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Abstract. The recent availability and development of mutant and transgenic zebrafish strains that model human muscular
dystrophies has created new research opportunities for therapeutic development. Not only do these models mimic many patho-
logical aspects of human dystrophies, but their small size, large clutch sizes, rapid ex utero development, body transparency,
and genetic tractability enable research approaches that would be inconceivable with mammalian model systems. Here we
discuss the use of zebrafish models of muscular dystrophy to rapidly screen hundreds to thousands of bioactive compounds in
order to identify novel therapeutic candidates that modulate pathologic phenotypes. We review the justification and rationale
behind this unbiased approach, including how zebrafish screens have identified FDA-approved drugs that are candidates for
treating Duchenne and limb girdle muscular dystrophies. Not only can these drugs be re-purposed for treating dystrophies in
a fraction of the time and cost of new drug development, but their identification has revealed novel, unexpected directions for
future therapy development. Phenotype-driven zebrafish drug screens are an important compliment to the more established
mammalian, target-based approaches for rapidly developing and validating therapeutics for muscular dystrophies.

Keywords: Drug discovery, drug screening, preclinical drug evaluation, Duchenne muscular dystrophy, limb-girdle muscular
dystrophy, Danio rerio

INTRODUCTION

Muscular dystrophies (MDs) are inherited primary
diseases of skeletal muscle affecting approximately
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17 in every 100,000 individuals worldwide [1]. The
three most common MDs in adults, in decreasing
prevalence, are myotonic dystrophy, facioscapulo-
humeral dystrophy (FSHD), and the limb girdle
muscular dystrophies (LGMDs) [2, 3]. The most
common MD in children is Duchenne muscular
dystrophy (DMD), an X-linked disorder with an
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incidence of 20-30 cases per 100,000 live male births
[1, 2, 4]. As a general rule, MDs are progressive
in nature with affected muscles degenerating and
becoming weaker over time. In the case of DMD,
proximal muscle weakness becomes evident in early
childhood, progressing to loss of ambulation by
the early teens. Other muscle groups are eventually
affected with patients succumbing to respiratory or
cardiac failure.

Current treatments for DMD, including corticos-
teroids to reduce muscle loss, assistive ventilation
to help preserve diaphragm contractility, and after-
load reduction to enhance cardiac performance, have
extended the period that patients remain ambulatory,
and have enabled some patients to live into their
mid-30’s and beyond [5]. Progress towards eventual
cures is continuing as gene delivery, gene editing,
and antisense technologies have advanced novel pro-
tein restoration or replacement therapies into clinical
trials [6]. Major hurdles remain including poor effi-
cacy, inadequate delivery, limited applicability to
only some mutations and patients, and lack of rescue
for muscles that have undergone years of extensive
degeneration.

Many of the symptoms associated with MDs
result from downstream, non-genetic events, such
as muscle fiber atrophy, fibrosis, inflammation,
oxidative stress, Ca’>* dysregulation, and blood
flow impairment [7-9]. Existing or novel phar-
macological compounds that target these events,
such as promoting muscle hypertrophy, restoring
Ca%T-homeostasis, or that function as vasodilators,
anti-inflammatories, antioxidants, or antifibrotics
are all under investigation as potential therapeutic
treatments [8].

There is renewed emphasis on using phenotypic
approaches to discover and develop new therapeu-
tics for human diseases [10, 11]. Zebrafish represent
one of the few vertebrate models currently amenable
to a phenotype-based drug discovery strategy [12].
The expanding availability of zebrafish models for
different MDs now makes this approach a realistic
option for identifying novel downstream therapeutics
for many of these diseases. We review the rationale
and strategies behind this approach. Using DMD and
LGMD type 21 (LGMD2I) as examples, we discuss
how this approach has been used to identify FDA-
approved drugs that may be suitable for repurposing
as DMD or LGMD?2I therapies. Finally, we review
how these studies have uncovered novel pathways and
mechanisms that may be attractive targets for future
therapy development.

PHENOTYPE-DRIVEN DRUG DISCOVERY

Developing a new FDA-approved drug from ini-
tial concept through clinical trials can take 10-12
years at an estimated cost of one billion dollars [11].
Over the past 30 years, drug discovery has often
focused on identifying compounds that target a spe-
cific molecule or a defined disease pathway. The
initial stage of this target-based approach is to evalu-
ate a compound’s ability to modulate in vitro systems,
such as isolated cells or tissues. After acompound has
been identified that impacts the molecules or path-
ways of interest, its toxicity, off-target effects, and
therapeutic benefits are evaluated in a pre-clinical
animal model.

Living organisms are more complex than cell and
tissue systems and many lead compounds identified
by target-based approaches fail when advanced to
pre-clinical or clinical studies. This failure rate has
been estimated as 90% or more [10]. Consequently,
considerable time, capital, and human resources are
invested in the developmental stages of a candidate
compound that has a low probability of ever becom-
ing an approved therapeutic.

