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Abstract

It has been recognized that small molecules can affect a substantial proportion of
the human transcriptome in ways that are currently unknown and difficult to predict.
Working with the Broad Institute, using their Connectivity Map database, we have
worked to identify compounds anticipated to modulate two diseases; myotonic dystrophy
(DM1) and Duchenne muscular dystrophy (DMD). DM1 stems from an expanded CTG
repeat found in the DMPK gene. The down regulation of DMPK mRNA represents a
valid therapeutic avenue. DMD is characterized by degeneration of muscle, caused by
mutations in the dystrophin gene. One therapeutic strategy for DMD is to increase the
dystrophin homologue utrophin. We have identified a number of compounds capable of
decreasing DMPK mRNA and others which increase utrophin mRNA and protein. We
hope our success in compound identification not only leads to potential therapeutics for

these diseases, but highlights the usefulness of using in silico screens.
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Chapter 1



1. Introduction

1.1 Pharmacologic transcript modulation; a translational opportunity for
rare genetic diseases?

Although disorders caused by single gene defects are individually rare, in
aggregate their frequency approximates or even surpasses more common disorders;
collectively they impose a formidable clinical, psychological and fiscal burden on society.
Of the 22,000 protein coding human genes approximately 10% (~2,500) have been linked
to human disease (McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins
University (Baltimore, MD) and National Center for Biotechnology Information,
National Library of Medicine (Bethesda, MD), 2011) with an additional 3,500 for which
the molecular basis is not known. Moreover, there are believed to be as many disorders
which are currently unreported as are now known. These disorders pose an enormous
clinical challenge not only from a diagnostic point of view, but ultimately therapeutically

as well.

In this regard, it has been recognized in recent years that small molecules can
affect a substantial proportion of the human transcriptome in ways that are currently
unknown and impossible to predict. With the enormous costs and time required to
develop new compounds and investigate their efficacy and safety, the prospect of finding
new uses for approved drugs is appealing. Finding new uses for FDA approved

compounds benefits developers, by decreasing the investments required for drug



discovery. More importantly, patients benefit by increased speed of delivery and pre-
existing knowledge of safe dosage and treatment regimens. Monogenic disorders, where
mutations in a single gene result in the disease phenotype, stand to benefit significantly

from this type of drug discovery.

Dramatic advances in our understanding of the molecular pathophysiology of
monogenic disorders have resulted in the identification of hundreds of transcripts and
proteins that either cause or impact these conditions. Given the number of genes involved
in human disease and the substantial subset of the transcriptome modulated by drugs, it is
a virtual certainty that genes exist that both act as modifiers of human disease and are
responsive to pharmacologic modulation. The modulation of these transcripts and
proteins may serve a therapeutic purpose. In the case of monogenic disorders, this might
occur through the up regulation of genes that encode sequentially and functionally similar
proteins that can effectively replace the recessive disease gene, or by down regulation of
the mutated autosomal dominant genes that confer the pathology. In this thesis we
outline piloting of this approach for two monogenic disorders, Myotonic dystrophy type 1

(DM1) and Duchenne muscular dystrophy (DMD).

1.2 Myotonic Dystrophy

1.2.1 DM1 incidence and disease background

Myotonic dystrophy is an example of a monogenic disorder that may benefit from

pharmacological transcript modulation. It is an autosomal dominant disease and one of



the most common forms of muscular dystrophy with an estimated incidence of 1 in 8000
(Vignaud et al., 2010). Myotonic dystrophy is one of more than 20 conditions
characterized as repeat expansion diseases (Brouwer et al., 2009). These diseases are
caused by repetitive series of usually trinucleotide repeats in the genome of affected
individuals which when expanded can be deleterious to the patient. There are two types
of Myotonic dystrophy; DM1 caused by a trinucleotide CTG repeat in the 3’ untranslated
region of the dystrophia myotonica protein kinase (DMPK) gene mapping to
chromosome 19 in humans (Lee and Cooper, 2009). The second form of myotonic
dystrophy, DM2, is characterized by tetranucleotide (CCTG) repeats localized in intron 1
of the zinc finger nine (ZNF9) gene (Liquori et al., 2001). Although previously thought
the least common of the two forms of myotonic dystrophy it now appears that DM2 is
comparatively common, possibly more common than DM1, albeit less severe (Amack et

al., 2002; Suominen et al., 2011).

The pathological CTG expansion in the 3’ untranslated region (exon 15) was
identified in 1992. Subsequent analyses demonstrated the correlation between disease
severity and the number of trinucleotide repeats (Brook et al., 1992; Harper, 2001; Hunter
et al., 1992). This disease manifests with somatic instability during weeks 13-16 of
gestation (possibly leading to CTG repeat expansion) while symptoms progress into
adulthood (Jansen et al., 1994). While unaffected individuals typically have between 5-
38 repeats (Lee and Cooper, 2009), repeat numbers have been reported as high as 4000,
resulting in the congenital form of the disease and repeats in the range of 50 are

associated with the adult-onset form of DM1 (Lee and Cooper, 2009). The length of the



CTG repeat tract usually expands between generations; thus one generation can have few
or no symptoms, and the next generation can develop the disease (Harley et al., 1992).
The multisystemic expression of the DMPK gene combined with the wide range of
DMPK CTG trinucleotide repeat number observed in DM leads to a large number of
physical signs and symptoms as well as a varying severity. These include myotonia (i.e.
failure of muscle relaxation following contraction), muscle wasting, insulin resistance,
cardiac conduction defects (mainly arrhythmias), cataracts, testicular atrophy, cognitive
dysfunction and mental retardation (Lee and Cooper, 2009; Harper, 2001). Those
symptoms relating to the musculature appear to affect distal muscles more severely than

proximal muscles (Kaliman and Llagostera, 2008).

1.2.2 DM1 pathogenesis: DMPK haploinsufficiency or pathogenic RNA?

The diverse range of symptoms and physical signs associated with DM initially
made a clear mechanistic pathogenic formulation difficult; how did DMPK CTG repeat
expansion affect so many systems so variably? Due to studies that identified decreases in
the amount of DMPK mRNA and protein in patients with DM1, it was initially thought
that the loss of DMPK protein might be a key pathogenic mechanism (Fu et al., 1993).
The subsequent generation of a DMPK-knockout mouse which showed only mild cardiac
conduction defects, no myotonia, and normal longevity appeared to disprove this
hypothesis (Berul et al., 1999). This led to the generation of a second hypothesis,
suggesting the expanded CTG repeats had a pathogenic role in the disease and caused the
multitude of symptoms observed in patients. Significant evidence was lent to this theory

when a mouse model was developed containing 250 CTG repeats in the 3° UTR of the o-



actin gene (Mankodi et al., 2000). Unlike the DMPK-knockout mouse, these mice
developed myotonia and histological analysis of muscle samples revealed centrally
located nuclei and ring fibers, longstanding criteria used to diagnose DM1 (Mankodi et
al., 2000). Interestingly, the RNA gain-of-function mechanism of disease does not
appear to hold up across different species, as repeat length is not a primary determinant of
pathology in drosophila (Le Mee et al., 2008). Six years after the discovery of DM1, the
identification of a second repeat expansion underlying the clinically milder but similar

DM2 lent strong support to the pathogenic RNA hypothesis (Ranum et al., 1998).

1.2.3 DMPK protein structure, function, and localization

The original hypothesis that DM1 was caused by a decrease in DMPK levels was
impeded by the lack of knowledge of the function of DMPK protein itself. Although its
exact function(s) has/have yet to be elucidated, the fact that DMPK-knockout mice have a
mild phenotype (Berul et al., 1999) indicates that DMPK is not vital to the function of
living organisms. Although DMPK mRNA has been detected in a range of tissues
(skeletal muscle, heart, smooth muscle, bone, testis, pituitary, brain, eye, skin, thymus,
lung, intestinal epithelium, cartilage, and liver), significant levels of DMPK protein are
found only in skeletal muscle and heart, with comparatively lower expression in smooth
muscle (Lam et al., 2000). Its structure can be broken down into three distinct regions; a
catalytic domain, followed by a coiled-coil domain, and a hydrophobic C-terminal
domain (Lam et al., 2000). This protein is homologous to the p21-activated kinases

MRCK and ROCK/rho-kinase/ROK with a similar serine/threonine structure (Kaliman



and Llagostera, 2008). Although as many as six different isoforms (Fig. 1) have been
described and grouped across a range of sizes (67-74kDa) (Groenen et al., 2000; Wansink
et al., 2003; Oude Ophuis et al., 2009), other studies suggest that there is only one form
of DMPK protein with a size of approximately 80kDa (Lam et al., 2000). Further studies
have shown that the isoforms differ in the presence or absence of a 5-amino-acid VSGGG
motif and the structure of the C-terminus (Wansink et al., 2003); the latter differences
appear to play a role in DMPK subcellular localization, and may also modulate substrate
specificity (Kaliman and Llagostera, 2008; Wansink et al., 2003). Those isoforms with a
hydrophobic C terminus (A, B) localize at the endoplasmic reticulum (ER) while
presence of the hydrophilic C terminus (C,D), results in localization to the mitochondrial
outer membrane and isoforms with a very short C-terminal tail (E, F) are cytosolic
(Kaliman and Llagostera, 2008; Wansink et al., 2003). DMPK isoforms containing a tail
(99-100AA long) are expressed in skeletal/cardiac tissue, those without are localized to
smooth muscle, although the precise function of the carboxy terminus domains in
localization are unclear (van Herpen et al., 2005). The activity of the serine/threonine
kinase domain has been analyzed through experiments whereby the predicted ATP
binding site is mutated, resulting in a kinase deficient DMPK protein (Kaliman and
Llagostera, 2008; Wansink et al., 2003; Jin et al., 2000). While the function of the protein
was not elucidated in this study, a loss of the ability to induce apoptosis by
overexpression of the mutated DMPK protein was observed (Jin et al., 2000). Using an
antibody specific for phosphorylated DMPK, hyperphosphorylation of a C-terminal

truncated form of the protein was observed, suggesting the DMPK C-terminus may have



an auto inhibitory role similar to that observed with the homologous Rho-kinases

(Kaliman and Llagostera, 2008; Wansink et al., 2003; Jin et al., 2000).
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Figure 1 — Schematic presentation of DMPK isoforms

DMPK isoforms have a N-terminal leucine rich domain (LRD), a serine/threonine kinase
domain, a protein kinase C-terminal domain which contains the hydrophobic phosphorylation
motif, the presence/absence of a VSGGG sequence, and a coiled coil domain. Isoforms A, C,
and E contain the VSGGG motif. Isoforms differ in the presence of two types of C-terminal
tails (A, B), (C, D) or absence (E, F) of a tail (Groenen et al., 2000).



DMPK protein expression has been found to be up regulated through the
canonical myogenic pathway (phosphatidyl inositol 3-kinase, nuclear factor-B, nitric
oxide synthase, p38 mitogenic-activated protein kinase) in C2C12 muscle cells
suggesting a role for DMPK in the maintenance and/or generation of muscle (Kaliman
and Llagostera, 2008; Canicio et al., 2001; Carrasco et al., 2002). Overexpression of
DMPK, however, appears to impede normal muscle maturation, inhibiting C2C12
myoblast differentiation into myotubes (Okoli et al., 1998). A lack of DMPK similarly
impedes myotube differentiation, potentially through repressing myogenin and MyoD
expression (Amack et al., 2002; Harmon et al., 2008). DMPK may also modulate ion
channel activity, as DMPK -/- myotubes have higher resting Ca>* than controls due to
increased open voltage-dependent calcium and sodium channels (Benders et al., 1997).
Conversely however, DMPK-knockout mice have decreased sodium channel activity,
suggesting a potential role in sodium channel activation (Lee et al., 2003; Mounsey et al.,

2000).

1.2.4 Pathogenic RNA modulates disease symptoms

While the exact functions of DMPK remain to be elucidated, the mechanisms by
which the pathogenic DMPK trinucleotide repeat interferes with normal cell function,
and results in many of the DM1 symptoms, have been better characterized. Although it
has become clear that mutated DMPK mRNA is the chief DM1 pathogenic mediator, at
the level of the genome the increased number of repeats in the DMPK gene also appear to

alter expression of adjacent genes. For example, the SIX5 gene which maps to a region of

10



condensed chromatin downstream of amplified CTG repeats demonstrates transcriptional
repression in DM1 patients (Otten and Tapscott, 1995). Interestingly, SIX5 null mice
develop cataracts, one of the many reported DM1 physical signs (Thornton et al., 1997,
Klesert et al., 2000). The expanded DMPK mRNA may itself also decrease the
expression of other genes as it has been found to bind and sequester the transcription
factors SP1 (specific protein 1) and the STATSs (signal transducers and activators of

transcription) 1 and 3 (Ebralidze et al., 2004).

1.2.4.1 MBNL1 Sequestration

The central pathogenic DM 1 mechanism is increasingly being recognized as
devolving from the distinct nuclear foci formed by the expanded DMPK mRNA (Davis et
al., 1997). A number of RNA-binding proteins localize to these foci, suggesting that the
expanded mRNA is interacting with these proteins potentially interfering with their
normal function. It was discovered that RNA CUG expansions comprised of as few as 11
repeats form hairpin-like structures with C-G base pairs interrupted by u-u mismatches
(Napierala and Krzyzosiak, 1997). Shortly thereafter, muscle blind-like protein 1
(MBNL1) was identified as a potential CUG hairpin binder (Miller et al., 2000). Upon
further investigation, MBNL1 was found to preferentially localize to DMPK RNA foci
decreasing its presence elsewhere in the nucleoplasm (Fig. 2) (Jiang et al., 2004; Lin et
al., 2006). Furthermore, the binding of MBNLI1 to the pathogenic RNA may result in its
entrapment in the nucleus given that MBNL1 down regulation restores cytosolic levels of

the pathogenic mRNA, where it is ultimately degraded (Smith et al., 2007). MBNL1
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itself was implicated in DM1 pathogenesis with the observation that MBNL1 knockout
mice developed myotonia and cataracts (Kanadia et al., 2003). The pathogenic DMPK
mRNA complexing of MBNLI results in a reduction of the alternative RNA splicing
normally mediated by this protein. Over two dozen alternative mRNA splicing events
that are either impeded or in some other fashion altered have been identified in DM1
(Ranum and Cooper, 2006). Experiments in both mice and cell lines have shown that
loss of MBNLI results in the improper splicing of, among other genes, cTNT (cardiac
troponin), IR (Insulin receptor), and CIC-1 (Chloride channel 1) (Kanadia et al., 2006; Ho
et al., 2004). Interestingly, the majority of these inappropriate splicing events result in
persistence of fetal forms of the proteins (Lee and Cooper, 2009). This suggests that the
disease may, to some degree, be the result of differentiated cells expressing

predominantly fetal (and inappropriate) isoforms of a number of critical proteins.
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Figure 2 — Schematic presentation of pathogenic expanded RNA’s interaction with
MBNL1 and CUGBP1.

