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Summary

Skeletal muscle has an outstanding regenerative capacity. This ability is mainly due to the
presence of muscle-resident adult stem cells, named satellite cells or myogenic progenitors. It is
well established that proper function of satellite cells is essential for development and
maintenance of skeletal muscle. microRNAs are a class of small noncoding RNAs involved in the
regulation of gene expression, and they have been reported to play major roles in fine-tuning of
many cellular pathways to maintain tissue homeostasis, with their function being more prominent
under conditions of stress or injury. There is a growing body of evidence that microRNAs are
important regulators of skeletal muscle function, homeostasis, and regeneration. In the present
study, we have identified a novel muscle-specific microRNA, miR-501, and investigated its role
in myoblasts during skeletal muscle regeneration. We observed that miR-501 is significantly
upregulated in activated satellite cells and the whole regenerating muscle, and this is
accompanied by upregulation of its host gene, Clcn5. Among the two different splice variants of
Clen5, we observed a much stronger upregulation of isoform 2 transcript, which encompasses the
intron containing miR-501. However, post-transcriptional regulation plays a major role in
processing miR-501 from this intron. Expression profile of miR-501 in different tissues indicated
its remarkably high expression levels in satellite cells and primary myoblasts. While not changing
the proliferation rate of myoblasts, pharmacological inhibition of miR-501 in regenerating
skeletal muscle resulted in drastic reduction of embryonic myosin heavy chain protein (eMHC)
levels. We identified and validated several miR-501 target genes using a loss-of-function
screening approach in primary myoblasts. Overexpression of individual target genes in myoblasts
identified gigaxonin as the potential mediator of miR-501 function that mimicked the effect of in
vivo miR-501 inhibition on eMHC in primary myoblasts. Considering the reported role of
gigaxonin in degrading intermediate filaments, we hypothesize that upregulation of miR-501
during skeletal muscle regeneration protects embryonic myosin heavy chain proteins against
gigaxonin-mediated ubiquitination and degradation. Finally, we observed significantly elevated
miR-501 levels in the skeletal muscle and serum of mdx mice compared to those of wild-type
animals. In addition, serum miR-501 levels change during aging of mdx mice in a similar trend
with the well-known myomiRs, such as miR-1, miR-133, and miR-206; this highlighting its
potential application as a biomarker for Duchenne muscular dystrophy.

The presented findings introduce miR-501 as a novel muscle-specific miRNA that regulates the

muscle regeneration process by repressing a gene, with no previously known function in muscle,
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and controls the turnover of a developmental myosin. This opens up a new regulatory pathway,
leads to a better understanding of regulatory mechanisms in skeletal muscle regeneration, and

might contribute to therapeutic approaches for muscle degenerative disorders.
Zusam menfassung

Das Skelettmuskel verfugt tber eine bemerkenswerte Regenerationsféhigkeit. Diese Fahigkeit ist
vor allem durch das Vorhandensein von muskelansassigen adulten Stammzellen, den so
genannten Satelliten-Zellen oder myogenen Vorlauferzellen, gegeben. Eine ordnungsgemalie
Funktion der Satelliten-Zellen ist essentiell fur die Entwicklung und Aufrechterhaltung der
Skelettmuskulatur. MicroRNAs sind eine Klasse von kleinen, nicht-kodierenden RNAs, die bei
der Regulation der Genexpression beteiligt sind. Sie spielen eine wichtige Rolle bei der
Feinabstimmung vieler zelluldrer Signalwege und tragen so zur Gewebe-Homdostase bei, wobei
ihre Funktion unter Stressbedingungen oder Verletzungen vermehrt zum Tragen kommen.
Hinweise héufen sich, dass microRNAs wichtige Regulatoren der Skelettmuskelfunktion,
Homd@ostase und Regeneration sind. In der vorliegenden Studie haben wir eine neuartige
muskelspezifische microRNA, miR-501 identifiziert und ihre Rolle in Myoblasten im Rahmen
der Skelettmuskelregeneration untersucht. Wir beobachteten, dass miR-501 gemeinsam mit dem
Wirtsgen Clen5 in aktivierten Satellitenzellen und in den regenerativen Muskeln deutlich
hochreguliert wird. Im Vergleich der zwei verschiedenen Spleifivarianten Clcn5 fanden wir eine
deutlich starkere Hochregulierung der Isoform 2-Transkripte, welche miR-501 im Intron
beherbergen. Allerdings spielt die post-transkriptionelle Genregulation eine wichtige Rolle bei
der Verarbeitung von miR-501 aus diesem Intron. Expressionsprofile von miR-501 in
verschiedenen Geweben zeigten ihre auBerordentlich hohen Expressionsniveaus in
Satellitenzellen und priméaren Myoblasten. Die pharmakologische Hemmung von miR-501 bei
der Regeneration der Skelettmuskulatur fuhrte zur drastischen Reduzierung von embryonalen
Myosin Heavy Chain Proteinen (eMHC), wéhrend die Proliferationsrate von Myoblasten
unveréndert blieb. Wir identifizierten und validierten mehrere miR-501 Zielgene durch Loss-of-
Function Screenings in primaren Myoblasten. Durch Uberexpression einzelner Zielgene in
Myoblasten, fanden wir Gigaxonin als potentiellen Mediator der miR-501-Funktion, welche die
Wirkung einer miR-501 induzierten Hemmung von eMHC in primdren Myoblasten nachahmte.
Da Gigaxonin bekannt ist fiir den Abbau von Intermediérfilamenten, stellen wir die Hypothese
auf, dass eine Hochregulation von miR-501 wahrend der Skelettmuskelregeneration die eMHC

Proteine gegen eine Gigaxonin vermittelte Ubiquitinierung und Degradation schitzt. Schlie3lich
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beobachteten wir deutlich erhghte miR-501 Werte in der Skelettmuskulatur und im Serum von
mdx-Mausen. Ahnlich zu den bekannten myomiRs miR-1, miR-133 und miR-206, andern sich
die miR-501 Blut-Werte wéhrend der Alterung von mdx-Mausen, was ihre mogliche Anwendung
als Biomarker fiir Duchenne-Muskeldystrophie hervorhebt. Die vorgestellten Ergebnisse zeigen
miR-501 als neuartige, muskelspezifische microRNA, die den Muskel-Regenerationsprozess
reguliert, indem sie ein Gen unterdriickt, dessen Funktion im Muskel bislang unbekannt war, und
somit den Umsatz eines Entwicklungs-Myosins steuert. Dies flihrt zu einem besseren Verstandnis
der Regulationsmechanismen in der Skelettmuskelregeneration und kdnnte zu therapeutischen

Ansétzen flr degenerative Muskelerkrankungen beitragen.
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Chapter 1 Introduction

Chapter 1 - Introduction

1.1 Skeletal muscle structure

Skeletal muscle is the most abundant tissue in the human body, composing 40-50% of the total
body mass (1). Major functions of skeletal muscles include skeletal movement and maintaining
posture and body position (2). In addition, there is growing body of evidence introducing skeletal

muscle as an endocrine organ, as it secretes a variety of molecules referred to as myokines (3).

Skeletal muscles are mainly consisted of myofibers, interlaced by a network of nerves and blood
vessels, and held together by connective tissue and ECM. In the first level, fibers are surrounded
by the basal lamina (composed of Laminin, collagen 1V, fibronectin, and proteoglycans) and then
again by reticular lamina, which is made of collagen fibrils. These two layers are collectively
named basal membrane. The most exterior layer is endomysium, which is mostly consisted of

collagen fibers and is in direct contact with blood vessels and nerves (4-6).

Each muscle fiber is formed by fusion of several mononucleated myoblasts during development
(7). As a result, myofibers are very long cells, measuring up to 30 c¢cm in human, and
multinucleated. Having several nuclei is necessary to meet the high demand for protein synthesis
in these cells. However, these nuclei are postmitotic and cannot enter the cell cycle and divide
anymore (4). In their interior, myofibers are mainly constituted of myofibrils. Myofibrils are
composed of tandem arrays of sarcomeres, which are the basic functional units of the skeletal
muscle (8). Within the sarcomeres are thick and thin filaments, mainly composed of myosin and
actin filaments, respectively. Triggered by release of calcium into cytoplasm and powered by
ATP hydrolysis, sliding the filaments leads to shortening of the sarcomeres and generation of
contractile force (8, 9). A schematic representation of skeletal muscle structure is shown in Fig
1.1.
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— Perimysium

[N
Muche

— Endomysium

€ Muscle fiber

Figure 1.1. Structural organization of skeletal muscle. A) The entire skeletal muscle is enclosed
within a dense connective tissue layer called the epimysium continuous with the tendon binding it to
bone. B) Each fascicle of muscle fibers is wrapped in another connective tissue layer called the
perimysium. C) Individual muscle fibers (elongated multinuclear cells) are surrounded by a very
delicate layer called the endomysium, which includes an external lamina produced by the muscle fiber
(and enclosing the satellite cells) and ECM produced by fibroblasts. Figure adapted from (10).
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1.2 Skeletal muscle regeneration

1.2.1 Discovery of Satellite cells

Skeletal muscle has an enormous capacity to regenerate. This has been known since the 19™
century (11). Although some basic characterizations of muscle regeneration were performed,
there was no clear idea about the origin of the new myofibers (4, 12). Among several hypotheses
was existence of special cells in the muscle, apart from myofibers, possessing myogenic
potential. The first evidence for presence of such cells was reported in 1917; it was observed that
when put in culture media, small chick embryonic muscles gave rise to “myoblasts” and finally
multinucleated myotubes (13). In 1961, two independent observations were reported using
electron microscopy on frog and rat muscles, by Alexander Mauro and Bernard Katz, respectively
(14, 15). Mauro described some small mono-nucleated cells “wedged between the plasma
membrane of the muscle fiber and the basement membrane”, “the surface of the fiber is not
distorted outward, but instead the satellite cell protrudes inward pushing the myofibrils of the
muscle cell aside”, he reported (16). It was already speculated by Mauro that those are the
dormant cells able to proliferate and generate new myofibers during regeneration. As these cells
were engulfed by the basement membrane yet outside of the sarcolemma, he named them
“satellite cells”. They have been observed in virtually all vertebrate species. Satellite cells
contribution to the total myonuclei in mammalian muscles ranges from 30% in newborns to 1-5%

in adults (17, 18).

1.2.2 Satellite cells in hypertrophy and regeneration

Myofiber nuclei are post-mitotic, but there is a low turnover of the myonuclei in the muscle (19).
Using satellite cells labeled with [*H]TdR, it was demonstrated that satellite cells can fuse to
myofibers or make new fibers, in an ex vivo experiment (20). Several other studies have provided
more evidence for the hypothesis that satellite cells are the source of new myonuclei, and play
essential roles in skeletal muscle regeneration (21). Though this notion has been widely accepted,
the definite proof for indispensability of satellite cells for muscle regeneration came in a study by
Sambasivan et al. (22). Using transgenic mice expressing diphtheria toxin receptor under control
of Pax7 promoter, they ablated all Pax7* satellite cells by injection diphtheria toxin. After
induction of muscle injury by CTX injection or by strenuous resistance exercise and monitoring

the regenerating muscles, there was virtually no myofiber with centrally-located nuclei observed
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in Pax7°™" mice. This phenotype was rescued by transplantation of adult Pax7* satellite cells.
Although there have been some other cell populations in skeletal muscle suggested to participate
in regeneration, this study showed that none of them can compensate for the depletion of Pax7*

satellite cells.

It has been a matter of debate whether satellite cells are true “stem cells” (23). A rather stringent
criterion for stemness is that a stem cell must maintain the long-term capability to make at least
one differentiated cell type and to self renew (24). Nevertheless, there are several lines of
evidence proving satellite cells to be stem cells. For example, engraftment of a single myofiber
along with its few associated satellite cells into radiation-ablated TA muscle of mdx mice gave
rise to generation of more than a hundred myofibers and a pool of new satellite cells, all
originated from the engraft (25). In another study, a single transplanted Pax7" satellite cell could
significantly contribute to generation of new fibers after repeated rounds of NTX-induced injury,
and donor-derived cells were observed in the satellite cell niche and could be re-isolated based on
Pax7 expression (26). The most striking evidence for stemness of satellite cells is provided by a
more recent study (27). A pool of satellite cells isolated from Pax7-nGFP mice were transplanted
to injured muscle, and GFP* satellite cells were isolated three weeks later from the regenerating
muscle and transplanted again. The injury-isolation-transplantation circle was repeated for six
times successfully. Altogether, participation of satellite cells in skeletal muscle regeneration can

be elucidated briefly as in Fig. 1.2.
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(A)

Differentiation Myoblast
@* Proliferation
— S Self—rew
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(B) (©)
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Figure 1.2. Satellite cells in skeletal muscle regeneration. A) Injury or exercise activates the
muscle-resident satellite cells. They proliferate and generate committed myoblasts or self-renew.
Myoblasts fuse together to make new myofibers (B) or fuse into partially damages fibers (C). Figure
adapted from (28).

1.2.3 Myogenic regulatory factors involved in skeletal muscle regeneration

The regeneration process includes activation of satellite cells, their proliferation and
differentiating to committed myoblasts, which finally fuse to make or repair myofibers. The
entire procedure is elaborately regulated by various transcription factors, Pax7 and the four
myogenic regulatory factors (MRFs): MyoD, Myf5, Myogenin, and MRF4. Accordingly, muscle
regeneration can be split into several steps (4). All quiescent satellite cells express Pax7 (29-32),
and most of them (~90%) express Myf5 as well (33). Muscle injury leads to releasing of several
factors which activate the satellite cells, their movement toward the site of injury, and re-entering
the cell cycle. Some cells do not express Myf5, and go back to quiescence to replenish the stem
cell pool (4). Proliferating Myf5" myoblasts, however, still express Pax7 as well as MyoD. At the
end of proliferation phase Myf5 expression increases and Pax7 is downregulated as the myoblasts
approach the differentiation. MyoD upregulates myogenin and MRF4, which are required for
functional development of muscle by inducing the expression of structural proteins of the muscle
contractile machinery (16). At this step, expression of Pax7 and Myf5 is inhibited while the cells,
now called myocytes, are positive for MyoD, myogenin, and MRF4. Progression of satellite cells

toward myotubes is indicated in Fig. 1.3.
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Figure 1.3. Myogenic regulatory factors regulate maintenance, proliferation, and differentiation
of satellite cells. Adapted from (4).

1.2.4 Activation of satellite cells

Muscle injury, induced by either toxin injection or exercise, triggers the activation of satellite
cells via both intrinsic and extrinsic signals. For instance, expression of Calcitonin receptor
(CTR) is downregulated quickly when the satellite cells are activated. Via CAMP signaling CTR
inhibits activation of satellite cells, and muscle regeneration was shown to be dramatically
compromised when CTR was inhibited (7, 32, 34). Muscle injury induces metabolization of
sphingomyelin, which is in the inner side of only quiescent satellite cell plasma membranes, to
Sphingosine-1-phosphate (S1P). S1P promotes the proliferation of satellite cells ex vivo, and
enhances muscle regeneration (35, 36). Moreover, inhibition of S1P biogenesis from
sphingomyelin disturbs muscle regeneration (37). There is evidence that S1P acts in both

autocrine and paracrine modes by binding its receptors, S1PRs, on satellite cells (38, 39).

Activation signals can originate also from the myofiber niche, e.g. necrotic and degenerating
myofibers. Compromising the integrity of sarcolemma or basal lamina leads to increased
extracellular calcium levels (40). This activates the calpain enzymes, a group of calcium-
activated cysteine proteinases (41-43), which initiate the disintegration of the myofibers by
proteolysis of structural proteins, such as actin, myosin, titin, and components of Z-disk (44). In
addition to providing a protective niche, basal lamina has a critical role in transmitting the
activation signals to satellite cells. Growth factors bound to proteoglycans in ECM are released
upon degeneration of myofibers and remodeling of ECM (45-47). Growth factors are also
released by proliferating myoblasts, acting in an autocrine or paracrine fashion. Infiltrating cells
such as neutrophils, macrophages, T-cells, and platelets are another source of growth factors. Part

of the newly synthesized growth factors will be deposited in ECM again, ready to be releases in
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case of an injury. The best characterized growth factors controlling satellite cell proliferation are
IGF-1, IGF-2, FGF-2, EGF, PDGF-BB, HGF/SF, SDF-1, and LIF (8, 44, 48-54). However,
HGF/SF is the only one which besides acting as a growth factor is able to force the satellite cells
exit the quiescent state and enter the cell cycle, making it indispensable for efficient skeletal

muscle regeneration (55, 56).

