPO backbone (Life
Technologies), according to the manufacturer’s instructions, and sequencing of the

insert by Laragen Inc.

Differentiation of hiPSC-derived skeletal muscle
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hiPSCs were differentiated into skeletal muscle cells by overexpression of MyoD,
adapted from Abujarour et al. (2014). Cells were trypsinized with TryplE and plated
as single cells on Matrigel in SMC4 (basal medium:

DMEM/F-12 with 20% knock-out serum replacement (KOSR, Life Technologies), 1%
NEAA, 1% Glutamax (Life Technologies), 100uM beta-mercaptoethanol, 10ng/mL
basic fibroblast growth factor (bFGF, Life Technologies); SMC4: basal media with
daily addition of 5uM ROCKi, 0.4puM PD0325901 (Sigma-Aldrich), 2uM SB431542
(Tocris Bioscience), 1uM CHIR99021 (Tocris Bioscience)) at 3.5x105 cells/ 6 well.
When they reached approximately 60-80% confluent they were infected with
0.06pg/mL of a tamoxifen inducible MyoD-ERT lentivirus (adapted from Kimura et
al., 2008) with 4pg/mL protamine sulfate per well and spun inoculated at 1250rpm
for 90mins at 32°C. After a day of recovery they were selected with 2pg/ml
puromycin in SMC4 for 2 days. The cells were then split and plated on Matrigel in
basal medium without bFGF plus 10pM ROCKIi at approximately 1x105 cells/cm2
and induced in DMEM with 15% FBS and 5uM tamoxifen for 4 days. Following
induction, the cells were differentiated in low glucose DMEM with 5% horse serum
and 1uM tamoxifen for 5-7 days. Medium was changed daily. An alternative
protocol for MyoD overexpression was used for engraftment. Cells were single cell
plated at 2.5x104 cells/cm2 on Matrigel in mTeSR1 with ROCKIi. Beginning the
following day, they were treated with 3uM CHIR99021 in DMEM/F12 with 1% ITS
for 2 days. The cells were split to approximately 6x104 cells/cm2 in DMEM with
10% FBS and 1% NEAA and infected with the MyoD-ERT lentivirus as above. After a
day of recovery, the cells were selected with 1ug/ml puromycin for 4 days followed

by induction in IMDM containing 15% FBS, 10% horse serum (HS), 1% chick
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embryo extract, 50ug/ml ascorbic acid, 4.5mM monothioglycerol, 5ng/ml bFGF with
5uM tamoxifen for 2 days and used for engraftment as described below. A directed
differentiation protocol for hiPSCs adapted from Shelton et al. (2014) was also used
to obtain SMPCs. Cells were single cell plated in mTeSR1 with 10uM ROCK:i at
3.75x105 cells/6 well. The following day, 10uM of CHIR99021 was added in
Essential 6 medium (E6, Stem Cell Technologies) for 2 days and the cells were
allowed to differentiate until day 12 in E6. StemPro (Gibco) containing 20ng/ml
bFGF was added between days 12 to 20. E6 was then added until day 35 when the
cells were switched to N2 medium in order to terminally differentiate. At day 50,
cells were fluorescently activated cell sorted to remove neural crest cells with
HNK1- (1:300, Sigma-Aldrich) and enrich for SMPCs with BV650-NCAM+ (1:25, BD
Bioscience). The SMPCs were cultured in expansion media (20% FBS, 5% HS, 1%
chick embryo extract, 0.5% penicillin/streptomycin) until confluent when they were

changed to N2 medium for 7 days to induce terminal differentiation.

Differentiation of hiPSC-derived cardiomyocytes

Confluent hiPSCs were enzymatically dissociated to form aggregates and
differentiated into the cardiomyocyte lineage as previously described (Arshi et al.
2013; Minami et al. 2012). The medium was changed every 2 days up to day 15,
and every 5 days up to day 30. At day 30, cardiomyocytes were harvested for

analysis or subjected to the hypoosmotic stress assay.