B

A) The expanded repeat forms a hairpin which binds MBNL1, sequestering it and
depleting it from the nucleoplasm. B) Through an unknown mechanism the expanded
repeat activates the PKC pathway leading to the phosphorylation and stabilization of
CUGBPI1. Both the sequestration of MBNL1 and stabilization of CUGBP1 lead to
improper alternative splicing preventing proper isoform expression during development.
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1.2.4.2 CUGBP1 activation and stabilization

In addition to MBNL1, CUBGP1 (CUG binding protein 1) is another RNA
binding protein implicated in DM1 pathophysiology. Although its name implies that the
protein binds to the hairpin structure formed by the pathogenic mRNA, and it was
originally characterized as a protein capable of binding short single stranded CUG
strands, it does not and in fact it shows no co-localization with DMPK mRNA foci
(Fardaei et al., 2001; Mankodi et al., 2003; Timchenko et al., 1996). Nonetheless it
appears to play a role in DM1 pathogenesis. Whereas MBN1’s sequestration by DMPK
mRNA prevents its inhibition of the inclusion of fetal exons during splicing events,
CUGBP1 which in contrast to MBNI1 is activated in DM1, does the opposite, promoting
the inclusion of fetal exons in ¢cTNT, IR and CIC - 1 (Philips et al., 1998; Savkur et al.,
2001; Charlet-B et al., 2002). This apparent opposite and antagonistic function of the
two proteins may serve as one means of mediating which isoforms of certain proteins are
expressed during normal development. In keeping with this model, MBNLI levels
increase during development while CUGBP1 levels decrease (Lin et al., 2006; Kalsotra et
al., 2008). An obvious question is how, in DM1, CUGBP1 is maintained at high levels
which affect splicing well into adulthood when it normally decreases to levels with no or
little impact on splicing events. The anomalous maintenance of CUGBP1 levels into
adulthood observed in DM1 is mediated by an increase in PKC (Protein Kinase C)
pathway activity, seemingly activated by the pathogenic mRNA through an unknown
mechanism (Fig.2 ) (Lee and Cooper, 2009). Activation of the PKC pathway results in
hyperphosphorylation of CUGBP1 which confers stability and allows it to persist well

into adulthood (Kalsotra et al., 2008; Kuyumcu-Martinez et al., 2007). As was observed

14



with the MBNL 1-knockout animals, CUGBP1 over expressing transgenic animals
recapitulate aspects of DM1 at both the molecular and clinical level (Koshelev et al.,
2010). This can be seen in cardiac tissue with dilated cardiomyopathy, conduction
defects, and lethality observed in mice that overexpress CUGBP1 (Koshelev et al., 2010;
Wang et al., 2007). This is particularly important as 80% of DM1 patients have some
form of cardiac disease, which is the leading cause of death for the condition (Koshelev

etal., 2010).

1.2.5 DM1 Treatment strategies

Although there are only a few DM clinical trials active at present, (U.S Institute
of Health, 2011) the understanding of the role of CTG expansion in DM1

pathophysiology points to novel potential treatments for this largely untreatable illness.

1.2.5.1 Gene Therapy

One DML strategy includes the design of anti-sense oligonucleotides (AONS)
which target the expanded mRNA either interfering in the interaction with RNA-binding
protein or DNA sequences and/or accelerating DMPK mRNA degradation (Magana and
Cisneros, 2011). In this regard, expression of an anti-sense RNA complementary to 13
CUG repeats resulted in a preferential decay of mutant DMPK over wild type DMPK and
a reduction of the DM1 molecular pathology in DM1 myoblasts (Furling et al., 2003).
Recently designed AONs have proven even more effective, reducing mutant DMPK

levels by 90% in DM1 myoblasts and 80% in DM1 mouse models (Mulders et al., 2009).
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A second AON that binds to expanded mRNA and blocks MBNL1 binding has been
developed; this leads to the reversal of some of the dysregulated splicing events in DM1
mouse models (Wheeler et al., 2009). Similar to AONSs, the pre-clinical application of
siRNA, which can cleave RNA or inhibit translation, has been examined (Magana and
Cisneros, 2011). Success has been marginal in this area with some concerns that siRNA
is acting mainly in the cytoplasm with little nuclear translocation (Magana and Cisneros,
2011; Langlois et al., 2005). Although these approaches are promising, they are still in
preliminary phases and it will be some time before it is known if they are applicable to
patients. Clearly the appropriate validation including establishing ADME (absorption,
distribution, metabolism, excretion), bioavailability and toxicology for each agent has to

be undertaken.

1.2.5.2 MBNL1 up regulation

Alternative therapeutic strategies for DM1 have focused on correcting a number
of putative downstream pathogenic mechanisms. Disrupting the interaction of the
expanded mRNA with the alternative splicing factor MBNL1 is one area that has shown
promise. Through a screen of compounds, the antimicrobial drug pentadamine was
identified as capable of interfering with the interaction between MBNL1 and the
pathogenic mRNA, leading to the reversal of aberrant splicing in DM1 cell lines (Warf et
al., 2009). Unfortunately, the dose that prevented this interaction also caused lethality in
mice (Warf et al., 2009). In addition to interfering with interactions between MBNL1 and

pathogenic RNA, the effects of an overexpression of MBNLI have been examined.
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Overexpression of MBNL1 in a mouse model expressing expanded CTG repeats,

reversed the misplicing and myotonia present in the mice (Kanadia et al., 2006).

1.2.5.3 CUGBP1 down regulation

There have been fewer attempts to modulate CUGBP1 levels in DM 1 models due
in part to a relative lack of knowledge of how the pathogenic mRNA activates the PKC
pathway. There have, however, been some advances in decreasing CUGBP1 levels by
modulating PKC activity. In a heart-specific mouse model overexpressing CUGBP1,
inhibition of the PKC pathway using a known PKC inhibitor led to decreased CUGBP1
levels and correction of the RNA missplicing which are characteristic of this model

(Wang et al., 2009).

1.2.5.4 Correction of alternative splicing

In addition to trying to correct the increase or decrease of RNA binding proteins
in response to the pathogenic RNA, researchers have focused on the direct correction of
the splicing defects caused by the abnormal levels of these proteins through AON
technology similar to that previously discussed. AONSs can be designed to bind to pre-
mRNA and prevent splicing proteins from accessing specific splicing sites (Magana and
Cisneros, 2011). One AON has been designed which blocks the inclusion of exon7a of
the CIC-1 (a chloride channel affected in DM 1) (Wheeler and Thornton, 2007). This

exon, when included, causes malfunction of this channel in DM1 (Charlet-B et al., 2002;
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Mankodi et al., 2002). This AON resulted in correction of CIC-1 function and reduction

in myotonia in DM1 mice (Wheeler and Thornton, 2007).

1.2.5.5 Current treatments and future directions

Currently, the only option in improving outcomes for DM1 patients is to reduce
pain and improve symptoms (e.g. sodium channel blockers to treat myotonia) (Logigian
et al., 2010). Although a number of DM1 therapeutic approaches show promise and will

likely ultimately be successful, none are currently ready for clinical use.

1.3 Duchenne Muscular Dystrophy (DMD)

1.3.1 DMD incidence and disease background

Another disorder that stands to benefit from pharmacological gene modulation is
DMD. DMD is caused by mutations in the dystrophin gene (Blake et al., 2002). In the
related Becker muscular dystrophy (BMD), dystrophin mutations lead to truncated forms
of the protein and milder symptoms (Blake et al., 2002). DMD is an X-linked recessive
disease, and one of the most common muscular disorders affecting 1 in 3500 males
worldwide (Emery, 1993). Children with DMD are unaffected at birth but begin to
present symptoms between the ages of 2-5 (Dubowitz, 1978; Jennekens et al., 1991).
These children are often diagnosed when they fail to achieve normal motor milestones

such as walking and climbing, and instead have a waddling gait (Jennekens et al., 1991).
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In conjunction with these reductions in gross motor skills, the children develop
pseudohypertrophy of the calf muscles and develop the Gowers’ sign (use of hands when
rising from kneeling or prone to standing position) due to proximal limb muscle
weakness (Blake et al., 2002; Jennekens et al., 1991; Gowers, 1886). Muscle
degeneration increases with age and most children are wheelchair-bound by the age of 12
(Emery, 1993). As the children progress through adolescence, the muscle weakness leads
to progressive kyphoscoliosis and eventually a respiratory insufficiency with secondary
pneumonia; survival beyond the third decade is rare (Blake et al., 2002). Cardiac
dysfunction is common in the mid to later stages of DMD with cardiac myopathy and

conduction defects being the most frequently reported symptoms (Emery, 1993).

1.3.2 Dystrophin protein structure, function and localization

Dystrophin appears to act as cellular scaffold, connecting the extracellular matrix
to the intracellular actin network in the sarcolemma (Blake et al., 2002). The dystrophin
protein is a cytoskeletal protein (427 kDa) which is a member of the B-spectrin/a-actinin
protein family (Koenig et al., 1988). The protein is organized into four different regions
with an actin binding domain at the N-terminal, a central rod domain (composed of 24
spectrin-like repeats), a cysteine rich domain, and a COOH-terminal domain (Fig. 3)
(Blake et al., 2002). The rod domain accounts for the majority of the protein and is
interrupted by four hinge regions (Koenig and Kunkel, 1990). While the N-terminal
domain binds with actin, the portion of the protein near the COOH-terminal domain

interacts with a group of proteins termed the dystrophin-associated protein complex
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(DPC) (Fig. 4) (Blake et al., 2002). The o and B-dystroglycans are constituents of the
complex that directly connect the extracellular network to dystrophin and the intracellular
actin filaments (Blake et al., 2002). The extracellular matrix connects to the DPC
through laminin or agrin which binds to a-dystroglycan on the extracellular side of the
plasma membrane (Blake et al., 2002). a-Dystroglycan interacts with plasma membrane-
spanning B-dystroglycan which in turn binds to the cysteine rich portion of dystrophin,
forming the extracellular/intracellular connection (Blake et al., 2002). Another
component of the DPC is the plasma membrane bound sarcoglycan complex composed of
up to four sarcoglycan glycoproteins (o, f3, v, and d) thought to play a role in intracellular
signal transduction (Blake et al., 2002). The syntropin family of proteins (a, B-1, -2, y-1
and y-2) are subunits of the DPC whose function is not fully elucidated, although they are
thought to link membrane-associated proteins to the DPC (Blake et al., 2002). They have
also been shown to bind to a number of molecules, for example nitric oxide synthase
(nNOS) which catalyzes the production of nitric oxide from L-arginine and which has
been found to be decreased at the sarcolemma in DMD patients (Chao et al., 1996). The
last protein that makes up the DPC is the dystrobrevin family (a, B) of proteins. It
appears that a-dystrobrevin isoforms bind and associate with the sarcoglycan complex
(Yoshida et al., 2000). Similar to the other components of the DPC, the dystrobrevins
role in the DPC at the sarcolemma are not fully elucidated, although a role in signal

transduction has been proposed (Blake et al., 2002).
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Figure 3 — Structural schematic of the full length dystrophin protein.
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Figure 4 — Interaction of dystrophin with the dystrophin-glycoprotein
complex at the sarcolemmal membrane.

Dystrophin and the DGC link the intracellular actin network to the extracellular
matrix providing structural stability to the plasma membrane.
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1.3.2 DMD diagnosis

DMD can be diagnosed through distinct histological features of the skeletal
muscle even in ostensibly asymptomatic infants and young children. Skeletal muscle
biopsies reveal widespread necrosis, degeneration (Blake et al., 2002) as well as
hallmarks of inflammatory changes including macrophages and CD4+ lymphocytes
present at perimysial and endomysial sites (Arahata and Engel, 1986; Arahata and Engel,
1984; McDouall et al., 1990). As patients grow and develop, their skeletal muscles
continue a cycle of degeneration and regeneration (Schmalbruch, 1984). The
regenerating muscle is a histochemical hallmark of the disease with its small fibres, a
basophilic RNA-rich cytoplasm and the large centrally placed myonuclei in the fibres
themselves (Blake et al., 2002; Schmalbruch, 1984; Bell and Conen, 1968; Bradley et al.,
1972). The cycle of degeneration/regeneration continues until the body’s ability to
regenerate is exhausted, and the muscle is replaced by fibrous connective tissue and
adipose tissue resulting in pseudohypertrophy (Blake et al., 2002). The loss of muscle
tissue and increase in fibrosis is what eventually leads to the characteristic muscle

weakness of the disease (Blake et al., 2002).

1.3.3 Dystrophin Gene

Dystrophin maps to Xp21 and is the largest human gene consisting of a 2.5Mb
genomic sequence containing 79 exons encoding a 14-kb mRNA which is primarily

expressed in muscle (skeletal and cardiac) and to a lesser degree in brain (Coffey et al.,
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1992; Koenig et al., 1987; Monaco et al., 1986; Monaco et al., 1987; Monaco et al., 1992;

Roberts et al., 1993; Boyd et al., 1986; Boyd and Buckle, 1986).

1.3.3.1 Dystrophin mutations

One common mutation does not underlie all DMD cases, although most mutations
localize to two specific regions of the gene. The first area is between exons 45 and 53
and involves deletion of a portion of the rod domain, while the second mutational hotspot
is between exons 2-20 encoding the actin binding sites and a portion of the rod domain
(Koenig and Kunkel, 1990; Beggs et al., 1990; Koenig et al., 1989; Liechti-Gallati et al.,
1989). Although these two areas most frequently contain DMD mutations, almost 1/3 of
DMD cases are caused by small deletions or point mutations which often introduce
premature stop codons leading to significantly reduced or even no protein (Roberts et al.,

1994; Hoffman et al., 1987; Lenk et al., 1993).