The first step in search for growth factors in muscle which can activate the satellite cells was an
experiment by Bischoff in 1986 (55). He reported that crushed muscle extract, by factors he could
not identify, is able to specifically activate the satellite cells attached to isolated myofibers from
rat. A similar experiment on murine satellite cells was performed in 1993 (57). Five years later,
HGF/SF was identified by Tatsumi and colleagues as the underlying growth factor (56). They
observed increased cell proliferation in rat TA muscle injected with HGF/SF, while neutralizing
HGF/SF by antibody injection decreased cell proliferation. The same effect of HGF inhibition
was observed on rat myoblasts cultured ex vivo (58). Interestingly, HGF/SF expression in injured
muscle is proportional to the extent of injury and the number of satellite cells (59). Myofiber
damage leads to release of nitric oxide synthase from basal lamina. Production of NO activates
MMPs, which release the HGF entrapped in local HSPGs (34, 60-62). HGF acts by binding to c-
Met receptor, expressed in quiescent satellite cells. The signal is transduced by
autophosphorylation of tyrosine kinase residues of c-Met intracellular domains (63, 64).
Subsequently, ERK1 and ERK2 become activated by phosphorylation and translocate into the
nucleus and induce transcription of Cyclin D1, which is required for progression through G1

phase of cell cycle (65).

1.2.5 Asymmetric division and self-renewal of satellite cells

A hallmark of satellite cells, as of other stem cells, is their ability to self-renew. This can be done
in two modes of cell division: asymmetric, and symmetric. Asymmetric cell division gives rise to
two different daughter cells, one keeps the stem cell characteristics and the other is committed
toward differentiation. In contrast, in symmetric cell division two similar daughter stem cells are
generated. Either of the fashions will maintain the pool of stem cells. Neuronal stem cells and
mammalian spermatogonial stem cells are well-studied examples for self-renewal by asymmetric

and symmetric divisions, respectively (66-68).
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Pax7*/Myf5 satellite stem cells are shown to be able to divide in both symmetric and asymmetric
modes (33). The major decisive factor seems to be the orientation of mitotic spindle relative to
the myofiber. Asymmetric divisions predominantly happen in basal-apical divisions, i.e. when the
mitotic spindle is perpendicular to the length of the flanking myofiber. The division generates a
satellite “stem” cell (Pax7*/Myf5°), adjacent to the basal lamina, and a satellite “myogenic” cell
(Pax7*/Myf5"), touching the sarcolemma. In contrary, in most of the symmetric (planar) divisions
the mitotic spindle is parallel to the myofiber, and both daughter cells will consequently be in
touch with both basal lamina and myofiber membrane. Both Pax7*/Myf5 and Pax7/Myf5*

satellite cells can undergo symmetric division (66) (Fig. 1.4).
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Figure 1.4. Asymmetric and symmetric division of satellite cells. The type of division is mainly
dictated by the orientation of mitotic spindle. Adapted from (4).

While both asymmetric and symmetric divisions are possible for satellite stem cells under
physiological conditions, the former is preferred during acute injuries or chronic muscle diseases
(69). For instance, the percentage of Myf5™ satellite cells increases from ~10% in normal muscle

to ~30% three weeks after injury (33).

The critical role of Notch signaling in asymmetric division and self-renewal of satellite cells was
shown by Kuang and colleagues (33). Despite Myf5™ cells, Myf5" cells express high levels of
Notch ligand Delta-1 and also Notch3. On freshly isolated myofibers, blocking of Notch

signaling in proliferating satellite cells by treating with DAPT reduced the total cell number in
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culture after three days. This is while the relative frequency of Pax7*/MyoD" satellite cells was
increased significantly (33). Consistently, the Notch antagonist Numb was observed to be
localized asymmetrically in proliferating satellite cells, segregating together with desmin and M-

cadherin towards the myogenic daughter cell (70).

On the other hand, non-canonical Wnt planar cell polarity (PCP) pathway regulates the
symmetric division of satellite cells (71). Frizzled7, the receptor for Wnt7a, is highly expressed in
Myf5™ cells, and Wnt7a is upregulated during regeneration. Binding of Wnt7a to Frizzled7
activates the Rac/JNK and Rho/ROCK pathways through the cytoplasmic phosphoprotein
Disheveled (72). When isolated myofibers and their associated satellite cells were treated with
recombinant Wnt7a in the culture media, the rate of symmetric cell divisions increased more than
two folds. In contrary, knocking down Vangl2, a core component of PCP pathway, significantly
increased the rate apical-basal cell divisions (71). The Wnt7a/Frizzled7-mediated symmetric cell
division is enhanced by binding of fibronectin, an ECM protein, to Frizzled7. This exemplifies
the important role of physical interaction with the microenvironment in supporting self-renewal

of satellite cells (4, 33).

Self-renewal of the satellite cells also relies on their ability to exit the cell cycle and return to
quiescent state. BrdU™ quiescent satellite cells were detected after muscle regeneration in the
presence of BrdU (73). Transcriptome analysis on quiescent and proliferating satellite cells has
indicated a general decrease in mRNA and miRNA amount, which can be attributed to the
observed increase in the activity of RNAseL enzyme, when satellite cells shift to quiescence (4,
74). ERK1/2 pathway plays an important role in regulating the return to quiescence. Tie-2
receptor is expressed preferentially by quiescent satellite cells is targeted by Angiopoietin-1
secreted from smooth muscle cells and fibroblasts in the micro-environment during regeneration.
This interaction was shown to decrease both proliferation and differentiation of myogenic
precursor cells, promote cell cycle exit and the expression of quiescence markers such as Pax7
and M-cadherin (75). Furthermore, the homeodomain transcription factor Six1 in proliferating
satellite cells has been shown to directly control the transcription of Dusp6, which inhibits

phosphorylation of MAPK (76).
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1.2.6 Contribution of FAPs in skeletal muscle regeneration

A new population of progenitor cells resident in skeletal muscle was characterized independently
by two groups in 2010 (77, 78). Joe and colleagues isolated CD45 CD31 a7-integrin'Scal CD34"
cells by FACS from digested preparation of mouse muscle, and termed these cells as FAPs
(fibro/adipogenic progenitros) (77). Using slightly different cell surface markers, Uezumi and
colleagues isolated the same population based on CD45CD31'SM/C2.6 PDGFRa" selection
strategy, and named them mesenchymal progenitors (78). FAPs were indicated to undergo
spontaneous differentiation to adipocytes and fibroblasts in culture, characterized by expression
of perilipin/peroxisome and a-SMA, respectively. In vivo experiments by both groups showed
that FAPs differentiate to adipocytes when transplanted to skeletal muscle injected with glycerol.
Fibrogenic potential of FAPs in vivo was documented later on by transplantation into CTX-
injected y-irradiated skeletal muscle (79). FAPs are located predominantly close to the blood
vessels associated with myofibers, as revealed by immunohistochemistry (77-81). However,

being negative for neuroglial 2 proteoglycan distinguishes them from pericytes (81).

Interestingly, similar to satellite cells, FAPs are activated and proliferate massively after muscle
injury (77, 78). Nevertheless, cell tracking experiments show that these cells do not contribute to
the myonuclei pool (77). This was corroborated by in vitro experiments, showing that FAPs never
give rise to myotubes expressing myosin heavy chain, in any of the culturing conditions tested
(77, 78). However, they are reported to secrete pro-differentiation factors to facilitate myotubes
formation, as suggested by co-culture experiment results (77). They can also boost myogenesis
by releasing IGF-1 and increasing removal of degeneration debris by phagocytes (77, 82).
Reciprocally, cell fate of the FAPs seems to be mainly determined by non-cell autonomous
mechanisms; FAPs in CTX-injected muscle do not differentiate to adipocytes, while they show
prominent adipogenic capability when muscle damage is induced by glycerol injection.
Remarkably, FAPs isolated from both injury models showed the same cellular characteristics
(78). Co-culturing isolated GFP* FAPs with myogenic progenitors dramatically inhibited their
adipogenic potential (78).

Altogether, the current model for the function of FAPs during regeneration suggests mutual
regulatory mechanisms between proliferating myoblasts and FAPs (83). While FAPs provide
necessary signals for differentiation of myoblasts, the fate of FAPs is dependent mainly on the
efficiency of regeneration. Efficient regeneration leads to ablation of FAPs and their return to the

original number before injury, while a failed regeneration promotes differentiation of FAPs to
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adipocytes (78, 83) (Fig. 1.5). Increased population of FAPs and fatty degeneration due to their
aberrant differentiation to fibroblasts and adipoocytes is reported in several chronic muscular

pathologies, including Duchene muscular dystrophy (84).
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Figure 1.5. Function of FAPs during muscle regeneration. Muscle injury activates both MPs and
FAPs (b); FAPs enhance the regeneration process by releasing trophic factors (c), and undergo
apoptosis after successful regeneration (d). FAPs differentiate when regeneration fails (e).Adapted

from (83).
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1.2.7 Myosin heavy chain isoforms in skeletal muscle development

The contractile force in skeletal muscle is generated by ATPase activity of a class of muscle-
specific myosin molecules, known as Myosin Il or conventional myosins. They exhibit a
hexameric protein structure, composed of two myosin heavy chains (MHCs), two essential
myosin light chains (MLCs), and two regulatory MLCs (85, 86). Importantly, there are several
MHC isoforms encoded by different genes, which show a high degree of regulation within
different muscle types and also during development (87-90). Indeed, myofibers are categorized
based on their expression pattern of MHCs; myofibers expressing MHC 1, encoded by Myh7
gene, are slow-twitch or type-1 fibers. Fast-twitch myofibers are divided to type lla, Ilb, and I1x,
as they express MHCs encoded by Myh2 (lla), Myh4 (llb), or Myhl (lIx) genes (91).
Accordingly, MHC composition explains the contractile, metabolic, and morphological
heterogeneity among different muscles. This is mainly due to difference in ATPase activity

among MHC isoforms (92).

Apart from the above-mentioned MHCs expressed in adult mammalian skeletal muscles, in 1981
two so-called “developmental MHCs” were found to be expressed in developing rat skeletal
muscle, preceding the expression of adult fast MHCs (93). They were referred to as embryonic
and perinatal/neonatal MHCs (eMHC and neo-MHC, respectively), and their corresponding
genes were reported as Myh3 and Myh7 (94, 95). In situ hybridization on mouse embryo detected
eMHC and neo-MHC transcripts as early as E9.5 and E10.5, respectively (96). Based on the
presence of E-boxes responsive to Myf5 and MyoD in proximal promoters of eMHC and neo-
MHC, it is suggested that the expression of developmental myosins is controlled by these

transcription factors (97, 98).

During the early postnatal development, in most skeletal muscles the adult myosins are
upregulated in parallel with quick downregulation of the developmental myosins. For instance, in
a comprehensive study on postnatal changes in different types of mouse skeletal muscles, it was
observed that while in new-born mice eMHC and neo-MHC constituted about 30% and 65% of
MHC protein content respectively, at three weeks of age no eMHC was detected and neo-MHC
was undetectable as well or was present at strongly reduced levels (99). While all the examined
muscles showed the same pattern of transition from developmental to adult MHC, the timing is

greatly varied between different muscles, in both mRNA and protein levels (99, 100).
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Mechanisms responsible for controlling the switch from developmental to adult MHCs are not
very well understood; however, it is known that hormonal and neural factors can modulate this
process (101). Thyroid hormone signaling is known to be essential for this transition, as
hyperthyroidism propels the expression of adult fast MHCs, and the switch is delayed or
incomplete in the absence of the thyroid hormone (102-104). Thyroid hormone-regulated
transcription of an antisense RNA from Myh8-Myh4 intergenic region is recently indicated to
mediate repression of neo-MHC expression (105). While the expression of fast adult MHCs
seems to be independent of the nerve activity, slow MHC expression and replacement of eMHC

is absolutely dependent on the stimulation by neural activity (103, 106, 107).

1.2.8 Developmental myosins in regenerating muscle

Skeletal muscle regeneration resembles the myogenesis during development in many aspects,
such as the expression of developmental myosins (100, 108). At 2-3 days after injury, eMHC and
neo-MHC start to express, and for about two weeks stay detectable by immunostaining of tissue
sections (101). This renders the developmental myosins a useful marker for skeletal muscle
regeneration in both animal models and human myopathies (109, 110). For instance, application

of eMHC as a diagnostic marker is suggested for rhabdomyosarcoma (111, 112).

Neuronal regulation of developmental-to-adult MHC transition applies also to the muscle
regeneration. Again, switch to fast adult MHCs is nerve-independent, while switch to type I
MHCs depends not only on the nerve activity, but also on the pattern of the signals, as they need
to resemble those of the slow-twitch motor neurons (113-116). In a study on regeneration of rat
soleus muscle, which is consisted mainly of slow-twitch myofibers, it was observed that
denervation prevents the expression of type I MHCs, leading to accumulation of fast MHCs

replacing developmental myosins (117).

1.2.9 Function of developmental myosins

Decades after their identification, the role of developmental myosin heavy chains is still not
completely understood (101). From a structural point of view, there is no support for the
hypothesis that developmental myosins facilitate the correct assembly of the myofibrils, though
class Il non-muscle myosins are known to contribute to this process (118). It should also be noted

that generation of myofibrils in cardiac muscle, which are almost identical to those in skeletal

13



Chapter 1 Introduction

muscle, happens without eMHC being expressed (119). Another hypothesis could be that
developmental myosins have properties which make them more suitable for the prenatal period. It
is known that the ATPase activity of neo-MHC is higher than eMHC and lower than any of the
adult MHCs (120). This means that developmental myosins enable contractions with the lowest
energy expenditure (101). Concordant with this idea, it is speculated that mechanical stimuli
derived from slight muscle contractions are required for proper development of fetal joints,
tendons, and bones, but the contraction must not be too strong (101). Considering the fact that
extraocular muscles need to generate much lower contractile force compared to other striated
muscles, this can also help explain why they keep on expressing the developmental myosins

(122).

1.2.10 Hereditary myopathies associated with Myh3 mutations

Mutations in the Myh3 gene, encoding eMHC, are associated with three forms of distal
arthrogryposis (DA): DAL, Freeman-Sheldon syndrome (FSS, or DA2A), and Sheldon-Hall
syndrome (SHS, or DA2B) (122-124). DA syndromes are characterized by contractures of the
distal regions of the hands and feet (125). Facial involvement and scoliosis are also observed in
types 2A and 2B (126). Myh3 mutations account for almost all cases of FSS and about one third
of SHS cases (124). SHS can also be caused by mutations in Tnni2 (encoding fast troponin 1), or

Tnnt3 (encoding fast troponin T) genes, with no difference in the phenotype (124).

FSS is the most severe form of DA, and is easily characterized by striking contractures of the
orofacial muscles (127). Typical symptoms are prominent nasolabial folds, ‘H-shaped’ dimpling
of the chin, down-slanting palpebral fissures. Pinched lips and a very small mouth are also
prevalent, making FSS known also as “whistling face syndrome” (124, 128). Analysis of the
detected mutations indicated that virtually all of them compromise the catalytic activity of
eMHC, which supports the idea that the congenital contractures are caused by defects in myofiber
contractile activity during prenatal development; however, the mechanisms underlying the
phenotypes caused by Myh3 mutations are not clear yet (124). It is worth mentioning that
mutations in Myh3 do not cause weakness, progressive contractures or noticeable histological

abnormalities of skeletal muscle (123, 124).
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1.3 Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is an X-linked recessive disease affecting about 1 in 3,500
boys, making it the most common sex-linked lethal disease and the most frequent and severe type

of muscular dystrophy in humans (129, 130).

1.3.1 Clinical considerations

DMD patients show no sign of the disease at birth, though the level of muscle-isoform Creatine
kinase (CKM) is elevated in their serum. Affected boys achieve motor milestones later than
normal; only 44% of them are able to walk before the age of 18 months (131). The first clinical
manifestations appear between 3 and 5 years of age, often by excessive clumsiness, abnormal
gait, difficulty in walking and running, and inability to jump (132). Progressive muscle weakness
and joint contractures makes the virtually all patients wheelchair-dependent by the age of 12
(133). Finally, most of the clinical mortality is reported in the third decade of life, due to
involvement of diaphragm and cardiac failure. In addition, one third of the patients suffer various

degrees of cognitive inefficiency (129, 130).

1.3.2 Genetics of DMD

According to Haldane’s hypothesis for a X-linked recessive disorder, the mutation rate equals
1/3(1)(1+f), where | denoted the disease incidence and f is the reproductive fitness. Since DMD is
a lethal disorder, f = 0, and mutation rate is predicted to be one third of disease incidence; in other
word, one third of the DMD cases are due to new mutations and not inherited. This has been
shown to be close to reality according to direct mutation detection methods (134-136). The
mutation rate for dystrophin gene is about 10 genes per generation, which makes it one of the
highest rates of mutation reported. This can be attributed to the huge size of the DMD locus

(131).