Surveyor assay
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For testing the activity of different gRNAs, genomic DNA (gDNA) was extracted on
day 3 or 4 after transfection/nucleofection using the Quick gDNA mini prep kit
(Zymo Research) or Quick Extract DNA Extraction Solution 1.0 (Epicenter)
according to the manufacturer’s instructions. PCR for use in Surveyor assay was
performed with AccuPrime Taq High Fidelity with primers flanking the target region.
The Surveyor assay (Integrated DNA Technologies) was performed according to the
manufacturer’s instructions. In brief, approximately 300ng of PCR product in 1x
AccuPrime buffer up to 20ul was denatured and reannealed by heating at 95°C for
10min and slowly step-wise cooling to 4°C. Then 2ul MgCI2, 1ul Surveyor enhancer,
and 1.2ul Surveyor enzyme were added and incubated at 42°C for 1hr. The G/C
plasmids provided in the Surveyor kit were used as a positive control for every gel.
The products were run on a 6% or 4-20% TBE polyacrylamide gel (Bio-Rad) and
visualized with ethidium bromide staining. The percent of cutting was determined

using Imagel (Rasband, 1997).

Primer sequences for PCR

Primer name, purpose Sequence

44surv_F forward primer for intron 44 surveyor GAGAGTTTGCCTGGACGGA
44surv_R, reverse primer for infron 44 surveyor CCTCTCTATACAAATGCCAACGC
S55surv2 F, forward primer for intron 55 surveyor TCCAGGCCTCCTCTCTTTGA
S5surv2 R, reverse primer for infron 55 surveyor CCCTTITTCTTGGCGTATTGCC

Hypoosmotic stress CK release assay

Hypoosmolar salt solutions ranging from 66-240mosmol were made by adding

varying amounts of sucrose (~25-175mM) to a basic salt solution consisting of
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5mM HEPES, 5mM KCI, 1mM MgCI2, 5mM NacCl, 1.2mM CaCl2, 1mM glucose.
Osmolarities were measured with a Wescor Vapro 5520 osmometer. Differentiated
MyoD OE skeletal myotubes and cardiomyocytes were plated in a 384 or 96 well
plate in duplicate per condition tested. 100ul (or 30pul for 384 well plates) of the
hypoosmolar solution was added to each well and the cells were incubated at 37°C
for 20mins. The solution (supernatant) was then removed and stored at - 80°C until
CK analysis. The cells were trypsinzed and lysed in 100ul dI water by repeated
freeze/thawing three times. The lysate was stored at -80°C until CK analysis. CK
was measured in triplicate with 2ul or 8pl of undiluted sample using the Creatine
Kinase-SL kit (Sekisui Diagnostics) according to the manufacturer’s instructions.
Any negative readings were forced to be 0 and outliers were discounted from the
analysis. The percent of CK release into the supernatant was determined and the

standard error was propagated throughout all calculations.

RNA extraction, cDNA, and PCR

RNA was extracted from differentiated cardiomyocytes using the RNeasy Micro Kit
(Qiagen) according to the manufacturer’s instructions. cDNA synthesis was
performed on 50-250ng of RNA using the iScript Reverse Transfection Supermix for
RT-gPCR (Bio-Rad). Two PCR reactions were done on all samples, one with primers
internal to the deletion and one with primers flanking the deletion for 40 cycles
using AccuPrime Taq. PCR products were cloned using the TOPO-TA cloning kit (Life
Technologies) according to the manufacturer’s instructions and sequenced at the

UCLA GenoSeq Core.
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Primer sequences for PCR

Primer name, purpose Sequence

DMD Ed43-44 F, forward primer for cDNA, deleted CCGACAAGGGCGATTTGACA
DMD ES7 R, reverse primer for cDNA, deleted AAGTCGCCTCCAATAGGTGC
DMD ES2 F, forward primer for cDNA, undeleted ACTCATTACCGCTGCCCAAA
DMD ESS R, reverse primer for cDNA, undeleted TCTTCCAAAGCAGCCTCTCG