Prior to the 1990’s, most new drugs were discov-
ered using phenotypic criteria and there is currently
a renewed interest in using this type of holistic
approach for drug development [10, 11]. The ini-
tial focus of a phenotype-driven or chemogenomics
strategy is identifying compounds that are safe and
therapeutically effective under in vivo conditions [12,
13]. This usually involves treating model organisms
with thousands of compounds in order to identify the
few that modulate a disease phenotype or marker.
After non-toxic compounds that reverse a pathologi-
cal phenotype have been identified, the focus shifts to
target deconvolution and identification of the mech-
anisms of action.

A phenotype-driven approach offers several advan-
tages over target-based drug discovery [10, 11]. For
instance, compounds that have poor bioavailability,
exhibit unacceptable off-target effects, or which are
toxic are eliminated early in the discovery process.
Because there is no a priori bias as to what targets
or pathways are therapeutically important, novel and
unexpected disease mechanisms may be revealed for
further exploration. Finally, phenotypic screens are
an important approach for repurposing existing drugs
for new therapeutic uses. This can result in a new
therapeutic receiving FDA approval in as little as
2-3 years at a fraction of the cost associated with
developing an entirely new drug [11].
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ZEBRAFISH AS A MODEL FOR DRUG
DISCOVERY

The large-scale nature of drug screens requires
the use of a model organism with distinctive, eas-
ily assayed phenotypes that can be raised rapidly
and maintained economically in large numbers.
Phenotype-based drug discovery is therefore incom-
patible with mammalian disease models due to
the prohibitive time, staffing, infrastructure, and
costs required to bring these models to scale. This
limits phenotypic screens to small, prolific, and
rapidly developing invertebrates, such as flies (D.
melanogaster) and worms (C. elegans), and verte-
brates, like frogs (Xenopus laevis) and the zebrafish
(Danio rerio). While frogs have the advantage
of being tetrapods that are evolutionary closer to
humans, there are a number of compelling reasons
why zebrafish are currently the overwhelming choice
for large-scale phenotypic approaches to human drug
development.

Zebrafish have a rich history as a model of
vertebrate biology [14]. The zebrafish was the
first vertebrate to be cloned [15] and throughout
the 1980’s and 90’s found widespread use as a
model of vertebrate development [16—18]. The first
large-scale forward-genetic examination of verte-
brate genotype-phenotype relationships was carried
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out in the mid-1990’s using zebrafish [19]. A few
years later, zebrafish were used in the first large-
scale screen designed to identify small molecules that
were capable of modifying a vertebrates phenotype
[20]. That same year, morpholino antisense oligonu-
cleotides injected into zebrafish embryos were
used to develop “knock-down” models of human
disease [21].

This work kindled a steady rise in the interest in
the use of zebrafish as a model organism [22]. In the
mid- to late 1990’s, an on-line database of zebrafish
genetics and development, the Zebrafish Information
Network (ZFIN, http://zfin.org) was established to
provide aresource for the rapidly expanding zebrafish
scientific community [23]. A measure of the growth
in the zebrafish model is illustrated by the expo-
nential increase in the number of zebrafish journal
articles curated by ZFIN (Fig. 1-A). Similar growth
has been reported by others using different databases
or inclusion criteria [22, 24]. Using zebrafish to study
skeletal muscle function and disease is a relatively
new application of the model. However, zebrafish
offer numerous advantages that make them an impor-
tant compliment to pre-clinical mammalian models of
muscle disease. These advantages are beginning to be
recognized by the field, leading to a rise in interest
in zebrafish models of dystrophies and other muscle
diseases (Fig. 1-B).
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Fig. 1. Growth of journal articles pertaining to zebrafish and muscular dystrophy research. Data obtained by searching the publication
database maintained by the Zebrafish Information Network (ZFIN). (A) The number of journal articles by publication year from 1980
through 2018. (B) The number of journal articles containing the term “muscular dystrophy” in either the title or as a keyword between 2001

and 2018. Results grouped into 2 year periods to reduce noise.
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Genetic and drug target conservation

Over 80% of genes associated with human disease
and morbidity have an orthologue in zebrafish [25].
Skeletal muscle is a highly conserved organ, so in
terms of MDs, the homologies between zebrafish and
humans is likely even greater. In fact, orthologues for
almost all of the genes linked to human dystrophies
have been identified in the zebrafish [26]. This sug-
gests that almost any human MD could be modeled
by genetic manipulation in zebrafish. Currently, there
are dozens of mutant zebrafish lines available that
serve as models of human MDs and non-dystrophic
myopathies [27-29].

In addition to genetic conservation between
species, drug targets must also be conserved if
compounds effective in one species are expected
to be effective in another. Drug targets appear to
be well conserved between zebrafish and humans.
For instance, many neuroactive drugs, compounds
affecting cardiac repolarization, and cell cycle
regulators have similar effects in zebrafish and
humans [30-33].

Genetic tractability

The extensive use of zebrafish as a vertebrate
model for the past three decades has stimulated the
development of robust methodologies for manipulat-
ing the fish genome [34]. In forward screens, male
fish are exposed to a potent mutagen, such as N-ethyl-
nitrosourea (ENU), and the offspring evaluated for a
selected phenotype. For example, in the first large-
scale phenotype screen described in the last section,
the offspring from ENU mutagenized males were
evaluated for mobility defects [35]. Four mutants that
displayed impaired swimming also showed a progres-
sive deterioration of the axial muscle. Mutations in
three of these mutants were subsequently mapped to
genes associated with human MDs, providing some
of the first fish models for studying muscle disease
[36-38].