DMD gene allocates to itself the third largest locus in human genome, spanning 2.22Mbps on
Xp21 band of X chromosome (137). The protein coding sequence is composed of 79 exons,
which in conjugation with the 7 promoters and alternative splicing are transcribed to three full-
length isoforms- M (in Muscle), B (in Brain), and P (in Cerebral Purkinje neurons)- and four

truncated isoforms (Dp 260, Dp 140, Dp 116, and Dp 71). The muscle (M) isoforms encodes a
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427-kDa protein, hence nameed Dp 427 (138). About two-third of the cases of DMD are due to
deletion of part of coding sequence, and about 5% are caused by duplications (139). The rest of
mutations are point mutations which lead to a truncated protein, e.g. nonsense mutations and
small insertion/deletions which cause a frame shift. Mutations in the exon-intron boundaries or
even in the introns can also cause DMD by affecting the splicing of the nascent mRNA (140,
141). Finally, inversions and rearrangements in the DMD locus are also reported, though they
seem to be rare (142, 143).

1.3.3 Structure and function of dystrophin

Dystrophin protein folds into four major structural domains (Fig. 1.6). The N-terminal contains
an actin-binding domain, encoded by exons 1-8 and composed of a pair of calponin homology
(CH) modules. The majority of the protein, encoded by exons 9-63, forms 24 triple helical
spectrin-like repeats interrupted by four hinge or spacer domains. This part of the molecules gives
it a long rod-like flexible shape (144, 145). The third domain, encoded by exons 64-67, is a
custeine-rich domain composed of two EF hand-like modules. The C-terminal domain is encoded
by exons 68-79 and is responsible for binding to the dystrophin-associated protein complex
(DAPC) in the sarcolemma and making a functional dystrophin-glycoprotein complex (131, 144,
146).

Hinge Regions Hinge Regions

N-Terminal Domain C-Terminal Domain

Actin Binding Domain and Spectrin Repeat Rod Domain Cysteine-Rich Domain

Figure 1.6. Structure of full-length dystrophin (Dp 427). Adapted from (147).

Dystrophin-glycoprotein complex (DGC) is a complex of several membrane-associated proteins
which help maintain the sarcolemma integrity. In myofibers this complex is composed of
dystrophin, the six sarcoglycans (a, B, d, €, v, (), two dystroglycans (o and ), sarcospan,
syntrophins (a1, B1, B2), dystrobrevins (o and ), caveolin-3, and nNOS (148, 149). Dystrophin
binds to cytoplasmic actin and the 3 subunit of sarcoglycan, via its N- and C- terminal domains,

respectively. On the extracellular side, o subunit of sarcoglycan connects the transmembrane 3

16



Chapter 1 Introduction

subunit to the laminin-2 in basal lamina (146, 150, 151) (Fig. 1.7). Moreover, a-dystroglycan also
binds the chondroitin sulfate proteoglycan biglycan to the two heparane sulfate proteoglycans
present in the basement membrane, agrin and perlecan (149, 152-155). Therefore, DGC is
considered to have a critical function by protecting the sarcolemma against contraction-induced
shear force and rupture, by linking the ECM to the myofiber cytoskeleton (156, 157). Consistent
with this supposition, loss or malfunctioning of components of this complex leads to a range of

muscular dystrophies, as the loss of dystrophin causes DMD (149).
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Figure 1.7. Components of the dystrophin-glycoprotein complex in skeletal muscle. DTNA:
dystrobrevin; SSPN: sarcospan. Adapted from (158).

1.3.4 Mechanisms of pathogenesis in DMD

Two scientific breakthroughs on Duchenne muscular dystrophy were achieved in 1987: cloning
of the DMD gene (159) and characterization of the encoded protein, dystrophin (160). Despite the
anticipation that the disease would be soon conquered, there is no effective therapy for DMD
available yet (161). Although the disease is certainly initiated by the lack of functional
dystrophin, the pathology is most likely driven by several pathways, adding to the complexity of
the disease (131).
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Skeletal muscle biopsies from DMD patients are characterized by clusters of necrotic fibers,
surrounded by macrophages and CD4" lymphocytes, with small immature myofibers (161-163).
Thus, the symptoms of DMD are thought to arise from an imbalance between myofiber necrosis
and regeneration (164). Dystrophin is a key component of DGC, the main function of which is to
stabilize the myofiber plasma membrane during eccentric contractions. This has been the basis of
the exercise-induced damage hypothesis (165, 166). Complete loss of DAPC has been shown as a
consequence of dystrophin deficiency, and this is thought to cause membrane fragility (167, 168).
Indeed, there is ample evidence for permeability of myofiber membrane in DMD. For instance,
sarcoplasmic accumulation of albumin and immunoglobulins, along with absorption of Evans

Blue and Procion orange dyes into the immersed muscles, have been reported (165, 169-172).

The mechanical hypothesis together with the loss of calcium homeostasis are the currently the
main consensus hypotheses on the pathophysiology of DMD (161). The crucial role of calcium
ion homeostasis in proper muscle function is well established (173). Remarkably, intracellular
calcium accumulation and hypercontracted fibers are observed in muscle biopsies from DMD
patients (161, 174-176). Increased flow of calcium, which is most likely via mechanosensitive
voltage-independent channels, is also observed through membrane deficient in dystrophin (177-
181). Therefore, it can be inferred that in a dystrophic muscle with permeabilized membrane the
cytosolic calcium concentration in myofibers will be higher than normal; this will inhibit
mitochondrial activity, cause myofiber hypoercontraction, and activate the cytosolic proteases,
especially calpains, which in turn causes more membrane disintegration. Extremely high calcium
level will finally cause cell death (138, 182-184). Consistently, normal control of calcium
homeostasis is lost in mdx mice, and inhibition of calpains in mdx mouse muscle via

overexpression of calpastatin is shown to reduce necrosis (161, 185-188).

1.3.5 The murine model for DMD: mdx mice

The mdx mice were first noticed during a screening concerning biochemical abnormalities in red
blood cells (189). High levels of serum creatine kinase (CK) accompanied by extensive necrosis
in myofibers were observed in some animals in an inbred C57BL/10 colony, and the phenotype
was inherited in an X-linked manner. After identification of DMD locus in human, it turned out
that the mdx mice are actually a naturally-occurring genetic homologue for this disease (190,
191). The molecular basis was revealed to be a point mutation making a premature stop codon in

exon 23 of the dystrophin gene (192).
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The mdx mouse has been the most extensively-used animal model to better understand the
pathophysiological mechanisms of DMD and to test different therapeutic approaches (147).
Histological analysis of mdx muscle shows well-defined pathological stages as in humans. The
first disease manifestations appear as necrotic/apoptotic myofibers along with inflammation in
muscle tissue at about 3 weeks of age (189). This provokes regeneration of the muscle, which is
in its highest rate during the age of 6-12 weeks (109, 193-195). Within this time interval more
than 50% of the myofibers have centrally-located nuclei, indicative of being regenerative fibers.
This ratio approaches 100% at about 3 months of age (196). The regeneration in this phase is
quite successful, and a balanced state is gradually reached, making it difficult to distinguish the
mdx muscle from that of wild-type mice when the mice are older than 6 months (197).
Nevertheless, the pathological process goes on during the whole life of the mice, even though in a
low rate. The regeneration capacity is finally compromised due to decline in satellite cell number
and proliferation capacity, and necrosis becomes prominent from 20 months of age on (198, 199).
Similar to human DMD phenotype, accumulation of collagen is observed in the muscles of old
madx mice, they show progressive weakness muscle deterioration as they age, and have a 50%

reduction in lifespan (198, 200, 201).

Although the mdx mice and DMD patients have the same genetic defect, a notably milder
phenotype is observed in the mdx mice. There are at least two factors considered to contribute to

such a difference, helping the mice better overcome the disease.

The first factor is functional compensation of dystrophin by utrophin. Despite dystrophin,
utrophin is expressed in a wide range of tissues. It shows 85% similarity in amino acid sequence
within N- and C-terminal regions with dystrophin (202, 203). They share their binding partners to
some extent, as utrophin binds to cytoplasmic F-actin and dystroglycans in DAPC via its N- and
C- terminal domains, respectively (138, 204). In human fetus utrophin is detected all over the
sarcolemma, but upon appearance of dystrophin it becomes confined to neuromuscular junctions
(NMJs) and myotendinous junctions (205-207). Remarkably elevated levels of utrophin are
detected in muscles of mdx mice, and it is observed that utrophin becomes spread along the
sarcolemma. Though a similar phenomenon is observed in DMD patients, it occurs at a lower
extent (208, 209). Consistent with this hypothesis, it is found that mice lacking both dystrophin
and utrophin show a much severe pathology compared to mdx mice, and die between 4-14 weeks

of age (210).
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Another possibility is the much higher proliferative ability of satellite cells in mice compared to
human. While human satellite cells are exhausted relatively early, mice satellite cells can keep on
proliferating and generating new fibers efficiently (211). This ability is believed to be, at least in
part, due to the much-longer telomeres in murine cells compared to human satellite cells.
Consistent with this idea, shortening the telomeres in muscle cells by knocking out the telomerase
RNA component Terc (mTR) in mdx mice resulted in more severe muscular dystrophy phenotype
and a decline in regenerative capacity, which could be ameliorated by transplanting wild-type
satellite cells (212).

1.4 microRNAs and their role in skeletal muscle

1.4.1 Biology of microRNAs

microRNAs (miRNAs) are a class of small endogenous RNAs, 18-24 nucleotides in length,
which regulate gene expression post-transcriptionally by binding to complementary sequences in
their target MRNAs (213). MiRNAs are found in the genome of green algae, plants, animals, and
some DNA viruses (214, 215). MiRNAs regulate many cellular pathways, including but not
limited to proliferation, apoptosis, and differentiation (213, 216-219). Aberrant regulation of
miRNAs is associated with many diseases, such as neurodegeneration and cancer (219-224). It is
shown that more than 60% of human protein-coding genes have conserved binding sites for
miRNAs (225), and to date there are more than 1,900 and 2,500 miRNAs identified in mouse and

human genomes, respectively (miRBase release 21).

The first miRNA was discovered in 1993 during a study on lin-4 gene. It was known that this
gene regulates the timing of C. elegans development, but when isolated it was revealed that it
does not encode a protein, rather two small RNAs, ~ 22 and 61 nucleotides in length (226).
Sequence analysis showed that the lin-4 small RNAs have complementarity to parts in the 3’ UTR
of lin-14 gene which were known to mediate its repression by lin-4 (226, 227). Although a
repression mechanism via binding of a small RNA to 3' UTR of a protein-coding gene was
defined, it was considered as a special case in C. elegans, until let-7, another 21-nt regulatory
RNA, was discovered in the same species in 2000 (228, 229). Let-7 or its homologs were shortly
identified in 13 species, including human (230). Hence, the term microRNA was coined to refer
to similar short RNAs, and a number-based nomenclature is used to name the miRNAs as they

are discovered (231-235).
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1.4.2 Biogenesis of microRNAs

miRNAs are located all over the genome. Their loci in the genome is used to categorize them as
intergenic, intronic, or exonic (236, 237). Intergenic mMiRNAs are those which are transcribed as a
separate transcription unit, independent from their flanking genes. In other words, the locus has
its own regulatory elements and promoter, and the miRNA is the only transcription product of
that locus (237, 238). The locus may also code several miRNAs which give rise to a poly-
cistronic transcript. Intronic miRNAs are located in an intron of a gene, which might be protein-
coding (such as miR-25 in MCM?7) or a long noncoding RNA (such as miR-15a in DLEU2) (239,
240). Therefore, these microRNAs share the same promoter with their host gene, and they are
certainly transcribed by RNA pol. Il and need to be processed by the spliceosomal machinery
(241). It is worth mentioning that if the miRNA is coded on the opposite strand relative to the
host gene it cannot be categorized as an intronic miRNA, since its transcription is not driven by
the host gene promoter and they are not released from the nascent transcript of the gene (242,
243). Mirtrons are a sub-category of intronic miRNAs which are directly generated from a short
intron independent of the microprocessor (239, 244-246). Exonic microRNAs are relatively rare,
and can be located on an exon in a protein-coding gene, such as miR-985 in CACNGS gene, or a

gene coding for a long noncoding RNA, such as miR-155 in BIC gene (Fig. 1.8) (239, 247).
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There are several lines of evidence that most of the miRNAs are transcribed by RNA pol. Il (249,

250). For example, miRNA primary transcripts (pri-miRNAs) can be longer than 1kb, and they

often have consecutive uridine residues, both of which make RNA pol. 111-mediated transcription

unlikely. In addition, differential expression pattern of many miRNAs suggests their transcription

by RNA pol. Il. Finally, fusion of an ORF downstream of a miRNA has led to protein expression,

which necessitates transcription by RNA pol. Il (234, 251, 252). However, RNA pol. IlI-

mediated transcription of miRNAs interspersed with Alu repeats in human genome is reported

(253). In either case, the pri-miRNA needs to undergo the maturation process to release the

mature miRNA (Fig. 1.9).
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Nuclear processing and export

The first step of miRNA maturation is nuclear processing of the pri-miRNA transcript, which can
be up to several kilobases long, is performed by the RNase |1l protein Drosha and its co-factor
protein DGCR8 (known as Pasha in D. melanogaster and C. elegans) in the Microprocessor
complex (254, 255). The miRNAs in the pri-miRNA transcript fold into stem-loop secondary
structures about 70 nucleotides in length, flanked by the rest of transcript which stays single-
stranded. This structure is recognized and bound by DGCRS, which interacts via its C-terminal
with Drosha and guides it to make cleavages at about 11 nucleotides inside the stem part (256-
259). This will release the ~65-nucleotide pre-miRNA hairpin, containing the miRNA
imperfectly base-matched in a short stem having a 2-nucleotide 3’ overhang (256, 260, 261).
Knocking out DGCRS8 in embryonic stem cells leads to a global loss of miRNA in these cells,

indicating the essential role of DGCR8 in miRNA biogenesis (262).

Several lines of evidence suggest a model in which processing of pri-miRNA transcript is
performed co-transcriptionally (263-265). In the case of intronic miIRNAs, it is hypothesized that
cleaving the pri-miRNA by Drosha happens after the transcript is bound to the early spliceosome
complex and before cutting out the introns, in a highly-coordinated manner (239). Drosha
processing of intronic pri-miRNAs does not interfere with splicing, but in case of exonic
miRNAs it destabilizes the transcript causing a reduction in protein synthesis (263, 266). In fact,
Drosha is shown to downregulate its co-factor by cleavage of an exonic hairpin in DGCR8

transcript, and this mechanism might not be limited to DGCR8 only (239, 266).

Mirtrons are found in C. elegans (244), mammals (246, 267), avians (268) and Drosophila (245),
and they are processed in the nucleus in a so-called “non-canonical” pathway. After splicing of
the flanking exons, the lariat-shaped intermediate is debranched and a hairpin resembling the pre-
miRNA is generated, bypassing the microprocessor via exploiting the spliceosome. However, the
debranched intron may have single-strand extension at 3’ or 5’ side of the stem-loop, which will

be trimmed by exonucleases in the nucleus (269) (Fig. 1.9C).

Finally, all the pre-miRNAs are exported to the cytoplasm in an energy-dependent manner by
exportin 5 (EXP5), which belongs to the nuclear transport receptor family (270-273). EXP5
distinguishes the structural pattern composed of a dsSRNA stem (longer than 14 bps) ending with
a short (1-8-nt) 3’ overhang. The pre-miRNA is released in the cytoplasm following hydrolysis of
GTP by Ran-GTPase bound to EXP5 (271, 274-276).
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Cytoplasmic processing by Dicer

The second step of processing happens in the cytoplasm. Endonuclease Dicer makes cleavages at
both sides of the loop region in pre-miRNA, producing a duplex RNA about 21 nucleotides in
length (277-280). Binding of Dicer to pre-miRNA is facilitated by TRBP (281, 282). The exact
sequence of the two ~21-nt RNA molecules is determined by the nucleotide locations where
Drosha and Dicer cleavages are made. However, sequence analysis of the mature miRNAs
indicates that this position can change 1-2 nucleotides, leading to mature miRNAs with different
5" and/or 3’ ends, called isomiRs (283, 284). Change in isomiR frequency preference leads to
differential target repression and altered biological activity of the miRNA, especially if the
change is in the 5’ end. IsomiR preference can depend on the cell type, and aberrant changes in
isomiR frequencies are observed in some diseases (285-287). However, the related molecular
mechanisms are not well understood (238). Additional untemplated nucleotides, often uracil and
adenine, are sometimes observed at the 3’ end of mature miRNA, but the responsible terminal

uridyl/adenyl transferases are not known (239).

