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ABSTRACT OF THE DISSERTATION

Development of a Therapeutic CRISPR/Cas9 Platform

for Duchenne Muscular Dystrophy

by

Courtney Sarah Young
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2018

Professor Melissa J. Spencer, Chair

Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disorder with no
cure. Patients with DMD typically have out-of-frame mutations in the DMD gene, which leads to
lack of dystrophin protein. However, there is an allelic, milder disease, Becker muscular
dystrophy (BMD), where in-frame mutations allow for some production of an internally deleted
dystrophin, which is at least somewhat functional. Thus, a therapeutic strategy is to restore the
DMD reading frame, thereby making a DMD mutation into a BMD mutation and likely leading
to a milder clinical phenotype. Gene editing tools such as the clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR associated protein (Cas) 9 system would allow for
permanent gene reframing. Here we describe development of a CRISPR/Cas9 gene editing
platform which deletes DMD exons 45-55, creating an in-frame mutation associated with a very

mild disease course in BMD patients. This region also encompasses a hotspot of approximately



half of all DMD patient mutations, meaning this single platform would be therapeutically
relevant for a large percentage of patients.

We first demonstrate in vitro applicability of our CRISPR/Cas9 platform in DMD human
induced pluripotent stem cells where we show restored dystrophin protein and function in
cardiac and skeletal muscle cells in vitro and after engraftment in vivo. An alternative route of
delivery besides cell therapy is direct delivery of CRISPR/Cas9 to muscle in vivo. To that end,
we created a novel humanized dystrophic mouse model containing an out-of-frame DMD gene
that we can target with our CRISPR/Cas9 platform, which is human sequence specific. We
demonstrate restored dystrophin protein after application of our CRISPR/Cas9 platform through
electroporation, viral delivery, and nanoparticle delivery in vivo. Although we have achieved
highest efficiency of dystrophin generation using adeno-associated virus (AAV) as a delivery
vehicle, this work also provides proof-of-principle development of novel nanoparticles as an
alternative means to AAV to deliver gene editing platforms to muscle in vivo. Non-viral delivery
strategies may be advantageous due to their potential to evade an immune response and achieve
stem cell targeting. Future work will continue to improve both approaches for effective direct
delivery of our CRISPR platform, which reframes the DMD gene for a large percentage of

Duchenne patients.
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Chapter 1 - Introduction
Duchenne and Becker muscular dystrophy

Duchenne muscular dystrophy (DMD) is one of the most common fatal genetic diseases
of childhood. It is an X-linked disorder that affects approximately 1 in 3500-5000 live male
births. DMD presents in childhood as a severe, progressive muscle degenerative disease,
typically resulting in loss of ambulation in the teens and premature death by the third decade of
life. Although skeletal muscle regeneration occurs in young patients and can help compensate for
muscle degeneration, over time the muscle stem (satellite) cells become exhausted and muscle
degeneration and weakness leads to loss of muscle function?®. Eventually respiratory system
failure and/or cardiomyopathy develops. Corticosteroid use and improvements in care have
slightly improved muscle strength, walking ability and lifespan, but there is currently no cure for
DMD®’.

An allelic disease, Becker muscular dystrophy (BMD), presents a milder phenotype, by
definition, BMD patients remain ambulatory until age 16 or older®. The difference in phenotype
is due to the ‘reading frame hypothesis’; DMD is most often caused by frame shifting mutations,
whereas the reading frame is typically maintained in BMD. In Duchenne, the out-of-frame
mutations in the DMD gene prevent expression of dystrophin protein while in-frame BMD

mutations result in production of an internally deleted but partially functional dystrophin®.

Dystrophin in muscle
The dystrophin protein normally functions as a shock absorber at the muscle cell
sarcolemma connecting the actin cytoskeleton to the extracellular matrix via the dystrophin

glycoprotein complex (DGC). Dystrophin also anchors the DGC to the membrane, loss of



dystrophin results in mislocalization of the complex and membrane instability. Progressive
contraction-induced injury of muscle fibers causes calcium influx, reactive oxygen species
(ROS) production, and increased membrane permeability, including leakage of creatine kinase
(CK) into the serum, which is commonly observed with muscle injury and can be used as a
diagnostic tool for DMD. Eventually the damaged muscle cells die and become replaced with fat
and fibrotic tissue®!!,

Dystrophin is a 427kDa protein containing an actin binding domain at the N-terminus, a
central rod domain composed of 24 triple-helical spectrin-like repeats with 4 hinge regions and
containing a second actin binding domain and a neuronal nitric oxide synthase (nNOS) binding
site, a cysteine rich region which binds B-dystroglycan, and a C-terminus where dystrobrevin and
syntrophins bind*? (Figure 1-1). There are 4 shorter isoforms of dystrophin expressed in other
tissues. Importantly it has been demonstrated that the entire dystrophin protein is not required for
its function in muscle; for example, portions of the rod domain are somewhat redundant®® and the
C-terminus is not required**. Studies testing mini- and micro-dystrophin constructs in vivo have
demonstrated up to 70% of the gene can be deleted and dystrophin will still retain many of its
functional properties'®>8. Recent work in mice used a micro-dystrophin construct containing just
5 repeats which restored almost normal force in vivo!® and a construct containing just 4 repeats in

dogs improved gait and clinical score®.
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Figure 1-1: Schematic of dystrophin and the dystrophin glycoprotein complex (DGC) in
normal, BMD, and DMD muscle.

Wild type dystrophin binds to actin at the N-terminus (term) to connect it to the extracellular matrix
(ECM) via the DGC which binds at the cysteine rich region and C-terminus. In skeletal muscle, the
DGC is composed of dystrophin, a- and B-dystroglycan (DG), a-, B-, y-, and d-sarcoglycans,
sarcospan, syntrophins, dystrobrevin and neuronal nitric oxide synthase (nNQOS). In-frame BMD
mutations (shown by the white box) may not affect DGC localization (although there could be reduced
expression) whereas DMD mutations resulting in a lack of dystrophin completely prevent DGC
assembly and sarcolemmal localization.

Additionally, one of the mildest BMD mutations is an in-frame exon 45-55 deletion in
the rod domain (spectrin-like repeats 17-22). Modeling of the repeat structure by eDystrophin
software?! supports that an exon 45-55 deletion can preserve near normal repeat structure
(Figure 1-2). Phenotyping studies from multiple groups have independently found patients with
this deletion that maintain walking ability and/or are asymptomatic until a late age (i.e. in their
60s). ~90% of patients with this deletion have been classified as mild BMD or asymptomatic??-
26, This offers further support that internally deleted dystrophin proteins can be extremely

functional in muscle in vivo.
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Figure 1-2: Modeling of an exon 45-55 deletion in dystrophin.

eDystrophin software?! was used to model the repeat structure of dystrophin.

A) An example of a wild type dystrophin repeat structure.

B) Model of a DMD exon 45-55 deletion (del) where repeat 17 (R17) joins with repeat 22 (R22). The
repeat structure is predicted to be maintained.

C) Example of a smaller deletion, DMD exon 45-47, where the repeat structure is not maintained.

Therapeutic strategies for DMD

Therapies being developed for DMD either focus on restoring dystrophin/membrane
stability or treating downstream effects such as inflammation or fibrosis, which will not be
discussed here. Some strategies to produce dystrophin aim to restore the reading frame, typically
turning a DMD mutation into a BMD mutation. Exon skipping uses antisense oligonucleotides to
affect splicing and cause skipping of an exon next to the patient’s deletion to put the mRNA back
in-frame. This technique is transient and thus needs to be administered repeatedly, over the entire
lifetime of the patient. Currently only a single exon can be skipped at a time and the most
prevalent exon 51 skipping is only applicable for ~13% of patients®’. One of these drugs,
EXONDYS 51, was recently granted accelerated approval from the FDA by demonstrating an
increase of ~1% dystrophin by Western blot?8. Importantly, other mouse studies have shown that
low levels of dystrophin can have functional benefit?®-32,

Other potential treatments that are in clinical trials include gene therapy of a mini- or

micro-dystrophin using adeno-associated virus (AAV) to deliver the dystrophin construct



systemically to muscle®®, and compounds that allow readthrough of premature stop codons,
applicable for ~13% of DMD patient mutations®*. Upregulation of a compensatory protein,
utrophin, is also being developed for DMD as it has been shown that utrophin is a homolog and
can functionally replace dystrophin in muscle®. Preclinical work includes stem cell therapy and

gene editing (discussed below).

Gene editing and CRISPR/Cas9

One way in which the dystrophin gene could be modified is with the clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR associated protein (Cas) system.
CRISPR/Cas was originally discovered as part of the bacterial adaptive immune response. It
consists of a guide RNA strand (CRISPR (cr) RNA complexed with trans-activation CRISPR
(tracr) RNA) which targets a Cas protein to cut DNA*-38, The CRISPR/Cas system was recently
adapted for use in specific gene editing in mammalian cells***L. In this system, a 20bp guide
sequence complementary to the target site in the DNA is added into the guide RNA (gRNA)
which then targets a Cas protein, for example the commonly used type Il Streptococcus pyogenes
(Sp) Cas9, to create a double stranded break (DSB) in the DNA 3bp upstream of the protospacer
adjacent motif (PAM, typically an NGG for SpCas9)*?. The double stranded break can be
repaired through two main mechanisms, either the cell’s endogenous repair machinery by non-
homologous end joining (NHEJ), which can result in small insertions or deletions, or
incorporation of new DNA through homology directed repair (HDR) by addition of an
exogenous template (Figure 1-3). HDR will only occur during late S/G2 phase of the cell

cycle®,



Other techniques for
gene editing, including
meganucleases, zinc finger
nucleases, and transcription
activator-like effector
nucleases (TALENS), have
been around for more than
20 years, however
CRISPR/Cas has
revolutionized the field due
to its ease of use and
increased efficiency. One of
the commonly used
applications of CRISPR has
been in generating novel
mouse models faster and

easier but it has extremely

DSB

/\
mmw

template DNA
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Figure 1-3: The CRISPR/Cas system for gene editing.

The CRISPR/Cas9 gene editing system consists of two components,
the Cas9 endonuclease (shown in blue) and a guide RNA (gRNA)
which is composed of a target spacer region for DNA binding (shown
in green) and a scaffold region for binding to Cas9 (in yellow). The
gRNA spacer sequence is designed to be homologous to a target site
in the genome which must have a 3’ protospacer adjacent motif
(PAM) sequence. gRNA targeting results in Cas9 creating a double
stranded break (DSB) in the DNA 3bp upstream of the PAM. The
DSB can be repaired either through the cells endogenous repair,
nonhomologous end joining (NHEJ) which can sometimes result in
small insertions or deletions (indels), or through homology directed
repair (HDR) to incorporate new DNA by addition of template DNA
containing homology arms.

wide-ranging potential uses*. Therapeutically, CRISPR can be used to remove, edit, or add to a

cells genome in vitro or in vivo for countless diseases. CRISPR/Cas editing in blood cells ex vivo

is the first clinical application for humans. Clinical trials were initiated in 2016 in China* and

are expected to start this year in the USA*4’ mostly using CRISPR-edited cells to fight cancer.

Chinese scientists also plan to start a trial for in vivo gene editing in humans by applying a gel

containing CRISPR/Cas to the cervix to destroy human papillomavirus (HPV)*.




For Duchenne, CRISPR/Cas has been tested in vitro to restore the DMD reading frame by
creating exon or duplication deletion(s), frameshifts, or exon insertion(s) in patient myoblasts or
pluripotent stem cells**-8, In vivo, CRISPR has been used in mdx mice, the most commonly
used mouse model of DMD which contains a premature stop codon in exon 23, or mdx4CV
mice, to restore the reading frame by point mutation correction or exon deletion®®-%. These

studies offer a variety of strategies of how CRISPR/Cas can be applied to potentially treat DMD.

Pluripotent stem cells

Pluripotent stem cells (PSCs) have the ability to self-renew indefinitely and differentiate
into any cell type of the three germ layers. PSCs are either obtained from the inner cell mass of
blastocysts (embryonic stem cells) or by reprogramming somatic cells, such as fibroblasts, to a
pluripotent cell state using transcription factors (called induced pluripotent stem cells (iPSCs)).
Human iPSCs have enormous potential for patient specific disease modeling and for autologous
cell therapy.

To use hiPSCs as a cell therapy for DMD, the main challenges are to correct the patient’s
mutation in vitro and to derive skeletal muscle progenitor cells that would be able to engraft
across multiple muscles in the body. Recent work has demonstrated improved derivation of
skeletal muscle cells in vitro without using overexpression®”"° but the systemic engraftment and
long-term potential of these cells is still unknown. CRISPR/Cas offers potential as an easy and

efficient strategy to correct the patient’s mutation in vitro as discussed above.



AAYV as a delivery vehicle for CRISPR

In vivo delivery is a major challenge for getting therapeutics to muscle in DMD. Skeletal
muscle makes up to 30-40% of body mass and is present throughout the entire body. Preclinical
work suggests AAV can systemically deliver mini/micro-dystrophin constructs to muscle in mice
and dogs’* and CRISPR/Cas9 in mice®*%3 however AAV presents some additional concerns for
CRISPR delivery. 1) It is not believed that AAV can efficiently target muscle stem cells in
vivo?, which would be a requirement for long term correction to be sustained in skeletal muscle.
2) Pre-existing antibodies to AAV preclude treatment’®. 3) Antibodies made against the AAV
capsid after a single injection would prevent readministration if high immune suppression or
other techniques are not used. 4) AAV DNA may last 5-10 years in post-mitotic muscle, which
means Cas9 would be expressed for an extended amount of time, potentially increasing off-target
risks, and would eventually be lost through cell death or division. 5) The immune response to the
AAV capsid could act as an adjuvant to Cas9, a bacterial protein that is expected to induce an
immune response’®. 6) AAV has a small carrying capacity (~4.7kb), which is not quite large
enough to contain SpCas9 and multiple gRNAs in the same vector. Some of these concerns will

be able to be overcome with future studies.