Reverse genetics is centered on the targeting
of a specific gene and observing the subsequent
effects on phenotype. Transient knock-down of a pro-
tein of interest can be achieved by using antisense
oligonucleotides to temporally inhibit the transla-
tion of the targeted gene. This approach to protein
knockdown is very straightforward in zebrafish as
oligonucleotides can be injected directly into 1-4
cell embryos. The targeted protein is absent or
reduced in very early larvae prior to oligonucleotide

dilution and degradation. Antisense strategies can
therefore be used to rapidly test a preliminary hypoth-
esis or confirm a previous result. For example,
antisense oligonucleotides were used to knock-
down dystrophin expression in zebrafish embryos
in order to evaluate whether changes in morphol-
ogy and behavior were consistent with DMD prior
to creation of a dystrophin-deficient mutant model
[39].

Permanent knock-out of a protein can be accom-
plished using gene editing approaches. Zinc-finger
nucleases (ZFNs), which bind to a specific 3-
nucleotide long target sequence, and transcription
activator-like nucleases (TALENSs), which bind to
a single nucleotide, induce double-stranded breaks
and have been used to effectively knock down
protein expression in zebrafish [40-43]. The sim-
pler and more efficient CRISPR-Cas system is now
supplanting ZFN’s and TALENs as an approach
for introducing targeted mutations in the zebrafish
genome [44]. These genomic editing tools allow for
efficient disruption of a single or multiple genes and
the generation of novel zebrafish models of muscular
dystrophies.

Complications can arise when generating novel
zebrafish models. Ancestral zebrafish underwent two
whole genome duplication events before the diver-
gence of fish and mammals and another episode after
the teleost radiation [45, 46]. In addition to this, the
average duplication rate in zebrafish is higher than
in any other vertebrate studied due to their excep-
tional retention of duplicated genes [47]. Duplicate
genes have been identified for several muscle pro-
teins, including filamin C and titin, and likely exist for
other proteins associated with human muscle disease
[36].

ZEBRAFISH DRUG SCREENS

Zebrafish-based drug screens have identified novel
compounds that modulate pathological phenotypes
arising from a wide range of diseases, including
cancer, bone marrow failure, cardiac and vascu-
lar abnormalities, metabolic disease, and behavioral
disorders [12, 13]. Here we briefly review screen-
ing strategies and libraries. Greater detail can be
obtained from recent reviews that focus on exper-
imental design considerations, compound libraries,
methods and protocols, and interpretation of findings
[12, 13,48, 49].
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Strategies

Screening strategies can be very straightforward
when zebrafish disease models have clear and specific
morphological phenotypes that parallel a human dis-
ease. Because of the optical clarity of zebrafish eggs
and larvae, compounds that affect anatomical and
structural features, such as muscle tissue disorganiza-
tion, can be identified using basic light microscopy.
Zebrafish also display robust stereotypic behaviors
early in development. For instance, spontaneous coil-
ing, ability to hatch on time, or swimming behavior
can be very useful as screening criteria as they rep-
resent the integrated output of several physiological
systems.

In order to screen drugs that influence expression
levels of specific target genes, transgenic fish can be
created with promoter regions for target genes driv-
ing expression of enhanced green fluorescent protein
(EGFP) cDNA. Detection of EGFP signals in the
transgenic fish can then be used to monitor the expres-
sion level of the gene of interest. This approach can
reveal pathways involving expression of the target
gene and lead to new approaches to drug develop-
ment.

Manual manipulation of larvae and scoring of
phenotype may become prohibitive in large-scale
screens. This step can be streamlined by automated
devices that can pick up and orientate a single larvae
for image acquisition and other procedures before
dispensing the larvae into an individual well of a
multi-well plate [50]. Even smaller-scale manual
manipulation and scoring can benefit from using rela-
tively simple microfludic devices or casts to facilitate
rapid and reproducible positioning of larvae [51-53].

Chemical libraries

Many chemical companies offer compound
libraries for drug screening. Academic facilities
(e.g. the ICCB-Longwood Screening Facility at Har-
vard Medical School, https://iccb.med.harvard.edu)
may offer commercial and custom drug libraries
at reduced cost. Libraries are typically supplied in
96-384 well plate formats and can range from tens
up to tens of thousands of compounds. Most zebrafish
drug library screens evaluate between 1,000 to 5,000
compounds [13].

Libraries can be chosen based on the specific aims
of the screen. Libraries comprised of compounds
derived from natural substances provide a high degree
of chemical diversity and may be appropriate for

lead compound screening. In order to identify ther-
apeutic compounds and their potential mechanisms
of action, libraries comprised of well-characterized
bioactive compounds that target a wide range of bio-
chemical processes or mechanisms are available. For
drug repurposing, investigators can choose libraries
of FDA-approved compounds. Several of these drug
libraries also include compounds that were shown to
be safe but which failed to show efficacy in the latter
stages of the approval process. Compounds identi-
fied using these libraries will have well-characterized
pharmacokinetic and pharmacodynamic properties,
which may expedite their translation into clinical use.
Finally, custom libraries can be created that consist
of proprietary compounds.