1.3.4 DMD pathogenesis

The impact of mutated dystrophin on the sarcolemma is akin to the loss of an
important cellular shock absorber, a component which normally provides structure and
support to the sarcolemma when it undergoes stress. Thus when dystrophin is lost
membrane instability ensues and ultimately a loss of membrane integrity occurs. This is
evidenced by the abnormal positive staining for proteins such as albumin which are
normally extracellular but found within diseased muscle (Blake et al., 2002; Clarke et al.,

1993). The membrane permeability, which increases following mechanical stress (Blake
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et al., 2002; Clarke et al., 1993) also leads to increased levels of calcium within muscle
fibers (Tutdibi et al., 1999), an influx which leads to the activation and amplification of
proteolysis. Protease activation can in turn exacerbate calcium dysregulation, leading to
even more proteolysis; this cycle of degradation is a central mediator of the necrosis and

fiber degradation characteristic of the disease (Blake et al., 2002).

1.3.5 DMD treatment options

There are currently no effective treatments for DMD. A number of non-genetic
therapies has been investigated. Pharmacologic decrease of intracellular calcium
concentration and protease inhibition have been two that have shown slight success

(MacLennan et al., 1991; Turner et al., 1988).

1.3.5.1 Gene therapy

Perhaps the most promising therapeutic approaches for DMD involves either
replacement of dystrophin or providing a functional replacement. Unfortunately,
adenoviruses, like most gene therapy vectors have limitations in the size of gene payload,
and with dystrophin being the largest human gene this method is not ideal (Odom et al.,
2007). In some cases of BMD, however, a truncated form of dystrophin is expressed
which on the basis of the milder symptoms obviously retains some residual function.
Adenoviral vectors encoding variations of these truncated dystrophins have been
constructed (Odom et al., 2007). An adenovirus containing a dystrophin cDNA with

exons 17 to 48 deleted showed 50% uptake into muscle fiber; unfortunately severe
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immune responses were also observed limiting prospects for this particular dystrophin
variant (Ragot et al., 1993; Muruve et al., 1999; Muruve et al., 2004). With research
ongoing into the use of other viral vectors such as lentivirus and adeno-associated
viruses, it is possible that we will see a safer, more effective viral based delivery method

for dystrophin or dystrophin variants in the future (Odom et al., 2007).

The use of AONs to promote exon skipping is another methodology which could
be used as a treatment in DMD similar to applications discussed previously for DM1.
This approach was tested in the mdx mouse (DMD mouse model) which contains an exon
23 nonsense mutation causing dystrophin synthesis to be stopped prematurely. Treatment
with an exon 23 skipping AON resulted in as much as 20% dystrophin positive skeletal
(though not cardiac) muscle (Lu et al., 2005). Another possibility is to simply inject
naked plasmid DNA encoding dystrophin into muscle to restore its expression, an
approach which has resulted in dystrophin expression in 10% of hind limb muscle tissue

in mdx mice (Liang et al., 2004).

1.3.6 Utrophin a functional homologue of dystrophin

1.3.6.1 Utrophin background

There exists another avenue of therapy that is particularly appealing to our
laboratory. Utrophin is a functional homologue of dystrophin, which can compensate for
dystrophin loss/dysfunction by binding, securing and restoring the expression of the DPC

at the sarcolemma (Fig. 5) (Blake et al., 2002; Perkins and Davies, 2002). It is highly
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expressed during development, but is not found at the sarcolemma in adult tissue,
remaining localized to the myotendinous and neuromuscular junction (NMJ) (Khurana et
al., 1991; Ohlendieck et al., 1991; Clerk et al., 1993; Lin and Burgunder, 2000).
Utrophin is a promising candidate for DMD therapy as relatively modest and attainable
increases in utrophin protein (1.5-2x) are therapeutic in Mdx mice, and a general
overexpression in other tissues is not detrimental (Miura et al., 2009; Miura and Jasmin,
2006; Fisher et al., 2001). Similar avenues of gene therapy, such as adenovirus mediated
gene transfer, have been tested and show promising results, however the lingering
problem of these genetic treatments in general (harmful immune response, tissue
specificity, cell entry, inefficient dosing) reduce the likelihood of providing a positive
impact for patients in a timely manner. In a manner analogous to dystrophin, utrophin
gene therapy has been explored but suffers from the same hurdles outlined above for

dystrophin (Rafael et al., 1998; Gilbert et al., 1999).
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Figure 5 — Interaction of utrophin with the dystrophin-glycoprotein
complex at the sarcolemmal membrane.

Utrophin and the DGC link the intracellular actin network to the extracellular
matrix providing structural stability to the plasma membrane.
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1.3.6.4 Utrophin transcriptional control

The beneficial effect of utrophin over expression on mdx mice (Miura et al.,
2009; Miura and Jasmin, 2006; Fisher et al., 2001) (as well as the observation that DMD
boys with higher level of utrophin have milder disease) (Kleopa et al., 2006) combined
with the absence of deleterious effects of utrophin over-expression in non-dystrophic
tissues, has prompted ongoing research into the up regulation of utrophin as a functional
replacement of dystrophin. The utrophin gene, located on chromosome 6 is, after
dystrophin, the second largest gene in the human genome with an approximate size of 1
Mb (Pearce et al., 1993). This large gene produces a large, 13kb, transcript that codes for
a 395 kDa protein (Tinsley et al., 1992). Utrophin can be found in two different isoforms
(A or B), with A being primarily expressed in skeletal muscle fibers, and B localizing to
the vascular endothelium (Weir et al., 2002; Chakkalakal et al., 2003). Utrophin’s
expression at the neuromuscular junction appears to be driven through a N-box motif in
utrophin-A’s promoter region, targeted by GA-binding protein o and § (GABP), which
are activated by an extracellular signal-related kinase (ERK) pathway through the release
of nerve-derived trophic factor heregulin (Fig. 6) (Dennis et al., 1996; Schaeffer et al.,
2004; Gramolini et al., 1997; Gramolini et al., 1998; Khurana et al., 1999; Gramolini et
al., 1999). This allows utrophin expression to specifically occur at the neuromuscular
junction. The utrophin-A promoter region also contains sites that bind the zinc finger-
containing transcription factors Sp1 and 3, which activate transcription and are
responsive to okadaic acid (Galvagni et al., 2001; Gyrd-Hansen et al., 2002; Rodova et
al., 2004). A PPAR responsive element (PPRE) half site was found at the 5° end of the

human utrophin A promoter; its stimulation by a peroxisome proliferator receptor
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(PPAR)-B/ activator also resulted in increased utrophin levels at the sarcolemma (Miura
et al., 2009). Lastly, a nuclear factor of activated T cells (NFAT) binding site has been
identified in the promoter region which is activated through calcineurin signaling and

drives utrophin expression (Chakkalakal et al., 2003).
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1.3.6.3 Utrophin protein

The utrophin protein shares 73% homology with dystrophin and its actin binding
N-terminal domain shares 85% homology, while the DGC binding C-terminal domain
shares 83% homology (Pearce et al., 1993; Tinsley et al., 1992; Love et al., 1989).
Utrophin has two less spectrin-like repeats in its central rod domain (22 versus 24 in
dystrophin), but has the same number of hinge regions giving it similar flexibility to

dystrophin (Fig. 7) (Pearce et al., 1993; Rybakova et al., 2006; Amann et al., 1999).

32



1234567 /8/9101112130215/1617[ 2021 2223 2%l CR COCH

‘j T T LI TTTTTTTTTTTTTLLTTTT
NH:

E N terminal domain

[ Hinge region ()

Spectrin-like repeat (22)
B Cysteine rich domain

- C-terminus domain

Figure 7 — Structural schematic of the full length utrophin protein.
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1.4 Project Rational and Hypothesis

1.4.1 Need for treatment strategy

Although there have been promising advances in gene therapies for both
Duchenne’s and myotonic dystrophy, treatment options are not currently available and in
all likelihood there remain large investments, both in terms of time and funding, required
before they will be available for patients on a broad scale. This is highlighted by the
limited number of trials testing new treatments for DMD and almost complete absence of
any for myotonic dystrophy (U.S Institute of Health, 2011). Although gene therapy may
ultimately present the best chance for a cure, treatments are needed in the interim both to

improve the quality of life and increase the lifespan of patients until a cure is developed.

1.4.2 DM1 and DMD as candidate diseases

In both diseases, either decreasing (DMPK) or increasing (utrophin) transcript
levels would hold excellent potential to provide a substantial effect to patients. As has
been shown previously, there has been considerable interest in doing just this. Kay
Davies and other DMD researchers have been advocating the up regulation of utrophin in
the treatment of Duchenne muscular dystrophy for almost 20 years (Khurana and Davies,
2003). Indeed this approach is mirrored in other diseases as the induction of fetal
hemoglobin as a treatment for sickle cell and other hemoglobinopathies has been a goal
of hematologists for decades (Atweh and Loukopoulos, 2001). Nonetheless, if successful,

the projects as outlined would serve as encouraging case studies for the wedding of recent
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(and underutilized) system wide transcriptional databases and our rapidly expanding

understanding of the genetic underpinnings of disease.

1.4.3 Use of in silico screen to identify disease modifying agents

We propose (and explore) here a novel approach to identify pharmacological
transcript modulators that bypasses both the development and approval phases of drug
development by screening pre-existing and approved drugs for this activity (Fig. 8).
Determining the genetic profiles of all potential compounds would be very expensive and
labour-intensive. As a solution, it is possible to use pre-existing databases to identify

candidate compounds at the outset.
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Figure 8 — Overview of FDA approval process.

Overview of FDA approval process with success rate through each phase. IDN —

investigational new drug, NDA — new drug application (Med Scape, 2001).
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1.4.4 The Broad Institute Connectivity Map

The Broad Institute is a joint venture between Harvard and the Massachusetts
Institute of Technology (MIT) which has developed such a database, although for a
slightly different purpose. The Broad Institute has developed what they have termed a
Connectivity Map (Lamb, 2007; Lamb et al., 2006). This Connectivity Map has a
straightforward methodology that incubates three human cancer cell lines (HELA, PC,
MCF7 and HL60) with ~1300 compounds, the majority of which are FDA approved
drugs (Lamb, 2007; Lamb et al., 2006). The transcriptional profiles generated by the
Connectivity Map are then used as a novel means of classifying compounds as well as to
possibly establish correlation between these profiles with the transcriptional profiles of a
disease. For example if a certain type of cancer has a number of genes up regulated, the
Connectivity Map could be used to find compound(s) which might correct this up
regulation. Alternatively, the Connectivity Map could be used to identify drugs which
have similar transcriptional profiles to others in the hopes of finding new compounds that

could be used for other applications.

1.4.5 Issues with in silico mining for disease modulating transcript agents

1.4.5.1 Issues with Connectivity Map

The in silico analysis of system wide transcriptional databases for single transcript
levels differs from the broader transcriptional profile analysis proposed by the

Connectivity Map and raises a number of potential barriers The first is the indifferent

37



reproducibility of microarray experiments. When hundreds and even of thousands of
genes comprise a Connectivity Map transcriptional profile this reproducibility becomes
less of an issue; when focusing on a single transcript, however, there is the possibility
that the readings are simply artifacts or errors,. A second issue with the Connectivity
Map is that it screens solely on cancer cells. For the purposes of the Connectivity Map,
these cells were ideal given the ease with which they can be cultured, as well as their
suitability for a high throughput screening procedure (Lamb, 2007; Lamb et al., 2006).
This means that our compounds of interest were not screened in a physiologically
relevant cell line. Therefore, even if the microarray data is indeed correct, there is a risk

that these compounds simply won’t work in the relevant tissues.

1.4.5.2 RNA-protein disconnect

Finally for most disorders for which we shall be interested in modulating protein
there is the issue of RN A-protein correlation. In addition to transcriptional control, there
exists post-transcriptional modulation (e.g. protein stability, translation initiation) of
protein expression, thus the mRNA level may not be a faithful reflection of final protein
levels. Recent studies have examined the correlation between RNA and protein levels in
response to drug treatment. This research determined that, of the 150 genes (35% of 425
screened) which showed significant changes at either the protein or mRNA levels, 76%
exhibited changes for mRNA and their cognate proteins in the same direction (Tian et al.,
2004). However, while 29 of the significant genes (20%) showed significant changes at

both mRNA and protein levels, 67 genes (45%) showed significant changes at the mRNA
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but not the protein levels, and 52 (35%) showed significant changes at the protein but not
at the mRNA levels (Tian et al., 2004). There were also 2 (1.3%) which showed
statistically significant opposite expression patterns between mRNA and protein. The
correlation coefficient for the significant genes was determined to be 0.64 (Tian et al.,

2004).

1.4.6 Further research opportunities

However even with these drawbacks, the prospect of identifying treatments for
these presently untreatable diseases, in our opinion, outweigh the risks of dealing with
false positives especially because the identification of FDA approved compounds would
allow for significant time and financial savings in delivering these drugs to clinic (Fig. 8).
It is currently estimated to cost approximately 800 million dollars to bring a new drug
through all phases of testing and approval, while the chances of successfully attaining
approval for a compound is ~6% (Dimasi, 2001; DiMasi et al., 2003; DiMasi et al.,
2003). In addition to the translational promise of identifying such compounds, their
identification may also elucidate the mechanisms through which they work, allowing
other drugs to be developed to work through these pathways to modulate the transcripts
more efficiently. The recent identification of the p38 kinase pathway in modulating the
SMA related SMN2 gene following an analogous in silico screen is one example of this
(Farooq et al., 2009). Elucidating the functional mechanism of such a compound (i.e. a
new receptor involved in modulating the disease) may yield other avenues of research
allowing other facets of the disease to be uncovered, revealing alternative avenues for

further treatment development. This method of approaching drug discovery, followed by
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mechanism discovery is highly appealing to us, and we believe that the possibilities for
auxiliary research (discovery of new receptors, proteins, pathways involved in the

disease) are very high.

