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Abstract

Duchenne Muscular Dystrophy (DMD) is the most common X-linked lethal disorder caused by a
genetic defect in the dystrophin gene. A substantial, ectopic expression of utrophin, which is a
close analogue of dystrophin, in the extra-synaptic sarcolemma of dystrophin-deficient muscle
fibers, can prevent deleterious effects of dystrophin deficiency. Our aim is to up-regulate the
expression of this dystrophin-related gene in DMD, thereby complementing the lack of
dystrophin function. To achieve utrophin up-regulation, we engineered several zinc finger
proteins (ZFPs), and tested their ability to target and upregulate the human utrophin A promoter.
In parallel, we used genome editing tools, such as the zinc fingers nuclease (ZFN), and the
Clustered, Regularly Interspersed, Short Palindromic Repeats (CRISPR), to target and modify
the endogenous utrophin A promoter. Although results of ZFPs coupled to the trans-activator
domain VP16 have shown a moderate up-regulation of the endogenous utrophin in HEK 293T
cells, the screening of ZFN and CRISPR/Cas9 systems have shown these to have a great efficacy
in inducing DNA double-strand breaks at utrophin A promoter. The co-transfection of HEK
293T cells with the CRISPR/Cas9 system and a donor plasmid harboring the Cytomegalovirus
and chicken beta actin (CAG) promoter flanked between utrophin A arms triggered the
integration of the CAG promoter sequence into the endogenous human utrophin A promoter
region through a homology-directed repair mechanism. Integration of the CAG promoter within
the utrophin A promoter region led to a substantial up-regulation of the endogenous utrophin

gene in these cells.



Résumé

La Dystrophie Musculaire de Duchenne (DMD) est une maladie létale causee par le
dysfonctionnement du gene codant pour la dystrophine située sur le chromosome X. La
surexpression de 1’utrophine (protéine analogue a la dystrophine) dans les muscles déficients de
la dystrophine, peut prévenir 1’effet néfaste liée a cette anomalie. Notre but est de sur-exprimer
I’utrophine chez des patients atteints de la DMD afin de défier I’absence de la dystrophine. Pour
cela, des protéines a doigts de zinc (ZFP) ont été synthétisées et leur capacité a activer le
promoteur A de 1’utrophine a été testé. En méme temps, la nucléase a doigts de zinc (outils de
correction génomique) ainsi que le systéme ‘Courtes répétitions palindromiques groupées et
régulierement espacées ° (CRISPR) ont été utilisés pour modifier le promoteur A de 1’utrophin
endogene. Bien que le ZFP couplé au domaine trans-activateur de VP16 a montré une
surexpression modérée de 1’utrophine endogene dans les cellules HEK 293T, le criblage de ZFN
et le systeme CRISPR/Cas9 a démontré quant a lui une grande efficacité a induire des cassures
sur le double brin d’ADN au niveau du promoteur A de 1’utrophine. La co-transfection des
cellules HEK 293T avec le systtme CRSIPR/Cas9 ainsi que le plasmide donneur possédant le
promoteur chimere de la B-actine de poulet fusionné a I'enhancer du promoteur précoce de
cytomégalovirus (CAG) flanqué entre les deux bras du promoteur A de I’utrophine induit la voie
de la réparation homologue dirigée qui induit a son tour I’intégration du CAG dans le promoteur
A de 'utrophine humaine endogene. Les résultats ont confirmé que I’intégration de CAG au

niveau du promoteur A de I'utrophine, permet une surexpression stable de 1’utrophine endogene.



Acknowledgements

First and foremost, | want to express my deep gratitude toward my supervisor and mentor Dr
Josephine Nalbantoglu for her support and guidance. It has been an honor to be her Ph.D.
student. She has taught me, how good biotechnology and molecular biology is done. | appreciate
all her contributions of time, ideas, and funding to make my Ph.D. experience productive and
stimulating. Her love for science and research was contagious and motivational for me, even

during tough times during my Ph.D.

I would like to express my gratitude to the members of my committee; Dr Elena Torban, Dr
Renald Gilbert, and Dr Kenneth Hastings, for their academic guidance which helped develop my

skills and critical thinking as well.

| would like also thank my colleagues in the Nalbantoglu’s lab, SongSong Geng, Nadia Houri
and Nancy Larochelle for their help guidance and kindness. Special thanks to Nancy for her help

with experiments.

| had the privilege of receiving studentships and travel awards during my doctoral studies. | am
grateful to the CIHR Neuroinflammation Training Program and McGill University for enriching

my graduate student experience.

Last but definitely not least, a special thank you to my wife, my parents, my brother and my

sisters for their encouragement and their faith in me. I love you!

“And remember! Your Lord caused to be declared: If ye are grateful, | will add more unto

you.” — Surah Ibrahim



List of Figures

FIGURE 1 SCHEMATIC MODEL OF DYSTROPHIN AND UTROPHIN- ASSOCIATED PROTEIN COMPLEXES .....vvveeeeeeerainnrereresesannnreeeeeessenannnes 18
FIGURE 2 MECHANISMS FOR MEMBRANE DISRUPTION IN DYSTROPHIC MUSCLE. ..ccvteeererunrerrreseseramreneeeeesesannnreeesesssasnnrenesesssesannnes 28

FIGURE 3 GRAPHICAL REPRESENTATION OF THE HUMAN UTROPHIN A PROMOTER AND THE PREDICTED SEQUENCES OF THE THREE ZINC

FINGER PROTEINS . uutteeeeutteeesuutessnuseeessuseeesusaeesnsseeessnsseesssssessnssessssssesssssssessnssesssnsssesssnsssesssssesssssssesssnsseessnssseessnnnes 61
FIGURE 4 CLONING STRATEGY OF ZFP FROM INDIVIDUAL FINGER MODULES INTO PST1374 PLASMID. .vveevvveeureenireereeeniresnseeesneensenes 64
FIGURE 5 EXPRESSION OF VARIOUS ZFPS IN HEK 293T CELLS. c.uvvteitieetetetiesieeenieeesteeesieeesteeesseessesesssesssesssssesnsesssssesnsessssaesnsens 66
FIGURE 6 DIFFERENTIAL BEHAVIOUR OF ZFPS TARGETED TO UTROPHIN A PROMOTER.....uueeeerurreeesrreeesrreesasnreeessssessssseesesssseeesnnnees 69
FIGURE 7 ACTIVATION OF THE ENDOGENOUS HUMAN UTROPHIN GENE BY ZF51 ...uuiiiiiiiiriieiiiiieniieeiteesitessieeesiaeeieeesieesniee e siaeenaeees 72
FIGURE 8 TARGETING THE HUMAN UTROPHIN A PROMOTER WITH DESIGNED ZFNS. ..ccvtiiiiieiiiiiiniieiiieenireenieeesiaeesieeesisessieeesiaesnseees 76
FIGURE 9 CLONING OF ZFN INTO THE PSYC-97 PLASMID. 1eeuutteeeeuereeesuteeeesuteeesasseeesssseessssseeesssssesssssssesssssesesssssessssssnessssseesssnsees 78
FIGURE 10 CRISPR/CAS9 MEDIATED GENOME EDITING OF HUMAN UTROPHIN A PROMOTER IN HEK 293 T CELLS ..vevvveevrereereeneennen. 85
FIGURE 11 INSERTION OF THE (CAG) PROMOTER INTO THE HUMAN UTROPHIN A PROMOTER....eeeeevtreertreeeenireeeeesreeesssesesanssessnnnens 87
FIGURE 12 TARGET IDENTIFICATION IN THE 2.3 KB FRAGMENTS OF HUMAN UTROPHIN A AND THE BEST PREDICTED SGRNAs. ............... 89
FIGURE 13 CRISPR/CAS9 MEDIATED GENOME EDITING OF HUMAN UTROPHIN A PROMOTER REGION.......vvveevereereeereresseeeeseeesseeenseees 91
FIGURE 14 DETECTION OF CRISPR/CAS9-INDUCED HOMOLOGOUS RECOMBINATION IN HEK 293 T CELLS. veuvvveeveeerereerreeereeeeveeeeneee 93
FIGURE 15 INTEGRATION OF CAG PROMOTER INTO THE ENDOGENOUS HUMAN UTROPHIN A PROMOTER .....uuuuiiiieerenesaiiireeeeeeesenanees 95
FIGURE 16 ANALYSIS OF THE TOP 4 OFF-TARGET HITS PREDICTED TO BE LOCATED IN GENES ...ceeeeeeiiiiireeeeesesainnreeereesaasannreeeeeeesannnnes 97



Abbreviations

AAV Adeno-Associated-Virus

BCA BiCinchoninic acid

BMC Becker muscular dystrophy

BMD Becker Muscular Dystrophy

CAG Cytomegalovirus and chicken beta actin
cDNA Complementary DNA

CmMvV Cytomegalovirus

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

crRNA  CRISPR RNA

DAPs Dystrophin associated proteins
DMD Duchenne Muscular Dystrophy
DNA Deoxyribonucleic acid

ECM extracellular matrix

GCs Glucocorticoids
GRMD Golden Retriever Muscular Dystrophy Dog
HDR Homologous Direct repair

HFMD  Hypertrophic feline muscular dystrophy
IPS cells Induced Pluripotent Stem cells

Kb kilobase

KDa kilodalton

Mb Mega-bases
MMP Metalloprotease

NHEJ Non Homologous End Joining

NO Nitric oxide

PCR Polymerase chain reaction

PMOs Phosphorodiamidate morpholino oligomer
RNA Ribonucleic acid

ROS Reactive oxygen species
ROS Reactive oxygen species
RT-PCR  Reverse transcription-PCR
SR Sarcoplasmic reticulum

tracrRNA Transactivating RNA)
WGA Wheat germ agglutinin
ZFN Zinc finger nuclease
YA Zinc finger

10



Contribution of Authors
The majority of the experimental work presented in this thesis was performed by the candidate,

Zakaria Orfi.

The thesis was written by Zakaria Orfi and edited by the candidate's supervisor, Dr. Josephine

Nalbantoglu.

11



Chapter 1: Introduction

Duchenne Muscular Dystrophy

Human skeletal muscle is a complex and heterogeneous tissue composed of approximately 434
muscles, serving a multitude of functions, and contributing to over 40 % of total body weight.
This complex tissue can be severely affected by inherited or sporadic monogenic disorders,
leading to muscular dystrophies, which are characterized by progressive muscle wasting and
weakness, typically causing premature death. Muscle degeneration has a negative impact on
ambulation, posture, cardiac and respiratory functions. Many genes associated with muscular
dystrophies encode proteins of the plasma membrane and extracellular matrix [1]. Duchenne
Muscular Dystrophy (DMD) is the most common and severe form of muscular dystrophy. It was
first described in 1852 by Dr. Edward Meryon and Guillaume Duchenne de Boulogne, as a
pseudo-hypertrophic muscular paralysis, then named Duchenne Muscular Dystrophy. Joseph
Sarrazin was the first patient diagnosed with DMD. According to Dr Duchenne, Joseph was
normal at birth, but at the age of 2 years his lower extremities grew abnormally in volume,
despite lacking power since birth and rarely being exercised. All of Joseph’s movements were
weak, and he could not walk except with legs spread apart for lateral balance. Three years later,
Joseph’s condition badly deteriorated, with weakness spreading to the whole body. The child
was bedridden by age 12 despite treatment with electrotherapy and massage. He died of
tuberculosis at age 14 [2].

Duchenne summarized 12 of his case studies and noted that there were six principal diagnostic

features of DMD:

1. Loss of muscle strength, usually in the lower extremities.
12



2. Spreading of the lower limbs upon standing and walking.
3. Abnormal development of volume in lower extremities.

4. Progressive course of the disease.
5. Decrease in electro-muscular contractility.
6. Absence of fever.

DMD is considered one of the most common X-linked degenerative childhood muscle diseases,
affecting approximately 1 in 3500 male births [3]. The life span of most DMD patients is
shortened and affected patients die in their early twenties due to respiratory complications or

cardiac dysfunction [4].

A milder dystrophy, called Becker Muscular Dystrophy (BMD), was described by the German
physician Peter Becker in 1950 [5]. Similar to DMD, BMD has the same inheritance pattern, but
is less severe, allowing longer survival. BMD symptoms appear at about age 12 or even later and
BMD patients are bedridden at age of 25-30. Unlike DMD, most of BMD (70%) results from in-
frame mutations, which produce internal deletion or duplication within the dystrophin gene.
Though the beginning of symptoms and the progression of the disease are delayed in BMD, the

clinical course is similar to the DMD [6, 7].

Dystrophin gene and protein

The Dystrophin Gene
Although most DMD patients are males, the dystrophin gene was localized on chromosome

Xp21 in female patients. The position of DMD gene was determined by studying large deletions

13



of X chromosome in abnormal karyotypes of nine rare females with DMD [8]. Several studies
have shown that DMD patients have X chromosome breakpoints in position Xp21, which
provided strong evidence that this sub-band contains the DMD locus [9, 10]. Moreover, BMD
was localized to the same region [11]. The dystrophin gene is one of the largest genes with 2.5
Mega-bases (Mb) of DNA, composed of 79 exons, and representing 1.5% of the X chromosome.
The 14Kb cDNA was first cloned using human fetal muscle cDNA library [12, 13]. The
dystrophin mRNA is expressed mainly in skeletal and cardiac muscle, with lesser amounts in the
brain. The spatiotemporal dystrophin gene expression is controlled by seven independently
regulated promoters. Three of them are upstream promoters and express the full length
dystrophin: the Brain (B), Muscle (M), and Purkinje (P) promoters, which reflects the major
tissues in which the dystrophin promoter is more active [14]. Unlike external promoters, the four
internal promoters which can be referred to as retinal (R), brain-3 (B3), Schwann cell (S), and
general (G), generate shorter dystrophin transcripts that encode truncated C-terminal isoforms.
These promoters utilize a unique first exon that splices in to exons 30, 45, 56, and 63,
respectively, and generate truncated protein of 260 kDa [15], 140 kDa[16], 116 kDa[17], and 71
kDa[18]. The alternative splicing might regulate the binding affinity of isoforms to the
dystrophin associated complex [19, 20].

The majority of DMD cases are transmitted from the carrier mother to her son; however, 1/3 of
cases are sporadic [21]. Unlike BMD, which generally exhibits in-frame dystrophin mutations,
approximately 65% of DMD are characterized by large deletions of the dystrophin gene [22],
and approximately 15-30% are the result of point mutations [23]. However, the size and position

of the deletion within the dystrophin gene often does not correlate with the clinical phenotype
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observed. This can be explained by the open reading frame mechanism of the truncated
dystrophin RNA. In fact, depending on the predicted stability of dystrophin, it has been possible
in many cases to predict whether a young DMD patient is likely to develop BMD or DMD [24].
Also it has been shown that the severity of DMD is generally correlated with the amount of
dystrophin present at in the muscle-fiber membrane [25].

