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In patients with Duchenne muscular dystrophy (DMD), the absence of a functional dystrophin protein results in sarcolemmal

instability, abnormal calcium signaling, cardiomyopathy, and skeletal muscle degeneration. Using the dystrophin-deficient sapje

zebrafish model, we have identified microRNAs (miRNAs) that, in comparison to our previous findings in human DMD muscle

biopsies, are uniquely dysregulated in dystrophic muscle across vertebrate species. MiR-199a-5p is dysregulated in dystrophin-

deficient zebrafish,mdx5cvmice, and human muscle biopsies. MiR-199a-5p mature miRNA sequences are transcribed from stem

loop precursor miRNAs that are found within the introns of the dynamin-2 and dynamin-3 loci. The miR-199a-2 stem

loop precursor transcript that gives rise to the miR-199a-5p mature transcript was found to be elevated in human dystrophic

muscle. The levels of expression of miR-199a-5p are regulated in a serum response factor (SRF)-dependent manner along

with myocardin-related transcription factors. Inhibition of SRF-signaling reduces miR-199a-5p transcript levels during

myogenic differentiation. Manipulation of miR-199a-5p expression in human primary myoblasts and myotubes resulted in

dramatic changes in cellular size, proliferation, and differentiation. MiR-199a-5p targets several myogenic cell proliferation

and differentiation regulatory factors within the WNT signaling pathway, including FZD4, JAG1, and WNT2. Overexpression of

miR-199a-5p in the muscles of transgenic zebrafish resulted in abnormal myofiber disruption and sarcolemmal membrane

detachment, pericardial edema, and lethality. Together, these studies identify miR-199a-5p as a potential regulator of

myogenesis through suppression of WNT-signaling factors that act to balance myogenic cell proliferation and differentiation.
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Skeletal muscle is a remarkably complex organ comprised of

many different cell types that have important functional roles

in disease, injury, and regeneration. Duchenne muscular

dystrophy (DMD) is caused by mutations in the X-linked

dystrophin gene.1 Although the molecular cause of the

disease is well documented, the secondary signaling path-

ways that are altered by the lack of a functional dystrophin

protein remain understudied.2,3 Dystrophic muscle is known

to undergo cycles of regeneration to form new myofibers as a

consequence of myofibers loss and myoblast cell dysregula-

tion.4 WNT (wingless-type MMTV integration site family)

signaling factors are known to regulate both the maintenance

of muscle satellite cells (MSCs), and their ability to

differentiate into myofibers.5–7 Conversely, both dystrophic

and aged skeletal muscle display activated WNT signaling

resulting in increased muscle fibrosis.8 In DMD, a similar

dysregulation of the transcriptional-level WNT signaling

components has been reported.9

MicroRNAs (miRNAs) have been shown to have an

essential role in muscle development, differentiation, and

disease.10–15 Previously, we defined a miRNA biosignature of

different muscle diseases and revealed dysregulatedmiRNAs

that were either common or unique to each muscle disease.12

Additional studies using the dystrophic mdx mouse muscle

identified dysregulated miRNAs as a result of nNOS desta-

bilization from themuscle membrane.11Nevertheless, studies

in the mdx dystrophic mouse model have limitations in their

clinical usefulness due to the lack of severity of the disease

progression in the mouse muscles. The sapje dystrophin-

mutant zebrafish model is an excellent tool for studying
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dystrophic-muscle and disease progression, as the sapje

mutants show dystrophic disease severity and can

be analyzed in large numbers in a short period of time.16,17

The sapje dystrophic zebrafish has a more severe muscle

phenotype in which their dorsal muscles progressively waste

resulting in significant early lethality as compared with mdx

mouse models.16–18 The sapje zebrafish have weakened and

degenerating muscle and the majority of mutants (95%)

expire by 10 dpf due to the inability to swim and oxygenate

their muscles. Thus, we chose to utilize the sapje dystrophic

zebrafish as a model for analyzing dysregulated dystrophic

miRNAs and to expand our previous findings obtained from

DMD muscle biopsies.12

Here we have identified miRNAs that are commonly

dysregulated in both zebrafish and human muscle DMD

biopsies. One of these dysregulated miRNAs, miR-199a-5p,

was conservatively induced in expression in dystrophic

zebrafish, mouse, and human muscle. Previous studies have

shown that miR-199a transcript is increased in expression in

both human DMD muscle biopsies and the quadriceps and

diaphragm muscles of mdx mice.12,19 Overexpression or

knockdown ofmiR-199a-5p in primary humanmyoblasts (MB)

resulted in dramatic changes in cell size, differentiation, and

proliferative capacity. Manipulation of miR-199a-5p levels in

primary human MB and myotubes (MT) results in dramatic

changes in myogenic cell proliferation, shape, and differentia-

tion. Overexpression of miR-199a-5p exclusively in zebrafish

muscle, results in myofiber disruption, pericardial edema, and

early lethality, which resembles some of the phenotypic

features observed in sapje dystrophic zebrafish. Several of

the downstream targets of miR-199a-5p expression in the

muscle belong to theWNT signaling pathway, which has been

shown to regulate muscle stem cell proliferation and

differentiation. Together, these studies identify miR-199a-5p

as a potent regulator of the progression of myogenic

differentiation in normal and dystrophic muscle by potentially

modulating the expression levels of WNT signaling

components.

Results

To identify miRNAs that were dysregulated in sapje

(dystrophin exon 4 A/T transversion) mutant zebrafish, we

performedmiRNAmicroarray analysis on total mRNA isolated

from unaffected and sapje zebrafish at 5 and 30 dpf. MiRNAs

isolated at 5 and 30 dpf from unaffected and sapje zebrafish

were compared using locally weighted scatterplot smoothing

microarray analysis of dysregulated miRNAs. Comparisons

revealed an altered miRNA biosignature in which several

evolutionarily conserved miRNAs were dysregulated in the

absence of dystrophin (Figure 1a). Additionally, sapje zebra-

fish that survived to 5 dpf exhibited uniquely dysregulated

miRNAs earlier than zebrafish that survived to 30 dpf

(Supplementary Figure S1A). Several muscle-enriched

miRNAs were expressed at higher levels in sapje zebrafish

at 5 dpf, but not at 30 dpf, which suggests that the

dysregulated miRNAs in the zebrafish dystrophic disease

progression may occur early in development. (Figure 1a;

Supplementary Figures S1A and S1B).

Using our previous miRNA expression analyses, we

compared miRNAs that were dysregulated in both zebrafish

(at both 5 and 30 dpf) and human DMD muscle biopsies.12

One of such dysregulated miRNAs was miR-199a-5p, a

ubiquitously expressed miRNA that is enriched in muscle

during early development12,20 (Figure 1a; Supplementary

Figures S1A and S1B). Mammals have two copies of the

mature miR-199a-5p 23 nucleotide sequences embedded

within the introns of the dynamin 2 and dynamin 3 loci that can

be transcribed as miRNA stem loop structures, referred to as

miR-199a-1 and miR-199a-2, respectively (Figure 1b).

