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ABSTRACT

Skeletal muscle contains long multinucleated and
contractile structures known as muscle fibers, which
arise from the fusion of myoblasts into multinucle-
ated myotubes during myogenesis. The myogenic
regulatory factor (MRF) MYF5 is the earliest to be
expressed during myogenesis and functions as a
transcription factor in muscle progenitor cells (satel-
lite cells) and myocytes. In mouse C2C12 myocytes,
MYF5 is implicated in the initial steps of myoblast
differentiation into myotubes. Here, using ribonu-
cleoprotein immunoprecipitation (RIP) analysis, we
discovered a novel function for MYF5 as an RNA-
binding protein which associated with a subset of
myoblast mRNAs. One prominent MYF5 target was
Ccnd1 mRNA, which encodes the key cell cycle reg-
ulator CCND1 (Cyclin D1). Biotin-RNA pulldown, UV-
crosslinking and gel shift experiments indicated that
MYF5 was capable of binding the 3′ untranslated
region (UTR) and the coding region (CR) of Ccnd1
mRNA. Silencing MYF5 expression in proliferating
myoblasts revealed that MYF5 promoted CCND1
translation and modestly increased transcription of
Ccnd1 mRNA. Accordingly, overexpressing MYF5 in
C2C12 cells upregulated CCND1 expression while si-
lencing MYF5 reduced myoblast proliferation as well
as differentiation of myoblasts into myotubes. More-
over, MYF5 silencing reduced myogenesis, while ec-
topically restoring CCND1 abundance partially res-
cued the decrease in myogenesis seen after MYF5 si-

lencing. We propose that MYF5 enhances early myo-
genesis in part by coordinately elevating Ccnd1 tran-
scription and Ccnd1 mRNA translation.

INTRODUCTION

Skeletal muscle biogenesis during development and during
regeneration following injury is tightly regulated. The re-
generation of myofibers during muscle repair depends on
quiescent mononucleated muscle stem cells known as satel-
lite cells, which reside between the basal lamina and the
fibers (1,2). Activated satellite cells start to proliferate into
myoblasts, which further proliferate and fuse together to
form multinucleated myotubes (3,4). Indeed, the process
of adult muscle regeneration from satellite cells recapitu-
lates the process of myogenesis during embryonic devel-
opment. Like most developmental processes, myogenesis
is regulated via changes in gene expression programs that
drive activation of satellite cells followed by inhibition of
myoblast growth and fusion into myotubes (5). The changes
in expressed proteins during myogenesis are controlled both
transcriptionally and post-transcriptionally. During myoge-
nesis, transcription is mainly controlled by myogenic regu-
latory factors (MRFs) (6). Post-transcriptional regulators
include RNA-binding proteins (RBPs) (7), a large class of
proteins that modulate pre-mRNA splicing, maturation,
transport, storage, translation and degradation (8), and reg-
ulatory noncoding RNAs like microRNAs and long non-
coding (lnc)RNAs (9,10).

The four main MRFs driving myogenesis are MYF5,
MYOD, MYOG (myogenin) and MRF4, each of them ex-
pressed with a distinct dynamic pattern (11–17). These fac-
tors can auto- and cross-regulate expression of each other
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and interact with the myocyte enhancer factor-2 (MEF2)
family of transcription factors to activate the transcription
of muscle-specific genes (18). MYF5 and MYOD are con-
sidered to be ‘commitment MRFs’, acting early in differ-
entiation, while MYOG and MRF4 act later in differenti-
ation and are considered ‘differentiation MRFs’ (19–21).
During mouse embryogenesis, MYF5 is the first of the myo-
genic transcription factor to be expressed and defines the
onset of myogenic development in mammals (22). Although
MYOD and MYF5 play some redundant roles in myogen-
esis, they have distinct roles in the development of muscles
from different parts of the body, and MYOD induction is
delayed relative to that of MYF5 during adult skeletal mus-
cle regeneration (19,23–25). Importantly, MYF5-deficient
skeletal muscle shows a significant delay in regeneration
after injury, as reported by Ustanina and colleagues (24).
The reduced transition from proliferation to differentiation
into myotubes in MYF5-deficient muscle was attributed to
the delayed proliferation rate of MYF5-deficient myoblasts,
indicating that MYF5 enhances myogenesis by promoting
myoblast proliferation (24–26).

Our recent studies investigating the mechanisms that gov-
ern expression levels of MRFs during myogenesis using the
mouse myoblast C2C12 line [an established cell model for
skeletal muscle differentiation studies (27)] revealed that
MEF2C expression was subject to post-transcriptional reg-
ulation by the RBP AUF1 (28). During the course of this in-
vestigation, we came upon the unexpected observation that
MYF5 appeared to function as an RNA-binding protein
and set out to investigate this possibility in molecular de-
tail. Here, we present evidence that MYF5 also has affinity
for mRNAs. We analyze in depth the interaction of MYF5
with one specific target transcript, Ccnd1 mRNA, which en-
codes the growth regulator Cyclin D1 (CCND1) that func-
tions during the brief proliferative burst that initiates myo-
genesis. MYF5 was found to bind the coding region and
3′-untranslated region (UTR) of Ccnd1 mRNA, and fur-
ther analysis of endogenous Ccnd1 mRNA and reporter
constructs bearing segments of Ccnd1 mRNA revealed that
MYF5 selectively enhances CCND1 translation. Accord-
ingly, silencing MYF5 reduced CCND1 abundance, while
overexpressing MYF5 elevated CCND1 levels, in turn im-
pacting upon the rate of myotube formation. Interestingly,
MYF5 also moderately upregulated Ccnd1 mRNA tran-
scription. Together, we propose that MYF5 contributes to
myoblast growth and differentiation at least in part by en-
hancing both the transcription and the translation of Ccnd1
mRNA and hence increasing Cyclin D1/CCND1 produc-
tion.

MATERIALS AND METHODS

Plasmid constructs and reporter analysis

To prepare plasmid pcDNA3-FLAG3-MYF5, the MYF5
coding sequence (NM 008656.5) was amplified by poly-
merase chain reaction (PCR) from cDNA prepared from
proliferating C2C12 cells. In order to assay the contribu-
tion of different regions of Ccnd1 mRNA (NM 007631.2) to
the regulation by MYF5, several constructs were engineered
by PCR amplification of different Ccnd1 mRNA segments

(5′UTR, CR, 3′UTR-A, 3′UTR-B, 3′UTR-C and 3′UTR-
D) and inserted into plasmid psiCHECK2 (Promega).
Ccnd1 PCR products were inserted downstream of the Re-
nilla luciferase (RL) open reading frame in psiCHECK2;
Firefly luciferase (FL) was measured as internal control.
Plasmids expressing GST-tagged MYF5 were constructed
after amplifying Domain 1 (D1), Domain 2 (D2), Domain 3
(D3), or combinations of these domains and inserting them
in frame downstream of GST.

For overexpression experiments, 1 �g of plasmids
pcDNA3-FLAG3-MYF5 (constructed in-house),
pcDNA3-FLAG, or pCCND1-Myc-DDK (Origene,
MR226906) were transfected into growing C2C12 cells
using Lipofectamine 2000 (Invitrogen). For reporter anal-
yses, proliferating C2C12 cells were transfected with Ctrl
siRNA or MYF5 siRNA using Lipofectamine 2000 and 24
h later with 50 ng of psiCHECK2 reporter plasmids con-
taining Ccnd1 fragments. Sixteen hours after transfection
of reporter plasmids, RL and FL activities were measured
using Dual-Glo Luciferase Assay System (Promega) and
RL mRNA and FL mRNA were measured by RT-qPCR
analysis after elimination of residual plasmid using DNase
I.