The Dystrophin Protein

The diagnostic marker of DMD is the absence of the cytoskeletal protein dystrophin, which is an
essential component of the dystrophin glycoprotein complex (DGC) [26]. Dystrophin is a large
protein composed of 3,685 amino acid residues (427kDa), and localized at the cytoplasmic face
of the sarcolemma membrane (Figure 1) [27]. Because dystrophin is a member of the f-
spectrin/a-actinin protein family [28], it acts as a bridge linking the actin cytoskeleton to the
extracellular matrix (ECM), which leads to sarcolemmal stability during muscle contraction and

can also coordinate signal transducers at the sarcolemma [29]. Based on its primary structure,

dystrophin can be organized into four distinct regions: (1) The actin-binding domain at the NH2

terminus, (2) The central rod domain, (3) The cysteine-rich domain, and (4) The C-terminal

domain. The first part of the dystrophin primary structure is the NH2-terminal end, which
consists of 240 amino acids that form an actin binding domain followed by several repeating
units known as spectrin-like repeats. The second and largest segment consists of the rod domain,
which is composed of 24 repeating units interspaced by four proline rich hinge regions. The
repeating units might bring more flexibility and elasticity to dystrophin during muscle
contraction [30]. The third domain is a cysteine rich domain composed of three sub-domains: (1)

WW (tryptophan), (2) ZZ (Zinc finger), and (3) EF (a-helices) domains. The WW is a globular
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domain that binds to proline-rich substrates and binds also to the carboxy-terminus of beta-
dystroglycan [31, 32]. The ZZ domain is also part of the cysteine-rich domain and holds a
number of conserved cysteine residues that interact with calmodulin [33]. The fourth and last
domain is the C-terminal domain, which is composed of 420 amino acids which can be an
alternatively spliced region. Like the rod domain, the C-terminal domain also has two coiled-coil
motifs [34, 35]. Dystrophin localization and structure are mandatory for sarcolemma stability.
Dystrophin acts as a molecular ‘shock absorber’ that can reduce eccentric stress during
contraction or flexion through its interaction with several proteins called Dystrophin Associated
Proteins (DAPs) [36]. The DAP complex was first identified when dystrophin was enriched in
muscle membrane fractions eluted from a wheat germ agglutinin (WGA) column, which is
known for its high affinity to N-acetyl-glycosamine, a common component of glycans; thus,
dystrophin was found to be associated with a glycoprotein complex [25, 37]. DAP is composed

of three distinct complexes: 1) The dystroglycan complex, 2) The sarcoglycan-sarcospan

complex, and 3) The cytoplasmic dystrophin-containing complex [38]. Based on their location

within the sarcolemma and their physical association with each other, these complexes can be
mapped in the following order: The extracellular dystroglycan complex which is composed of a-
dystroglycan and B-dystroglycan binds to laminin-2 via a-dystroglycan (aDG), leading to the
attachment of the entire complex to the extracellular matrix; while, the B-dystroglycan (BDG) in
the sarcolemma interacts with both the sarcoglycan-sarcospan sub-complex, composed of the
sarcospan-sarcoglycans (a, B3, y, 9,) complex, and the WW domain and EF hands of dystrophin
[39, 40]. The third complex, the cytoplasmic dystrophin-containing complex, is composed of

dystrophin, syntrophins (syn) and a-dystrobrevin (aDB). The C-terminal region of dystrophin

16



forms the binding site with two syntrophin subunits (al and 1) and the cytoplasmic protein
dystrobrevin; while the dystrophin N terminus interacts with cytoskeletal actin [34]. The
dystrobrevins and syntrophins can directly interact with each other, and the syntrophins also bind

nitric oxide synthase (NOS) [41].

17



Figure 1 Schematic model of dystrophin and utrophin- associated protein

complexes

The dystrophin and utrophin proteins bind similarly to cytoskeletal actin through their N-terminal
domain and the ECM through their C-terminus, acting as a bridge linking the internal
cytoskeleton and the extracellular matrix. The central rod domain is formed by triple-helical
segments similar to the repeat domains of spectrin which are interrupted by four hinge regions.
The C-terminal region binds B-dystroglycan as well as the syntrophins and a-dystrobrevin.

Adapted from (Kay E. Davies et al 2015) [42].
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The Animal Models of DMD

The study of dystrophin gene in DMD patients allowed the discovery of its orthologue in
mammalians. Disruptions of the dystrophin gene in these animals produced animal models for
DMD, which can be used to study in detail the pathophysiology of the disease in humans. The
choice of the animal model in experimental and pre-clinical trials is made according to the
advantages and disadvantages they each provide [43]. To date, there are several mammalian
models of DMD that have been used to better understand the pathophysiological process of

DMD and to develop various types of therapeutic approaches leading to clinical trials.

The Dystrophin-Deficient mdx Mouse

The mdx mouse, an X chromosome-linked mouse mutant (gene symbol, mdx), first identified by
Bulfield et al [44]. Later on, another group have shown that the mdx phenotype is due to a point
mutation that converts a CAA (Glutamine) to a TAA stop codon in exon 23 [45]; the full-length
dystrophin is absent in mdx mice, which leads to a truncated and unstable dystrophin unable to
attach to the sarcolemma membrane, causing mdx muscle pathology. Although the absence of
dystrophin does not affect the life span mdx mice [46], they have similar biochemical and
histological defects as compared to human DMD patients; they exhibit severe muscle
dysfunction, elevated serum creatine kinase and pyruvate kinase levels [47]. At birth, few
myofibers are affected but necrosis occurs and it is more frequent during a crisis period at day 20
[48]. After the crisis period, the intensity of fiber necrosis decreases in frequency and occurs at

low level during the life of the animal [48]. The mdx mouse has strong advantages as an animal
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model including easy maintenance and breeding; as a result, the mdx mouse has been a key

resource in the exploration of dystrophic pathophysiology.

Another mdx model that phenocopies the human DMD is the dystrophin and utrophin double
knock out (mdx/utnr) mouse [49]. Unlike dystrophin-deficient mdx mice, which appear
physically normal despite their underlying muscle pathology, the (mdx/utnr’) mice show many
signs typical of human DMD: they show severe progressive muscular dystrophy that results in
premature death, and they have ultra-structural neuromuscular and myotendinous junction

abnormalities [50]. Thus, the mdx/utnr- mouse is considered a more robust model of DMD.

The Dystrophin-Deficient Dog

The Golden Retriever Muscular Dystrophy Dog (GRMD) is a well characterized canine model of
DMD [51]. Because of an RNA processing error that results from a single base change in the 3'
consensus splice site of intron 6, there is loss of exon 7, which leads to absence of dystrophin
protein [52]. The biggest advantage of GRMD is that their phenotype is closer to human DMD,
with early onset muscle weakness, lethal respiratory distress, and cardio-myopathy. However,
there are some disadvantages of this animal model including intra-variability between
individuals, and considerable cost to maintain and breed the dogs.

The Dystrophin-Deficient Cat

The hypertrophic feline muscular dystrophy (HFMD) is characterized by a deletion of the exon 1
dystrophin muscle and Purkinje promoters [53]. The HFMD phenotype is characterized by
marked muscle hypertrophy, necrosis, but less fibrosis [54]. The cat is considered a poor model
of DMD because it has limited pathological similarity to DMD, and combines the practical

disadvantages of being a large and affecting animal [55].
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The Dystrophin-Deficient Pig

Porcine DMD model has been identified by genome-wide association analysis, which revealed
spontaneous point mutation in the dystrophin gene (C>T, R1958W) in exon 41. Affected pigs
show a reduction of 70% of dystrophin protein in both skeletal and cardiac muscles [56]; as a
result, scientists have generated a genetically modified porcine model of DMD with deletion in
exon 52 of the dystrophin gene [57].

The Dystrophin-Deficient Rat

Recently, a new rat model of DMD was generated using the Clustered Interspaced Short
Palindromic Repeats (CRISPR)/Cas9 system. The CRISPR system targeted two exons in the rat
dystrophin gene, which resulted in the absence of dystrophin expression in the FO generation.
The affected rats exhibited a decline in muscle strength, and the emergence of
degenerative/regenerative phenotypes in the skeletal muscle, heart, and diaphragm. Because rats
are bigger than mice and smaller than dogs, maintenance is easier in a laboratory setting. These

advantages make Dmd-rats useful for developing therapeutic methods to treat DMD [58].

Pathophysiology of Duchenne Muscular Dystrophy

Although no standard model can explain the exact pathophysiology of DMD, multiple models
have been explored to explain the chronology of muscle damage in a dystrophin-deficient
environment including the membrane fragility, the impaired calcium homeostasis, and the

proteolysis theories (Figure 2) [59].
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Membrane fragility

Several studies have shown that loss of function mutations in any of the genes encoding
Dystrophin Associated Proteins (DAP) might have a similar phenotype to what is seen in
dystrophin mutations. The similarity of phenotypes is likely explained by the destabilization of
the entire DAP that results from a deficiency in only one member [60-62]. Dystrophin as a
member of the DAP plays a structural role by linking the extracellular matrix to the cytoskeletal
actin, which may help in maintaining the integrity of the muscle fiber membrane. An electron
microscopy study in 1975 was used to describe the ultra-structural features of DMD muscle. The
electron microscopy results have shown disrupted sections or delta lesions on the sarcolemma
membrane of DMD cells [63]. This observation gave rise to the theory of membrane fragility,
which postulates that the primary pathology of DMD muscle might be due to the fragility and
leakiness of the cell membrane [64]. In confirmation of this theory, several studies have shown
elevated muscle enzymes such as creatine kinase in the serum of dystrophic patients, which
might be interpreted as evidence of sarcolemmal fragility in dystrophic muscle [65]. Moreover,
the membrane fragility hypothesis became more reliable when Petrof et al demonstrated a
significant correlation between eccentric contractions and membrane impermeable dye uptake in
mdx muscle; unlike the normal control there were about fivefold more dye-positive fibers in madx
muscle under all the stress stimulation protocols [66]. Therefore, in dystrophin-deficient muscle,
it is proposed that contraction stress leads to membrane tears, which might lead to calcium

disequilibrium between extracellular and intracellular compartments.
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Calcium homeostasis

Membrane disruption in dystrophin-deficient myofibers is usually associated with abnormal
cytosolic calcium. In fact, several studies have shown elevated calcium in muscle fibers from
DMD patients and mdx mice [67, 68]. Unlike normal controls, DMD muscle biopsies showed an
increase in the number of fibers positive for a histochemical calcium stain [69]. Together, these
results indicate that calcium might play a role in the pathophysiological processes leading to cell
death [70]. Spectroscopic studies have shown that the total calcium content of DMD muscle was
significantly elevated, about 50% higher in DMD patients [71]. Although the early spectroscopic
studies can’t distinguish between internal and external calcium, technical advances using
fluorescent calcium chelators has allowed distinction between intra- and extracellular calcium;
two groups have shown that the intracellular calcium content of DMD myotubes and mdx
myofibers was twofold higher compared to the controls [72, 73]. However, other groups have
found no change in calcium concentration [74, 75]. These contradictory results could be
explained either by difficulties in methodological application of the fluorescent calcium chelator
technique [76] or by an effect of mechanical stress during cell extraction and preparation. To
further confirm that mechanical stress might lead to intracellular calcium disequilibrium, a study
was conducted where intracellular calcium activity was recorded in human muscle cells in
culture: normal (control) and dystrophic (DMD) cells. Internal calcium concentrations were the
same in controls and noncontracting DMD cells, but large increases were observed when
myotubes were co-cultured with rat spinal cord explants to improve the maturation of human
myotubes and promote spontaneous contractions [77, 78]. In contrast, in the presence of

contractile activity inhibitors the myotubes did not exhibit an increase in free cytosolic calcium.
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Although early studies speculated that extracellular calcium simply enters dystrophic fibers
through micro-lesions in the sarcolemma, the data suggest that contraction is a dominant factor
contributing to calcium abnormalities in DMD cells instead of membrane tears [77]. For more
precise measurement of calcium influx, the manganese quenching technique has been used to
trace calcium entry into a myofiber, which has shown that calcium entry in mdx myotubes and
fibers is about twofold compared to normal controls [79, 80]. Moreover, using the patch clamp
technique, it has been shown that leak channel (calcium channel) activity is threefold greater in
madx myotubes compared to the normal once, suggesting that voltage independent channels might
be responsible for extra calcium influx into mdx myotubes [81, 82]. Moreover, high levels of
cytosolic calcium may also cause abnormal mitochondrial function in dystrophic myotubes,
which can enhance the production of reactive oxygen species (ROS) [83-85].

ROS effect on dystrophic cells

There is strong evidence that oxidative stress can contribute to the dystrophic phenotype [86]. In
fact, the levels of most antioxidant enzyme and reactive oxygen species (ROS) concentrations
are significantly elevated in both DMD patients and mdx mice [87-89]. Moreover, treatment of
mdx mice with antioxidants, such as N-acetylcysteine [89] or green tea extract [90], lowered
muscle damage and increased muscle force production. Therefore, calcium entry may stimulate
production of ROS by several cellular mechanisms, including mitochondria [85] and NAD(P)H
oxidase [91], which might lead to calcium re-entry via lipid peroxidation, or by promoting the
release of calcium from the sarcoplasmic reticulum (SR) via calcium release channels (ryanodine
receptors, RyRs) giving rise to an intracellular positive feedback loop for damaging calcium and
ROS signals. ROS production may also have downstream consequences by activating calcium-
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dependent proteases, such as calpain, resulting in proteolysis of cellular constituents. Moreover,
cytosolic calcium and ROS overload impair mitochondrial oxidative phosphorylation [92] and
can directly affect the contractile properties of muscle cells [93]. Elevated ROS in dystrophic
cells can be explained also by the reduction of nitric oxide synthase nNOS from the sarcolemma,
which acts as a scavenger of ROS via nitric oxide production [94]. Moreover, ROS production
might promote satellite-cell proliferation through activation of Wnt/B-catenin signaling pathway
during adult skeletal muscle regeneration [95, 96]. In addition, Wnt7a activates the planar cell
polarity pathway consisting of PAR-3 and PKCIl asymmetrically to drive the symmetric
expansion of satellite stem cells, and regulating the acquisition of distinct daughter cell
fates.[97]. Recently, a study has indicated that in the absence of dystrophin, expression of
(MAP)/microtubule affinity—regulating kinase2 (Mark2) protein is down-regulated, leading to an
abnormal distribution of the cell polarity regulator PAR-3 on satellite cell, which causes in loss
of their asymmetric divisions, and reduces their capacity to form myogenic progenitors [98, 99].
Therefore, muscle wasting in DMD is not only caused by myofiber fragility, but also by

impaired regeneration owing to intrinsic satellite cell dysfunction [98].

