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ABSTRACT

The differentiation and regeneration of skeletal mus-
cle from myoblasts to myotubes involves myogenic
transcription factors, such as myocardin-related
transcription factor A (MRTF-A) and serum response
factor (SRF). In addition, post-transcriptional regu-
lation by miRNAs is required during myogenesis.
Here, we provide evidence for novel mechanisms
regulating MRTF-A during myogenic differentiation.
Endogenous MRTF-A protein abundance and activ-
ity decreased during C2C12 differentiation, which
was attributable to miRNA-directed inhibition. Con-
versely, overexpression of MRTF-A impaired differ-
entiation and myosin expression. Applying miRNA
trapping by RNA affinity purification (miTRAP), we
identified miRNAs which directly regulate MRTF-A
via its 3’UTR, including miR-1a-3p, miR-206-3p, miR-
24-3p and miR-486-5p. These miRNAs were upregu-
lated during differentiation and specifically recruited
to the 3’'UTR of MRTF-A. Concomitantly, Ago2 re-
cruitment to the MRTF-A 3’UTR was considerably in-
creased, whereas Dicer1 depletion or 3'UTR deletion
elevated MRTF-A and inhibited differentiation. MRTF-
A protein expression was inhibited by ectopic miRNA
expression in murine C2C12 and primary human my-
oblasts. 3'UTR reporter activity diminished upon dif-
ferentiation or miRNA expression, whereas deletion
of the predicted binding sites reversed these ef-
fects. Furthermore, TGF-p abolished MRTF-A reduc-
tion and decreased miR-486-5p expression. Our find-
ings implicate miR-24-3p and miR-486-5p in the re-
pression of MRTF-A and suggest a complex network
of transcriptional and post-transcriptional mecha-
nisms regulating myogenesis.

INTRODUCTION

Skeletal muscle tissue is one of the largest organ systems
of all mammals and is essential for viability and motility.
To guarantee constant operational capability even after se-
vere damage, muscle can regenerate in relatively short time
from satellite cells (reviewed by (1)). Upon damage or in-
jury, satellite cells are activated from quiescence and start
to divide asymmetrically to form a myoblast population
(2). The differentiation of myoblasts is characterized by se-
quential expression of the muscle-restricted transcription
factors MyoD and Myogenin, responsible for transcrip-
tion of genes associated with e.g. cell-cycle arrest and mus-
cle contractility (3,4). At late stages, myocytes accumulate
myosin heavy chain polypeptides and fuse to form multin-
ucleated myotubes. In addition, myogenesis requires post-
transcriptional regulation by myogenic microRNAs (myo-
miRNAs). Several myo-miRNAs are upregulated by e.g.
MyoD and myogenin during myogenic differentiation in-
cluding miR-1, -133 and -206, each of which inhibits var-
ious target RNAs (5,6).

In addition to muscle-restricted regulatory factors, sev-
eral other factors are required for myogenic differentia-
tion and myoblast fusion. Rho family GTPases and its
downstream transcription factor, serum response factor
(SRF), play important and dynamic roles during differenti-
ation (7-11). Upon Rho-induced changes in actin dynam-
ics, SRF-dependent transcription is controlled by its coacti-
vator myocardin-related transcription factor A (MRTF-A)
(12,13). The MRTF-SRF transcription factor module acti-
vates a plethora of targets including many muscle-specific
genes (14,15). MRTF-A is implicated in skeletal muscle dif-
ferentiation and homeostasis and is required for myogen-
esis in vivo and in vitro (16,17). Regeneration of skeletal
muscle injuries correlates with increased MRTF-A protein
in satellite cells (18). Yet, during myoblast fusion MRTF-
A abundance declines, and overexpression of MRTF-A as
well as active RhoA results in differentiation defects in vitro
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(11,19). The mechanism of MRTF-A regulation and its
implication for myogenic differentiation is not well under-
stood, however.

The immortalized murine cell line C2C12 is a widespread
model to recapitulate skeletal muscle differentiation from
myoblasts to myotubes. To identify novel mechanisms of
MRTF-A regulation, we used C2CI12 cells to function-
ally analyze the modulation of MRTF-A expression. Our
study revealed post-transcriptional regulation as a crucial
regulatory process for MRTF-A in myogenic differentia-
tion. Novel miRNAs were identified using an unbiased
miRNome-wide affinity purification and sequencing ap-
proach. Components of the RNAIi pathway were recruited
to the 3’UTR and required for MRTF-A regulation and
C2C12 differentiation. We were able to validate the miR-
NAs miR-1a-3p, miR-206-3p, miR-24-3p and miR-486-
5p for binding to cognate 3UTR elements and inhibiting
the MRTF-A protein expression in later stages of myo-
genic differentiation. Our results suggest a complex post-
transcriptional regulation of MRTF-A abundance during
myogenesis which critically affects differentiation.