miRNA extraction, cDNA, and ddPCR

miRNA was isolated from fused myotubes obtained by MyoD OE using a microRNA
purification kit (Norgen Biotek Corp) according to the manufacturer’s instructions.
cDNA synthesis was performed on 5pl of miRNA with TagMan microRNA reverse
transcription kit (Applied Biosystems) using a TagMan MicroRNA Assay (Applied
Biosystems) for hsa-miR-31 (assay ID 002279) and U6 snRNA (assay ID 001973)
with specific RT primers. PCR reactions were prepared in a premix of 22ul with
1.46pl of cDNA (either diluted 1:30 for U6 or undiluted for miR31) in ddPCR
supermix for probes (without UTP) (Bio-Rad) and 1.1ul 20x TagMan assay probes
for each sample in duplicate. 20pul of the PCR reaction premix was used to generate
droplets according to the manufacturer’s protocol. Briefly, PCR premix was added to
a droplet generator cartridge with 70ul of oil and droplets were generated with the
QX200 droplet generator (Bio-Rad). 40pul of this reaction mix was transferred to a
PCR plate and run on at T100 thermal cycler (Bio-Rad) at 95°C for 10mins, 40
cycles of 95°C 15sec, 60°C for 60sec, followed by 98°C for 10mins. A no template
control was included for each PCR reaction. FAM fluorescence was evaluated using
the QX200 droplet reader and QuantaSoft software (Bio-Rad). The percent of

positive droplets for miR31 was normalized to the percent of positive droplets for
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U6. Standard deviation error was propagated through all calculations. All lines were

normalized to CDMD 1002 wild type.

Engraftment into immunodeficient mice

NOD scid IL2ZRgamma (NSG) immunodeficient mice (Jackson Laboratory) were
crossed to mdx scid mice (Jackson Laboratory) to generate NSG-mdx mice, see
above. 24hrs prior to engraftment, the right tibialis anterior (TA) of 5-7 week-old
NSG-mdx mice was pretreated with 50ul of 10uM cardiotoxin (Sigma-Aldrich). For
MyoD OE cells, 100uL of 5mg/ml tamoxifen (Sigma-Aldrich) was also IP injected for
5 days with tamoxifen pretreatment starting the day before engraftment (Muir et
al., 2014). 1x106 cells obtained from MyoD OE after induction were pelleted and
resuspended in 5uL HBSS and injected intramuscularly into the TA. Tissue was
harvested after 30 days and analyzed as described below. Engraftment was
considered successful when we identified human cells that were both lamin A/C and
spectrin positive. Successful engraftment was seen in the following: CDMD 1002
N=4/4 engrafted successfully; CDMD 1003 N=1/1 engrafted successfully; and

CDMD 1003-49 N=1/2 engrafted successfully.

Immunostaining

hiPSCs were fixed in 4% PFA for 20mins, permeabilized with 0.3% Triton X for
10mins and blocked in 10% goat serum for 1hr. Primary antibodies to SOX2

(1:200, Cell Signaling) and NANOG (1:800, Cell Signaling) were added in 1% goat
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serum and 0.1% Triton X overnight at 4°C followed by secondary antibodies for
2hrs the following day. Differentiated skeletal myotubes obtained from MyoD
overexpression were fixed in 80% acetone for 7mins at -20°C, blocked with 10%
goat serum for 1hr and stained with dystrophin (1:300, Abcam) and myosin heavy
chain (1.9ug/ml, MF20, DHSB) as above. Differentiated cardiomyocytes and
skeletal myotubes obtained from the 50 day directed differentiation protocol were
fixed in 4% PFA for 20mins, permeabilized with 0.3% Triton X for 10mins, blocked
in 10% goat serum for 1hr and stained with dystrophin (1:5, MANDYS106, MDA
Monoclonal Antibody Resource, (Man and Morris, 1993)) or beta-dystroglycan
(1:100, Leica Biosystems) and myosin heavy chain (1.9ug/ml, MF20, DHSB).
Images were obtained with the Axio Observer Z1 microscope (Zeiss). Harvested TA
muscles were flash frozen in isopentane. 10um cryosections were obtained at
intervals throughout the entire muscle and stored at -20°C. For staining, they were
blocked in 0.25% gelatin, 0.1% Tween, 3% bovine serum albumin for 1hr. The
M.0O.M. blocking kit (Vector Laboratories) was applied according to the
manufacturer’s instructions. Primary antibodies consisting of human lamin A/C
(1:125, Vector Laboratories), human spectrin (1:75, Leica Biosystems), human
dystrophin (1:5, MANDYS106), laminin (1:200, Sigma-Aldrich), dystrophin (1:75,
Abcam), and beta-dystroglycan (1:50, Leica Biosystems) were applied overnight at
4°C. The following day secondary antibodies were incubated for 1hr and the slides
were mounted with VECTASHIELD containing DAPI (Vector Laboratories) and

imaged on the Axio Observer Z1 microscope.