Muscle degeneration from Free Radicals

It has been shown that nNOS is part of the DAP complex. Loss of dystrophin leads to either a
reduction, or no change in nNOS in the cytosol; instead, all data show that there is a large loss of
nNOS from the sarcolemma [100]; an absence of nNOS from the sarcolemma leads to a
significant decrease of nitric oxide (NO) production in dystrophic muscles, which might affect
several downstream pathways. NO can promote muscle growth through activation of satellite

cells, which are in a quiescent state in skeletal muscle. Increase in NO synthesis can increase
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satellite cell proliferation either by activation of metalloprotease (MMP) [101] or through cell
polarity by activating Vanl2 and Wnt signaling pathways [102]. Moreover, loss of nNOS from
dystrophic muscle leads to significant reduction of cGMP and increases cytosolic calcium and
impairs glycolysis, which increases muscle fatigability [103]. Furthermore, NO acts as a
vasodilator and a key modulator of vascular tone [104]. Loss of nNOS from dystrophic muscle
can also amplify the early inflammatory response to injury [105].

Proteolysis

The data above suggest that loss of dystrophin leads to membrane lesion, which will activate
calcium leaking channels. Increased cytosolic calcium content in turn will trigger a series of
pathogenic events including calcium-activated proteolysis, signaling perturbations, and
mitochondrial death [106, 107]. In fact, it has been shown that calcium alone is sufficient to
induce muscular dystrophy in vivo [108]. Steady up-regulation in cytosolic calcium
concentration leads to activation of proteases, particularly calpains, which can destroy the
membrane constituents and will trigger calcium entry. This vicious circle leads to cell death
[109, 110]. Using hydrolysis of a fluorogenic calpain substrate it has been confirmed that
proteolysis is faster in mdx myotubes than controls, which can be stopped by inhibiting calcium
leak channel activity and lowering external calcium concentration [111]. Moreover, a variety of
proteolysis inhibitors indicated that most of the extra proteolysis was due specifically to calpains
and not to lysosomal or proteosomal pathways [112]. Loss of dystrophin leads to the collapse of
the entire DAP complex which in turn triggers the function of several downstream signaling

events, thereby contributing to disease progression.
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Figure 2 Mechanisms for membrane disruption in dystrophic muscle.

(Left part) A model of dystrophin and associated protein complexes in normal muscle.

Absence of dystrophin leads to sarcolemmal disruptions and muscle degeneration (right part). In the
absence of dystrophin, tears may simply develop as a result of the mechanical stress. An increase in free
radicals (pink triangles) is thought to be caused by the displacement of NOS from the plasma membrane.
The high levels of free radicals in dystrophic muscle are thought to contribute to muscle degeneration
via the oxidation of muscle membranes and recruitment macrophages. Calcium-sensitive pathways also
contribute to muscle degeneration in muscular dystrophy. Calcium (red spheres) may enter through
membrane lesions or through calcium channels. Calcium dysregulation may also lead to abnormal
mitochondrial function as well as the activation of the calcium-dependent protease calpain to degrade

muscle membrane proteins. Redrawn from (GQ. Wallace and Elizabeth M. McNally et al 2009) [113].
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Experimental Treatment

The discovery of the dystrophin gene and its implications for DMD has been known for over 30
years [12], yet no effective treatment is available to halt, prevent or reverse the progression of
DMD. Different therapeutic strategies for DMD are currently being explored, including
pharmacological, molecular and cellular-based approaches. Most of the pharmacological
treatments seem less effective since they mainly target the secondary features of dystrophin
deficiency including inflammation, fibrosis, and muscle regeneration [114]. However, molecular
and cellular based strategies, including gene therapy, exon-skipping, and mutation suppression,
which are primarily targeted at replacing/restoring the mutated DMD gene, have shown more

potential to rescue the dystrophic phenotype [115].

Therapies targeting secondary features of DMD

Although most of the symptomatic management offered to DMD patients, including
pharmacotherapy, rehabilitation, and surgical management, has improved lifespan from late
childhood to early adulthood, their objectives are limited in regards to slowing disease
progression, preventing scoliosis and optimizing the respiratory and cardiac function. To date,
the only available drug therapies for DMD are the Glucocorticoids (GCs) including prednisone
and its derivative prednisolone, and deflazacort, which are considered the first-line therapy
available to improve muscle growth, delay muscle necrosis, and improve respiratory function
[116, 117]. However, the exact cellular mechanism on the beneficial effect of GCs is still
unknown [118]. In fact, studies using cDNA microarray genotyping steroid-treated mdx mice
have shown an up-regulation of structural protein genes, signalling genes and genes involved in

immune response [119]. GCs treated mdx mice have shown increased taurine and creatine levels,
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an indicator of muscle repair [120]. Long-term dexamethasone treatment has mediated utrophin
accumulation in DMD muscle cells [121]. Moreover, because of their anti-inflammatory and
immunosuppressive actions, GCs promote myoblast proliferation and reduce muscle necrosis
[122, 123]. Other than weight gain, mild hypertension, cataract formation, short stature and a
delayed puberty, no severe side effects have been observed in DMD patients in either short or
long term studies; thus, the benefits of the drug outweigh the risks [124]. Physical therapy has
also helped maintain flexibility and mobility. Since respiratory and cardiac diseases are the major
cause of mortality and morbidity in DMD patients, cardiac and respiratory care is highly efficient
in increasing survival rates and longevity [125, 126]. In addition to GCs, other drugs have
emerged to target the secondary features of dystrophin deficiency. The aim of these approaches
is to inhibit necrosis, increase cellular adhesion and maintain muscle stability. It is known that
necrosis and inflammation are the major parameters leading to muscle damage. Indeed,
inhibition of the NF-«kB signaling pathway by injecting the NEMO-binding domain (NBD)
significantly reduced skeletal muscle damage in the mdx mouse [127]. Moreover, reduction of
inflammation and necrosis using the anti-TNFa antibody (Remicade) leads to a clear delay and
reduction of muscle breakdown in young mdx mice [128]. Since NOs activity is down regulated
in DMD, inhibition of the GMP-hydrolyzing phosphodiesterase (PDE) activity will selectively
increase NNOS expression through the GMP signaling pathway. In fact, pre-clinical studies in
the mdx mice have shown that PDESA inhibitors tadalafil and sildenafil protect the dystrophin-
deficient skeletal muscle and restore blood supply to skeletal muscles after exercise [129]. In
addition, over-expression of a7BX2 integrin chain in order to reinforce the attachment of muscle

fiber to the basal lamina in mdx/utr (-/-) mice has improved their life span threefold, reduced the
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development of muscle disease, and maintained mobility [130]. Furthermore, in exploratory
studies blocking the myostatin protein, which is a negative regulator of skeletal muscle growth,
in mdx mice, mdx /myo (-/-) mice were stronger and more muscular than the mdx controls [131,
132]. Although therapies targeting secondary symptoms of DMD have shown significant
improvements in DMD patients, recent experimental DMD therapeutics are directed toward
molecular and cellular-based strategies, which have shown some promise in preclinical studies.
The gene and cell based strategies involve the manipulation of the cellular machinery at the level
of gene transcription, mRNA processing or translation.

Therapies targeting primary features of DMD

A. Dystrophin modulation strategies

Since dystrophin is known as the principal suspect causing DMD, the most straightforward
approach to therapy would be to restore or reintroduce a wild-type, or normal, copy of the

mutated dystrophin gene. However, as the dystrophin gene (2.2 Mb) and the cDNA (14 kb)

are exceptionally long, direct replacement of the dystrophin gene is challenging.

B. Dystrophin gene product modifiers
Stop codon reading through
About 13% of patients with DMD have a nonsense mutation in the dystrophin gene [133].
During translation some drugs have shown their ability to skip the mRNA stop codon by
introducing an amino acid at the premature stop codon, and as a result, the mRNA translation is
continued. Gentamicin is an aminoglycoside antibiotic, which can interact with the 40S
ribosomal subunit [134] to introduce an amino acid at the mRNA stop codon, therefore, allowing

the translation of full-length protein. This approach was tested in mdx mice and the results have
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shown a 20% increase in dystrophin positive fibers. However, in human DMD patients, there
was an increase of 15% or less [135]. The difference in dystrophin expression between mdx mice
and DMD patients might be explained by the presence of different gentamicin isomers, which
are not all active. Although gentamicin could be considered as a potential up regulator of
dystrophin in patients with stop codon mutations, it exhibits some kidney toxicity [136].
Ataluren (PTC124) is a newly identified drug acting similarly to gentamicin, except that PTC124
interacts with the 60S ribosomal subunit [137]. Although PTC124 was well tolerated in clinical
trials, the 30 m and 6-minute walk tests were similar to the placebo. Therefore, the positive effect

of PTC124 on DMD patients was negligible [138].

Exon skipping
Since BMD patients have a truncated but partially functional dystrophin [24], antisense
oligonucleotides (AOs), which are able to force the cellular machinery to ‘skip over’ a targeted
exon, can restore the open reading frame and allow the expression of an internally truncated but
partially functional dystrophin in DMD patients. Based on the fact that the majority of DMD
cases arise from partial out-of-frame deletions in the dystrophin gene [139], the exon skipping
approach is currently one of the most attractive approaches for the treatment of DMD. The
principal of antisense-mediated exon skipping is based on the use of modified and
complementary small RNAs or DNAs called antisense oligonucleotides (AONSs), which are able
to bind and modulate splicing of dystrophin pre-mRNA. In order to make the oligonucleotide
resistant to nucleases and improve their affinity to RNA, two types of modified antisense AONs
have been generated. First, the 2'O-methyl-phosphorothioate AONs (20MPs) were obtained by
changing the negative oxygen with a sulfur atom and adding a methyl group to the hydroxyl
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group at the second position of the ribose. Second, the phosphorodiamidate morpholino oligomer
PMOs has a morpholine ring that replaces the ribose and a nitrogen atom replaces the oxygen
present in the phosphodiester link. The annealing of AOs to the selected splicing motifs will
mask the target exon; and therefore, this will restore the reading frame and generate a truncated
but partly functional dystrophin protein (i.e. result in BMD). The antisense-mediated exon
skipping was first tested on cells derived from mdx mice [140], with the modified
oligonucleotides being directed against both splicing sites of the mdx dystrophin exon 23. As a
result, exon 23 was omitted, which lead to the generation of an in-frame dystrophin transcript
with a small internal deletion [141]. Moreover, AOs have ameliorated the disease phenotypes of
the mdx/utr -/- dKO mice, which lack both utrophin and dystrophin gene and display more
similar muscle pathology to that of the DMD patients [142]. The most common deletion in DMD
patients is an eight exon deletion ranging from exons 45 to 52 [143], and for this reason, clinical
trials are currently concentrating on this target. In fact, transfection of specific AON-induced
skipping of exon 46 was achieved in muscle cells; as a result, the reading frame was restored and
dystrophin synthesis induced in more than 75% of transfected myotubes. Moreover,
immunohistochemical analyses have shown a significant increase in dystrophin levels in DMD
myotubes. This study has shown that 20MPs treatment can restore dystrophin expression in
DMD myotubes, which would probably be used as therapeutic in DMD patients with exon 45
deletions [144]. Although all preclinical results indicate that the exon skipping approach holds a
lot of promise for DMD patients, in 2013, GlaxoSmithKline (GSK) and Prosensa announced that
GSK’s Phase III clinical trial failed to meet the primary endpoint of a statistically significant

improvement in the 6-minute walk test compared to placebo.
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C. Dystrophin gene therapy and gene replacement strategies

Although the first clinical trial of gene therapy in 1990 has shown a strong interest for this
therapeutic approach, which presented the proof-of-concept for the feasibility to treat a genetic
disorder by gene therapy without major side effects [145], the death patients in 1999 and 2002
respectively due to a massive immune reaction against the capsid of the infused viral vector, and
acute leukemia, caused a major setback for this approach [146, 147]. However, the death
incidence of gene therapy is still much lower than the pharmacological approach. Thus, gene
therapy is still an attractive approach to cure many hereditary diseases such as DMD.

DMD is caused by recessive and monogenic mutations in the dystrophin gene. Several
experimental approaches in dystrophic animals showed that expression of dystrophin can be
restored in the sarcolemma of muscle fibers after gene transfer, regardless of the dystrophin
mutation type [148-150]. In fact, a significant reversal of dystrophic symptoms was observed in
transgenic mice expressing approximately 20% of the wild type level of dystrophin [151].
Therefore, gene replacement therapy is considered the most practical strategy to treat the
dystrophic pathology. Gene replacement therapy is based on introducing the lacking dystrophin
gene using various vectors to the target muscle cells in order to overcome the harmful effects of
gene mutation. Thus, the main challenge for gene replacement therapy is to find a safe vector
capable of a widespread and efficient delivery of the dystrophin gene to all muscles. However, as
the dystrophin gene (2.2 Mb) and the cDNA (14 kb) are exceptionally long, and there is a large
mass of skeletal muscles to be treated, direct replacement of the dystrophin gene is challenging.
Two major approaches have been used to transfer genes into muscles either using “naked” DNA

plasmid or viruses.
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Dystrophin plasmid injection
Injection of “naked” dystrophin plasmid DNA to muscles through systemic delivery leads to
expression of full-length dystrophin cDNA in about 40% of mdx mouse diaphragm fibres [152,
153]. Because plasmid injection can evade potential immune response, this approach has shown
some potential as a safe gene therapy for DMD; however, it is incapable of sustained transgene

translation in DMD [154].

Adenovirus and adeno-associated virus injections
Viral vectors are an alternative option in gene therapy. Nevertheless, several factors should be
taken in considerations for the choice of the viral vector including the target cell,
immunogenicity, and required duration of transgene expression. In order to deliver the 14 kb
dystrophin ¢cDNA into the nuclei of muscle cells, vectors with large capacity are needed.
Adenoviruses are non-enveloped icosahedral viruses with a linear double stranded DNA of 35kb
in length. Because adenovirus can infect muscle, lung, brain, and heart cells, they are attractive
vectors for gene therapy. Although the first and second generation adenoviral vectors (E1/E3
deleted) with a capacity of 8 kb cannot carry the dystrophin cDNA, the third generation 'gutless’
vectors with capacity of ~34 kb overcome this restriction by removing all adenovirus genes
[155]. Unlike the first generation adenovirus which induces mouse immune response [151], the
third generation adenovirus had reduced host immune response and improved persistence of
transgene expression in muscle [156, 157]. However, another crucial problem needed to be
overcome: adenoviruses were not highly infective for mature muscle fibers [158]. They are too
large to easily cross the dense basal lamina that surrounds mature myofibres and there are fewer

adenoviral attachment receptors on the surface of mature myofibres [159].
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Adeno-associated viruses (AAVS) are single stranded DNA viruses discovered as contaminants
from adenovirus preparations. They are considered the first choice vector for gene transfer to
muscle for several reasons: they can infect a variety of post mitotic cells, such as skeletal muscle
and heart. They also have the capacity to deliver their genome to the nucleus. Although AAVs
have many different serotypes, they are characterized by their reduced inflammatory and
immunological responses; however, immune response might arise against the transgene product
[160]. The serotypesl, 2, 6, 8 and the 9 are more frequently used for muscle gene therapy;
however, they have a limited cloning capacity of 4.6 kb [161]. Based on observation of the
milder BMD phenotype with internally deleted dystrophin at 46%, micro and mini dystrophin
transgenes have been developed and delivered through AAVs. In fact, injection of AAVs
carrying micro-dystrophin (uDys) into mdx mouse led to 80% dystrophin positive fibers [162,
163], which restored the DAP complex at the myofiber sarcolemma. The first AAV clinical gene
therapy trial for DMD was performed with six DMD boys using rAAV2.5 CMV Delta 3990
mini-dystrophin. While no trangene expression was detected, dystrophin-specific T cells were
detected after treatment, providing evidence of transgene expression even when the functional
protein was undetectable in skeletal muscle [164]. This result indicates the necessity of either
screening DMD patients for immunity to dystrophin or treating them transiently with
immunosuppressant drugs before their treatment with AAV mini-dystrophin gene therapy.
Recently, an innovative method for the delivery of the full-length dystrophin gene has been
developed using three independent AAV vectors carrying "in tandem” sequential exonic parts of
dystrophin sequence via their inverted terminal repeat sequences, which may lead to functional

improvement [165].
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D. Dystrophin genome editing using CRISPR- Cas9 System
Genome editing is based on the use of engineered nucleases composed of sequence-specific
DNA-binding domains fused to a nonspecific DNA cleavage module [166]. These engineered
nucleases enable efficient and precise genetic modifications by inducing targeted DNA double-
strand breaks (DSBs) that trigger the cellular DNA repair mechanisms, including error-prone
nonhomologous end joining (NHEJ) and homology- directed repair (HDR) [167]. Recently, the
bacterial Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/ CRISPR-
associated (Cas9) system has emerged as an effective genome editing tool, allowing successful
correction of dystrophin mutation in the germ line of mdx mice [168], human DMD patient
myoblasts, and in Induced Pluripotent Stem cells (IPS) [169, 170]. Although the dystrophin
gene has been successfully corrected, immune response to the newly corrected gene product, and

the wide range of mutations in the dystrophin gene might be an obstacle for this strategy [171].