Lastly, and perhaps most importantly, if we are able to identify compounds
through the Broad Institute, we will not only be helping DM1 and DMD but other
monogenic disorders in general. By showing the proof of concept that we were able to
mine an in silico database and in a short time identify possible therapeutics for
untreatable diseases, we would be opening the door for future experiments into many
other monogenic disorders (estimates of the number of monogenic disorders are in the
thousands) (McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University
(Baltimore, MD) and National Center for Biotechnology Information, National Library of
Medicine (Bethesda, MD), 2011). DM1 and DMD were chosen as diseases to be
investigated in this way, as they represent distinct situations targeting up regulation or
down regulation of a transcript of interest. Thus if we can show that the Broad Institute
database is capable of predicting compounds capable of modulating transcripts in both
ways, we will have shown that many monogenic disorders stand to benefit from this

method of drug identification.

The Broad Institute has already suggested that other institutions take on similar
projects, to increase the number of cell lines and compounds screened in an effort similar
to the human genome project (Lamb, 2007; Lamb et al., 2006). We believe our own

research will aid the call to generate a larger and better database, and if we can show
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some success with a smaller, limited scope database, the possibilities for an even larger

drug screen, across multiple cell lines would be significant.

41



Chapter 2

42



2. Methods

2.1 Connectivity Map Data Mining

Data mined form the Broad Institutes Connectivity Map project served as the
starting point for this project. The Broad Institutes Connectivity Map is constituted of
AffymetrixGeneChip U133-A microarray data generated with cRNA isolated from cell
lines incubated with ~ 1300 drugs individually at a concentration of 10uM for 6 hours.
The two different DMPK cDNA tags (37996 s at, 217066 s_at), and utrophin cDNA
tags (213023 at, 213022 s at) on the GeneChip enabled the generation of two different
lists (builds) of candidate compounds mitigating the variability inherent in microarray
analyses. To compare across builds we took an average of the relative expression of both
builds and ranked compounds according to their average effect. Connectivity Map drugs
are tested from 1-100 times. In a further attempt to reduce false positive drug
identification, we restricted most of our analyses to those compounds which had a
minimum of 4 trials per build, leaving us with an aggregate minimum of 8 trials. This
number was chosen as it reflects the highest number of trials that would allow a
reasonable number of candidate drugs to be returned. This resulted in our candidate drug
list shrinking to ~ 400 compounds that we included for further study. A small number of
compounds were included that did not meet the 4 trial cut-off but whose
suppression/induction capabilities were high. A very small number of compounds were
removed after this stage due to the lack of availability. The majority of these were

discontinued compounds, making them less than ideal candidate drugs.
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2.2 Reagents
All compounds identified through the connectivity map and used for testing were

purchased from Sigma-Aldrich.

2.3 Cell Culture

2.3.1 General culture

C2C12 myoblasts were cultured under standard conditions on 25 cm plates (Cell
Star, Greiner Bio One) and kept at 37°C in a water-saturated environment which
contained 5% C0,. Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum (FCS) and 100 units/ml of penicillin-streptomycin was used as growth media.
To prevent any differentiation of the myoblasts into myotubes, all growth plates were

carefully monitored and were split when cells reached 70% confluence.

2.3.2 qPCR cell culture

For trials where RNA was to be extracted for qPCR, cells were split from 25 cm
growth plates into 12- well (BD Biosciences, Falcon cell culture) plates. Depending on
trial length (4, 16, 24 hour), cells were seeded at densities so as to never surpass 70-80%
confluence. Cells were monitored before treatment and before lysis to ensure equal cell

number between trials.
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2.3.3 Protein cell culture

For trials where protein was to be extracted, cells were grown according to which
protein was being analyzed. For DMPK protein analysis, an optimal amount of protein
was attainable from the same 12-well plates used for qPCR analysis. For utrophin
analysis, a larger amount of protein was needed. To account for this, cells used in trials

assaying utrophin protein were grown on 10 cm (Corning Incorporated, NY) plates.

2.4 Drug treatment conditions

The mid-throughput screens conducted on DMPK suppressors candidate drugs
were screened at 2 concentrations (1uM and 25uM), while utrophin inducer candidate
drugs were screened at 4 concentrations (50nM, 1uM, 10uM, and 25uM). All drugs were
diluted as per manufacturers recommendation in either sterile H20 or Dimethyl sulfide

(DMSO). All compounds were diluted so that no vehicle surpassed 0.1% in cell media.

2.5 Animal Studies

Six-week-old CD1 mice were purchased from Charles River Laboratories
(Boston, MA). They were cared for in approval with the University of Ottawa Animal
Care and Use Committee which is compliant with the Guidelines of the Canadian
Council on Animal Care and the Animals for Research Act. Animals were assessed daily
by an animal care technician and were monitored before, during, and after treatment to

ensure no negative effects of treatment. All treatments were given to mice through

45



intraperitoneal injection (I.P.), once daily. To reduce stress on animals small gauge
needles (30 '5) were used. All tissues were extracted from mice within 8 hours of the last

dose.

2.6 qPCR Analysis

2.6.1 In vitro RNA analysis

Total RNA was isolated according to the protocol provided by the manufacturer
using the RNAeasy gDNA eliminator kit (Qiagen). This extraction included the gDNA
elution step. For qPCR, cDNA was reverse transcribed from isolated RNA employing
the provided primer mix (oligodT primers/random primers) provided with the Quantitect
Reverse Transcription kit (Qiagen). ¢cDNA synthesis was conducted following
manufacturers instructions. The optional gDNA wipeout treatment was included during
cDNA synthesis. The synthesized cDNA template was used for gPCR with
PerfeCTa©Sybr green (Quanta Biosciences, MD) and analyzed on the Eppendorf
Mastercycler realplex© using Eppendorf 96-well qPCR plates (white plastic bottom). 3-
2-microglobulin was chosen as the housekeeping gene and commercially available
primers were obtained from Origene. Following qPCR, the delta delta Ct method of
analysis was used to determine relative expression of our transcript of interest. Standard
curves were generated for each primer pair to ensure our amplification and detection
were occurring efficiently and within the linear range. The following primer sequences
were used to detect DMPK, Utrophin and -2-microglobulin:

DMPK (5’=237)
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Forward: CTGCTCGACCTTCTCCTGG
Reverse: CACGCCCGATCACCTTCAA
Amplicon length: 166

Location: Spanning exon 1 (219)-exon 2 (384) of DMPK transcript

UtrophinA(5’=23")

Forward: GGCAGGAAGATTGCACAAGT
Reverse: CTGCTAGCCAAGTCCCAGAG

Primers were developed and described previously (Angus et al., 2005; McCarthy et al.,

2007).

B-2-microglobulin(5°-3")

Forward: ACAGTTCCACCCGCCTCACATT
Reverse: TAGAAAGACCAGTCCTTGCTGAAG
Product length: 105

Location: Exon 2: 195-299

2.6.2 In vivo RNA analysis

Mice were individually euthanized by exposure to C0, and tissue (gastrocnemius
and heart) were obtained, washed in sterile PBS, and frozen in liquid nitrogen.
Dissection instruments were cleaned with RNAse Away (Molecular Bioproducts, CA)
and RNA free H,0 water after each dissection to prevent contamination between samples.

Samples were then stored at -80°C. For RNA isolation, samples were lysed using the
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Qiagen Tissue Lyser I1O, in RNA free tubes utilizing steel balls. Total RNA was
extracted using the RNeasy fibrous tissue midi kit (Qiagen), with the optional gDNA
elimination step included, as per the manufactures instructions. cDNA synthesis and

qPCR were performed on mouse samples in the same manner as described in 5.6.1.

2.7 Western Blot Analysis

2.7.1 In vitro protein analysis

Cells were washed twice with Phospho-buffered saline (1 x PBS) and lysed with
either 75ul (12 well plate), 300ul (5cm plate) of RIPA buffer containing 10mg/ml each of
aprotinin, phenylmethylsulfonyl fluoride (PMSF) and leupeptin for 30 min at 4°C.
Following lysis, the samples were centrifuged at 13,000g for 20 minutes at 4°C and
supernatants were collected and frozen at -20°C. Protein concentrations were determined

by Bradford protein assay using a Bio-Rad protein assay kit (Richmond, CA, USA).

2.7.1.1 DMPK protein assay

Before analysis, samples were boiled for 5 mins and equal amount of protein
extracts were separated by 11% SDS-Page (80 volts 30min, 120V, 1 hour). Proteins were
subsequently transferred (300 mA, 3 hours) to nitrocellulose membrane and the
membrane was incubated in blocking solution (PBS, 5% milk, 0.2% Tween-20) for 1h at
room temperature followed by overnight incubation with the primary antibody (anti-

DMPK polyclonal provided by Dr. Chris Storbeck, Luke Sabourin (Ottawa) (Whiting et
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al., 1995) at a dilution of 1:1000. A commercially available Tubulin (Abcam) was used at
a concentration of 1:10,000. Membranes were washed with PBS-T (1x PBS, 0.2%
Tween-20) three times followed by incubation with secondary antibody (anti-rabbit
(DMPK), anti-mouse (Tubulin), Cell signaling) for 1 hour at room temperature.
Antibody complexes were visualized by autoradiography using ECL western blotting
system (GE Healthcare) and X-Ray film (Kodak). Quantification was performed by
scanning the autoradiographs and signal intensities were determined by densitometry

using the Image J software.

2.7.1.2 Utrophin protein assay

Before analysis, samples were boiled for 7 mins and equal amount of protein
extracts were separated on a biphasic gel (25 min 80V, 100 V 4 hours). The large size of
utrophin (395 kDA) renders immunoblots quantification problematic; by the time it has
migrated through the stacking gel, reporter proteins have migrated off the gel usually
making it necessary to run the markers on a different gel thereby weakening the
quantification. To circumvent this problem, a student colleague (Jeremiah Hadwen) has
developed a biphasic gel technique whereby a 6% gel is formed on top of a 15% gel
containing glycerol. This allows utrophin to migrate into the less dense gel while
retaining all proteins of the sample in the denser glycerol 15% gel. Using the biphasic
gel approach, proteins were subsequently transferred overnight (300mA) at 4°C to
nitrocellulose membrane and the membrane was incubated in 1:1 LiCor Odyssey
blocking buffer (LiCor Biosciences) and 1x PBS for 30 min. Membranes were

subsequently incubated with primary antibody Utrophin (Novacastra, UK) at a
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concentration of 1:500, or Tubulin (Abcam) at a concentration of 1:10,000 diluted in the
same 1:1 1iCor:PBS solution + 0.05% Tween-20 overnight at 4°C. Membranes were then
washed 4x with PBS-T. Secondary antibody, Alex 680 (Licor Biosciences) was diluted
as per manufacturers instructions in 1:1 LiCor:PBS. Utrophin assays were incubated
overnight at 4°C while tubulin assays were incubated for 1 hour at room temperature.
Following secondary antibody incubation, samples were washed 4x with PBS-T and

imaged and quantified using densitometry using the Odyssey hardware and software.

2.7.2 In vivo protein analysis

Mice were individually euthanized by exposure to C0, and tissue (gastrocnemius
and heart) were obtained, washed in sterile PBS, and frozen in liquid nitrogen. Samples
were then stored at -80C. Samples were prepared by lysing in either 500ul (Heart tissue),
or 300ul (gastrocnemius tissue) of RIPA buffer containing 10mg/ml each of aprotinin,
phenylmethylsulfonyl fluoride (PMSF) and leupeptin in the Qiagen Tissue Lyser [1©
until a smooth consistency was obtained. Following lysis, the samples were centrifuged
at 13,000g for 30 min at 4°C and supernatants were collected and frozen at -80°C.
Protein concentrations were determined by Bradford protein assay using a Bio-Rad
protein assay kit (Richmond, CA, USA). Samples were analyzed in the same manner as
was described in 5.7.1.1 except for heart tissue. Due to the high expression of DMPK
protein in heart tissue, attempts were made to decrease the intensity of the bands reported.
Even with limited exposure times, DMPK bands from heart tissue presented themselves
as one large band. To address this heart protein levels were analyzed, and reported, as a

total protein with no distinction made between protein isoforms.
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2.8 Statistical Analysis

For statistical analysis of transcript/protein increases or decreases the students t-
test (2 tailed, two-sample unequal variance test) was used for analysis. All graph error
bars represent the standard error of the mean (SEM) or Standard deviation (SD) as is

indicated in the figure caption.
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3. Results

3.1 Assessment of Connectivity Map to identify compound capable of
decreasing a transcript of interest (DMPK)

3.1.1 Initial Screen for DMPK suppressing compounds

Our acquisition and analysis of the Broad Institute Connectivity Map data (see
Chapter 5) resulted in a list of compounds that decrease DMPK mRNA in a number of
cell lines (Lam et al., 2000). The list of candidate compounds shown in Table 1 is
comprised of agents which are both effective DMPK suppressors and readily attainable.
Although this limitation meant some candidates were left out, these were largely
experimental compounds with no FDA approval status making them less than ideal for

this study.

3.1.2 Validation of Connectivity Map Screen

A central concern of ours was whether the DMPK mRNA suppression observed
with the Connectivity Map cell lines (HL60, PC3, MCF7) would be recapitulated in more
disease relevant tissues or cell lines. The C2C12 mouse myoblast cell line which are both
easily cultured and represent a relevant muscle cell line were thus incubated for 4 and 24
hours in the presence of 1uM and 25uM of each putative DMPK suppressing agent. Data
from three independent experiments are summarized in Table 1 (Supplemental Figures

1-20). The cells were monitored for any signs of cell death (e.g. rounding, detachment
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from plate); and any signs of cell death are noted asterisks in Table 1. The results of this
study along with the initial Connectivity Map data revealed sodium channel blockers
mexiletine, prilocaine, and procainamide as effective DMPK suppressors. A fourth
sodium channel blocker, sparteine, also showed modest DMPK mRNA suppression in the
Connectivity Map. Thus of ~1300 compounds, four from a relatively small drug class (9)
appear in the top 11 DMPK mRNA suppressors. Furthermore other compounds which
are known to modulate sodium channel activity, potentially through blockage, were also

identified within the Connectivity Map (Trimetazadine) (Banach et al., 2008).