Western blot analysis
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Terminally differentiated skeletal muscle cells and cardiomyocytes were trypsinized,
pelleted, and flash frozen in liquid nitrogen. Cell pellets were stored in liquid
nitrogen until lysis. For Western blotting, samples were prepared as described in
Woo et al. (2010) with slight modifications. In brief, cells were solubilized in 500 pl
of lysis buffer (10mM Tris-HCI (pH 7.4), 1% Triton X-100, 10% glycerol, 150mM
NaCl, 5mM EDTA, and HALT protease and phosphatase inhibitor cocktail
(ThermoScientific)) per a 10cm culture dish, followed by incubation at 4°C for 30
min with gentle rotation. Then lysates were mixed with 100ul of 6x RSB and
passed several times through a syringe needle to reduce viscosity. Afterwards
samples were boiled for 3 min, cooled on ice, passed through a syringe needle
again and centrifuged for 5 min at 13,000qg. Clarified lysates were transferred to
new tubes, aliquoted and stored at -800C till use. To evaluate dystrophin and MyHC
content, cell lysates were subjected to 6% polyacrylamide gel electrophoresis
(PAGE) for 3 hours at constant current (10mA per gel); followed by blotting to
nitrocellulose membrane at constant voltage (100V) for 2.5 hours on ice. 0.1%
sodium dodecyl sulfate (SDS) and 10mM dithiothreitol was added to the transfer
buffer to facilitate blotting of high molecular proteins. Immunoblot assay was
carried out with mouse anti-MyHC (1:1,000; MF20, DHSB), and mouse anti-
dystrophin (1:500; Mandys8, Sigma-Aldrich) antibodies. Secondary antibodies used
were anti-mouse peroxidase conjugates from Sigma-Aldrich (1:10,000). Blots were
developed using ChemiGlow West chemiluminescent detection kit (ProteinSimple).
Signals were registered by the FluorChem FC2 digital imaging system (Alpha
Innotech). For B-dystroglycan, a 7.5% PAGE gel was run for 1.5hrs at 100V.

Transfer was performed in Tris/Glycine with 20% MetOH for 1hr 15min at 100V.
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Immunoblotting was performed with mouse anti-B-dystroglycan (1:200,
MANDAG2(7D11), DHSB) and MyHC antibody as above.

Off target analysis

The top 10 unique off target sites for each gRNA used (44C4 and 55C3) were
determined with COSMID (Cradick et al., 2014) using the following criteria: NRG
PAM, 3 mismatches with no indels, and 2 mismatches with 1-base deletions or
insertions. Access Array primers corresponding to the potential off target locations
were designed, manufactured and validated by Fluidigm. gDNA extracted from the
parental and deleted clonal lines was run on an Access Array (Fluidigm) and
sequenced with MiSeq in the UCLA GenoSeq Core. Reads were trimmed with
Trimmomatic and aligned to the genome using BWA. A base quality score
recalibration and indel realignment was performed using GATK and SNP calling was
done using two separate programs, GATK and LoFreq on the 20bp gRNA
homologous region. A true induced mutation was considered possible if the fraction
of reads with a given variant was substantially higher than error rate of base

calling.
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Top potential off target sites as determined by COSMID

Name Genomic location (hgl9)
44C4 OT1 Chr11:87808333-87808355
44C4 OT2 Chr3:160301263-160301285
44C4 OT3 Chr4:168882168-168882190
44C4 OT4 Chrl11:12974242-12974264
44C4 OTS Chr11:28401278-28401300
44C4 OT6 Chr11:96681660-96681682
44C4 OT7 ChrX:44266358-44266380
44C4 OTS8 Chr6:75606852-75606874
44C4 OT9 Chrl:91110525-91110547
44C4 OT10 Chr3:145258890-145258912
55C3 OT1 Chr18:31956684-31956706
55C3 _OT2 Chr2:28730131-28730153
55C3 OT3 Chr10:4923833-4923855
55C3 OT4 Chr13:68797419-68797440
55C3 OTS Chr13:70672235-70672256
SSC3 OT6 Chr4:101494350-101494372
55C3 OT7 Chr3:81046407-81046428
55C3 OTS8 Chrl11:45856883-45856904
SSC3 OT9 Chrl:171162826-171162847
S5C3_OT10 Chr3:108717117-108717140