Nanoparticle delivery to muscle

Nanoparticles offer an alternative means for delivery to muscle. These are nano-scale
particles made of inorganic or organic material which can be loaded with specific cargo.
Nanoparticles can be modified to be non-immunogenic, some are biodegradable, can be modified
to be targeted (for example, to muscle stem cells) and can be readministered’. There are over 50

approved nanomedicines and more than 75 in clinical trials, mostly for cancer’®.



Recent studies have adapted nanoparticles for carrying CRISPR/Cas components. The
CRISPR/Cas system can be delivered as DNA, RNA, or ribonucleoprotein (RNP) complexes and
each type of platform may require a different nanoparticle formulation. To date, published nano-
CRISPR studies have consisted of liposomes carrying Cas9 and gRNA as RNA or RNPs, and
DNA particles (called nanoclews), gold nanoparticles, or cationic polymer nanoparticles carrying
CRISPR RNPs’~%. In mice, these particles have been used to target the liver, lung, kidneys,
tumors, the inner ear, brain, and muscle in vivo’’-80838587-9 Most in vivo studies are via local
delivery, although the liver, lung, and tumors have been targeted by systemic
delivery’’: 798487899 The one published study of nano-CRISPR in skeletal muscle was delivered
through intramuscular injection and utilized HDR, which is expected to be inefficient in post-
mitotic muscle**®3, thus no studies have yet addressed systemic muscle targeting of nanoparticles
carrying an efficient CRISPR platform.

Other nanoparticles that have been utilized for delivery to muscle have included different
nano-formulations such as liposomes, polymeric nanoparticles, perfluorocarbon nanoparticles,
and atelocollagen. These have been used to delivery antisense oligonucleotides, rapamycin,
siRNA or other genes®* 1%, However, these have been fairly limited, proof-of-concept studies
without much disease specific optimization. Thus, in general, the nano-muscle field is relatively

unexplored and could offer enormous potential for non-viral delivery to skeletal muscle.

Significance
Duchenne muscular dystrophy is a devastating disorder with a clear unmet need.

Therapeutic strategies to restore or replace dystrophin offer the most promise for treating the



underlying cause of the disease. CRISPR/Cas is a powerful tool that has potential to reverse
DMD mutations and can be applied for larger groups of patients by targeting hotspot regions.
The aim of this research was to develop a therapeutic CRISPR/Cas9 gene editing strategy
to restore the reading frame for a large percentage of DMD patients. Our platform creates an
exon 45-55 deletion in the DNA using CRISPR/Cas9, thereby generating an in-frame deletion
associated with one of the mildest BMD phenotypes. We applied this deletion to hiPSCs from
DMD patients in vitro and demonstrated restoration of dystrophin protein and function in muscle
cells derived from reframed hiPSCs. In order to have a relevant in vivo model to test our
CRISPR/Cas9 platform on the human DMD gene, we created a novel humanized dystrophic
mouse model. We generated an out-of-frame mutation (deletion of exon 45 using CRISPR/Cas9)
in the hDMD mouse, which contains the entire human DMD gene. We then utilized AAV and
nanoparticles to directly deliver our CRISPR/Cas9 platform to muscle in vitro and in vivo. This
work offers a potential therapeutic strategy to permanently restore the reading frame for half of

all DMD patients and allow for an internally deleted but functional dystrophin to be produced.
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Chapter 2 - A Single CRISPR-Cas9 Deletion Strategy that Targets the Majority of DMD

Patients Restores Dystrophin Function in hiPSC-Derived Muscle Cells

Abstract

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 deletion mutations. We applied the platform to DMD-derived hiPSCs
where successful deletion and non-homologous end joining of up to 725kb reframed the DMD
gene. This is the largest CRISPR/Cas9-mediated deletion shown to date in DMD. Use of hiPSCs
allowed for evaluation of dystrophin in 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 most

DMD patients.

Introduction

Duchenne muscular dystrophy (DMD) is the most common fatal genetic disease of
childhood, affecting ~1 in 3500-5000 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
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dystrophin leads to the degradation of DGC components which results in muscle membrane
fragility and leakage of creatine kinase (CK)°%. Approximately 60% of deletion mutations, or
50% of all mutations, causing Duchenne occur between DMD exons 45-552425, 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 6052224102, Thus, genetic manipulation to create a large deletion of exons 45-55 is a
therapeutic strategy to restore the reading frame for 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 DSB 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®S15259-6264 1 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 most DMD patient mutations.

For the first time, we demonstrate CRISPR/Cas9-mediated deletion and NHEJ of up to
725kb 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
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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 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.

Materials and Methods
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-
Prkdc““Dmd™/J were crossed with male NOD.Cg-Prkdc®l12rg™"i! /SzJ. 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 TransnetY X.

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
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Feng Zhang (Addgene #42230, #48139 respectively) adapted from 1. In brief, oligos

complementary to each other containing the gRNA sequence and Bbsl restriction enzyme site

were obtained from Integrated DNA Technologies and annealed. The annealed oligos and

plasmid were simultaneously digested with Bbsl (New England Biotechnologies) and ligated

with T4 DNA ligase (Life Technologies).

gRNA sequences and oligos used for cloning

Name Sequence Sense oligo Antisense oligo
44C1  GTGGTGTCCTTTGAATATGCAGG ?ﬁgﬁﬁlﬁ% STCCT ﬁégi(éﬁgézm
44C2  AGATTGTCCAGGATATAATTTGG gﬁgg%iﬁl&ﬂc '.?‘éégéﬁggémc
44C3  TTAGCAACCAAATTATATCCTGG gﬁiﬁﬁ;ﬁ%@gc ?ﬁ‘g‘ngGGACTTmAT
44C4  GTTGAAATTAAACTACACACTGG  3a COl [OAPATT  AMCBTCTETAGTT
44C5  ATCTTTACCTGCATATTCAAAGG  Coc el A A e
55C1  TACACATTTTTAGGCTTGACAGG o COTATACATTT ALSCe AT
55C2  CATTCCTGGGAGTCTGTCATGGG  caxoocniloGte  AALCATOACABAC
55C3  TGTATGATGCTATAATACCAAGG gﬁgggﬂﬁggf ééﬁ%ﬁ%lélgmp‘
55C4  GTGGAAAGTACATAGGACCTTGG — SACCCTCOARAGT  AAACACS ICTTAT
55C5 ~ TCTTATCATAACTCTTACCAAGG iﬁggglggg}m ﬁfﬁfgff; AAGAECAG

Red text is NGG PAM sequence

Cell culture

Human embryonic kidney (HEK) 293FT cells (Life Technologies) were grown in

standard conditions with growth medium consisting of DMEM (high glucose) with 10% fetal

bovine serum (FBS, Life Technologies), 0.1mM non-essential amino acids (NEAA, Life

Technologies), 6mM L-glutamine (Life Technologies).
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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!®. 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

Geneticse.

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 40ul 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®. 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 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.
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Transfection and nucleofection of gRNAs

3x10° 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 10uM ROCK inhibitor Y-
27632 (ROCKI, Tocris Bioscience) for 1hr and trysinized into a single cell suspension with
TryplE (Life Technologies). 8x10° hiPSCs were nucleofected per 100pl 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 ROCKi.
For selection, 0.35ug/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 ROCK:i using a
FACSAria sorter (BD) into individual 96 wells or plated at low densities of 3x10°-5x10° cells
per 10cm dish in mTeSR1 plus ROCK:I. After 2 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.
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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
55surv2 R, reverse primer for del genotyping CCCTTTTCTTGGCGTATTGCC
55undell_F, forward primer for undel genotyping GCCTGGGTCTCTGCTATCAA
55undell 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

hiPSCs were differentiated into skeletal muscle cells by overexpression of MyoD,
adapted from %7, 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 ROCKIi, 0.4uM PD0325901 (Sigma-Aldrich), 2uM SB431542 (Tocris
Bioscience), 1uM CHIR99021 (Tocris Bioscience)) at 3.5x10° cells/ 6 well. When they reached

approximately 60-80% confluent they were infected with 0.06ug/mL of a tamoxifen inducible
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MyoD-ERT lentivirus (adapted from %) 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
2ug/ml puromycin in SMC4 for 2 days. The cells were then split and plated on Matrigel in basal
medium without bFGF plus 10uM ROCKi at approximately 1x10° cells/cm? 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 2.5x10* cells/cm? 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 6x10* cells/cm? 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 1pg/ml puromycin for 4 days followed by induction in IMDM containing 15%
FBS, 10% horse serum (HS), 1% chick 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 ¢° was also used to obtain
SMPCs. Cells were single cell plated in mTeSR1 with 10uM ROCK:i at 3.75x10° 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,
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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!®!° 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

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 Taqg 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 MgCly, 1ul Surveyor enhancer, and 1.2pl 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
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polyacrylamide gel (Bio-Rad) and visualized with ethidium bromide staining. The percent of
cutting was determined using ImageJ*.

Primer sequences for PCR

Primer name, purpose Sequence

44surv_F forward primer for intron 44 surveyor GAGAGTTTGCCTGGACGGA
44surv_R, reverse primer for intron 44 surveyor CCTCTCTATACAAATGCCAACGC
55surv2_F, forward primer for intron 55 surveyor TCCAGGCCTCCTCTCTTTGA
55surv2_R, reverse primer for intron 55 surveyor CCCTTTTCTTGGCGTATTGCC

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 5mM HEPES, 5mM KCl,
1mM MgClz, 5mM NaCl, 1.2mM CaClz, ImM 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 30ul 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 8ul 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.
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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-qPCR (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 Tag. 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.

Primer sequences for PCR

Primer name, purpose Sequence

DMD_E43-44 F, forward primer for cDNA, deleted CCGACAAGGGCGATTTGACA
DMD_E57 R, reverse primer for cDNA, deleted AAGTCGCCTCCAATAGGTGC
DMD_E52 F, forward primer for cDNA, undeleted ACTCATTACCGCTGCCCAAA
DMD_E55 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 5ul of miRNA with TagMan microRNA reverse transcription Kit
(Applied Biosystems) using a TagMan MicroRNA Assay (Applied Biosystems) for hsa-miR-31
(assay 1D 002279) and U6 snRNA (assay ID 001973) with specific RT primers. PCR reactions
were prepared in a premix of 22pl with 1.46ul 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. 20ul 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 70l of oil and droplets were generated with the QX200 droplet
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generator (Bio-Rad). 40ul 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
U6. Standard deviation error was propagated through all calculations. All lines were normalized

to CDMD 1002 wild type.

Engraftment into immunodeficient mice

NOD scid IL2Rgamma (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*2. 1x108 cells obtained from MyoD OE after induction were pelleted and
resuspended in 5L 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.
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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 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, %) or beta-dystroglycan (1:100, Leica Biosystems) and myosin heavy chain
(2.9ug/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.O.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.
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Western blot analysis
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 4

with slight modifications. In
brief, cells were solubilized in 500 ul of lysis buffer (L0mM 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 13,000g. Clarified
lysates were transferred to new tubes, aliquoted and stored at -80°C 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. Immunoblotting was
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performed with mouse anti-p-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*® 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.

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 OT5 Chr11:28401278-28401300
44C4_OT6 Chr11:96681660-96681682
44C4_OT7 ChrX:44266358-44266380
44C4_OT8 Chr6:75606852-75606874
44C4 OT9 Chr1:91110525-91110547
44C4 _OT10 Chr3:145258890-145258912
55C3 OT1 Chr18:31956684-31956706
55C3 0OT2 Chr2:28730131-28730153
55C3 _0OT3 Chr10:4923833-4923855
55C3_0T4 Chr13:68797419-68797440
55C3_OT5 Chr13:70672235-70672256
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55C3_0OT6 Chr4:101494350-101494372

55C3_0OT7 Chr3:81046407-81046428

55C3_0T8 Chr11:45856883-45856904
55C3_0T9 Chr1:171162826-171162847
55C3_0T10 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, then the corresponding t-

test was used. Significance was determined by a p-value less than 0.05.

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 frame-shifting 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 2-1A and 2-
1B). CDMD hiPSCs maintain pluripotency, as they form teratomas in vivo that represent all three

germ layers (Figure 2-1C), and each harbor unique mutations (Figure 2-1D).

CRISPR/Cas9-mediated deletion and NHEJ of up to 725kb 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 ~500bp of the intron next to each of the flanking
exons (44 and 56). The rationale for this design is to develop gRNAs applicable to as many

patient mutations as possible and to ensure a small functional chimeric intron is generated.
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During NHEJ, the 3’ end of intron 44 and the 5’ end of intron 55 join to create a ~1kb chimeric
intron (Figure 2-2A). We expect 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 2-2B and 2-2C). Using
multiplex PCR, gRNAs transfected in pairs were shown to effectively delete the entire 708kb
region encompassing exons 45-55 (Figures 2-2D).

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,
1008) require ~530kb, 670kb, or 725kb for successful deletion and NHEJ of DMD respectively.
The gRNAs used were shown to be active in all three lines and effectively deleted exons 45-55
(Figures 2-3 and 2-4). Transient puromycin selection of cells nucleofected with the CRISPR

plasmids improved the efficiency of deletion in CDMD 1003 and 1006 hiPSCs (Figure 2-4D).

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 (Figure 2-5) and are
pluripotent (Figures 2-5C and 2-6A). All reframed lines were karyotypically normal (Figure 2-
6B) except for one clone (CDMD 1003-81), which was found to contain a 1q32 amplification
confirmed via FISH analysis, also observed in the original parental line and in all daughter
clones after post-hoc analysis. The 1932 amplification is common in hPSCs after extended

propagation in culture!®, and thus was not a result of CRISPR-mediated off-target activity. To
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determine off-target activity of our gRNAs, the top 10 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 2-2). 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 (DYS?4%%) 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 DYS2%-%). 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 of MyoD to evaluate rescue of DYS2%-°, PCR and sequencing of the exon
44/56 boundary in cDNA from the reframed cardiomyocyte clones demonstrated correct splicing
of the dystrophin transcript (Figures 2-7A and 2-7B). Additionally, both the reframed cardiac
and skeletal muscle cell lines restored dystrophin expression as assayed by
immunocytochemistry and Western blot (Figures 2-7C-E). Compared to wild type CDMD 1002

or human skeletal muscle myotubes (HSMM), the band was truncated by ~66kDa as expected.