As encouraging as these results are it should be noted that there existed

considerable variability between trials both in the Connectivity Map and our own initial

assessment underlining the need for further validation (Sup. Figures 1-20).
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Table 1 - Table summarizing mid-throughput gPCR screen for DMPK suppressors.

Each individual drugs class and optimal suppression at both time points are listed as
identified through this initial screen. Connectivity map data indicates the original fold
expression values provided by the Broad Institute used in initially ranking the compounds.
Those compounds marked with an asterix denote compounds which elicited cell death at one
of the concentrations tested.

Drug Drug Class DMPK mRNA level
Connectivity | Preliminary validation
Map data (C2C12)
(MCF7, n=3
HELA, PC3
cells)
10uM, 6 hours Optimal Down regulation (Fold
(Fold Expression) Expression)
4 hours 24 hours
Tomelukast* Leukotriene 0.56 0.98(25uM) | 0.43(1uM)
antagomist
Sulindac Sulfide* Non-steroidal anti-
inflamatocy(NSAID) 0.64 0.03(25uM) 0.07(1uM)
8-Azaguanine Purine analog 0.71 1.08(1uM) 0.04(25uM)
Santonin Anthelmithic 0.72 1.08(25uM) | 0.1(1uM)
Procainamide Na Channel Blocker 0.75 0.18(25uM) 0.06(25uM)
Prilocaine Na Chamnel Blocker 0.75 0.04(1uM) 0.01(25uM)
Splitomicin Sirtuin inhibitor 0.76 0.94(25uM) | 0.39(1uM)
Apigenin FlavoneGellow), | 0.80 0.06(IuM) | 0.24(1uM)
Liothyronine Thyroid hormone 0.80 0.52(1uM) 0.08(1uM)
Mexiletine Na Chamnel Blocker | (.80 0.17(1uM) 0.11(1uM)
Sparteine Na Chamnel Blocker 0.80 No FDA approval
Kavain* 0.80 0.01(25uM) 0.05(25uM)
Thiabendazole Anti-fungal agent 0.81 0.42(1uM) 0.93(25uM)
Ceterizine* HI receptor mverse 0383 0.50(1uM) 0.02(1um)
agonist(Anti-
histamine)
Simvastatin K_S;COA reductase | ()83 1.03(25uM) | 0.63(1uM)
1tor
Nalidixic acid* Quinolone antibiotic 083 0.01(25uM) 0.1(25uM)
Sulfamerazine Sulfonamide
- 0.83 0.39(1uM) 0.26(1uM)
Methylbenzethonium* | Microbicide 083 0.45(1uM) 0.0002(1uM)
Sulconazole Anti fungal 0383 0.43 .
] (TuM) | 0.43(25uM)
Trimetazadine Ant-amgmal(Vebotc 2gext) | () 83 0.63(1uM 1.03(25uM)
Metoprolol B1 receptor blocker 0.84 0.32(1uM) 0.88(25uM)
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3.1.3 Secondary Validation of Connectivity Map Screen for DMPK
Suppressors

3.1.3.1 Mexiletine verification and dose response generation

We elected to investigate the sodium channel blocker class of compounds
(mexiletine, prilocaine, procainamide) in greater detail. In addition to these compounds,
the B - blocker metoprolol was also included as it has been screened in a pilot trial ahead
of the larger screen and had shown some promise in DMPK suppression. Four
concentrations of drugs (50nM, 1uM, 10uM, 25uM) were assessed using C2C12 cells
treated at 4 and 24 hours. A statistically significant decrease (77% decrease, p<0.05) in
DMPK mRNA levels after 4 hours in response to mexiletine at 50nM was observed (Fig.
9). We also evaluated the impact of mexiletine on DMPK protein levels. Although we
are aware it is the mRNA which is the pathogenic agent in DM1, we utilized protein
levels as a biomarker which might help validate any observed DMPK mRNA decrease.
No statistically significant decrease in DMPK protein was observed in response to any
dose assayed, although a 30% decrease in DMPK protein isoforms D-F (67kDa) was
observed in response to 50nM treatment with mexiletine (Fig.10). The optimal DMPK
mRNA suppressing concentration (50nM) identified in this phase of the study is lower
than serum levels of drug reported in studies examining mexiletine anti- arrhythmia
properties in humans (2.8uM) although a wide range of therapeutic doses have been

reported (Wang et al., 2004).
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Mexiletine (4 hour) Mexiletine (24 hours)
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Figure 9 - Mexiletine decreases DMPK mRNA in vitro.

Mexiletine (50nM) treatment results in a 77% decrease (p<0.05) m DMPK mRNA levels following 4 hours of treatment
and analysis of mRNA extracts by gPCR. Quantification of DMPK mRNA relative to p-2-Microglobulm in C2C12 cells
(the ratio of control group set as 1). Mean + SEM (bars) of 3 mdependent experiments for both 4 hours (treated n=12,
control n=28) [4 hour 2nM n=6] and 24 hours (treated n=3, control n=6).
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Figure 10 - Mexiletine results in no significant decrease of DMPK protein in vitro.

Mexiletine treatment resulted in no significant decrease in total DMPK protein, although a 30%
decrease m DMPK 1soforms D-F (67kD) was noted. A) Quantification of DMPK protein relative to
tubulin from m C2C12 myoblasts (the ratio of control group set as 1) Mean + SEM (bars) of 3
mdependent experiments (treated n=3, control n=3). B) Representative wester blot.
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3.1.3.2 Prilocaine verification and dose response generation

Prilocaine, which is a member of same sub-class of sodium channel blockers IB
as mexiletine, also demonstrated a DMPK mRNA suppression in C2C12 cells similar to
that seen with mexiletine. Following 4 hours of treatment, prilocaine resulted in
statistically significant decreases in DMPK mRNA at the lower screened doses of 50nM
and 1uM (Fig. 11, p<0.05). The 1uM dose proved to be the optimal dose with a 70%
decrease in DMPK mRNA following 4 hours of treatment, a decrease that was lost after
24 hours (Fig. 11). DMPK protein levels did not decrease significantly following
prilocaine treatment at 4 hours, although a 40% decrease in DMPK protein isoforms D-F
was again noted (Fig. 12). The optimal DMPK mRNA suppressing concentrations for
prilocaine fall within serum levels reported in patients receiving prilocaine infusions
(~390nM) (Arthur et al., 1979) but are much lower than what has been reported to be

required for complete block of neuronal sodium channels (~17uM) (Simon et al., 1997).
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Figure 11 - Prilocaine decreases DMPK mRNA in vitro.

Prilocaine (1uM) treatment results in a 70% decrease (p<0.05) in DMPK mRNA levels following 4 hours of
treatment and analysis of mRNA extracts by gPCR. Quantification of DMPK mRNA relative to B-2-Microglobulin
in C2C12 cells (the ratio of control group set as 1). Mean + SEM (bars) of 3 mdependent experiments for both 4
hours (treated n=9, control n=20) and 24 hours (treated n=3, control n=6).

60



Prilocaine (4 hour)

—+— T4kDa
- 67kDa

>

DMPK Relative
N

Corlltrol 1uM Sl;M ZS;IM
Concentration

Prilocai
M SuM Control (DMSO)

e L NC e o I

Figure 12 - Prilocaine results in no significant decrease of DMPK protein in vitro.

Prilocaine treatment resulted in no significant decrease m total DMPK protein, although a
40% decrease in DMPK 1soforms D-F (67kD) was noted. A) Quantification of DMPK
protein relative to tubulin from in C2C12 myoblasts (the ratio of control group set as 1)
Mean = SEM (bars) of 3 independent experiments (treated n=3, control n=3). B)
Representative westemn blot.
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3.1.3.3 Procainamide verification and dose response generation

Following both 4 and 24 hours of treatment with procainamide no statistically
significant decrease in DMPK mRNA (Fig. 13) or protein (data not shown) was
observed. This distinction may reflect the fact that it belongs to the IA class of sodium
channel blockers while mexiletine and prilocaine are IB inhibitors. We believe the
absence of effect is unlikely to be dose related as the maximal therapeutic dosage given
to patients results in a serum level of ~18uM, well within the range of concentrations we

have investigated (Myerburg et al., 1981).
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Figure 13 - Procainamide has no significant effect on DMPK mRNA in vitro.

Procaimamide treatment results in no decrease m DMPK mRNA after treatment and analysis of mRNA extracts by

qPCR. Quantification of DMPK mRNA relative to B-2-Microglobulin m C2C12 cells (the ratio of control group set
as 1). Mean + SEM (bars) of 3 independent experiments for both 4 hours (treated n=9, control n=20) and 24 hours
(treated n=3, control n=6).

63



3.1.3.4 Metoprolol verification and dose response generation

Although the Connectivity Map data for metoprolol suggest an indifferent DMPK
suppression (Table 1), a small pilot study assaying a number of agents showed slight
promise with metoprolol and so it was included in further stages of the study.
Unfortunately upon further verification of metoprolol’s effect on DMPK mRNA levels in
vitro, we saw no significant decrease in DMPK levels at either 4 or 24 hours (Fig. 14).
Again although DMPK mRNA was not decreased protein was assayed and no decrease

was observed (data not shown).
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Figure 14 - Metoprolol has no significant effect on DMPK mRNA in vitro.

Metoprolol treatment results in no decrease mn DMPK mRNA after treatment and analysis of mRNA extracts
by gPCR. Quantification of DMPK mRNA relative to B-2-Microglobulin m C2C12 cells (the ratio of control
group set as 1). Mean + SEM (bars) of 3 independent expermments for both 4 hours (treated n=12, control
n=27) and 24 hours (treated n=9, control n=15).
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3.1.4 In Vivo Confirmation of DMPK suppression

The next phase in this research project was to determine if the DMPK suppression
observed in cell culture was reproducible in live animals. For this purpose we treated
wildtype CD-1 mice with our compounds for 5 days by daily IP injection over a number
of doses. Dose selection was guided both by typical human clinical dosing, as well as
attempting to approximate murine serum levels with the optimal DMPK suppressing

concentrations observed in cell culture.

3.1.4.1 Mexiletine DMPK suppression in vivo

CD-1 mice were dosed with daily IP injections of either 50mg/kg, 25mg/kg,
12.5mg/kg, or 6.25mg/kg of mexiletine. Although following the 5 days of treatment no
statistically significant DMPK mRNA decrease was observed in heart or gastrocnemius a
55% reduction in DMPK levels in response to 25mg/kg mexiletine was noted in
gastrocnemius (Fig. 15). The lack of a statistically significant (p=0.1) result in this case
may be the result of one animal which showed little DMPK mRNA suppression while the
other two animals showed 70%, and 94% reduction at 25mg/kg. In this regard, in order
to reduce the stress imposed on the animals the smallest volume that could be easily
handled was injected, it may be that a missed injection (not penetrating peritoneal cavity)
occurred, something that would not be easily detected. This coupled with the differences
in metabolism of this drug that has been observed in patients might explain the failure to
decrease DMPK mRNA in every animal (Logigian et al., 2010; Cambell, 1998a;

Woosley et al., 1984; Campbell et al., 1978). The further observation of a decrease in
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gastrocnemius DMPK mRNA (30%) in response to 50mg/kg treatment with mexiletine
increases the likelihood of a bona fide in vivo decrease of DMPK mRNA in response to
this dose (Fig. 15). No decrease in DMPK mRNA levels was observed in heart tissue at

any of the doses tested (Fig. 15).

We next assayed DMPK protein in gastrocnemius in response to mexiletine
treatment at the same doses (Fig. 16). Both the 25mg/kg and 50mg/kg doses resulted in
decreases although only the 50mg/kg dose resulted in a statistically significant drop
(»<0.05), while 25mg/kg resulted in a diminution very close to statistically significance
(p=0.06). We believe our observation of DMPK protein reduction supports the

probability of a true DMPK mRNA reduction conferred by mexiletine in skeletal muscle.
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Figure 15 - Mexiletine decreases DMPK mRNA in gastrocnemius but not heart tissue.

Mexiletime (25mg/kg) treatment results in a non-significant (p=0.1) 55% decrease m DMPK mRNA levels m
gastrocnemius tissue following treatment and analysis of mRNA extracts by gPCR. Relative DMPK mRNA levels
in CD-1 gastrocnemius and heart tissue after 5 days (daily IP mjection) of mexiletine. Quantification of DMPK
mRNA relative to B-2-Microglobulin (the ratio of control group set as 1). Mean = SEM (bars) of 1 experiment
(Treated n= 3 animals) [heart 50mg/kg n=2]
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Figure 16 - Mexiletine decreases DMPK protein in gastrocnemius tissue.

Mexiletine treatment (50mg/kg) resulted in a decrease (48%, p=<0.05) in total DMPK
protein. CD-]1 mice were treated with mexiletme for 5 days (daily IP mjections). A)
Quantification of DMPK protein relative to tubulin in CD-1 mice (the ratio of control
group set as 1). Mean = SEM (bars) of 1 experiment (n= 3 animals). B)
Representative western blot.
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3.1.4.2 Prilocaine DMPK suppression in vivo

Prilocaine was the most effective of our candidate compounds in decreasing
DMPK mRNA in animal tissue. We tested three different dosages of prilocaine in CD-1
mice, Smg/kg, 2.5mg/kg and 1.25mg/kg, with the highest dose representing a dosage in
the upper allowable limits for human dosing. Following the 5 days of injections we saw
a statistically significant decrease (p<0.05) in DMPK RNA levels in response to
prilocaine in gastrocnemius tissue but not in heart (Fig. 17). Prilocaine was very
efficient, and consistent, at knocking down DMPK RNA levels by 50% in all animals
tested at the 1.25mg/kg dosage (Fig. 17). Prilocaine has slightly more toxicity than the
other sodium channel blockers, its main use is as a local analgesic, and so the lower
optimal DMPK mRNA suppression dose may be suitable for a longer term treatment. No
sign of adverse effects or apparent toxicity was detected at any dose. A 1.25mg/kg dose
of prilocaine conferred a significant (p<0.05) reduction of DMPK protein in

gastrocnemius (Fig. 18).
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Figure 17 - Prilocaine decreases DMPK RNA in gastrocnemius but not heart tissue.