Statistical analysis

Statistical analyses were performed using a two-tailed t-test on two groups of data.
First an F-test was used to determine if the variances were equal or unequal, than
the corresponding t-test was used. Significance was determined by a p-value less

than 0.05.
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Figure Legends

Figure A-1. CDMD hiPSCs Are Pluripotent and Genetically Stable

A CDMD 1003 CDMD 1006 CDMD 1008
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# EXONS DISTANCE
CDMD 1003 DEL 46-51 5 EXONS (45 + 52-55) 530 kb
CDMD 1006 DEL 46-47 9 EXONS (45 + 48-55) 670 kb
CDMD 1008 50 DUP 12 EXONS (45-55) 725 kb

(A) CDMD hiPSCs were generated from DMD fibroblasts. Brightfield images depict

fibroblasts before and after reprogramming to hiPSCs. Immunocytochemical
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staining reveals that cells express pluripotency markers NANOG (green) and SOX2
(red). Scale bar, 100 mm. (B) Karyotyping of all lines is shown. (C) CDMD hiPSCs
were injected into mice to test teratoma formation in vivo. Representative H&E
stainings of the three germ layers (endoderm, mesoderm, and ectoderm) are
shown. (D) Patient mutations for each CDMD hiPSC line are shown. In addition, the
number of exons and the approximate distance necessary for successful NHE] is
indicated, based on comparative genomic hybridization data for the patient’s

underlying mutation size.
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Figure A-2. Generation of Stable, Pluripotent CDMD hiPSC Lines with an

Exon 45-55 Deletion
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(A) Shown is a cartoon (not to scale) of the region of DMDtargeted for
CRISPR/Cas9-mediated deletion using gRNAs specific to introns 44 and 55
(lightning bolts). Successful NHEJ deletes exons 45-55 and restores the reading
frame for mutations within this region. Different deletion sizes are required
depending on the patient’s underlying mutation (black arrow heads). (B) PCR
genotyping of 117 and 109 single-cell clones from parental lines CDMD 1006 and
1003, respectively, was carried out on cells nucleofected with gRNAs 44C4 and
55C3. One clone from CDMD 1006 (CDMD 1006-1) and three from CDMD 1003
(CDMD 1003-49, 1003-57, and 1003-81) were identified as stably deleted. Deletion
PCR genotyping results for six hiPSC clonal lines is shown. One pair of primers (red
arrows in A) was located internal to the deletion and only produced a 1,201 bp
band in the undeleted clones CDMD 1003-13 and 1003-51. Another primer set
(purple arrows in A) flanked the deletion region and produced a 788 bp band only
when the deletion and NHEJ occurred successfully, as in the reframed clones CDMD
1006-1, 1003-49, 1003-57, and 1003-81. (C) Each clonal line maintained normal
morphology (brightfield) and expressed NANOG (green) and SOX2 (red) by
immunocytochemistry. Scale bar, 100 mm. Shown to the right is the sequence of
the gDNA at the rejoining site between introns 44 (I144) and 55 (I55). Sequencing
revealed a 16 bp deletion in CDMD 1006-1, a 2 bp insertion in CDMD 1003-49, and

1 bp insertions in CDMD 1003-57 and CDMD 1003-81.
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Figure A-3. Reframed CDMD hiPSC-Derived Skeletal Muscle and

Cardiomyocytes Restore Dystrophin Expression
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(A) Immunocytochemical staining of human myosin heavy chain (MyHC, red) and
dystrophin (green) of wild-type (CDMD 1002), out-of-frame (CDMD 1003 or 1006)
or reframed (CDMD 1003-49 or 1006-1) cardiomyocytes derived from hiPSCs by
directed differentiation. Inset depicts zoomed in region defined by the white box.
Scale bar, 50 mm. (B) Immunocytochemical staining of MyHC (red) and dystrophin
(green) of wild-type (CDMD 1002), out-of-frame (CDMD 1006) or reframed (CDMD
1006-1 or 1003-49) skeletal muscle myotubes derived from hiPSCs. Myotubes were
fused after MyoD OE or from sorted NCAM+ cells after an adapted directed
differentiation 50-day protocol was used. Inset depicts zoomed-in region defined by
the white box. Scale bar, 100 mm. (C) Western blots of cell extracts probed with
antidystrophin. Extracts were from out-of-frame and reframed cardiomyocytes
(left) and skeletal muscle myotubes (right), derived from CDMD hiPSCs. Wild-type
(wt) hiPSCs (CDMD 1002) or human skeletal muscle myotubes (HSMM) were used
as a control for dystrophin. The molecular weight shift caused by the exon 45-55
deletion (1779 bp, ~66 kDa) is evident in reframed versus wild-type dystrophin
(arrows). A non-specific band around 220 kDa was seen in some samples. Samples