MATERIALS AND METHODS
Plasmids and reagents

Primers for cloning, mutagenesis and qRT-PCR are listed
in Supplementary Table S2. The SRF reporter plasmid
p3D.A-Luc was described previously (12,20,21). Murine
MRTF-A 3UTR region was obtained by PCR from
c¢DNA and cloned into pMIR-REPORT vector (Thermo
Fisher, Waltham, MA, USA). Potential miRNA binding
sites were deleted using SOMA mutagenesis (22) For mi-
TRAP analysis, the murine MRTF-A 3'UTR was sub-
cloned into pCDNA3.1-MS2 as described previously (23).
For overexpression of the candidate miRNAs mirVana
mimics (Thermo Fisher) were used. MRTF-A and Dicerl
knockdown was performed with ON-TARGETplus pool
siRNA (Dharmacon, Lafayette, CO, USA) and RNAiMax
(Thermo Fisher) following the manufacturers’ instructions.
Hemagglutinin-tagged (HA) murine full length MRTF-A
and a constitutively active variant (lacking the G-actin
binding region derived from exons 3-5) were cloned from
cDNA via PCR into pLVX-Puro (Clontech, Mountain
View, USA). For transient transfection Lipofectamine 3000
was used following the manufacturer’s instructions. TGF-8
treatment (10 ng/ml, 6 h pretreatment) was performed using
recombinant TGF-B1 (Promokine, Heidelberg, Germany).

Cell culture

Cell lines C2C12 (DSMZ - German collection of Mi-
croorganisms and Cell Cultures) and COS-7 were cultured
subconfluently in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 1| mM sodium pyruvate and
antibiotic-antimycotic (Thermo Fisher) at 37°C and 5%
CO,. Differentiation in C2C12 was induced by medium
change to DMEM containing 2% horse serum (HS), 2 mM
L-glutamine, 1 mM sodium pyruvate as well as antibiotic—
antimycotic. To generate C2C12 cells carrying endogenous

deletion of the MRTF-A 3'UTR, the CRISPR-Cas9 ap-
proach was used. Two guide RNAs (sgl 5-ACAGGAG
CGTACACTGGGTA-3 and sg2 5-GTGCTGACTCA
ATGCAGAGA-3') were designed by using the tool CHOP-
CHOP (24) (https://chopchop.cbu.uib.no/) to delete the ma-
jority of the 3UTR from the MRTF-A gene locus without
affecting the coding region or the polyadenylation signal.
SgRNA sequences were cloned into lentiCRISPR-V2 vec-
tor (Addgene; Plasmid # 52961, a gift from Feng Zhang).
C2C12 cells were lentivirally infected and selected with
puromycin for one week. CRISPR and control pools of
C2C12 cells were characterized for genetic deletion by PCR
and sequence analysis.

Primary human skeletal muscle myoblasts (HSMM,
Lonza, Basel, Switzerland; Cat. no. CC-2580) were cultured
in the SkBM-2 medium (Lonza, CC-3246). Human im-
mortalised LHCN-M2 myoblasts (Evercyte, Vienna, Aus-
tria; Cat. no. CkHT-040-231-2) were cultured in MyoUp
medium (Evercyte, MHT-040). Cells were lentivirally in-
fected with empty vector, full-length MRTF-A or a con-
stitutively active MRTF-A variant. Following seeding after
48 h, differentiation was induced by changing the medium
(DMEM/M199 4:1, HEPES 0.02 M, Zinc Sulfate 0.03
wg/ml, Vitamin B12 1.4 pg/ml, insulin 10 wg/ml and apo-
transferrin 100 pwg/ml) and replacing it every second day.

Reverse transcription-quantitative PCR (qRT-PCR)

RNA was extracted using the miRCURY™ RNA Isola-
tion Kit — Cell & Plant (QIAGEN, Hilden, Germany)
and miScript II RT Kit (QIAGEN) following the manu-
facturer’s protocols. For cDNA synthesis 1 pug of RNA
was used. Real-time PCR amplification and analysis was
performed using a LightCycler 480 with DyNAmo Col-
orFlash SYBR Green (Roche, Mannheim, Germany) and
the primers listed in Supplementary Table S2. For nor-
malization, HPRT1, YWHAZ and RPS29 mRNAs were
used as controls. miRNA quantification was performed
by using the miRNA miScript Primer assay and miScript
SYBR Green PCR Kit (QIAGEN). U6, SNORDG61 and
SNORD?95 (QIAGEN) were used as controls. Calculations
of relative changes in gene expression were done using the
A A cycle threshold (Ct) method (25). For statistical analysis
the unpaired two sample Student’s t-test was applied, using
the software GraphPad prism V 7.03 (GraphPad Software,
San Diego, USA).