Another miRNA with a similar sequence homology to miR-

199a-5p, miR-199b-5p, is transcribed from the dynamin-1

locus. However, real-time quantitative PCR (qPCR) analysis

of the miR-199b miRNA stem loop transcript showed

no significant dysregulation of miR-199b levels in human

DMD muscle biopsies as compared with normal controls

(Supplementary Figure S1E). The miR-199a-5p and anti-

sense miR-199a-3p (previously referred to as miR-199a*)

mature miRNA sequences arise from a common stem loop

structure that is highly conserved across vertebrate species

(Figure 1c). Unlike mammals, which have two miR-199a-5p

and a miR-199b-5p mature miRNA sequences, zebrafish

have three miR-199a-5p sequences (referred to as miR-199-

5p) that lack the one base pair variant that distinguishes miR-

199a-5p frommiR-199b-5p (Supplementary Figure S1D). The

miR-199a-2 stem-loop miRNA precursor sequence can also

be co-transcribed on the opposite side of the dynamin-3 locus

as a long-non-coding RNA along with miR-214, referred to as

DNM3OS (dynamin-3 opposite strand). The trans stem-loop

precursor sequence encodes for the opposite strand (or star*,

miR-199a-3p) sequence at the dynamin-3 locus (Figures 1b

and c). The antisense miR-199a-3p transcript showed a

similar increase in expression in DMD MB during myogenic

differentiation as compared with normal MB but at a different

overall amount than the miR-199a-5p mature miRNA tran-

script (Supplementary Figure S1C). MiR-199a-5p levels were

increased in expression when compared with the normal

muscle in three vertebrate species, including dystrophic

zebrafish (sapje; 30 dpf), mouse (mdx5cv; 4-months old),

and DMD patient biopsies (4–20 years of age) (Figure 1d).

During normal myogenic differentiation, miR-199a-5p levels

increase but at a higher relative expression level in DMD MB

compared with unaffected controls (Figure 1e). To further

validate the induction of miR-199a transcript in dystrophic

muscle, we performed real-time qPCR on the stem-loop

miRNA precursor sequences. The miR-199a-2 stem loop

precursor transcript was expressed at greater than twofold

higher levels than normal muscle biopsies (Supplementary

Figure S1E). The miR-199a-1 and miR-199b stem loop

precursor sequences were also induced in DMD muscle

biopsies relative to controls but not at significant levels

(Supplementary Figure S1E). Additionally, we observed an

induction of DNM2 and DNM3 expression in the DMD muscle

biopsies, whereas DNM1 showed no induction in expression

levels (Supplementary Figure S1F). MiR-214, which is

thought to be co-transcribed with the miR-199a-2 stem loop,

was also induced during myogenic differentiation but did

not differ between unaffected and DMD myogenic cultures

(Figure 1f).
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To determine which transcription factors regulate miR-

199a-5p expression in muscle, we used the rVISTA 2.0

program and identified two evolutionarily conserved cis serum

response factor (SRF) DNA-binding elements (also referred

to as SREs or CArG boxes) at the 50 upstream sequence of

the DNM3OS locus. Previous studies demonstrated that miR-

199a-5p transcription was activated by Egr1 and Twist1, two

transcription factors that are modestly expressed in myogenic

progenitors, but are expressed at low levels in differentiated

MT.20,21 However, miR-199a-5p expression levels are the

highest in MT, which suggests that a transcriptional activator

of miR-199a-5p expression might also increase during

myogenic differentiation. In support of this hypothesis, SRF

and its transcriptional cofactors MRTF (myocardin-related

transcription factor)-A and MRTF-B, have been shown to

increase in expression levels during myogenic
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differentiation.22,23 SRF and MRTF transcription factors are

known to regulate myogenic fusion, differentiation, regenera-

tion, and the dystrophic disease pathology.24–26 Based on

evolutionary conservation, we generated several luciferase

reporter

constructs (2, 1, 0.8, 0.5, and 0.2 kb) using DNA sequences

upstream of the miR-199a-2 locus that contained either the

SRF CArG box (labeled S1 or S2 for Site 1 or Site 2,

respectively) along with a conserved E-box site to which the

myogenic helix-loop-helix factors could potentially bind

(Figures 2a and b). Overexpression of SRF and MRTF

factors, specifically MRTF-A, was sufficient to strongly induce

endogenous miR-199a-5p transcript in human primary MB

(Figure 2c). Transfection of the 2-kb DNM3OS-luc reporter

revealed low expression in the non-myogenic HEK293T cells

and the highest expression of the luciferase reporter was

obtained in primaryMB (Figure 2d; data not shown). However,

when the reporters were co-transfected with a plasmid that

overexpressed SRF, a threefold increase of the luciferase

reporter activity was observed (Figure 2d). SRF signaling in

muscle requires the transcriptional co-factors that belong to

the MRTFs MRTF-A and -B (also referred to as MKL1 and

MKL2) to fully activate gene transcription. Thus, we over-

expressed these factors along with the 2-kb DNM3OS-luc

reporter to determine whether these factors were capable of

activation of reporter and, in turn, miR-199a-2 transcript

levels. Overexpression of SRF and MRTF-A together had the

strongest activation of the 2-kb DNM3OS-luc reporter as

compared with overexpression of both SRF and MRTF-B

individually or together (Figure 2d). To test which CArG box

(SRF-binding Site 1 or Site 2) wasmost critical for activation of

the 2-kb hDNM3OS-luc reporter, we mutated three evolutio-

narily conserved nucleotides essential for SRF protein binding

to DNA. Transfection of the mutated CArG boxes (Site 1,

Site 2, and the double mutant) along with SRF and MRTF-A/B

cofactors revealed a strong preference for SRF activation of

the luciferase reporter at Site 1, next to the myogenic E box

(Figure 2e). Ablation of the Site 2 CArG box showed little

repression of SRF and MRTF-A/B’s ability to activate the

reporter, suggesting that the CArG box next to themoygenic E

box (Site 1) is most essential for activation of the

2-kb hDNM3OS-luc reporter and potentially miR-199a-2 pri-

miRNA transcript (Figure 2e). As previous studies have

demonstrated that another transcription factor Yin-Yang 1

(YY1) can compete with SRF for binding to CArG boxes, we

transfected YY1 along with the 2-kb hDNM3OS-luc reporter in

HEK293T cells.27 YY1 overexpression inhibited the 2-kb

hDNM3OS-luc reporter, supporting the functional role of YY1

as a repressor of miRNAs that regulate myogenic differentia-

tion28 (Supplementary Figure S3A). Furthermore, overex-

pression of YY1 in primary human MB and MT showed little

effect on overall miR-199a-5p transcript levels, suggesting

that other transcription factors might regulate global miR-199-

5p expression levels (Supplementary Figures S3B and S3C).