DYS44-% 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"118 as is seen in
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human patients'®:. To determine whether DY S43- could restore stability to dystrophic plasma
membranes, we subjected differentiated cardiomyocytes and skeletal muscle myotubes derived
from reframed and out-of-frame hiPSCs to hypoosmotic conditions. Cells were stressed by
incubation in hypoosmolar solutions (66-240mosmol) 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
DY S24-% was capable of reducing membrane fragility (Figure 2-8A and 2-8B). The same trend
was also observed with CDMD 1006/1006-1 cardiomyocytes (Figure 2-8C). After normalizing
and pooling all experiments, we observed that significantly less CK was released at 93, 135, and

240mosmol in the reframed and wild type cells compared to out-of-frame (Figure 2-8D).

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 2-9A). Thus, reframing the DMD gene
normalizes miR31 levels similar to BMD, demonstrating functional rescue of the dystrophic

phenotype to a BMD phenotype.
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DYS?#5% protein restores the DGC in vitro and in vivo

As a third assay of DYS2%-% 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 (Figure 2-9B and 2-9C). 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 of NSG-mdx mice. Correctly
localized dystrophin and -dystroglycan was only observed in engrafted human cells (demarked
by human lamin A/C and spectrin) from the reframed or wild type lines (Figure 2-9D and 2-9E).
These studies taken together with the hypoosmotic stress assays demonstrate the ability of
DYS24-% 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 at least half of all Duchenne patients. Since this
internal deletion has been associated with a very mild disease course in multiple independent
Becker 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 10 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 (DY S24-%) in both cardiomyocytes and
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skeletal myotubes in vitro. Functionality of DY SA43- 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 (e.g. exon skipping*®).
Additionally, we demonstrated a normalization in miR31 levels, a 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 DYS2%-° (Figure 2-10).

Previous work by Ousterout et al. demonstrated that multiplexed gRNAS can restore the
DMD reading frame in primary myoblasts*®. However, myoblasts do not provide a renewable
source of stem cells, which is a requirement for long-term therapeutic efficacy*?. 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, 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 around half of all DMD patients. By designing gRNAs that accomplish a deletion
that encompasses a large percentage 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
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advantageous over exon skipping, as it results in permanent restoration of reading frame as
opposed to transient effects on RNA splicing. Previously, Li et al. used CRISPR/Cas9 to induce
exon skipping, frameshifting, or exon knockin to restore dystrophin in a DMD hiPSC line with
an exon 44 deletion®; however, their platform is only applicable to 3-9% of DMD patients*?!,
and two of their strategies relied on creation of indels which would be difficult to apply
consistently to each patient. While Ousterout et al. deleted exons 45-55, they removed
significantly less of the intervening region (336kb) 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 DY S43-%° 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?®. Larger deletions, which remove hinge 111 (exons 50-51), are
believed to lead to a milder BMD phenotype than smaller deletions, or those which retain hinge
111122, 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 dystrophin reading frame in multiple patient-derived hiPSCs. Our
approach using CRISPR/Cas9 and NHEJ deletes up to 725kb 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 for rapid clonal line derivation, and the utilization of hiPSC-
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derived cardiac and skeletal muscle progenitors combined with gene correction. Alternatively,
CRISPR/Cas9 to restore the reading frame in DMD mouse models has been delivered directly in
vivo'?31% Thus, applications of this platform in the future will allow for the development of an
in situ gene correction strategy or ex vivo gene correction followed by autologous cell

transplantation, either of which offers tremendous potential for DMD.
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Figure 2-1: CDMD hiPSCs are pluripotent and genetically stable.

A) CDMD hiPSCs were generated from DMD fibroblasts. Brightfield images depict fibroblasts
before and after reprogramming to hiPSCs. Immunocytochemical staining reveals that cells
express pluripotency markers NANOG (green) and SOX2 (red). Scale bar 100pum.

B) Karyotyping of all lines is shown.

C) CDMD hiPSCs were injected into mice to test teratoma formation in vivo. Representative
hematoxylin and eosin 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 NHEJ is indicated, based on comparative
genomic hybridization data for the patient’s underlying mutation size.
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Figure 2-2: gRNA activity and exon 45-55 deletion in 293FT cells.

A) A cartoon (not to scale) 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.

B)-C) Five gRNAs targeted to introns 44 and 55 respectively, show activity on Surveyor assay in
HEK293FT cells. Red arrows denote expected cleavage product bands (sizes in Table 2-1). 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.

D) Example of a multiplex PCR, using the primers indicated in A, in which effective deletion of
exons 45-55 was achieved with all gRNA pairs tested in 293FT cells. A 100bp ladder was used.
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Table 2-1: Expected cleavage product sizes from Surveyor assay.

gRNA 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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Figure 2-3: gRNAs show cutting by Surveyor assay in CDMD hiPSCs.
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 (sizes in Table 2-1). 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.

39




] ) Y 3] )

& S 6;,;‘}’ e

NN S e KN
RO a7 X N (§ RO AN,

— —

Deleted [- — - - - -

B C  a4ca+ssc3+
CRISPR pair Example sequences at rejoining Intron 44 | Intron 55
44C1+55C3  9bpdeletion, 151bpdeletionw 16bp 450 440

insertion CTGGTGCTGIGGE

44C1+55C5  17bp deletion
CCAGTQCCAAGG' PCR product

el ot Nokue ol e ~e~ "
CCAGTQECCAAGG Predicted

44C3+55C5 Seamless, 7bp deletion

44C3+55C3  6bp deletion, 34bp deletion, 2bp
insertion

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

CDMD 1003 CDMD 1006 CDMD 1008
44C4+55C3 GFP W 44C4+55C3 GFP 4ach+55C3 GFP

“ Piro: - i
et Lol

- - - g
- -
Deleted | ——m - - -
—— —
i
—
—

s e
- - -

Figure 2-4: Nucleofection of paired gRNAs results in an exon 45-55 deletion in CDMD
hiPSCs.

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.

C) The sequencing for 44C4 + 55C3* seamless rejoining is shown. *3x the amount of DNA was
added during nucleofection.

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. A 100bp ladder was used.
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Figure 2-5: Generation of stable, pluripotent CDMD hiPSC lines with an exon 45-55
deletion.

A) Shown is a cartoon (not to scale) of the region of DMD targeted for CRISPR/Cas9-mediated
deletion in CDMD hiPSCs using gRNAs specific to introns 44 and 55 (lightning bolts).
Successful NHEJ deletes exons 45-55 and restores the reading frame for DMD 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, 1003-
81) were identified as stably deleted. Deletion PCR genotyping results for 6 hiPSC clonal lines is
shown. One pair of primers (red arrows in A) was located internal to the deletion and only
produced a 1201bp 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 788bp band only when the
deletion and NHEJ occurred successfully, as in the reframed clones CDMD 1006-1, 1003-49,
1003-57, 1003-81.

C) Each clonal line maintained normal morphology (brightfield) and expressed NANOG (green)
and SOX2 (red) by immunocytochemistry. Scale bar 100um. Shown to the right is the sequence
of the gDNA at the rejoining site between introns 44 (144) and 55 (155). Sequencing revealed a
16bp deletion in CDMD 1006-1, a 2bp insertion in CDMD 1003-49, and 1bp insertions in
CDMD 1003-57 and CDMD 1003-81.
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Figure 2-6: Additional characterization of reframed lines.

A) Reframed lines CDMD 1006-1, 1003-49, 1003-57, and 1003-81 formed teratomas consisting
of the three germ layers in vivo.

B) All reframed lines were determined to be karyotypically normal except for CDMD 1003-81,
which was found to contain a 1932 amplification via FISH analysis. Upon retrospective analysis,
the 1932 amplification was determined to have existed in 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.
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Table 2-2: Sequencing results from off-target analysis.
See excel file under Supplemental Information at http://www.cell.com/cell-stem-
cell/fulltext/S1934-5909(16)00022-9.
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Figure 2-7: Reframed CDMD hiPSC-derived skeletal muscle and cardiomyocytes restore
dystrophin expression.

A) 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.

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

C) Immunocytochemical staining of human myosin heavy chain (MyHC, red) and dystrophin
(green) of wild type (CDMD 1002), out-of-frame (CDMD 1003, 1006) or reframed (CDMD
1003-49, 1006-1) cardiomyocytes derived from hiPSCs by directed differentiation. Inset depicts
zoomed in region defined by the white box. Scale bar 50um.

D) Immunocytochemical staining of MyHC (red) and dystrophin (green) of wild type (CDMD
1002), out-of-frame (CDMD 1006) or reframed (CDMD 1006-1, 1003-49) skeletal muscle
myotubes derived from hiPSCs. Myotubes were fused after MyoD overexpression (OE) or from
sorted NCAM™ cells after an adapted directed differentiation 50-day protocol. Inset depicts
zoomed in region defined by the white box. Scale bar 100um.

E) Western blots of cell extracts probed with anti-dystrophin. 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 (1779bp, ~66kDa) is evident in reframed vs. wild type dystrophin (arrows). A non-
specific band around 220kDa was seen in some samples. Samples were also probed with anti-
MyHC as a loading control (bottom panels).
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Figure 2-8: Reframed hiPSC-derived cardiomyocytes and skeletal muscle cells demonstrate

restored membrane stability in vitro.

A)-C) Representative graphs of CK release assays from cells exposed to hypoosmotic conditions.
Cardiomyocytes and skeletal muscle myotubes derived from hiPSCs were subjected to a range of
osmolarities below 240mosmol and CK release to the supernatant was measured as an indication
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of membrane fragility. Data are presented as average * standard error.

D) CK release assay data normalized to out-of-frame cells and pooled from all experiments
shown (n=6 for out-of-frame and reframed (except n=5 for reframed 135mosmol), n=4 for wild
type). Data are presented as average * standard error. *p<0.05, **p<0.01.
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Figure 2-9: Reframed hiPSC-derived cardiomyocytes and skeletal muscle cells demonstrate
restored function in vitro and in vivo.

A) 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 + standard deviation.

B) Western blots of cell extracts probed with anti-p-dystroglycan, a component of the DGC.
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).

48



C) Immunocytochemical staining of MyHC (red) and B-dystroglycan (green) 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 50um.

D) 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 (grey). All sections were stained with DAPI (blue) to identify
nuclei. Scale bar 100um.

E) 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 grey and -
dystroglycan is shown in green. All sections were stained with DAPI (blue) to identify nuclei.
Cell order is same as noted in D. Scale bar 20pum.
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Figure 2-10: Summary of CRISPR/Cas9 mediated reframing of the DMD gene in DMD
hiPSCs.

DMD patient fibroblasts were reprogrammed into hiPSCs, which were differentiated to disease
relevant cell types of skeletal and cardiac muscle. The out-of-frame muscle cells demonstrated a
lack of dystrophin and B-dystroglycan and reduced membrane stability seen by leakage of CK.
Stable hiPSC reframed lines were obtained using CRISPR/Cas9 to delete DMD exons 45-55.
Reframed hiPSC derived muscle cells had restored dystrophin and B-dystroglycan and improved
membrane stability.



Chapter 3 - Creation of a Novel Humanized Dystrophic Mouse Model of Duchenne

Muscular Dystrophy and Application of a CRISPR/Cas9 Gene Editing Therapy

Abstract

Duchenne muscular dystrophy is caused by mutations in DMD which disrupt the reading
frame. Therapeutic strategies that restore DMD’s reading frame, such as exon skipping and
CRISPR/Cas9, need to be tested in the context of the human DMD sequence in vivo. We have
developed a novel dystrophic mouse model by using CRISPR/Cas9 to delete exon 45 in the
human DMD gene in hDMD mice, which places DMD out-of-frame. We have utilized this model
to demonstrate that our clinically-relevant CRISPR/Cas9 platform, which targets deletion of

human DMD exons 45-55, can be directly applied in vivo to restore dystrophin.

Introduction

Duchenne muscular dystrophy (DMD) is a progressive muscle degenerative disease,
affecting about 1 in 5000 male births?®. It is most often caused by out-of-frame mutations in the
DMD gene, which prevent expression of dystrophin protein. Dystrophin normally stabilizes and
assembles the dystrophin glycoprotein complex (DGC) at the muscle fiber sarcolemma to
connect the actin cytoskeleton to the extracellular matrix. Lack of dystrophin and the DGC leads
to muscle fiber damage and progressive degeneration, resulting in fibro-adipogenic accumulation
in the muscle. Potential therapeutic strategies, such as exon skipping, or clustered, regularly
interspaced, short palindromic repeats (CRISPR) and -associated protein (Cas) 9
(CRISPR/Cas9), aim to restore the DMD reading frame, which will lead to the milder, allelic

disease Becker muscular dystrophy*?”. Exon skipping therapies use antisense oligonucleotides to
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target a specific sequence in the dystrophin mRNA and alter the splicing pattern to reframe the
transcript'?®, CRISPR/Cas9-based therapies use guide RNAs (JRNAs) and the Cas9 nuclease to
target specific sequences of genomic DNA for deletion or editing3®-*!. Currently, there are no
mouse models that allow for testing of such therapies on the human DMD sequence in a
dystrophic context in vivo.

A humanized mouse (hDMD) was previously generated in which the entire human DMD
sequence was integrated into mouse chromosome 5*2°. However, this mouse expresses the wild
type human DMD transcript and does not present a dystrophic phenotype, even if crossed to the
mdx mouse which lacks murine dystrophin, since human dystrophin can functionally replace the
mouse protein. Since the CRISPR/Cas9 system has shown much promise in quickly and easily
generating novel mouse models, we used CRISPR/Cas9 to make an out-of-frame mutation by
deleting exon 45 of the human DMD gene in hDMD mouse zygotes (hereafter referred to as
hDMD del45 mice). We have crossed this mouse to both the mdx and mdxD2 backgrounds, both
of which have a premature stop codon in the mouse Dmd gene. MdxD2 mice are on the DBA2
background and have a more severe phenotype than mdx mice on the C57BL/10 background,
primarily due to two modifier genes, Ltbp4 and Anxa6*°*%2, Here we describe the initial
characterization of the hDMD del45 model. We show that muscles of hDMD del45 mdxD2 mice
contain a mutated human DMD gene lacking exon 45 and are dystrophic. We also show proof-
of-principle in vivo application of our CRISPR/Cas9 gene editing platform which targets human
DMD exons 45-55 for deletion to restore the reading frame for about half of all Duchenne

patients®’.
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Materials and Methods
Mice

All animal work was conducted under protocols approved by the UCLA Animal
Research Committee in the Office of Animal Research Oversight. hDMD (Tg(DMD)72Thoen/J,
018900), C57BL/10 mdx (001801), and mdxD2 (D1.B10-Dmdmdx/J, 013141) mice were

obtained from Jackson Laboratories.