Prilocame (1.25mg/kg) treatment results n a significant decrease (50%, p=<0.5) m DMPK mRNA levels in
gastrocnemius tissue following treatment and analysis of mRNA extracts by gPCR. Relative DMPK RNA levels in
CD-1 gastrocnemius and heart tissue after 5 days (daily IP injection) of prilocaine. Quantification of DMPK mRNA
relative to B-2-Microglobulm (the ratio of control group set as 1). Mean + range (bars) of 1 experiment (Treated n=
3 animals) [gastroc 2.5mg/kg n=2]
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Figure 18 - Prilocaine decreases DMPK protein in gastrocnemins tissue.

Prilocaine treatment (1.25mg/kg) resulted n a decrease (90%, p=<0.05) in total DMPK
protem. CD-1 mice were treated with prilocaine for 5 days (daily IP injections). A)
Quantification of DMPK protein relative to tubulin m CD-1 mice (the ratio of control group
setas 1). Mean + SEM (bars) of 1 experiment (n= 3 amimals). B) Representative westemn blot.
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3.1.4.3 Procainamide DMPK suppression in vivo

Although procainamide was not effective at decreasing DMPK in cell culture, it
was effective in decreasing DMPK mRNA levels in both gastrocnemius and heart tissue
in CD-1 mice (Fig. 19). CD-1 mice were treated with either 25mg/kg, 12.5mg/kg or
6.25mg/kg procainamide for 5 days. 25mg/kg of Procainamide decreased DMPK mRNA
levels by 84% (p<0.05) in response to treatment, an effect that was very consistent across
animals, reflected in the small error bars (Fig. 19). The mice were very tightly grouped
together with DMPK knockdowns of 84%, 83% and 86%. A more modest DMPK
reduction was observed in cardiac tissue (30% knockdown ,p=0.09) at 25mg/kg although
the lower dose of 6.25mg/kg conferred a reduction of approximately 50% knockdown
(»<0.05). We next assayed to see if DMPK protein is decreased in response to either the
25mg/kg dose of procainamide in gastrocnemius or at the doses that decreased DMPK
mRNA in the heart (Fig. 20-21). We did not see a statistically significant decrease in
DMPK isoforms overall, but a statistically significant (p<0.05) decrease in DMPK
isoforms D-F (67kDa) was observed (Fig. 20), similar to the protein decrease in cell

culture recorded in response to prilocaine and mexiletine (Fig 10, 12)

The high expression of cardiac DMPK renders clear delineation of protein
isoform groups problematic; even at the smallest exposure times the isoforms merge into
a single large band. We thus measure the entire blot reporting a total DMPK protein
metric. We saw no decrease, significant or otherwise, in cardiac DMPK protein in
response to procainamide (Fig. 21). Moreover it is possible that a transient modest

decrease in DMPK protein in heart in response to the mRNA diminution might be missed
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given both the high endogenous expression of DMPK protein and the fact that small

differences can be difficult to detect by western blot.
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Figure 19 — Procainamide decreases DMPK mRNA in gastrocnemius and heart tissue.

Procamamide (25mg/kg, 6.25mg/kg) treatment results in a significant decrease (84%, p<0.5) in DMPK mRNA levels
In gastrocnemius tissue, and in heart tissue (50%, p<0.05) followng treatment and analysis of mRNA extracts by
qPCR Relative DMPK RNA levels m CD-1 gastrocnemius and heart tissue after 5 days (daily IP injection) of
procainamide. Quantification of DMPK mRNA relative to B-2-Microglobulin (the ratio of control group set as 1).
Mean = SEM (bars) of 1 experiment (Treated n= 3 ammmals) [gastrocnemius 6.25mg/kg n=2]
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Figure 20 - Procainamide decreases DMPK protein gastroc tissue.

Procainamide treatment (25mg/kg) resulted m a decrease (54%, p<0.05) m DMPK
isoforms D-F (67kDa). CD-1 mice were treated with procamamide for 5 days (daily IP
injections). A) Quantification of DMPK protein relative to tubulin im CD-1 mice (the
ratio of control group set as 1). Mean + SEM (bars) of 1 experiment (n= 3 animals). B)
Representative western blot.
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Figure 21 - Procainamide treatment does not affect DMPK protein levels in heart tissue.

Procainamide treatment resulted in no observable decrease in total DMPK protein levels. CD-1
mice were treated with procamamide for 5 days (daily IP mjections). A) Quantification of
DMPK protein relative to tubulin in CD-1 mice (the ratio of control group set as 1). Mean +
SEM (bars) of 1 experiment (o= 3 animals). B) Representative western blot.
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3.1.4.4 Metoprolol DMPK suppression in vivo

Similar to what we observed following procainamide treatment, metoprolol
resulted in greater DMPK suppression in CD-1 animals than was observed in cell culture.
Metoprolol was included in this study due to an earlier pilot trial demonstrating a
decrease in DMPK protein in CD-1 mice (gastrocnemius and heart) (data not shown).
The impact of metoprolol treatment on DMPK mRNA was next assessed in CD-1 mice.
Following 5 days of metoprolol treatment with either 1.2mg/kg, 0.6mg/kg, 0.3mg/kg, or
0.15mg/kg, we saw a statistically significant (60% knockdown, p<0.05) decrease in
DMPK mRNA levels in gastrocnemius tissue at 0.15mg/kg (Fig.22) a dose similar to the
0.1mg/kg used in the pilot trial which decreased CD1 gastrocnemius DMPK protein (data
not shown). Metoprolol (0.6 and 1.2mg/kg) also reduced DMPK mRNA in heart tissue
(~ 60% knockdown, p<0.05) (Fig. 22). In contrast to the earlier pilot studies cited above,
no corresponding metoprolol conferred reduction in DMPK protein levels was noted in
gastrocnemius and heart (Fig. 23-24). We did not see a statistically significant decrease
in DMPK protein overall in gastrocnemius, but we did see a statistically significant
decrease (p<0.05) in DMPK isoforms D-F in response to the 0.15mg/kg dosage which
caused DMPK mRNA to decrease (Fig. 23). A reduction of DMPK isoforms D-F was
observed with all drugs tested; it is unclear if this is occurring through preferential
degradation, splicing interference or transcriptional inhibition. Similar to the effects of
procainamide, although we observed a decrease in DMPK mRNA levels in heart
following metoprolol treatment, we saw no corresponding decrease in DMPK protein in

heart tissue (Fig. 24).
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Figure 22 - Metoprolol decreases DMPK mRNA in heart and gastrocnemius tissue.

Metoprolol (0.15mg/kg, 0.6mg/kg) treatment results in a significant decrease (60%, p<0.5) in DMPK mRNA levels in
gastrocnemius tissue, and in heart tissue (60%, p<0.05) followmg treatment and analysis of mRNA extracts by gPCR
Relative DMPK RNA levels m CD-1 gastrocnemius and heart tissue after 5 days (daily IP mjection) of metoprolol.
Quantification of DMPK mRNA relative to B-2-Microglobulin (the ratio of control group set as 1). Mean + SEM (bars) of 1
experiment (n= 3 animals).
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Figure 23 - Metoprolol decreases DMPK protein levels in gastrocnemius.

Metoprolol treatment (0.15mg/kg) resulted in a decrease (82%, p<0.05) in DMPK isoforms
A-C (74kDa). CD-1 mice were treated with metoprolol for 5 days (daily IP mjections). A)
Quantification of DMPK protein relative to tubulin in CD-1 mice (the ratio of control group
set as 1). Mean = SEM (bars) of 1 expermment (o= 3 animals) [1 2mg/kg n=2]. B)
Representative western blot.
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Figure 24 - Metoprolol treatment does not affect DMPK protein levels in heart tissue.

Metoprolol treatment resulted in no observable decrease m total DMPK protein levels.
CD-1 mice were treated with metoprolol for 5 days (daily IP mjections). A) Quantification
of DMPK protein relative to tubulin in CD-1 mice (the ratio of control group set as 1).
Mean + SEM (bars) of 1 experiment (n= 3 animals). B) Representative westemn blot.
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One finding we have observed from this phase of research is the need for the inclusion of
a multitude of cell lines during screening as the apparent discord between our in vitro and
in vivo results highlight. For future screening protocols of this nature it may be wise to

increase the number of cell types the screen is conducted on to ensure that compounds are

not missed, due to the inability of a given cell line to respond to them.

3.2 Assessment of Connectivity Map screen to identify compound capable of
increasing a transcript of interest (Utrophin)

3.2.1 Initial Screen for Utrophin suppressing compounds

We next investigated whether Connectivity Map data would be useful in
identifying agents which up regulate transcripts (in contrast to the DMPK mRNA down
regulation), in this case a compound capable of up regulating the utrophin mRNA
transcript as a potential therapy for Duchenne muscular dystrophy (DMD). The
Connectivity Map had two builds for utrophin, as they did for DMPK, and we organized
our data in a similar manner only this time ranking for compounds that up regulate our
transcript of interest. Sixteen compounds which induced utrophin mRNA levels were
identified in this manner (Table 2). Included in these compounds were three translational
inhibitors which have also been implicated in activation of the p38 kinase;
cycloheximide, anisomycin, and emetine (Sampieri et al., 2008; Islam et al., 2006).
Additional compounds with p38 activation potential (Vitamin D, VPAC2, and celecoxib)
were thus included for preliminary utrophin inducing assessment. In addition the STATS

activator Prolactin, which our lab is currently working with looking for potential
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treatments for Spinal Muscular Atrophy (SMA) was included in our assessment (Farooq

et al., 2009).
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Table 2 - Table summarizing mid-throughput gPCR screen for Utrophin inducers.

Each individual drugs class and optimal induction at both time points are listed as identified
through this initial screen. Where available therapeutic serum levels obtained in human
patients have been provided. Connectivity map data indicates the original fold expression
values provided by the Broad Institute used in initially ranking the compounds. Those
compounds marked with an asterix denote compounds which elicited cell death at one of the
concentrations tested.

Drug Drug Class Utrophin mRNA level
Connectivity Preliminary validation
Map data (C2C12)
(MCF7, n=3
HELA, PC3
cells)
10uM, 6 Optimal up regulation (Fold
hours(Fold Expression)
Expression)
4 hours 16 hours
Anisomycin Protem synthesis 15 1.15 (1nM) 52.95 (1nM)
inhibitor/p38 activator
Emetine Protem synthesis 147 1.24 (1nM) 0.77 (50nM)
inhibitor/p38 activator
Cycloheximide Protem synthesis 145 Extremely toxic Extremely
inhibitor/p38 activator toxic
1,5 iosquinolinediol Poly(ADP-ribose) 145 0.93 25uM) 0.79 (10uM)
Calmidazolium Calmodulin antagomst | 1.4 1.52 (50nM) 0.8 (1uM)
Chloroxazone Skeletal muscle 14 0.59 (1uM) 0.15 25uM)
relaxant
Chelidonine Poly(ADP-ribose) 138 1.27 (1uM) 1.11 (50nM)
Linocomycin Protem synthesis 138 2.12 (1uM) 0.68 (1uM)
inhibitor(Antibiotic)
Loxapine Antipsychotic 1.38 0.81 (1uM) 0.48 25uM)
Tacrine Cholmesteraase 136 0.78 25uM)
inhibitor
Adiphenine Smooth muscle 131 1.25 (50nM) 1.06 (1uM)
relaxant
Benzebromarone Unicosic agent 13 29.75 (25uM) 1.02 (10uM)
Biotin Vitamm B7 13 1.11 (10uM) 0.71 (1luM)
Dapsone Sulfone antibiotic 13 1.14 (25uM) 0.56 (50nM)
Nimelsulide Cyclooxygenase-2 129 0.47 25uM) 0.96 (50nM)
mhibitor
Canavanine iINOS inhibitor 1.29 0.83 (10uM) 1.38 (50nM)
Biperiden* Anticholinergenic 127 0.83 (1uM) 1.57(10uM)
Vitamin D Vitamm NA 0.68 (6.25nM) 0.56
(0.625nM)
VPAC2 Adenylate cyclase NA 0.45 26nM) 0.88(1uM)
activator(p38
activator)
Prolactin Hormone, STATS NA 0.54 (0.05mg/1) 0.59
activator (00Img/L)
Celecoxib NSAID, cox-2 NA 2.1 (10uM) 0.70 (10uM)
inhibitor
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3.2.2 Validation of Connectivity Map Screen

Our experience from the DMPK screen prompted us to increase the number of
concentrations investigated to four (50nM, 1uM, 10uM, 25uM) at 4 and 16 hours for each
compound. In this manner we identified a number of compounds (anisomycin,
lincomycin, benzbromarone, calmidazolium, and celecoxib) which appeared to up
regulate utrophin consistently (Table 2, Supplemental figures 21-40). Two of the p38
inducing compounds (celecoxib and anisomycin) passed this initial phase of verification,

suggesting a possible role in the p38 pathway in utrophin induction.

3.2.3 Secondary Validation of Connectivity Map Screen for Utrophin
Inducers

3.2.3.1 Celecoxib verification and dose response generation

A further dose finding analysis (50nM, 1, 10, 25uM; 4, 16 h) was next
undertaken. The greatest celecoxib mediated increase in C2C12 utrophin mRNA (1.97
fold, p<0.05) was observed at 4 hours at 10 uM (Fig. 25). This effect was largely lost

after 16 hours, although we did see occasional induction between trials (Fig. 25).

Celecoxib also conferred C2C12 utrophin protein induction at 24 hours (1.8x
increase, p=0.11 Fig. 26) although this increase was mediated by the lower
concentrations of celecoxib (0.1uM, 1uM) than that which induced the mRNA at 4 hours

(10uM).
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Figure 25 - Celecoxib up regulates Utrophin mRNA in vitro.

Celecoxib (10uM) treatment results m a 1.97 fold induction (p=<0.05) in utrophin mRNA levels following 4 hours of treatment
and analysis of mRNA extracts by gPCR. Quantification of utrophin mRNA relative to p-2-Microglobulin in C2C12 cells (the
ratio of control group set as 1). Mean + SEM (bars) of 3 independent experiments for both 4 hour (treated n=9, control n=14)
and 16 hours (treated n=9, control n =21).
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Figure 26 - Celecoxib induces utrophin protein in vitro.