E. Cell-based therapy
Cell-based therapy involves the injection of normal cells into a dystrophic area in the hope that
normal cells will fuse and correct the diseased muscles. These cells can be either muscle
precursor cells or stem cells that have the ability to differentiate into muscle cells. One of the

most successful procedures so far has been the transplantation of myoblasts into diseased tissue.

Myoblast injection
In this experiment, injection of normal myoblasts results in a phenomenon known as ‘gene
complementation’, which results in the expression of both exogenous and host genes in the
myofibre syncytium [172]. Although good transplantation results have occurred in mdx mice

[173, 174], in clinical trials only one patient out of 11 had 10.3% of muscle fibers expressing
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donor-derived dystrophin after myoblast transfer [175]. The explanation behind the unexpected
result has been attributed to poor immunosuppression combined with insufficient numbers and
distribution of transplanted cells [176, 177]. It is clear now that the success of myoblast

transplantation is closely related to the choice of immunosuppressive drug used [178].

Stem cell injection
Besides satellite cells which are responsible for the growth and maintenance of skeletal muscle,
there are other stem cells found in skeletal muscle that have myogenic potential including
muscle-derived stem cells (MDSCs), muscle side-population cells and muscle-derived CD133+
progenitors. Intravenous injection of mdx and GRMD dogs with stem cells derived from a
dystrophin positive donor leads to dystrophin positive myofibers [179]. Sadly, this procedure
displays low efficiencies in term of level of dystrophin expression [180]. However, another type

of stem cell has been proposed as a potential therapeutic option.

Induced Pluripotent Stem (IPS) cells injection
The proposed stem cells are the Induced Pluripotent Stem (IPS) cells, which can be generated
from the tissues of the DMD patients using defined factors [181]. Because IPS cells can be
isolated directly from DMD patients and still maintain their pluripotency, genetically corrected
IPS cells might be applicable to autologous transplantation as ex vivo gene therapy [182]. In fact,
several studies were able to differentiate the corrected IPS cells toward skeletal muscle cells and
successfully detect the expression of full-length dystrophin protein [170, 183]. These results
present an important proof of concept for developing IPS cell-based gene therapy for DMD

disease.
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F. Utrophin modulation strategies
The utrophin gene is large, approximately 900 kb in size [184] and is located in region 2 of the
long arm of human chromosome 6 [185]. The utrophin mRNA and protein are broadly
expressed; indeed, the name utrophin is derived from ubiquitously transcribed dystrophin-related
protein [186]. It is expressed in skeletal muscle, nerves, blood vessels, and myofibres. Unlike
developing myofibres, where utrophin is present throughout the sarcolemma, in the adult
myofibres, utrophin expression is restricted to the neuromuscular and myotendinous junctions
(NMJs and MTJs) [187-189]. The transcribed mRNA produces a 13-kb transcript [185] and a
protein of approximately 400 kD protein [190]. The utrophin gene produces two mRNA isoforms
that differ in their N-termini, utrophin-A and utrophin-B, which are transcribed from two
different promoters A and B [191]. Utrophin is expressed in both slow and fast muscle fibers;
however, it is expressed at greater levels in slow fibres [192, 193] . It has been shown that
utrophin A promoter is active in skeletal myofibres and upregulated in the absence of dystrophin,
and hence is considered the more relevant therapeutic target, while the B promoter is active in
the heart, lungs, and in endothelial cells, for example, endomysial blood vessels [191, 194].
Indeed, one of the most promising approaches for DMD therapy is based on increasing the levels
of utrophin. The primary structure of utrophin, 3433 amino acids, displays about 80% homology
with dystrophin and the protein performs similar functions [195]. Similar to dystrophin, utrophin
shares many of the same binding partners. It has been shown that the C-terminus of utrophin
binds to members of the DAP, such as a-dystrobrevin-1, and p-dystroglycan, and also binds to
cytoskeletal F-actin [39, 196]. Elevated and re-localized utrophin to the sarcolemma in some

DMD cases, added to the strong similarities in sequence and structure between utrophin and
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dystrophin, prompted the hypothesis that utrophin up-regulation could substitute the absence of
dystrophin at the sarcolemma [197, 198]. In fact the therapeutic effect of up-regulating extra-
synaptic utrophin was tested by Tinsley et al in 1996 [199], and revealed that mini-utrophin
over-expression in transgenic mdx mice is sufficient to rescue the dystrophic mdx phenotype.
These transgenic mice were found to have a lower amount of fibrosis/necrosis and normal serum
creatine kinase levels in addition to complete restoration of the dystrophin complex to the
sarcolemma [200, 201]. These results were confirmed in studies involving a transgenic mdx
mouse named Fiona that expressed full-length utrophin in skeletal muscle at a level fourfold
higher than non-transgenic mdx mice. These transgenic mice were found to attain a complete
reversal of the dystrophic phenotype. Therefore, up-regulation of utrophin could have powerful
therapeutic effects in DMD patients.

Up-regulation of the endogenous utrophin A promoter

As mentioned above, the utrophin gene is controlled from two distinct promoters, utrophin A and
utrophin B [202]. The utrophin A promoter resides within a methylation-sensitive CpG island
region characterized by the absence of the TATA or CAAT motifs [202, 203], whereas the
utrophin B promoter is found within a large intron 50 kb downstream of exon 2 and generates a
transcript with a unique exon 1 that splices into exon 3 of the utrophin gene [191]. Synapse-
specific expression of utrophin A is mediated, in part, via the binding of the ETS-factors GABP
alpha and beta to the N-box [204], which is a characteristic of the promoter of other
neuromuscular junction proteins such as the acetylcholine receptor subunit [205, 206]. In
addition, the GC-elements near the N-box are bound by Spl and Sp3 factors, which have a zinc

finger DNA-binding domain, and interact with GABP alpha and synergize in the transcriptional
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activation effected by GABP [207]. The utrophin A promoter can also be activated by
peroxisome proliferator-activated receptors (PPARS), nuclear receptor transcription factors that
also activate the slow muscle program [208]. Calcineurin and NFAT, together with GABP and
the transcriptional co-activator proliferator-activated receptor gamma co-activator 1-o (PGCla),
also contribute to the expression of utrophin at the NMJs of both fast and slow fibres [209-211].
Moreover, glucocorticoid treatment leads to increased levels of utrophin, but it is unclear
whether this is primarily due to promoter activation or posttranslational upregulation [212, 213].
The expression of utrophin is also controlled by both 3’ untranslated region (UTR) [192, 193]
and the phosphatase calcineurin, its calcium-dependent regulator calmodulin, and the
transcription factor nuclear factor of activated T cells (NFAT), as part of the slow muscle gene

program [209].

Several studies have tried to activate the endogenous utrophin A promoter in extra-synaptic
nuclei through treatment with heregulin, which acts via the N-box motif of the utrophin A
promoter [214], and I-arginine, which results in an increase in utrophin expression through
increased nNOS production [215]. Moreover, delivery of full length utrophin or TAT-micro-
utrophin, a recombinant utrophin protein modified with the HIV-derived TAT protein
transduction domain, improves specific force production and lead to reduced serum levels of
creatine kinase [216]. In addition, overexpression of RhoA, a small GTPase, in skeletal muscle
leads to an up-regulation and proper distribution of utrophin protein at the plasma membrane
without any effect on utrophin transcription [217]. Lately, Kay Davies’s group has screened
5,000 small compounds in H2K mdx myoblast cell line, which led to the discovery of an active

molecule called SMT C1100, which is considered as the first orally bioavailable small molecule
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utrophin up-regulator. Preliminary results showed therapeutic potential of this molecule as
assessed by its prevention of pathology in mdx mice [218]. Recently, it has also been reported
that the transcription factor homeobox protein engrailed-1 (EN-1) binds and activates the

utrophin A promoter [219].

Engineering of Zinc Finger Proteins targeting utrophin A promoter
Transcription factors play a crucial role in controlling gene expression, Zinc Finger Proteins
(ZFPs) are the largest transcription factor family in the human genome [220].Over the past
decade, early studies of chromatin structure led to the discovery of the nucleosome structure,
which is composed of eight histone proteins and about 146 base pairs of DNA [221, 222]. The
DNase | can cut between the nucleosome structure in active chromatin, and it is assumed that
these cleaved sequences may bind transcription factors [223]. The nucleosome study of the 5S
RNA genes in Xenopus laevis led to the discovery of the first eukaryotic transcription factor,
TFIIA [224]. The TFIIIA structure has a remarkable nine repeating motifs, later labeled zinc
finger because it contained a zinc (Zn) atom and can “grab” the DNA [225]. Prolonged
proteolysis of TFIIIA has shown that TFIIIA contains a repetition of nine “finger” units, each of
them composed of 30-amino acids, which can fold around the zinc ion and form a Bfa structure.
Each consecutive finger is linked by five intervening amino acids. The structure of each zinc
finger has a conserved structure in the pattern of cysteines- histidines (Cys-Cys...His-His). The
folding structure of the finger is maintained by a zinc ion that interacts with the two invariant
pairs of cysteines and histidines [226]. The precise pattern of zinc finger amino acids that interact
with DNA has been characterized by studying the crystal structure of the transcription factor

Zif268. The Zif268 interacts with the DNA major groove through specific hydrogen-bond from
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amino acids at helical positions —1, 3, and 6 to three successive nucleotides on one strand of the
DNA [227]. The zinc finger module can function as a monomer and bind to three adjacent
nucleotides, or as a multimeric protein in which several zinc fingers are linked together in
extended arrays that recognize unique DNA sequence of different lengths; such artificial zinc-
fingers (ZFs) are often fused to either trans activator or inhibitor effector domains [228]. Zinc
finger proteins can be designed for specific recognition of predetermined DNA sequences. In
order to select specific ZFPs from a predicted library, several methods have been used including
phage display selection, ribosomal selection, yeast one- and two-hybrid system [229-231]. Data
obtained from phage selection, ribosomal selection, and from the known binding specificities of
naturally occurring zinc fingers have been used to make 'rationally designed' zinc fingers. The
first ZFP libraries were established by Barbas et al in 2003 [232]. This modular design offers a
large number of combinational possibilities for the specific recognition of DNA. Since the
interaction of ZFP and DNA has been solved by the design and the selection of several ZFPs
libraries, it is possible to target virtually any DNA sequence using pre-made zinc-finger modules.
Because of their small size and low immunogenicity, engineered ZF proteins have been used to
target different endogenous genes. Moreover, the potential of zinc finger proteins for therapeutic
application are currently under investigations in clinical trials [233]. Recently, generation of
engineered zinc finger transcription factors designed to target a specific region in the utrophin A
promoter led to significant enhancement of muscle function with decreased necrosis and

restoration of the dystrophin-associated proteins [234, 235].
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Utrophin A Promoter Modifiers

There are several ways to modulate utrophin levels, including gene therapy, stabilization of the
protein/RNA and transcriptional up-regulation of utrophin RNA. Although gene replacement
therapy for human monogenic diseases such as DMD has shown its therapeutic efficacy in a
number of experimental studies [236], the size of targeted gene either dystrophin or utrophin
have shown some limitations of this transfer technology. Therefore, several therapeutic
approaches have recently explored a different approach. Genome editing is an innovative
technology for genome manipulation which was first discovered thirty years ago in yeast when
an endonuclease I-Scel was used in combination with a donor vector to manipulate the LacZ
gene conversion [237, 238]. Similar processes have been noticed in mammalian cells [239].
Genome manipulation takes advantage of the double strand breaks occurring either naturally or
induced by specific endonucleases. The induced DSBs are repaired through two pathways; the
first is the Homologous Direct Repair (HDR) which is a high fidelity process in which the
undamaged chromatin sister serves as template to repair the DSBs [240]. The second pathway is
the Non-Homologous End Joining (NHEJ) mechanism, which is considered an error prone
pathway leading to small insertion or deletion mutations [241]. In order to use an endonuclease
as a genome editing tool, it must exhibit a combination of qualities: specific recognition of target
sequences coupled with modularity and adaptability for retargeting new sequences.