RISC loading and target regulation

The miRNA duplex generated by Dicer is loaded into Ago protein in RISC (288, 289). Of this
duplex one strand, which will be the mature miRNA, is retained in the Ago and the other strand,
called the passenger strand or miRNA”, is degraded. There are four Ago proteins in human (288,
289). The duplexes which do not have mismatches in the middle are rather loaded on Ago2, and
the passenger strand is degraded by slicer activity of Ago2, which is the only Ago with this
ability. However, most of duplexes do have mismatches, and the unwinding and degradation of
the passenger strand is performed by some helicases instead (290-294). The mechanism of strand
selection is not very well understood; it is indicated that the strand with less thermodynamic
stability in its 5" end is more likely to be selected as mature miRNA (295, 296). The stringency of
this selection depends on the miRNA, and it is indicated that for virtually all miRNAs the
passenger strand is also loaded into Ago, albeit with low frequencies (297). In addition, the strand
preference in some miRNAs changes between cell types or may depend on the biological state
(285).
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MiRNAs exert their regulatory function by incorporating in the Ago and guiding the miRISC to
bind the target mRNAs in 3’ UTR based on sequence complementarity to the mature miRNA.
The nucleotides in the positions 2-7 from 5’ end of miRNA, called the *“seed” region, are
indicated to have a critical role in target specificity (298, 299). In general, miRNAS repress their
target genes by destabilizing and degrading the mRNA or by inhibiting the translation process
(300-304). The target mMRNA will be cleaved by endonuclease activity of Ago2 if in addition to
seed, nucleotides in positions 9-11 are also fully complementary to the bound mRNA (305, 306).
This is very rare in animals, however, and in most cases where this central complementarity is
lacking, translation is repressed by joining of Ago to a complex including GW182 in cytoplasmic
P bodies (238). This is followed by facilitating target mMRNA degradation when CCR4-NOT
deadenylase complex joins the miRISC and removes the poly(A) tail (238, 307-309). In animal
cells, miRNAs may inhibit protein biosynthesis directly at initiation step (310-313), or inhibit
ribosome assembly (314), post-initiation steps (315), or elongation and termination (316, 317).
However, it is indicated that mammalian miRNAs exert their inhibitory effect mainly via
destabilizing the target mMRNA (318).
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1.4.3 miRNAs in muscle development and function

Characterization of several Dicer-deficient mouse strains has revealed the enormous significance
of miRNAs as regulators of gene expression during cell differentiation and tissue development. In
the first study, it was observed that knocking out Dicer globally in mice results in lethality early
in development, before configuring the body plan during gastrulation (319). Several tissue-
specific Dicer knockout strains have been generated thereafter, and importance of miRNAs for
proper tissue development has been documented for vertebrate lung, skin, limb, cardiac and
skeletal muscle (320-326). Notably, knocking out Dicer using Cre-lox system in mice, Cre
recombinase being expressed under control of MyoD promoter, caused major defects in skeletal
muscle development during embryogenesis, such as muscle hypoplasia, dramatically reduced
muscle mass, and irregularly-shaped myofibers, leading to perinatal death (325).

While the above-mentioned studies provide solid proofs for essentiality of miRNA pathways in
skeletal muscle, they are unable to specify the underlying miRNAs. Although many miRNAs are
expressed ubiquitously, tissue-specific miRNAs have been identified since the beginning of
miRNA discovery (327). The first report on striated-muscle specific miRNAs, by Sempere and
colleagues, introduced miR-1, miR-133a, and miR-206, subsequently named myomiRs (328,
329). Later studies have added miR-208, miR-208b, miR-499, and miR-486 to the myomiR
family (330-333). Most myomiRs are expressed in both cardiac and skeletal muscle, though miR-

208a and miR-206 are expressed only in cardiac and skeletal muscles, respectively (332, 334).

The miR-1/miR-206 and miR-133a/miR-133b are the most studied myomiRs, and they are
closely related in their function and expression (335). As indicated in Figure 1.10, they are
located in three distinct genomic loci, transcribed into three bicistronic transcripts, and processed
to the four mature miRNAs (336). Being under control of SRF, MyoD, and Mef2 transcription
factors, they have a major role in regulating myogenesis in both myoblast proliferation and
differentiation phases (234, 337-340). They are also regulated at pri-miRNA processing level via
KSRP, which is a RNA-binding protein present in the microprocessor complex (341, 342). One
week after a functional overload transcript levels of pri-miRNAs and mature miRNAs were up-
and down-regulated about two folds, respectively, for miR-1 and miR-133 (343). Consistent with
their critical regulatory role, all the three miRNAs are upregulated during muscle regeneration;
however, miR-1 and miR-206 levels decline immediately after muscle injury, which is ascribed
to their inhibitory role on proliferation of satellite cells (344-347). These two miRNAs have
identical seed sequences and belong to the same miRNA family, hence have the same or similar

target mMRNAs (348).
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Figure 1.10. Genomic organization of myomiRs and their sequence. Adapted from (348).

Both miR-1 and miR-206 are upregulated during differentiation of myoblasts and promote it.
miR-1 targets HDAC4, which is a repressor of muscle differentiation. This upregulates Mef2, and
consequently induces the transcription of genes involved in myogenesis program (349). Mef2
also upregulates miR-1, making a feedback-positive loop between miR-1 and Mef2 (340, 349).
YY1 transcription factor, an epigenetic repressor of myogenesis, is also targeted by miR-1 (350).
Downregulation of Pax7 is critical for the initiation of differentiation in proliferating myoblasts,
and it is indicated that miR-1 and miR-206 play a major role in repressing Pax7 by targeting

binding sites in its 3' UTR (347).

MiR-206 is indicated to facilitates the terminal differentiation of myoblasts in part by targeting
gap-junction protein Cx43 to decrease he electrical coupling between myofibers through gap
junctions (351). Translation of the p180 subunit of DNA polymerase-a (polA1l) is also repressed
by miR-206, which inhibits DNA synthesis and consequently cell proliferation (348, 352).
Furthermore, being induced by MyoD, miR-206 acts as the mediator of MyoD-dependent
repression of Fstll and utrophin genes in myoblasts (338). Despite the absence of an overt
skeletal muscle phenotype in miR-206 knockout mice, they indicate a remarkably delayed
regenerative response to cardiotoxin-induced muscle injury (334, 353). When crossed to mdx

mice, it was observed that lack of miR-206 aggravates the dystrophic phenotype (353).
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In contrast to miR-1 and miR-206, miR-133 inhibits the differentiation of myoblasts and
promotes their proliferation. This is done, at least in part, via inhibition of SRF, which is a critical
transcription factor controlling myoblast differentiation (349, 354). MiR-133 also modulates the
differential splicing of transcripts during skeletal muscle development by repressing the splicing
factor nPTB (355). While transcribed together in a bicistronic transcript and upregulated during
myoblast differentiation, miR-1 and miR-133 oppose each other on their regulatory effect on
skeletal muscle development. This is suggestive of an intricate balance between proliferation and

differentiation in myoblasts maintained by these myomiRs (348).

The miR-208 family, including miR-208a, miR-208b, and miR-499 are all intronic miRNAs.
MiR-208a is located in and co-transcribed with the Myh6 gene, encoding a-myosin heavy chain,
and expressed in cardiac muscle only (332). MiR-208b and miR-499 are processed from introns
in Myh7 (B-myosin heavy chain) and Myh7b (myosin heavy chain 7b) genes, respectively, and
are co-expressed with their host genes as well. Functioning in a redundant manner due to
identical seeds, these two miRNAs control the fiber type switch in skeletal muscle by targeting
Sox6, Sp3, Purf, and HP-1p (356). Mice lacking both miR-208b and miR-499 have remarkably
less abundance of type | fibers in soleus muscle, while overexpression of miR-499 in soleus leads

to switching fast myofibers to type | slow myofibers (356, 357).
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Chapter 2- Results

2.1 miR-501-3p is upregulated in activated satellite cells and regenerating

skeletal muscle

In order to identify the microRNAs upregulated during activation of myogenic progenitors in
skeletal muscle, muscle injury and regeneration was induced by intramuscular injection of CTX
into TA muscles of C57BL/6 mice. A gating strategy based on expression of Scal and a.7-integrin
surface proteins was used to distinguish between MPs and FAPs (Fig. 2.1A). Activation and
proliferation of both myogenic and fibro/adipogenic progenitors was confirmed by EdU
incorporation assay, comparing non-injected muscle with regenerating muscle three days after
injury (Fig. 2.1B). RNA isolated from activated MPs and FAPs, sorted from TA muscle three
days after CTX injection, was subjected to small RNA deep sequencing after checking for RNA
integrity (Fig. 2.1C).

Based on the results of RNA sequencing, we selected the top five miRNAs meeting the criteria of
high expression levels in MPs (>10* RPM) and differential enrichment in MPs compared with
FAPs (Fig. 2.1D, E). The expression level of each miRNA was then measured by qRT-PCR in
sorted MPs and FAPs, in both activated and quiescent states (Fig. 2.2A). We observed that
among all the miRNAs, only miR-501-3p is significantly upregulated in MPs upon their
activation. Consistent with this, we also observed the upregulation of this miRNA in the whole
regenerating muscle. This is while miR-501 level is not regulated in FAPs, and its expression
level is always less than in MPs or whole muscle, either in normal or regenerating conditions.
This suggests a specific role for miR-501 in myogenic lineage, and highlights MPs as the major

source of miR-501 in skeletal muscle.

Time course analysis of miR-501 expression during regeneration indicates a steady upregulation
up to six days after injury (Fig. 2.2B). This is the time period in which the satellite cells are
activated, proliferate, and start differentiating into committed myoblasts and nascent myofibers
(358). This is while miR-206 upregulation starts with emergence of new fibers, and miR-1 levels
are recovered later, since miR-1 is expressed only in mature myofibers. Comparison of miR-501

to two other well-known myomiRs introduces it as an early maker of muscle regeneration.
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Expression of miR-501 in different tissues, including normal and regenerating skeletal muscle,
was measured by gRT-PCR (Fig. 2.2C). Results showed relatively low expression levels in all the
tissues, with prominently high expression in regenerating skeletal muscle. This was corroborated
also by northern blot analysis; while being expressed in regenerating skeletal muscle, cultured
myoblasts and myotubes, miR-501 was virtually undetectable in normal muscle, brain and kidney
(Fig. 2.2D). Altogether, the results confirm the specific expression of miR-501 in myoblasts and

newly-built myofibers.

2.2 The host gene of miR-501, Clcnb5, is upregulated in regenerating skeletal

muscle and highly expressed in primary myoblasts

Looking up miR-501 in a genome browser reveals that this miRNA, in both mouse and human, is
located in an intron of the chloride channel 5 gene (Clcn5) in a cluster with other miRNAs. A
schematic representation of the locus is shown in Fig. 2.3A, B. In mouse, according to data from
NCBI RefSeq, an alternative splicing upstream of exon 5 leads to generation of two splice
variants. Splice variant 1 (NM_016691) encodes a 746-amino acid protein, while splice variant 2
(NM_001243762) includes exons 1, 2, and 3 as well in its 5’ end, hence encoding a protein with
70 additional amino acids in its N-terminal. Interestingly, the intron harboring the miRNA cluster
is located between exons 2 and 3, which are present only in isoform 2 of Clcn5. Organization of
the locus in human is very similar, with an additional exon present in the 5" UTR of isoform 1.
Alignment of mouse and human miR-501-3p sequences indicate a high degree of conservation,

including the seed region (Fig. 2.3C).

Since clustering of miRNAs can lead to similar expression patterns, we checked expression levels
of other miRNAs in our RNA deep sequencing data, described in section 2.1, to examine this
possibility. As indicated in Fig. 2.3D, we observed that other miRNAs in the cluster are several
orders of magnitude less expressed than miR-501-3p, making it the only miRNA expressed
higher than an assumed threshold for functionality (10* RPM). Therefore, we conclude that
posttranscriptional mechanisms, such as miRNA maturation, play a major role in regulating the

expression of miR-501.

There are several reports about intronic miRNAs co-expressed with their host gene. To check this
for miR-501, we measured the expression level of Clcn5 during a 9-day time course after CTX
injection. We observed that Clcn5 is upregulated by more than 8 folds on day 3, and then declines

gradually (Fig. 2.4A). This pattern shows a positive correlation with miR-501 expression during
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the same conditions (Fig. 2.2B). Since miR-501 is located in a region involved only in the
maturation of splice variant 2, we decided to measure each isoform separately. Using specific
primers indicated in Fig. 2.3A, we observed a much stronger upregulation of isoform 2 compared
to isoform 1 (Fig. 2.4A). Besides showing a strong preference specifically towards isoform 2, this

indicates that upregulation of isoform 2 contributes, at least partly, to upregulation of miR-501.

Clcn5 is known for its specific expression and function in kidney, and literature on the function
of this gene is solely on isoform 1 (359). On the other hand, the closer resemblance (i.e. extent of
upregulation) of whole Clcn5 (dashed line) to isoform 2 rather than isoform 1 in Fig. 2.4A
suggests that isoform 2 contributes more to the Clcn5 transcripts compared to isoform 1.
Therefore, we measured the expression level of Clcn5 and its isoforms across different tissues,
and also included cultured myoblasts and myotubes (Fig. 2.4B). We observed that though Clcnb
is most expressed in kidney compared to other tissues, the expression is even higher in myoblasts.
Comparing the expression of individual isoforms in the same panel showed that while isoform 1
is very highly expressed in kidney, myoblasts express isoform 2 in much higher levels relative to
kidney (Fig. 2.4C, D). Using two particular DNA standards in gqRT-PCR we could measure
relative copy number of isoforms, as explained with details in section 3.7.3. Each of the DNA
standards consisted of its cognate isoform-specific sequence followed by a sequence common
between both isoforms. We observed that while less than 20% of Clcn5 transcripts in kidney
belong to isoform 2, it constitutes the great majority of transcripts in TA muscle and myoblasts
(Fig. 2.4E).

High expression of Clcn5 with a strong preference towards isoform 2 in myoblasts raises the
question of whether myogenic progenitors show the same pattern in vivo. We sorted MPs and
FAPs from normal TA muscles as well as CTX-injected TA muscles three days after injury.
Measurement of Clcn5 expression in the sorted cells revealed that MPs express Clcn5 in higher
levels compared to FAPSs, either in quiescent or activated state (Fig. 2.5A). This is similar to the
expression pattern of miR-501, though we do not see significant upregulation of Clcn5 in
activated MPs. Interestingly, we again observed much higher expression of isoform 2 compared
to isoform 1 in either condition, resembling the myoblasts cultured ex vivo (Fig. 2.5B). Isoform 1
was relatively very lowly expressed, and it was not detectable in quiescent MPs. Purity of the
cDNA samples from sorted cells was confirmed by detection of Pax7 and Pdgfra exclusively in
MPs and FAPs, respectively. As expected, Pax7 is downregulated and Pdgfro is upregulated by
activation of the progenitors (Fig. 2.5C,D). Altogether, the results indicate relatively high
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expression of Clcn5 in myoblasts and myogenic progenitors, with a tightly regulated mechanism
of alternative splicing for isoform 2. In addition, regulation of miR-501 in activated MPs seems

to be mainly at posttranscriptional level.

2.3 Inhibition of miR-501 in primary myoblasts has no effect on

proliferation, apoptosis, or differentiation

miR-501 is upregulated in the early phase of skeletal muscle regeneration, characterized by
extensive proliferation of myogenic progenitors to produce enough myoblasts required for
repairing the damaged muscle. Therefore, we postulated that miR-501 could regulate the
proliferation of myoblasts, and examined this by inhibiting miR-501 in primary myoblasts

cultured ex vivo.

Due to unavailability of a validated target for miR-501, we checked the efficiency of transfection
using a miR-501 sensor plasmid, made by cloning two 22-nt consecutive miR-501 binding sites
with perfect complementarity in 3" UTR of Firefly luciferase in pmirGLO. We observed
increased and decreased firefly luciferase activity after transfection with miR-501 antagomir and
mimic, respectively (Fig. 2.6A). This confirms the functionality of the miRNA, efficiency of

transfection, and responsiveness of the sensor to miR-501 levels.

However, in EdU incorporation assay and flow cytometry analysis, we did not observe any
change in proliferation rate of myoblasts, two or three days after inhibition of miR-501 (Fig.
2.6B). Next, we checked the rate of apoptosis in primary myoblasts after inhibition of miR-501.
Flow cytometry of the cells after staining with Annexin V and PI did not show any difference in

frequency of apoptotic cells (Fig. 2.6C).

Finally, we checked if miR-501 is involved in regulating the differentiation of myoblasts to
myotubes. Differentiation of myoblasts for two days after inhibition of miR-501 was not altered,

as measured by western blot analysis for embryonic myosin heavy chain (Fig. 2.6D).

2.4 Inhibition of miR-501 in regenerating skeletal muscle does not change

the proliferation rate of progenitors

We next investigated if miR-501 regulates proliferation of myogenic or fibro/adipogenic
progenitors in vivo. TA muscles were injected with CTX and antagomirs, and proliferation of

MPs and FAPs was measured based on EdU incorporation and flow cytometry analysis. We
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observed that inhibition of miR-501 does not influence proliferation of the progenitors, as

measured 4 days after injury (Fig. 2.7).