DISCOVERING SMALL MOLECULE
THERAPEUTICS FOR DMD

Skeletal muscle fibers produce force thatis directed
longitudinally through the myotendineous junction
and laterally into the extracellular matrix [54]. One
mechanism by which these lateral forces are trans-
mitted across the sarcolemma is via the dystrophin
associated protein complex (DAPC). Several compo-
nents of the DAPC bind sequentially to form a link
between the force-bearing actin cytoskeleton and the
basal lamina. A critical component in this complex is
dystrophin, a large, flexible intracellular spectrin-like
protein that binds strongly to y-actin, linking it to the
integral DAPC component (3-dystroglycan [55].

Duchenne muscular dystrophy occurs when out-
of-frame deletions, duplications, and insertions in
the dystrophin gene result in the loss of functional
dystrophin at the sarcolemma [56, 57]. In-frame
mutations that result in transcription of a shortened,
partially functional dystrophin protein are associated
with the milder Becker muscular dystrophy [58].

The down-stream physiological consequences of
dystrophin-deficiency are multifaceted, interrelated,
and often self-propagating [9]. In the absence of
dystrophin, the normal transmission of force across
the sarcolemma is perturbed. This can lead to sar-
comeric instability, loss of sarcolemma integrity, and
muscle fiber damage [59-61]. Intracellular Ca?t lev-
els rise in damaged fibers either as a direct result
of mechanical perturbations to the sarcolemma or
due to dysregulation of mechanosensitive channels
[62—64]. Elevations in intracellular Ca?t can activate
proteases and phospholipases, further exacerbating
damage to the cell [65, 66].
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The DAPC also serves as a mechano-signaling
locus in muscle fibers. Dystrophin interacts with the
microtubular network and the loss of this interac-
tion leads to elevated production of reactive oxygen
species (ROS) and intracellular Ca>* dysregulation
[67, 68]. ROS can activate stretch-activated chan-
nels leading to further influx of Ca®* into the cell
[69]. In the absence of dystrophin, mechanical stretch
can activate the NF-«xB pathway and raise levels of
inflammatory cytokines [70].

Finally, the DAPC is linked to critical enzymatic
properties of muscle cells. Neuronal nitric oxide syn-
thase (nNOS) is bound to the central rod region of
dystrophin via interactions with syntrophin [71]. Loss
of dystrophin, and the subsequent displacement of
nNOS from its subsarcolemma localization blunts
NO-induced vasodilation during contractile activity,
leading to inadequate tissue perfusion and muscle
tissue damage [71-73].

Because these damaging mechanisms and path-
ways are chronically activated, the normal cell
regenerative processes present in muscle fibers
are eventually overwhelmed resulting in a loss of
myofibers and the consequent replacement by fibrotic
tissue [74]. At some point, the loss of functional con-
tractile tissue reaches a critical threshold resulting in
impaired locomotion, ventilation, and cardiac func-
tion.

These down-stream consequences of dystrophin
deficiency provide a variety of targets for slowing
progression of the disease or as compliments to gene-
and protein-based therapies that may not completely
restore all of the functions of full-length dystrophin.
Targeting downstream events has the advantage of
being applicable to all DMD patients as benefits
would be independent of the underlying muta-
tion. Large-scale screens using dystrophin-deficient
zebrafish have proved to be a rapid strategy for iden-
tifying approved drugs that could be repositioned to
target these mechanisms and to discover novel com-
pounds to modulate these pathological events.

Zebrafish models of DMD

During the first large-scale vertebrate genetic
screen, four zebrafish mutants were characterized
by their abnormal swimming performance coupled
with progressive axial muscle degeneration [35]. One
of these mutants, sapje, was subsequently found to
have a nonsense mutation in exon 4 of the zebrafish
orthologue to the human dystrophin gene [37, 75].
A second dystrophin mutant, sapje-like, was iden-

tified during a large-scale zebrafish screen [76]. In
sapje-like, the mutation is at the exon 62 donor splice
junction.

The absence of dystrophin is lethal in the sapje
and sapje-like lines. Mortality begins to deviate from
wild-type larvae around 12 dpf, with only a small
subset of dystrophin-deficient larvae surviving to 30
dpf, and none reaching reproductive age [77]. Conse-
quently, lines are maintained by mating heterozygotes
as the zebrafish dmd gene is autosomal. Because
the gene is recessive, only 25% of a clutch will be
dystrophin-null.

Fortunately, these dystrophin null mutants can be
readily identified at 3-4 dpf using a non-lethal opti-
cal technique that takes advantage of the transparent
nature of zebrafish larvae and relies on the birefrin-
gent properties of skeletal muscle [35, 78, 79]. By
placing larvae between two polarizing filters arranged
to cancel light transmission, the highly ordered struc-
ture of the myofilaments will refract or rotate light
causing the axial muscle of the larvae to appear illu-
minated (Fig. 2). Wild type or unaffected larvae will
show a bright, highly ordered birefringence pattern
consistent with the regular geometry of the myofila-
ment lattice. In contrast, the somites of a dystrophic
or affected larvae will be randomly pocketed with
regions of reduced birefringence.