Celecoxib treatment resulted in non - significant increase in utrophin protein (1.8 fold,
p=0.11). A) Quantification of DMPK protein relative to tubulin from m C2C12 myoblasts
(the ratio of control group set as 1) Mean + SD (bars) of 3 mdependent experiments
(treated n=3, control n=3). B) Representative western blot.
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3.2.3.2 Benzbromarone verification and dose response generation

Increases in utrophin mRNA were observed following 4 hours of both 25uM
(1.5x increase, p<0.05), and 10uM benzbromarone (1.99x increase, p=0.07) (Fig. 27).
This effect was lost after 16 hours (Fig. 27). Utrophin protein levels in response to
benzbromarone paralleled utrophin mRNA to a certain extent with 1.5x increase (p=0.07)

observed at 10uM (Fig. 28).
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Figure 27 - Benzbromarone up regulates utrophin mRNA in vitro.

Benzbromarone (25uM) treatment results in a 1.5 fold induction (<0.05) m utrophin mRNA levels followmg 4
hours of treatment and analysis of mRNA extracts by gPCR. Quantification of utrophin mRNA relative to p-2-
Microglobulin in C2C12 cells (the ratio of control group set as 1). Mean = SEM (bars) of 3 independent
expermments for both 4 hour (treated n=9, control n=11) and 16 hours (treated n=9, control n =18).
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Figure 28 - Benzbromarone induces utrophin protein in vitro.

Benzbromarone treatment resulted m non - significant mecrease m utrophm protem (1.5
fold, p=0.07). A) Quantification of utrophin protem relative to tubulin from m C2C12
myoblasts (the ratio of control group set as 1) Mean = SD (bars) of 3 mdependent

expermments (treated n=3, control n=3). B) Representative westemn blot.

Representative western blot.
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3.2.3.3 Anisomycin, Lincomycin, Calmidazolium verification and dose
response generation

Celecoxib and benzbromarone were the most effective utrophin inducing
compounds identified by our screen with a more modest impact recorded for the other
compounds: anisomycin (Fig. 29, 30), lincomycin (Fig. 31, 32), calmidazolium (Fig. 33,
34) all showed variable results. Anisomycin was only screened at two low concentrations
due to cytotoxicity observed at higher concentrations. Following quantification, slight
increases in utrophin protein in response to lincomycin, anisomycin, and calmidazolium
were noted, although review of the blots show that the increases are not easily observable
and may not be wholly accurate. Indeed wide variation between trials prevented any
significant increases from being observed. Coupling this with the lack of an mRNA
increase observed at those doses makes us hesitant to believe they are truly causing

utrophin increase.
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Figure 29 - Anisomycin does not affect utrophin mRNA n vitro.

No statistically significant increase in utrophin mRNA occurred followmg treatment with anisomycin analysis of mRNA
extracts by gPCR. Quantification of Utrophin mRNA relative to B-2-Microglobulm in C2C12 cells (the ratio of control
group set as 1). Mean + SEM (bars) of 3 independent expermments for both 4 hour (treated n=9, control n=18) and 16
hours (treated n=9, control n =20).
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Figure 30 - Anisomycin treatment results in a non-significant increase in utrophin
protein in vitro.

Anisomycin treatment resulted in no significant increase m utrophm protem in C2C12
myoblasts following 24 hour treatment. A) Quantification of DMPK protem relative to

tubulin from m C2C12 myoblasts (the ratio of control group set as 1) (treated n=4, control
n=4). B) Representative westem blot.
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Figure 31 - Lincomycin does not affect utrophin mRNA in vitro.
No observable increase in utrophin RNA occurred following treatment with limcomyem and analysis of
mRNA extracts by gPCR. Quantification of utrophin mRNA relative to B-2-Microglobulin in C2C12 cells (the

ratio of control group set as 1). Mean + SEM (bars) of 3 independent experiments for both 4 hour (treated
n=9, control n=18) and 16 hours (treated n=9, control n =17).
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Figure 32 - Lincomycin freatment results in a non-significant increase in utrophin
protein in vitro.

Lincomycin treatment results in no statistically significant induction of utrophin protein in
C2C12 myoblasts following 24 hour treatment. A) Quantification of DMPK protem relative

to tubulin from m C2C12 myoblasts (the ratio of control group set as 1) (treated n=4, control
n=4). B) Representative westem blot.
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Figure 33 - Calmidazolium does not affect utrophin mRNA in vitro.

No observable increase in utrophin RNA occurred following treatment with calmidazolium. Quantification of
Utrophin mRNA relative to B-2-Microglobulin m C2C12 cells (the ratio of control group set as 1). Mean =
SEM (bars) of 3 mdependent experiments for both 4 hour (treated n=9, control n=18) and 16 hours (treated
n=9, control n =20).
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Figure 34 - Calmidazolium does not increase utrophin protein in vitro.

Calmidazolm treatment results in no statistically relevant increase m utrophin protein m
C2C12 myoblasts following 24 hour treatment. A) Quantification of DMPK protem

relative to tubulin from m C2C12 myoblasts (the ratio of control group set as 1) (treated
n=1, control n=3). B) Representative western blot.
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Chapter 4
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4. Discussion

4.1 General Discussion

In addition to this study, our laboratory has had some prior success in mining in
silico databases for the purposes of new rare disease treatment identification. Using a
database compiled by Johnson & Johnson®©, our lab has identified the role of the p38
kinase pathway in activating the spinal muscular atrophy (SMA) modulating SMN2 gene
(Farooq et al., 2009). The purpose of the current study was to determine if using other
databases (The Connectivity Map) could yield similarly successful results. Myotonic
dystrophy and Duchenne muscular dystrophy represent two ideal candidate diseases upon
which to perform such an analysis particularly as they represent opposite scenarios, i.e.

requiring an up or down regulation of a transcript respectively.

Although we focus here on results from the Connectivity Map database, we
believe that this approach will be broadly generalizable utilizing similar databases either
from academic centers or pharmaceutical companies. By analyzing the Connectivity
Map data for candidate compounds we hoped to not only validate data from the
Connectivity Map itself as a useful screening tool, but increase our level of understanding
about the effectiveness and usefulness of these types of databases in drug discovery. The

benefits of this type of discovery have already been discussed earlier.

4.2 In silico mining
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Over the course of the project, we have made two observations which hold true
for both diseases studied. The first is that the agents identified usually have more effect
on the transcripts in the short term (4 hours) compared with the long term (16-24 hours).
The brevity of this effect may be true of the impact most small molecules have on most
transcript levels or it may be that given the Connectivity Map read-out is at 6 hours, the
assay is biased towards drugs which act rapidly and for a limited time only. Given that
the Connectivity Map data may preferentially identify those compounds which act
quickly on a transcript, it may also be that the chief mechanism shall involve modulation
of transcript stability and not of transcription rates themselves; i.e. this approach will
identify transcript stabilizers/destabilizers more readily than drugs which modulate
transcription rates. This naturally is contingent upon the length of time it takes to
transcribe a gene and here estimates of gene transcription times range widely from as
little as under two hours for utrophin ((Singh and Padgett, 2009)) and as high as 16 hours
for Dystrophin ((Tennyson et al., 1995)). If the shorter transcription time is accurate, it is
possible that a 6 hour trial will encompass both transcriptional repressors/activators as

well as stabilizers/degraders.

Regardless, given the single time point/single dose nature of the Connectivity
Map data, it may be that there are either slower acting drugs or ones which act at
concentrations greater or less than 10uM that are not being detected in our current
approach. For example, although the half life of a given drug in a whole organism is
often comparatively brief as a result of hepatic uptake and general metabolism, there is

the possibility that some compounds exert their effect on a long term basis, necessitating
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constant administration to get the desired effect. Despite such a possibility, we believe
that less than 100% ascertainment is a fact of most if not all screens of this nature and the

value of identifying some drugs with a true effect outweighs the risk of missing others.

The second general observation that we made was that while our analysis is an
effective method of identifying agents which modulate mRNA, as anticipated, protein
modulation does not always faithfully mirror the mRNA changes. As was discussed
previously this imperfect relationship has been observed elsewhere (Tian et al., 2004).
Indeed it appears more likely (45% of proteins studied in one report (Tian et al., 2004))
that one will observe significant mRNA changes with no corresponding protein increases.
As well, we believe that RNA screens may be more biased towards compounds capable
of decreasing proteins than those which increase protein, given that the reduction of a
transcript will likely have a higher probability of reducing protein expression than an

increase in transcript will result in protein elevation.

4.3 Myotonic Dystrophy

The discovery of sodium channel blockers as effective DMPK modulators both in
vivo and in vitro highlights the potential value of our screen for DMPK suppressors.
Although the individual drugs identified in this manner appear to be efficient suppressors,
we are particularly interested in the identification of the class of compounds as a whole.
The use of the Connectivity Map data to elucidate this novel and unanticipated class
effect of DMPK mRNA repression by sodium channel blocking is in our view a

validation of this approach.

101



4.3.1 Sodium channel blockers; an established DM1 myotonia therapy

Interestingly a number of the sodium channel blockers we identified in this screen
have already been used as DM1 treatments. Procainamide was identified as an effective
anti-myotonia treatment in 1955 (Geshwind and Simpson, 1955). While the sodium
channel blocking properties of the compound may account for the amelioration of
myotonia, procainamide appears to treat other symptoms of DM1 as well, dyspnea
(shortness of breath) being one example (Fitting and Leuenberger, 1989). It is
conceivable that procainamide is decreasing the expanded DMPK mRNA resulting in this
improvement. Mexiletine has also recently been recognized as an effective treatment for
myotonia in DM1 patients (Logigian et al., 2010). In keeping with the broader effects
seen with procainamide, a group in Rochester, NY report an impact on a number of DM 1
signs and symptoms beyond myotonia, triggering their effort to have mexiletine re-
labeled as a broader therapeutic for myotonic dystrophy (beyond its normal use as an
anti-myotonia sodium channel blocker), (pers commun Dr. Chad Heatwole, Rochester:
(Heatwole, 2011) ). We have thus identified DMPK mRNA suppressing agents which
may be being corroborated by experience in humans; confirmation is clearly needed
starting with the assessment of both of DMPK mRNA levels as well as intranuclear RNA
foci in the tissue of patients being treated with either sodium channel blocker.

Prilocaine was the most consistent DMPK suppressor, and could be the most
effective DMPK suppressor in humans as well. Although the effect of procainamide and
mexiletine on DM1 has been the subject of published reports, no analogous studies have

been conducted utilizing prilocaine, possibly a result of the comparative toxicity of this
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drug (Santa Cruz Biotechnology, 2011). Clinical trials will be needed to both establish
prilocaine safety and whether the compound shows greater clinical efficacy than

mexiletine and procainamide.

4.3.2 Role of sodium channel in DMPK suppression

The mechanism by which sodium channel blockers decrease DMPK is not known.
C2C12 cells do appear to express skeletal muscle sodium channels (Na, 1.4) and can be
induced to express the cardiac muscle sodium channel (Nay1.5) by culturing them in the
presence of cardiomyocytes (Zebedin et al., 2007; Deschenes et al., 2002). Although this
expression pattern is consistent with the involvement of these specific sodium channels in
DMPK mRNA suppression more in depth studies must be conducted on C2C12 sodium

channel expression to fully elucidate which channels are expressed in this cell line.

It is possible that the suppression of DMPK mRNA is occurring by a mechanism
other than that of the sodium channel blockade. Procainamide, in particular, has been
shown to modulate gene expression through its actions as an inhibitor of
methyltransferases in certain cancers leading to the restoration of normal gene expression
in cancer models of mice (Lin et al., 2001). However the diversity of mexiletine,
procainamide and prilocaine, in addition to the fact that the sole trait they have in
common (to our knowledge) is sodium channel blockade, makes it likely that it is this

property that is responsible for DMPK mRNA reduction.
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Interestingly DMPK itself appears to modulate sodium channel expression,;
DMPK knockout mice have a reduced concentration of sodium channels present in
skeletal muscle (Mounsey et al., 2000). The reduced channels also appear more active as
they are observed to be open more frequently and with longer bursts of activity (Mounsey
et al., 2000). Furthermore, a direct interaction between the DMPK protein and sodium
channels has been shown to occur whereby the kinase phosphorylates sodium channels,

thereby decreasing their activity (Mounsey et al., 1995; Chahine and George, 1997).

One might therefore envision the following feedback mechanism: with the
reduction in sodium channel activity, an attempt is made by the cell to offset this by
blocking the inhibitory DMPK phosphorylation of sodium channel by rapidly reducing
DMPK mRNA with the attendant drop in DMPK protein that we have shown. This is a
credible negative feedback loop in which a reduction in channel inhibition results from a
reduction in channel activity. Clearly the precise mechanism by which this may occur
remains to be elucidated, although it is noteworthy that a link between sodium channel
blockade and modulation of sodium channel alpha subunit mRNA has been previously

observed (Duff et al., 1992).

The tissue specific response we observed in our treatment with prilocaine,
mexiletine, and procainamide may represent another clue to the relationship between
DMPK levels and sodium channel activity. Prilocaine and mexiletine both worked well
as DMPK suppressors in skeletal muscle tissue (gastrocnemius) but failed to have any

effect on DMPK levels in heart tissue. It has been observed that although DMPK appears
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to modulate skeletal muscle expression of sodium channels (Nav 1.4), it has no effect on
the sodium channel isoform (Nav 1.5) present in heart tissue (Chahine and George,
1997). There may exist an element of reciprocity then; only in tissues in which DMPK
modulates sodium channel activity will blocking the sodium channel have an effect on
DMPK mRNA and protein levels. Interestingly absent DMPK levels in mice result in
mild cardiac defects (rhythm disturbances and conduction defects) later in life (Lee et al.,
2003); if sodium channel blockers decreased cardiac DMPK, they might not be the
effective treatments they are today as this would exacerbate the conditions they are being
used to treat. In fact, mexiletine has been implicated in the up regulation of the cardiac

sodium channel in rats given the drug on a long term basis (Kang et al., 1997).