Zinc Finger Nuclease strategy

Zinc Finger Nucleases (ZFNs) combine both properties 1) the DNA binding specificity and
flexibility of ZFPs and 2) a cleavage activity of the modified Fokl domains that function as

obligate homodimers [242]. Recently, ZFNs have been used in gene editing of specific targets
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for either gene knockout or gene integration [243]. Applications of gene editing using ZFNs can
be useful in several fields including biotechnology (cellular and animal engineering), agriculture
(crops and animals improvement) [244, 245], and finally medicine (gene therapy) [246, 247]
CRISPR/Cas9 strategy

Targeted genome editing using engineered nucleases provides a powerful tool for precise
deletions, insertions and specific sequence changes in different animals and cell types [248].
Because of its simple way of inducing genome editing, the Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) has revolutionized the genome editing field. The CRISPR
system was first discovered in 1987 by Nakata and colleagues while studying the iap enzyme
involved in isozyme conversion of alkaline phosphatase in E. Coli; the sequence of this
proteolytic gene revealed repetitive palindromic elements that shared no homology with any
known genes [249]. The function of these repetitive sequences remained a mystery [250] until
2005 when three independent groups discovered that these bacterial CRISPR spacers shared a
high degree of homology with bacteriophages [251, 252]. The bioinformatics analysis of these
spacer sequences has shown a key role in bacteriophage resistance [252, 253]. Recently,
combination of the CrRNA and TrcRNA into a customized guide RNA (gRNA) that can be
delivered under the control of a unique U6 promoter followed by the Cas9 endonuclease in a

single plasmid has simplified the CRISPR technology as a genome editing tool [254].
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Rationale and objectives

The rescue of the DMD phenotype is correlated with the levels of expressed utrophin in madx
mice [255]. Therefore, a substantial, ectopic expression of utrophin can prevent deleterious
effects of dystrophin deficiency. In previous work, our group and others have shown that
artificial zinc finger transcription factors targeting murine utrophin A promoter can lead to its
endogenous up-regulation and can improve the mdx phenotype [234, 256]. The aim of this study
is to design tools to up-regulate the endogenous utrophin. In this study we took 2 approaches:
first, we designed a new panel of specific custom-designed transcription factors with zinc finger
(ZF) motifs that can target specific sites in the human utrophin A promoter, then we tested their
ability of stimulating the endogenous human utrophin gene expression. The second approach is
based on modifying the endogenous utrophin promoter using genome editing tools. In order to
modify the endogenous utrophin promoter, we engineered both Zinc Finger Nuclease (ZFN) and
Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR Cas9+sgRNA) expression
plasmids. The engineered plasmids were then tested for their ability of targeting and cleaving the
human utrophin A promoter. We have also designed a donor plasmid that has
the CMV early enhancer/chicken beta actin (CAG) promoter flanked by the human utrophin A

promoter sequences, in order to insert a strong promoter into the human utrophin genomic locus.
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Chapter 2: Materials and Methods

Zinc Finger Protein

Design and Synthesis of Zinc finger proteins

The identification of potential ZFP target sites was selected using the ZiFiT software, which can

be accessed from the Zinc Finger Consortium website (http://www.zincfingers.org). In order to

design a three zinc finger protein, the upstream region of human utrophin A promoter sequence

was selected from the NCBI web site http://www.ncbi.nlm.nih.gov. The numbering corresponds

to the human utrophin promoter sequence EMBL accession N: X95523 [202]. The upstream
promoter sequence was then pasted to be analyzed into the text box labeled ‘sequence’, and then
the Tool-Gen option to design a three zinc finger protein was selected. After clicking on Submit,
the output provided the nucleotide position and the sequence of the target site as well as a list of
fingers for array assembly. Each finger is color-coded to match the nucleotide triplet it
recognizes.

Sub-cloning of ZFP into Pc3XB vector

A library of plasmids coding for a single Zinc Finger protein was purchased from Tool-Gen
consortium, with each plasmid having the same backbone but carrying different ZFP; for
example, pc3XB-F1,-F2 and-F3 encode individual hypothetical finger modules. Each finger
coding sequence is flanked on the 5’end by unique Xbal and Xmal sites and on the 3’end by
unique Agel, Bsgl and BamHI sites. The configuration of unique flanking restriction sites in all
pc3XB based plasmids permits any two fingers (e.g., F1 and F2) to be joined together by ligating
a finger F1-encoding vector backbone (linearized by digestion with Agel and BamHI) to a finger

F2-encoding fragment (released from the plasmid by digestion with Xmal and BamHI). The
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resulting plasmid encodes a two-finger (F1 followed by F2) array which again is flanked on the
5’ end by Xbal and Xmal and on the 3’ end by Agel, Bsgl and BamHI. A third finger (F3) can be
added to the array by ligating an F1/F2-encoding Agel/BamHI-digested vector backbone to a F3-
encoding Xmal/BamHlI-digested fragment [257].

Mammalian Expression Vector PST-1374

The sub-cloned ZFP were cut using Xmal/BamHI and cloned into a new vector PST-1374, where
a VP-16 trans-activating domain was cloned in frame downstream of F1-F2-F3 zinc finger. In
order to track the expression of the PST-1374 an IRES-GFP gene was cloned downstream of the
ZFP.

Cell lines, transient transfections and beta galactosidase reporter assay

The human HEK 293T cell line was grown in Dulbecco modified Eagles medium (DMEM)
(Gibco Corporation, Grand Island, NY, USA) supplemented with 10% foetal calf serum.
Transient co-transfection experiments in the 293T cell line were carried out using Lipofectamine
2000 according to the manufacturer’s instructions. Cell extract was prepared and assayed for beta
galactosidase activity according to the manufacturer’s instructions (Galacton-Star, Life
Technologies) using a Bio-orbit 1200 luminometer. The total protein in the extracts was
quantified using a BCA assay, and equal amount of protein used on western blot to quantify the
ZFP expression level, using the VP16 antibody (Santa Cruz Biotechnology). The specific activity

was measured by normalizing the beta galactosidase activity against the VP16 expression.

Activation of Endogenous utrophin A Promoter in Vitro

HEK 293T cells were plated at a density of 10° cells in a 6 well plate. Then, plasmids encoding

ZFP were transfected into the cells using Lipofectamine 2000 (Life Technologies) according to
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the manufacturer’s recommendations. 48 hours after transfection, selection was started and kept
for at least 3 weeks in the presence of blasticidin (5ug/ml) (Sigam Aldrish). Under these
conditions, the control cells died within 5 days, and the transfected ones were kept under
selection for a month and a half before testing their expression of the recombinant protein by

Western blotting for VP16.

Analysis of human utrophin mRNA Levels

Total RNA was extracted from HEK 293T cells expressing either PST1374-ZFP or the negative
control pST1374-GFP-VP16 using the TRIzol reagent according to the manufacturer’s
instructions (Life Technologies). One pg of total extracted RNA was reverse transcribed using
oligo (dT) primers and M-MLV (Moloney Murine Leukemia Virus) (Life Technologies) in a
final volume of 20ul at 37°C for 50 min. A real-time PCR assay was performed in a 96-well
format using the ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City,
CA). Primers for human utrophin A, and for human glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) (housekeeping gene) were synthesized from Alpha DNA.

Human UTRN For: GCCAATTCCAAGTTCCATTAAATC

Human UTRN Rev: CAGTAGAACACACAGTCAGCACTCAA

Human GAPDH For: CATCAATGACCCCTTCATTGAC

Human GAPDH Rev: CGCCCCACTTGATTTTGGA

PCR mixtures containing either the cDNA template from the HEK 293T cells expressing ZFP, or

HEK 293T expressing GFP-VP16 cells as a negative control were run on the ABI 7000 Real
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Time PCR machine. The results were analysed using the Applied Biosystems analysis software.
The data are expressed as the ratio between utrophin and GAPDH mRNA expression. The gene
expression ratio between utrophin and GAPDH is shown as the mean+SEM from three
independent experiments performed in triplicate. *P <0.05 and***P <0.01 indicate statistical

significance by t-test.

Zinc Finger Nuclease

Design and cloning of Zinc Finger Nuclease

The design of zinc finger nuclease was performed similarly to the design of zinc finger proteins
with some modifications. Briefly, the targeted sequences of utrophin A promoter was selected
and introduced into the ZiFiT software. Then, the output gave the predicted zinc finger to be
produced. Unlike ZFP, the predicted ZFN have two pairs of ZFN each one targeting an opposite
strand of DNA and interspaced with 6-bp [258]. Each predicted ZFN was sub-cloned first in the
pX3B plasmid, and then cloned in the pst1374 plasmid which expresses the Fokl nuclease. The
Fokl nucleases are catalytically active only as dimers. Finally, both ZFN left and right were then
cloned into a Psyc plasmid, which harbors an A2P sequence; as a result, both ZFN left and right

are expressed as polycistronic mMRNA under the control of one CMV promoter.

T7EL1 cleavage assay and Indel mutation detection

A 2.3 kb human utrophin A promoter PCR products were amplified using the primers:
P1: TCAAACACTCCAATGTGGCCTTATTATCTA

P2: TAAAGCTTGGAGAAGCAGACACGAAC
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25uL aliquots of the PCR product were added to 1x Buffer 2 New England Biolabs (NEB),
denatured at 95°C for 5 minutes, slowly cooled to room temperature to allow annealing and
formation of hetero-duplexes. The individual preps were then treated with 5 units of T7El
(NEB) for 30 minutes at 37°C. Digested products were separated on a 1% agarose gel (1xTBE).
The band intensity was analyzed using ImageJ (NIH) in order to calculate mutation frequencies

we used the following formula:
% Indel = 100*(1- (1—(b + c)/ (a+ b+ ¢)) V2

Where a represents the intensity of the undigested PCR product, and b and c are the intensities of
each cleavage products. To better characterize the mutations, the 2.3Kb amplification bands were
cloned into the pcDNAS3 plasmid, followed by a single clone Sanger sequencing and aligned to

observe the individual Indel mutations.

CRISPR/Cas9 system

SsgRNA Design

The online software http://crispr.mit.edu/ was used to design and predict the sgRNAs targeting

2.3Kb of human utrophin A promoter region. The designed oligos were based on the target site
sequence (20bp), which has to be flanked on the 3' end by a Proto-spacer Adjacent Motif (PAM)
of 3bp NGG sequence. All sgRNAs with a predicted activity score greater than 0.9 were ranked
according to the least possible number of potential off-target sites. The best predicted SgRNAs

were ordred from Alpha DNA (Canada), and cloned into the Px261 plasmid.
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Plasmids
» CRISPR plasmids (PX261) and (pX330) were provided by Dr. Feng Zhang and are also
available through Addgene # 42230 / # 42229) [259].
» The PGI4:14 human utrA::luciferase plasmid was provided by Dr. Tejvir S. Khurana
[260]
» UTR-CAG-UTR-Luciferase plasmid was obtained by cloning the Cytomegalovirus

Enhancer/Chicken -Actin (CAG) promoter into the PGI14 human UTRN-Luciferase.

First the PGI14: UTRN-Luciferase was cut with Smal and treated with calf intestinal
phosphatase; meanwhile, a Cytomegalovirus Enhancer/Chicken B-Actin (CAG) promoter
fragment was imported from the CAG-GFP plasmid using Hincll restriction enzyme. After gel
purification and T4 DNA ligation the CAG promoter was inserted into the utrophin A promoter
region between the N-box and E-Box motifs as confirmed by sequencing.
» The Donor plasmid UTR-CAG-UTR-GFP was generated by replacing the luciferase
reporter gene by the Green Fluorescent Protein (GFP) sequence.
Luciferase assay
HEK 293T cells were seeded at equal density into 6 wells plates. In each well HEK 293T cells
were either transfected with the UTRN-Luciferase or the UTR-CAG-UTR-Luciferase plasmids
using polyethylenimine (PEI): One day before transfection, 0.5x10° HEK 293T cells were
seeded in 6 well dish using DMEM/10% FBS medium. Next day, in a sterile tube (1ug) of
plasmid DNA was diluted in serum-free media. After that, lug/uL of PEIl was added to the
diluted DNA and mixed well by pipeting. Finally, the mixture was incubated for 15 minutes at

RT and added to the cells. After 24h post-transfection cells were harvested for either luciferase
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measurement using luciferase assay kit (Promega), following the manufacturer’s indications or
total RNA extraction using TRIZol (Invitrogen) followed by RT-gPCR reaction as indicated in

the section on analysis of mMRNA.

Homologous Direct Repair induction

In a 6 well plate HEK 293T cells were co-transfected with both plasmids CRISPR-Cas9 and
donor UTR-CAG-UTR-GFP using the polyethylenimine (PEI). In order to inhibit the NHEJ
pathway and increase the frequency of HDR pathway repair, transfected cells were treated with
1uM SCR7 (S7742-5MG; Cedarlane, CA) for 24h. 78h post-transfection cells were transferred

to a 10 cm dish, and selected with 1 ug/mL puromycin for 7 days.

PCR genotyping

In total 18 clones survived and were independently expanded. Duplicates of each single clone
were obtained. The first duplicated plate was conserved for cell expansion, and the second one
used for PCR genotyping. The extracted genomic DNA of each single clone was then PCR
genotyped using about 50-200 ng of the genomic DNA as template. Detection of Knocked in
cells was done by amplifying a 1.1Kb fragment, which has primers that cover both the (CAG)

end region and the genomic utrophin region as well.

F1: GCGGCTCTAGAGCCTCTGCTAA
F2: GGGGAGCTAAACTGAGGCCCC
The cycling program was as follows: 95.5C for 5 min followed by 35cycles of 95.5C for 20s,
70C for 30s and 72C for 60s. The PCR product was run on a 1% agarose gel. Positive clones

were expected to have a 1.1Kb fragment amplified.
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RNA extraction and real-time RT-PCR analysis

Total RNA was extracted from HEK 293T cells treated either UTR-CAG-UTR-GFP and
CRISPR-Cas9 or the negative control using the TRIzol reagent according to the manufacturer’s
instructions (Life Technologies). One pg of RNA was reverse transcribed using oligo (dT)
primers and M-MLV (Moloney Murine Leukemia Virus) (Life Technologies) in a final volume
of 20ul at 37°C for 50 min. A real-time PCR assay was performed in a 96-well format using the
ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). Primers for
human utrophin A and for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

(housekeeping gene) were synthesized by Alpha DNA.