These regions of abnormal birefringence represent
gaps and breaks in the myofilament lattice formed
by the retraction of myofibers whose dystrophin-null
ends have become detached from the myosepta and
are characteristic of models of muscular dystrophy
like sapje and sapje-like [37, 80]. In contrast, mod-
els of non-dystrophic congenital myopathies exhibit
reduced overall levels of birefringence without gaps
or breaks [81, 82]. In sapje, these gaps and breaks in
the myofilament lattice have been linked to the preco-

\

unaffected

affected

Fig. 2. Identification of dystrophic zebrafish larvae using a bire-
fringence assay.
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cious muscular activity of larvae [83], consistent with
the idea that dystrophin-deficient muscles are sus-
ceptible to the mechanical strains generated during
contractile activity [84]. Consequently, early sapje
and sapje-like zebrafish larvae have easily identifiable
morphological features that support the role of dys-
trophin as a sarcomeric stabilizer and which can serve
as a rapid, non-lethal assay of dystrophin-deficiency.

Dystrophin deficient zebrafish muscles also
show signs of inflammation, fibrosis, and
degeneration\regeneration consistent with mam-
malian models of DMD. By 28 dpf, muscle fibers
of sapje zebrafish are infiltrated with neutrophils
and macrophages and show interstitial deposits of
collagen [80]. These larvae also show increased
proliferation of muscle satellite cells although this
is insufficient to restore myofibers to the areas of
muscle damage [80].

Because the gaps and breaks in the axial mus-
cles of dystrophin-deficient zebrafish larvae represent
areas of hypercontracted or absent contractile mate-
rial, these areas would no longer be expected to be
functional. Consistent with this are findings that mus-
cles of dystrophin-deficient larvae exhibit substantial
weakness [85, 86]. Unlike the mildly affected mdx
mouse model of DMD, where dystrophic limb mus-
cles may hypertrophy resulting in normal absolute
force and a modest reduction in force normalized to
muscle cross-sectional area [87-89], the axial muscle
of dystrophin-deficient zebrafish shows a reduction in
both absolute and normalized force [85, 86]. Further-
more, these force deficits are roughly 2-fold greater
than those observed for limb muscles of the mdx
mouse and are more in line with the force deficits
reported for skeletal muscles of dystrophin-deficient
canines [90, 91] or the double knockout dystrophin-
utrophin mouse [92].

In addition to lower force, axial muscles of affected
sapje zebrafish also show a heightened sensitivity to
acute mechanical strain [85]. This response is con-
sistent with the role of dystrophin as a mechanical
stabilizer and is qualitatively similar to that observed
for muscles of mouse and canine models of DMD

[60, 91, 93-97]. Thus, the two functional hallmarks
of dystrophic mammalian muscle, a reduction in peak
force and a heightened susceptibility to mechanical
strain, are replicated in dystrophin-deficient zebrafish
models.

Screens to discover DMD therapeutics

In order to identify putative therapeutic compounds
for treating DMD, Kawahara and colleagues [77, 98]
used sapje and sapje-like dystrophin-null zebrafish
to screen the Prestwick 1 Collection, the NINDS 2
Compound Library, and the Known Bioactives 2012
Library (Table 1). The 2640 compounds making up
these libraries cover almost 50% of all FDA-approved
drugs.

A schematic of the screening strategy is illustrated
in Fig. 3. In an initial screen, pools containing eight
chemicals were applied to 20 randomly selected 1
dpf embryos from heterozygous sapje parents. Recall
that 25% of these embryos would be expected to
be dystrophin-null and would show abnormal mor-
phology at 4 dpf as revealed by the birefringence
assay. It was reasoned that this percentage would
be unchanged if all eight compounds of a pool had
no effect on the dystrophic phenotype. However, if
one or more compounds in the pool had a thera-
peutic effect, then the percentage of larvae showing
abnormal birefringence would be reduced.

In the secondary screen, each of the individual
compounds in a pool that reduced the percentage of
morphologically affected fish was tested separately
using the same screening strategy. When a positive
hit was detected, the genotype of all 20 embryos in
the well was evaluated to confirm that the fish res-
cued by the compound were dystrophin-null. Fifteen
compounds that restored normal birefringence to a
majority of dystrophin-null mutants were identified
in this secondary screen (Table 2).

To address whether the therapeutic candidates
identified in the short-term screen could reverse
pathology once it had become established, a long-
term screen was conducted in which 4-5 dpf

Chemical libraries that have been used to screen dystrophic zebrafish embryos or larvae

Name Company no. chemicals Notes

la. Prestwick 1 Collection Prestwick Chemical 1280 95% approved drugs

1b. Prestwick 2 Collection Prestwick Chemical 1120 >85% marketed drugs

2. NINDS 2 Compound Library ENZO Life Sciences 1040 75% FDA-approved drugs
3. ICCBL Known Bioactives 2012 ENZO Life Sciences 480 targets biochemical pathways
4. FDA Approved Drugs ENZO Life Sciences 640 100% FDA-approved drugs