C2C12 cell culture, differentiation and creatine kinase assay

Proliferating C2C12 myoblasts cells were cultured in growth
medium [(GM), Dulbecco’s modified Eagle’s medium (In-
vitrogen) supplemented with 10% fetal bovine serum
(Gibco), antibiotics and antimycotics (Life Technologies)].
Growing, subconfluent C2C12 cultures were induced to dif-
ferentiate by replacing the GM with differentiation medium
[(DM) DMEM with 2% horse serum]. For silencing ex-
periments, control small interfering RNA (Ctrl siRNA) or
MYF5 siRNA (sc-35989, Santa Cruz Biotech.) was trans-
fected twice, 36 and 12 h before inducing differentiation.
CCND1 siRNA (SR408533, Origene) was transfected 48 h
before measuring cell number. Creatine kinase (CK) activity
was determined using the EnzyChromTM Creatine Kinase
Assay Kit (BioAssay Systems) following the manufacturer’s
protocol, and CK activity was calculated as arbitrary units
per �g of total protein.

Ribonucleoprotein immunoprecipitation (RIP) and western
blot analysis

The association of MYF5 with endogenous mRNAs in
growing and differentiated C2C12 cells were analyzed by
immunoprecipitation (IP) of endogenous ribonucleoprotein
(RNP) complexes as described previously (28). Briefly, cy-
toplasmic extracts from growing (GM) C2C12 cells were
prepared by lysing the cells in polysome extraction buffer
(PEB; 20 mM Tris-HCl at pH 7.5, 100 mM KCl, 5 mM
MgCl2 and 0.5% NP-40) containing protease and RNase in-
hibitors for 10 min on ice and the supernatant was collected
by centrifugation (15 000 × g for 10 min at 4◦C). The su-
pernatants were incubated with protein A sepharose beads
coated with anti-MYF5 (sc-302, Santa Cruz Biotech.) or
control IgG (Santa Cruz Biotech.) antibodies for 2 h at 4◦C.
After washes with NT2 buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1 mM MgCl2, 0.05% NP-40), bound RNA
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was extracted from the beads using TRIzol and subjected to
reverse transcription (RT) followed by real-time, quantita-
tive (q)PCR analysis using the primer pairs listed below. For
detection of MYF5 in the MYF5 IP samples, pellets were
incubated with elution buffer (0.2% SDS, 0.1% Tween-20,
50 mM Tris-HCl, pH 8.0) for 5 min at 25oC with shaking;
after a short spin, the supernatant was collected and further
analyzed for the presence of MYF5 by western blot analysis.

Nuclear and cytoplasmic fractions of proliferating
C2C12 cells were prepared using NE-PERTM Nuclear
and Cytoplasmic Extraction Reagents (Life Technolo-
gies) following the manufacturer’s protocol. C2C12 whole-
cell lysates were prepared using RIPA buffer, and west-
ern blot analysis was performed with 10 �g of pro-
tein fractionated by electrophoresis through 4–20% Mini-
PROTEAN R©TGXTM Gel (Bio-Rad) and transferred to ni-
trocellulose membrane using Trans-Blot R© TurboTM Trans-
fer System (Bio-Rad). Primary antibodies recognized Cy-
clin D1 (92G2) (mAb #2978, Cell Signaling), MYF5 (sc-
302, Santa Cruz Biotech.), the GST tag (sc-138), HSP90 (sc-
13119), GAPDH (sc-32233), MYOG (sc-12732) and Lamin
B (sc-6216). Following incubation with the appropriate sec-
ondary antibodies, signals were developed using Enhanced
Chemiluminescence (ECL).

Production and purification of full-length GST-MYF5 and
GST-MYF5 deletion products

GST-tagged full-length MYF5 and partial MYF5 domains
were cloned in plasmid vector pGEX4T2, and transformed
into competent BL21 E. coli. After overnight culture, cells
were treated with 0.5 mM IPTG to induce GST-MYF5
production. Cells were then lysed in GST lysis buffer (50
mM Tris-HCl [pH 8.8], 200 mM NaCl, 1 mM EDTA) con-
taining protease inhibitor using sonication and the lysate
was cleared by centrifugation. The supernatant was supple-
mented with Triton X-100 (3%), and then incubated with
Glutathione Sepharose 4B beads (GE Healthcare Life Sci-
ences) to allow binding. Following washes with GST lysis
buffer containing 1% Triton X-100 and elution with a buffer
containing 300 mM Tris-HCl [pH 8.8], 120 mM NaCl and
20 mM Glutathione, GST-tagged proteins were dialyzed us-
ing the YM-10 centricon columns (Millipore) and washed
with TBS buffer before use in binding assays.

Immunostaining

Growing or differentiated C2C12 cells were fixed with
chilled acetone-methanol mix (50% each) for 10 min at RT,
incubated with BSA-containing PBS (PBS-BSA) for 15 min
and blocked with PBS-BSA, whereupon the cells were incu-
bated for 1 h with anti-MYF5 (Santa Cruz Biotech.) or anti-
MYH (H-300) (sc-20641, Santa Cruz Biotech.) antibodies.
Following washes with PBS and incubation for 30 min with
Donkey anti-Rabbit IgG (H+L) secondary antibody, Alexa
Fluor R© 488 conjugate (A-21206, Life Technologies) was
used to visualize the signals using fluorescence microscopy.
Nuclei were visualized by staining with DAPI.

Microarray analyses

RNA present in the MYF5 RIP samples was isolated us-
ing TRIzol extraction and amplified and labeled using the
Illumina TotalPrep RNA Amplification Kit following the
manufacturer’s protocol (Thermo-Fisher, Waltham, MA).
Biotinylated RNA hybridized to MouseRef-8 v2.0 Expres-
sion BeadChips (Illumina, San Diego, CA) was visualized
using streptavidin-conjugated Cy3 staining and scanned at
0.53-�m resolution on an Illumina iScan Beadarray scan-
ner. Raw microarray data were filtered by detection P-
values of <0.02, normalized by Z-score transformation and
tested for significant differences in signal intensity by Z-
test and multiple comparison correction by false discovery
rate, with additional sample group ANOVA test to control
overall sample error. The sample quality was analyzed by
scatter plot, principal component analysis and gene sam-
ple Z-score-based hierarchy clustering to exclude possi-
ble outliers. Transcripts were considered to be significantly
changed when they had Z-test P-values of ≤0.05, Z-ratio
absolute values of Z-ratio ≥1.5, a multiple-comparison cor-
rection false-discovery rate of ≤0.30, non-negative average
Z-score signal of the comparison group samples, and an in-
dependent one-way analysis of variance (ANOVA) on sam-
ple group analysis P-value of ≤0.05.