Generation of hDMD del45 mice

CRISPR/Cas9 injection into hDMD zygotes was performed by the University of
California, Davis, Mouse Biology Program. 100ng/ul mRNA Cas9 was mixed with 20ng/ul of
each of 44C1, 44C2, 45C2, 45C3 gRNAs (sequences below) produced via in vitro transcription.
2-4pL (0.2-0.4pg Cas9 and 0.04-0.08pg each gRNA) was injected into the nucleus with excess
positive flow into the cytoplasm. Pups were PCR screened for the deletion and the sequence

confirmed via Sanger sequencing.

Mice genotyping

An hDMD genotyping protocol was adapted from Jackson Laboratories for use with
GeneMate Taq (BioExpress). Mdx genotyping was performed using ARMS PCR and confirmed
by sequencing. Genotyping for the Ltbp4 allele was done using primers flanking the deletion
with GeneMate Taq. The Anxa6 mutation was checked by sequencing. Genotyping for hDMD
del45 mice was performed using GeneMate Tag. Per 12.5ul reaction, 1.25ul NH4 buffer, 1pul
50mM MgCly, 0.5ul DMSO, 0.6l hDMD 45 del2 F primer, 0.6ul hDMD 45 del2 R primer,

0.1pl 25mM dNTP, 0.3pl Taqg, 7.15ul H20, and 1ul tail DNA was mixed. The PCR was run at
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95°C 2min, then 35 cycles of 95°C 30s, 56.5°C 30s, 72°C 1:30min, then 72°C 10min. PCR

products were run on a 2% gel. No deletion produced a 1254bp band and an exon 45 deletion

produced a 550-715bp band. Primer sequences below. Sanger sequencing of PCR products was

performed by Laragen Inc.

Primer sequences for PCR

Primer name, purpose Sequence

Ltbp4 21991 F, genotyping for LTBP4 allele AACCGCTACCCAAACCTTCA
Ltbp4 22379 R, genotyping for LTBP4 allele AGGCTTTCTGCCTACTCGTC
hDMD45del2 F, genotyping for hDMD del45 mice TGGCTCAAGTTCCCCTTCAA
hDMD45del2 R, genotyping for hDMD del45 mice TGGGATGCTCCTGAAAGCAA
hdmdseq44F, Surveyor for 144 and for 293FT deletion PCR  ~ AGGTGGGCAAAGACAACTGA
hdmdseq44R, Surveyor for 144 TGGGAAGCCTGAATCTGCG
hdmdseq45F, Surveyor for 145 TCTGACAACAGTTTGCCGC

hdmdseqg45R, Surveyor for 145 and for 293FT deletion PCR

TGACATAAGGATTTGAGTCATTCAG

44 F, PCR for exon 45-55 deletion®

CTGGACGGAGCTGGTTTATCT

55surv2_R, PCR for exon 45-55 deletion®’

CCCTTTTCTTGGCGTATTGCC

55undelF, PCR for undeleted exon 45-55 allele%’

GCCTGGGTCTCTGCTATCAA

55undelR, PCR for undeleted exon 45-55 allele%’

GCCACTTTGTACTCCGCACT

CRISPR/Cas9 gRNA generation and screening

gRNAs targeting DMD introns 44 and 45 were designed using crispr.mit.edu and cloned

into px330 (Addgene 42230, Feng Zhang *°) as previously described®’. Sequences below. Each

gRNA was screened individually or in pairs in human embryonic kidney (HEK) 293FT cells

using TransIT 293 (Mirus Bio) according to the manufacturer’s instructions and as described®’.

Surveyor assay (IDT) was performed to assess single gRNA cutting ability as described®’. The

exon 45 deletion was assessed by Accuprime Taq HiFi (Thermo Fisher Scientific) PCR using

primers flanking the deleted region (primer sequences in table above) where a 2037bp undeleted

or 1329-1521bp deleted product was produced.

gRNAs for the exon 45-55 deletion (44C4, 55C3) from 7 were cloned into px333

(Addgene 64073, Andrea Ventura 3) in tandem using Bbsl and Bsal.
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gRNA sequences and oligos for cloning

Name Sequence Sense oligo Antisense oligo
44CL  ATATACTTGTGGCTAGTTAGTGG A CRTATARTIC  AAACH A AGCC
44C2  ATTCACCTTGAAGCAATCATGGG gﬁig%ﬁg%ﬁ%(:ﬁ éﬁﬁgggﬁEgCTT
44C4  TCTTTACTGCTGTTGATTAATGG gﬁgg%ﬂgﬁcm é’é‘ﬁgRAA'XEiACACA
45C1  AAAAACTGGAGCTAACCGAGAGG gﬁg@(éﬁﬁé@ggge '.?‘ééngCTGTGTTCTAGC
45C2  TGTCCTACAAATCAATTAGTTGG iﬁggf\I\ﬂi(éTrACA '.?‘TAC?E:‘GCGT ﬁCAZEGAT
45C3  CAGGGAAAAAAGCACCCTCTCGG — SACCOCACOOAAA  AMACASASESTECT

Green is NGG PAM

In vivo electroporation

hDMD del45 mdx and hDMD del45 mdxD2 mice were electroporated as described'3*
with 20ug of px333 plasmid DNA (Addgene 64073, Andrea Ventura 1*3) containing CRISPR
guides 44C4 and 55C3 (from °’) or pmaxGFP as a control for hDMD del45 mdxD2 mice. In
brief, 5ul hyaluronidase was injected into the flexor digitorum brevis (FDB) muscle and 1hr later
the DNA was injected and electroporated 20 times for 20ms at 1Hz.

hDMD del45 mdx mice were harvested 22 or 33 days later and genomic DNA was
extracted by digesting the muscles with proteinase K then using the Quick-gDNA™ Miniprep
Kit (Zymo Research). PCR for an exon 45-55 deletion was performed as described using
Accuprime Tag HiFi (Thermo Fisher Scientific) or Herculase Il Fusion Polymerase (Agilent
Genomics)®’. Sequencing of blunt cloned PCR products from Zero Blunt® TOPO® (Life
Technologies) was done by Laragen Inc.

hDMD del45 mdxD2 mice were harvested 24 days post-electroporation. The interosseous
(10) and FDB were flash frozen and samples of 10um cryosections taken throughout the whole
muscle. Intervening sections as well as the lumbricalis were used for genomic DNA extraction

and PCR as above.

55



Immunostaining and H&E staining

Harvested muscles were flash frozen in isopentane and cryosectioned at 10um thickness.
Blocking and staining was done as previously described®’. Primary antibodies consisting of anti-
human dystrophin (1:5, MANDYS106, MDA Monoclonal Antibody Resource, 1) and anti-
laminin (1:200, Sigma-Aldrich), 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 (Zeiss).

Muscle sections were also stained with hematoxylin and eosin and imaged on an Axio
Imager M1 microscope (Zeiss).

Muscle sections from the electroporation experiment were fixed in cold acetone for 1 min
then blocked with PBS containing 0.05% Tween-20 and 5% horse serum for 1-1.5hrs. The
M.O.M. blocking kit (Vector Laboratories) was applied according to the manufacturer’s
instructions then primary antibodies of anti-laminin, human dystrophin (1:55, MANDYS106,
Millipore-Sigma), dystrophin E48/50 (1:10, MANEX4850, MDA Monoclonal Antibody
Resource, %) were added in PBS with 0.05% Tween-20, 5% FBS at 4°C overnight. The rest of
the procedure was the same as described above. Control and treated slides were imaged at the

same exposure and the contrast adjusted the same.

Western blotting

100ug of frozen tissues were solubilized in 50mM tris-HCI (pH 7.4), 7M urea, 2M
thiourea, 4% CHAPS, 2% SDS, 50mM B-mercaptoethanol. Lysates were incubated at 4°C for 60
min with gentle rotation, and centrifuged for 5 min at 13,0009. Clarified lysates were transferred

into new tubes, aliquoted and stored at -80°C until use. Protein concentration was determined
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using 2-D Quant Kit (GE Healthcare Life Sciences). 20pug of hDMD del45 mdxD2 or hDMD
del45 mdx gastrocnemius, TA, diaphragm and heart muscle lysates, 20pg of mdxD2
gastrocnemius lysate and 5-20ug of hDMD (wt) mdxD2 or hDMD (wt) mdx gastrocnemius
muscle lysate were subjected to electrophoresis in a 6% polyacrylamide gel (PAAG), transferred
to a nitrocellulose membrane and blotted with anti-human dystrophin antibody MANDY S106
(1:100 in PBSAT, Millipore Sigma) and stained with Ponceau S (Sigma-Aldrich).

For titration blots, lysates were prepared as described*®. Briefly, muscle tissue was
homogenized for 1min in 1mL of ice-cold Mito buffer [0.2mM EDTA, 0.25mM sucrose, 10mM
tris-HCI (pH 7.4)] with protease/phosphatase inhibitor cocktail (Pierce) and
deoxyribonuclease/ribonuclease and subjected to low-speed (15009) centrifugation for 10 min at
4°C. The supernatant was centrifuged at 100,000g for 30min for isolation of membrane fraction.
Isolated membranes and pellet after low-speed centrifugation were combined and resuspended in
300ul extraction buffer [50mM tris-HCI (pH 7.4), 7M urea, 2M thiourea, 4% CHAPS, 2% SDS,
50mM B-mercaptoethanol] followed by centrifugation for 5min at 13,000g. Various amounts of
hDMD (wt) mdxD2 and hDMD del45 mdxD2 gastrocnemius lysates were subjected to 6% SDS-
PAAG electrophoresis, blotted onto nitrocellulose membranes and probed with anti-human
dystrophin antibody MANDY S106, anti-dystrophin MANDY S8 (1:400, Sigma-Aldrich), anti-
dystrophin (1:300, Abcam Ab15277) or anti-vinculin (1:5000, Sigma-Aldrich) overnight at 4°C.

Secondary antibodies used were anti-mouse and anti-rabbit peroxidase conjugates
(1:10000 in 5% milk/PBST, Sigma-Aldrich). Blots were developed using ChemiGlow West
chemiluminescent detection kit (Protein Simple). Signals were registered by the Azure C300

(Azure Biosystems).
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Results

We sought to generate a mouse model that expresses a mutated human DMD gene in
mice lacking murine dystrophin. To this end, we designed gRNAs targeting DMD introns 44 and
45 to cause deletion of exon 45 via non-homologous end joining (NHEJ) of the human DMD
gene in hDMD mice. The gRNAs were screened individually and in pairs in HEK293FT cells,
and their ability to cause Cas9 cutting (Figure 3-1A) or an exon 45 deletion (Figure 3-1B),
respectively, was assessed. Two pairs that had the highest deletion efficacy were chosen and in
combination, microinjected into hDMD zygotes to make an out-of-frame DMD mutation (Figure
3-2A). 15 pups were screened and one female heterozygous pup and one male compound
heterozygous pup were obtained (data not shown), hereafter referred to as hDMD del45 mice.
Upon crossing, both founder mice were shown to have germline transmission of the exon 45
deletion (Figure 3-2B), which was confirmed by sequencing of the intron 44/45 rejoining site
(Figure 3-2C).

hDMD del45 mice were crossed to mdxD2 and then mdx mice to generate fully
dystrophic models. As a control, wild type hDMD mice were also crossed to mdx and mdxD2
mice, so these mice expressed human dystrophin but lacked the murine equivalent. The resulting
hDMD del45 mdxD2 mice and hDMD del45 mdx mice (from the first or second cross) lacked
human dystrophin by Western blot (Figures 3-2D, 3-3A and 3-4A) and immunostaining
(Figures 3-2E, 3-3B and 3-4B). Occasionally, a few revertant dystrophin+ fibers were seen (see
asterisks in Figure 3-2E or heart in Figures 3-3B and 3-4B) but these events were infrequent.
The muscle pathology of hDMD del45 mdxD2 mice was dystrophic, with features of fibrosis,
inflammation, and calcium deposits, compared to the hDMD mdxD2 mice which express the

wild type DMD gene that rescues the dystrophic phenotype (Figures 3-2F and 3-3C).
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To demonstrate the in vivo utility of this mouse, we applied our therapeutic
CRISPR/Cas9 gene editing platform that targets human DMD exons 45-55 for deletion.
Treatment with the CRISPR/Cas9 platform will restore the reading frame for out-of-frame
mutations in this region, such as an exon 45 deletion (Figure 3-5A). We electroporated a
plasmid containing one gRNA targeted to intron 44 and one to intron 55° in tandem with Cas9
into the FDB muscle of 12 week old hDMD del45 mdx mice and 18.5 week old hDMD del45
mdxD2 mice. After 22-33 days, an exon 45-55 deletion in the FDB, 10, and/or lumbricalis
(Lum) muscles was observed by genomic DNA PCR (Figure 3-5B) and sequencing of the intron
44/55 rejoining site (Figure 3-5C) in the electroporated mice. Dystrophin restoration was
observed by immunostaining in the 10 and FDB of the electroporated hDMD del45 mdxD2 mice
(Figure 3-5D). Thus, our novel humanized dystrophic hDMD del45 mouse model demonstrates
proof-of-principle that a human targeted CRISPR/Cas9 platform is functional in vivo. This
mouse model will be a useful resource for testing different CRISPR/Cas9 strategies and other

therapies that target the human DMD gene.

Discussion

Here we describe a novel humanized mouse model of Duchenne muscular dystrophy. We
have created an out-of-frame human DMD exon 45 deletion in the hDMD mouse (referred to as
hDMD del45) and have crossed it to mdx and mdxD2 backgrounds so that the mice completely
lack dystrophin. We have validated that this model lacks human dystrophin and presents with a
dystrophic muscle pathology in multiple muscles across the body. Lastly, we have shown one
utility of this mouse by applying our CRISPR/Cas9 platform which targets human DMD exons

45-55 for deletion. After delivering the CRISPR/Cas9 platform via electroporation in vivo we
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have demonstrated a restored DMD reading frame and dystrophin expression in the hDMD del45
mdx and mdxD2 mouse.