were also probed with anti-MyHC as a loading control (bottom panels).
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Figure A-4. Reframed hiPSC-Derived Cardiomyocytes and Skeletal Muscle

Cells Demonstrate Restored Function In Vitro and In Vivo
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(A) Representative graphs of CK release assays from cells exposed to hypo-osmotic
conditions. Cardiomyocytes and skeletal muscle myotubes derived from hiPSCs
were subjected to a range of osmolarities below 240 mosmol, and CK release to the

supernatant was measured as an indication of membrane fragility. Data are
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presented as average * SE. (B) Fold change in expression of miR31 measured by
ddPCR in myotubes derived from out-of-frame or reframed hiPSCs by MyoD OE,
normalized to wild-type (CDMD 1002). Data are presented as average * SD. (C)
Western blots of cell extracts probed with anti-b-dystroglycan. Extracts were from
out-of-frame and reframed skeletal muscle myotubes derived by MyoD OE. HSMM
was used as a positive control. Samples were also probed with anti-MyHC as a
loading control (bottom panel). (D) Immunocytochemical staining of MyHC (red)
and b-dystroglycan (green), a component of the DGC, in wild-type (CDMD 1002),
out-of-frame (CDMD 1006), or reframed (CDMD 1006-1) skeletal muscle myotubes.
Inset depicts zoomed-in region defined by the white box. Scale bar, 50 mm. (E)
Assessment of human dystrophin restoration in wild-type (CDMD 1002), out-of-
frame (CDMD 1003), and reframed (CDMD 1003-49) MyoD OE cells engrafted into
the TA of NSG-mdx mice. Engrafted human cells were identified by co-
immunostaining for human spectrin and lamin A/C (shown in red). Positive staining
for human dystrophin is shown in green and all fibers are shown using laminin
(gray). All sections were stained with DAPI (blue) to identify nuclei. Scale bar, 100
mm. (F) Assessment of b-dystroglycan restoration in human fibers from wild-type
(CDMD 1002), out-of-frame (CDMD 1003), and reframed (CDMD 1003-49) MyoD
OE cells engrafted into the TA of NSG-mdx mice. Engrafted human cells were
identified by co-immunostaining for human spectrin and lamin A/C (shown in red).
Positive staining for dystrophin is shown in gray and b-dystroglycan is shown in
green. All sections were stained with DAPI (blue) to identify nuclei. Cell order is the

same as noted in (E). Scale bar, 20 mm.
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Figure A-S1: gRNA activity and exon 45-55 deletion in 293FT cells
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A-B. Five gRNAs targeted to introns 44 and 55 respectively, show activity on
Surveyor assay in HEK293FT cells. Red arrows denote expected cleavage product
bands (Table S1). Note in A, the bands highlighted by the blue arrowheads are
likely non-specific PCR products and were discounted from the analysis. The
estimated percent of cutting is shown below each lane. The positive control (pos) is
provided with the Surveyor kit. A 100bp ladder was used.

C. Cartoon highlighting the region of DNA targeted by CRISPR pairs and indicating
primers used for PCR. CRISPR gRNA sites are shown by lightning bolts. When pairs
of gRNAs targeted to introns 44 and 55 are co-transfected, an exon 45-55 deletion
(~708kb) results after NHEJ. This deletion is measured using multiplex PCR where
the primer pair shown in red will amplify the undeleted product while the purple
primer pair flanking the deleted region only gives a product when successful

rejoining has occurred. D. Example of a multiplex PCR, using the primers indicated
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in C, in which effective deletion of exons 45-55 was achieved with all gRNA pairs

tested in 293FT cells. A 100bp ladder was used.

Figure A-S2: gRNAs show cutting by Surveyor assay in CDMD hiPSCs.
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A. CDMD 1006 hiPSCs nucleofected with GFP serve as an untreated control and
demonstrate ~40% transfection efficiency.