2.5 Inhibition of miR-501 in regenerating skeletal muscle downregulates

embryonic and adult myosin heavy chain isoforms

Next, we investigated if miR-501 plays a role in regulating the differentiation process in vivo,
during which myoblasts stop proliferating, fuse together and make new myofibers. Antagomirs
were injected to regenerating TA muscle as described in Fig. 2.8A. miR-501 levels were
efficiently reduced by antagomir injection, as measured by gRT-PCR on the harvested muscles in
all time points (Fig. 2.8B). Western blot analysis for eMHC on day 6, as the first type of myosin
heavy chain expressed in new fibers, revealed a dramatic decrease in the muscles when miR-501
was inhibited (Fig. 2.8C). Interestingly, we noticed a remarkable and specific decrease in dye
intensity in the associated protein band after running the muscle protein lysates on PAGE and

staining with Coomassie Blue (Fig. 2.8D).

As the muscle regeneration process proceeds, the embryonic isoform of myosin heavy chain is
replaced by adult isoforms. Therefore, we checked if reduced levels of eMHC are reflected also
in the expression level of adult isoforms. Western blot analysis of regenerating muscles on days 9
showed significantly lower abundance of adult MHC when miR-501 was inhibited (Fig. 2.8E).
We also observed a similar trend on a later time point (day 15), though it was not significantly

different when compared to the control antagomir (Fig. 2.8F).

Finally, using gRT-PCR we measured the gene expression levels of two differentiation markers,
myoglobin and myostatin, along with eMHC in the regenerating muscles on day 4 and 6 after
injury. In the muscles injected with antagomir-501, we observed a significant downregulation of
eMHC in transcript level on day 4 (Fig. 2.8G). However, this decrease cannot fully explain the
absence of eMHC protein on day 6. On the other hand, we observe an upregulation of myoglobin
and myostatin, which suggests that downregulation of eMHC is not due to a general inhibition of
differentiation. Therefore, we conclude that post-transcriptional or post-translational mechanisms
play a major role in regulating eMHC protein biosynthesis and turnover. The decrease in myosin
heavy chain levels was not associated with altered muscle mass as measured 15 days after CTX

injection (Fig. 2.8H).
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2.6 Inhibition of miR-501 in regenerating skeletal muscle leads to smaller

regenerating myofibers

A potential reason for the reduced levels of eMHC as observed by western blot analysis could be
the reduced size or number of eMHC" fibers. In addition, the diameter of newly generated
myofibers is used as an indicator for the efficiency of muscle regeneration. Thus, we measured
fiber diameters in regenerating skeletal muscle, injected with either antagomir-501 or control
antagomir, by immunofluorescence staining of muscle transverse sections. As indicated in Fig.
2.9, inhibition of miR-501 leads to a significant shift in myofiber size distribution towards an
increase in relative frequency of small-sized fibers. This indicates that inhibition of miR-501
impairs the development of nascent myofibers and hence the regeneration of skeletal muscle.
However, the magnitude of the observed difference is rather mild and cannot fully explain the
western blot analysis results (Fig. 2.8C). The fact that also in the antagomir-501-treated muscle
samples regenerating areas stained positive for eMHC indicates a remarkably higher sensitivity of

immunofluorescence compared to western blotting.

35



Chapter 2 Results

2.7 ldentification of miR-501 target genes by miRNA inhibition and

transcriptome analysis

In order to find the relevant targets of miR-501, we performed quantitative analysis of the
transcriptome in myoblasts with and without inhibition of miR-501. mRNA sequencing was
performed on RNA isolated from myoblasts transfected with either control antagomir or
antagomir-501. Mapping of sequence reads to the latest mouse genome showed a very good
coverage of the transcripts, in a way that in average for 70% of transcripts at least 70% of the
sequence was detected (Fig 2.10A). This was accompanied by a high degree of certainty in
alignment, as at least for 90% of the reads only one hit was returned (Fig 2.10B). After
differential gene expression analysis, visualization of the fold-changes against fdr values in a
volcano plot shows a symmetric distribution of genes by fold change over a wide range of fdr
values (Fig 2.10C). Importantly, derepression of the putative target genes, as predicted by
Targetscan, correlated with the binding site efficacy quantified by context+ scores (Fig 2.10D).
Context+ scores are calculated by considering the contribution of several known targeting
features in order to rank the predicted targets of a miRNA; lower scores indicate higher degree of
certainty in prediction of a miRNA target site (360). Altogether, these data confirm the high
quality of the RNA-seq high throughput data, functionality of miR-501 in regulating target genes,

and efficiency of miRNA inhibition by antagomir transfection.

Next, we aligned the list of all detected transcripts separately with the list of predicted miR-501
targets in mouse and human, generated by TargetScan v6.2. Among the overlapping genes, those
which were significantly upregulated (p <0.05) and are highly conserved miR-501 targets among
mammals were considered for further analysis (Fig. 2.11A). Expression level of the selected
genes in the same RNA samples used for RNA-seq was measured by qRT-PCR, and we observed
a high degree of consistency between these two methods (Fig. 2.11B, C). We repeated the
antagomir transfection on independent primary myoblast cultures, and also performed
transfection with miRNA mimics in order to check the regulation of these genes when miR-501 is
overexpressed. For a gene to be considered as a putative target, it is expected to be up- and down-
regulated by inhibition and overexpression of the miRNA, respectively. Analyzing the qRT-PCR
results showed that 6 of the tested genes met these criteria (Fig. 2.11D).

In order to validate the miRNA target genes, it is essential to show that the regulation of gene
expression is mediated by direct interaction between the miRNA and its binding site in the 3’

UTR of the target transcript. To this end, we cloned parts of the 3'UTR of the selected genes
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including the predicted miR-501 binding site in pmirGLO dual-luciferase miRNA target
expression vector downstream of Firefly luciferase protein coding sequence. For genes containing
several predicted miR-501 binding sites, parts flanking each site were cloned separately.
Measuring the luciferase activity in transfected HEK293 cells indicated that all the examined

genes have at least one responsive miR-501 binding site (Fig. 2.11E).

2.8 Overexpression in primary myoblasts identifies gigaxonin as potential

mediator of miR-501 action in vivo

To identify the target genes underlying the miR-501 role in regulating eMHC turnover, we cloned
the protein coding sequence of the above-mentioned validated targets in pcDNA3.1 expression
vector. Before cloning, we inserted in the multiple cloning site of the vector a Kozak consensus
sequence followed by a short open reading frame encoding a FLAG epitope. This was to increase
the protein expression and to facilitate the detection of the proteins. A control expression
construct was made by cloning eGFP (from pEGFP-N3) into the same modified pcDNA vector.
Primary myoblast cultures were transfected with the expression constructs, and overexpression
was confirmed at the mRNA level by several orders of magnitude (Fig. 2.12A). However, we
could not detect the expressed proteins, including eGFP, by western blotting using a commercial
anti-FLAG antibody. This is while we observed strong fluorescence signal when the same cells
were transfected with pcDNA-eGFP (Fig. 2.12B). Nevertheless, we could detect all the proteins,
except Sertad2, expressed in HEK293 cells transfected with the same constructs (Fig. 2.12C). As
observed, different proteins show different expression levels. In case of Sertad2, we speculate
that the expression level has been lower than detection limit by anti-FLAG antibody, which is
also the most likely explanation for not detecting the overexpression of proteins in the primary

myoblasts.

Next, for each overexpression construct we checked eMHC protein levels in transfected primary
myoblasts by western blotting two days after induction of differentiation. Repeating the
experiment several times revealed that gigaxonin, encoded by Gan gene, is the only protein that
could reproducibly reduce eMHC protein levels when overexpressed in primary myoblasts (Fig.
2.12D). This mimics the effect of miR-501 inhibition in regenerating muscle, and could explain
the function of miR-501 in vivo. Finally, using an antibody specific for gigaxonin we could

detect its overexpression in the transfected myoblasts by western blotting (Fig. 2.12D).
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2.9 miR-501 as a potential biomarker for Duchene muscular dystrophy

In our screening to identify miRNAs upregulated during activation of skeletal muscle satellite
cells, we used cardiotoxin-induced acute injury to trigger the regeneration process. However,
there are a range of chronic muscular dystrophies, in which the skeletal muscle is undergoing
recurring rounds of degeneration and regeneration. This continuously keeps the satellite cells
activated and proliferating. Therefore, we hypothesized that miR-501 is upregulated in such a

milieu as well.

The most widely used animal model for muscular dystrophy is the mdx mouse. We first compared
the expression level of miR-501 in skeletal muscle from mdx mice with age-matched wild-type
C57BL/6 mice. Interestingly, we observed that miR-501 expression is more than 5 times higher
in TA muscles from mdx mice (Fig. 2.13A). This was accompanied by higher miR-206 levels as

well, as previously reported (361).

It has been shown that in addition to serum creatine kinase (CK), the level of circulating muscle-
specific miRNAs is significantly increased in both mdx mice and DMD patients compared to
wild-type animals and healthy individuals, respectively (361, 362). Hence, we checked if this is
also the case for miR-501. Indeed, comparison of miR-501 levels in sera from age-matched mdx
and C57BL/6 mice showed significantly higher abundance of this miRNA in mdx sera (Fig.
2.13B). We also detected remarkably higher CK activity in the sera from mdx mice, as expected
(Fig. 2.13C).

It is known that the disease severity changes with age in mdx mice; the disease onset is in about
three weeks of age, and muscle regeneration is most prominent between sixth and twelfth weeks
of life, reaching its maximum at eighth week. Afterwards, the rate of both degeneration and
regeneration decreases and a stabilized condition is reached (363). We measured levels of miR-
501 and three other myomiRs (miR-1, miR-133, miR-206) along with creatine kinase activity in
the sera from mdx mice at different ages between 3 and 42 weeks. We observed that miR-501
levels correlate with disease severity as well as other markers, e.g. creatine kinase and myomiRs
(Fig. 2.14). This highlights the potential of serum miR-501 as a non-invasive biomarker for

muscular dystrophy.
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Figure 2.1. miR-501-3p is upregulated in activated satellite cells. TA muscles were injected
with CTX and analyzed three days later. A) MPs and FAPs were identified based on their distinct
expression pattern of Scal and a7-integrin. B) Mice were injected i.p. with 10ug EdU per gram body
weight 12 hours before harvesting. Proliferation was measured by EdU incorporation assay. C)
Quality control of RNA samples isolated from the sorted progenitors using Agilent Pico RNA chips
on a 2100 Bioanalyzer. D) Results of small RNA deep sequencing, comparing activated MPs and
FAPs. N=2, each sample was from a pool of cells sorted from 7-9 mice for MPs and 2 mice for FAPs.
E) Relative abundance of the five miRNAs selected based on high absolute expression level and
enrichment in activated MPs (acMP) compared with activated FAPs (acFAP). RPM: Reads per

million.
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Figure 2.2. miR-501-3p is upregulated in regenerating skeletal muscle.

A) Expression of the selected miRNAs in MPs and FAPs sorted from normal (SM) or CTX-injected
(SM+CTX) TA muscle, measured by gRT-pCR. Data were normalized to sno234. miR-1 was
measured as an adult-muscle-specific miRNA. N=4-6.

B) Expression of miR-501, miR-206, and miR-1 up to 9 days after CTX injection in TA muscle,
measured as in A. N=3 for each time point. C) Expression of miR-501 in different mouse tissues
compared with CTX-injected TA muscle, measured as in A. N=5 for TA-CTX, n=3 for the rest.

D) Confirming the expression of miR-501 in CTX-injected TA, primary myoblasts, and myotubes by
northern botting. Ethidium bromide staining of tRNA is shown as loading control. Data in A, B, and
C are normalized to 18S rRNA and presented as the mean + SEM relative to normal TA muscle. *,
p<0.05, **, p<0.01, ***, p<0.001, student’s t-test. SM: Skeletal muscle; CTX: cardiotoxin.

40



Chapter 2 Results

A

AUG F, F, AUG

=) Elglil-l_---m_

N E

/ 103-kb intron

miR-532 miR-188 miR-362 miR-501 miR-500

0.<3_ﬁ) 5.9kb (}?ﬁ) '5.6 kg

|:| Exons present only in Isoform 1

|:] Exons present only in Isoform 2

[ Common exons

B AUG AUG

N s gl-l-l_---_
|:| Exons present only in Isoform 1
/ \ [[] Exons present only in Isoform 2
117-kb intron

. Common exons

miR532 miR-188 miR-500a miR-362 miR-501  miR-500b
<> <> <> <> >
0.3kb 4.8kb 0.4kb 0.7 kb 0.9kb
D
60,000
= B MP
o 1 FAP
8 40,000
&
C 3
c
=)
‘8 20,000
mmu-miR-501-3p 5'-AAUGCACCCGGGCAAGGAUUUG-3' <Z(
TERREERRREEn il x
hsa-miR-501-3p 5'-AAUGCACCCGGGCAAGGAUUCU-3" IS 0

R R R R (R aR (R aR R R
fb"'% fb'”nJ Q;Q’% <§’rb é‘fo’ 6‘/%0%0“)00‘9 00%
PR EELLLE
Q.
TSR

Figure 2.3. miR-501-3p resides in an intron in Clcn5 gene.

A, B) Schematic representation of mouse (A) and human (B) miR-501 locus and its host gene, Clcnb.
The intron located between two isoform 2-specific exons harbors a cluster of miRNAs. Binding sites
for isoform-specific (F1, F2, R1,2) and common primers (Fc, Rc) used for mouse transcripts are
indicated. C) Alignment of mouse and human miR-501-3p sequences. The seed region is highlighted.
D) Relative expression of the miRNAs clustered in intron 2 of Clen5 in MPs and FAPs sorted from
CTX-injected TA muscle, as in Fig. 1. Data are shown as the mean + SEM. RPM: reads per million.
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Figure 2.4. Clcn5 is upregulated in regenerating skeletal muscle and highly expressed in

primary myoblasts.

A) Expression of Clcn5 isoforms in regenerating TA muscle as measured by qRT-PCR using isoform-
specific primers, as depicted in Fig. 3A. F, and F, forward primers were used to specifically measure
isoforms 1 and 2, respectively, and R, , was used as reverse primer for both. Dashed line corresponds
to the whole Clcn5 transcripts, measured by using Fc and Rc primers. N=3. B-D) Expression of Clcn5
and its isoforms in different mouse tissues was measured by qRT-PCR. N=3. E) Clcn5 isoforms are
expressed in different proportions in different tissues. Plotted is the fraction of Clcn5 transcripts
encoding isoform 2. All gene expression data are normalized to 18S rRNA and presented as the mean

+ SEM.
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Figure 2.5. Expression of Clcn5 in two populations of progenitors in skeletal muscle.

Cell were sorted by FACS from normal or CTX-injected TA muscle (day 3), and the expression of
Clen5 (A) and its isoforms (B) was measured by qRT-PCR using isoform-specific primers. Relative
expression of isoforms was calculated as in Fig. 4E. Expression of Pax7 (C) and Pdgfra (D) as
specific markers in the same cDNA panel. N=3-4, each sample was comprised of cells sorted from 3-
4 mice. gPCR data in all panels are normalized to 18S rRNA. Data are presented as the mean = SEM.
*, p<0.05, **, p<0.01, ***, p<0.001, student’s t-test.
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Figure 2.6. Analysis of proliferation, apoptosis, and differentiation of primary

myoblasts after inhibition of miR-501.

A) Successful transfection of primary myoblasts as confirmed by co-transfecting a miR-501 sensor.
Luciferase activity was measured 2 days after transfection. N=6 cultures. B) Primary myoblasts were
transfected with antagomir-501 (ant501) or control antagomir (antCtr), and proliferation rate was
measured by flow cytometry 2 and 3 days later. Cells grown in reduced FBS concentration were used
as control. lug/ml EdU was added to the growth media 16 hours before harvesting. N=3 cultures.
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C) Primary myoblasts were transfected as in B. Cells were trypsinized and stained with Annexin V-
Alexa 647 and Pl 2 and 3 days after transfection, and analyzed by flow cytometry. Cells grown in
reduced FBS concentration were used as control. Left panel shows the gating strategy. Cells in gate
Q3 are considered apoptotic. N=2 cell lines. D) Western blot analysis on myotubes after transfection
with antagomirs. Primary myoblasts were transfected as in B, and transferred to differentiation media
24 hours later. Cells were harvested after 2 days of differentiation. Desmin and GAPDH served as
loading control. The bar graph indicates quantification of eMHC protein expression by densitometry
normalized to GAPDH or Desmin. In all bar graphs data are presented as the mean + SEM. **,
p<0.01, ***, p<0.001, student’s t-test.
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Figure 2.7. Analysis of proliferation of MPs and FAPs in regenerating skeletal muscle
after inhibition of miR-501. Mouse TA muscles were injected with CTX and control antagomir
(antCtr) or antagomir-501 (ant501). Antagomir injection was repeated on day 3, and muscles were
harvested on day 4. Mice were injected i.p. with 10ug EdU per gram body weight 12 hours before
analysis. Proliferation rate in MPs and FAPs was measured by flow cytometry based on EdU
incorporation. Data are presented as the mean + SEM, n=7 mice per group.