RNA isolation and RT-qPCR analysis

RNA was isolated from cell extracts or from RIP samples
using TRIzol (15596–026, Thermo Fisher Scientific) fol-
lowing the manufacturer’s procedure. Reverse transcription
(RT) was performed using 150 ng of random hexamers
(11034731001, Roche) and Maxima reverse transcriptase
(EP0741, Thermo Fisher Scientific) and incubated for
10 min at room temperature followed by 30 min incu-
bation at 50◦C using a Thermomixer. The RT enzyme
was inactivated by heating at 85◦C for 5 min before using
the reaction products for real-time quantitative (q)PCR
analysis. For qPCR analysis, KAPA SYBR R© FAST
qPCR Kits (ABI Prism) (KK4605, KAPA Biosystems)
was used with 250 nM gene-specific primers (forward and
reverse, respectively) GTAACCCGTTGAACCCCATT
and CCATCCAATCGGTAGTAGCG for 18S rRNA
[NR 003278.3], AACTTTGGCATTGTGGAAGG and
GGATGCAGGGATGATGTTCT for Gapdh mRNA
[NM 001289726.1], TATTACAGCCTGCCGGGACA
and CTGCTGTTCTTTCGGGACCA for Myf5 mRNA
[NM 008656.5], CTTCTACGCACCTGGACCG and
ACTGTAGTAGGCGGTGTCGT for MyoD mRNA
[NM 010866.2], CGGTGGAACTTTGACTTCGT and
CAGGGCAGAGGAAGTACTGG for Cdkn1a mRNA
[NM 007669.5], AGCCTCCAGAGGGCTGTCGG and
TGGGGAGGGCTGTGGTCTCG for Ccnd1 mRNA
[NM 007631.2], CCTCACGCGCGTCGCTTCTC and
GGCACGTAGCGCTCCTCCAG for Ccnd3 mRNA
[NM 007632.2], TCTGTGCATTCTAGCCATCG and
ACAAAAGGCACCATCCAGTC for Ccne2 mRNA
[NM 001037134.2], TCTACGTGGAACCTTTGCCG
and GCTGCACACACTCTTTACCG for Atp2a2
mRNA [NM 001110140.3], CGGTGACTTTCCCTC-
CTTGTC and AAGCTGTAGCTGCACCACTCT for
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Atp1b1 mRNA [NM 009721.6], TACAAGTACCTCAC-
CGCTTGGT and TGATCTTGTCTTGGTGCTCGTA
for RL mRNA, CTAAGAAGGGCCTGCAGAAGAT
and AAGCCCTGGTAGTCGGTCTTAG for FL mRNA,
and CTGGAGCCCTTGAAGAAGAG and GGTG-
GTGGGTTACGTGGTTA for Ccnd1 pre-mRNA.
RT-qPCR analysis was performed on Applied Biosystems
7300 and 7900 instruments with a cycle set up consisting of
3 min at 95◦C and 40 cycles of 5 s at 95◦C plus 20 s at 60◦C;
dissociation curves were routinely analyzed at a minimum
when testing new primers for the first time. Relative ex-
pression levels were calculated after normalization to 18S
rRNA or to Gapdh mRNA (29). Student’s t-test was used
for assessing significance (P-values) throughout the report.

Biotin pull down analysis

The primers used to prepare biotinylated RNA frag-
ments spanning the Ccnd1 mRNA are listed below.
To synthesize biotinylated transcripts, PCR fragments
were prepared using forward primers that contained
the T7 RNA polymerase promoter sequence (T7):
AGTAATACGACTCACTATAGGG. The PCR template
of Ccnd1 5′UTR was generated using primers (forward and
reverse, respectively) (T7)TTTTCTCTGCCCGGCTTTG
and GGCGCGGCCGTCTGGGGAGG, and
primers to synthesize the Ccnd1 coding region (CR)
were (T7)ATGGAACACCAGCTCCTGTG and
TCAGATGTCCACATCTCGCA. PCR templates to
synthesize the Ccnd1 3′UTR fragments were prepared us-
ing primers (T7)GGGCCACCGGGCAGGCGGGA
and GCAAAGCAGAGTACATTTCTC for frag-
ment A, (T7)GAGAAATGTACTCTGCTTTG and
TCCATTCCATTAGAACCCCTC for fragment
B, (T7)GAGGGGTTCTAATGGAATGGA and
CCAATGGGGCCAATTGGGTT for fragment
C, and (T7)AACCCAATTGGCCCCATTGG and
GGTATTGTGAACAGGAACCTG for fragment D.
After purification of the template PCR products, biotiny-
lated transcripts were synthesized using the MegaScript
T7 kit (Ambion) followed by purification using Nuc-
Away Spin Columns (AM10070, Applied Biosystems).
The partially double-stranded template for the biotin-
RNA preparation was generated from annealing the T7
promoter oligonucleotide and oligonucleotides corre-
sponding to the complementary sequence of the 3′UTR-C
of Ccnd1 mRNA with complementary T7 promoter
sequence (CCCTATAGTGAGTCGTATTACT, re-
ferred to as T7AS) at the 3′ end. The complementary
oligomers were ATCTGAATGCGTGTGTGGACAT
CCCCATCCATTCCATTAGAACCCCTC-T7AS for
3′C1, ACTTCCCAAGCACCTCATACTACCAGCC
CTACAACCTGTTGTACAGCCATCTG-T7AS for
3′C2, AGATCCCGGTGGTGCGAGAACAGAGTTC
TCTCTTCTTGACCCAACAAAACTTC-T7AS for
3′C3, CTTCCAAACACCAGCTGGCACCAAAGGA
TCCCTTCAACTTTGCAGGACAGATC-T7AS for
3′C4, AGAGTTGTCCCCAATCTCCTTGTCCAGG
TAATGCCATCATGGTTCCTACTTCC-T7AS for
3′C5, GTATAAATTAGACATTTTAGTGTTTAAA
AGCCTCCTGTGTGAGACTTAAGAGT-T7AS for

3′C6, CACTGGTCATGGGCAGCCTTTCCCATAA
ATACTCTTCTGTAGCCTTAAGTATA-T7AS for
3′C7, GGCAGAGGTGTGCGTTTGAATCAAGGGA
GATCACATTGCTTTGAGTCACACTG-T7AS for
3′C8, CAATGAAAGACCAATCTCTCAGACATGG
CCCTAAACCTTCTCCAGCAGGGCAG-T7AS for
3′C9, CCCCCCCCCCCCCCCCGTTGCCCAATGAAA
GACCAATCTCTCAGACATGG-T7AS for 3′C9–10,
TCTTTGTGGTTTTTTTTTTTTAAGGACCCCCC
CCCCCCCCCCGTTGCCCAATG-T7AS for 3′C10,
AAGGACCCCCCCCCCCCCCCCGTTGCCCAATG-
T7AS for 3′C10–1, AAAGTCAAGCAGACCAAATCTC
TGTCTTTGTGGTTTTTTTTTTTTAAGG-T7AS for
3′C10–11, and CCAATGGGGCCAATTGGGTTGGGA
AAGTCAAGCAGACCAAATCTCTGTCTTT-T7AS for
3′C11 were used to generate the template for fragments
corresponding to Ccnd1 3′UTR-C. The partial double-
stranded templates were used to prepare biotinylated
transcripts using the MegaShortscript T7 kit (Ambion)
followed by purification using NucAway Spin Columns
(AM10070, Applied Biosystems). Cytoplasmic C2C12 cell
lysates (500 �g) prepared using PEB or 25 ng of recom-
binant His-MYF5 (TP760391, Origene) were incubated
with 1 �g of purified biotinylated transcripts in 1X TENT
buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA [pH 8.0],
250 mM NaCl, 0.5% [v/v] Triton X-100), and 1× protease
and 200 U/reaction RNase inhibitors for 30 min at room
temperature, and then complexes were isolated with 50 �l
of streptavidin-coupled Dynabeads (11206D, Invitrogen).

For pulldown using recombinant MYF5, 25–100 ng of
His-MYF5 or GST-MYF5 were incubated with 1 �g of
Ccnd1 RNA fragments followed by pulldown of MYF5 as
described above. MYF5 levels in the pulldown material were
studied by western blot analysis as described previously.

RNA electrophoretic mobility shift assay (EMSA) and
crosslinking assay

Radiolabeled 3′C10–1 RNA was synthesized from semi-
double stranded template (described above) and the an-
nealed double stranded oligonucleotide was transcribed in
presence of 50 �Ci [�-32P]-CTP (PerkinElmer) at 37◦C for
4 h using a MegaShortcript T7 kit (Ambion) and purified
using NucAway Spin Columns. The 32P-CTP-labeled RNA
was incubated with gel-shift mix (50 ng/�l BSA, 0.1 �g/�l
heparin, 0.5 mM rATP, 75 mM KCl, 1× protease inhibitor,
and 20 U Ribolock) to a final concentration of 500 nM GST
or GST-MYF5 for 15 min on ice and the RNA-protein com-
plex was resolved on a 8% native gel with 10% glycerol. For
UV crosslinking assay, after performing the binding reac-
tion as described above, the samples were irradiated with
400 mJ/cm2 at 254 nm using a Stratalinker 2400 and re-
solved by SDS-PAGE (4–20% polyacrylamide) after boil-
ing in loading dye. RNA-protein complexes on the dried gel
were visualized by autoradiography.