This mouse has a wide range of uses. The model will be useful for testing a variety of
antisense oligonucleotides against a mutated human sequence in vivo since the reading frame can
be restored using an exon 44 or 46 single skip, a 46/47 double skip, or a 43/44/46 or 46/47/48
triple skip. For CRISPR/Cas9-based therapies, the model can be used for testing various human
targeted gRNAs around this region. Additionally, the hDMD del45 model is a relevant negative
control for western blotting of human dystrophin protein from the hDMD wild type mouse.
Lastly, it presents a unique model in which to study endogenous skipping of the human DMD
gene, which is a phenomenon known to occur at a low level in human patients with an exon 45
deletion**®, The ability to study the human protein and/or test potential therapeutics in a
dystrophic context in vivo on the human DMD gene rather than just in human cells offers

obvious advantages and will allow for faster translation of human specific therapies.
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Figure 3-1: Testing of gRNAs for exon 45 deletion.

A) Surveyor assay of individual gRNA screening in HEK293FT cells. Three gRNAs for each
intron 44 and intron 45 were designed and their cutting ability assessed in 293FT cells. Expected
Surveyor assay cleavage products are shown with the red arrows (sizes in Table 3-1) and the
estimated percent cutting is shown below. GFP plasmid was used as a negative control. A 100bp
ladder was used.

B) Genomic DNA PCR for the exon 45 deletion after paired gRNAs were transfected in
HEK293FT cells. The red arrow shows the 2037bp undeleted band and the purple arrow shows
the 1329-1521bp deleted band. The estimated percent deletion is shown below. A 1kb ladder was
used.
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Table 3-1: Expected cleavage product sizes from Surveyor assay.

gRNA Expected sizes (bp)
44C1 257,700
44C2 309, 648
44C4 190, 767
45C1 257, 750
45C2 326, 681
45C3 253, 754
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Figure 3-2: Generation and characterization of hDMD del45 mice.

A) Cartoon showing the region of the human DMD gene targeted for mutation in hDMD mice.
Guide RNAs (represented as lightning bolts) flank exon 45 to cause an exon 45 deletion by
NHEJ, which puts the gene out-of-frame. The Dp140 isoform promoter is shown (arrow).

B) Genotyping PCR of genomic DNA from pups (labeled #1-6) from the founder mice F#4 and
M#14 crossed to mdxD2 mice showing germline transmission of the deletion. The red arrow
highlights the undeleted band seen in wild type (wt) hDMD mice and the purple arrow depicts
the exon 45 deletion seen in the pups. Primers are depicted as arrows in A. Since two pairs of
gRNAs were injected together, different deletion sizes occurred due to the various target sites.
C) Sequencing of the introns 44 and 45 rejoining site in two pups shows an exon 45 deletion.

D) Western blot of whole muscle extracts probed with human dystrophin. Ponceau stain is
shown to demonstrate loading. The gastrocnemius (gastroc), tibialis anterior (TA), diaphragm
(dia), and heart from an hDMD del45 / mdxD2 mouse (second backcross, 6wks old) show lack
of dystrophin compared to an hDMD (wt) / mdxD2 mouse (third backcross, 6.5wks old) gastroc
muscle.

E) Immunohistochemistry of muscle sections stained with anti-laminin (white) and human
dystrophin (red). Laminin was used to delineate muscle fibers. hDMD del45 / mdxD2 muscles
(second backcross, 6wks old) show a lack of dystrophin staining with a few faint revertant fibers
(* and inset at higher contrast). Scale bar 50um.

F) Hematoxylin and eosin (H&E) staining of muscle sections show dystrophic pathology in
muscles of hDMD del45 / mdxD2 mice (second backcross, 6wks old). Scale bar 100um. Similar
analyses from another hDMD del45 / mdxD2 mouse is shown in Figure 3-3 (representative of
n=4 mice analyzed).
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Figure 3-3: Characterization of hDMD del45 mdxD2 mice.

A) Western blotting titration of dystrophin from the gastrocnemius muscle of an hDMD (wt) /
mdxD2 mouse (third backcross, 6.5wks old) and lack of dystrophin in the gastrocnemius muscle
of an hDMD del45 / mdxD2 mouse (first cross, 4.5wks old). Three different dystrophin
antibodies were used. Vinculin is shown as a loading control.

B) Immunohistochemistry of muscle sections stained with laminin (white) and human dystrophin
(red). Laminin was used to delineate muscle fibers. hDMD del45 / mdxD2 muscles (first cross,
4.5wks old) show a lack of dystrophin staining. A few revertant fibers were seen in a second area
of the heart. Scale bar 50um.

C) Hematoxylin and eosin staining of muscle sections show dystrophic pathology in muscles of
hDMD del45 / mdxD2 mice (first cross, 4.5wks old). Scale bar 1200um.
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Figure 3-4: Characterization of hDMD del45 mdx mice.

A) Western blot of whole muscle extracts probed with human dystrophin. Ponceau stain is
shown to demonstrate loading. The gastrocnemius (gastroc), tibialis anterior (TA), diaphragm
(dia), and heart from two hDMD del45 / mdx mice (#1 and #2, first cross, 2.5wks old) show lack
of dystrophin compared to an hDMD (wt) / mdx mouse (third backcross, 8.5wks old) gastroc
muscle.

B) Immunohistochemistry of muscle sections stained with anti-laminin (white) and human
dystrophin (red). Laminin was used to delineate muscle fibers. hDMD del45 / mdx muscles from
two mice (first cross, 2.5wks old) show a lack of dystrophin staining with a few revertant fibers
seen in the heart of mouse #2. Scale bar 50um.
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Figure 3-5: CRISPR/Cas9 deletion of DMD exons 45-55 to restore the reading frame in
hDMD del45 mdx mice.

A) Cartoon showing our therapeutically relevant CRISPR/Cas9 platform that was electroporated
into the FDB of hDMD del45 mdx and hDMD del45 mdxD2 mice. This platform consists of
guide RNAs (represented as lightning bolts) in introns 44 and 55 that cause deletion of exons 45-
55 through NHEJ to restore the reading frame for the out-of-frame exon 45 deletion in hDMD
del45 mice. The Dp140 and Dp116 isoform promoters are shown (arrows).

B) Genomic DNA PCR using primers for the undeleted allele (red, 1201bp, bottom) or the
deletion (purple, 788bp, top). An exon 45-55 deletion was observed in the FDB, 10 and/or Lum
muscles 22, 24, and 33 days (D22, D24, and D33) after in vivo electroporation of the
CRISPR/Cas9 platform compared to the control mice.

C) Sequencing of the intron 44/55 rejoining site from the 10 and Lum muscles of the CRISPR
electroporated mice, which showed 1bp insertions.

D) Immunohistochemistry of hDMD del45 / mdxD2 10 and FDB muscles stained with anti-
laminin (grey), human dystrophin (red), and dystrophin targeting exons 48/50 (E48/50, green).
Laminin was used to delineate muscle fibers. Dystrophin E48/50 was used to exclude revertant
fibers from the analysis, since after CRISPR/Cas9 application exons 45-55 will be deleted.
Dystrophin positive fibers can be seen in the CRISPR electroporated sample compared to the
GFP electroporated control. Scale bar 20pum.
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Chapter 4 - Delivery of CRISPR/Cas9 via Viral and Non-Viral Methods to Reframe the

DMD Gene in a Humanized Mouse Model of Duchenne Muscular Dystrophy

Abstract

Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disorder caused
by out-of-frame mutations in DMD, which prevent dystrophin production. Some therapeutic
strategies are designed to reframe the DMD gene, thereby turning Duchenne into the clinically
milder allelic disease, Becker muscular dystrophy. We have developed a CRISPR/Cas9 platform
to reframe DMD using a single pair of guide RNAs to delete exons 45-55, which is associated
with one of the mildest Becker phenotypes. This region also encompasses a hotspot of ~50% of
all DMD patient mutations. Here we apply this platform in vivo to our novel humanized
dystrophic mouse model, which contains an out-of-frame mutation in a transgenic human DMD
gene. Through this work, we have systematically developed the first polyrotaxane (PRX)
nanoparticle platform for delivery of a CRISPR/Cas9 plasmid to muscle in vitro and in vivo. We
then compared the ability of PRXs or adeno-associated virus (AAV) 6 to deliver our
CRISPR/Cas9 platform to muscle in vivo. Both AAV and PRXs restored dystrophin protein in
muscle after local and systemic injections. Higher efficiency of dystrophin generation was
observed following AAV-mediated delivery. Future studies will focus on increasing PRX
efficiency and improving their delivery and trafficking in muscle in vivo. This work
demonstrates the potential for systemic delivery of a single CRISPR/Cas9 platform to restore

dystrophin for a large percentage of DMD patients.
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Introduction

Duchenne muscular dystrophy (DMD) is a severe muscle wasting disease caused by out-
of-frame mutations in the DMD gene resulting in a lack of dystrophin protein. One therapeutic
strategy is to restore the reading frame and turn a Duchenne mutation into a Becker muscular
dystrophy (BMD) mutation. BMD is a milder form of the disease in which patients have in-
frame mutations in DMD. We have developed a clustered regularly interspaced short
palindromic repeats (CRISPR)/ CRISPR associated protein (Cas) 9 platform to permanently
restore the reading frame by deleting DMD exons 45-55, which results in an internally deleted
but in-frame dystrophin protein®*%’. In Becker patients, an exon 45-55 deletion is associated
with one of the mildest clinical phenotypes, where some patients are still asymptomatic into their
60s22-2, This region also encompasses a hotspot of DMD patient mutations®4?%. We have
previously demonstrated that our platform can restore dystrophin protein in vitro®” and after local
delivery to skeletal muscle using a humanized mouse model in vivo*'.

The CRISPR/Cas9 system for use in gene editing utilizes a guide RNA (gRNA) which
targets the Cas9 endonuclease to a specific site in the genome and results in a double stranded
DNA break (DSB). This DSB can be repaired through the DNA’s endogenous repair machinery,
non-homologous end joining (NHEJ), or through homology directed repair (HDR) using
template DNA in cycling cells.

Effective systemic delivery of gene therapies, including CRISPR/Cas9, presents a
significant challenge for muscle diseases. Some adeno-associated virus (AAV) serotypes have
high tropism for muscle and AAV-micro-dystrophin trials have been initiated for DMD%*. AAV
has also previously been utilized for delivery of CRISPR/Cas9 in DMD mouse models. These

studies have demonstrated the ability of AAV-CRISPR to restore mouse dystrophin protein after
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local and systemic injection in vivo. Two forms of Cas (from either Streptococcus pyogenes (Sp)
or Staphylococcus aureus (Sa) bacteria) have been used to edit the Dmd gene and some
functional benefits were observed®®-63, However, current AAVs may not be ideal for delivery of
CRISPR/Cas9 to muscle. Since AAV results in an immune response to the capsid*, it means
that AAV can likely only be delivered one time without additional procedures. Since most gene
editing strategies are relatively inefficient, the limitation of a single administration will likely not
be clinically realistic. Furthermore, use of AAV as a delivery method could result in an enhanced
immune response to the bacterial protein, Cas9. Previous work has demonstrated that both a
cellular and a humoral immune response is induced against Cas9 following AAV-mediated
delivery of CRISPR/Cas9 in muscle’®. Because AAV is expected to stay episomal for many
years in post-mitotic skeletal muscle cells, Cas9 will likely persist for an extended period of
time, which could also enhance the immune response and/or potential for off-target effects.
Lastly, currently available AAV serotypes do not efficiently target muscle stem cells’?1%, which
would be required for a self-sustaining long-term therapy for DMD.

A component of this work is to develop non-viral means to deliver CRISPR in vivo. This
effort has been primarily focused on developing nanoparticle carriers, which offer advantages
over viral delivery. Nanoparticles can be easily modified, repeatedly administered, and can be
biodegradable. There are currently over 75 clinical trials using nanoparticles composed of a
variety of materials. Different formulations of nanoparticles carrying CRISPR have been utilized
in vitro and in mice in vivo. These nanoparticles have been formed from lipids, DNA (called
nanoclews), gold, or cationic polymers’’-°. One published study used gold nanoparticles to
deliver CRISPR/Cas9 to mdx muscle after local intramuscular injection®. However, this study is

not likely to be translatable to DMD patients as it did not utilize systemic delivery. In addition,
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the authors used an HDR approach, which is known to have low efficiency in post-mitotic
muscle**%® and is thus likely not clinically realistic.

Here, we describe our work to develop polyrotaxane (PRX) nanoparticles to deliver a
large CRISPR/Cas9 plasmid to muscle. Some examples of utilization of PRX molecules are as
hydrogels, for iron chelation, or to deliver p-cyclodexrin**®142, PRXs have also been complexed
with plasmid DNA, siRNA, or BMP2 to form nanoparticles**>14¢, PRXs are often composed of
cyclodextrin (CD) rings threaded on a polymer chain capped with bulky stoppers. In this
investigation we utilize formulations containing a polyethylene glycol (PEG) chain with CD
rings that contain positively charged R groups which complex with negatively charged nucleic
acids through an electrostatic interaction, thereby self-assembling into a nanoparticle.

To effectively use PRXs to deliver a CRISPR/Cas9 plasmid to muscle, multiple obstacles
need to be overcome. First, the nanoparticles must home to muscle, exit the vasculature, traverse
the extracellular matrix and basal lamina, cross the plasma membrane and release the cargo.
Then the plasmid must escape the lysosome and traffic to the nucleus, Cas9 and the gRNAs be
transcribed, Cas9 translated, assemble as a ribonucleoprotein (RNP) complex and enter the
nucleus to cut the gene. Because of these many steps, we have systematically optimized our
nanoparticles to overcome specific challenges as needed.