It remains unclear why procainamide would work in heart tissue, however. One
difference that does occur between these compounds is the type of sodium channel
blocking signal they cause. Procainamide has been shown to block channels slowly and
muscle is slower to recover from such a type of block (Ehring et al., 1988). Mexiletine
and prilocaine, on the other hand, act to block channels quickly and muscle tissues also
recovers from this block quickly as well (Ehring et al., 1988). Perhaps a long persistent
presence of drug is what is needed to decrease DMPK in the heart. This absence of a long
persistent signal might be heightened in healthy mice as mexiletine has been shown to
affect sodium channel activity more in patients with arrhythmias than in healthy patients
(Campbell et al., 1978; Cambell, 1998b). Mexiletine even appears to be metabolized

more slowly in sick patients as heightened plasma levels have been observed in patients
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versus healthy individuals administered the same amount of mexiletine (Woosley et al.,

1984).

Sodium channel blocker specificity aside, it may simply be that the dose required
to actually cause sodium channel blockage of cardiac muscle tissue is too high to be
obtained effectively by these drugs. Indeed a study using the potent sodium channel
blocker tetrodotoxin (TTX) found that the ICs, for cardiac tissue cells required a 400x
greater dose of TTX than what was required to achieve the ICs, for skeletal muscle tissue
(Clare et al., 2000). This was conceivably due to a single residue (Cys374) which is
different between skeletal and cardiac sodium channels and confers resistance to

blockage by TTX (Clare et al., 2000; Sivilotti et al., 1997).

4.3.3 Metoprolol mediated DMPK suppression

The mechanism by which metoprolol appears to be suppressing DMPK mRNA in
vivo is not clear. Metoprolol is a B-blocker and similar compounds (Propanol) have been
shown to interact and block sodium channels, specifically cardiac and neuronal voltage
gated channels (Wang et al., 2010). Unfortunately the same study reported no blocking

effect on these channels by metoprolol (Wang et al., 2010).

4.3.3 Myotonic dystrophy concluding thoughts and future directions

We have shown here a consistent decrease in DMPK mRNA levels in response to

our candidate compounds at both in vitro and in vivo levels. The next phase of research
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shall be to characterize these compounds effects on the pathogenic DMPK RNA. A
potential limitation of our approach is the possibility for differences between the response
of the disease and the wildtype transcript to the agents identified in the Connectivity
Map. The lack of genetically and physiologically relevant faithful disease cell lines, and
methods adaptable to a mid-throughput screening method, prevented us from being able
to conduct a screen with cells containing the expanded transcript in a timely and cost
efficient manner. With the observation that DM1 patients appear improved in response to
these compounds, we have a reasonable expectation that DMPK mRNA suppression by
the compounds ability will be identified (Logigian et al., 2010; Geshwind and Simpson,
1955; Fitting and Leuenberger, 1989). We believe that the observation by clinicians that
these compounds improve patient symptoms supports our approach showing that we were

able to identify a possible treatment option in a comparatively brief period of 18 months.

4.4 Duchenne Muscular Dystrophy (DMD)

In order to further make the case for the use of in silico screens for novel
treatments in rare diseases we next analyzed DMD, a disease in which we would be
trying to increase a transcript. Our observation of maximal DMPK suppression at
concentrations higher and lower than the connectivity map’s 10uM resulted in the
inclusion of a larger number of screened concentrations (50nM, 1uM, 10uM, 25uM)
during the DMD Connectivity Map verification phase. With the observation that the
Connectivity Map data may be biased to detect fast acting drugs, we also lowered our

second screening time point from 24 to 16 hours. This generated a significantly larger
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workload, but the increase in sensitivity that we obtained for our assay by increasing the

dosages was significant.

4.4.1 Possible role of p38 activation in utrophin mRNA stabilization

As was the case with our observation of sodium channel blockers down regulating
DMPK, a class effect was also noted for DMD inducers; the translational inhibitors
anisomycin, emetine, and cyclohexamide all up regulate utrophin (Table 2). In addition
all three have been shown at lower doses to be activators of the p38 pathway (Sampieri et
al., 2008; Islam et al., 2006) suggesting that this signaling cascade may play a role in

utrophin induction.

Our lab has already had experience in activating the p38 pathway to induce a
transcript of interest (SMN2) as a potential treatment for SMA (Farooq et al., 2009).
SMA is caused by deletion of the SMN1 gene causing a loss of a protein vital for proper
neuromuscular function. The disease is similar to DMD insofar as the induction of a
homologous SMN2 gene can offset loss of SMN1 preventing or attenuating SMA
severity. It has been shown that p38 activation can lead to the stabilization of mRNA
which possess AU-rich elements (ARE) in their 3’ un-translated region; this transcript
stabilization may be accompanied by an increase in the expression of the protein encoded
by the mRNA (Dean et al., 2004). Interestingly the utrophin transcript possess just such a
AU-rich element (Fig. 6) (Chakkalakal et al., 2008). With the possibility that p38

activating compounds increase utrophin we decided to include a number of p38 activating
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compounds identified within our own lab (celecoxib, vitamin D, and a VPAC-2 inhibitor;

unpublished data: (Farooq and MacKenzie, 2010)) to our screen.

Following our initial screen it appeared as though the p38 activators (anisomycin
and celecoxib) induced utrophin mRNA levels (Table 2). Further verification of these
compounds, however, showed no significant increase in utrophin mRNA or protein in
response to anisomycin. There was, however, an increase in both mRNA and protein in
response to celecoxib. The absence of significant utrophin protein induction in response
to anisomycin suggests there may also be an inhibition of protein synthesis so that
increases in transcript level are outweighed by translational inhibition. Although these
compounds might not ultimately lead to a viable treatment option they do help validate
the ability of the Connectivity Map to identify actual compounds capable of modulating

transcripts.

4.4.2 Possible role of PPAR mediation activation in utrophin mRNA
transcriptional activation

Benzbromarone is commonly used as a treatment for gout, and is both effective
and well tolerated (Heel et al., 1977). It has also been shown to be a potent activator of
peroxisome proliferator-activated receptors (PPAR) cand y (Kunishima et al., 2007). It is
noteworthy that there is PPRE responsive element present in the utrophin transcript (Fig.
6) and its modulation by PPAR-B/ activators leads to increases of both utrophin mRNA
and protein (Miura et al., 2009). There does appear to be a disconnect, however, between

which PPAR activators modulate utrophin ($/8) and which PPAR motifs benzbromarone
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activates (o/y) (Miura et al., 2009; Kunishima et al., 2007). Even with this potential
disconnect we believe it is possible that benzbromarone is increasing utrophin levels
through PPAR-y activation because of two observations. First, benzbromarone has been
shown to have optimal PPAR-y activation at 10uM, while PPAR-a activation requires a
much large dose (100uM) (Kunishima et al., 2007). This maximal PPAR-y activation
mirrors the optimal induction we have observed in utrophin in response to this
concentration (Fig. 27). Second, in addition to activating the p38 pathway, celecoxib has
been shown to activate PPAR-y specifically (Lopez-Parra et al., 2005). This observation
that the concentration that results in optimal utrophin induction is the same concentration
required for maximal PPAR-y induction and that a second (unrelated) compound is
capable of activating the same receptor suggests a role of PPAR-y activation in utrophin

induction.

4.4.3 DMD concluding thoughts and future directions

Similar to our experience in the DM1 screen, our screen for utrophin inducers has
identified compounds that appear to regulate pathways and transcriptional activation sites
that have been previously implicated in utrophin induction. Unlike DM1 wherein the
causative mRNA is qualitatively different from the wild type mRNA used in our screen
(and thus may respond differently to the putative DMPK mRNA suppressors), there is no
difference between the utrophin transcript in our screen or the disease and so there may
be a higher probability that compounds we have identified in wild type cells will lead to

effective utrophin induction in animal models. Assessment of the effect of
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benzbromarone and celecoxib on utrophin in the Mdx mice (DMD mouse model) is

currently being undertaken.

4.5 Conclusions

Our unbiased drug screen has identified some agents which modulate pathways
known to be have some potential therapeutic impact (e.g. sodium channel blockers and
DM1; PPAR activators and utrophin induction) and others which offer novel approaches

(p38 activation and utrophin levels).

Some obvious issues remain; for DM1 the main question is if our candidate
compounds decrease pathogenically expanded DMPK mRNA, and for DMD it needs to
be shown that the significant utrophin mRNA increases will lead to substantial protein
expression in vivo. These concerns highlight the complexity and unpredictability of both
how our genome works, and how changes in gene expression are modulated and what
implications these changes have. In reality, screens based entirely on mRNA levels will
likely be hit or miss when attempting to predict disease modifiers, especially when
transcripts differ in the disease or protein, or when other downstream effects are desired.
Nonetheless, until research methods allow us to assay protein, abnormal transcript
variants or other disease specific assays in a high throughput manner microarrays
measuring mRNA are likely our best tool for generating these types of databases.

Screens based on mRNA levels also have their benefits. Although they may not always
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represent the best screen to use on a specific disease they do represent the best method for
generating a general database applicable to many diseases. Screens based on protein
levels would completely neglect RNA/genetic based disorders. Screens based on mRNA
levels, however, are applicable to disorders that occur through both protein and mRNA
abnormalities and mutations. For this reason even if assays are developed similar to a
microarray but for protein or other variables it is likely that mRNA screens will remain a

very useful resource for in silico databases used for drug discovery.

With one of the goals of this study being to bypass a number of the lengthy, and
expensive, phases of clinical research required for drug approval, actual approval for the
use of these identified compounds is paramount to the success of this project. In
addition, there are other avenues of research that this type of screening has spawned that
would allow for new discoveries into the regulation of these diseases. For example, the
discovery of sodium channel blockers, and possibly sodium channels themselves, as
regulators of DMPK expression may lead to a better understanding of DM1 and the
mechanisms through which DMPK expression in controlled. Even if the sodium channel
blockers fail to be approved as effective treatments for DM 1, our hope would be that
advances in the understanding of the mechanisms of DMPK expression elucidated while
these compounds were discovered could lead to new drug development, albeit ones that

would need the standard lengthy approval process

In conclusion, the considerable number of compounds identified in this study,

both for DM1 and DMD, currently in or entering into preclinical assessment in disease
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models give us reason to expect a fairly prompt judgment and hopefully the identification

of agents worthy of continued clinical exploration.

Success in these animal models may also enable better predictions of how drug

identification from the Broad Institute, or similar in silico screens will ultimately lead to

therapies for disease.
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Supplemental Figures:
The following figures represent the data contained in tables 1 and 2, which was generated

based on C2C12 RNA levels analyzed by qPCR treated at the indicated time intervals and
concentrations.
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6. Supplemental Figures
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Supplemental Figure 1 - Apigenin Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulm in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 2 - Azaguanine Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 3 - Ceterizine Initial Screen Data.
Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulm in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Ivermectin (4 hours) Ivermectin (24 hours)
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Supplemental Figure 4 - Ivermectin Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 5 - Kavain Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 6 - Liothyronine Initial Screen Data.
DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Methylbenzethonium (4 hours) Methylbenzethonium (24 hours)
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Supplemental Figure 7 - Methylbenzethonium Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulm in C2C12 cells (the ratio of control group set as 1).

Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 8 - Mexiletine Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 9 - Naladixic Acid Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 10 - Prilocaine Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group setas 1).
Mean =+ SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 11. Procainamide Initial Screen Data.
Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean =+ SD (bars) of 3 separate experiments (Treated n=3).
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Supplemental Figure 12 - Santonin Initial Screen Data.
Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 13 - Simvastatin Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 14 - Splitomicin Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobuli in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 15 - Sulconazole Initial Screen Data.
Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 16 - Sulfamerazine Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean =+ SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 17. Sulindac sulfide Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 18 - Thiabendazole Initial Screen Data.
Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of

DMPK mRNA relative to §-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 19 - Tomelukast Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean =+ SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 20 - Trimethoxybenzl piperazine Initial Screen Data.

Relative DMPK RNA levels of C2C12 myoblasts after 4 and 24 hour treatments. Quantification of
DMPK mRNA relative to p-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 21 - 1, 5 iosquinolinediol Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to p-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Adiphenine (4hour) Adiphenine (16 hour)
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Supplemental Figure 22 — Adiphenine Initial Screen Data
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to §-2-Microglobulin m C2C]12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 23 — Anisomycin Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to f-2-Microglobulin m C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 24 — Benzbromarone Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to p-2-Microglobulin m C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated o= 3).
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Utrophin Relative Expression

Utrophin Relative Expres sion

Utrophin Relative Expres sion
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Supplemental Figure 25 — Biotin Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to f-2-Microglobulin im C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 26 — Biperidin Initial Screen Data.

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated o= 3).
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Supplemental Figure 27 — Calmidazolium Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean =+ SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 28 — Canavanine Initial Screen Data.

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 29 — Celexocib Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 30 — Chelidonine Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = (bars) of 3 separate experiments (Treated o= 3).
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Utrophin Relative Express ion

154 i 154
1.04 d 1.0
2
054 g 054
£
D S e s g”’ ¢ & & .8
d‘,“’ @6‘ \J} .&J“ '93} f & S
Concentration Concentration

Supplemental Figure 31 — Chlorzoxazone Initital Screen Data.

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin m C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 32 — Dapsone Initial Screen Data.

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulm in C2C12 cells (the ratio of control group set as 1).

Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulm in C2C12 cells (the ratio of control group set as 1).
Mean + SD (bars) of 3 separate experiments (Treated n= 3).
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Utrophin Relative Expression
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Supplemental Figure 34 — Lincomycin Initial Screen Data.

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 35 — Loxapine Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated o= 3).
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Supplemental rigure 30 — Numelsuhde Initial dcreen Data.

Utrophin Relative Expre ssion

Utrophin Relative Expression

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin im C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated o= 3).
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Supplemental Figure 37 — Prolactin Initial Screen Data.

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 38 — Tacrine Initial Screen Data.

Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of
DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 39 — Vitamin D Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to B-2-Microglobulin in C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated n= 3).
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Supplemental Figure 40 — VPAC 2 Initial Screen Data.
Relative Utrophin RNA levels of C2C12 myoblasts after 4 and 16 hour treatments. Quantification of

DMPK mRNA relative to f-2-Microglobulin m C2C12 cells (the ratio of control group set as 1).
Mean = SD (bars) of 3 separate experiments (Treated o= 3).
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