Thymidine incorporation

Growing C2C12 cells were transfected with Ctrl siRNA
or MYF5 siRNA using Lipofectamine 2000 and 24
h later, cells were treated with [Methyl-3H]-Thymidine
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(NET027250UC, Perkin Elmer) for 16 h, whereupon cells
were washed with PBS and collected. The incorporated ra-
dioactivity was measured in each sample using liquid scintil-
lation counting, and the data were normalized to total pro-
tein amount.

Polysome analysis

For the analysis of polyribosomes, 48 h after transfection
with Ctrl siRNA or MYF5 siRNA, C2C12 cells were incu-
bated with cycloheximide (Calbiochem; 100 �g/ml, 15 min)
followed by preparation of cytoplasmic lysates using PEB.
Lysates were size-fractionated by centrifugation through
10–50% linear sucrose gradients and 12 fractions were col-
lected for further analysis. RNA in each fraction was mon-
itored by measuring absorbance at 254 nm using a spec-
trophotometer, and the distribution of Gapdh and Ccnd1
mRNAs over the gradient was analyzed by RT-qPCR anal-
ysis and plotted as a percentage of the specific mRNA in
each fraction relative to the total amount of that mRNA in
the gradient.

RESULTS

MYF5 expression is required for C2C12 myoblast growth and
differentiation

After proliferating C2C12 myoblasts cultured in growth
medium (GM) are cultured with differentiation medium
(DM), they undergo one or two final rounds of replication
and subsequently begin to fuse and form multinucleated
myotubes; this process, which resembles in vivo myogenesis,
is completed by day 6 in DM (DM6, Figure 1A). The tran-
scription factors MYF5 and MYOD are implicated in and
serve as markers of early differentiation, while MYOG and
MRF4 drive and define late differentiation stages. Western
blot analysis indicated that MYF5 was downregulated while
MYOG was upregulated in differentiated C2C12 myotubes,
suggesting a role for MYF5 in proliferating myoblasts or in
early differentiation (Figure 1B). In C2C12 myoblasts grow-
ing in GM conditions, MYF5 was localized in the nucleus
as previously reported (30,31), where it functions as a tran-
scription factor for myogenic gene expression (24–26), but
unexpectedly it was also found in the cytoplasm (Figure
1C). Analysis of MYF5 by immunofluorescence confirmed
the nuclear and cytoplasmic distribution of MYF5 in pro-
liferating C2C12 myoblasts (Figure 1D).

Silencing of MYF5 (Figure 1E) significantly reduced the
incorporation of 3H-thymidine in growing cells (Figure 1F),
indicating that myoblast replication was diminished. Fur-
ther analysis indicated a decrease in C2C12 cell numbers af-
ter MYF5 silencing, supporting the notion that MYF5 pro-
moted cell proliferation (Figure 1G). Furthermore, C2C12
myoblasts expressing lower levels of MYF5 differentiated
less efficiently than control C2C12 myoblasts, as determined
on differentiation day 6 (DM6), where the relative length of
myotubes (Figure 1H) and the fusion index (the fraction of
total nuclei present inside myotubes) were lower in MYF5-
silenced C2C12 cells (Figure 1I). Additional evidence that
differentiation was impaired in MYF5-silenced C2C12 cells
was obtained using microscopy after Jenners-Giemsa stain-
ing and assessing for the presence of MYH, a marker of

differentiated myotubes. As shown (Figure 1J), MYF5 si-
lencing robustly lowered the number, length and diameter of
myotubes. In addition, silencing MYF5 in C2C12 cells de-
creased the enzymatic activity of creatine kinase, a marker
of differentiated myoblasts, on differentiation days 3 and 6
(DM3 and DM6, respectively, Figure 1K). Taken together,
these data confirm earlier reports (22,24) that MYF5 con-
trols myogenic differentiation and suggest that this effect is
in part elicited by promoting myoblast proliferation.

MYF5 binds myogenic mRNAs

The first evidence that MYF5 might bind to RNA came
from ribonucleoprotein immunoprecipitation (RNP IP or
RIP) analysis (Materials and Methods). Following IP us-
ing anti-MYF5 antibody under conditions that preserved
endogenous RNPs, mRNAs interacting with MYF5 in
growing (GM) C2C12 myoblasts were investigated (Fig-
ure 2A,B). Microarray analysis was performed to compare
mRNAs present in MYF5 RIP samples with those present
at background levels in control IgG RIP samples, in or-
der to identify the mRNAs preferentially interacting with
MYF5 (GSE73704). Interestingly, in the MYF5 IP samples,
a number of enriched mRNAs were identified which en-
coded proteins implicated in myoblast growth and differen-
tiation (Figure 2C). Out of hundreds of MYF5-associated
mRNAs, several were found to encode proteins involved
in muscle development, including ion transport ATPases
(e.g. Atp1b1 and Atp2a2 mRNAs), cell cycle regulators (e.g.
Ccnd1, Ccnd3, Ccne2 and Cdkn1a mRNAs), cellular adhe-
sion proteins (e.g. Vcam1 and Itgb6 mRNAs), translation
regulators (e.g. Pabpc1 mRNA) and myogenic transcrip-
tion factors (Myod mRNA). RT-qPCR analysis of MYF5
RIP samples verified the enrichment of transcripts encod-
ing myogenic and proliferative factors in GM cells (Figure
2D), even though MYF5 silencing did not enrich cells in any
specific cell cycle compartment (not shown). To further val-
idate these interactions, C2C12 cells were transfected with
a vector that expressed Flag-tagged MYF5 and the enrich-
ment of Ccnd1 mRNA was analyzed by RIP analysis using
anti-Flag antibody. This result confirmed the specific inter-
action of MYF5 with Ccnd1 mRNA in C2C12 cells (Fig-
ure 2E). The coordinate expression of MYF5 and Ccnd1
mRNA was also observed in primary myoblasts prepared
from skeletal muscle from newborn mice (Supplementary
Figure S1). Ingenuity pathway analysis (IPA) of the tran-
scripts enriched in MYF5 RIP suggested that the most sig-
nificantly enriched mRNAs encode proteins involved in cell
growth and proliferation (Figure 2F).