Reporter assays

4.5 x 10* COS-7 cells per 24-well were reversely co-
transfected using Lipofectamine 3000 (Thermo Fisher) with
10 ng pMIR_REPORT_-MRTF-A_3'UTR, 10 ng pMIR-
REPORT _Beta-Gal, 480 ng pEF and 10nM mirVana mim-
ics 48 h prior to harvest. Luciferase activity was nor-
malized to Beta-Gal values. For C2C12, 4 x 10* cells
per 12-well were seeded 24 h prior to transfection with
100 ng pMIR _Report MRTF-A_3'UTR, 100 ng pMIR-
REPORT _Beta-Gal and 800 ng pEF and incubated for
48 h followed by harvest or induction of differentiation.
MRTF-A promoter activity of C2C12 cells (8.75 x 10%, 12-
well) over the course of myogenic differentiation was de-
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termined by using the Dual-Glo luciferase kit (Promega,
Madison, WI, USA) following transfection with 500 ng
p3D.A-Luc, 50 ng ptkRL and 450 ng pEF.

Western blot analysis

Western blot analysis was performed following standard
protocols. Primary antibodies against MRTF-A (dilution:
1:1000, Cell Signaling), Tubulin (1:5000, Sigma), HA
(1:1000, Sigma), Myogenin (1:500, Santa Cruz), Myosin
Heavy chain 1/2/4/6 (1:1000, Santa Cruz), Dicerl (1:500,
Santa Cruz), Vinculin (1:1000, Sigma), AGO2 (1:1000, Ab-
cam) and maltose binding protein (1:1000, Abcam) were
incubated overnight at 4°C. Fluorophore conjugated sec-
ondary antibodies IRDye 700 or IRDye 800 (1:15000, LI-
COR Biosciences) were incubated for 1 h at room tem-
perature. Imaging and quantification was done using the
Odyssey Image Scanner System with the software Image
Studio V 3.1.4 (LI-COR Biosciences, Cambridge, UK), as
described (26).

miTRAP (miRNA trapping by RNA in vitro affinity purifica-
tion)

The miTRAP was essentially performed as described pre-
viously (23,27,28). In short, amylose beads (New Eng-
land Biolabs) were incubated with purified maltose bind-
ing protein-MS2 binding protein complex. The MRTF-A
3'UTR fused to a MS2 loop was transcribed in vitro and
immobilized on the MBP-MS2BP coated amylose beads
prior to incubation with cell lysates of undifferentiated or
differentiated C2C12 cells. Subsequently the RNA—protein
complexes were eluted and purified. The final eluate was
sequenced via deep sequencing using an Illumina High-
Scan sequencer (Illumina, San Diego, USA) with version
3 chemistry and flow cell following the manufacturer’s in-
structions. Sequencing data processing was performed by
Knut Krohn at the University of Leipzig. The 50 bp reads
were demultiplexed using the software CASAVA v1.8.2 (I1-
lumina) and trimmed with ‘cutadapt’. Reads with a length
of 15-27 bases were kept and aligned to Mus musculus
(UCSC mm10) mature sequences of miRBase v20 (29) us-
ing the software bowtie (30). Differential miRNA expres-
sion was analyzed using the edgeR software package (31).
The weighted trimmed mean of M-values (TMM) method
(32) was used for normalization of the datasets and served
as basis for the calculation of ‘pseudo’ counts per million
(CPM). Only miRNAs with an average abundance of more
than 10 CPM were considered.

RESULTS

MRTF-A protein levels are downregulated during myogenic
differentiation

The murine skeletal muscle cell line C2C12 is able to re-
capitulate terminal differentiation from myoblasts to my-
otubes. To elucidate this process, C2C12 cells were seeded
subconfluently and differentiation was induced by changing
to medium that contained 2% horse serum. At day 2, the
cells were increasingly spindle-shaped and aligned to each
other (Figure 1A, d2). The first multinucleated myotubes

Nucleic Acids Research, 2020, Vol. 48, No. 16 8929

were observable at day 4 (Figure 1A, d4) with matured my-
otubes at day 7 (Figure 1A, d7). Subsequently the differenti-
ation process was also verified by RT-qPCR. Skeletal mus-
cle associated genes Myhl, Myh2, Myh4 and Actal were
hardly detectable in undifferentiated C2C12 cells (Figure
1B). After induction of differentiation the genes were up-
regulated, with highest levels at day 7 of myogenesis (Figure
1B). In contrast, smooth muscle cell differentiation related
genes Acta2 and Myhl11 showed little change of expression
during myogenesis (Figure 1B). Furthermore, western blot
confirmed the upregulation of myosin heavy chain polypep-
tides MYH1, MYH2, MYH4 and MYHG6 over the course
of differentiation (Figure 1C).

Myogenic differentiation is modulated by the MRTF-
SRF transcription factor module. To determine the influ-
ence of myogenic differentiation on MRTF-A expression
we analyzed the expression pattern by RT-qPCR and West-
ern blot. Interestingly MRTF-A protein levels decreased
over the course of differentiation (Figure 1C and D), while
in contrast mRNA expression did not change significantly
(Figure 1E). Subsequently we used a MRTF-dependent lu-
ciferase reporter to determine the MRTF/SRF transcrip-
tional activity. This promoter assay showed a myogenesis
dependent decrease in activity in differentiated C2C12 com-
pared to the undifferentiated cells (Figure 1F).

