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In response to skeletal muscle injury, satellite cells, which function as a myogenic stem cell population, become
activated, expand through proliferation, and ultimately fuse with each other and with damaged myofibers to promote
muscle regeneration. Here, we show that members of the Myocardin family of transcriptional coactivators, MASTR
and MRTF-A, are up-regulated in satellite cells in response to skeletal muscle injury and muscular dystrophy. Global
and satellite cell-specific deletion of MASTR in mice impairs skeletal muscle regeneration. This impairment is
substantially greater when MRTF-A is also deleted and is due to aberrant differentiation and excessive proliferation
of satellite cells. These abnormalities mimic those associated with genetic deletion of MyoD, a master regulator of
myogenesis, which is down-regulated in the absence of MASTR and MRTF-A. Consistent with an essential role of
MASTR in transcriptional regulation of MyoD expression, MASTR activates a muscle-specific postnatal MyoD
enhancer through associations with MEF2 and members of the Myocardin family. Our results provide new insights
into the genetic circuitry of muscle regeneration and identify MASTR as a central regulator of this process.
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Mammalian skeletal muscle possesses the potential to
undergo self-repair in response to injury or disease. The
advent of stem cell and regenerative medicine has sparked
renewed interest in understanding the molecular and cel-
lular mechanisms of muscle regeneration (Price et al. 2007;
Goyenvalle et al. 2011; Tuan 2011). By enhancing muscle
regeneration, stem cell-based therapies have potential ap-
plications in multiple conditions associated with muscle
wasting, including muscular dystrophy, chronic diseases
associated with physical inactivity and loss of muscle
mass, and aging. Deciphering the molecular mechanisms
of muscle regeneration is essential for the development of
such therapies.

Muscle repair is a multistep process that includes
myofiber degeneration, regeneration, and remodeling (Le
Grand and Rudnicki 2007; Ten Broek et al. 2010; Tsivitse
2010). Muscle degeneration is characterized by sarcomere
disruption, cell permeabilization, and induction of an acute
inflammatory response. The regeneration process is marked
by the activation of a myogenic stem cell population, re-
ferred to as satellite cells (SCs), which give rise to prolifer-

ating myoblasts, followed by myoblast differentiation and
fusion into regenerated myofibers. During the final stages
of muscle repair, myofibers remodel to produce mature
muscle fibers and recover the contractile capacity of the
injured muscle.

SCs are the primary population of adult skeletal muscle
stem cells, comprising ;1%–4% of muscle nuclei in nor-
mal skeletal muscle (Whalen et al. 1990). Quiescent SCs
are characterized by three criteria: a unique localization
between the sarcolemma and the basal lamina; a distinct
cellular morphology that includes a small cytoplasmic
volume, an enlarged nucleus, and condensed chromatin;
and expression of the Pax7 transcription factor (Buckingham
and Relaix 2007; Biressi and Rando 2010; Kang and Krauss
2010). In response to chemical or mechanical muscle
damage, exercise, or overuse, quiescent SCs become ac-
tivated and migrate to the injury site, where they proliferate
and up-regulate MyoD and Myf5 expression. Upon activa-
tion, the majority of SCs down-regulate Pax7 expression
and undergo terminal muscle cell differentiation, whereas
a small proportion of cells down-regulate MyoD expres-
sion, maintain Pax7 expression, and revert back to quies-
cence to sustain the SC pool (Le Grand and Rudnicki 2007;
Olguin et al. 2007; Biressi and Rando 2010; Wu et al. 2010).

Expression of the myogenic regulatory factor MyoD
specifies the identity of embryonic and adult muscle pro-
genitor cells (Rudnicki et al. 1993; Buckingham 1994;
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Olson and Klein 1994; Tapscott 2005). MyoD expression,
which marks SC activation and differentiation, is required
for normal muscle regeneration (Megeney et al. 1996).
MyoD knockout mice show severely deficient skeletal
muscle regeneration following injury, due to excessive pro-
liferation and defective differentiation of SCs (Sabourin
et al. 1999; Yablonka-Reuveni et al. 1999; Cornelison
et al. 2000; White et al. 2000; Schuierer et al. 2005).
Reminiscent of its expression in activated SCs, differen-
tiating myoblasts up-regulate MyoD and activate transcrip-
tion of MyoD target genes, resulting in irreversible cell
cycle arrest and myogenic differentiation. On the other
hand, down-regulation of MyoD in activated SCs causes
return to quiescence (Yoshida et al. 1998). Relatively little
is known of the upstream activators of MyoD expression.
Deciphering the mechanisms that control MyoD expres-
sion and function in SCs should provide important in-
sights into the molecular basis of muscle regeneration.