In this study we develop the first PRX platform for muscle by iteratively improving
generations of PRXs that can deliver plasmid DNA to primary muscle cells in vitro and to
skeletal muscle in vivo. We demonstrate that we can engineer the particles to achieve improved
plasmid release by utilizing disulfide linkers and enhanced systemic biodistribution by using
PRXs with increased PEGylation. Finally, we show low levels of restored dystrophin protein in

our novel humanized mouse model of DMD, the hDMD del45 mdx mouse®®’, after administering
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our CRISPR/Cas9 platform complexed with PRXs via local intramuscular and systemic
injections. Since AAV-mediated CRISPR delivery is the current standard in the field, we also
utilized AAV as a comparison and demonstrated restored dystrophin after local and systemic

AAV-CRISPR delivery.

Materials and Methods
Mice

All animal work was conducted under protocols approved by the UCLA Animal
Research Committee in the Office of Animal Research Oversight. hDMD (Tg(DMD)72Thoen/J,
018900), C57BL/10 mdx (001801), and mdxD2 (D1.B10-Dmdmdx/J, 013141) mice were
obtained from Jackson Laboratories. hDMD del45 mdx and hDMD del45 mdxD2 mice were

generated as described'®’. Genotyping was performed as described*®’.

Cell culture

Primary hDMD or hDMD del45 mdx myoblasts were obtained from 11-13 day old pups
by dissociation of muscle tissue using a 1:1 mixture of 1.5mg/mL dispase (neutral protease,
Worthington) and 1600U/mL collagenase Il (Worthington) in PBS at 200ul per 100mg tissue.
Muscles were minced, then incubated at 37°C with slow agitation for 30mins. Fibroblasts were
removed by repeatedly pre-plating. Myoblasts were cultured on entactin-collagenlV-laminin cell
attachment matrix (ECL, EMD Millipore) and maintained in F-10 HAM (Sigma) with 20% fetal
bovine serum (FBS, Thermo Fisher), 5ng/mL basic fibroblast growth factor (bFGF, Promega)
and 1% penicillin/streptomycin (P/S, Thermo Fisher). Myoblasts were differentiated to form

myotubes (at >80% confluence) in DMEM (Thermo Fisher) with 2% horse serum (Thermo
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Fisher), 1% insulin-transferrin-selenium (ITS, Thermo Fisher) and 1% P/S on Matrigel®

basement membrane matrix (Corning).

CRISPR plasmid

gRNAs for the exon 45-55 deletion (44C4, 55C3) from 7 were cloned into px333
(Addgene 64073, Andrea Ventura 3) in tandem using Bbsl (New England BioLabs) and Bsal
(New England BioLabs). Hereafter, px333 44C4+55C3 refers to the CRISPR plasmid encoding

Cas9 and the two guide RNAs.

PRX synthesis

For G1 PRX, the following steps were completed. (i) PEG-diamine powder
(Polysciences) was added to a-CDs to form a polyseudorotaxane inclusion complex. (ii) The
polyseudorotaxane ends were blocked with a large blocking group, benzyloxycarbonyl tyrosine,
by mixing the inclusion complex with Z-L-Tyr, BOP reagent, HOBt and DIEA in DMF. (iii) The
a-CDs in the polyrotaxane were modified with positively charged amine groups by reaction with
N,N-dimethylethylenediamine (DMAE).

For G2 PRX: (i) PEG di(OPSS) powder was mixed with 2-aminoethanethiol to generate a
diamino-PEG with disulfide linkages at both ends (SS-PEG-diamine). (ii) The SS-PEG-diamine
was added to a-CDs to form a SS-polyseudorotaxane inclusion complex. (iii) The
polyseudorotaxane ends were blocked with a large blocking group, benzyloxycarbonyl tyrosine,
as above. (iv) The a-CDs in the SS-polyrotaxane were modified with positively charged amine

groups by reaction with DMAE.
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For G3 PRX: (i) Two arms of a 4-arm-PEG amine polymer (10 kDa, Jenkem) were
selectively blocked by a bulky group, NHS-Fluorescein (Thermo). (ii) The 4-arm-PEG was
added to a-CDs to form a 2/4-arm-polyseudorotaxane inclusion complex. (iii) The
polyseudorotaxane ends were blocked with a large blocking group, benzyloxycarbonyl tyrosine,
as above. (iv) The a-CDs in the 2/4-arm-polyrotaxane were modified with positively charged
amine groups by reaction with DMAE.

For G4 PRX: (i) Two arms of a 4-arm-PEG amine polymer were selectively blocked as
above. (ii) The 4-arm-PEG was added to a-CDs to form a 2/4-arm-polyseudorotaxane inclusion
complex. (iii) The polyseudorotaxane ends were blocked with a large blocking group,
benzyloxycarbonyl tyrosine, as above. (iv) The a-CDs in the 2/4-arm-polyrotaxane were
modified with pyridyldithiol groups by adding pyridyldithiol-cysteamine. (v) The a-CDs with
cleavable positively charged amine groups were generated by reaction with DMAE.

For peptide conjugation to G3: Thiol groups from cysteine were introduced on the C-

terminus of the peptides to facilitate the conjugation with 4-arm PEG molecules in G3
polyrotaxane (with end groups blocked with 4-succinimidyloxycarbonyl-alpha-methyl-o(2-
pyridyldithio)toluene (SMPT) instead) via thiol-exchange chemistry. An oligo glycine spacer
was included at both ends of the functional sequence so that conjugation wouldn’t interfere
with the binding efficiency. Sequences are as follows: NCAM ASKKPKRNIKAGGC!, PipB

RXRRBRRXRRBRXBGGC!,

PRX delivery in vitro
Myoblasts were seeded at 1.2x10° cells/cm? for growth conditions or 1.7x10° cells/cm?

for differentiation where the media was changed to differentiation media the following day. PRX
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complexed with a pmax GFP reporter plasmid (Lonza), a pCSCMV:TdTomato reporter plasmid
(Addgene 30530, Gerhart Ryffel, 14), or px333 44C4+55C3 CRISPR plasmid (see above) was
added to the cells at various PRX to plasmid ratios determined empirically and as follows: G1
PRX to plasmid: 10:1; G2 PRX to plasmid: 5:1; G3 and G4 PRX to plasmid: 3:1; peptide
conjugated G3 PRX to plasmid: 5:1. For uptake studies, the particles were conjugated with FITC
and the plasmid labeled with Cy3 using LabellIT® Tracker kit (Mirus Bio). Imaging for reporter
expression was done at timepoints between 24hrs — 14 days using either a Leica TCS SP8 SMD
or Axio Observer Z1 microscope (Zeiss). For CRISPR delivery, cells were harvested at day 7 or
14 and pelleted for genomic DNA extraction using the Quick gDNA mini prep kit (Zymo

Research) and analyzed with the deletion PCR described below.

CRISPR exon 45-55 deletion PCR

To assay for the exon 45-55 deletion, individual PCR reactions containing primers
flanking the deletion (purple arrows in Figure 4-1A) were performed on genomic DNA using
AccuPrime Tag High Fidelity (Thermo Fisher) or Herculase Il Fusion Polymerase (Agilent
Genomics) as described®’. PCR products were run on a 2% agarose gel and visualized with

ethidium bromide staining.

NCAM peptide administration in vitro
A green fluorophore (5-FAM on N-terminus) labeled NCAM peptide (sequence
ASKKPKRNIKAGGC) was synthesized by Biomatik. 25uM peptide was incubated for 6hrs

on C2C12 and B16 cells before imaging.
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PRX delivery in vivo

For systemic biodistribution studies, 100ug px333 44C4+55C3 plasmid labeled with Cy3
LabellT Tracker and complexed with PRX was injected into the tail vein of 8.5wk old mdx mice,
which were sacrificed 24hrs later. Harvested muscles and organs were imaged with VIS
imaging for Cy3 signal. Muscles and organs were then flash frozen in isopentane.

For the circulation study, 300ug particles (100ug Cy3-labeled plasmid) were injected into
the tail vein of C57/BI6 mice and blood was harvested 5min, 1hr, 2hr, 4hr, 8hr and 24hr post-
injection. The serum was separated and the fluorescence intensity of Cy3 was determined on a
microplate reader (M5e, Molecular Device). The same injection dose diluted in the serum from
untreated mice was also tested as total injection dose (ID), to which the fluorescence intensity of
treated samples was normalized to give the percentage of ID.

Intramuscular injections of PRX were done into the tibialis anterior (TA) muscle using
2ug plasmid (either px333 44C4+55C3 or TdTomato reporter) complexed with PRX (at ratios
given above) into hDMD del45 mdx mice (3" backcross) at 5.5wks of age. HBSS was injected
into the control mouse. Muscles were harvested and flash frozen in isopentane after 4wks.

For short term systemic efficacy studies, 50 or 100ug px333 44C4+55C3 plasmid
complexed with PRX was injected into the tail vein of hDMD del45 mdxD2 mice (2" backcross)
at 11wks of age. Mice were dosed 4 times over 2.5wks. Muscles were harvested and flash frozen
in isopentane after ~5wks (34 days).

Local PRX injections into the footpad were done as described for in vivo
electroporation®®*. 1jug Cy3 labeled px333 44C4+55C3 plasmid complexed with PRX was

injected subcutaneously into the footpad of mdx mice. The flexor digitorum brevis and
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interosseous muscles were harvested and flash frozen at various timepoints between 24hrs-1wk

post-injection.

AAYV cloning and vector production

The original AAV-CRISPR plasmids were generated as described®®. gRNAs 44C4 and
55C3 were cloned into the pAAYV targeting plasmid in tandem from px333 into the original first
targeting cassette and the original second targeting cassette was removed. pAAV plasmids were
co-transfected with the pDG6 packaging plasmid in HEK293 cells to generate virus as

described®,

AAV delivery in vivo

Intramuscular delivery of 5x10%*°v.g. of each vector was injected into the tibialis anterior
(TA) of hDMD del45 mdx mice (3" backcross) at 5.5wks of age. One mouse was only injected
with the gRNA/mCherry reporter vector to look for the virus transduction efficiency. HBSS was
injected into the control mouse. Muscles were harvested 4wks post-injection.

For systemic delivery, 2.85x10'?v.g. of each vector was injected retro-orbitally (r.0.) into
hDMD del45 mdx mice (4™ backcross) at p20. The control mouse was injected with PBS.
Muscles were harvested ~5wks (33 days) later and half taken for mCherry and half for
dystrophin analysis.

For analysis of mCherry expression, muscles were harvested, fixed in 1% PFA overnight,
changed to 5% sucrose for at least 6hrs, then switched to 30% sucrose overnight before being
flash frozen. For dystrophin staining, muscles were harvested and directly flash frozen in

isopentane.
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Immunostaining muscle sections

10um cryosections were obtained from flash frozen or PFA fixed muscles and sampled at
intervals that extended throughout the majority of the muscle body. For dystrophin staining,
sections were fixed in cold acetone for 1-2mins, then TrueBlack (Biotium, 20-fold diluted in
70% ethanol) was added for 30s-1min, then blocking buffer (PBS with 5% horse serum and 10%
goat serum) was added for at least 1hr, followed by the M.O.M. kit (Vector Labs) according to
the manufacturer’s protocol. Dystrophin (Abcam, ab15277, 1:200), MANEX48/50B (MDA
Monoclonal Antibody Resource, 13, 1:10) and laminin (rat, R&D Systems, 1:25) primary
antibodies were added overnight in TBS and 1% goat serum. Secondary AlexaFluor antibodies
(Thermo Fisher) were added at 1:250 for 1.5hrs the following day.

For biodistribution and mCherry/TdTomato staining, TrueBlack was used in some cases.
Blocking buffer of 0.25% gelatin, 0.1% tween and 3% BSA was applied for at least 1hr. Anti-
laminin (rabbit, Sigma, 1:200) primary antibody was added overnight with the corresponding
secondary antibody at 1:250 the following day. Slides were mounted with VECTASHIELD
containing DAPI (Vector Laboratories). Control and treated slides were imaged at the same
exposure using an Axio Observer Z1 microscope (Zeiss) and the contrast adjusted the same. The
percent of mCherry or dystrophin positive cells were counted in ImageJ*** and normalized by the

total number of cells counted (revealed by laminin immunostaining).

Western blot analysis
Total protein was isolated from flash-frozen mouse muscles. Tissues were homogenized
in 20x volume/g of lysis buffer: 50mM tris-HCI (pH 7.4), 7M urea, 2M thiourea, 4% CHAPS,

2% SDS, 50mM B-mercaptoethanol. Homogenized samples were incubated at 4°C for 45-60min
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with gentle rotation. Then lysates were mixed with 6XxRSB and passed several times through a
syringe needle to shear the DNA and reduce viscosity. Afterwards samples were centrifuged for
5min at 5,0009. Clarified lysates were transferred to new tubes, protein concentration was
measured, and samples were used as below.

To evaluate dystrophin content, cell lysates were subjected to 6% polyacrylamide gel
electrophoresis (PAGE) for 3hrs at constant current (LOmA per gel); followed by transfer to
nitrocellulose membrane at constant voltage (100V) for 2.5hrs on ice. 0.05% sodium dodecyl
sulfate (SDS) and 10mM dithiothreitol were added to the transfer buffer to facilitate blotting of
high molecular proteins. Immunoblot assay was carried out with anti-dystrophin antibodies
MANDYS106 (MDA Monoclonal Antibody Resource, 12, 1:120) or ab15277 (Abcam, 1:400),
and a-actinin (Sigma, 1:1000), and stained with Ponceau S (Sigma). Secondary antibodies used
were anti-mouse or anti-rabbit peroxidase conjugates from Sigma-Aldrich (1:10,000). Blots were
developed using Radiance Plus HRP detection kit (Azure Biosystems). Signals were registered
by the Azure c300 imaging system (Azure Biosystems).

For dystrophin quantification, serial dilutions of hDMD (wt)/mdxD2 TA lysates were run
simultaneously with experimental samples. Optical density of each band in the dilution series
was plotted against percentage to generate a standard curve. A linear fit to the data points
was calculated and the corresponding % of hDMD (wt)/mdxD2 for the experimental
samples was determined.