To elucidate the possible reason for the reduced MRTF-
A protein level and function, we performed a cycloheximide
chase assay to analyze alterations in MRTF-A protein sta-
bility during myogenesis. Undifferentiated and differenti-
ated C2C12 cells were treated with cycloheximide to esti-
mate the MRTF-A protein half life time. Decreased MRTF-
A levels over the course of differentiation were not caused
by obviously abated protein stability (Figure 1G). Together
the results suggest that MRTF-A could be regulated post-
transcriptionally, as mRNA expression and protein stability
did not change considerably over the course of differentia-
tion.

Deregulated MRTF-A expression inversely correlates with
myogenic differentiation

To ascertain the impact of MRTF-A deregulation on myo-
genic differentiation, C2C12 cells transiently overexpressing
HA-tagged MRTF-A were induced for differentiation. The
early marker of myoblast differentiation, the transcription
factor myogenin, was only slightly reduced compared to
the vector control (Figure 2A). In contrast the late marker
of skeletal muscle differentiation, the myosin heavy chain
polypeptides, showed a significant decrease at day 4 of dif-
ferentiation, indicative for reduced differentiation upon el-
evated MRTF-A activity (Figure 2A). Phase-contrast mi-
croscopy confirmed that myotube formation of C2C12 cells
was impaired by overexpression of MRTF-A (Figure 2B).
To test whether human myoblasts respond comparably
and to achieve MRTF-A overexpression more persistently,
human immortalized LHCN myoblasts were lentivirally in-
fected with MRTF-A-HA or a constitutively active version
thereof. Genetic fusion with GFP via a self-cleaving pep-
tide (P2A) enabled us to verify a high transduction effi-
ciency and persistence of MRTF-A overexpression (data
not shown). Similar to C2C12 murine myoblasts, differ-
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Figure 1. MRTF-A protein level is downregulated over the course of myogenic differentiation. (A) Phase-contrast images (10x) of C2C12 cells upon
differentiation for 2, 4 and 7 days (d2, d4, d7), in comparison to undifferentiated control cells (un.). (B) Increased expression of skeletal muscle associated
genes (Myhl, Myh2, Myh4 and Actal) in differentiating C2C12 cell. The indicated mRNAs were quantified by qRT-PCR and normalized to a set of
housekeeping mRNAs. Shown is the ~ACt value as a logy-measure for the relative mRNA expression. (C) Immunoblots of lysates from differentiating
C2C12 cells, using antibodies against MRTF-A, myosin heavy chain polypeptides 1, 2, 4 and 6 (M YH), and alpha-tubulin as a control. (D) Quantification
of MRTF-A immunoblots at myogenic differentiation for 4 and 7 days, normalized to undifferentiated control cells. (E) MRTF-A mRNA expression over
the course of differentiation. (F) MRTF-SRF transcriptional activity in undifferentiated and differentiated cells, measured by relative luciferase activity
of a MRTF-dependent promoter reporter construct. (G) Analysis of MRTF-A protein stability in undifferentiated and differentiated C2C12 by using a
cycloheximide (CHX) chase assay. Left panels: representative immunoblots of MRTF-A and tubulin protein after incubation of cells with CHX for the
times indicated. Right panel: Quantification of the relative MRTF-A amount of three independent experiments. Error bars, SEM (n = 3); *P < 0.05, **P <
0.01, ***P < 0.001 (Student’s r-test). Size bar, 100 pm.
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Figure 2. Experimental changes of MRTF-A expression inversely correlate with myogenic differentiation. (A) C2C12 cells were transfected with HA-
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entiation of human LHCN cells was impaired by elevated
MRTF-A activity, as evident by reduced myogenic marker
expression and lack of myotube formation during 6 days of
differentiation (Supplementary Figure S1).

Conversely, we partially depleted MRTF-A in undiffer-
entiated C2C12 myoblasts using siRNA, followed by myo-
genic differentiation. The myogenin level was decreased
in the early phase of differentiation, whilst at later differ-
entiation myogenin protein was increased upon MRTF-A
knockdown compared to control (Figure 2C). The same
pattern was observable for the myosin heavy chain iso-
forms during myogenesis. While in the early phase of dif-
ferentiation the myosin heavy chains were not detectable in
the knockdown, higher protein levels were ascertainable in
the knockdown at day 4 compared to the control (Figure
2C). These results indicate delayed differentiation kinetics
upon MRTF-A knockdown, affecting both early and late
markers of myoblast-to-myotube differentiation. Together,
a tight temporal regulation of MRTF-A appears to be cru-
cial for proper myogenic differentiation.