45



Chapter 2

Results

A B
miR-501
> o & 159
Fe & & 3
g&g &
g ¢ 7.
§ &6é& & E
5<
b o
§ & F§ E
0.0-
4 6 9 15
Days after CTX injection
C
Day 6 PBS antCtr ant501
EVIHC | - _—
Desmin W
E
Day 9 antCtr ant501
Adult MHC| S 00 0 e e = = .-
GAPDH | | —
=
Day 15 antCtr ant501

Adult MHC (D G = W = — -
Desmin| —— ____.‘
GAPDH [ ]

G

antCtr
-= ant501

P

Relative expression level
(A.U)

*k
14
G T T T T T T
4 6 4 6 4 6
eMHC Myoglobin Myostatin

Days after CTX injection

46

PBS

antCtr ant501

MW
3 antcyr (kP
Hl ant501 4,40

115—
80 =
65 ==

50 =
40 =

30 =
25 —

1 PBS
3 antCtr
3 ant501
norm.to GAPDH norm. to Desmin
Adult MHC
1.54
= 3 antCtr

AU

1.0 Il ant501
0.54
0.0-

norm.to GAPDH norm. to Desmin

Adult MHC
15
3 antCrr
1.0 Il ant501
=}
<
0.5
0.0
norm. to GAPDH norm. to Desmin
2.0g
3 antCtr
153 BN ants01
2
1.0
IS
0.5
0.0

Da§ 15
TA muscle weight
norm. to body weight



Chapter 2 Results

Figure 2.8. Inhibition of miR-501 in regenerating skeletal muscle downregulates myosin
heavy chain isoforms.

A) As indicated, mouse TA muscles were injected with CTX and control antagomir (antCtr) or
antagomir-501 (ant501). Antagomir injection was repeated after 3 and 6 days, and muscles were
harvested on day 4, 6, 9, and 15. PBS group received PBS instead of antagomir. B) Efficient
downregulation of miR-501 in the muscle as measured by gRT-PCR. Data are normalized to sno234
and shown relative to antCtr group. C) Western blot analysis for eMHC shows a dramatic decrease in
eMHC protein level on day 6 of regeneration. N=4 mice per group, one TA from each mouse.
D) Coomassie Blue staining after resolving muscle lysates on a 4-12% Bis-Tris gel. Samples are as in
panel C. E, F) Western blot analysis for adult MHC on day 9 and 15 after CTX injection. N=3 mice
(6 TA muscles in total) for each time point. Bar graphs in C, E, and F show densitometry
quantification of western blots normalized to GAPDH or Desmin. G) Expression of eMHC and adult
muscle markers myoglobin and myostatin transcripts in TA muscles on day 4 and 6 after CTX
injection as measured by gRT-PCR. Data are normalized to 18S rRNA and shown relative to day 4 in
antCtr group, N=2-3 mice (4-6 TA muscles) per group and time point. Average weight of the two TA
muscles from each mouse was used for plotting. H) TA muscle weight measured 15 days after CTX
injection, as described in A. N=2-3 mice per group. Data are presented as the mean + SEM. *, p
<0.05, **, p <0.01, ***, p <0.001.
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Figure 2.9. Impaired development of regenerated myofibers by miR-501 inhibition.

A) As indicated in Fig. 2.8A, mouse TA muscles were injected with CTX and control antagomir
(antCtr) or antagomir-501 (ant501). Antagomir injection was repeated after 3 days, and muscles were
harvested on day 6. Frozen sections of the muscles were probed with anti-eMHC, anti-Laminin, and
DAPI. Fiber diameter was analyzed based on Laminin immunofluorescence and shown relative to the
total number of fibers. N=7-8 mice per group. Data are presented as the mean £ SEM. **, p <0.01.
Immunofluorescence and fiber diameter measurements were performed by Dr. Edlira Luca.
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Figure 2.10. Quality contro | of RNA-seq data, evidence for regulation of target genes.

RNA from three primary myoblast cultures, harvested 48 hours after transfection with control
antagomir or antagomir-501, was used for mRNA sequencing. A) Frequency of transcripts with
indicated percentage of the length detected in RNA-seq. Only for 30% of transcripts the coverage was
below 70%. B) Alignment of sequencing reads to mouse reference genome. Indicated are the fraction
of reads mapping to different number of loci in the genome. C) Volcano plot for the differential gene
expression results. There is no systematic bias towards down- or up-regulation. D) Cumulative
distribution of fold changes for mMRNAs predicted as miR-501 targets, with different efficacies, or
non-target genes. *, p < 0.05, Kolmogorov-Smirnov test.
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Figure 2.11. Identification and validation of miR-501 target genes in myoblasts.

A) Primary myoblasts were transfected with control antagomir or antagomir-501 in growth media,
and harvested after 48 hours. RNA was extracted and used for cDNA synthesis and RNA-seq after
DNase-treatment (n=3). Venn diagram shows the overlap between predicted target genes for miR-501
in mouse and human, based on TargetScan v6.2. The 11 transcripts which were significantly
upregulated, predicted as miR-501 target in mouse and human, and conserved among mammals were
considered for further analysis. Corresponding FPKM values and statistics are shown on the right
side. B) RNA-seq expression values, reported as FPKM, for the selected genes. Numbers following -
V specify the splice variant as in RefSeq. FPKM values are presented as normalized to antCtr group.
C) Expression of the selected genes as measured by gRT-PCR. cDNA was made from the same RNA
samples used for RNA-seq (n=3 per group). Data are presented as the mean + SEM. D) Regulation of
gene expression in the selected subset of genes after inhibition or overexpression of miR-501 in
primary myoblasts. Cells were transfected with antagomirs or miRNA mimics (control or miR-501)
for 48 hours. Gene expression values for miR-501 mimic (mim501) and antagomir (ant501) were
normalized to values from cells transfected with control mimic or antagomir, respectively, as
indicated by the dashed line. Based on the results, a set of 6 genes was selected for further analysis.
N=11-12 cultures. E) The 3’ UTR of the indicated genes in human were cloned downstream of Firefly
luciferase ORF in pmirGLO vector. A miR-501 sensor construct, explained in section 2-3, was used
as positive control. pmirGLO was used as negative control. Constructs were transfected along with
control mimic (mimCtr) or miR-501 mimic (mim501) to HEK293 cells and luciferase activity was
measured after 48 hours. Firefly luciferase activity was normalized to Renilla luciferase activity. Data
are presented relative to mimCtr as the mean £ SEM, n=6. The experiment was repeated with very
similar results. *, p <0.05, **, p <0.01, ***, p<0.001. All gRT-PCR data are normalized to 18S rRNA.
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Figure 2.12. Overexpression in primary myoblasts identifies gigaxonin as mediator of
miR-501 action in vivo.

A) Confirmation of overexpression by gRT-PCR in primary myoblasts. Cells were transfected with
pPcDNAS3.1 expression vectors encoding for the indicated genes, and transferred to differentiation
media for 2 days 24 hours after transfection. Extracted RNA was treated with DNase and absence of
DNA contamination from the transfected plasmids was confirmed. Gene expression levels were
measured relative to the cells transfected with the empty vector. Data are presented as the mean %
SEM, n=2.

B) Expression of eGFP in primary myoblasts transfected with pcDNA-eGFP detected by fluorescence
microscopy. Nuclei are stained by DAPI (blue). C) Confirmation of overexpression by western blot
analysis. HEK293 cells were transfected with pcDNA3.1 vectors encoding N-terminally FLAG-
tagged proteins. Cells were harvested after 2 days and proteins were detected using anti-FLAG
antibody. All constructs were confirmed by restriction mapping and DNA sequencing.

D) Overexpression of gigaxonin lowers eMHC protein levels in primary myoblasts. Cells were
transfected with pcDNA3.1 expression vector encoding for gigaxonin. Empty vector was used as
negative control. Cells were transfection as in A. Overexpression of gigaxonin was confirmed using a
specific antibody. The bar graph shows densitometry quantification of eMHC protein normalized to
GAPDH or Desmin. Data are presented as the mean £ SEM. *, p < 0.05, ***, p < 0.001, student’s t-
test. N=6 in densitometry, a representative blot with n=3 cultures is shown.
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Figure 2.13. Increased levels of miR-501 in skeletal muscle and sera from mdx mice.
Expression of miR-501 and myomiRs in TA muscles (A) and sera (B) from 12-week-old C57BL/6
and mdx mice as measured by qRT-PCR. Data are normalized to sno234 (A) or to the spiked cel-miR-
39 (B), respectively. N=3 (A) or 5-9 (B) mice. Data are presented as the mean £ SEM. C) Serum
creatine kinase activity in 12-week-old mdx and C57BL/6 mice. Data are presented as the mean +
SEM, n=9. *, p <0.05, **, p <0.01, ***, p <0.001, student’s t-test.
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Figure 2.14. Serum miR-501 levels correlate with disease severity in aging mdx mice.
Creatine kinase activity and expressions of miR-501 and myomirs in sera from mdx mice with
different ages, ranging from 3 weeks to 42 weeks. miRNA expression levels were measured by gRT-
PCR and the values were normalized to the spiked cel-miR-39. Data are presented as the mean *
SEM, n=3-10 mice per time point.
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Chapter 3- Material and methods

3.1 Animals

3.1.1 Animal husbandry

C57BL6/6J and C57BL/10ScSn-Dmd™™ mice were purchased from Harlan and Jackson
Laboratories, respectively. Animals were housed in a pathogen-free animal facility in University
Hospital Zurich on an inverted 12-hour light cycle (dark phase began at 6 AM), fed ad libitum
with chow diet. All animal studies were approved by the ethics committee of the Canton of
Zurich Veterinary Office. Guidelines set by the Swiss Federal Veterinary Office were followed in

all procedures.

3.1.2 Cardiotoxin and antagomir injection

Cardiotoxin from Naja mossambica mossambica (Sigma-Aldrich) was dissolved in PBS to a final
concentration of 10uM and injected into C57BL6/6J mouse Tibialis anterior (TA) muscles using
Iml insulin syringes (50ul per muscle). Antagomirs (Sigma) were dissolved in ddH,O in room
temperature to a concentration of 1ug/ul based on the amount stated by the company. 7.5ug
antagomir was injected mixed with CTX (day 0) or injected alone, diluted in PBS. In either case
the total injection volume was adjusted 50ul per muscle. One hour before injection, 5mg/kg
Carprofen (Rimadyl®) was injected subcutaneously. Mice were anesthetized with 3-5% isoflurane
vaporized in oxygen (inhaled) before CTX injection. For tissue harvesting, mice were sacrificed
by cervical dislocation, TA muscles were dissected, snap-frozen in liquid nitrogen and stored in -
80°C.

3.1.3 Measurement of creatine kinase activity in mouse serum

Mice were euthanized by CO, inhalation, and 600-900ul blood was collected using 25G syringes
from heart ventricles and transferred to 1.5ml eppendorf tubes. Blood samples were incubated at
37°C for 30 min to coagulate. Tubes were centrifuged in 2000g for 8 min. and the supernatant
was again centrifuged at 12000g for 15 min to precipitate the residual cell debris. The
supernatants were transferred to new tubes and stored at -80°C.
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Serum creatine kinase activity was measured using Creatine Kinase Activity Assay Kit (Sigma)
according to the manufacturer’s instructions. Due to high levels of creatine kinase in sera of mdx

mice, 1:10 dilution of sera samples was used to avoid exceeding the assay linear range.

3.2 Isolation of primary myogenic and fibro/adipogenic progenitors by
FACS

Mouse TA muscles were minced in cold PBS on ice. Samples were incubated three times each
with 5ml 0.2% solution of collagenase type Il (Life technologies) in HBSS buffer supplemented
with 1.5% BSA at 37°C in a shaking waterbath. After each round the suspension was vortexed
shortly and centrifuged for 30 seconds at 700g and the supernatant, containing the cells detached
from the tissue, was added to 15ml low-glucose DMEM supplemented with 10% FBS on ice. The
final suspension was passed through a 100-um Cell strainer (BD Biosciences) and centrifuged at
1400g for 5 min. The pellet was dissolved in 2ml erythrocyte lysis buffer (154 mMNH,CI, 10mM
KHCOg3, 0.1mM EDTA) on ice, followed by adding 25ml cold PBS. The suspension was passed
through a 40-um Cell strainer (BD Biosciences) and centrifuged at 1400g for 5 min. Cells were
suspended in 500ul FACS buffer (0.5% BSA in PBS) and incubated with antibodies on a rotating
chamber in 4°C. Cells were washed three times and resuspended in 300-700ul FACS buffer.
Counterstaining with 600 pg/ul 7-AAD was done to exclude dead cells. We used the following
monoclonal antibodies: Alexa Fluor 488 anti-mouse CD45 (clone 30-F11, Biolegend, 1:1000),
Alexa Fluor 488 anti-mouse CD31 (clone 390, Biolegend, 1:1000), APC anti-mouse Scal (clone
D7, Biolegend, 1:1000), and PE anti-mouse o.7-integrin (R&D Systems, 1:100). Compensation
matrix was calculated using antibody-capturing beads (BD CompBead) for all the channels, and
gates were refined based on fluorescent minus one (FMO) control samples. Cells from
hematopoietic or endothelial lineages were gated out using CD45 and CD31 surface markers,
respectively. Among double negative cells, Scal™ a7-integrin cells and Scal o.7-integrin® cells
were sorted to enrich for fibro/ adipogenic and myogenic progenitors, respectively. Sorting was
performed on FACSAria Il (BD Biosciences) equipped with 5 lasers using 85-um nozzle. Cells

were sorted into culture media or Trizol reagent (Invitrogen).
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3.3 Analysis of proliferation of muscle-resident progenitors by flow

cytometry

Mice were injected in TA muscle with CTX and antagomir on day 0 and received antagomir
intramuscularly again on day 3. Twelve hours later, 10ug EdU per gram body weight was
injected i.p. to the animals. Muscles were harvested on day 4, and preparation of muscle cell
suspension was performed as described in the previous section. However, after passing the cells
through the 40-um Cell strainer, cells were centrifuged, dissolved in 2ml 1% BSA in PBS and
subjected to staining for detection of the incorporated EdU using the Click-iT EJU Alexa Fluor
647 Flow Cytometry Assay Kit (Life technologies). Briefly, cells were washed once in 1% BSA
in PBS and the pellet was dissolved in 100ul 1X Click-iT saponin-based permeabilization and
wash buffer. The Click-iT reaction cocktail was prepared according to the manufacturer’s
instructions and added to the cell suspension. Cells were washed once with the permeabilization
and wash buffer. The pellet was taken up in 500ul FACS buffer, and antibody incubation and
flow cytometry analysis proceeded as described previously. A FMO sample for EdU, made by
omitting Alexa Fluor 647 dye from the reaction cocktail, was always included in the analysis.
Flow cytometry was performed on a FACSAria Il (BD Biosciences) equipped with 5 lasers.

FlowJo software (Treestar) was used for making the compensation matrix and data analysis.

3.4 Culture and transfection of primary myoblasts

Collagen-coated plates were prepared by overnight incubation with 0.1mg/ml Collagen | (Life
technologies), dried under UV light and used for cell culture. Cells were cultured in growth
media, consisted of 40% (v/v) low-glucose DMEM, 40% (v/v) HAM’s F-10 medium, 20% fetal
bovine serum, 5ng/ml basic FGF, and 100U/ml Penicillin/Streptomycin (all from Life
technologies). To prevent spontaneous differentiation, at 70% confluency cells were detached by
short (max. 1 min) incubation with Trypsin-EDTA 0.05% (Life technologies), washed with
DMEM and seeded in new cell culture plates. To induce differentiation, myoblasts were
transferred to differentiation media after reaching 80% confluency. Differentiation media
consisted of low-glucose DMEM supplemented with 2% horse serum and 100U/ml Penicillin-
Streptomycin. Lipofectamine RNAiMax was used for transfecting miRNA mimics or antagomirs
to the cells. miRNA mimics and antagomirs were transfected to a final concentration of 38 nM

and 12 nM, respectively. Lipofectamine LTX and Plus Reagent was used for DNA transfection,
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and co-transfection of DNA with miRNA mimics or antagomirs was performed using
Lipofectamine 2000. All reagents were purchased from Invitrogen, and transfection was done

according to manufacturer’s instructions.

3.5 Culture and transfection of HEK 293 cells

HEK 293 cells were cultured in high-glucose DMEM supplemented with 10% fetal bovine serum
and 100U/ml Penicillin/Streptomycin (all from Life technologies). Cells were grown in TPP T75
flasks, and seeded in 24-well or 6-well plates for transfection. Lipofectamine 2000 (Invitrogen)
was used for co-transfection of DNA with miRNA mimics or antagomirs, according to
manufacturer’s instructions. Transfection of DNA was performed using PEI (Polyethylenimine,
Sigma). Briefly, PEI was dissolved in warm ddH,O to a concentration of 1mg/ml and filtered
through a 0.22um filter. Aliquots were stored at 4°C. For one well of a 6-well plate, 2ug of
plasmid DNA was added to 2ml of serum-free culture medium and mixed. 4ul PEI solution was
added to the mixture, briefly vortexed, and incubated in room temperature for 15 min. The
mixture was added to the cells, and was replaced by normal growth media 6-8 hours later. Cells
were harvested after 2 days and protein expression was checked by western blotting. A well
transfected with pEGP-N3 was included to check for transfection efficiency. EGFP fluorescence

was visible 12-16 hours after transfection under a fluorescence microscope.