The small molecule CCG-1423 has been previously shown

to block SRF/RhoA signaling by reducing nuclear MRTF-A

levels and, as a result, preventing SRF from interacting with

MRTF-A.29 We tested SRF signaling inhibition using different

concentrations of CCG-1423 in MB, and we noticed a strong

reduction in overall expression levels of endogenous miR-

199a-5p transcripts (Figure 3a). Furthermore, shRNAi inhibi-

tion of SRF in both MB and MT resulted in a decrease of

miR-199a-5p expression when compared with shLuciferase

and mock controls (Figures 3b and c). To further validate

these in vitro results, chromatin immunoprecipitation (ChIP)

assays for endogenous SRF at the DNM3OS locus were

performed on proliferating human primary MB and differen-

tiated MT. Endogenous SRF protein bound to the two CArG

box DNA-binding sites (S1 and S2) upstream of the miR-

199a-2 sequencewith different binding affinities but only in the

MT (Figures 3d and e). Further analysis of the two putative

SRF-binding sites by electrophoretic mobility shift assay

(EMSA) revealed a stronger preference for SRF protein:DNA

binding at the Site 1 CArG box as opposed to the Site 2 CArG

box (Figure 3f). Thus, it is likely that the miR-199a-2 stem loop

precursor miRNA and, subsequently, miR-199a-5p mature

miRNA transcripts are induced by SRF-dependent signaling

in differentiating human MB.

To determine what effects the manipulation of miR-199a-5p

expression might have on muscle, normal human primary

myoblast cell lines were utilized and miR-199a-5p expression

was modulated using constitutively active and doxycycline

(Dox)-inducible lentiviral constructs either in proliferating

human MB or differentiated human MT (Figure 4a). Over-

expression of miR-199a-5p did not affect the ability of normal

MB to differentiate into MT, resulting in similar fusion indices

as scrambled-miR controls (Figures 4b and c). qPCR ofMYH1

(myosin heavy chain 1) showed no differences in expression

levels between scrambled-miR andmiR-199a-5p overexpres-

sing primary MB (Figure 4c). However, quantification of

Figure 1 MiRNAs that are dysregulated in dystrophin-deficient skeletal muscle. (a) Table of dysregulated miRNAs in normal and dystrophic zebrafish at 30 dpf. Induced in
expression miRNAs are shown in red, while reduced in expression miRNAs are shown in green. Unchanged or not significantly expressed miRNAs are shown in black.
Comparisons in miRNA expression level changes by real-time qPCR are listed between sapje and unaffected zebrafish. Real-time qPCR values were normalized to U6 small
nuclear RNA (snRNA) levels, and all experiments were performed in triplicate. (b) Genomic location of the miR-199a-5p transcript that is transcribed in both directions within
introns of the dynamin-2 and dynamin-3 genes. Although both miR-199a-1 and miR-199a-2 genomic sequences can result in the formation of mature miR-199a-5p transcript,
only miR-199a-2 is transcriptionally linked to miR-214 via its proximity in the genome. Chromosomal locations of the human (H.s.¼Homo sapiens) and zebrafish
(D.r.¼Danio rerio) miR-199a-5p (red arrow) and miR-199a-3p (green arrow) mature miRNA sequences are shown. (c) The left panel shows evolutionary conservation of the
human, chimp, mouse, and zebrafish miR-199a-5p mature miRNA sequences in the 50 to 30 orientation. Inset box with yellow highlighted area denotes conserved seven-
nucleotide seed sequence of the miR-199a-5p mature miRNA. The right panel shows the miRNA stem loop formation of the miR-199a-5p (red lettering) and the miR-199a-3p
(green lettering) structure with base-pairings. (d) Real-time qPCR of miR-199a-5p levels in normal and dystrophic muscles isolated from zebrafish (whole fish), mouse, and
human biopsies. Normal versus DMD human muscle biopsies, wild-type versus mdx5cv (TA muscles; adult 3–6–month-old males), and unaffected versus sapje (5 dpf, n¼ 10
fish). Real-time qPCR values were normalized to U6 snRNA levels, and all experiments were performed in triplicate. (e) Real-time qPCR of miR-199a-5p expression levels in
normal and DMD cell lines during myogenic differentiation of MB into MT. (f) Real-time qPCR of miR-214 expression levels in normal human and DMD myogenic cell lines
during myogenic differentiation. Expression normalized to 50% confluent MB and to U6 snRNA loading control. *P-valueo0.005; **P-valueo0.05. All samples analyzed in
triplicate in three separate normal or DMD cell lines. ND, not determined
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myotube size by counting myonuclei per myosin heavy chain-

positive MT revealed that the miR-199a-5p-overexpressing

cultures contained greater numbers of myonuclei within the

MT (Figures 4c, f and g). Lentiviral inhibition of miR-199a-5p

(antimiR-199a-5p) in normal MB resulted in decreased

myogenic differentiation as quantified by a myogenic fusion

index assay (Figure 4f). This inhibition of miR-199a-5p

expression was accompanied by an increase in the protein

levels of MyoD1 and Pax7 (Figure 4d). These findings were

further validated by qPCR, which showed a strong increase in

PAX7 and a slight increase in MyoD1mRNA expression in the

antimiR-199a-5p primary MB as compared with scrambled-

miR controls (Figure 4e). We observed no significant increase

in the amount of cleaved Caspase-3/7 in MB or MT that were
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infected with miR-199a-5p-overexpressing or -inhibiting lenti-

virus, suggesting that the effects on myogenic differentiation

by miR-199a-5p expression levels are not due to increased

cell death (Figure 4h). Additionally, MTS (3-(4,5-dimethylthia-

zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) proliferation assays demonstrated that

MB-overexpressing miR-199a-5p displayed increased prolif-

eration as compared with the scrambled-miR (control) MB

(Figure 5a). Primary MB-overexpressing miR-199a-5p

showed increased numbers of phosphorylated-Histone

H3 (Ser10)-positive cells, which confirmed a higher level of

cellular mitosis (Figure 5b). Conversely, miR-199a-5p-
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inhibited MB showed significantly reduced numbers of

phospho-Histone H3 positive MB (Figure 5b). Using fluores-

cence-activated cell sorting (FACS) analysis, we observed a

significant increase in myoblast cell size when miR-199a

expression was inhibited (Figures 5c and d). These results

validate a functional role for miR-199a expression levels as a

means of regulation for myoblast proliferation and cell size.