Identification of miRNAs regulating MRTF-A

Since the MRTF-A mRNA expression and protein stabil-
ity was not changed over the course of differentiation, we
investigated other explanations for the observed changes
in MRTF-A protein amounts. To elucidate the role of
post-transcriptional regulation by miRNAs on MRTF-A,
miRNA trapping by RNA affinity purification (miTRAP)
was used. The entire in vitro transcribed MRTF-A 3'UTR
containing a MS2-loop sequence functioned as a bait for
MRTF-A regulating miRNA candidates in lysates of differ-
entiated versus non-differentiated C2C12 cells (Figure 3A).
To control for the specificity of the pulldown and analyze
a potential recruitment of the RISC complex to the 3 UTR
of MRTF-A, lysates and eluates were immunoblotted with
antibodies against AGO2, vinculin and the maltose binding
protein (MBP). Strikingly, AGO2 binding to the MRTF-
A 3'UTR was strongly increased upon differentiation, in-
dicating elevated RISC-dependent regulation of MRTF-A
expression by miRNAs upon differentiation (Figure 3B).
Moreover, AGO2 recruitment was specific for the 3’UTR
and hardly detectable in the MS2-loop control, whilst the
total AGO2 level did not alter considerably in undifferenti-
ated and differentiated C2C12 cells. For validation, maltose
binding protein as part of the amylose bead complex was
solely and equally detectable in the eluates, while vinculin
as a non-RNA binding protein was exclusively detectable
in the lysates (Figure 3B).

Next we performed miRNA sequencing of the total cell
lysates and the miTRAP eluates of three independent bi-
ological replicates. On average, we obtained around 502
000 and 392 000 sequences in total cell libraries of un-
differentiated and differentiated C2C12 cells, respectively.
Upon normalization and statistical analysis using a false
discovery rate (FDR) of 0.05, 111 miRNAs were down-
and 33 were upregulated during differentiation (Figure 3C;
Supplementary Table S1A, B). Significantly upregulated
miRNAs included many well-known myo-miRs which were
highly abundant, e.g. miR-1a-3p, miR-1b-5p, miR-499-5p

and miR-486-5p (Figure 3D). In the miTRAP ecluates, a
total of 98 miRNAs were significantly enriched (FDR <
0.05; CPM > 10) by binding to the MRTF-A 3’UTR com-
pared to the MS2-loop control (Figure 3E, Supplemen-
tary Table S1C). Of these, 33 (red dots) were specifically
recruited to MRTF-A only when lysates of differentiated
cells were used. In addition, 59 miRNAs (black dots) were
selectively enriched from both differentiated and undiffer-
entiated cell lysates. Only six miRNAs associated with the
MRTF-A 3'UTR exclusively in undifferentiated cell lysates.
This suggests that the majority of MRTF-A specific miR-
NAs is found either in both or in differentiated conditions.

Notably, 16 miRNAs associating under both conditions
or only in differentiated cell lysates were significantly up-
regulated upon differentiation, whereas 32 were signif-
icantly decreased (Supplementary Table SIA-C). How-
ever, the number of sequenced miRNAs bound to the
3'UTR of MRTF-A more than doubled in eluates of dif-
ferentiated C2C12 cells, consistent with an increased post-
transcriptional regulation (Figure 4A, top left). To identify
individual miRNAs which likely regulate MRTF-A upon
differentiation and are amenable to experimental character-
ization, three criteria were applied: Firstly, miRNAs should
show at least a twofold enrichment in total lysates of differ-
entiated cells. Secondly, candidate miRNAs should be en-
riched at least 1.5-fold in eluates from differentiated ver-
sus undifferentiated cells following binding to the MRTF-
A 3’'UTR. Finally, to avoid false positive results caused by
nonspecific miRNA binding, the potential candidate’s en-
richment to the MRTF-A 3’UTR compared to the MS2-
loop control was set to fourfold.

Of the 92 miRNAs which were significantly enriched
to the MRTF-A 3'UTR upon differentiation (Figure 3E),
seven conformed to these additional criteria, including
miR-1a-3p, miR-206-3p, miR-24-3p, miR-133a-3p, miR-
378a-3p, miR-378d and miR-486-5p. Characterization of
these selected miRNAs showed that they were highly
present in the miTR AP eluates, but much reduced when un-
differentiated cells were investigated (Figure 4A). Except for
miR-24-3p, which is not yet known as a myo-miR, this may
partially reflect their induced expression upon myogenic dif-
ferentiation (Figure 4B). However, miR-24-3p, miR-206-
3p, miR-378a-3p, miR-378d and miR-486-5p were also ex-
pressed at low levels in undifferentiated cells, explaining
their significant miTRAP enrichment over the MS2 con-
trol in both conditions, as shown in Figure 3E (black dots).
Nevertheless, quantification by both miRNA sequencing
and qRT-PCR showed that the selected miRNAs increased
manyfold in differentiated C2C12 lysates, consistent with
an inducible role of miRNA-mediated MRTF-A regulation
during myogenesis (Figure 4B; Supplementary Figure S2).