3.6 Analysis of proliferation and apoptosis in primary myoblasts by flow

cytometry

Proliferation rate of the cultured myoblasts was measured based on incorporation of EdU in
newly synthesized genomic DNA followed by a chemical reaction to detect the EdU by a
fluorescent dye. Briefly, EAU was added to the cells in growth media to a final concentration of
1.25 pg/ml. Cells were harvested 14-18 hours later and staining was performed using Click-iT
EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Life technologies) according to the
manufacturer’s instructions. Flow cytometry was performed on a FACSCanto Il (BD
Biosciences) equipped with three lasers. Flow cytometry data was analyzed using FlowJo

software (Treestar).

Apoptosis rate of primary myoblasts was measured by staining with APC-conjugated Annexin V

in conjunction with propidium iodide (PI) as a viability marker. Cells were trypsinized and
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washed once in PBS without calcium and magnesium salts. The pellet was washed once in 1ml
Annexin V binding buffer (BD Biosciences), and cells were resuspended in 100ul Annexin V
binding buffer. 5ul APC-Annexin V (Biolegend) was added and cells were incubated for 15 min
in room temperature in dark. Afterwards, 100ul Annexin V binding buffer was added followed by
4ul of a 0.1mg/ml solution of PI in Annexin V binding buffer. Cells were incubated for another
15 min at room temperature in dark, washed in 500ul Annexin V binding buffer, and resuspended
in Iml of a 1:1 mixture of Annexin V binding buffer and 2% formaldehyde. Cells were kept on
ice and analyzed by flow cytometry on a FACSCanto Il equipped with three lasers.
Compensation was done using single-stained samples, and FlowJo (Treestar) was used for data

analysis.

3.7 Gene and miRNA expression analysis

3.7.1 RNA isolation

Total RNA was isolated from primary tissue cultures using Trizol reagent (Invitrogen) according
to the manufacturer’s instructions. Tissues were first homogenized in 1.2 ml Trizol on ice by an
electric tissue homogenizer and 1ml supernatant was taken for RNA isolation after centrifuging at
12000g for 15 min. RNA Clean-Up and Concentration kit (Norgen Biotek) was used for RNA
extraction from sorted myogenic progenitors. Isolation of RNA from sera samples was done
using miRNeasy Mini kit (Qiagen) from 50ul serum added to 700ul Qiazol (Qiagen) and spiked
with cel-miR-39 as an internal control, according to the manufacturer’s instructions for isolating

RNA from serum.

3.7.2 Reverse transcription and real time PCR

Potential DNA contamination was removed from RNA samples prior to setting cDNA synthesis
reaction by using RNase-free DNase | kit (Ambion). RNA was precipitated in 70% ethanol
containing 0.1M ammonium acetate in -80°C overnight. RNA purity and concentration was
measured using Nanodrop (Thermo scientific). Integrity of the RNA was confirmed by
electrophoresis on denaturing agarose gel or using Agilent RNA 6000 Pico kits on an Agilent
2100 Bioanalyzer. First-strand cDNA was synthesized with 0.4-2ug total RNA using SuperScript

Il Reverse Transcriptase kit (Thermo Fisher Scientific) with random hexamers according to the
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manufacturer’s instructions. Finally, RNA strand was degraded by adding 1 unit RNase H and
incubating at 37°C for 20 min. The cDNA was diluted 1:5 with nuclease-free water and 1ul was
used per PCR reaction. FastStart Universal SYBR Green Master (Roche) was used to run the real
time PCR reactions on a 7500 Fast Real-Time PCR system (Applied Biosystems). All
measurements were performed using absolute quantifications method. Serial dilutions of a PCR
reaction (starting from 1:10,000) by the same primers were used to draw the standard curve.
Specific amplification of the target genes were confirmed by melt-curve analysis. Gene
expression levels were normalized to 18S rRNA. Primers used for real time PCR are listed in
Table 1.

For quantification of miRNA expression levels, first-strand cDNA was synthesized using
TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems). The reaction was done on
5ng total RNA with one or more miRNA-specific RT primers in total volume of 10ul. Due to
specificity of the stem-loop RT primers for mature miRNA molecules, DNase-treatment of RNA
was not required. The gPCR reaction was done using TagMan Universal PCR Master Mix
(Thermo Fisher Scientific). Serial dilutions of a mixture of all RNA samples were included in the
RT and gPCR reaction to draw the standard curve for absolute quantification method. Relative

miRNA expression levels were normalized to sno234.

3.7.3 Quantification of relative expression of Clcn5 isoforms

Three primer sets were designed for measuring Clcn5 gene expression: a general primer set (Fc
and R¢), which amplifies both Clcn5 splice variants, a primer set specific for isoform 1 (F; and
R1,), and a primer set specific for isoform 2 (F, and R;y,). First, two PCR reactions were
performed on a mouse cDNA sample with either F; and Rc, or F, and R¢ primers. PCR products
were purified and named Isol-std and Iso2-std, respectively. Since the binding site for Rc primer
is downstream of that of R;, each of the resulting PCR products had the part which could be
amplified by the general primers (Fc and Rc) preceded by their corresponding isoform-specific
sequence. Serial dilutions of Isol-std and Iso2-std were used as standard samples to measure
isoform 1 or isoform 2 transcripts in unknown samples, respectively, using isoform-specific
primers. In a separate reaction, using Fc and Rc primers, the Isol-std serial dilutions were
measured against serial dilutions of 1so2-std as standards. This enabled adjusting the absolute
copy numbers ascribed to the Isol-std serial dilutions, and consequently scaling the values

obtained for isoform 1 to those for isoform 2.
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3.7.4 RNA sequencing

For small RNA deep sequencing, RNA was isolated using RNA Clean-Up and Concentration kit
(Norgen Biotek). Further processing steps, RNA sequencing, and analysis of raw data were done
as a service by LC Sciences (Houston, TX, USA). Expression of miRNAs were measured by the

relative frequency of reads assigned to each miRNA, stated as RPM (reads per million).

For mRNA sequencing, miRNeasy Mini kit (Qiagen) was used, accompanied by on-column
DNase-treatment according to the manufacturer’s instructions. RNA integrity was checked using
Bioanalyzer RNA pico chips. Poly (A) enrichment, library preparation, and single-end
sequencing of 100-nucleotide sequences on Illumina HiSeq-2000 was performed as a service by
the Functional Genomics Center Zurich (FGCZ). Mapping of raw sequence reads to the genome
was performed using bowtie program with mouse genome build mm10 as reference. Transcript
quantification and differential expression analysis were done using RSEM and edgeR software,
respectively, on Bioconductor package in R. FastQC program in Java was used for quality control

of the high-throughput data.

3.7.5 Northern blotting

Polyacrylamide gels were made by mixing 24ml concentrate, 21ml diluents, and 5ml buffer (all
from SequaGel), 400ul APS 10%, and 20ul TEMED. 15ug of total RNA was mixed with equal
volume of 2X RNA loading buffer (8M Urea, 50mM EDTA, and 0.4 mg/ml Bromphenol blue).
RNA was kept on ice after denaturing by incubating the samples in 95°C for 1 min followed by 5
min in 65°C. Wells of the PAGE gel were rinsed 3 times with the running buffer (0.5X TBE) and
the gel was pre-run for 10 min. at 45 mA. Denatured RNA samples were loaded and the gel was
run at 45 mA until the dye was a few centimeters away from the end of the gel. RNA bands were
visualized by incubating the gel in 0.5ug/ml Ethidium Bromide in 0.5X TBE for 15 min to check
for RNA integrity and equal loading of RNA. The ethidium bromide was removed by further
incubation in 0.5X TBE, and RNA was transferred onto Hybond+ membranes (Amersham) in
running buffer for 2 hours at 50V. Blotting was performed in 4°C and the chamber was put on ice
to prevent heating up and diffusing the RNA. The membrane was dried and cross-linked under
UV radiation (1200 J/m?) for 30 seconds, followed by 1 hour incubation at 80°C.
Prehybridization was done by incubating the membrane in hybridization buffer for 1 hour at

50°C. Radioactive labeling of the probe was done by incubating 20 picomole of the probe (a
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DNA oligonucleotide complementary to the intended mature miRNA) with 3ul y-*P-ATP
(20mCi/ml), 2ul T4 PNK buffer, 0.5ul T4 PNK enzyme (both from NEB) in 37°C for 15 min.
The reaction was stopped by adding 30ul EDTA (30mM, pH8.0), and the probe was purified by
loading on Sephadex G25 spin columns (Amersham) and centrifuging in 735g for 1 min. The
radioactivity of the probe was checked by a beta counter, and then the probe was denatured for 1
min at 95°C and putting on ice afterwards. The membrane was hybridized in 15ml fresh
hybridization buffer containing half of the prepared radiolabeled probe. Hybridization was done
at 50°C overnight. Unbound probe molecules were removed by washing the membrane twice
each time for 10 min in wash buffer 1, followed by washing once with wash buffer 2, all
performed at 50°C. The membrane was exposed to a phosphorimager for three days to detect the
radioactivity signal. Signal density of the bands was measured using ImageJ (NIH).

Buffers used for Northern blotting are as below

SSC (20X)

NaCl 1753 ¢

Tri-Sodium Citrate.2H,0 88.2¢g

Dissolved in 1L ddH,O. pH was adjusted to 7.0 using HCI

Denhardt’s solution (50X)
Albumin fraction V 19
Polyvinylpyrrolidone K30 19
Ficoll 400 19
Dissolved in 100ml ddH,O.

Hybridization Buffer

SDS 10% 35ml
SSC 20X 12.5mi
Na,HPO, (1M, pH 7.2) iml
50X Denhardt’s solution Iml
Herring Sperm DNA (10mg/ml) 500ul

The DNA was incubated at 100°C for 5 min. before adding to the hybridization buffer.
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Washing buffer 1

SDS 10% 250ml
SSC 20X 125mi
ddH,0 125mi

Washing buffer 2
SDS 10% 50ml
SSC 20X 25ml
ddH,O 425ml

3.8 Protein isolation, SDS-PAGE and Western blotting

For protein isolation from cultured cells, growth media was removed, wells were rinsed twice
with PBS, and cells were lysed in cold RIPA buffer (25 mM Tris HCI pH 7.6, 150 mM NacCl, 1%
NP- 40, 1% sodium deoxycholate, 0.1% SDS) supplemented with cOmplete EDTA-free protease
inhibitor cocktail and PhosSTOP phosphatase inhibitor cocktail (Roche) while being detached
using a cell scraper. Tissues were ground in liquid nitrogen using a mortar and pestle and the
resulting powder was added to the complemented RIPA buffer as above. Samples were briefly
sonicated and then centrifuged in 140009 for 15 min. Supernatant containing soluble proteins was
collected and protein concentration was measured using Pierce BCA protein assay kit (Thermo

Fisher), using serial dilutions of a Img/ml BSA stock to draw the standard curve.

SDS-PAGE was done on NuPAGE Novex 4-12% Bis-Tris protein gels, according to the
manufacturere’s instructins. Briefly, equal amount of proteins were mixed with 4X LDS sample
buffer and 10X reducing agent and heated for 10 min at 70°C. Samples were loaded in the wells
and the gel was run in the provided MPS SDS running buffer in 120V. The gel was then used for

Coomassie Blue staining or western blotting.

Blotting of the proteins from gel to PDVF membrane was done using Mini Trans-Blot Cell
chambers (Biorad) in cold NuPage transfer buffer supplemented with 20% methanol and 0.1%
NuPage antioxidant in 100V for 2 hours. Proper transfer of the proteins was confirmed by
reversible staining of the membrane with Ponceau S solution (Thermo Fisher). Membranes were
blocked in NET-G for one hour and incubated in 4°C with the intended primary antibodies
diluted in NET-G for at least 16 hours. Incubation with appropriate HRP-conjugated secondary

antibodies diluted in NET buffer was done for 1 hour, and Lumi-Light western blotting substrate
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(Roche) was used to detect the signal in a LAS-3000 imager (Fujifilm). Densitometry analysis of

the images was done using Aida image analyzer software v.2.3.

3.9 Luciferase activity assay

The 3'UTR fragments of the selected genes were amplified by PCR from human muscle cDNA
using High fidelity PCR enzyme mix (Thermo scientific) and the primers listed in the Table 2.
PCR products were run on agarose gel and the specific band was cut and DNA was purified using
GenElute gel extraction kit (Sigma). Addition of 3" A overhang was done by adding the DNA to a
Taq DNA polymerase (Invitrogen) reaction mixture containing 0.2mM dATP and incubating at
72°C for 20 min. The product was cloned in pCR2.1 vector using TOPO TA cloning kit (Life
technologies). Orientation and integrity of the inserts were determined by restriction mapping and
DNA sequencing. The resulting constructs were digested with Sacl + Xhol restriction enzymes
and the fragments containing the inserts were cloned into pmirGLO Dual-Luciferase miRNA
Target Expression Vector (Promega), downstream of firefly luciferase ORF. To make the miR-
501 sensor construct, two pairs of oligonucleotides (501-fullla,b and 501-full2a,b- Table 3), each
pair having a full complementary biding site for miR-501, were annealed and cloned into Xbal
site after firefly luciferase ORF in pmirGLO vector. DNA constructs were transfected to HEK
293 cells or primary myoblasts along with miRNA mimics or antagomirs using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Final concentrations of DNA,
miRNA mimic and antagomirs were 200 ng/ml, 38 nM, and 12 nM, respectively. Growth media
was changed after 24 hours and cells were harvested one day later in passive lysis buffer
(Promega). Plates were frozen and thawed once to enhance cell lysis. Activity of Firefly and
Renilla luciferase enzymes was measured using Dual-Luciferase Reporter Assay System

(Promega) with a Tecan plate reader.

3.10 Generation of overexpression DNA constructs

A double-stranded DNA molecule containing the Kozak consensus sequence including start
codon (ATG) followed by a sequence encoding the FLAG-tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-
Lys) was made by annealing two oligonucleotides (Kozak-Flag-F, R- Table 3). The DNA was
designed to have sticky ends compatible with Nhel and Hindlll restriction enzymes in its 5’ and

3’ ends, respectively. pcDNA3.1 (+) mammalian expression vector (Invitrogen) was digested in
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its multiple cloning site with Nhel and Hindlll enzymes, and the Kozak-Flag DNA was ligated
there to recircularize the vector. The resulting construct (o)cDNA-Kozak-Flag) was used to make

overexpression constructs encoding for FLAG-tagged proteins.

Open reading frames of the genes were amplified by PCR from mouse multi-tissue cDNA using
High fidelity PCR enzyme mix (Thermo scientific) and specific primers as described in Table 4.
A Hindlll restriction site was included at the end of both forward and reverse primers. PCR
products were digested with Hindlll enzyme and cloned in the Hindlll site of the pcDNA-Kozak-

Flag vector. All constructs were confirmed by restriction mapping and DNA sequencing.

3.11 Skeletal muscle immunofluorescence

Skeletal muscle was dissected and flash frozen in isopentane/liquid nitrogen. Frozen sections of
10 um were prepared from 3 different areas of the tibialis anterior muscle, 500 um apart. Sections
were then processed for immunofluorescence using the Vector M.O.M. Immunodetection kit and
protocol (Vector Laboratories). Slides were mounted with Fluoroshield with DAPI (Sigma).
Antibodies against eMHC (BF-G6, 1:20) were obtained from the Developmental Studies
Hybridoma Bank, University of lowa and against laminin (L9393, 1:500) were obtained from
Sigma. Images for each section were obtained using Leica confocal laser scanning microscope

SP5 Mid UV-VIS and evaluated for fiber and cell counts using Ilastic and ImageJ software.

3.12 Statistical analysis

Unless specified otherwise, two-sided unpaired student’s t-test was used to compare sample
groups, and the null hypothesis (no difference between the groups) was rejected if p <0.05. When
applicable, one-sample t-test with a hypothetical mean value of 1 was used to analyze the
significance based on fold-change values. Differential expression analysis of RNA-seq data was
performed by edgeR software, and two-sample Kolmogorov-Smirnov test was used on fold-
change distribution of different groups of transcripts. Data in bar graphs are shown as mean +
SEM.
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Table 1. Primers for real time PCR using SYBR Green.