The state-of-the-art method to identify the precise RNA
sequences that interact with an RBP such as MYF5 in-
volves crosslinking immunoprecipitation (CLIP) analysis
transcriptome-wide followed by digestion of the bound
mRNA and sequencing of the protected RNA fragments.
Unfortunately, we could not carry out different types of
CLIP analysis (e.g. specifically HITS-CLIP, PAR-CLIP
and iCLIP) for MYF5 due to the limited uptake of plas-
mids by C2C12 cells (not shown). Instead, we analyzed the
MYF5-bound mRNAs identified on microarrays follow-
ing methods described earlier (supplementary text). Some
of the top sequences among MYF5 targets identified by
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Figure 1. MYF5 is necessary for C2C12 myoblast growth and differentiation: (A)Left, Schematic of skeletal muscle differentiation. Proliferating myoblasts
become committed to differentiation, exit the cell division cycle and begin to elongate, subsequently fusing together to form multinucleated myotubes.
Right, phase-contrast images of proliferating C2C12 myoblasts cultured in growth medium (GM) and C2C12 cultures displaying myotubes after culture
in differentiation medium [(DM) DMEM with 2% horse serum] for 6 days. (B) Western blot analysis of the levels of MYF5 (and loading control GAPDH)
in proliferating and differentiated C2C12 myoblasts. (C) Western blot analysis of MYF5 localization in proliferating C2C12 myoblasts; GAPDH and
Lamin B were assessed as cytoplasmic and nuclear fractionation markers, respectively. (D) Immunofluorescence detection of MYF5 in growing C2C12
myoblasts; nuclei were visualized by staining with DAPI. (E) Western blot analysis of MYF5 and GAPDH expression levels 48 h after transfection of
proliferating C2C12 myoblasts with Ctrl siRNA or MYF5 siRNA. (F,G) Forty-eight hours after transfection of C2C12 myoblasts with Ctrl siRNA or
MYF5 siRNA, measurements were taken for [3H]-thymidine incorporation (F) and cell numbers (using a TC10 automated cell counter, BioRad) (G).
(H,I) After differentiation of C2C12 cells in which MYF5 levels were normal (Ctrl siRNA) or was reduced (MYF5 siRNA) through DM6, the length of
myotubes (H) and the fusion index (fraction of total nuclei present myotube) (I) were assessed. (J) Micrographs of Jenners-Giemsa stain (a dye that stains
myotubes and nuclei) (top) and fluorescence micrographs to detect MYH (present in differentiated myotubes) in C2C12 cells that had been transfected
with MYF5 siRNA or Ctrl siRNA and placed in differentiation medium for 6 days (DM6). (K) C2C12 differentiation was monitored using creatine kinase
activity at different time points of differentiation: cells in proliferation (growth) medium (GM), and cells in differentiation medium for 3 or 6 days (DM3
and DM6). In (F-I,K), data are the means and S.E.M. from three independent experiments. N.S., not significant; *, P < 0.05; **, P < 0.01 (Student’s t-test).
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Figure 2. MYF5 target transcripts include mRNAs that encode proteins involved in myoblast proliferation and differentiation. (A) RIP assay using cy-
toplasmic lysates prepared from C2C12 cells using either anti-MYF5 antibody or IgG under conditions that preserved mRNA-RBP (mRNP) complexes.
(B) Western blot analysis of MYF5 recovered in IP samples. (C) Following MYF5 RIP, MYF5-bound mRNAs were identified by microarray (RIP-chip)
analysis in growing (GM) C2C12 cells. Data represent the Z-ratio of mRNAs in MYF5 RIP relative to IgG RIP. (D) RIP followed by RT-qPCR analysis to
validate the association of MYF5 with mRNAs encoding myogenic proteins in proliferating C2C12 myoblasts; the levels of mRNAs in MYF5 IP were nor-
malized to the levels of Gapdh mRNA and plotted as fold enrichment relative to the levels seen in control IgG IP samples. Discontinuous gray line: twofold
enrichment in mRNAs bound to MYF5. (E) RIP analysis of Flag-MYF5 interaction with Ccnd1 mRNA. Forty-eight hours after C2C12 transfection with
Flag-MYF5, RIP analysis was carried out using IgG or anti-Flag antibodies. Ccnd1 mRNA was detected by RT-qPCR analysis and its levels in Flag IP
were compared with those in control IgG IP samples; Actn mRNA (encoding the housekeeping protein �-Actin) was measured to normalize sample input.
Data in (D,E) represent the means and S.E.M. from three or more independent experiments. (F) Ingenuity pathway analysis (IPA) of mRNAs enriched in
MYF5 IP relative to IgG in C2C12 growing myoblasts. *, P < 0.05 and **, P < 0.01 (Student’s t-test).
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this method included several G-rich RNAs (Supplementary
Figure S2A,B); among them, MYF5 showed preferential
binding to G-rich RNAs (Supplementary Figure S2C).

MYF5 binds to sequences in the Ccnd1 coding region and
3′UTR

To identify the region(s) of Ccnd1 mRNA with which
MYF5 associated, partial biotinylated fragments of the
5′UTR, the coding region (CR) and the 3′UTR of Ccnd1
mRNA were prepared (Figure 3A, schematic). The biotiny-
lated RNA fragments were allowed to bind proteins present
in cytoplasmic lysates prepared from growing C2C12 cells;
after pulldown using streptavidin beads, the presence of
MYF5 in the pulldown material was assessed by west-
ern blot analysis (Figure 3A). These data revealed that
biotinylated Ccnd1 CR and 3′UTR-C fragments showed
the strongest binding to MYF5 while the other fragments
showed little or no binding to MYF5. We used recombinant
His-MYF5 (Supplementary Figure S3A) to carry out simi-
lar RNA-protein affinity assays to analyze the interaction
of recombinant His-MYF5 to different regions of Ccnd1
mRNA. CR and 3′UTR-C fragments (3′C, Figure 3B, Sup-
plementary Figure S3B) were also found to be the best tar-
gets of interaction with His-MYF5, in agreement with the
data in Figure 3A. We could not identify sequences that
were clearly shared between CR and 3′UTR-C, although
this finding was not unexpected, given that RBPs generally
do not bind to strict RNA sequences and instead have de-
generate requirements for RNA binding sites (as illustrated
for MYF5 in Supplementary Figure S2) that are often com-
plicated by secondary structures that present certain RNA
sequences in double- or single-stranded conformations.

To narrow down the site of MYF5 association with
Ccnd1 mRNA, we prepared smaller biotinylated fragments
spanning the 3′UTR-C region (Figure 3C, schematic) and
tested their interaction with His-MYF5 by biotin-RNA
pulldown analysis. We found that MYF5 was most strongly
recovered in the 3′UTR-C10 (3′-C10) fragment (Figure 3C)
and further fragmentation of 3′C10 followed by pulldown
revealed that MYF5 specifically binds to the 3′C10–1 se-
quence in the 3′UTR of Ccnd1 mRNA (Figure 3C; Sup-
plementary Figure S4A). To test this interaction in a dif-
ferent way, we prepared radiolabeled 3′C10–1, incubated it
with GST-MYF5 and then resolved the complexes by RNA
electrophoretic mobility shift assay (EMSA) (Figure 3D,
left) or by SDS-PAGE after UV-crosslinking (Figure 3D,
right). In agreement with the high presence of G residues in
the 3′C10–1 sequence (Supplementary Figure S4A), MYF5
was found to bind preferentially to a biotinylated G-rich
oligomer relative to U- or A-rich ligands (Supplementary
Figure S2C). This preference was further examined using
GST-MYF5 and RNA segments spanning the segments of
most binding: MYF5 CR, 3′B, 3′C and 3′D. After incuba-
tion in vitro, the complexes were subjected to crosslinking
and immunoprecipitation (CLIP) analysis, followed by di-
gestion using RNase T1, then isolation, cDNA prepara-
tion, cloning and sequencing of protected fragments. As
shown in Supplementary Figure S4B, the protected frag-
ments spanned G-rich stretches present primarily in frag-
ment MYF5 3′C, but also in other regions such as the CR.

To identify the RNA-binding domain(s) of MYF5, we
prepared GST-tagged recombinant MYF5 protein, either
full-length (FL) or partial length containing the basic do-
main (D1), the helix-loop-helix (HLH) domain (D2), the
MYF5 superfamily domain (D3) or combinations of these
(Figure 3E; Supplementary Figure S4C). Equimolar con-
centration of the various GST-MYF5 proteins shown in
(Figure 3E) were incubated with biotinylated 3′C fragment
of Ccnd1 mRNA; after pulldown using streptavidin beads,
bound proteins (top) and all proteins in the binding reac-
tions (bottom) were detected by western blot analysis us-
ing an anti-GST antibody. Interestingly, all chimeric pro-
teins bearing the helix-loop-helix (HLH) domain interacted
specifically with the Ccnd1 3′C RNA (Figure 3E), as well as
with the biotinylated Ccnd1 CR RNA (Supplementary Fig-
ure S4D). These findings suggested that the same HLH do-
main (D2), known to be responsible for MYF5 dimerization
as well as binding to DNA with few amino acids from the
basic domain (D1) might also be necessary for the binding
of MYF5 to Ccnd1 mRNA.