MRTF-A reduction and myogenic differentiation requires
post-transcriptional regulation via the 3UTR

To further analyze a possible post-transcriptional regula-
tion of MRTF-A and its role in myogenic differentiation,
we performed a siRNA-mediated knockdown of Dicerl as
a crucial member of the RNAIi pathway. Dicerl knockdown
correlated with decreased levels of miR-1a-3p and miR-486-
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5p. The depletion of Dicerl lead to an increased MRTF-
A protein level and impaired myogenic differentiation, as
demonstrated by reduced myosin heavy chain expression
(Figure 5A). In contrast, myogenin expression as an ear-
lier marker of myoblast differentiation was not visibly re-
duced. These findings corroborate the enhanced Ago2 re-
cruitment to the MRTF-A 3'UTR (Figure 3B) and impli-
cate post-transcriptional regulation via miRNAs in skeletal
muscle differentiation.

To investigate whether MRTF-A is directly regulated
post-transcriptionally, the 3’'UTR was deleted at the en-
dogenous MRTF-A locus by CRISPR—-Cas9. Pools of in-
fected and selected C2C12 cells were validated by PCR and
sequencing, showing that the majority of the 3’UTR be-
tween the STOP and the polyadenylation signal was suc-
cessfully deleted (not shown). These AUTR C2C12 cells
showed an elevated MRTF-A protein level over the course
of the differentiation, compared to the Cas9 control cells
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with significantly decreasing MRTF-A expression (Figure
5B). In addition, myotube formation was impaired in cells
with deleted MRTF-A 3'UTR (Figure 5C). Markers of
myogenic differentiation were reduced in the 3 UTR deleted
cells, most pronounced for MYH and at earlier time points
of differentiation (Figure 5D). This suggests that posttran-
scriptional regulation of the MRTF-A 3'UTR is critical
during myogenic differentiation.

C2C12 differentiation can also be inhibited by TGF-
signaling. TGF- acts as a repressor for premature skele-
tal muscle regeneration after damage and stimulates pro-
inflammatory responses (33,34). We therefore incubated
C2C12 cells with recombinant TGF-B1, followed by induc-
tion of differentiation. TGF- treatment increased MRTF-
A protein expression and prevented its drop upon differ-
entiation (Figure 6A). Concomitantly, the early and late
differentiation markers myogenin and MYH were effec-
tively inhibited by TGF-B pretreatment. In addition, we
analyzed whether TGF-B also affects expression of the
miRNA identified by miTRAP. In undifferentiated C2C12,
only miR-24-3p and miR-486-5p were endogenously ex-
pressed at detectable levels. In comparison to the untreated
control, TGF-B1 decreased the expression of miR-24-3p
only slightly, but a significant 80% reduction of miR-486-
5p was observable in undifferentiated C2C12 (Figure 6B).
This raises the possibility that TGF- affects MRTF-A ex-
pression and myogenic differentiation partially by miR in-
hibition (see Discussion).

miR-1a-3p, miR-24-3p, miR-206-3p and miR-486-5p reduce
MRTF-A expression

To elucidate the roles of the miRNAs identified via mi-
TRAP, murine and human myoblasts were transfected with
miRNA mimics and analyzed by RT-qPCR and Western
blot. The miTRAP identified candidate miRNAs miR-1a-
3p, miR-206-3p and miR-486-5p decreased endogenous
MRTF-A mRNA levels upon overexpression in undifferen-
tiated C2C12 cells (Figure 7A). For comparison, a synthetic
siRNA targeting the MRTF-A ORF was used as a positive
control. miR-1a-3p, miR-206-3p and miR-486-5p also effi-
ciently reduced the MRTF-A protein amounts analyzed by
western blotting (Figure 7B). In contrast to the RT-qPCR,
the western blotting revealed that miR-24-3p and miR-378d
also had a decreasing effect on the MRTF-A protein level
(Figure 7B). However, the mouse miRNAs miR-378a-3p
and miR-378d are identical in the seed region and share
the same predicted binding sites, arguing against a biolog-
ical relevance of the slight MRTF-A reduction observed in
murine C2C12 cells. For analyzing the human system, pri-
mary human skeletal myoblasts were transfected with the
corresponding human miRNAs. Expression of MRTF-A
protein was reduced by miR-1a-3p, miR-24-3p, miR-133a-
3p, miR-206-3p and miR-486-5p in primary human my-
oblasts, whilst two negative controls and miR-378a/d did
not show any effect (Figure 7C). Taken together, the re-
sults indicate that miR-1/miR-206, miR-24-3p and miR-
486-5p are robust and conserved regulators of MRTF-A in
both murine and primary human myoblasts, whereas miR-
378a/d, miR-133 and miR-219 are not.

miR-1a-3p, miR-24-3p and miR-486-5p specifically regulate
the 3'UTR of MRTF-A

To evaluate the specificity of miR-dependent regulation of
MRTF-A expression, the 3’UTR of the murine MRTF-A
gene was cloned into the pMIR-REPORT luciferase re-
porter system (Figure 8A). COS-7 cells were co-transfected
with the reporter constructs and the miRNA. miR-1a-
3p, miR-24-3p and miR-486-5p significantly decreased the
3’'UTR-dependent luciferase activity (Figure 8B-D), whilst
miR-133-3p and miR-378d failed to affect reporter activ-
ity (Figure 8E and F). These results were consistent with
the analysis in C2C12 cells. Since miR-206-3p is largely
identical, functionally redundant to miR-1a-3p and pre-
viously reported, the effect of miR-206-3p was not tested
further. Analysis of the MRTF-A 3'UTR revealed binding
sites for miR-1a-3p/miR-206-3p, miR-24-3p and miR-486-
5p including their seed sequences (Figure 8A). Deletion of
the predicted miRNA binding sites largely abolished the re-
pression of the 3’UTR reporter by their respective miRNAs,
demonstrating a molecular connection to the MRTF-A reg-
ulation observed (Figure 8B-D).