For Cas9 detection, 8% PAGE gels were run for 1.5hrs at 100V. Transfer was performed
in Tris/Glycine with 20% MetOH for 1hr 15min at 100V. Immunoblotting was carried out as
above with rabbit a-Cas9 ab204448 (Abcam, 1:2000), which was validated on cells transfected

with a Cas9 plasmid.
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Results
Design and synthesis of PRX nanoparticles and AAV

One goal of this work was to develop a non-viral nanoparticle carrier for delivery of our
CRISPR/Cas9 platform, which permanently reframes the DMD gene by deleting exons 45-55
(Figure 4-1A). As this nanoparticle platform has been developed and tested, it has led to the
systematic design and formulation of 4 generations of PRX nanoparticles (Figure 4-1B).
Generations G1 and G2 are formed from a linear PRX with a single PEG chain and an average of
26-28 CD rings. The G3 and G4 PRXs are novel multi-arm formulations which have an
additional PEG chain that lacks CD rings (containing an average of 26 CD rings per polymer),
allowing for increased PEGylation and improved pharmacokinetics (PK) upon nanoparticle
formulation. When PRX polymers are added to negatively charged nucleic acids they can self-
assemble (Figure 4-1C). The G2 and G4 PRXs contain disulfide linkers which are expected to
be cleaved in an intracellular reducing environment and lead to faster plasmid release. The G2
disulfide bond is between the PEG chain and the bulky end group and the G4 disulfide bond is
between the R group and the CD ring. Both are expected to result in the positive charge diffusing
away and the plasmid being released upon cleavage. We have also generated peptide-modified
versions of the G3 particles, to aid with cell targeting and/or penetration.

In parallel, we synthesized AAV6 carrying our CRISPR platform in a dual-vector
approach, with one vector containing SpCas9 driven by the muscle specific promoter CK8,
and the other containing both gRNAs and an mCherry reporter (Figure 4-1D). Both delivery
platforms, PRX-CRISPR and AAV-CRISPR, carry two gRNAs previously validated, one
targeted to intron 44 (44C4) and one to intron 55 (55C3), and SpCas9, to cause an in-frame

deletion of DMD exons 45-55°7137,
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All four PRX generations are taken up by and can deliver plasmids to hDMD and hDMD del45
primary murine muscle cells

Primary muscle cells obtained from hDMD and hDMD del45 mdx mice were exposed to
labeled PRX nanoparticles in vitro. All particles demonstrated efficient uptake in vitro at
multiple timepoints from 24hrs to 3 days post-administration (Figures 4-2A and 4-2D and data
not shown). However, analysis of G1 PRXs demonstrated high co-localization between the
labeled particle and labeled plasmid cargo, even up to 1wk after administration, suggesting a
failure to release the plasmid. PRX particles carrying a GFP reporter plasmid were then added to
hDMD myotubes to assess their ability to deliver DNA. Only a few cells exposed to the G1
PRXs expressed GFP but addition of the disulfide redox sensitive bond in G2 PRX improved
GFP expression at 1wk (Figure 4-2B). Delivery of the CRISPR/Cas9 plasmid in vitro
demonstrated CRISPR-mediated deletion of exons 45-55 at 1wk using G2 PRX, whereas G1
PRX did not generate a deletion, even up to 2wks after administration (Figure 4-2C). Delivery
of the G4 multi-arm PRX also led to more efficient CRISPR/Cas9-mediated deletion at 1wk
compared to G3 (Figure 4-2E), likely due to an improved release mechanism, since less plasmid
signal is seen co-localized with nanoparticle signal at 24hrs in G4 compared to G3 (Figure 4-

2D).

Peptide conjugated PRXs show improved plasmid delivery to muscle cells in vitro

Two peptide conjugated versions of G3 PRX were tested in vitro. Since we ultimately
want to target muscle stem cells, we used a neural cell adhesion molecule (NCAM) peptide,
because NCAM is known to be expressed on both human muscle stem cells and activated mouse

muscle stem cells®™153, Additionally, we used PipB, a cell penetrating peptide which was shown
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to increase phosphorodiamidate morpholino oligonucleotide (PMO) uptake in muscle in vivo®,
We validated that our NCAM peptide (taken from 47) could bind to muscle cells in vitro by
adding a FITC conjugated peptide to mouse C2C12 myotubes, which increase expression of
NCAM right after fusion®*. Peptide binding was shown by FITC signal on C2C12s but not on
our negative control, B16 cancer cells (Figure 4-3A).

We then compared the ability of unmodified G3 and G4 PRXs with peptide-modified G3-
PipB and G3-NCAM PRXs to deliver a TdTomato reporter plasmid in primary murine
myoblasts. The peptide conjugation improved reporter expression by 67 or 71-fold at 48hrs for
NCAM and PipB, respectively (Figure 4-3B). We also validated that these peptide-modified G3

particles could deliver TdTomato plasmid to primary myotubes (Figure 4-3C).

Systemic delivery of multi-arm PRX shows enhanced uptake in muscle

PRX nanoparticles were tested in dystrophic mice for systemic biodistribution to muscle.
The linear G2 PRX was compared to the multi-arm G3 PRX after intravenous (i.v.) delivery in
mdx mice. We observed enhanced passive muscle targeting of G3 PRX at 24hrs by ex vivo IVIS
imaging (Figure 4-4A). We expect this improved muscle homing is due to the enhanced
circulation half-life seen with the multi-arm compared to linear PRX in wild type mice (Figure
4-4B and Ji, Liu et al., in preparation). Thus, the multi-arm PRXs are more optimal for in vivo

delivery.
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Intramuscular delivery of AAV-CRISPR results in higher levels of restored dystrophin protein
compared to PRX-CRISPR

We injected AAV and the two multi-arm PRX formulations into the TA muscle of
hDMD del45 mdx mice in vivo and assessed their ability to deliver either reporter genes or our
CRISPR/Cas9 platform 4 weeks later. Intramuscular (i.m.) injection of the AAV6 mCherry
reporter vector in an hDMD del45 mdx mouse lead to ~50-60% transduction (quantified by
percent mCherry positive cells); however, i.m. injection of G4-TdTomato reporter did not show
any TdTomato positive fibers in the injected mouse (Figure 4-5A). AAV-CRISPR lead to ~25%
dystrophin positive fibers by immunostaining, which do not express a dystrophin epitope internal
to the CRISPR deletion, which was used to exclude revertant fibers. Both G3 and G4 PRX-
CRISPR resulted in only a few (<1% fibers) expressing dystrophin (Figure 4-5B). The AAV-
mediated dystrophin was also detectable by Western blotting (~11% of wild type) (Figure 4-
5C), however we did not observe PRX-mediated dystrophin expression by Western blot (data not
shown). Western blotting also demonstrated Cas9 expression in the AAV-CRISPR injected

muscle (Figure 4-5D).

Systemic delivery in vivo of AAV-CRISPR results in higher levels of dystrophin compared to
PRX-CRISPR

Systemic injection of AAV6-CRISPR in hDMD del45 mdx mice lead to mCherry
expression and dystrophin restoration in many tissues including soleus (~34% mCherry positive
fibers, ~23% dystrophin positive fibers), TA (~21% mCherry positive fibers, ~2% dystrophin
positive fibers) and heart (~83% mCherry positive fibers, ~31% dystrophin positive fibers) 5

weeks post-injection (Figure 4-6A and 4-6B). Dystrophin (~10% of wild type) and Cas9 in the
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heart were detectable by Western blot (Figure 4-6C and 4-6D). In contrast, i.v. injection of 4
doses of G3 PRX-CRISPR at either a low or high dose lead to few (<1%) dystrophin positive

fibers in quadriceps (Figure 4-6B).

PRX nanoparticles do not efficiently enter muscle fibers in vivo

Due to the low efficiency of dystrophin restoration with our PRX nanoparticles, we
assessed in vivo trafficking within muscle. Analysis of systemically or locally administered PRX
particles in mdx mice showed PRX retention in the extracellular matrix (ECM) or basal lamina
(Figure 4-7). After systemic injection, PRXs could be found both within blood vessels and
within the muscle tissue, but often co-localized with laminin. After local delivery, most PRXs
were observed in the interstitial space. In neither case did we see PRXs within muscle fibers,
suggesting that the ECM and basal lamina present an in vivo trafficking barrier that will need to

be overcome through nano-engineering.

Discussion

Here we describe the first development of a non-viral PRX carrier designed for delivery
of a CRISPR/Cas9 plasmid to muscle. Stepwise optimization of PRX nanoparticles allowed us to
create new generations of particles in which specific challenges were addressed. We show
improved plasmid delivery in vitro using either redox sensitive linkers, to allow for faster cargo
release, or NCAM or PipB peptides, to improve cellular penetration. We also demonstrate
improved PRX homing to skeletal muscle after systemic injection using the novel multi-arm
PRX. Direct delivery of our CRISPR/Cas9 platform in vivo through both viral (AAV6) and non-

viral (PRX nanoparticles) strategies demonstrated restored dystrophin protein after local and
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systemic injections. To date, AAV6 leads to higher levels of dystrophin protein, possibly due to
the problem of PRX nanoparticles getting trapped in the ECM. This work offers the first
demonstration of systemic nanoparticle-mediated delivery of CRISPR/Cas9 to skeletal muscle.
Advancements on nanoparticle design will hopefully enable improved ECM trafficking and
uptake in muscle fibers in vivo.

We have demonstrated that PRXs can passively home to dystrophic skeletal muscles;
however, since they are not efficiently taken up by the muscle fibers, future studies will need to
develop novel approaches to overcome the delivery barrier and improve the ability of the
nanoparticles to enter muscle cells in vivo. We hypothesize that anionic proteins (such as heparin
sulfate proteoglycans) within the ECM present a barrier for the positively charged PRXs*5%,
which have a zeta potential of 21-26mV. Potential reduction or masking of the positive charge
may help prevent PRXs from getting stuck in the basement membrane or ECM. Additionally,
testing other peptide conjugations or attempting to target endocytosis receptors may make in vivo
uptake more efficient. Lastly, improved targeting of the PRXs to the heart and diaphragm will
also need to be undertaken, since our current PRX formulations do not efficiently reach those
muscles.

Successful delivery of CRISPR/Cas9 involves many considerations and the payload has
unique challenges. Since SpCas?9 is large (~4kb or 160kDa), its size may present an obstacle for
payload packaging. Each form of the CRISPR platform, as DNA, RNA, or RNP, may require
different delivery strategies and have different advantages. Plasmid or episomal DNA delivery
may be less desirable since it is longer lasting, has potential for integration, and needs to be

transcribed in the nucleus. In contrast, CRISPR RNA or RNPs are expected to be shorter lasting
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and do not need to reach the nucleus for transcription. Thus, future work with PRXs should test
their ability to deliver the CRISPR platform as RNA instead.

Although AAV-mediated delivery was more efficient than the PRX nanoparticles in vivo,
AAYV delivery of CRISPR/Cas9 presents other challenges. AAV delivery leads to long lasting
expression of Cas9 in muscle that may lead to increased potential for off-target cutting or
generation of an immune response against the muscle. Thus, methods to degrade the episomal
Cas9 DNA, such as KamiCas9 or self-limiting CRISPR®" 1 are desirable and should be
pursued. The elimination of the Cas9 expressing DNA would help prevent some of the safety
concerns of Cas9 remaining in the cell for an extended period of time. Additionally, it would be
desirable to be able to dose AAV-CRISPR in the same subject multiple times, which may be
accomplished if high immunosuppression or plasmapheresis are used*6%-163,

Ongoing work includes repeating a well-powered study in hDMD del45 mdx congenic
mice so that functional testing can also be performed. Other future work aims to deliver CRISPR
to muscle stem cells in order to obtain a long-lasting, sustainable therapy. Thus, testing and
further modifications of PRXs or AAVs that can effectively target muscle stem cells is needed.
Lastly, an unbiased assessment of off-target cutting should be completed after in vivo delivery of
CRISPR/Cas?.

In summary, we have demonstrated non-viral carriers of CRISPR/Cas9 are able to restore
low levels of dystrophin protein after deletion of DMD exons 45-55 in our novel humanized
dystrophic mouse. This level of gene editing is currently inefficient compared to AAV-CRISPR,
which generates higher levels of dystrophin protein. Importantly, this work assesses human
dystrophin using a human sequence targeted CRISPR/Cas9 platform, which may allow for faster

translation to patients.
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Figure 4-1: Overview of PRX and AAV delivery strategies.

A) Cartoon depicting the region of the DMD gene targeted for CRISPR/Cas9 deletion. One
gRNA to intron 44 and one to intron 55 target Cas9, which generates double stranded breaks and
results in removal of exons 45-55. This creates an in-frame deletion, thereby restoring the
reading frame for out-of-frame DMD mutations in this region, such as an exon 45 deletion (black

arrow head).
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B) Table describing design features of the four different generations (G1-G4) of PRX
nanoparticles. Cartoon shows simplified versions where black is the PEG chain, red is the CD
ring, and green represents disulfide linkers.

C) Cartoon depicting the linear and multi-arm PRX design. Both contain PEG chains (in black)
with positively charged CD rings (purple). When plasmid DNA is added (in blue) the positively
charged PRX and negatively charged nucleic acids will self-assemble into a nanoparticle. The
multi-arm PRX contains increased PEGylation on the surface of the particle.

D) Schematic of the dual-vector approach using AAV6. Due to the large size of Cas9, one entire
vector is needed to contain Cas9 behind a muscle-specific promoter (CK8) and another vector
contains the two gRNAs and an mCherry reporter.
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Figure 4-2: PRXs demonstrate successful uptake and plasmid delivery to muscle cells in
vitro.

A) Imaging of G1 PRX nanoparticles labeled with FITC (green) and plasmid cargo (labeled
with Cy3, red) in hDMD myotubes at day 3 after administration. There is a high colocalization of
the particle and cargo signal in the cells demonstrating a lack of plasmid release.
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B) Imaging of G1 and G2 PRX particles carrying a GFP plasmid in hDMD myotubes at day 7
after administration. G2, which contains the disulfide linker, results in more GFP positive cells.
C) Genomic DNA PCR for an exon 45-55 deletion (using primers that flank the deletion, shown
in Fig 4-1A) 7 or 14 days after administration of G1 or G2 carrying the CRISPR/Cas9 plasmid to
hDMD myotubes. G2 PRX-CRISPR results in deletion at day 7. Untreated (untreat) negative and
positive (pos) controls are shown.