To determine what effects overexpression of miR-199a-5p

might have in vivo, a transgenic (Tg) zebrafish line that

overexpressed zebrafish miR-199a-5p using the mylz2

(myosin light chain polypeptide 2) promoter (specifically the

zebrafish dre-miR-199a-1 miRNA genomic sequence) exclu-

sively in muscle lineages was generated. Themylz2 promoter

sequence has been previously shown to drive expression of

green fluorescent protein (GFP) reporter constructs specifi-

cally in zebrafish skeletal muscle fibers, excluding muscle

stem cell progenitors.30 Stable F1 generation miR-199a-5p,

henceforth referred to as Tg(mylz2-miR-199a-5p), zebrafish

developed enlarged yolk sacs with visible pericardial edema

(Figures 6a and d). Immunohistochemical analysis of their

skeletal muscles revealed massive fiber disruption, poor

muscle birefringence, and detachment of the myofibers from

the myosepta (Figure 6b). Additional ultrastructural analysis

of the miR-199a-5p Tg zebrafish dorsal muscle revealed

massive disorganization of the myofibers and triad regions

(Figure 6b). The large amount of myofiber detachment

and pericardial edema resulted in high lethality among

the Tg(mylz2-miR-199a-5p) by 5 dpf, as compared with

zebrafish that did not carry the transgene (Figure 6c). By 5 dpf,

the majority (96%) of the Tg(mylz2-miR-199a-5p)

had developed noticeable pericardial edema high lethality

observed in this Tg line (Figures 6c and d). Given that previous

findings have shown a high level of miR-199a-5p expression

in the developing mouse and zebrafish mesodermal tissues, it

is probable that miR-199a-5p has important myogenic and

non-myogenic roles in early embryonic development.20,31

Using miRNA target prediction programs such as TargetS-

can, MicroCosm, and miRDB, with an emphasis on those

targets whose miR-199a-5p-binding sites were evolutionarily

conserved and had been defined as having a functional role in

muscle, several members of theWNT signaling pathway were

identified as predicted downstream targets (Figure 7a and

Supplementary Figure S2). Previous work had identified

several hypoxia-regulated mRNAs, such as HIF1a and

SIRT1, as being direct miR-199a-5p targets in cardiomyo-

cytes.32 Emphasis was placed on the WNT signaling factors

WNT2, FZD4, and JAG1, as these three genes have been

shown to have an important role in muscle stem cell
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differentiation and/or proliferation.5,33–36 Additionally, these

WNT-signaling factors are reduced in expression levels

during myogenic differentiation, whereas miR-199a-5p

levels reciprocally increase in expression. Most of the WNT-

signaling factors have evolutionarily conserved (zebrafish to

human) miR-199a-5p seed sites in their 30 untranslated region

(UTR) regions with the exception of CAV1 and GSK3b whose

seed sites were conserved only in mammals (Supplementary

Figure S2). MiR-199a-5p overexpression in HEK293T cells

suppressed the 30UTRof each predictedWNT signaling target
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Figure 7 MiR-199a-5p targets several components of the WNT signaling pathway in muscle. (a) The schematic of constructs used for transfection of the 30UTR luciferase
reporter constructs with either the miR-199a-5p-binding site or mutated miR-199a-5p seed site. The reporter was transfected with either scrambled-miR (control; white boxes)
or miR-199a-5p overexpression constructs (grey boxes) and normalized to luciferase expression levels of the vector alone (black boxes). The ablation of the miR-199a-5p
inhibition is observed when the miR-199a-5p site is mutated in the 30UTR luciferase reporter constructs. (b) Real-time qPCR of endogenous mRNA expression levels of miR-
199a-5pWNT signaling target genes (cav1, wnt2, fzd4, jag1b, and gsk3b) in wild-type (WT) and Tg(mylz2-miR-199a-5p) zebrafish at 5 dpf in three separate Tg or control lines.
WB analysis of the same five miR-199a-5p WNT targets along with a b-actin loading control. WB densitometries are shown where each miR-199a-5p Tg zebrafish blot is
normalized to the corresponding WT blot. (c) Real-time qPCR and WB analysis of endogenous expression levels of miR-199a-5p WNT targets following overexpression of
either control (scrambled-miR) or miR-199a-5p in human primary MB. Additional WBs of total b-catenin, phospho-b-catenin (Ser33/37/Thr41), GSK3a, and a b-actin loading
control are also shown. WB densitometries are shown where each miR-199a-5p-overexpressing myoblast blot is normalized to the corresponding control blot. (d and e).
Inhibition of the WNT (8xTCF/LEF sites) TOPFLASH and FOPFLASH (8xTCF/LEF sites mutated) luciferase reporter constructs by miR-199a-5p in (d) HEK293T and (e)
human primary MB. Luciferase values were normalized to empty vector controls. (f) Real-time qPCR expression of the endogenous levels of the WNT/b-catenin downstream
target genes axin2, myca, and ccnd1 in WT (black bars) and Tg(mylz2-miR-199a-5p) (white bars) zebrafish at 5 dpf in three separate Tg or control lines (n¼ 3 replicates per
individual sample; all expression values are normalized to an ef1a loading control). (g) Real-time qPCR expression of the endogenous levels of WNT/b-catenin downstream
target genes AXIN2, CMYC, and CCND1 in scrambled-miR (white bars) and miR-199a-5p (black bars) overexpressing human primary MB. (n¼ 3 replicates per individual
sample; all expression values are normalized to an 18sRb loading control). (h) Schematic of miR-199a-5p regulation of WNT signaling during myogenic differentiation. MiR-
199a-5p targets several WNT signaling components that affect myoblast proliferation and differentiation capacity. Low levels of miR-199a-5p exist in proliferating MB, whereas
an increase in miR-199a-5p levels that occurs during myogenic differentiation is concordant with miR-199a-5p transcriptional activation by SRF and MRTF transcription factors
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(fused to luciferase open reading frame (ORF)) reporter

(Figure 7a). Mutation of the miR-199a-5p-binding site in each

of the 30UTR luciferase reporters was able to ablate the

inhibition of the luciferase reporter by miR-199a-5p

(Figure 7a). Given that miR-199a-5p overexpression in vivo

resulted in profound myofiber structural changes, levels of

WNT signaling components were measured in the 199a-5p

Tg-overexpressing zebrafish. The Tg(mylz2-miR-199a-5p)
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zebrafish showed significant reduction of the miR-199a-5p-

targeted WNT pathway genes wnt2, fzd4, and jag1b

(Figure 7b). Overexpression of miR-199a-5p in normal human

MB strongly inhibited endogenous protein levels of each of the

miR-199a-5p-predictedWNT pathway genes (Figure 7c). The

TOPFLASH (8xTCF/LEF-binding sites) and FOPFLASH

(8xTCF/LEF sites mutated) have been used in WNT reporter

assays to characterize WNT signaling levels in various

cell lines.37,38 To further validate miR-199a-5p as a regulator

of WNT signaling, we overexpressed miR-199a-5p along with

the TOPFLASH or the control FOPFLASH luciferase repor-

ters in either HEK293T cells or normal human primary MB.