To characterize the kinetics of post-transcriptional reg-
ulation of MRTF-A during myogenesis, C2C12 cells were
transfected with the 3'UTR luciferase reporter system.
Compared to the empty vector control, the luciferase ac-
tivity decreased over the course of C2C12 differentiation to
~40% (Figure 8G), consistent with the observed MRTF-A
protein reduction and a 3'UTR mediated repression dur-
ing myogenesis. In contrast, deleting the individual miRNA
binding sites elevated the 3'UTR reporter activity in dif-
ferentiated C2C12 in comparison to the wild type reporter
(Figure 8H). Reporter activities in undifferentiated C2C12
were unaffected by specific deletions, presumably due to
largely absent miRNAs (Supplementary Figure S3). To-
gether, the results infer that the miRNAs miR-1a-3p/206-
3p, miR-24-3p and miR-486-5p post-transcriptionally re-
press MRTF-A protein expression via specific interactions
with its 3UTR. In addition, miR-133-3p and miR-378a/d
bound the MRTF-A 3’UTR and affected its expression in
some experimental setups.

DISCUSSION

In the present study we show a critical role of miRNA-
mediated regulation of MRTF-A during myogenic differ-
entiation. Based on an unbiased miR Nome-wide screening
approach, we characterized miR-1a-3p/206-3p, miR-24-3p
and miR-486-5p as regulators of C2C12 myoblast differen-
tiation via 3’'UTR-mediated MRTF-A repression. Our re-
sults are consistent with a model in which concerted ac-
tion of both transcriptional and post-transcriptional mech-
anisms orchestrate the differentiation into skeletal mus-
cle myotubes (Figure 9). Myogenesis-induced upregula-
tion of miR-1a-3p/206-3p, miR-24-3p and miR-486-5p re-
presses translation of MRTF-A, which in turn releases its
inhibitory effect on late stages of differentiation. Thereby,
execution of the myogenic program is stabilized by a posi-
tive feedback loop.

MRTF-A is crucial for skeletal myogenesis, and its dereg-
ulation in the form of overexpression or knockout is as-
sociated with differentiation defects (16,17,19) (Figure 2).
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Myogenesis is characterized by decreasing MRTF-A levels
and activity over the course of differentiation (Figure 1).
Interestingly, the MRTF-A activator RhoA shows similar
expression and activity patterns, and RhoA activation re-
sults in differentiation defects after constitutive overexpres-
sion (19). Taken together, this suggests a positive role for the
RhoA-MRTF-SRF signaling axis in early myogenic events,
whereas MRTF-A activity needs to be dampened at later
stages of differentiation.

While MRTF-A protein levels decreased over the course
of differentiation, mRNA abundance and the rate of pro-
tein turnover did not obviously change (Figure 1). This
pointed towards a major role of post-transcriptional regu-
lation of MRTF-A by translational repression during myo-
genic differentiation. In general, miRNA-mediated post-
transcriptional regulation is known to play a pivotal role in
muscle differentiation. Various myo-miRs have been iden-
tified previously, including miR-1a/b, miR-133, miR-206,
miR-208b, miR-486 and miR-499, each with multiple tar-
gets (5). Our study confirmed these and extended the po-
tential myo-miRNome to 33 miRNAs which were signifi-
cantly upregulated upon the differentiation of C2C12 cells
(Figure 3C). However, of the previously reported MRTF-
A regulating miRNAs, miR-1a-3p, miR-206-3p and miR-
219a-5p (35-37), only miR-1a-3p and miR-206-3p were sig-
nificantly enriched with the MRTF-A 3'UTR and selec-