Target

gene

18S
Esrrg-V1
Ptprf
Cpeb2-V1
Amotll
Gan
Coll19al

Sertad2-
V1

Hmgcsl
Kctd9-V1
Dclk1-V4
Dclk1-V5
Clcn5
Clen5-V1
Clcn5-V2
Myh3

Mb

Mstn

Forward primer

GACACGGACAGGATTGACAGATTG
TGATTTATAGGTGGGGTGCACAA
CCTGGCGGTCATTCTCATCA
GCAGCCGGAACATCCAGAATA
AGCCTGCGAGAACAGAAGTG
TCGGTGGATAGCACACGATG
AATACACGGGGAGAAAGGCG

TTTAGCCTGTCTCGCCCATC

CTATGATTGCATTGGGCGGC
CTTTCTGGATCAGTGCTCGAC
TAGATGAAAGTGAATGTCGAGTGGT
GAGTTTCTGTAATAGCAACCACCGC
GCACTGTTGCTGGAATTCTG
CTGCCAAGGTTGTTTCTTCC
TTCATCAGGGGAGTTTTAGTAGCTT
AGAGGGTTTCTCATGCGTGT
ATCACACGCCACCAAGCAC

AGATGGGCTGAATCCCTTTTTA

63

Reverse primer

AAATCGCTCCACCAACTAAGAACG
CTGTAACTCCCACTGGCGTC
GTCCTTCAGCCCGATTGACT
GTCGGTTCCTGGATGTGGAT
GACGGAGTGCAGAGTACCAC
CCCTCCGATGGTCACTATGC
GGAACATTCACCCCTCCCTG

ACCCAACATATATCTTCCGCGA

CCAGAGCATATCGTCCATCCC
CGTTTGAGCAGAGCATCTTG
CATCGCTCCATTGTGTCTTTT
GTTTTACAGAAGTTTGGGGAGGG
AAGAGCCCAGAGGACGTACA
TCCATGACTCTATTTGAAGAGCCTA
TCCATGACTCTATTTGAAGAGCCTA
TGTTGTACTGGATGCAGAAGATG
GTCCCCGGAATGTCTCTTCTTCA

AATCGACCGTGAGGGGGTA
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Table 2. Primers used for cloning of 3" UTR fragments.

Target gene

Esrrg

Gan

Sertad2-
Site 1

Sertad2-
Site 2

Kctd9

Dclk1- Site 1
Dclk1- Site 2
Dclk1- Site 3

Cpeb2

Forward primer

TAAATATCTAGAGCAATTTTGT
GCTGGCTTTG

GGAGGAAGCAGAGCAGAGTG

CAGGGACCCAGCGACTATG

GCCCTGAGGTCAATCAAGGA

GAATTTTAGGGGCTGGAGGAA
GA

CAGCTCCTCCCGAACTCAAC
GGTTCATCTCTGTGGTCTGTGT
TCACCACCGGTGTTTCCATATT

GAATAGCAAACTGGCCTCTGTT

64

Reverse primer

TATAAATCTAGAAGGTGTAATCTCATCC
TTTGTG

TGAGAAGGCAGAATGGCACTG

CCTGGCCCTTTCTTAAAGCAC

TACAAAAGTAAGACTGCTCATTTCC

CTAAGCTGGCCCTATGTAAACTAT

TGGGGCGTCATCAGTACATC
AGCACTGGCTAAAAGCAAAGC
GCCTGGGGCACATTTTTATG

ACATTTGCAATACCTCACCTCGTTA
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Table 3. Oligodeoxynucleotides.

Name
501-full-1a
501-full-1b
501-full-2a
501-full-2b
Kozak-Flag-F

Kozak-Flag-R

Sequence

CTAGTCCAAATCCTTGCCCGGGTGCATTC

TCGAGAATGCACCCGGGCAAGGATTTGGA

TCGAGCCAAATCCTTGCCCGGGTGCATTGC

GGCCGCAATGCACCCGGGCAAGGATTTGGC

CTAGCCGCCACCATGGATTACAAGGATGACGATGACA

AGCTTGTCATCGTCATCCTTGTAATCCATGGTGGCGG

Table 4. Primers used for cloning of ORFs.

Target gene

Esrrg-V1

Esrrg-V2

Gan

Sertad2

Kctd9- V1

and V2

Dclkl- V4

Dclk1- V5

Forward primer

ATGGTTAAGCTTGATTCGGTAG
AACTTTGC

ACGCATAAGCTTTCAAACAAA
GATCGACAC

TAAATTAAGCTTGCCGAGGGC
AGCGC

AGGTTAAGCTTTTGGGTAAAG
GAGGAAAAC

ATATATAAGCTTCGGCGGGTCA
CGCT

ATGTTTAAGCTTTCGTTCGGCA
GAGATATG

ATGTTTAAGCTTTCGTTCGGCA
GAGATATG
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Reverse primer

AATATAAAGCTTTCAGACCTTGGCCTCC
AG

AATATAAAGCTTTCAGACCTTGGCCTCC
AG

ATAATAAAGCTTTCAAGGGGAATGGAC
CCG

AATATAAAGCTTTCAGGAGCCAACAAG
CAC

GTCCTCAAGCTTTCATCTGACACTCT

CGCATGAAGCTTTTACACTGAGTCTCCT
AC

ATGACTAAGCTTTTAAAAGGGCGAATT
GGG
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Discussion

Skeletal muscle regeneration is an elaborately regulated process requiring coordination of various
cellular responses. It is well established that satellite cells are the only source of the new myofiber
nuclei, either during development or regeneration. On the other hand, there is increasing body of
evidence that miRNAs are major regulators of proper satellite cell function, either in quiescent,
proliferating, or differentiating states (364). Several miRNAs have been identified and
functionally characterized in myogenic progenitors; however, most of screenings have been
performed on the primary cells cultured ex vivo or immortalized myoblast cell lines. Despite
facilitating the experimental procedures and enabling application of a wider range of methods, the
inevitable differences between in vitro and in vivo conditions is always a major concern. The aim
of this study was to identify novel miRNAs involved in the activation of the satellite cells,

induced by muscle injury.

By high-throughput screening of miRNAs in activated satellite cells, we identified miR-501-3p as
a new myoblast-specific miRNA. Tissue distribution profile of miR-501 and its remarkable
upregulation during skeletal muscle regeneration is suggestive of a specific role of this miRNA in
adult muscle stem cells. miR-501 is upregulated immediately after muscle injury, when the
satellite cells are activated, and is gradually declined afterwards. This pattern of transient
upregulation is previously suggested to be associated with miRNAs involved in regulation of
transition from proliferation to differentiation of myogenic progenitors (365). Within this
category, while miR-351 is shown to play a role in protecting differentiating myoblasts against
apoptosis and promote their proliferation to some extent (365), miR-501 seems not to regulate
proliferation or apoptosis of the myoblasts. On the other hand, miR-206, and skeletal-muscle-
specific miRNA, is upregulated later on, and is indicated to promote myoblast differentiation by

regulating several target genes important in this process (352).

Analysis of the miR-501 genomic locus in mouse and human shows that miR-501 is located in a
cluster of miRNAs in one of the introns of Clcn5 gene. Clustering of miRNAs is generally
associated with their co-expression; however, we observed that within the five different pri-
miRNAs in the intron 2 of Clcn5 in mouse, only miR-501-3p is processed and expressed in
functional levels in activated mouse myogenic progenitors. This indicates a high degree of
regulation during the miRNA maturation, and that miR-501 is preferentially processed out of a

long primary transcript, implying a functional basis for this selectivity.
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Alternative splicing leads to generation of two different mMRNA transcripts encoding two Clcn5
isoforms. The intron harboring miR-501 is located between the exons present only in isoform 2 of
Clcn5. Interestingly, we observed a massive upregulation of isoform 2 during skeletal muscle
regeneration, while miR-501 level is increasing as well. This confirms miR-501 as an intronic
miRNA, sharing promoter and transcription regulatory elements with its host gene. Measurement
of relative expression levels of Clcn5 isoforms in different tissues indicated that while isoform 1
is expressed in relatively very high levels in kidney, as already reported (366), myoblasts express
isoform 2 in much higher levels than any examined tissue. In fact, there is a remarkable
difference in the proportion of isoforms in different tissues; while the majority of transcripts
belong to isoform 1 in kidney, isoform 2 comprises nearly all of Clcn5 transcripts in skeletal
muscle, quiescent or activated satellite cells, and myoblasts. However, on our tissue panel and
comparing quiescent versus activated MPs we observed that miR-501 levels do not show a
perfect correlation with Clcn5 or its isoforms’ expression levels. This indicates that although
induction of miR-501 during skeletal muscle regeneration is at least in part due to upregulation of
Clen5, maturation of miR-501 is regulated by other factors as well, and this miRNA is not just
simply a by-product of Clcn5 transcription and splicing events. To our surprise, there is no report
on isoform 2 of Clcn5 to date. Based on its specific upregulation during muscle regeneration, we

believe that this isoform deserves functional characterization during this process.

The expression pattern of miR-501 during skeletal muscle regeneration suggests a role for this
miRNA in regulating proliferation of myoblasts or their early differentiation. Pharmacological
inhibition of miR-501 in regenerating muscle using intramuscular injection of antagomirs,
followed by analysis of proliferation rate in MPs and FAPs, indicated that miR-501 is not
involved in regulating proliferation of the muscle-resident progenitors. This was corroborated by
inhibition of miR-501 in cultured primary myoblasts as well. Furthermore, miR-501 regulates
neither apoptosis nor differentiation in primary myoblasts. This might explain why this miRNA

has not been previously identified as a regulator of myoblast proliferation or differentiation.

Differentiation of myoblasts is concomitant with expression of contractile proteins, including
myosin heavy chains. There are several myosin heavy chain isoforms in all vertebrates, and their
expression pattern is determined by the muscle fiber type and the developmental stage. The first
isoform expressed in all myofibers, during both development and regeneration, is the embryonic
myosin heavy chain, encoded by Myh3 gene. To determine the role of miR-501 in regulating the

differentiation of myoblasts in vivo, we measured eMHC protein levels in the regenerating
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skeletal muscle injected with antagomir-501. We observed a dramatic decrease in eMHC in the
muscle when miR-501 was inhibited. Surprisingly, this was not due to the myoblasts being in a
less differentiated state, since we did not observe reduced levels of myoglobin and myostatin.
Therefore, eMHC must be downregulated by a factor controlled by miR-501, independent of the

general differentiation status of the myoblasts.

Transcriptome analysis of cultured myoblasts transfected with antagomir-501 indicated
upregulation of miR-501 predicted target genes. Application of several criteria and confirming
the direct binding of miR-501 to the 3’'UTRs by luciferase assay led us to a list of six target genes.
Cloning and overexpression of these genes in primary myoblasts indicated that only gigaxonin
was able to downregulate eMHC levels in differentiating myoblasts, mimicking the effect of
miR-501 inhibition in regenerating skeletal muscle. We cannot exclude that there are other targets
such as gigaxonin. In fact, further studies that employ sequencing studies in vivo could reveal
further targets that are preventing efficient and normal muscle regeneration. Since miRNAs
frequently target multiple targets of a similar molecular pathway, miR-501 might be a critical
checkpoint during muscle regeneration to prevent the expression of gene products

disadvantageous for the newly built fibers, such as gigaxonin.

Protein product of Gan gene is named gigaxonin, since mutation of Gan in human causes an
autosomal recessive sensorimotor disease, called Giant axonal neuropathy (367). The disease is
characterized by distended axons, deteriorating with age, which impairs the transmission of
impulses through the axons. This has been indicated to be due to accumulation of neurofilaments,
which are a group of cytoskeleton intermediate filaments in the neurons (368). Gigaxonin
structure consists of a BTB and a Kelch repeat domain. The BTB domain mediates binding of
Gigaxonin to Cullin3 complexed with E3 ubiquitin ligases, and Kelch domain in gigaxonin is
indicated to bind the intermediate filaments (369-372). Therefore, gigaxonin acts as a ubiquitin
ligase adaptor, mediating ubiquitation and degradation of intermediate filaments by proteasome
(373). It is indicated that gigaxonin binds Vimentin via its central rod domain (373); interestingly,
this domain (pfam00038) is also present in eMHC protein. Hence, we suggest a model in which
upregulation of miR-501 during skeletal muscle regeneration leads to downregulation of
gigaxonin, preventing degradation of eMHC contractile proteins. Consistent with this model,
downregulation of miR-501 after day 6 of regeneration is paralleled to the degradation of eMHC,

allowing the adult myosin heavy chains to replace the embryonic isoform.
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There is a paucity of information in literature about the exact molecular mechanisms how eMHC
is regulated and how it contributes to the skeletal muscle development and regeneration.
However, its significance is highlighted by recent studies indicating that mutations in eMHC
gene, Myh3, cause a range of congenital distal arthrogryposis (DA), being the only known
genetic cause of the most severe form of DA, Freeman-Sheldon syndrome. However, no animal
model for these disorders is developed yet. Our work underscores the importance of eMHC
during skeletal muscle regeneration, and introduces miR-501 as the first miRNA known to
regulate the turnover of eMHC. Further studies to better understand the pathways regulated by
miR-501, and also gigaxonin in skeletal muscle, possibly by inducible Myh3 knockout or
gigaxonin overexpression in regenerating muscle can further enhance our knowledge of eMHC
and muscle regeneration and could lead to novel therapeutic strategies to improve muscle

regeneration and treat a range of myopathies, such as sarcopenia and DMD.

Serum miRNASs have recently emerged as biomarkers for several diseases, such as cancer (374),
liver injury (375), and myocardial infarction (376). Analysis of serum miRNA profile in DMD
and BMD patients has revealed their promising applicability as disease biomarkers, with high
specificity and sensitivity (362). Serum CK levels have been used for a long time as one of the
first diagnostic markers for DMD; however, it is known that CK levels do not necessarily
correlate with disease severity, since they vary considerably with physical activity and also age of
the patient. In a study on DMD and BMD patients it was observed that serum levels of myomiRs
(miR-1, miR-133, and miR-206) not only allow efficient diagnosis, but also very well reflect the
disease severity as quantified by North Star Ambulatory Assessment index (NSAA), which is one
of the gold standards for scoring motor ability in DMD patients (362, 377). Among the tested
myomiRs, miR-206 turned out to be the most specific, allowing discriminating DMD from
healthy individuals with almost absolute specificity (362, 378). Interestingly, higher serum
myomiR levels were observed also in the mouse model of DMD, mdx mice, and the levels
approached that of wild type mice after treatment of dystrophic muscle by an AAV-mediated

exon-skipping strategy (362).

We observed that similar to miR-206, miR-501 levels are significantly higher in skeletal muscle
of mdx mice compared to wild type animals. Considering the fact that skeletal muscle in madx
mice is continuously undergoing degeneration and regeneration, this is consistent with our
previous observation that miR-501 is upregulated in activated satellite cells and regenerating

skeletal muscle in an acute model of muscle injury. We also observed significantly elevated miR-
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501 levels is mdx sera, and monitoring the miR-501 levels over a wide range of ages in these
mice revealed a remarkable correlation with the disease severity trend. Interestingly, the change
in MmiR-501 levels was similar to that of well-known myomiRs, with miR-501 showing less
variation among the age-matched mice. However, being derived primarily from myoblasts rather
than myofibers makes miR-501 unique among the existing miRNA biomarkers. It is known that
DMD leads to exhaustion of satellite cells in human much earlier than in mdx mice considering
their lifetime, and this has a significant influence on pathology of DMD. Therefore, miR-501 can
have more advantages as a biomarker in humans, indicating the satellite cell content and activity.
Such a biomarker could also be advantageous in assessing the efficacy of different therapeutic

approaches as well as diagnosis of DMD.

Overall, our studies identify miR-501 as a novel muscle-specific miRNA required specifically
during activation of myogenic progenitor cells. miR-501 is upregulated early during skeletal
muscle regeneration, when satellite cells are activated and start to proliferate. We observed that
this was accompanied by upregulation of miR-501 host gene, Clcn5, and more specifically the
isoform of this gene which encompasses the intron containing miR-501. However, based on the
observed expression profile of miR-501 and other miRNAs located in the same cluster and the
host gene, we conclude that posttranscriptional regulation plays a major role in regulating the
expression of miR-501. A loss of function approach in regenerating skeletal muscle indicated an
essential role for miR-501 in maintaining eMHC protein levels in newly regenerated myofibers.
By specific inhibition of miR-501 in primary myoblasts followed by transcriptome analysis we
identified gigaxonin, encoded by Gan gene, as a potential mediator of miR-501 function in vivo.
Based on the known function of gigaxonin in mediating ubiquitination of intermediate filaments,
we hypothesize that repression of this gene by miR-501 in nascent myofibers helps maintain the
eMHC proteins and to prevent their degradation before being replaced by adult MHC isoforms.
Finally, we observed significantly increased miR-501 levels in both skeletal muscle and sera of
mdx mice. Serum miR-501 levels were observed to change over a wide range of ages in mdx
mice, correlating with disease severity and also the levels of three well known myomiRs. This
highlights the potential application of serum miR-501 as a biomarker for DMD and other

muscular disorders associated with chronic muscle damage and satellite cell activation.
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