Overexpression of miR-199a-5p inhibited the TOPFLASH

(8xTCF/LEF-binding sites) but not the FOPFLASH reporter in

both HEK293T cells and human primary MB (Figures 7d

and e). These findings indicate that constitutive overexpres-

sion ofmiR-199a-5p inmuscle has a strong inhibitory effect on

WNT signaling during early vertebrate muscle development.

As miR-199a-5p overexpression strongly inhibited several

WNT signaling components, we measured b-catenin protein

levels bywestern blot (WB) analysis, which showedan increase

in phosphorylated b-catenin but no change in total expression

levels (Figure 7c). Additionally, we observed no change in

the protein levels of GSK3a in the miR-199a-5p overexpressing

MB, which suggests that GSK3 proteins may still phosphor-

ylate b-catenin at critical functional residues (Figure 7c).

To further validate miR-199a-5p as a regulator of the

WNT signaling pathway, we measured the levels of several

well-characterized WNT/b-catenin-downstream target genes

axin2,myca (zebrafish c-myc ortholog), and ccnd1 (cyclin D1)

in the Tg(mylz2-miR-199a-5p) zebrafish and primary MB

overexpressing miR-199a-5p lentivirus.39 The levels of

these miR-199a-5p target genes were significantly reduced

in miR-199a-5p overexpressing zebrafish compared with

wild-type controls (Figures 7f and g). These results suggest

that high levels of miR-199a-5p inhibit WNT signaling, which

drives myoblast proliferation and differentiation.

Discussion

MiR-199a-5p is a ubiquitously expressed miRNA whose

expression is modulated at key time points of development,

growth, regeneration, and in various muscle diseases and

cancers.12,21,40 Another recent study showed that miR-199a-

5p expression was upregulated in mice with idiopathic

pulmonary fibrosis (IPF), suggesting that miR-199a-5p could

regulate tissue fibrosis in different types of fibroproliferative

diseases.41 MiR-199a-5p can also regulate cardiomyocyte

size during cardiac hypertrophy under ischemic conditions.42

A hypoxic environment, which could trigger the increase in

miR-199a-5p expression, has been described in dystrophin-

deficient skeletal muscle.43

The results classify miR-199a-5p in the same family of

SRF-regulated muscle miRNAs (or myomiRs) miR-1, miR-

133a/b, miR-143, miR-145, miR-206, and miR-486.44–48

Additionally, they suggest a SRF/MRTF-dependent mechan-

ism for the induction of miR-199a-5p transcription and

subsequent downregulation of WNT signaling to allow

for normal myogenic differentiation to occur (Figure 7h).

Another factor capable of binding to the same CArG box

DNA-binding site as SRF, Yin-Yang 1, is highly expressed

in MB and is displaced frommuscle structural gene promoters

during myogenic differentiation.27 Our findings suggest

that miR-199a-5p transcription, similar to what has been

shown for other SRF-regulatedmiRNAs, is likewise repressed

by YY1 expression levels.28 Interestingly, miR-199a-5p

expression is also induced in interstitial skeletal muscle side

population cells but absent in MSCs.49,50 This observa-

tion may be explained by the fact that SRF and MRTF factors

have been detected in the interstitial cells that line the

vasculature, which are absent in undifferentiated MSCs

before myogenic differentiation.51,52 The induction of miR-

199a-5p expression levels, coinciding with increased SRF

expression during myogenic differentiation, further supports

the hypothesis that SRF is a regulator of muscle hypertrophic

growth while suppressing MSC proliferation.25 Recently, it

has been shown that induction of WNT7a can induce

muscle hypertrophy by activating the PI3K/AKT pathway

in myofibers.53 Given that we demonstrated miR-199a-5p

overexpression promotes myoblast proliferation but has

a modest effect in MT, one might hypothesize that miR-

199a-5p’s regulation of WNT signaling may be acting in a

similar mechanism. As previous findings have shown a

high level of expression of miR-199a-5p in developing

zebrafish and mouse mesodermal tissues, it is likely that

miR-199a-5p has important non-myogenic roles in early

development.20,31

Genomic removal of both the miR-199a-1 and miR-199a-2

transcripts along with a miR-199a-1/miR-199a-2 compound

deletion in mice may elucidate functional roles of each

miR-199a-5p transcript. Further characterization of miR-

199a-5p under different pathogenic conditions might

elucidate its function as a regulator of other non-WNT

signaling targets. Additionally, these studies open up the

possibility that inhibitors of miR-199a-5p expression

might improve dystrophic muscle function and alleviate

some of the symptoms associated with these devastating

diseases.

Materials and Methods
Zebrafish lines. Wild-type (AB strain) zebrafish were housed in sterile
fish tanks. The sapje fish line has been described previously.16,54 The Tg(mylz2-
miR-199a-5p) Tg zebrafish were generated by injecting a modified version pKS-
GM2f plasmid that contained the 2 kb mylz2 50 upstream promoter sequence as
described elsewhere.55 A 0.5-kb amplicon containing the zebrafish miR-199-2
genomic sequence was cloned by PCR into the BamH1 and HindIII restriction
sites and the final plasmid construct was linearized by Not1 restriction digestion.
All zebrafish embryo injections were performed in one-cell AB zebrafish embryos
at a DNA concentration of 100 pg/nl. Three Tg(mylz2-miR-199a-5p) F0 founder
lines were generated and used for all subsequent experiments. Overexpression of
zebrafish miR-199a-5p was confirmed by real-time qPCR for zebrafish miR-199a-
5p expression levels. Zebrafish were housed, fed, and maintained as breeding
stocks as described elsewhere.56 All zebrafish were housed in the Boston
Children’s Hospital Aquatics facility (Director Christian Lawrence) under the animal
protocol number: 09-10-1534R.

Mouse husbandry and muscle biopsies. Wild-type C57Bl6/J mice and
mdx5cv mice were originally obtained from Jackson Laboratories, Bar Harbor, ME,
USA. Muscle tissue was homogenized with a FastPrep FP120 bead homogenizer
(ThermoScientific, Waltham, MA, USA) and miRNA was extracted using the
miRVana miRNA kit (Ambion, Houston, TX, USA). Normal and mdx5cv mice were
housed in sterile, pathogen-free conditions in the Boston Children’s Hospital
ARCH animal facilities under the animal protocol number: 10-12-1852R.
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Human biopsies and establishment of primary myoblast cell
lines. All normal and DMD skeletal muscle biopsies for the establishment of
myoblast cell lines were obtained during either diagnostic skeletal muscle biopsies
or other clinical surgeries as described previously.10 All patients gave written
and oral consent before surgery and all protocols were approved by the
Boston Children’s Hospital human subjects internal review board protocol number:
03-12-205R.