B-D. gRNAs demonstrate activity on Surveyor assay in CDMD 1003, 1006 and 1008
lines respectively. *3x the amount of 55C3 DNA was added during nucleofection.
Red arrows denote expected cleavage product bands (Table S1). Note the band in B
highlighted by the blue arrow head is likely a non-specific PCR product and was
discounted from analysis. The estimated percent of cutting is shown below each

lane. A 100bp ladder was used.
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Figure A-S3: Nucleofection of paired gRNAs results in an exon 45-55

deletion in CDMD hiPSCs.

6 .
A P PSSP LSO
\.‘o \."o 5,‘) '5,,‘3 '5,‘) ,5,‘) ‘5.‘3 ‘,b .,,‘o
<
N S S I S N
- . —
s - -
Deleted || w M --
B C  asacassscar
CRISPR pair Example sequences at rejoining Intron 44 | Intron 55
44C1+55C3 9bpdeletion, 151bpdeletionw 16bp 450 440

»»»»»»

insertion CITGGTECTIGTGG
44C1+55C5 17bpdeletion
44C3+55C5 Seamless, 7bp deletion PCR product
44C3+55C3 6bpdeletion, 34bp deletion, 2bp CCAGTQCCAAGG Predcted

insertion
44C4+55C3 Seamless, 1bpinsertion, 2bp insertion,
11bp deletionw 1bp insertion [\ f

D
CDMD 1003 CDMD 1006 CDMD 1008
44C4+55C3 GFP W 44C4+55C3 GFP 44C4+55C3 GFP
Voko: - + % + £ -
s g ) TS e
. - - -
Deleted | —w=—— PR
v - e
- - —_— - ——
- - -

A. PCR using primers flanking the deleted region show bands for successful deletion
and rejoining after nucleofection of a variety of CRISPR pairs in hiPSC CDMD 1006.

A 100bp ladder was used.

B. Examples of the types of different rejoined products identified after sequencing.
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C. The sequencing for 44C4 + 55C3* seamless rejoining is shown.

D. Multiplex PCR shows an exon 45-55 deletion product in all lines nucleofected
with 44C4 and 55C3 gRNAs. A significant increase in the efficiency of deletion in
CDMD 1006 and 1003 after selection with 0.35ug/ml puromycin for one day is
shown. *3x the amount of 55C3 DNA was added during nucleofection. A 100bp

ladder was used.

133



Figure A-S4: Additional characterization of reframed lines.
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A. All reframed lines were determined to be karyotypically nhormal except for CDMD

1003-81, which was found to contain a 1g32 amplification via FISH analysis. Upon

retrospective analysis, the 1932 amplification was determined to have existed in
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the parent line (CDMD 1003 line at 22%) and was found in all daughter lines
(CDMD 1003-57 and 1003-49 at 82.5%) and was not a result of CRISPR activity.
B. Reframed lines CDMD 1006-1, 1003-49, 1003-57, and 1003-81 formed
teratomas consisting of the three germ layers in vivo.

C. Analysis of the mRNA from reframed lines. PCR using primers within the deleted
region (red arrows) or flanking the deleted region (purple arrows) on dystrophin
cDNA from hiPSC-derived cardiomyocytes shows undeleted bands in both CDMD
1002 and 1006 and deleted bands in both CDMD 1006-1 and 1003-49. A 100bp
ladder was used.

D. Sequencing confirms exon 44 and 56 rejoining in reframed CDMD 1006-1 and
1003-49.

E. Graph of data from CK release assay of hiPSC-derived cardiomyocytes exposed
to hypoosmotic conditions below 240mosmol. The same CDMD 1002 control data as
in Figure 4A are shown. Data are presented as average * standard error.

F. CK release assay data normalized to out-of-frame cells and pooled from all
experiments shown (n=6 for out-offrame and reframed (n=5 for reframed

135mosmol), n=4 for wild type). Data are presented as average + standard error.
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Table A-S1: Expected cleavage product sizes from Surveyor assay.

sRNA Expected sizes (bp)
44C1 423, 480
44C2 445, 458
44C3 449, 454
44C4 387,516
44C5 419, 484
55C1 379, 490
55C2 364, 505
55C3 411,458
55C4 357,512
55C5 351,518
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