MYF5 regulates CCND1 expression in C2C12 myoblasts

The interaction of MYF5 with Ccnd1 mRNA identified by
RIP and in vitro binding analyses prompted us to investi-
gate whether the levels of MYF5 affected CCND1 expres-
sion in C2C12 myoblasts. The first evidence in support of
this possibility was obtained from experiments examining
the correlation between MYF5 and CCND1 expression as
a function of C2C12 myoblast differentiation. As shown
in Figure 4A, CCND1 expression correlated closely with
MYF5 expression levels during differentiation, suggesting
that MYF5 might indeed control CCND1 expression in my-
oblasts. These findings were in keeping with the fact that
the expression levels of CCND1 and MYF5 are regulated
in a cell cycle-dependent manner (32). Moreover, MYF5 si-
lencing in proliferating C2C12 cells led to a reduction in
CCND1 levels (Figure 4B), which could result from reduced
transcription, mRNA stability, or translation.

To assess if MYF5 influenced Ccnd1 transcription, the
levels of Ccnd1 pre-mRNA were quantified as a surro-
gate measure of de novo transcription; as shown in Figure
4C, MYF5-silenced C2C12 myoblasts showed modestly re-
duced Ccnd1 pre-mRNA levels, suggesting a role of MYF5
in Ccnd1 transcription. A role for MYF5 in Ccnd1 gene
transcription is certainly plausible, as several MYF5 tar-
get sites are present on the Ccnd1 promoter region (Sup-
plementary Figure S5A) and most of them show interac-
tion with MYF5 as assessed by chromatin IP (ChIP) analy-
sis (Supplementary Figure S5B). However, given that a 20%
reduction in Ccnd1 pre-mRNA following MYF5 silencing
did not appear sufficient to account for a 65% reduction in
CCND1 protein levels, we measured the stability of Ccnd1
mRNA in control and MYF5-silenced C2C12. After treat-
ment with actinomycin D to block nascent mRNA tran-
scription by inhibiting RNA polymerase II, measurement
of the mRNA levels at subsequent times was used to de-
termine the half-life of Ccnd1 mRNA, as well as that of a
stable transcript, Gapdh mRNA (encoding a housekeeping
protein). As shown, Ccnd1 mRNA was very stable in these
cells, never reaching a reduction to 50% of its original abun-
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Figure 3. MYF5 binds to specific sequences on the Ccnd1 mRNA. (A)Top, schematic showing biotinylated RNA fragments spanning the 5′UTR, coding
region (CR), and 3′UTR of Ccnd1 mRNA used for pulldown. Bottom, biotinylated RNA fragments were incubated with cytoplasmic lysates from C2C12
cells (GM); after pulldown using streptavidin beads, the levels of MYF5 bound to the biotinylated RNA segments were detected by western blot analysis.
(B) Recombinant purified His-MYF5 was incubated with biotinylated Ccnd1 RNA fragments followed by pulldown and detection of MYF5 by western
blot analysis using anti-MYF5 antibody. (C) Schematic of biotinylated RNA fragments spanning the Ccnd1 3′UTR-C transcript (top), were tested for
binding to His-MYF5 after pull-down using streptavidin beads; His-MYF5 interaction with RNA segments of fragment C (middle) and smaller RNAs
after closer subdivision of fragments 9 through 11 (bottom) were assessed by western blot analysis using anti-MYF5 antibody. (D) GST or GST-MYF5
were incubated with radiolabeled Ccnd1 3′UTR-C10–1, then either resolved on native acrylamide gels (left) by RNA electrophoretic mobility shift assay
(EMSA), or crosslinked by UV irradiation and resolved by SDS-PAGE (right). (E) The domain of MYF5 that interacts with the Ccnd1 3′-C fragment was
mapped by creating GST-tagged truncations of MYF5 (left) and testing their interaction by biotin pulldown and western blot analysis using anti-GST
antibody (right).
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Figure 4. MYF5 regulates CCND1 expression in C2C12 myoblasts. (A) Western blot analysis of MYF5 and CCND1 expression during C2C12 differenti-
ation; heat shock protein 90 (HSP90) was included as loading control. (B,C) Forty-eight hours after transfecting C2C12 cells with MYF5 siRNA or Ctrl
siRNA, the levels of MYF5, CCND1 and loading control GAPDH were analyzed by western blot analysis (B) and the levels of Ccnd1 pre-mRNA and
mRNA by RT-qPCR analysis (C). (D–F) Forty-eight hours after transfection of proliferating C2C12 myoblasts with Ctrl or CCND1 siRNAs, the levels
of CCND1 and HSP90 were assessed by western blot analysis (D) and cell numbers were measured using a TC10 automated cell counter (BioRad) and
represented as fold change in cell number after CCND1 silencing relative to those in the Ctrl siRNA group (E). At day 6 in differentiation medium (DM6)
C2C12 differentiation was monitored by measuring creatine kinase activity (F). (G) Forty-eight hours after MYF5 was overexpressed using pFlag-MYF5
pcDNA3, the levels of MYF5, CCND1 and loading control HSP90 were studied by western blot analysis. Data in (B-F) represent the means and S.E.M.
from three or four independent experiments. *, P < 0.05 and **, P < 0.01 (Student’s t-test).
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dance (discontinuous line), even after 8 h in actinomycin
D (Supplementary Figure S5C). In addition, silencing of
CCND1 (Figure 4D) significantly reduced the proliferation
rate of C2C12 cells suggesting a role of CCND1 in myoblast
proliferation (Figure 4E). Further analysis indicated that
CCND1 silencing also lead to a decrease in C2C12 differen-
tiation as measured by creatine kinase activity (Figure 4F),
indicating that CCND1 regulates myogenesis by control-
ing cell proliferation. Conversely, overexpression of MYF5
in growing C2C12 myoblasts using a Flag-MYF5 expres-
sion vector led to increased abundance of CCND1 in the
MYF5-overexpressing cells compared to control cells (Fig-
ure 4G); unfortunately, extensive additional analysis after
overexpressing MYF5 was not possible, as elevating MYF5
levels through transfection was toxic (not shown). In sum-
mary, MYF5 enhanced CCND1 expression, at least in part
by elevating Ccnd1 mRNA transcription modestly. How-
ever, given the proportionally larger change in CCND1 pro-
tein levels, we set out to test the hypothesis that MYF5
might influence the translation of Ccnd1 mRNA.