Mouse tibialis anterior (TA) muscle extractions. The TA muscles
from age-matched normal and mdx5cv male, 4-month-old mice were harvested for
miRNA and mRNA following euthanization by CO2 gas. Muscle miRNA and mRNA
were extracted using the miRVana (Ambion) kit as previously described.10

MiRNA isolation and real-time qPCR. MiRNA and total mRNA was
extracted from cell lines, fish embryos, or mouse/human muscle biopsies using a
miRVana Isolation kit (Ambion). Fifty nanograms of total miRNA per sample was
copied into complementary DNA (cDNA) using the Multiscribe RT System (Applied
Biosystems, Foster City, CA, USA). One microliter of RT reaction was used for
each specific miRNA Taqman assay (Applied Biosystems), which was amplified
using NoAmp Erase Taqman Polymerase (Applied Biosystems) following
the manufacturer’s instructions. All human miRNA Taqman precursor assays
were obtained commercially (Applied Biosystems). Pri-microRNA Taqman assays
were run using a Taqman Universal Master Mix Kit (Applied Biosystems) following
the manufacturer’s instructions. All samples were analyzed in 96-well optical plates
on an ABI 7900HT real-time PCR machine (Applied Biosystems). Cycle times
were normalized to U6 (or RNU6-2 for pri-miRNA assay qPCR) small nuclear
RNAs as loading controls. Relative fold expression and changes were calculated
using the 2�DDCt method as described previously.10

For all SYBR green-based real-time qPCR assays, total RNA from muscle
biopsies and cell cultures was extracted using the mirVanamiRNA/mRNA extraction
kit (Ambion). One microgram of total RNA was copied into cDNA using the First-
Strand Synthesis kit (Invitrogen, Carlsbad, CA, USA). Ten-fold serial dilutions of the
cDNA were analyzed on 96-well optical plates using the Power SYBR Green
Mix system (Applied Biosystems) and analyzed on the ABI 7900HT real-time
PCR machine (Applied Biosystems). Primers specific for each gene were designed
using NCBI-PrimerBlast, and all cycle time values were normalized to an 18sRb
loading control. Real-time qPCR primers sequences for all SYBR green-based
assays are listed in Supplementary Figure S4A.

MiRNA microarrays. MiRNA was extracted from unaffected and sapje
(3 pools of each zebrafish strain containing approximately 20 fish per pool at 30 dpf,
and 2 separate pools of each zebrafish strain at 5 dpf) that were obtained from sapje
heterozygous matings. Following miRNA extraction (see miRNA isolation methods
above), miRNA samples were flashPAGE fractionated and purified (Ambion) as
previously described.12 MiRNA samples were hybridized to zebrafish miRNA
microarrays, and all data were gathered, processed, and analyzed by LC Sciences
LLC (Houston, TX, USA). Clustal hierarchical analysis was performed using analysis
of variance-1 statistical analysis. MiRNA microarray data files were deposited in
NCBI GEOmnibus under the accession number GSE40204.

Lentivirus production. Lentivirus vectors that constitutively overexpress a
miR-199a-5p precursor, antimiR-199a-5p (miRZip), or scrambled-miR control all
three of which also contained bicistronic internal ribosome entry site (IRES)-GFP
tags were obtained commercially (System Biosciences Inc., Mountain View, CA,
USA) and generated in HEK293T cells using third-generation lentiviral packaging
plasmids (MDL/RRE, Rev, and VSV-G) as previously described.10 Dox-inducible
lentivirus was generated by cloning a 500 base-pair genomic fragment containing
the human miR-199a-2 precursor sequence into the LV-TetO plasmid57

(gift from Dr. Konrad Hochedlindger, Harvard). A shRNAi hairpin-targeting
human miR-199a-5p was subcloned by PCR from the miRZip vector into the
Dox-inducible LV-TetO plasmid. Cells infected with the LV-miR-199a-5p-over-
expressing or -inhibiting (antimiR-199a-5p) virus were also co-infected with a
reverse-tetracycline transactivator (rtTA) virus at the same multiplicity of infection
(MOI). A YY1-overexpressing lentivirus was generated by cloning a YY1-3xHA
ORF into the Xba1 and BamH1 restriction sites of the pCDH-EF1-MCS-IRES-RFP
vector (System Biosciences Inc.). Dox hyclate (Sigma-Aldrich, St. Louis, MO,
USA) was added at an optimal concentration of 50 ng/ml to induce the expression
of miRNA or antimiR-199a-5p hairpin. Most lentiviral infections were done using a
MOI ranging from 10 to 100.

Cell cultures. HEK293T cells (GeneHunter Corp., Nashville, TN, USA)
were maintained using 10% FBS (Atlanta Biologicals, Lawrenceville, GA, USA)/
Dulbecco’s Modification of Eagle Medium (Invitrogen) supplemented with
antibiotics (Antibiotic-Antimycotic; Invitrogen). Primary human MB from normal
and DMD patients were isolated and maintained in cell culture using Human
Skeletal Muscle Growth Media (Promocell, Heidelberg, Germany) supplemented
with 20% FBS and antibiotics as previously characterized.10

Plasmids. Plasmids overexpressing either a non-targeting (scrambled)
miRNA or human miR-199a-2 were obtained commercially (Origene, Rockville,
MD, USA). The human SRF ORF was subcloned by PCR into pIRES-2a-hrGFP
(Strategene, La Jolla, CA, USA) from a purchased clone MHS1011-9199653
(Open Biosystems, Huntsville, AL, USA). Plasmids overexpressing human MRTF-
A or B were obtained from Addgene (Addgene plasmids 19838 and 27175;
Cambridge, MA, USA) and were originally generated from the laboratory of Robert
Prywes and described elsewhere.23,58 The TOPFLASH and FOPFLASH WNT-
reporter plasmids were a gift from Leonard Zon and have been characterized
elsewhere.59 Plasmids overexpressing human MYOD1 and SRF were generated
by PCR of the ORFs from commercially obtained ESTs (Open Biosystems) into
pIRES-1a-hrGFP or pIRES-2a-hrGFP (Strategene). The human YY1 ORF (NCBI
Accession Number: NM_003403.3) was cloned from normal human muscle cDNA
into pIRES-2a-hrGFP. The 2, 1, 0.8, 0.5, and 0.2 kb human DNM3OS promoter
constructs were cloned into pGL4.20 (Promega, Madison, WI, USA) at the
Nhe1/BglII restriction sites. Mutagenesis of the CArG box DNA sequences from
(Site 1) 50-GGCCACATGTGGAA-30 to 50-GGTCACGTGTAGAA-30 and (Site 2)
50-CATCCCATATATGGA-30 to 50-CATCTCATATGTGAA-30 was performed using
the Quik Change II kit (Stratagene). All luciferase-based promoter assays were
performed using the Dual-Glo Assay system (Promega).