Note that the composition and number of chemicals in a library can change over time.
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Table 2
Compounds that reduced the incidence of the dystrophic phenotype in zebrafish models of Duchenne muscular dystrophy
Therapeutic group, mechanism Compound (PubChem CID) % affected Survival Reference
PDE inhibitors aminophylline (9433) 5-17.5 extended [77, 98, 99]
ibudilast (3671) 15 [77]
rolipram (5092) 17 [77]
dipyridamole (3108) 17 [77]
sildenafil citrate (5212) 15 extended [98]
dopamine agonists ergotamine (8223) 0 [99]
ropinirole (5095) 0-16 [99]
pergolide (47811) 5 [99]
serotonin, SSRI’s serotonin (5202) 0 [99]
fluoxetine (3386) 0 mixed [99]
paroxetine (43815) 17 [99]
chelating agents pentetic acid (3053) 7.5-10 extended [77]
flunarizine (941361) 10 [99]
steriods androsterone acetate (6432116) 7.5-18.4 [98]
equilin (223368) 5-10 no effect [77]
antihistamines conessine (441082) 10-12.5 toxic [77]
homochlorcyclizine dihydrochloride (656590) 10-12.5 toxic [77]
lipid synthesis inhibitor cerulenin (5282054) 2.5-10 extended [98]
immunosuppressent crassin acetate (5355441) 2.5-12.5 extended [98]
anti-inflammatory epirizole (3242) 10-15 extended [77]
antiprotozoal nitromide (4511) 7.5-12.5 [98]
antioxidant pomiferin (4871) 10-12.5 [98]
smooth muscle relaxant propantheline bromide (9279) 12.5-15 [98]
cardiotonic proscillaridin A (5284613) 10 toxic [77]
vasoconstrictor 9a,11b-prostaglandin F2 (5280886) 7.5-10 no effect [98]

Embryos were treated starting at 1 dpf. Compounds that reduced the incidence of the affected dystrophic phenotype at 4 dpf by 30% or more,
i.e. from the expected 25% of larvae to 17.5% or less, are compiled in the table. Some compounds were subsequently tested for their effect
on the survival of 1 dpf [99] or 4 dpf [98, 99] affected larvae. Abbreviations: dpf, days post-fertilization; PDE, phosphodiesterase; SSRI,

selective serotonin re-uptake inhibitor.

sapje larvae displaying abnormal birefringence were
treated with several candidate compounds and fol-
lowed for several weeks [77, 98]. By 20 dpf, mortality
of the untreated affected larvae was about twice
that of their wild-type siblings. Six compounds
extended survival of over half of the affected larvae
(Table 2). These longer surviving dystrophic larvae
also showed improved muscle morphology and more
extensive vascularization of axial tail muscle [98].
Immunoblotting indicated that enhanced survival,
more extensive vascularization, and normalization of
muscle morphology all occurred in the absence of any
detectable dystrophin expression.

PDE inhibitors

One class of compounds revealed by these screens
were phosphodiesterase (PDE) inhibitors. Amino-
phylline, a nonspecific PDE inhibitor, and sildenafil
citrate, a PDES5 inhibitor, were two of the six com-
pounds that improved muscle morphology, increased
vascularization, and extended survival of dystrophin-
null larvae [98]. The benefits of aminophylline

in rescuing dystrophin-deficient sapje larvae were
subsequently confirmed by an independent group
conducting an unbiased screen of the ENZO FDA
Approved Drug library [99]. To further investi-
gate this class of therapeutics, five additional PDE
inhibitors have been evaluated in dystrophic zebrafish
[77]. The PDE4 inhibitors ibudilast and rolipram, and
the PDES inhibitor dipyridamole, reduced the dys-
trophic phenotype in 4 dpf sapje larvae (Table 2),
although not as effectively as either aminophylline
or sildenafil. In contrast, enoximone and milrinone,
PDE3 inhibitors, had no therapeutic effect.

The identification of PDE inhibitors as candidate
therapeutics was significant for several reasons. Tar-
geted drug discovery approaches, focusing on the
nitric oxide—cyclic guanosine monophosphate path-
ways, revealed that the PDES inhibitors sildenafil and
tadalafil reduced skeletal and cardiac muscle dys-
function and damage in mouse and canine models
of DMD [73, 100-103]. The identification of PDE
inhibitors by independent laboratories using unbiased
phenotypic screening approaches validates that large-
scale dystrophic zebrafish screens take advantage
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of target and mechanistic conservation between the
zebrafish and well-accepted pre-clinical mammalian
DMD models.

Selective serotonin re-uptake inhibitors

Waugh et al. [99] screened the ENZO FDA
Approved Drug library and reported that 1 dpf sapje
larvae treated with the selective serotonin re-uptake
inhibitor fluoxetine all lived to 17 dpf, a time when
none of the untreated sapje larvae remained alive.
The therapeutic effects of fluoxetine were rapidly
reversible as larvae initially treated and asymptomatic
rapidly developed pathology when treatment was
interrupted. However, fluoxetine treatment had to be
initiated early in development in order to be effective
as delaying treatment until the dystrophic phenotype
became apparent had no effect on survival (Table 2).
The available evidence therefore suggests that fluox-
etine can prevent the establishment of dystrophy but
may not be able to reverse the pathology once it has
become established. It is noteworthy that serotonin
was discovered to reduce muscle degeneration in a
C. elegans model of dystrophin-deficiency [104] but
not when evaluated in the mdx mouse [105].