D) Imaging of G3 and G4 PRX nanoparticles labeled with FITC (green) and labeled plasmid
cargo (red) in hDMD del45 myoblasts 24hrs after administration. There is less particle/plasmid
colocalization in the cells seen with G4, which contains a disulfide linker.

E) Genomic DNA PCR for an exon 45-55 deletion at day 7 after administration of G3 or G4
carrying the CRISPR/Cas9 plasmid to hDMD del45 myoblasts. G4 PRX-CRISPR results in
successful deletion. Untreated (untreat), water only (ddH20), and positive (pos) controls are
shown.
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Figure 4-3: Peptide conjugated PRXs demonstrate improved delivery of a reporter plasmid
in muscle cells in vitro.

A) Imaging of an NCAM peptide labeled with FITC added to C2C12 myotubes or B16 skin
cancer cells for 6hrs. There is increased binding of the peptide on the C2C12 cells compared to
the controls, demonstrating successful peptide binding to NCAM.

B) Imaging of G3, G4 and peptide conjugated G3 PRXs carrying a TdTomato (TdT, red)
reporter plasmid in hDMD del45 myoblasts 48hrs after administration. Both peptide conjugated
versions demonstrate a higher percentage of TdTomato+ cells (~70 fold higher than
unconjugated).

C) Imaging of peptide conjugated G3 PRXs carrying a TdTomato reporter plasmid in hDMD
del45 myotubes 24hrs after administration, demonstrating successful delivery.
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Figure 4-4: In vivo biodistribution of PRX nanoparticles.
A) Ex vivo IVIS imaging of harvested muscles and organs (quadriceps (quad), tibialis anterior
(TA), extensor digitorum longus (EDL), gastrocnemius (gastroc), soleus, triceps, diaphragm
(dia), heart, lungs, spleen, liver and kidneys) from non-injected control and i.v. injected PRX G2
and G3 (100ug plasmid) mdx mice at 24hrs. Imaging was performed for the Cy3 labeled plasmid
cargo and demonstrated higher signal in the muscles of the G3 injected mice.
B) Plot of percent of injected dose (%I1D) over time after i.v. injection of G1 (linear) and G3
(multi-arm) PRXs in C57 mice. The multi-arm PRX demonstrates enhanced circulation time.
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Figure 4-5: Dystrophin restoration after local delivery of AAV-CRISPR and PRX-CRISPR
in vivo.

A) Imaging of reporter expression by mCherry or TdTomato (red) positive myofibers 4wks after
i.m. injection into the TA of hDMD del45 mdx mice. AAV-mCherry results in robust
transduction of 50-60% positive myofibers while G4 PRX-TdT does not effectively transfect
myofibers in vivo. Laminin (gray) was used to outline the myofibers. Scale bar 50um.

B) Immunostaining of laminin (gray), human/mouse dystrophin (red), and human/mouse
dystrophin 48/50B (green) 4wks post i.m. injection into TA muscles from hDMD del45 mdx
mice. 5x10%° v.g. of AAV and 2pg of plasmid in PRX were injected. Dystrophin 48/50B is used
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to exclude revertant fibers since this epitope is internal to the CRISPR-generated exon 45-55
deletion. AAV-CRISPR injected muscles demonstrate ~25% dystrophin+ fibers whereas G3 and
G4 PRX-CRISPR generates <1% dystrophin+ fibers. hDMD wild type (wt)/mdx mouse tissue
was used as a positive control for the staining. Scale bar 50um.

C) Western blot with anti-dystrophin (Abcam) on lysates from AAV-CRISPR and positive and
negative control muscles showing restored dystrophin after i.m. injection. The molecular weight
shift (66kDa) is seen in CRISPR generated dystrophin compared to wild type (arrows). Lower
blot shows titration of wild type lysate from 1.6-50%, which was used to calculate the percent of
dystrophin in the AAV-CRISPR sample. Graph depicts wild type standard curve and green
asterisk demarks sample. Ponceau S is shown for loading.

D) Western blot with anti-Cas9 on lysates from AAV-CRISPR and positive and negative
samples. CRISPR/Cas9 plasmid transfected HEK293T cells were used as a positive control.
Ponceau S is shown for loading.
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Figure 4-6: Dystrophin restoration after systemic delivery of AAV-CRISPR and PRX-

CRISPR in vivo.

A) Imaging of AAV reporter expression by mCherry positive myofibers 5wks after r.o. injection
in hDMD del45 mdx mice. Laminin (gray) was used to outline the myofibers. Scale bar 50um.
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B) Immunostaining of laminin (gray), human/mouse dystrophin (red), and human/mouse
dystrophin 48/50B (green) on sections of hDMD del45 mdx mice given r.o. or i.v. injection of
AAV-CRISPR or nano-CRISPR, respectively. 2.85x10* v.g. of each AAV or four repeated
doses of low (50ug plasmid) or high (100ug plasmid) PRXs were injected and the mice analyzed
~5wks post-injection. Dystrophin 48/50 is used to exclude revertant fibers since this epitope is
internal to the CRISPR-generated exon 45-55 deletion, * demarks a revertant fiber. The soleus,
tibialis anterior (TA), and heart tissues from the AAV injected mice and the quadriceps (quad)
from the PRX injected mice are shown. Scale bar 50pum.

C) Western blot with anti-dystrophin (MANDYS106) on lysates from systemic AAV-CRISPR
and positive and negative control muscles showing restored dystrophin in heart. The molecular
weight shift (66kDa) is seen in CRISPR generated dystrophin compared to wild type. Lower blot
shows titration of wild type lysate from 1.6-25%, which was used to calculate the percent of
dystrophin in the AAV-CRISPR heart sample. Graph depicts wild type standard curve and red
asterisk demarks sample. Ponceau S and a-actinin are shown for loading.

D) Western blot with anti-Cas9 on lysates from systemic AAV-CRISPR heart and positive and
negative samples. CRISPR/Cas9 plasmid transfected HEK293T cells were used as a positive
control. Ponceau S is shown for loading.
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Figure 4-7: PRX nanoparticles appear trapped in the basal lamina or ECM after in vivo
delivery.

A) Imaging of quadriceps muscle 24hrs after i.v. administration of G4 PRX where the
nanoparticle is labeled with FITC (green), the cargo with Cy3 (red) and the fibers stained with
laminin (grey). No particles are found within fibers and many appear to be trapped in the
basement membrane, marked by laminin (insets 1 and 3). Inset 2 highlights PRXs found within a
blood vessel. Scale bar 20pum.

B) Imaging of interosseous muscle 24hrs after footpad injection of G3 PRX where the
nanoparticle is labeled with FITC (green), the cargo with Cy3 (red) and the fibers stained with
laminin (grey). No particles are found within fibers and they appear to be trapped in the
interstitial space. Scale bar 20pum.
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Chapter 5 - Conclusions

Precise gene editing offers incredible promise for countless genetic diseases. The
CRISPR/Cas system has advanced the gene editing field due to its wide applicability, high
efficiency, and ease of use. Although the CRISPR field is rapidly progressing, concerns
pertaining to off-target effects and the immune response to Cas9 still linger. Some important
advances include new discoveries of various Cas enzymes which have different sizes, create
different types of DSBs and require different PAMSs, and some that can target RNA®*. There has
been progress on ways to make CRISPR safer, for example, through the use of truncated
gRNAS®®, engineered Cas9s with less off-target activity'®®1° anti-CRISPR proteins to interfere
with Cas9 activity'’%'"* or a self-inactivating strategy by targeting a gRNA against the Cas9
sequence®1°, The bacterially-derived protein, Cas9, was shown to evoke a cellular and
humoral response in murine muscle’ but this issue has not been further studied in a systemic or
long-term manner or in other animal models. Overall CRISPR/Cas gene editing is a
revolutionary technology, and although the first human clinical trials have been initiated for ex
vivo gene editing®, there is still more work to be done before systemic direct delivery of
CRISPR will be a safe option.

Additionally, the form in which CRISPR is delivered could impact its efficiency and
safety. Plasmid or episomal DNA is likely to be the most long lasting and also has some potential
for integration'’>1"3, In addition, DNA requires trafficking to the nucleus for transcription, which
can be a barrier for post-mitotic cells due to the lack of nuclear membrane breakdown during cell
division. Strategies may be able to overcome these weaknesses by using self-inactivating gRNAs
against the Cas9 sequence or conjugating nuclear penetrating peptides to the DNA. The

alternative forms of CRISPR as RNA or ribonucleoprotein (RNP) complex offer some
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advantages since they do not need to be transcribed in the nucleus and would likely have a
shorter half-life, which could reduce off-target and immune effects.

Here we describe a CRISPR/Cas9 platform for Duchenne muscular dystrophy that can
restore the reading frame for at least half of DMD patients and allow a Becker-like dystrophin
protein to be produced. By targeting our gRNAs close to the flanking exons, we cover the largest
number of patient mutations within this region and create a small chimeric intron. Although this
is a large deletion, it is predicted to maintain correct spectrin-like repeat structure and is
associated with one of the mildest BMD phenotypes seen in patients. We demonstrated
successful deletion of exons 45-55 up to 725kb and generated clonal reframed DMD hiPSCs
from two different patient lines. Upon differentiation of the reframed lines to skeletal and cardiac
muscle cells we showed dystrophin and DGC expression in vitro and in vivo as well as restored
membrane stability and miR31 levels in vitro®.

Two potential routes of translation of this platform are through direct delivery of CRISPR
to muscle in vivo or through delivery of corrected skeletal muscle progenitor cells derived from
reframed hiPSCs (Figure 5-1). For the cell therapy approach, we demonstrated that locally
engrafted CRISPR reframed cells could restore dystrophin and the DGC in an
immunocompromised mdx mouse. However, for the direct delivery approach, we had to create a
novel humanized dystrophic mouse model so the human DMD gene could be targeted in vivo.
We used CRISPR/Cas9 to delete exon 45 in the hDMD mouse, thereby putting the human DMD
gene out-of-frame. We crossed this hDMD del45 mouse to mdx and mdxD2 backgrounds, which
lack murine dystrophin, and demonstrated these mice lack all dystrophin and present dystrophic

histopathology in multiple muscles in the body. Upon electroporation of the CRISPR/Cas9
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platform in the muscle in vivo we saw restoration of dystrophin a month later. This demonstrated

proof-of-principle that we could apply our CRISPR platform in our novel mouse in vivo'®.

DMD
exons 45-55 DMD patient fibroblast

Reprogmmmed to hiPSCs

Qut-of-frame Reframed
Nanoparticles or AAV
packaged with CRISPR/Casg Reading frame restore
by CR!SPR/COSQ
@ ? Differentrated to
o

muscle cells

Direct delivery for in vivo editing Cell therapy

Figure 5-1: Therapeutic applications of CRISPR/Cas9 platform for DMD.
Application of our CRISPR/Cas9 platform to reframe DMD by deletion of exons 45-55 could be
done through either a cell therapy or direct delivery approach. For cell therapy, patient hiPSCs
could be reframed, differentiated to muscle progenitor cells and delivered back to the patient
(right). For direct delivery, the CRISPR platform could be packed in nanoparticles or AAV and
directly injected into the patient (left).

The biggest challenge for direct delivery of CRISPR in vivo is how to target the CRISPR
platform to all the muscles of the body. Some AAYV serotypes have demonstrated high tropism
for skeletal muscle, however AAV raises some concerns with how long Cas9 would be
expressed, its failure to efficiently target muscle stem cells’>'%, and the inability to repeatedly
administer it without other procedures. These could potentially be overcome with strategies to
inactivate Cas9, new capsid generation and screening for muscle stem cell targeting, and
plasmapheresis or high immunosuppression to remove/prevent anti-AAV antibodies'®%-163,

However, since we were also interested in completely avoiding viral delivery we began
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development of non-viral nanoparticle-mediated delivery platforms. We iteratively developed the
first polyrotaxane (PRX) nanoparticles for muscle by creating four generations of particles,
where some generations show improved delivery of reporter and CRISPR/Cas9 plasmids to
muscle in vitro and can biodistribute to muscle in vivo. However, in comparison to AAV, the
PRXs are not as efficient at restoring dystrophin after delivery of CRISPR/Cas9 through either
local or systemic injection in vivo. We hypothesize there may be a trafficking or uptake problem
with the muscle fibers in vivo and future work to overcome these obstacles through charge
modulation or peptide targeting needs to be completed. Also, the PRXs are currently inefficient
at targeting the heart and diaphragm after systemic injection and so specific iterations of PRXs
should be developed to target these muscles.

Other important considerations for CRISPR-mediated dystrophin restoration is to
understand the timing and efficiency needed to restore dystrophin to the threshold level
necessary to protect each individual muscle fiber. Although studies have been done looking
globally at what level of dystrophin is needed for improved function?®-32174-176 the level needed
on a per fiber basis is unclear. Also, the functional consequence of restoring a single exon
skipped versus an exon 45-55 deletion versus a wild type dystrophin is unknown. Thus, future
studies looking at if dystrophin positive fibers are lost over time and performing functional
assessments could give some insight into the original efficiency and threshold needed.
Additionally, understanding the long-term functionality of different internally deleted
dystrophins could be done by generating Becker mouse models. Related, it is unclear what
dystrophin level is needed for long-term functional benefit in humans. Sarepta’s Exondys 51

exon skipping drug was approved based on a 1% induction of dystrophin by Western blot and
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some improved function over 4 years?®, however the lifelong potential of this amount of
dystrophin is unknown.

In future work, targeting of CRISPR/Cas to muscle stem cells would allow for the
permanent correction to be propagated over time and result in long term dystrophin restoration.
Furthermore, therapies to preserve heart function should be carried out in parallel to prevent
cardiac failure. Lastly an unbiased assessment of off-target activity should be done to have an
idea of any potential safety risks.

In sum, we have developed a therapeutically relevant CRISPR/Cas9 platform that
restores the DMD reading frame for a large percentage of Duchenne patients using a single pair
of gRNAs. We demonstrate potential utility of this platform through either a corrected cell
therapy approach or through viral or non-viral delivery directly to muscle in vivo to restore

dystrophin expression.
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