Antisera. A table of primary antibodies and their concentrations in different
applications can be found in Supplementary Figure S5. Secondary antibodies
used in this study for WB analysis include anti-mouse and anti-rabbit horse
radish peroxidase (HRP)-conjugated (Cell Signaling Technology, Beverly, MA,
USA; 1 : 2000 WB dilution), along with anti-goat HRP-conjugated (Santa Cruz
Biotechnology, Santa Cruz, CA, USA; 1 : 1000 WB dilution). Secondary antibodies
(Invitrogen) in mouse and rabbit Alexa-Fluor fluorochromes that were conjugated
to fluorochromes to be excited at either 488 or 568 nm were used for
immunofluorescent detection of primary antisera.

FACS analysis. Muscle MB were sorted using FACS for detection and were
stained with propidium iodide (2 mg/ml; BD Biosciences, San Diego, CA, USA) to
exclude dead cells. All cells were analyzed on a FACSVantage flow cytometer
(BD Biosciences), and all FACS plots were analyzed using FloJo software
(Version 6.4.7; Tree Star Inc., Ashland, OR, USA).

Western Blots. All protein preparations were quantified using a bicinchoninic
acid kit (ThermoScientific). Thirty micrograms of whole-cell protein lysate was
resolved on 4–20% gradient Novex tris-glycine gels (Invitrogen). Following a
transfer of proteins onto PVDF membranes (Invitrogen), the membranes were
then blocked with 5% non-fat milk/1� tris-buffered saline (TBS)-Tween 20
(Sigma-Aldrich), before being incubated overnight at 4 1C with primary antisera
diluted in 5% milk/TBS-Tween 20 (Boston BioProducts Inc., Ashland, MA, USA).
The membranes were washed in a series of three TBS-Tween 20 washes. The
secondary HRP-conjugated antibodies were diluted in 5%milk/TBS-Tween
20 before incubation with the PVDF membranes for 1 h at room temperature.
Following additional washes before application of chemoluminscent substrate
(Millipore, Billerica, MA, USA), the membranes were exposed on blue film
(Genesee Scientific, San Diego, CA, USA) using varying exposure times.
Uncropped image scans of WBs are located in Supplementary Figure S6.

Immunohistochemistry/fluorescence. Each group of cells was
fixed at each of the time points with 4% paraformaldehyde for 10min at 4 1C
with gentile agitation. Following fixation, the cells were washed twice in 1�
phosphate-buffered saline (PBS), three times in 0.1% Triton-X/1�PBS, and then
incubated in blocking buffer (10% horse serum, Invitrogen; 0.1% Triton-X, Sigma-
Aldrich; mixed in 1�PBS, Mediatech, Inc, Manassas, VA, USA) for 1 h at room
temperature with light shaking. Following blocking, the cells were incubated with
primary antisera overnight at 4 1C with gentle shaking. Cells were incubated in
secondary antisera of either AlexaFluor-488 or AlexaFluor-568 (Invitrogen)
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conjugated to either mouse or rabbit immunoglobulin G (IgG). Cells were then
washed three times with 0.1% Triton-X/1x PBS before being mounted
with Vectashield containing DAPI (40,6-diamidino-2-phenylindole; Vector Labs,
Burlingame, CA, USA). Cells that had been stained were photographed with a
Nikon II fluorescent microscope (Nikon Instruments Inc., Melville, NY, USA) using
SPOT software (Spot Imaging Solutions, Sterling Heights, MI, USA).
Non-Tg and Tg(mylz2-miR-199a-5p) Tg 5 dpf zebrafish were fixed in 4%

paraformaldehyde (EM Sciences, Gibbstown, NJ, USA) overnight with gentle
rocking at 4 1C. The samples were then rehydrated with a series of methanol
washes (75–50%) and blocked in a buffer consisting of 2% casein, 1% bovine serum
albumin fraction V, and 0.05% Tween-20 to reduce non-specific binding. Following
overnight incubation at 4 1C in primary antisera, zebrafish samples were incubated
in secondary antisera of either AlexaFluor-488 or AlexaFluor-568 (Invitrogen)
conjugated to either mouse or rabbit IgG. The samples were then imaged with a
Nikon II fluorescent microscope using OpenLab software Version 3.1.5 (Improvi-
sion/Perkin Elmer, Waltham, MA, USA).

SRF inhibition. Primary MB were treated with the SRF signaling small-
molecule inhibitor CCG-1423 (Cayman Chemical, Ann Arbor, MI, USA), diluted in
DMSO (Sigma-Aldrich), at concentrations of 1, 10, 50, and 100 nM, and incubated
for 48 h. To accomplish SRF shRNAi knockdown, a double-strained small hairpin
DNA oligo was ligated into the BamH1 and EcoR1 restriction sites of the
pGreenPuro shRNAi lentivector (Catalog number SI506A-1; System Biosciences
Inc.). The cloning primers used to design the SRF shRNAi lentivector included:
sense: 50-AGAGAATGAGTGCCACTGG-30 and antisense 50-CCAGTGGCACTCA
TTCTCT-30 19-nt sequences targeting the human SRF ORF. Following infection
with shRNAi targeting either SRF or a shLuciferase (System Biosciences Inc.), the
cells were incubated with puromycin (RPI Corp., Mt. Prospect, IL, USA) at a
concentration of 1mg/ml before selection 48 h post infection.

Caspase-glo assays. A Caspase-glo 3/7 assay (Promega) kit was used to
measure the amounts of cleaved-Caspase 3/7 following the manufacturer’s
protocol. Normal human primary MB were seeded at 5� 104 cells in six-well
plates, infected with lentivirus, and assayed 48 h following infection in a protocol
previously described.10

GST expression and protein purification. Recombinant GST-tagged
SRF and control GST protein were generated by first cloning the full-length ORF of
human SRF into the EcoR1 and Xho1 restriction sites of pGEX6P-1 (GE
Healthcare Life Sciences, Piscataway, NJ, USA). Recombinant GST-tagged
proteins were purified from BL21Gold (Agilent Technologies, Santa Clara, CA,
USA) Escherichia coli following a 6-h IPTG (isopropyl b-D-1-thiogalactopyrano-
side; Sigma-Aldrich) induction using the GST GraviTrap kit in accordance with the
manufacturer’s protocol (GE Healthcare Life Sciences).