tively enhanced upon differentiation. Our data clearly indi-
cate the pivotal role of post-transcriptional control during
myogenic differentiation. In our C2C12 cell model, Dicerl
knockdown resulted in downregulation of myogenin and
myosin heavy chain, while MRTF-A protein levels were el-
evated. This supports previous studies indicating an essen-
tial role of Dicerl in the post-transcriptional regulation of
skeletal myogenesis in vivo (38). Moreover, RISC/miRNA-
association with the MRTF-A 3'UTR was markedly in-
creased upon differentiation, and deletion of the endoge-
nous 3'UTR reversed MRTF-A reduction and impaired dif-
ferentiation (Figure 5). Together, this strongly indicates a
miRNA-mediated regulation via the 3'UTR, although we
cannot exclude an involvement of RNA binding proteins.
For identifying the MRTF-A specific miRNome in my-
oblasts, our previously established miTRAP method to dis-
cover candidate miRNAs which interact with a transcript
of interest was applied (23,39). Confirming the suitability
and experimental power of this approach, we also identified
previously reported MRTF-A specific myo-miRs, including
miR-1a-3p (35). To validate known and novel candidates,
three approaches were used: the effect of miRNA overex-
pression on MRTF-A (Figure 7), 3UTR reporter assays
with and without co-expression of miRNAs, and analysis
of the deletions of predicted binding sites in differentiat-
ing C2C12 cells (Figure 8). Together, these studies revealed
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miR-24-3p and miR-486-5p as novel post-transcriptional
MRTF-A regulators.

The muscle enriched miR-24-3p promotes myogenesis
and is negatively regulated by TGF-B1 (40). In addition
miR-24 inhibits the skeletal muscle fibrosis-inducing TGF-
B/Smad signaling pathway by repressing Smad?2 (41). Our
findings suggest that miR-24-3p downregulates MRTF-A
during differentiation, thereby promoting myogenesis. In-
terestingly, in keratinocytes miR-24 was identified as an in-
ducer of differentiation and a negative regulator of the actin
dynamics (42). Embryonal stem cells (ESC) react to miR-
24 overexpression with loss of self-renewal and terminal
differentiation (43). Since miR-24 is not restricted to the
myogenic lineage, it remains to be investigated whether the
differentiation-supporting role of miR-24 in these cell types
also involves MRTF-A regulation.

We identified miR-486-5p as a novel MRTF-A regula-
tor by its binding to the 3’UTR, by functionally reducing
MRTF-A protein, and by its inhibition of the 3’UTR via a
novel recognition site. MiR-486 is not exclusively expressed
in muscle and also plays important roles in hematopoi-
etic stem cell proliferation and erythroid differentiation
(44,45). Nevertheless, miR-486 is classified as a myo-miR
because of a crucial role in myogenesis. It was shown to
be a posttranscriptional regulator of PTEN, FOXO1 and
Pax7 (45-47). While Pax7 is a repressor of MyoD, it was
shown that MyoD induces the expression of miR-486 (47).
Overexpression of miR-486 resulted in a milder pheno-
type in muscular dystrophy-associated mouse models (48).
Interestingly, miR-486 is transcriptionally upregulated by
MRTF-A/SRF (46). Together with our finding that MRTF-
A is regulated by miR-486-5p, this suggests that MRTF-
A/SRF and miR-486 form a regulatory feedback loop.
Here MRTF-A/SRF and MyoD induce the expression of
miR-486 in undifferentiated muscle cells. In turn miR-486-
5p represses MRTF-A post-transcriptionally, thus leading
to a balanced MRTF-A expression needed for proper myo-
genic differentiation. During myogenesis miR-1a-3p, miR-

24-3p and miR-486-5p are further upregulated resulting in
decreasing MRTF-A protein levels and function. In line
with this hypothesis, the promoters of miR-1, miR-24 and
miR-486 contain E-box sequences, which may facilitate col-
lective induction by myogenic helix-loop-helix transcription
factors such as MyoD and myogenin.

We showed that TGF-B treatment of undifferentiated
C2C12 decreases miR-486-5p expression (Figure 6B). Thus
we speculate that MRTF-A is subject to anti-differentiation
signals from TGF-3 via reduced levels of miR-486-5p. Pre-
viously an anti-fibrotic effect of miR-486 mediated Smad2
regulation was described (49). Together, there might be
a regulatable antagonism between TGF-B/Smad signaling
and MRTF-A reduction which is mediated by miR-486-5p
and, possibly, miR-24-3p. Upon increased TGF-/Smad2
signaling, MRTF-A becomes de-repressed by miR-486-
5p/miR-24-3p downregulation, resulting in impaired myo-
genesis. However, the consequences of TGF-B signaling on
the miRNA-mediated MRTF-A regulation described here
await further investigation.

We showed that MRTF-A overexpression blocks myo-
genesis also in human cells, and that miR-1a-3p/206-3p,
miR-24-3p and miR-486-5p suppress endogenous MRTF-
A expression in primary human skeletal muscle myoblasts,
consistent with the murine C2C12 model. Whilst the se-
quences of the miRNAs identified here are evolutionarily
highly conserved, the predicted target sites of the 3'UTR
for miR-24-3p and miR-486-5p are not. Nevertheless, the
strong effect of miR-24 on MRTF-A expression in human
myoblasts cells indicates the existence of another target site.
Indeed, algorithmic predictions suggest two more binding
sites on the human 3’UTR of MRTF-A. Thus we would like
to propose functional conservation for the posttranscrip-
tional regulation of MRTF-A during myoblast differenti-
ation, which includes miR-24-3p and miR-486-5p.
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