Human UTRN For: GCCAATTCCAAGTTCCATTAAATC

Human UTRN Rev: CAGTAGAACACACAGTCAGCACTCAA

Human GAPDH For: CATCAATGACCCCTTCATTGAC

Human GAPDH Rev: CGCCCCACTTGATTTTGGA

PCR mixtures containing either the cDNA template from the selected HEK 293T cells treated
withUTR-CAG-UTR-GFP+CRSIPR-Cas9, or non-treated HEK 293T cells as a negative control
were run. The results were analysed using the Applied Biosystems analysis software. The data
are expressed as the ratio between utrophin and GAPDH mRNA expression. The gene
expression ratio between utrophin and GAPDH is shown as the mean+SEM. from three
independent experiments performed in triplicate. *P <0.05 and***P <0.01 indicate statistical

significance by t-test.
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Analysis of utrophin Protein Levels

HEK293T cells were lysed with RIPA buffer (50 mM Tris HCI [pH 7.4], 150 nM NaCl, 1 mM
EDTA, 1% deoxycholate, 1%Triton X-100 supplemented with phosphatase and protease
inhibitor cocktails (Roche), and the protein concentration was measured by bicinchoninic acid
(BCA) assay. 35 ug of protein lysates were resolved by western blot on 5% acrylamide gel,
transferred overnight to nitrocellulose membranes, and probed for utrophin, and vinculin (V9131

Sigma). The western blot band intensity was analyzed using ImageJ (NIH).
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Results

Chapter 3: Zinc Finger Protein mediates utrophin up-regulation

Design and Characterization of ZFPs Targeting the Proximal Utrophin A Promoter

Zinc Finger Proteins (ZFPs) are the largest group of all transcription factors involved in
controlling gene expression [261]. The C2H2 zinc-finger structure is composed of a repeated 28—
30 amino acid sequence forming short beta hairpin, and an alpha helix. The secondary structure
of the C2H2 zinc finger is stabilized by zinc tetrahedral binding to two cysteine and two histidine
residues [262]. The alpha helix harbors seven amino acids which recognize the three base pairs
(3bps) in the major groove of double stranded DNA [263]. In 1994 the first engineered ZFP was
characterized by Klug and colleagues [264]. Since then, engineered ZFPs have emerged as very
useful tools, designed by three major strategies including: 1) engineering of ZFPs by modular
design; 2) the OPEN strategy (Oligomerized Pool Engineering); and 3) the selection of ZFPs
from degenerated zinc finger libraries. Because each finger binds its 3-bp subsite as an
independent module, modular design is considered relatively simple to accomplish ZFP
engineering [265]. The aim of this project was to target and up-regulate human utrophin
expression using a new generation of engineered ZFPs [266]. Potential ZFPs targeting human
utrophin A were identified and selected using the ZiFiT software. In order to design a three-
module ZFP, the DNase | accessible sites of human utrophin A promoter sequence [267] were
analysed by the software, and the output showed several potential 9-bp targeted sequences
(Figure 3.A). The selection of the predicted 9bps was based on two parameters: 1) The ZFP

should have a low affinity score and 2) high GNN score as reported on the ZFP design
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instructions (figure 3.B) [266]. In order to design zinc finger artificial transcription factors, the
DNA-binding domains were linked to a trans-activation domain provided by the VP16 protein of
the herpes simplex virus; the fusion protein was guided by a nuclear localization signal (NLS) to
ensure nuclear trafficking (CMV-NLS-ZFP-VP16). The negative control plasmid was obtained
by replacing the zinc finger DNA binding domain by the green fluorescent protein GFP (CMV-
NLS-GFP-VP16) (Figure 4B). Individual zinc-finger DNA binding domains that could
putatively bind the human utrophin A promoter were sub-cloned first into the pX3CB plasmid
according to Keith et al protocol (Figure 4A) [257]. After the cloning of the predicted ZFPs into
the Pst1374 plasmid, the biological activities of the artificial transcription factors were further
characterized by a series of in vitro experiments. First, the expression of each ZFP was assessed
by western blotting using anti-VP16 antibody. In addition, the nuclear localization of ZFP was
revealed by immuno-staining of HEK 293T cells (Figure 5A, B). Moreover, the sequencing

results confirmed that the cloned ZFPs were identical to the predicted ZFPs (Figure 5C).

Trans-activation of the human utrophin A promoter

For our initial studies, HEK 293T cells were first co-transfected with both plasmids: the
engineered ZFPs and the 1.3kb human utrophin A promoter fragment driving expression of the
beta galactosidase reporter [268]. Cells were harvested 48h post transfection and assayed for beta
galactosidase activity, and western blotted for VP16 expression. The analysis of beta
galactosidase activity showed that the increase of activity was dependent on the presence of the
ZFPs. The specific activity was deduced by normalizing the beta galactosidase activity against
the VP16 expression. The screening of several ZFP constructs led to the characterisation of

potential ZFPs that are able to induce beta galactosidase up-regulation as shown in Figure 6.
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The up-regulation of human endogenous utrophin gene

To assess the effect of transfected ZFP on endogenous utrophin expression, we generated stably
selected HEK 293T cell line expressing the most promising ZFP based on the up-regulation of
the beta galactosidase reporter, especially the ZF51, which had previously shown a significant
increase of murine utrophin [269]. During initial experiments under blasticidin selection, we
observed that after a few passages the cells lost ZFP expression as assessed by western blot
analysis. We then decided to insert an IRES-GFP into the ZF51 construct in order to track its
expression via fluorescence microscopy. After cloning the IRES-GFP into the Pst1374-ZF51-
VP16, a beta galactosidase assay was performed to ensure that the IRES-GFP has no effect on
the ZFP activity. As shown in Figure 7A, the IRES-GFP did not interfere with ZF51 activity, as
it could still activate the human utrophin A promoter linked to the reporter gene. The ZF51-
IRES-GFP transfected cells were FACS sorted, and total mMRNA was then harvested. The RT-

gPCR analysis showed only a 1.3 the fold increase in the utrophin A mRNA level (Figure 7B).

Because the human utrophin A promoter is highly rich in CpG islands and has several DNA
methylation spots, the endogenous chromatin environment could be silenced via DNA
methylation. To further improve the regulatory effects of ZFP, we considered epigenetic factors
such as DNA methylation. In order to overcome epigenetic modification of utrophin A promoter,
we treated the stably selected ZF51-IRES-GFP-293T HEK cells for 5 days with 40 uM of
azacytidine, which is a chemical analogue of the cytosine nucleoside; its incorporation into DNA
leads to a covalent binding with DNA methyltransferases, and its DNA methyltransferase
function is blocked. In addition, the covalent protein adduction will trigger DNA damage

signaling, resulting in the degradation of trapped DNA methyltransferases [270]; as a result, the
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utrophin promoter will be less methylated, allowing the ZF51 to induce the endogenous utrophin
A promoter activation. Treatment of selected ZF51-IRES-GFP 293T HEK cells with azacytidine
did lead to a slight increase in utrophin mMRNA expression (Figure 7C). According to the above
results we can conclude that ZF51 treatment led to a very high upregulation of the 1.3Kb
utrophin A short promoter carried on a plasmid backbone, but only modest increase of

transcription of the endogenous promoter with the context of chromatin.
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Figure 3 Graphical representation of the human utrophin A promoter and the

predicted sequences of the three zinc finger proteins

Several transcription factors bind to the utrophin A promoter such as AP1, Sp1 and Sp3; this region
also contains a myogenic regulatory E-box and a synaptic regulatory N-box. (A) The red square
represents the predicted ZFP targeted sequences on the upstream human utrophin A promoter. The
transcription initiation site is also included. (B) Example of (ZiFiT) software output from the finger

search page when human utrophin A promoter sequence (X95523) is provided as a target sequence.
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Figure 3
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Figure 4 Cloning strategy of ZFP from individual finger modules into

Pst1374 plasmid.

(A) Each finger coding sequence is flanked on the 5’ end by unique Xbal and Xmal sites and
on the 3’ end by unique Agel, and BamHI sites. The configuration of unique flanking
restriction sites in all pc3XB-based plasmids permits any two fingers (e.g., F1 and F2)
to be joined together by ligating a finger F1-encoding vector backbone (linearized by
digestion with Agel and BamHI) to a finger F2-encoding fragment (released from the
plasmid by digestion with Xmal and BamHI). The resulting plasmid encodes a two-
finger (F1 followed by F2) array which again is flanked on the 5’ end by Xbal and Xmal
and on the 3’ end by Agel, and BamHI. (Ligation of compatible Xmal and an Agel
overhang destroys both sites). A third finger (F3) can be added to the array by ligating
an F1/F2-encoding Agel/BamHI-digested vector backbone to a F3-encoding
Xmal/BamHI-digested fragment [257]. (B) Schematic illustration of ZFP-VP16
transcription factor construct: the ZFP-VP16 expression cassette was driven by the
CMV promoter and guided by a nuclear localization signal (NLS). The plasmid also

contained an IRES-GFP. (see Material and methods section for more details).
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Figure 5 Expression of various ZFPs in HEK 293T cells.

(A) Western blotting with an anti-VP16 antibody was used after transient transfection of
different ZFPs (ZFP1, ZFP2 and ZFP3) into the HEK 293T cells. The beta tubulin anti body
served as a loading control.

(B) Nuclear localization of ZFP- VP16 and GFP-VP16 fusion protein in HEK 293T transfected
cells was detected by immunocytochemistry with an anti-VP16 antibody, nuclei were
stained with Hoechst.

(C) Example of Sanger sequencing results: nucleotide and amino acid sequences of a predicted
three-zinc finger gene. The a-helix portions present in each finger domain are ZF-115 ZF-

134-ZF135.

66



Figure 5

A &
TR SRS A S LI L
F P ¢ ¢
P | Beta Tubulin
e
aup s G e | \/P16

ZF51-293T cells

NLS-GFP-293T

67



Figure 5
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Figure 6 Differential behaviour of ZFPs targeted to utrophin A promoter

(A) Activation of the transfected human utrophin A promoter reporter gene. The indicated
ZFP-VP16 fusion plasmids were co-transfected with the utrophin-beta galactosidase reporter
construct as described under “Experimental Procedures.” The fold beta galactosidase
reporter activation by the ZFPs was calculated in comparison with that of a control vector
encoding GFP-VP16. (B) Detection of VP16 protein levels by western blot in HEK 293T
cells transfected with different ZFP constructs. An anti-tubulin antibody was used as a

loading control.
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Figure 6 B
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Figure 7 Activation of the endogenous human utrophin gene by ZF51

(A) The histogram shows the fold induction of the utrophin-beta galactosidase expression using the
ZF51-Pst and ZF51-IRES-GFP. Plasmid utrophin A promoter beta galactosidase was co-transfected
either with the zinc finger ZFP51-Pst or ZF51- -IRES-GFP, or the control GFP-VP16 in HEK 293T
cells. (B) The analysis by real-time PCR of the utrophin gene mRNA expression in HEK 293 T
selected cells transfected with the ZF51 or control vectors. The ratio between the utrophin and
GAPDH gene expression is shown as means = S.D. from three independent experiments that were
performed in triplicate. (C) The analysis by real-time PCR of the utrophin gene mRNA expression
in HEK 293T FACS sorted cells transfected with the ZF51 or control vectors treated with
azacytidine for 5 days. The ratio between the utrophin and GAPDH gene expression is shown as

means + S.D. from three independent experiments that were performed in triplicate.
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Chapter 4: Zinc Finger Nuclease cleaves utrophin A promoter

Design and validation of ZFN targeting human utrophin A promoter

Genome editing with engineered site-specific nucleases has emerged as a new technology to
selectively modify and correct genes [271]. Genome editing is based on the use of engineered
nucleases composed of sequence-specific DNA-binding domains fused to a nonspecific DNA
cleavage module [166]. The engineered nuclease will produce double-strand breaks (DSBs) in
DNA at specific genomic locations, which will trigger gene repair machinery [272] including the
Homologous Direct Repair (HDR) and the Non-Homologous End Joining (NHEJ) mechanism
[241]. 1t is known that zinc finger proteins can be reprogrammed to target any DNA sequence;
therefore, a fusion protein comprising such a programmable DNA-binding domain coupled to the
Fokl endonuclease could be used as a genome editing tool. Indeed, Zinc finger nucleases (ZFNs)
are artificial DNA restriction enzymes that are composed of programmed DNA-binding zinc
finger proteins fused to the nonspecific nuclease domain derived from Fokl endonuclease [273].
Because the human utrophin A promoter structure has several Sp1/Sp3 zinc finger binding sites,
ZFNs could be used as genome editing tools to target human utrophin A region [269], in order to
subsequently insert an artificial promoter sequence to drive endogenous utrophin gene
expression. To investigate the feasibility of a ZFN-mediated site-specific cleavage in human
utrophin A promoter, we engineered ZFN expression plasmids using the same strategy described
in chapter 3. We first selected the utrophin A promoter sequence and using the ZiFiT software
we designed several ZFNs targeting the utrophin A promoter (Figure 8). In order to test the
ability of ZFN to target and cleave the human utrophin A promoter DNA, predicted ZFNs were

cloned into the Pst1374 plasmid which has a modified Fokl nuclease that is catalytically active
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only as homodimers [274]. Therefore, a ZFN target site consists of two ZF ‘half-sites’ on

complementary DNA strands, separated by a ‘spacer’ of six base pairs, as shown in (Figure 8).

Effect of psyc-ZFNs on human utrophin A promoter

We used the psyc-97 backbone, which has the 2A peptide sequence to co-express ZFNs as two
separate entities. It is known that psyc-97 express both GFP and Mcherry from the same
transcript as two separate entities as shown in the first panel of Figure 9B [275]. In order to
express both ZFNs from the same backbone, we first replaced the Mcherry sequence by the
ZFNL (left) that targets the positive strand of the target site, and verified if we could detect
expression of both ZFNL and the GFP. Indeed, the immunofluorescence shows that the (FLAG)
of ZFNL is expressed with GFP as a bicistronic element and both are localized into the nuclei.
Then we cloned the ZFNR (right) that targets the negative strand on the psyc-97 plasmid by
replacing the GFP sequences. In fact, when ZFNR replaced the GFP sequence in psyc-97, the
immunofluorescence results showed that the (FLAG) of ZFNR is expressed with Mcherry as
bicistronic elements. Finally, we joined both ZFNL and ZFNR in one plasmid psyc-ZFNR-ZFNL
(Figure 9A.B). When both ZFNs bind to the target sequence the dimerized Fokl becomes active
and causes genomic DNA cleavage, which in turn triggers the NHEJ mechanism leading to
insertion/deletion (indel) mutations. The presence of indels can be detected by mismatch-
sensitive T7EL endonuclease assay. The T7E1 endunoclease recognizes mismatches in fragments
produced following denaturation and annealing of PCR amplified fragments. As shows in Figure
9C there is an extra band of 400bp in the amplified genomic DNA of ZFN treated cells following
T7E1 incubation, indicating that ZFN can induce DNA double-strand breaks in the utrophin A

promoter genomic locus.
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Figure 8 Targeting the human utrophin A Promoter with designed ZFNs.

(A) A 2.3Kb section of utrophin A promoter targeted by ZFNs. The DNA sequence of the
primary binding site for each ZFN is boxed. ZFN-UTRN-R (blue box) and ZFN-UTRN-L (pink
box) bind to 9bp, each ZF target complementary is inter-spaced with 6bp. ZFN-UTRN-R binds
the 9 bp site AGA-GCG-GAC, whereas ZFN-UTRN-L binds to the 9-bp site AGA-AGG-GTG
of the negative strand. (B) When the predicted three zinc fingers nuclease (left) ZF138-ZF132-
ZF119-Fokl, will meet the right three zinc finger ZF107-ZF130-ZF119-Fok1, the endonuclease

Fokl will form a dimer complex, and produce DNA double strand breaks (DSB).
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Figure 9 Cloning of ZFN into the psyc-97 plasmid.

(A) Schematic representations of psyc-97 plasmid that expresses both GFP and Mcherry from
the same transcript as two separate entities, and psyc-ZFNL-ZFNR vector that co-expresses

both ZFNs from the same transcript as two separate entities.

(B) In the first panel HEK 293T cells were transfected with psyc-97 plasmid. Because the
GFP is linked to a nuclear localisation sequence (NLS), it is localized into the nucleus;
however, the Mcherry is expressed all-over the cell. The second panel represents HEK 293T
cells transfected with psyc-ZFNL (we replaced the Mcherry with the ZFNL, which has a
FLAG tag). The immunofluorescent labelling shows that ZFNL with the (FLAG) tag is
expressed bicistronically with GFP and both are localized to nuclei. In the third panel, ZFNR
replaces the GFP in psyc-97, and immunofluorescent labelling shows that ZFNR with the

(FLAG) tag is expressed with MCherry.

(C) Three days after transfection of HEK 293T cells with psyc- ZFNL-ZFNR, genomic DNA
was isolated from transfected and non-transfected cells. A 2.3Kb PCR fragment of utrophin A
promoter product was amplified from both treated and control cells for subsequent T7E1

assay.