Members of the Myocardin family of transcription fac-
tors (Myocardin, MRTF-A, MRTF-B, and MASTR) play
important roles in differentiation and remodeling of cardiac,
smooth, and skeletal muscle cells (Creemers et al. 2006a;
Pipes et al. 2006; Posern and Treisman 2006; Olson and
Nordheim 2010). MASTR is a muscle-enriched MEF2 co-
activator (Creemers et al. 2006a), whereas Myocardin and
MRTF-A/-B are SRF coactivators (Olson and Nordheim
2010). Expression of dominant-negative MRTF-A in mouse
skeletal muscle causes muscle hypoplasia (S Li et al. 2005);
however, MRTF-A and MRTF-B knockout mice do not
show obvious skeletal muscle defects (J Li et al. 2005; Oh
et al. 2005; Li et al. 2006; Sun et al. 2006). MRTF-A/-B
double-knockout mice revealed that MRTF-A/-B are redun-
dant in the brain and heart, and possibly in other tissues
where they are coexpressed (Mokalled et al. 2010; EN Olson
and MH Mokalled, unpubl.). The in vivo functions of
MASTR and MRTF-A/-B in mammalian skeletal muscle de-
velopment, maintenance, or regeneration remain unknown.

Here, we show that MASTR and MRTF-A are up-
regulated in SCs in response to injury. Global and SC-
specific deletion of MASTR in mice causes impaired muscle
regeneration in response to chemical injury and muscular
dystrophy. This regeneration defect is exacerbated by
MRTF-A deletion and is due to aberrant differentiation and
excessive proliferation of SCs. These abnormalities resem-
ble those of mice lacking MyoD, which is down-regulated
in the absence of MASTR and MRTF-A. Consistent with
a regulatory role of MASTR in the control of MyoD ex-
pression, MASTR activates a muscle-specific MyoD en-
hancer together with MEF2 and MRTF-A. These findings
reveal a previously unrecognized regulatory network within
myogenic stem cells in which MASTR functions as a pri-
mary upstream activator of skeletal muscle regeneration.

Results

Up-regulation of MASTR in response to muscle injury

Members of the Myocardin family of transcription factors
have been implicated in pathological remodeling of car-
diac and vascular smooth muscle (Parmacek 2007; Olson

and Nordheim 2010; Small et al. 2010), but little is known
of their potential roles in skeletal muscle disease. To in-
vestigate the involvement of this family of coactivators
in the response of skeletal muscle to injury, we surveyed
the expression of MASTR, MRTF-A, and MRTF-B in re-
sponse to a series of skeletal muscle injuries that induce
regeneration.

Injection of skeletal muscle with cardiotoxin (Ctx)
causes myofiber degeneration followed by regeneration
and repair, as activated SCs proliferate, differentiate, and
fuse with injured myofibers (Yan et al. 2003). As shown in
Figure 1A, MASTR was up-regulated in the adult tibialis
anterior (TA) muscle at days 3 and 7 following Ctx injury.
MRTF-A was also up-regulated in response to Ctx injury,
whereas MRTF-B showed relatively little change in ex-
pression. The pattern of MASTR and MRTF-A expression
during muscle regeneration resembled that of MyoD. In-
jection of the TA muscle with barium chloride (BaCl2)
also causes muscle injury followed by regeneration and was
accompanied by similar changes in expression of MASTR,
MRTF-A, and MyoD (Fig. 1A). In addition, MASTR and
MRTF-A were up-regulated in parallel with MyoD in the
TA muscle of mdx mice, concomitant with muscle de-
generation and regeneration (Fig. 1A).

Expression of MASTR and MRTF-A in SCs

To determine whether MASTR and MRTF-A are ex-
pressed in SCs in response to muscle injury, SCs were
isolated from adult skeletal muscle and sorted using pos-
itive selection for CD34 and negative selection of Sca1,
CD31, and CD45 (Supplemental Fig. S1A,B; Beauchamp
et al. 2000; Sherwood et al. 2004; Montarras et al. 2005;
Sacco et al. 2008). MASTR expression was enriched in
sorted SCs compared with either unsorted cells (UCs) or
whole quadriceps (Quad), whereas MRTF-A was expressed
at comparable levels in SCs and UCs (Fig. 1B). Pax7 and
MyoD expression was also enriched in sorted SCs (Fig. 1B;
Supplemental Fig. S1C), confirming the identity of this
cell population. MASTR and MRTF-A expression was
unchanged when SCs were activated to proliferate by ex-
posure to growth medium and was up-regulated when SCs
were induced to differentiate into myotubes in the pres-
ence of differentiation medium (Fig. 1C; Musaro and
Barberi 2010). Similarly, MASTR and MRTF-A expression
was up-regulated during differentiation of C2C12 myo-
blasts into myotubes (Fig. 1C). These findings suggested
the potential involvement of MASTR and MRTF-A in SC-
mediated responses to muscle injury and differentiation.