Ca** antagonists

Treatments to reduce excessive intracellular Ca>*
in muscles of mdx mice and DMD patients have
had mixed results but therapeutically targeting Ca>*
homeostasis remains an area of active investigation
[8]. Two putative Ca®t antagonists were identified
in screens of dystrophic zebrafish, pentetic acid from
the Prestwick library [77] and flunarizine from the
ENZO FDA Approved Drug library [99].

Pentetic acid (diethylenetriaminepentaacetic acid
or DTPA) is a metal chelator, similar to EDTA.
Pentetic acid is used clinically to treat heavy metal
poisoning, contamination by radioactive material,
and when complexed with gadolinium, as a con-
trasting agent during MRI. We are unaware of any
pre-clinical investigations or clinical trials using pen-
tetic acid as a DMD therapeutic.

Flunarizine is a selective channel blocker used for
treating occulsive vascular disease and neurological
disorders, such as migraine, vertigo, and epilepsy. A
small, one-year clinical trial of flunarizine showed no
effect on any outcome measure of 5-15 year old boys
diagnosed with DMD [106].

DISCOVERING SMALL MOLECULE
THERAPEUTICS FOR LGMD2I

Dystrophin links intracellular actin to f3-
dystroglycan, a DAPC component embedded in
the sarcolemma. B-dystroglycan is in turn linked
to laminin-2 of the extracellular matrix via the
glycoprotein a-dystroglycan. These linkages allow
the DAPC to span the sarcolemma from intracel-
lular actin, through dystrophin, (-dystroglycan,
a-dystroglycan, and laminin-2 to the basal laminae.
a-Dystroglycan is a highly glycosylated protein.
Hypoglycosylation leads to a reduction in the affinity
of a-dystroglycan for laminin and the loss of muscle
fiber integrity and ultrastructure [107-109].

Mutations to the human fukutin-related-protein
(FKRP) gene, which encodes a putative glyco-
syltransferase modulating o-dystroglycan glycosy-
lation, are associated with a wide spectrum of
pathological phenotypes [110, 111]. For instance, the
p-Leu276lle mutation is linked to reductions in the
expression of a-dystroglycan and laminin o2 [111].
Patients with this mutation experience weakness of
the hip, shoulder, and neck muscles, have difficulty
performing daily activities, such as walking, run-
ning, and climbing stairs, and may eventually develop
respiratory problems, cardiomyopathy, or cognitive
deficits [111-113].

Current treatment for LGMD2I patients includes
the use of cortiocsteroids, alone or in combination
with the osteoporosis drug Fosamax, to maintain
muscle strength [114, 115]. There are significant
side effects to these treatments such as weight
gain and inflammation. Novel therapies, such as
over-expression of FKRP via adeno-associated viral
vectors or autologous muscle stem cell transplan-
tation have shown some promise but there are still
significantissues regarding body wide expression and
correct dosing amounts [116—119]. Thus, there is a
need for novel therapeutic treatments to complement
gene and cell-based therapies for LGMD?2I patients.

Zebrafish screens for LGMD?2I therapeutics

Zebrafish  co-injected with human FKRP
p-Leu276lle mutation mRNA and an anti-sense
morpholino oligonucleotide targeting the endoge-
nous zebrafish fkrp gene showed a mild dystrophic
phenotype, consistent with the human disorder
[109]. Based on these findings, a zebrafish model of
LGMD2I was developed using heat-shock inducible
expression of the human p.Leu276lle mutation in an
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Table 3
Compounds that reduced the pathological phenotype of a zebrafish model of LGMD2I
Therapeutic group/mechanism Compound (PubChem CID)
antibiotics ornidazole (28061)
sulfacetamide sodium hydrate (6419954)
flumequine (3374)

channel blockers/inhibitors

dopamine antagonists

o adrenergic receptor agonists
muscarinic antagonists
anti-neoplastics

smooth muscle relaxant
skeletal muscle relaxant
glucocorticoid
triterpenoid nutraceutical
metal chelator

others f

dihydrostreptomycin sulfate (6419912)
metampicillin sodium salt (25195407)
aztreonam (5742832)
calycanthine (5392245)
ethosuximide (3291)
kawain (5281565)
perphenazine (4748)
thioproperazine dimesylate (92178)
oxymetazoline hydrochloride (21114704)
metaraminol bitartrate (51371362)
ipratropium bromide (11553369)
pirenzepine dihydrochloride (45114102)
betulin (72326)
paclitaxel (36314)
alverine citrate salt (21718)
chlorphensin carbamate (2724)
rimexolone (5311412)
ursolic acid (64965)
pentetic acid (3053)
citric acid (311)
triethanolamine (7618)

Compounds identified by Serafini et al. [120]. Chemicals were screened at 2 dpf, 1 day after
heat shock-inducible over-expression of a human FKRP transgene. By 5 dpf all compounds
listed had reduced the percentage of larvae displaying the pathological phenotype (abnormal
muscle birefringence, head and eye malformations, pericardiac edema) from approximately
50% to <10%. tAdditional compounds screened because of their structural similarity to
pentetic acid. Abbreviations: PDE, phosphodiesterase inhibitor.