MYF5 promotes Ccnd1 mRNA translation and hence myo-
genic differentiation

We first investigated if MYF5 regulated Ccnd1 mRNA
translation by fractionating polysomes and studying if the
relative size of Ccnd1 mRNA polysomes differed after mod-
ulating MYF5 levels. Two days after transfecting C2C12
cells (GM) with Ctrl siRNA or MYF5 siRNA, cytoplas-
mic lysates were fractionated through sucrose gradients and
the distribution of Ccnd1 mRNA across the gradient frac-
tions was examined. The overall distribution of polysomes
in C2C12 cells, including the relative levels of 40S, 60S, 80S
(monosomes), and low- and high-molecular-weight (LMW
and HMW) polysomes, did not appear to vary as a func-
tion of MYF5 abundance (Figure 5A). From the 12 frac-
tions in each gradient, RNA was isolated and subjected
to RT-qPCR analysis, after which the relative abundance
of Ccnd1 mRNA in each fraction was calculated as a per-
centage of the total Ccnd1 mRNA in the entire gradient;
the distribution of Gapdh mRNA, which encodes a house-
keeping protein and is not generally regulated by altered
translation, was studied as a control. Interestingly, silencing
MYF5 in C2C12 myoblasts shifted the relative size of Ccnd1
mRNA polysomes leftward, consistent with a reduction in
the relative size of Ccnd1 mRNA polysomes; by contrast,
the distribution of Gapdh mRNA was unaffected, support-
ing the view that Ccnd1 mRNA polyribosomes were selec-
tively reduced in MYF5-silenced cells (Figure 5B). Control
gradients were prepared in the presence of EDTA, in or-
der to determine if these mRNAs simply cosedimented with
polysomes or were true components of polyribosomes (Sup-
plementary Figure S6A,B). Moreover, MYF5 was found to
be associated with heavy translating polysomes in C2C12
cells (Supplementary Figure S6C); while the significance
of this distribution pattern is unknown, it may be linked
to MYF5-regulated translation, as shown for other RBPs
(HuR and RBP42) interacting with target mRNAs (33–35).

To further study if MYF5 influenced CCND1 translation
via its interaction with specific segments of Ccnd1 mRNA,
we prepared luciferase reporter vectors derived from the

parent plasmid psiCHECK2. Different fragments of Ccnd1
mRNA were cloned downstream of the renilla luciferase
(RL) coding sequence, and firefly luciferase (FL) expressed
from the same construct served as internal normalization
control (Figure 5C). Twenty-four hours after transfecting
C2C12 cells with MYF5 siRNA or Ctrl siRNA, cells were
transfected with the vector control (psiCHECK2) or with
constructs containing different fragments of Ccnd1 mRNA
(as shown in Figure 5C). RL and FL activities were mea-
sured 16 h later, and the ratio of RL activity to FL activity
(RL/FL) was measured for each construct in cells trans-
fected with Ctrl siRNA and with MYF5 siRNA. The ra-
tio of RL/FL activity in MYF5-silenced cells vs control
cells for each construct was calculated using empty vector
(psiCHECK2) as reference (Figure 5D, top). In this study,
silencing MYF5 significantly reduced the relative expres-
sion of reporter constructs bearing Ccnd1 CR and Ccnd1
3′UTR-C (the segments interacting with MYF5, Figure 3)
without significant changes in corresponding reporter RNA
levels (Figure 5D, bottom), suggesting that the association
of MYF5 to these regions of Ccnd1 mRNA is required for
efficient translation. Taken together, these results suggest
that MYF5 binds Ccnd1 mRNA and promotes the trans-
lation of CCND1 in proliferating C2C12 myoblasts.

In light of the findings that silencing MYF5 reduced
CCND1 translation and hence CCND1 expression, we
sought to test directly if the reduction in CCND1 abun-
dance when MYF5 was silenced contributed to an impair-
ment in myogenesis. In C2C12 cells in which MYF5 was
either kept unchanged or silenced, pCCND1 or a vector
control plasmid (pV) was ectopically overexpressed (Fig-
ure 6A). As shown, silencing MYF5 reduced myogenesis
by day 6, as assessed by measuring creatine kinase activ-
ity; importantly, restoring CCND1 production by expres-
sion of a MYC-DDK-tagged CCND1 protein rescued sig-
nificantly this loss of differentiation (Figure 6B). In clos-
ing, CCND1 is required to promote the progression of di-
viding cells through the G1 phase and through the G1/S
transition point. Given that MYF5 promotes CCND1 ex-
pression partly via transcriptional induction and more
robustly via translational upregulation, we propose that
CCND1/Cyclin D1 is induced at multiple levels by MYF5
in order to elicit the early proliferative burst that initi-
ates myogenic differentiation. The coordinated mechanisms
by which MYF5 influences CCND1 expression are shown
schematically (Figure 6C).

DISCUSSION

Our results in the C2C12 myoblast model of myogene-
sis support the idea that besides modulating transcription,
MYF5 can also bind to mRNAs and regulate the expres-
sion of myogenic proteins at the post-transcriptional level.
The abundance of MYF5 was high in proliferating C2C12
cells and gradually declined as myoblasts differentiated into
myotubes, in agreement with its role in myoblast prolifer-
ation (Figure 1). Although MYF5 was previously consid-
ered to be a nuclear protein (30,31), its discovery of in the
cytoplasm of proliferating C2C12 cells was the first indi-
cation that MYF5 could have a non-nuclear role. A sur-
vey of MYF5-interacting mRNAs identified the key target
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Figure 5. MYF5 promotes translation of Ccnd1 mRNA. (A,B) Forty-eight hours after Ctrl or MYF5 siRNA transfection of C2C12 cells, cytoplasmic
extracts were fractionated through sucrose gradients to obtain cytoplasmic components of progressively larger weight: ribosomal subunits (40S, 60S),
monosomes (80S) and low-molecular-weight (LMW) and high-molecular-weight (HMW) polysomes (A). The relative distribution of Gapdh mRNA,
encoding a housekeeping protein, and Ccnd1 mRNA were measured by RT-qPCR analysis of RNA in each of the gradient fractions and represented as
percentage of total RNA in the gradient (B). (C) Schematic of the dual luciferase reporter plasmids derived from the parent vector psiCHECK2 (psi),
which expresses renilla luciferase (RL) and the internal control firefly luciferase (FL), and psiCHECK2-derived plasmids bearing the Ccnd1 fragments
downstream of the RL coding region. (D)Top, Influence of MYF5 silencing on the expression of the reporter constructs. Twenty-four h after transfection
of C2C12 cells with either MYF5 siRNA or Ctrl siRNA, each reporter plasmid was transfected, and 16 h later the ratio of RL activity to FL activity was
measured. The decrease in relative RL/FL ratio of MYF5 siRNA-transfected cells relative to the RL/FL ratio of Ctrl siRNA-transfected cells is indicated.
Bottom, RT-qPCR analysis of RL mRNA levels normalized to FL mRNA levels in each transfection group. Data represent the means and S.E.M. from 3
independent experiments. N.S., not significant; *, P < 0.05; **, P < 0.01 (Student’s t-test).
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Figure 6. Influence of MYF5 on myogenesis via regulation of CCND1 expression. (A,B) C2C12 cells were transfected with MYF5 siRNA or Ctrl siRNA,
along with a control vector [pcDNA3-Flag (pV)] or a plasmid vector that expressed Myc-tagged CCND1. Forty-eight hours later, the levels of CCND1
and MYF5 were analyzed by western blot analysis (A) and the degree of differentiation was analyzed by measuring creatine kinase activity at day 6
into differentiation (B). Data presented are the means and S.E.M. from four independent experiments; significance (P) is indicated. (C) Proposed model
whereby MYF5 modulates myogenesis by acting upon CCND1 expression on two levels: first, MYF5 activates Ccnd1 transcription moderately, and second,
MYF5 binds the Ccnd1 mRNA at the CR and 3′UTR, promoting Ccnd1 mRNA translation. The net effect is a CCND1-mediated increase in myoblast
proliferation necessary at the initiation of myogenesis. N.S., not significant; *, P < 0.05; **, P < 0.01 (Student’s t-test).