MASTR is required for skeletal muscle regeneration

To investigate the function of MASTR in vivo, we gen-
erated a conditional MASTR knockout (MKO) allele by
inserting loxP sites for Cre-mediated deletion in introns 1
and 7 of the protein-coding region of the gene using ho-
mologous recombination. Expression of Cre recombinase
resulted in deletion of exons 2–7 of the MASTR locus,
thereby eliminating the MEF2-binding and SAP do-
mains and generating what is expected to be a null al-
lele (Supplemental Fig. S2A). Correct targeting and germline
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transmission of the MASTR allele was confirmed by
Southern blot and PCR of genomic DNA (Supplemental
Fig. S2B). By breeding MASTRFloxed mice to CAG-Cre
transgenic mice, we obtained global MKO mice (Supple-
mental Fig. S2C), which were viable, fertile, and without
obvious phenotypic defects.

We subjected MKO mice to Ctx injury and evaluated
their regeneration potential. Newly regenerated myofi-
bers are readily identifiable by the presence of centralized
nuclei, which distinguish them from pre-existing myo-
fibers, in which nuclei are positioned at the cell periphery.
By H&E staining, wild-type TA muscles were mostly com-
posed of regenerating myofibers 7 d post-injury (Fig. 2A).
MKO TA muscles at 7 d post-injury showed no central-
ized nuclei and instead were composed of degenerating
necrotic fibers, fibrotic tissue, and inflammatory cells
(Fig. 2A). By day 14 post-injury, regenerated wild-type
myofibers remained centrally nucleated and became ho-
mogeneous in size, indicative of their maturation (Fig.
2A). In contrast, MKO myofibers at day 14 post-injury re-
mained heterogeneous in size and were fewer in number
compared with wild-type muscle (Fig. 2A).

Wild-type muscle injured with Ctx initiates expression
of Desmin, a marker of skeletal muscle differentiation,
7 d post-injury and shows robust Desmin expression in
mature myofibers by day 14 post-injury (Fig. 2A). Desmin-
positive myofibers were absent in MKO TA muscle 7 d
post-injury and were still fewer in number and immature

at day 14 post-injury (Fig. 2A). In addition, the number of
centralized nuclei in MKO mice at days 7 and 14 post-
injury was significantly decreased compared with wild-
type muscle (Fig. 2B). Muscle regeneration in response to
injection of BaCl2 was also compromised in MKO mice
(Fig. 2A). Thus, MASTR is required for efficient regener-
ation in two independent models of muscle injury.

To further investigate the requirement of MASTR for
skeletal muscle regeneration, we crossed the MKO mice to
mdx mice, which harbor a null mutation in the Dystro-
phin gene. Mdx mice undergo extensive muscle degener-
ation and regeneration at ;3 wk of age, until they exhaust
their regeneration capacity by ;7 wk of age (McGeachie
et al. 1993; Banks and Chamberlain 2008). Trichrome and
wheat germ agglutinin (WGA) stainings revealed severe
muscle damage and increased fibrosis in MKO;mdx TA
muscle compared with mdx muscle (Fig. 2C). MKO;mdx
mice also showed a 20% reduction in body weight and
muscle weight at 4 and 6 wk of age compared with mdx
mice (Fig. 2D). We conclude that MASTR regulates skel-
etal muscle regeneration after chemical injury and in a
muscular dystrophy disease model.