(D) The frequency of allelic mutation in each pool of treated cells was determined using the
T7E1 assay (gel). Bands migrating at 1.9kb and 400 bp represent the T7E1 digestion products
of the parent amplicon. The bands were quantified by ethidium bromide staining and

densitometry to determine the frequency of NHEJ.
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Figure 9
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Chapter 5: Use of CRISPR/Cas9 genome editing to up-regulate
utrophin via HDR

CRISPR/Cas9 mediated genome editing of human utrophin A promoter in

HEK 293 T cells.

The insertion of precise genetic modifications by CRISPR-Cas9 system is highly efficient in
comparison to previous genome editing tools. The CRISPR-Cas9 systems (clustered, regularly
interspaced, short palindrome repeats (CRISPR)-CRISPR-associated protein) is an innovative
tool for genome engineering, enabling the induction of site-specific genomic (DSBs) by single
guide RNAs (sgRNAs). The DSB will trigger DNA repair mechanisms such as (NHEJ) or
(HDR). During the NHEJ repair pathway, the DSB is repaired by random insertion/deletion
mutations at the site of junction. However, the HDR repair pathway can introduce precise point
mutations or insertions in the presence of a repair template in the form of a donor plasmid, which

allows high fidelity and precise editing (Figure 10).

Insertion of the CAG promoter into the human utrophin A promoter

In order to verify the effect of inserting a Cytomegalovirus Enhancer/Chicken p-Actin (CAG)
promoter into the human utrophin A promoter, we have cloned the CAG promoter into the 2.3Kb
utrophin A promoter driven luciferase reporter gene. The insertion of CAG within the human
utrophin A region led to an over 1000-fold up-regulation of the downstream luciferase gene as
shown in (Figure 11). Therefore, we pursued genome editing of the human utrophin gene locus

to insert the CAG within the utrophin A promoter region.
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Design and validation of CRISPR-Cas9 targeting human utrophin A

promoter

In this study, we engineered (CRISPR Cas9+sgRNA) expression plasmids, and tested their
ability to cleave human utrophin A promoter DNA. The online software http://crispr.mit.edu/
was used to predict the appropriate regions of human utrophin A promoter. The software output
provided several sgRNA (20bp) oligos, which are flanked on the 3' end by a 3bp NGG PAM
sequence. The choice of sgRNA is oriented by a high score and fewer off target frequencies. The
best predicted sgRNA were ordered and cloned into the plasmid pX261 Cas9, which contains
three expression cassettes. First, the guide RNA site is driven by a U6 promoter. Then, the
hSpCas9 enzyme driven by the CBh promoter recognises the sgRNA and the DNA target
sequence complex. Finally, there is a puromycin cassette used as a selection marker. In order to
verify the activity of CRISPR Cas9 on utrophin A promoter, the sequenced (Px261-sgRNA)

plasmids were transfected into HEK 293T cells, and stably selected (Figure 12).

Effect of CRISPR-CAS9 on human utrophin A promoter

Next, we verified if CRSIPR/Cas9 system can target and cleave the utrophin A promoter. We
harvested the wild type and stably selected HEK 293T cells expressing (CRISPR Cas9 +
sgRNA), and extracted the genomic DNA. It is known that DSBs are partially repaired by the
NHEJ pathway; therefore, we performed the T7EI assay to detect the indels caused by the Cas9
endonuclease. The 2.3Kb fragment containing the target site of utrophin A promoter was PCR-

amplified from the genomic DNA. T7EI digestion performed on the PCR fragment showed two
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separate fragments of 700pb and 1.7KDb in the stably selected cells, but not in the wild type HEK

293T cells. (Figure 13)

Sequencing histogram of utrophin A promoter genomic DNA

These PCR amplicons were cloned into the PCDNA3.1 plasmid, and the positive clones were
sequenced. The sequencing of 15 positive clones confirmed that short insertions and deletions
had indeed occurred at the target site, indicating that (CRISPR Cas9 + gRNA) can target and

induce DSB in human utrophin promoter A (Figure 13).

CRISPR/Cas9 induces homologous recombination in HEK 293 T cells

In order to induce the homologous recombination, we cotransfected HEK 293T cells with both
plasmids: CRISPR/Cas9-sgRNA and the donor plasmid UTR-CAG-UTR-GFP. The co-
transfected cells were treated with 1uM of Scr7 for 3days in order to block the NHEJ repair
mechanism, and give more chance to the HDR mechanism. 3 days post-transfection, we started
the selection with puromycin for 1 week. Single clones were expended separately as replicates.
One part of the resistant clones was used to harvest the gDNA, and the other part was frozen as a
backup. Using a PCR-based screening approach (Figure 14), we assessed whether the CAG
promoter targeting construct had integrated at the utrophin A site in the genome. Among the 7
clones selected, we identified that four out of the seven were positive (Figure 14A). As shown,
PCR of the wild-type locus has no band, whereas PCR of the knock-in allele results in 1100 bp
band for clones resistant to puromycin. We thus genotyped the 4 clones and all of them resulted

in complete knock-in of CAG promoter (Figure 14B).
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Effect of CAG insertion into utrophin A promoter

To assess the effect of CAG insertion into the genomic utrophin region in the knock-in cells, we
collected samples for Western blotting and mRNA analysis. These studies on positive clones of
HEK 293T cells treated with CRISPR-Cas9 + Donor plasmid and non-treated control cells
showed that utrophin mRNA is up-regulated up to 25 fold in clone A2, leading to a 13-fold
increase in utrophin protein levels. Clones A5 and B6 had lower but still substantial increase in

utrophin mRNA and protein (Figure 15).

CRISPR/Cas9 Off-target cleavage

Off-target cleavage is a serious barrier for engineered nuclease mediated genome editing [276].
The initial selection of the SRNA had identified 4 putative sites with 60% of homology to the
target site at locus: Chr19:-15662158, Chr10:-13142194, Chr19:+18284579, Chr14:+94088868.
In the stably transfected clones we amplified these putative target sequences, followed by
sequencing. The analysis showed that in these clones, these putative target sequences did not
have any indel mutations (Figure 16), which indicates that CRISPR/Cas9 targets utrophin A

promoter with high precision.
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Figure 10 CRISPR/Cas9 mediated genome editing of human utrophin A

promoter in HEK 293 T cells

Human utrophin A promoter has several binding sites for the transcription factors AP1, AP2, Spl
and Sp3. This promoter region also contains a myogenic regulatory binding site E-box and a
synaptic regulatory site N-box. The CRISPR-Cas9 target site is located between the E-box and the
N-Box motifs. The sgRNA recognizes the genomic utrophin A promoter region and will guide the
nuclease Cas9, which in turn will make double a strand break (DSB) on the target genomic DNA.
The DSB will trigger DNA repair mechanisms such as non-homologous end joining (NHEJ) or
Homologous Direct Repair (HDR). During the NHEJ repair pathway, the DSB is repaired by
random indel mutations at the site of junction. Unlike NHEJ, the HDR repair pathway can introduce
precise point mutations or insertions in the presence of a repair template in the form of a donor
plasmid, which allows high fidelity and precise editing. The schematic diagram shows the strategy
for CRISPR/Cas9 mediated knock-in of Cytomegalovirus Enhancer/Chicken B-Actin (CAG)
promoter into the endogenous utrophin A promoter region in the presence of a dsDNA donor

vector.
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Figure 11 Insertion of the (CAG) promoter into the human utrophin A

promoter

(A) Schematic representation of pGl4:14 utrophin A- luciferase plasmid, which has a
2.3Kb human utrophin A promoter driven luciferase reporter gene (kind gift from Tejvir
S. Khurana), and pGl4:14 URTN-CAG-UTRN-luciferase plasmid, which was obtained
by cloning the CAG promoter into the human utrophin A promoter region between the
E-Box and the N-box motifs. (B) Both reporter constructs, utrophin luciferase (UTR-
Lux) and the utrophin-CAG-utrophin luciferase (UTRN-CAG-UTRN-Lux) were
transiently transfected into HEK 239T cell lines and assayed after 24 h of incubation.
The insertion of CAG promoter into the utrophin promoter region leads to an increase in

luciferase activity and luciferase mMRNA 24h post-transfection.
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Figure 11
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Figure 12 Target identification in the 2.3 Kb fragments of human utrophin

A and the best predicted sgRNAs.

(A) 2.3Kb human utrophin A sequence harboring the target site (blue) next to the PAM
sequence (red).

(B) Best predicted sgRNA targeting human utrophin A promoter region has the best score of
all predicted sgRNAs.

(C) Sanger sequencing of the cloned sgRNA in the Px261 plasmid showing the U6 promoter

driven sgRNA.
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Figure 12
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Figure 13 CRISPR/Cas9 mediated genome editing of human utrophin A

promoter region

(A) 2.3Kb human utrophin A promoter fragment is amplified using p1 and p2 primers. The
CRISPR-Cas9 target sequence is located at position 1.7Kb from primer p1 side and 0.7Kb from
primer p2. (B) sgRNA oligonucleotides were cloned into the bicistronic expression vector
(PX261) from Addgene. (C) T7EL1 assays for Cas9-mediated indels at the human utrophin A
promoter locus. Red arrowheads indicate the expected T7E1 fragments. (D) Deletions were
confirmed by sequencing the PCR products spanning the expected cleavage sites.
Electropherograms around the target sequences of wild-type and mutant utrophin A promoter
region indicate that each DSB occurs exactly 3 bp upstream of the PAM sequence. Red triangles
indicate deleted nucleotide(s). (E) Multiple sequence alignment analysis around the targeted
DNA sequences of the wild type utrophin and 4 mutants indicates that CRISPR-Cas9 can target

and cleave the human utrophin A promoter.
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Figure 14 Detection of CRISPR/Cas9-induced homologous recombination in HEK 293

T cells.

(A) Schematic representation of the predicted human utrophin A promoter region after insertion of the
CAG promoter. Primer F1 covers the CAG part of the Donor plasmid, while F2 covers the genomic
utrophin region of HEK 293T host cell. Single clone candidates for potential targeted integration of
UTR-CAG-UTR donor plasmid are screened first by PCR. Gel electrophoretic pattern is shown of the
PCR products corresponding to the junction region between the CAG promoter arm and the HEK
293T host genome. Lanes 1-7: PCR products derived from the genomic DNA of selected HEK 293T
cells co-transfected with CRISPR-cas9 and the Donor plasmid. The clones A2-A5-B2 and B6 are
positive clones as shown on the agarose gel. (B) Multiple sequence alignment between the clone A2
and the Donor plasmid shows that HDR occurred, and the CAG promoter is knocked in exactly at the

expected position.
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Figure 15 Integration of CAG promoter into the endogenous human utrophin A

promoter

(A) The analysis by real-time PCR of the utrophin gene mRNA expression from selected clones of
HEK 293T cells treated with CRISPR-Cas9 + Donor plasmid and non-treated control cells (Ctr-).
The gene expression ratio between utrophin and GAPDH is shown as the mean £ SEM from three
independent experiments performed in triplicate. *P <0.05 and **P <0.01 and ***P<0.001 indicate
statistical significance by t-test.

(B) Western blot analysis of utrophin protein levels in HEK 293T cells treated with (CRISPR-Cas9
+ Donor plasmid) and untreated control cells (Ctr-). Vinculin detection was used to normalize the

amount of loaded protein.
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Figure 16 Analysis of the top 4 off-target hits predicted to be located in genes

(A) Identification of the sequence, score, position and primers used to amplify the 4 off-target loci.

(B) Sequencing of the off-target regions shows no modification in these genes.
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Figure 16
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Chapter 6 Discussion
Zinc Finger Proteins to mediate human utrophin up-regulation

Zinc Finger Proteins: engineered DNA-recognition domains

Utrophin gene, located at the autosomal chromosome number 6, encodes a protein displaying a
high degree of sequence similarity to dystrophin [186]. Unlike dystrophin which is expressed
only in muscle and brain in adult, utrophin is widely expressed during development, but becomes
restricted to the neuromuscular junction (NMJ) and myotendinous junction in normal adult;
however, in dystrophin-deficient muscle, utrophin is also localised at the sarcolemma
compensating the lack of dystrophin [277]. In fact, the therapeutic effect of up-regulating extra-
synaptic utrophin was tested by Tinsley et al in 1996 [199], and revealed that mini-utrophin
over-expression in transgenic madx mice is sufficient to rescue the dystrophic mdx phenotype. The
human utrophin A promoter has several DNase | accessible sites including one region within
400bp of the transcription start site [234], suggesting that these regions might provide good
targets for ZFPs. The ZFP “Jazz” was the first designed artificial transcription factor able to bind
and activate the transcription of utrophin A promoter [278, 279]; “Jazz” was synthesised using
the list of the recognition code selected by Choo and Klug [280, 281]. In previous work our lab
has designed a panel of ZFPs based on the recognition modules described by Liu et al [282].
The produced ZFPs were able to target and up-regulate murine utrophin gene expression [234].
Our goal for this study was to identify a panel of ZFPs that could activate transcription of the
endogenous human utrophin gene. In fact, we have successfully engineered a new panel of ZFPs

based on the knowledge of utrophin A promoter’s structure and based on the software provided
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by the zinc finger consortium [283]. We first used our previous results of DNase |
hypersensitivity mapping analysis to identify accessible regions of the utrophin A promoter [234,
267]. Then, using the zinc finger consortium software we designed a panel of ZFPs that are
predicted to target and bind human utrophin A promoter. The Figure 3C shows an example of the
predicted 9-bp sequences targeted by an artificial ZFP; for example, the predicted sequence
GAG-GGG-GAG s targeted by coupling the predicted three zinc fingers F1-F2-F3. The F1
finger is represented by four possible fingers (ZF113), (ZF115), (ZF135) and (ZF136) that are
predicted to target the triplet GAG. The zinc finger F1 (ZF115) has seven amino acids that
constitute the recognition helix positions —1 to +6 relative to the start of the a-helix that contacts
DNA in the finger, which is composed of the following amino acids QSFNLRR. Then, the
finger F2 (ZF134) that targets the sequence GGG and its helix is composed of RRSHLTR
amino acids. Finally, the F3 (ZF135) that targets also the sequence GAG, but has the RHSNLIR
amino acids on the F3 helix. Sanger sequencing results shown in Figure 5C confirm that the

alpha helix of the predicted zinc fingers match the produced one.