Ccnd1 mRNA, which encodes Cyclin D1/CCND1, a pro-
tein required for the brief proliferative burst that precedes
the onset of myoblast growth cessation and differentiation
into myotubes. MYF5 specifically regulated Ccnd1 mRNA
translation; accordingly, silencing MYF5 lowered Ccnd1
mRNA translation and CCND1 production, while over-
expressing MYF5 overexpression elevated CCND1 levels.
Moreover, while MYF5 silencing inhibited the early steps of
C2C12 cell proliferation and its subsequent differentiation
into myotubes, this inhibition was partially rescued when
CCND1 was ectopically overexpressed (Figure 6). These

findings are in agreement with earlier evidence indicating
that initial cell division was important for establishing cell-
cell contacts and for the fusion of myoblasts (36). Interest-
ingly, Myf5 mRNA was stored in ribonucleoprotein gran-
ules in quiescent satellite cells, but was released and quickly
translated upon myogenic stimulation (37), in turn promot-
ing proliferation, differentiation and muscle fiber growth
(24–26). In keeping with these previous observations, we
propose that MYF5 is required for controlling CCND1 ex-
pression during myogenesis, particularly during the early
proliferative stages of myoblast differentiation.
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Although modestly, MYF5 promoted transcription of
the Ccnd1 gene, as determined by the reduction in nascent
Ccnd1 mRNA (Ccnd1 pre-mRNA) after silencing MYF5.
Indeed, the binding sites identified on the Ccnd1 pro-
moter (CAGCTG, Supplementary Figure S5A) are poten-
tial specific DNA target sequences shared by both MYF5
and MYOD. Both MYOD and MYF5 are myogenic tran-
scription factors with largely redundant functions in my-
oblast differentiation; however, recent studies suggest that
MYF5 regulates cell division in proliferating myoblasts,
while MYOD functions later in the myogenic program
(23,24). Supporting this idea are the findings that MYF5
levels are high in proliferative stages of the cell division cy-
cle (S, G2 and early G1), while MYOD levels peak at the G1
phase, when cells exit the division cycle and enter growth ar-
rest and differentiation (38–40). In fact, while MYOD and
MYF5 can activate similar subsets of myoblast target genes
transcriptionally, they follow distinct schedules of activa-
tion and tissue specificity (19,23,40–44). Structurally, both
MYF5 and MYOD have central bHLH domains required
for DNA binding and dimerization; differences in their N-
and C-terminal segments are believed to be essential for
their distinct kinetics and function.

MYF5 had a more substantial impact on translation of
the Ccnd1 mRNA (Figure 5). The finding that the rela-
tive size of polysomes decreased after silencing MYF5 in-
dicated that MYF5 promoted the initiation of translation
of Ccnd1 mRNA. The exact mechanisms whereby MYF5
elevated CCND1 translation were not elucidated here, and
there are no previous examples of MYF5 affecting transla-
tion of any mRNA. As we expand on this investigation, we
will test if MYF5 promoted CCND1 translation by com-
peting for binding with translational repressors, including
other RBPs, microRNAs or other noncoding RNAs.

Discovering that MYF5 promoted Ccnd1 expression
transcriptionally (as a nuclear DNA-binding protein) and
post-transcriptionally (as a cytoplasmic RNA-binding pro-
tein) was unexpected. However, a rising number of RBPs
are found which also bind DNA and regulate transcrip-
tion. For example, the RBP NF90 [also named interleukin
(IL) enhancer-binding factor 3 (ILF3)] binds the IL2 pro-
moter and regulates transcription, while it binds numer-
ous mRNAs via its two double-stranded (ds)RNA-binding
domains (45,46). NF90 binds with high affinity and sta-
bilizes several mRNAs containing AU-rich 3′UTRs, such
as mRNAs that encode IL2, MKP-1, VEGF, the CDK in-
hibitor p21 and MYOD itself (45–47), while it represses
the translation of other targets, such as the �-glucosidase
mRNA (48). Another example is AUF1, an RBP best
known for promoting target mRNA decay, although it can
also have other post-transcriptional functions; AUF1 can
also bind DNA and transcriptionally regulate the expres-
sion of MYC, CD21, telomerase (TERT) and MEF2C genes
(28,49–51). Numerous other proteins bind both DNA and
RNA, including NCL [nucleolin, (52,53)] and TP53 [the tu-
mor suppressor p53 (54,55)]. In some cases, these dual inter-
actions by a single protein have been mapped to DNA and
RNA quadruplexes of different types (56). On a broader
scale, it will be interesting to examine systematically if pro-
teins capable of recognizing both RNA and DNA elements
within a given gene employ this mechanism in order to co-

ordinate the transcription and post-transcriptional fate of
the same mRNA.

In closing, myogenic transcription factors (MRFs) gov-
ern myogenesis through their sequential, coordinated influ-
ence on the transcriptional production of myogenic genes
(as reviewed in Ref. 57). Accordingly, MYF5, MYOD, myo-
genin and MRF4 function successively to assist quiescent
satellite cells as they progress to activated, dividing my-
oblast, and then to growth-arrested myogenic cells that
eventually fuse into differentiated myotubes. In an analo-
gous manner, RBPs function sequentially to regulate myo-
genic gene expression at post-transcriptional levels to sup-
port myogenesis (7). According to this notion, MYF5 ap-
pears to be among the earliest RBPs necessary for activat-
ing proliferation in myoblasts through binding to Ccnd1
mRNA leading to a rise in CCND1 production, as re-
ported here. The RBP HuR might be envisioned to func-
tion next, through binding and stabilizing the mRNAs that
encode MRFs myogenin and MYOD, as well as the CDK
inhibitor CDKN1A/p21. The ensuing increase in p21 es-
tablishes growth arrest in preparation for differentiation,
while the elevation in myogenin and MYOD would further
prepare myoblasts for differentiation (58). A subsequent as-
sociation of RBPs HuR and KSRP, through their binding
and destabilization of Npm mRNA [encoding NPM (nucle-
ophosmin)] could solidify the growth inhibited state of my-
oblasts (59). Finally, the RBP AUF1 would function later in
this temporal progression, assisting with advanced stages of
myogenic differentiation by binding the Mef2c mRNA and
promoting MEF2C production (28).

While this report focused on Ccnd1 mRNA, our analy-
sis also identified other MYF5 target mRNAs. It will be
important to investigate in depth the complete collection
of MYF5 target mRNAs and assess whether MYF5 in-
fluences their expression transcriptionally as well as post-
transcriptionally, and whether MYF5 interacts with sim-
ilar RNA elements on Ccnd1 mRNA as on other targets
mRNAs. Given that modulating MYF5 function may be a
promising intervention strategy in diseases with poor mus-
cle regeneration, it will be critical to gain a more complete
understanding of MYF5 ribonucleoprotein complexes, par-
ticularly those that impact upon the expression of myogenic
mRNAs.
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52. Brázda,V., Háronı́ková,L., Liao,J.C. and Fojta,M. (2014) DNA and
RNA quadruplex-binding proteins. Int. J. Mol. Sci., 15,
17493–17517.

53. Abdelmohsen,K. and Gorospe,M. (2012) RNA-binding protein
nucleolin in disease. RNA Biol., 9, 799–808.

54. Riley,K.J., Ramirez-Alvarado,M. and Maher,L.J. 3rd (2007)
RNA-p53 interactions in vitro. Biochemistry, 46, 2480–2487.

55. Beckerman,R. and Prives,C. (2010) Transcriptional regulation by
p53. Cold Spring Harb. Perspect. Biol., 2, a000935.

56. Cassiday,L.A. and Maher,L.J. 3rd (2002) Having it both ways:
transcription factors that bind DNA and RNA. Nucleic Acids Res.,
30, 4118–4126.

57. Pownall,M.E., Gustafsson,M.K. and Emerson,C.P. Jr (2002)
Myogenic regulatory factors and the specification of muscle
progenitors in vertebrate embryos. Annu. Rev. Cell Dev. Biol., 18,
747–783.

58. van der Giessen,K., Di-Marco,S., Clair,E. and Gallouzi,I.E. (2003)
RNAi-mediated HuR depletion leads to the inhibition of muscle cell
differentiation. J. Biol. Chem., 278, 47119–47128.

59. Cammas,A., Sanchez,B.J., Lian,X.J., Dormoy-Raclet,V., van der
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