FKRP-deficient zebrafish background [120]. This
fish was characterized by abnormal birefringence
indicative of myofibrillar disorganization, impaired
spontaneous and touch-evoked swimming perfor-
mance, reduced axial muscle tetanic force, eye
and brain malformations, pericardiac edema, and a
reduced lifespan.

In order to identify potential new therapeutics, a
two-stage screening approach, similar to the method
previously used on sapje and sapje-like larvae [77,
121], was used to identify small molecules that
reduced the pathological phenotypes of the LGMD2I
zebrafish model [120]. The first stage of the screen
identified 20 unique compounds from the Prestwick
2 collection that reduced the occurrence of abnormal
birefringence, eye and brain abnormalities, pericar-
diac edema, and depressed vitality from an expected
50% of larvae to <10% (Table 3).

Pentetic acid

One of the most effective compounds in reducing
the pathological phenotype in the LGMD?2I zebrafish

model was the chelator pentetic acid. This com-
pound has previously been identified as a potential
therapeutic for dystrophin-deficient fish [77]. To fur-
ther investigate the role of chelation in the LGMD2I
model, 7 chemicals that were structurally similar to
pentetic acid were evaluated in a follow-up screen.
This screen identified two additional compounds that
rescued LGMD?2I larvae, triethanolamine and citric
acid (Table 3), both of which have metal chelat-
ing properties. These findings suggest that therapies
directed at manipulating intracellular Ca®* levels
may be therapeutic for LGMD?2I.

Ursolic acid

Another novel compound identified in this screen
was ursolic acid, a pentacyclic triterpenoid found in
many plants. Pentacyclic triterpenoids are steroid-
like compounds that are structurally similar to cardiac
glycosides such as ouabain or digitoxin. Cardiac gly-
cosides have a positive inotropic effect on cardiac
contractility by increasing intracellular Ca>* through
an inhibition of the Nat, KT-ATPase. In fact, ursolic
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acid was recently reported to be a moderate inhibitor
of porcine Nat, K™-ATPase [122].

Ursolic acid has also been reported to induce
skeletal muscle hypertrophy, increase grip strength,
improve hindlimb muscle contractility, and reduce
muscle wasting in mice subjected to fasting or mus-
cle denervation [123]. These effects were associated
with the down-regulation of mRNA’s associated with
atrophy, such as atrogin-1 and MuRF-1, and with an
increase in Akt phosphorylation. Thus, a reasonable
hypothesis is that ursolic acid targets mechanisms
regulating both cardiac and skeletal muscle contrac-
tility in the zebrafish LGMD2I model.

FUTURE DIRECTIONS

With appropriate modifications, the screening
methodology and principles reviewed could be
adapted and applied to other dystrophies and
myopathies. Future work will be needed to address
some of the complications and limitations of present
screening approaches.

Libraries

To date, screens have used libraries comprised of
FDA approved drugs in order to identify compounds
that could be re-purposed as therapeutics for DMD or
LGMD?2I. Other libraries are available for addressing
different research goals. For instance, libraries have
been developed specifically for discovering novel
lead compounds or identifying compounds targeting
relevant biological mechanisms or pathways. The use
of these alternative libraries represents an untapped
resource for discovering new therapeutics for muscle
disease.

Outcome measures

Visually assessing birefringence has been the most
common approach for determining larval muscle
phenotype in large-scale screening. This qualita-
tive measure involves a degree of subjectivity that
makes it difficult to distinguish graded responses
to potential therapeutics. The birefringence assay is
also limited to a narrow window of larval develop-
ment, from about 3-4 dpf until 7-10 dpf when the
appearance of pigmentation and scales reduces larval
transparency. Limitations of the birefringence assay
could be addressed in several ways. For instance,
image analysis could be used to quantify changes
in birefringence [78, 79]. Alternatively, monitoring

reporter genes, proteins, or metabolites [124], assess-
ing behavioral outcomes like locomotion [78], or
directly measuring muscle function [85, 125, 126]
could be used as outcome measures. The critical bar-
rier to the use of any alternative approach is whether
it can be incorporated into a high throughput work
flow.

CONCLUSIONS

Zebrafish occupy a unique niche in the spec-
trum of model organisms available for biomedical
research [24]. As vertebrates, they have orthologues
to most of the human disease associated genes and
to almost all of the genes linked to muscular dystro-
phies, yet they possess many of the characteristics
of invertebrate model systems, including small size,
rapid development, and genetic tractability. These
characteristics have enabled investigators to gener-
ate zebrafish strains that replicate the phenotype of
many human diseases and to use these models in
large-scale chemical screens to identify compounds
that modify phenotype. The availability of zebrafish
models of muscular dystrophies now enables this
approach to be used to identify candidate therapeutics
targeting the secondary, downstream or non-genetic
effects of these diseases. These unbiased phenotypic
screens provide an important compliment to exist-
ing approaches for developing novel therapies for
muscular dystrophies.
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