Trans-activation of the human utrophin A promoter

Zinc finger-based transcription factors consist of a transcriptional effector domain fused to the
engineered zinc finger DNA binding domain. Depending on the effector domain, ZFPs can up-
or down regulate gene expression and thus represent powerful tools in gene expression
modification and allow novel approaches in clinical practice. ZFP targeting strategies combined
with analysis of chromatin structure present an efficient tool for identifying artificial
transcription factors and specifically regulating endogenous genes [284]. In this study, zinc
finger-based transcription factors are designed using the modular assembly method, which
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assumes that a single domain (module) can recognize a specific DNA triplet regardless of the
position of the triplet within the target site or the identities of adjacent neighboring fingers [228].
The designed modules are simply joined together to make a ZFP that should bind the target
sequence. Although modular assembly is relatively simple to accomplish, ZFPs generated using
this method have been shown to have a high failure rate in vivo [285, 286]. In order to target and
activate utrophin A promoter, the VP16 domain of the herpes simplex virus is fused to the zinc
finger DNA binding domain, which will activate gene expression by facilitating the assembly of
a RNA polymerase Il pre-initiation complex and interact with chromatin-remodeling enzymes
[287]. First, the artificial zinc finger proteins were screened on an episomal utrophin promoter
reporter construct (Figure 6A). The analysis of the beta galactosidase activity revealed that the
increase of its activity was dependent on the presence of certain ZFPs. The differences in beta
galactosidase activity reflect the activation potential of each tested ZFP. Moreover, the specific
activity of each ZFP was deduced by normalizing the beta galactosidase activity against the level
of VP16 expression. The activity of each ZFP depends on the target site sequence accessibility
and its a-helix composition. The preliminary screening of several ZFP constructs led to the
characterisation of potential ZFPs that are able to induce beta galactosidase up-regulation. The
targeted region GAG-GGG-GAG near the target sequence of Spl, which is a natural zinc finger
binding site, has more activation potential than the other targeted regions of human utrophin A,
and overlaps with the murine region targeted in previous work with the ZFP51 (Figure 3A)

[234].
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The up-regulation of the endogenous utrophin gene

Although beta galactosidase results have shown a potential activity of certain ZFPs as
transcription factors on the episomal reporter construct, the selected cells expressing the most
potent ZFPs have shown only a 1.3 fold increase in the endogenous utrophin mRNA levels
(Figure 7B). Similar results have been observed at other loci [284], which might highlight the
effect of the micro-environment composition around the target sequence. It is known that
chromatin structure can be influenced in a variety of ways, mainly DNA methylation, which
occurs on cytosine residues primarily in the context of a CpG site, can prevent the binding of
trans factors [288]. Because the human utrophin A promoter is highly rich with CpG islands and
has several DNA methylation spots, the endogenous chromatin environment could be made
unavailable via DNA methylation, or other epigenetic factors such as H3K27-3Me (three
methylations), which might explain the moderate increase of utrophin mRNA expression.
According to the literature, it is known that for some transcription factors (such as E2F, CREB
and USF) methylation at specific CpGs will inhibit protein binding and then inhibit transcription
[289]. It has been shown that zinc finger protein Spl binding is inhibited by "Cp™CpG
methylation [290]. Moreover, artificial transcription factors can synergize with chromatin
remodeling drugs to reactivate gene expression [291]. To further improve the regulatory effects
of ZFP, we considered epigenetic factors such as DNA methylation. Therefore, we treated the
stably selected ZF51-IRES-GFP-293T HEK cells for 5 days with 40 uM of azacytidine, which is
a chemical analogue of the cytosine nucleoside; azacytidine incorporation into DNA leads to a
covalent binding with DNA methyl-transferases; as a result, the utrophin promoter will

presumably be less methylated, then the ZFP may have better binding to the DNA and induce the
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endogenous utrophin A promoter activation. Figure 7C shows that treatment of the HEK 293T
cells harboring the best predicted ZFP (ZF51) with azacytidine leads to a slight increase in
endogenous utrophin mRNA expression. Thus, targeting endogenous utrophin promoter with
ZFPs cannot be sufficiently upregulated to overcome lack of dystrophin as shown in similar
studies. For example, a 6 zinc finger protein was engineered and coupled with the transcriptional
activation domain derived from the multivalent adaptor protein Che-1/AATF. Expression of the
6 zinc finger protein in mammalian cells promoted only 1.9 fold increase of endogenous utrophin
transcription [292]. Moreover, a new study tried the same principle of utrophin A promoter
upregulation using the death CRISPR/Cas9 system fused to multiple copies of VP16 activator
(dCas9-VP160); treatment of dystrophin-deficient myoblasts with the dCas9-VP160 led also to
an increase of endogenous utrophin expression varying from 1.7- to 2.7, especially when
targeting the utrophin A promoter [293]. According to above data, utrophin promoter A is tightly
repressed and despite the increase of zinc finger protein number or modification of the activator
domain substantial upregulation of the endogenous utrophin could not be achieved. Therefore,

we pursued other means to upregulate utrophin transcription.

Zinc Finger Nuclease mediates utrophin A cleavage

Engineering of ZFN targeting utrophin A promoter

All through the ZFP section, we have shown that zinc finger proteins can be reprogrammed to
target any DNA sequence; therefore, a fusion protein comprising such a programmable DNA-
binding domain coupled to a non-specific nuclease could be used as a genome editing tool. In
fact, Zinc Finger Nuclease (ZFNs) combine both properties: 1) the DNA binding specificity and

flexibility of ZFPs and 2) a cleavage activity of the modified Fokl domains that function as
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obligate homodimers [242]. Recently, ZFNs have been used in gene editing of specific targets
for either gene knockout or gene integration [243]. Applications of gene editing using ZFNs can
be useful in several fields including biotechnology (cellular and animal engineering), agriculture
(crops and animals improvement) [244, 245], and medicine (gene therapy) [246, 247]. We
therefore sought to investigate whether a ZFN genome editing tool combined with a donor vector
carrying a strong promoter flanked in between the utrophin A promoter sequences could induce
gene targeting in vitro. Indeed, a recent study has shown the efficacy of ZFN correcting
haemophilia B in mouse, resulting in measurable circulating levels of factor IX; this therapeutic
strategy was sufficient to restore haemostasis in the mouse [294]. We hypothesized that the
insertion of a strong promoter such as the cytomegalovirus enhancer chicken beta-actin (CAG)
via HDR mechanism precisely at the upstream region of the utrophin gene, might lead to the
permanent up-regulation of the endogenous utrophin gene. First we generated a pair of ZFN
targeting the human utrophin A promoter according to the Zinc Finger Nuclease consortium
(Figure 8). The 2.3Kb utrophin A promoter has the majority of the regulatory elements including
the N-box and Sp1-Sp3 sites and the +1 transcription initiation site (+1); the targeted sequence
CAC-TCC-CTC is located upstream the (+1) site implying that when the HDR is occurring the
CAG insertion will be positioned specifically before the (+1) transcription initiation site, thus
guarantying the upregulation of endogenous utrophin. The predicted ZFNs were then cloned into
the psyc-97 plasmid [295], which has the self-cleaving 2A peptide. The psyc-97-ZFNs will
generate a bicistronic construct encoding both ZFNs under the control of the CMV promoter

(Figure 9A, B).
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Effect of ZFN on utrophin A promoter

The T7EL assay showed that the ZFN pair is highly active, driving small insertions and/or
deletions (indels), characteristic of DSB repair by NHEJ, and results in up to 25% cleavage at the
targeted sequence as shown in Figure 9C. Unlike control treated cells, the denatured and
reannealed PCR products amplified from genomic DNA of cells expressing the ZFN show extra
bands once treated with the T7E1 endonuclease confirming indel mutations at the targeted
sequence. Since the ZFN strategy has shown some difficulty in the design, and the
characterization of the ZFN treated cells, we tried in parallel a new system of genome editing

based on RNA-DNA recognition that is easier to manipulate.

CRISPR/Cas9 system mediated HDR in HEK 293T cells

The CRISPR/cas9 tool, which is a genome editing nuclease guided by a single guided RNA
(syRNA) has shown a significant potential in curing monogenic diseases [296]. CRISPR-Cas9
system has shown the ability of correcting genomic mutations in mdx mouse model, which opens
up new frontiers in treating DMD [168]. Recently, several groups have tried to edit the
dystrophin gene using the CRISP/Cas9 technology. Long et al used CRISPR/Cas9-mediated
genome editing to correct the dystrophin gene mutation in the germ line of mdx mice, and then
monitored muscle structure and function [168].Moreover, Ousterout et al designed multiplexed
SgRNAs to restore the dystrophin reading frame by targeting the mutational hotspot at exons 45—
55, which can correct up to 62% of DMD mutations [169]. Similarly, another group has
demonstrated the feasibility of using a single CRISPR pair to correct the reading frame for the
majority of DMD patients [297]. However, immunological response against dystrophin, and the

wide range of mutations in dystrophin gene are some of the limitations for dystrophin repair.
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Since one of the most promising approaches for DMD therapy is based on increasing the levels
of the utrophin gene, we pursued CRISPR-Cas9 technology to insert precisely a strong promoter
into utrophin A promoter resulting in permanent up-regulation of endogenous utrophin. Thus, we
present a universal approach for inserting a strong promoter such as Cytomegalovirus
Enhancer/Chicken B-Actin (CAG) promoter upstream the +1 transcription initiation site of
human utrophin A promoter using CRISPR-Cas9 system and a dsDNA donor template, which
contains the CAG promoter, flanked between homologous utrophin A promoter sequences; as a
result, we were able through homologous direct repair mechanism to significantly increase the

endogenous utrophin expression in HEK 293T cells.

Engineering of CRISPR/Cas9 system targeting utrophin A promoter

The CRISPR/Cas9 system induces DSBs, which can be repaired by one of the two different
pathways either NHEJ or HDR. According to Figure 10, the sgRNA recognizes the genomic
utrophin A promoter region and will guide the nuclease Cas9, which in turn will make DSB on
the target genomic DNA. The DSB will trigger the DNA repair mechanism such as NHEJ or
HDR. During the NHEJ repair pathway, the DSB is repaired by random indel mutations at the
site of the junction. Unlike NHEJ, the HDR pathway can introduce precise point mutations or
insertions in the presence of a repair template in the form of a donor plasmid, which allows high

fidelity and precise editing.

Promoter selection for homology direct repair
Many constitutive promoters have been found to be very active in muscle cells including (Rous
sarcoma virus (RSV) and the cytomegalovirus enhancer (CMV) [298]. However, both promoter

activities decreased in muscle of young adult and old mice after sixty days post injection [299].
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The muscle specific creatine kinase (MCK) promoter has been also used to over-express
dystrophin in DMD gene therapy [300]; however, the activity of MCK promoter was measured
using only histological observation. Recently, a study has examined six constitutive promoters
commonly used in mammalian systems, including the simian virus 40 early promoter (SV40),
cytomegalovirus immediate-early promoter (CMV), human Ubiquitin C promoter (UBC), human
elongation factor la promoter (EF1A), mouse phosphoglycerate kinase 1 promoter (PGK), and
chicken B-Actin promoter coupled with CMV early enhancer (CAG) in different cell types
including mouse myoblasts (C2C12). The results showed that CAG promoter is a consistently
strong promoter in all the cell types [301]. In order to confirm that insertion of a strong promoter
such as CAG will lead to the up-regulation of the downstream gene, we cloned the CAG
promoter in the utrophin A promoter region linked to a luciferase reporter gene. The insertion of
the CAG promoter at the utrophin A region led to very high up-regulation of mMRNA expression

and activity of luciferase as shown in Figure 11.

CRISPR/Cas9 mediates utrophin DNA Double Stranded Break

The first step for performing targeted genome editing is the induction of a DNA double-stranded
break at the genomic locus [302]. For this purpose, we engineered CRISPR Cas9+sgRNA
expression plasmids, and tested their ability of cleaving the human utrophin A promoter DNA
(Figure 12). The analysis of the T7E1 assay showed the presence of an extra band of 700bp
indicating mismatches at this region. It is known that the s.pyogenes Cas9 (SpCas9) makes a
blunt cut between the 17th and 18th bases in the target sequence (3 bp 5’ of the PAM) [303, 304].
In fact, Sanger sequencing showed that CRISPR/Cas9 system can induce DNA double-strand

breaks in the human utrophin A promoter genomic locus as confirmed by the deletion of one or
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two bp near the 5’ of the PAM sequence (Figure 12). On the figure 13D most sequenssed clones
have shown a deletion of one bp except clone 2 which has a deletion of 3 base pair and insertion

of one base pair.

CRISPR/Cas9 induces CAG insertion into endogenous utrophin A promoter

The introduction of targeted genomic sequence changes into living cells has become a powerful
tool for therapy of genetic diseases. In the present study, we have designed a donor plasmid,
which has the CMV early enhancer/chicken beta actin (CAG) promoter flanked by the human
utrophin A promoter sequences. The co-transfection of the donor plasmid and the CRISRP/Cas9
plasmid in HEK 293T cells will trigger the HDR mechanism, which will lead to the insertion of
CAG promoter at the endogenous utrophin A promoter. In fact, the PCR screening of co-
transfected HEK 293T cells shows that CRISPR/Cas9 allows the selection of 4 positive clones
out of 7, which means about 57% efficient endogenous knock-in of the (CAG) promoter into
utrophin A promoter region after selection (Figure 14). Moreover, the insertion of CAG
promoter leads to a permanent increase of utrophin expression, which might reach up to 25 fold
increase in the clone A2 (Figure 15). The endogenous utrophin expression in clone A2 is 5 time
higher than the clones A5 and B6; this differnce in fold increase could be explained by the fact
that the clone A2 has insertion of the CAG promoter in utrophin A promoter at both
chromosoms; in contrast, clones A5 and B6 might have insertion of the CAG promoter only in
one chromosome.

Off-target cleavage

Off-target cleavage is a serious concern for CRISPR/Cas9-mediated genome engineering [305].

Once we showed that CRISPR/Cas9 system can target and cleave the human utrophin A
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promoter sequence, we next studied the Cas9 off-target activities. To potentially identify
mutations induced at off-target sites, we performed in silico analysis using the CRISPR design
tools, which predict and score off-targets for the CRISPR/Cas9 system. Figure 16 shows the four
predicted off-targets with at least 4 mismatches in comparison to the original target sites. PCR
amplification of the predicted off-target sites followed by Sanger sequencing has shown no indel
mutations on the off-target sites (Figure 16). The above results illustrated the effectiveness of
CRISPR/Cas9 system in modifying and up-regulating the endogenous utrophin gene with high
efficiency and specificity. Since there is no homology between the donor plasmid and the other
23 off target sites, they will be repaired only with the NHEJ mechanism, and their repair won’t

affect cell activity since they are located in non-coding regions.

Conclusion and Future directions

Human Induced Pluripotents Stem (IPS) cells approach

In conclusion, these results show proof-of-principle for the development of genome editing tool
able to increase levels of endogenous utrophin for the therapy of DMD. In this regard,
modification of human utrophin A promoter using CRISPR/Cas9 system in induced pluripotent
stem cells (IPS) might help in increasing utrophin expression in DMD patients after cell
transplant. Because of the heterogeneity in the dystrophin mutations, correction of dystrophin in
DMD IPS cells using CRISPR/cas9 system might not be applicable to all DMD patients [170].
However, the modification of utrophin A promoter in DMD IPS cells can target all patients
regardless of the type of dystrophin mutation. In summary, the up-regulation of the utrophin
protein in patient-derived IPS cells using CRISPR/Cas9 system might be effective and might

have minimal effects on off-target mutagenesis. Our efficient and precise utrophin up-regulation
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method using CRISPR technologies should provide a framework for future ex vivo gene therapy

using patient-specific human IPS cells.
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