EMSA. EMSA assays were performed using recombinant GST-tagged SRF or
control GST protein and oligos corresponding to the CArG DNA-binding elements
located 50 upstream of the human DNM3OS promoter (Supplementary Figure
S4C). Oligos containing X2 50 guanine overhangs were resuspended in sterile
water to a concentration of 100mM. Oligos were then annealed to each other by
first boiling them in 1X annealing buffer (100mM Tris-HCl, pH¼ 8.0; 150 mM
NaCl; and 10mM MgCl2) at 100 1C for 5min, followed by a 1 h cool-down to room
temperature. The annealed primer pairs were radiolabeled using ATP-g-32P
(Perkin Elmer) and T4 polynucleotide kinase (Promega) for 30min at 37 1C before
purification on nucleic acid-binding columns (Roche Applied Sciences; Basel,
Switzerland). One microliter of radiolabeled oligos (5� 104 counts per minute)
was incubated at 37 1C for 30min, with 1ml 20 mM DTT, 1ml of poly dI-dC (1 mg/
ml), 4ml of EMSA buffer (0.1 M HEPES, 200mM KCl, 5 mM EDTA, 20mg/ml BSA,
15% glycerol), and 5 or 10mg (2� ) of recombinant protein extract, brought to a
final volume of 20ml with sterile water. For the supershift of the DNA:protein
complex, the sample was incubated with 3 mg of SRF antibody (Santa Cruz
Biotechnology) for 2 h at 4 1C before incubation with the radiolabeled oligo. The
samples were then resolved on 5% TBE/polyacrylamide gels for 2 h, before being
dried, and exposed overnight at � 80 1C on blue film (Genesee Scientific). Some
gels were exposed on phospho-imaging cassettes, and images were acquired
using a Typhoon Variable Mode Imager (Amersham Pharmacia, Amersham, UK).

MiRNA reporter assays. Following prediction of the transcripts that were
thought to be targets of miR-199a-5p, the 30UTR regions of these genes

were amplified by PCR from a human total mRNA library (Ambion). The 30 UTR
amplicons were then cloned into the SpeI and NotI restriction sites of a modified
version of the pGL2Basic vector containing a novel multi-cloning site from the
pCR4-TOPO vector as described previously.10 To start the miRNA 30UTR-
luciferase reporter assays, 20 000 HEK293T cells per well were seeded in 48-well
plates. The following day, the cells were transfected (Lipofectamine 2000;
Invitrogen) with 30 ng of 30UTR miRNA luciferase reporter constructs and 100 ng
of miR-486 over-expression plasmid (Origene; pCMVmiR-IRES-GFP vector)
or scrambled miRNA controls (Origene). Forty-eight hours post transfection,
cells were lysed in RIPA buffer (ThermoScientific), and 20 ml of whole cell lysate
assayed with 50ml of luciferase substrate using the Dual Reporter Assay
(Promega). Luciferase levels were measured on a single-tube luminometer
(Berthold Technologies, Bad Wildbad, Germany). The seed sites in the 30UTR
luciferase reporters were mutated from 50-GTACAGG-30 to 50-GgAaAtG-30 using
the Quik Change II kit (Stratagene).

ChIP. The myoblast fraction and primary human MT were harvested for ChIP
using the SimpleChIP Enzymatic Chromatin IP kit (Cell Signaling Technology)
following the manufacturer’s instructions. Briefly, MB were seeded at 4� 105 cells/
15 cm dish in 10 dishes per cohort. The myoblast fraction consisted of normal
human MB grown to approximately 70% confluency. For the myotube fraction (five
15 cm dishes), after reaching 90% confluency, MB were differentiated into MT by
serum withdrawal (2% FBS) for 4 days. Cells were harvested following three
washes in ice-cold 1�DPBS, were crosslinked with 1% formaldehyde (Sigma-
Aldrich) for 1 h at RT, and then chromatin was sheared using by incubating the
DNA pellets with micrococcal nuclease for 20min at 37 1C. Ten percent of
chromatin was removed for input controls, while the approximately 200mg of total
chromatin was used to purify DNA fragments following immunoprecipitation with
5mg of either anti-MyoD1 (Santa Cruz Biotechnology; sc-760) or anti-SRF (Santa
Cruz Biotechnology; sc-335) antibodies overnight at 4 1C under gentle rotation. An
IgG (5 mg total; BD Pharmingen, San Diego, CA, USA) was used as an internal
control. The following morning, the samples were incubated with 30 ml of ChIP
Grade Protein G magnetic beads (Cell Signaling Technology) for 2 h at 4 1C under
gentle rotation. Following several stringent washes, the chromatin was eluted off
the columns in 1 mM Tris-HCL pH 8.0 (Sigma-Aldrich) and purified on DNA-
binding columns before a final elution in sterile water. Following quantification on
the NanoDrop spectrophotometer (ThermoScientific), the chromatin was amplified
using primers specific for the SRF CArG box-binding site(s) or a non-specific DNA
sequence (ChIP primer sequences are listed in Supplementary Figure S4B).

Transmission electron microscopy. Zebrafish were fixed in a mixture of
glutaraldeyhyde-formaldeyhyde-picric acid mixture (EM Sciences) overnight at
4 1C. Samples then underwent osmication and uranyl acetate staining before
undergoing a series of ethanol washes. The samples were then embedded in
TAAB embedding resin (Marivac Ltd., Halifax, Nova Scotia, Canada) and one-
micron sections were cut on a Leica ultracut microtome (Leica Microsystems;
Wetzlar, Germany). The sections were then placed on 100mm copper grids
and stained with 0.2% lead citrate. The sections were viewed on a Philips Tecnai
BioTwin Spirit Electron Microscope (Philips, Amsterdam, The Netherlands) and
imaged by the Harvard Medical School Electron Microscopy Core.

MTS proliferation assays. MB were seeded at 1000 cells per 96-well
gelatin-coated (0.1% porcine; Sigma-Aldrich) dish. MTS assay was performed using
the Cell Titer 96 Non-Radioactive Cell Proliferation Assay (Promega) in accordance
with the manufacturer’s instructions. Absorbance values were measured using a
Synergy 2 (BioTek, Winooski, VT, USA) plate reader and calculated using Gen5
1.08 software (BioTek). All absorbance readings were normalized to either blank,
non-infected, or scrambled-miR internal control values.

Statistical analysis. Unless otherwise stated, all statistical analyses were
performed using a Student’s t-test (two-tailed).

URLs. GEO Database: http://www.ncbi.nlm.nih.gov/geo/
Sanger miRBase: http://mirbase.org/
MicroCosm (v5): http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/
miRDB: http://mirdb.org/miRDB/
Primer-BLAST (NCBI): http://www.ncbi.nlm.nih.gov/tools/primer-blast/
rVista (v2.0): http://rvista.dcode.org/
TargetScan (v6.2): www.targetscan.org
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