Aberrant muscle regeneration resulting
from SC-specific deletion of MASTR

MASTR expression in proliferating and differentiating
SCs and the requirement for MASTR in skeletal muscle

Figure 1. Up-regulation of MASTR and MRTF-A
during muscle regeneration. (A) Shown is the expres-
sion of MASTR, MRTF-A, and MRTF-B in the TA
muscle following Ctx and barium chloride (BaCl2)
injuries and in mdx mice. qPCR shows MASTR and
MRTF-A up-regulation 3 d after Ctx and BaCl2 in-
jection. MASTR and MRTF-A are also up-regulated in
the TA muscle of 2-, 4-, and 6-wk-old mdx mice
compared with wild-type (WT) mice. For Ctx and
BaCl2 injury, relative expression at days 3 and 7 post-
injury is normalized to GAPDH levels and to baseline
level at day 0. For mdx mice, relative expression is
normalized to GAPDH levels and to wild-type ex-
pression for each time point. MyoD expression is
used as control for muscle regeneration and parallels
MASTR and MRTF-A expression patterns. (B) Expres-
sion of MASTR and MRTF-A in sorted SCs. Sorted
SCs (SC), mononuclear unsorted cells (UCs), and
quadriceps mRNA samples (Quad) were used for
qPCR. Relative expression is normalized to the levels
of ribosomal 18S RNA. The levels of Pax7 and MyoD
are shown as controls. (C) Up-regulation of MASTR
and MRTF-A expression during SC and C2C12 dif-
ferentiation. Sorted SCs, activated SCs maintained
under growth conditions, and differentiating SCs at
days 1, 2, or 3 of differentiation were used for qPCR.
MASTR and MRTF-A are expressed in sorted and
activated SCs, and are up-regulated at days 1 and 2 of
differentiation. Similarly, qPCR on differentiating
C2C12 cultures shows approximately sixfold to sev-
enfold up-regulation of MASTR and MRTF-A by day
2 of differentiation.
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regeneration suggest that MASTR regulates SC-mediated
skeletal muscle regeneration. However, because MASTR
is expressed in mature muscle fibers in addition to SCs,
global gene deletion could not definitely distinguish its
function in one population versus the other. Therefore,
to directly test the role of MASTR in SCs, we crossed the
MASTRFloxed mice to Pax7-Cre-ERT2 mice, in which a Cre
recombinase-estrogen receptor expression cassette was
knocked into the Pax7 locus, allowing for tamoxifen-
inducible, SC-specific expression of Cre (Lepper et al.
2009). We subjected the MASTRFloxed/Floxed;Pax7-Cre-ERT2

mice, hereafter referred to as conditional MKO (cMKO)
mice, to tamoxifen treatment followed by Ctx injury.
At days 3 and 7 post-injury, control TA muscle showed
significant recovery, with total replacement of damaged
myofibers with newly regenerated, Desmin-positive, cen-
trally nucleated myofibers (Fig. 2E). However, as observed
with the global deletion of MASTR, muscle regeneration
was defective in cMKO mice, with a significant decrease
in the number of regenerating myofibers, persistence of
necrotic fibers, and greatly reduced Desmin expression

(Fig. 2F). These findings demonstrate that MASTR per-
forms a SC-autonomous role in regulating skeletal mus-
cle regeneration after injury.

MASTR and MRTF-A cooperatively regulate muscle
mass and regeneration

To determine whether MRTF-A and MASTR might act in
a common pathway during skeletal muscle regeneration,
we generated MASTR/MRTF-A double-knockout (dKO)
mice by crossing MKO mice to the previously generated
MRTF-A knockout (AKO) mouse line (Li et al. 2006).
AKO mice showed no abnormalities in muscle regener-
ation compared with wild-type mice (Supplemental Fig.
S3A). Approximately 40% of the dKO mice showed peri-
natal lethality (Fig. 3A), which may reflect an essential
function for MASTR and MRTF-A during neuronal de-
velopment. dKO mice that survived beyond postnatal day
1 (P1) were viable and fertile, but showed a significant
decrease in body mass and muscle mass, as shown by
nuclear magnetic resonance (NMR) analysis of lean mass

Figure 2. Aberrant muscle regeneration of
MASTR-null mice. (A) Regeneration of MKO
muscle following chemical injury. TA muscle
from wild-type (WT) and MKO mice was
injected with Ctx and BaCl2 and assayed for
regeneration by H&E and by Desmin immuno-
histochemistry at days 7 and 14 post-injury.
Regenerating and degenerating fibers are indi-
cated by white and black arrowheads, respec-
tively. At day 7 post-Ctx or post-BaCl2 injury,
wild-type muscle contains regenerating myofi-
bers that are centrally nucleated and hetero-
geneous in size. MKO muscle shows fewer
regenerating fibers and is mostly composed of
necrotic fibers and regions of fibrotic tissue and
inflammatory cells (black arrows). By day 14
post-Ctx injury, regenerating wild-type fibers are
mature, centrally nucleated, and homogeneous
in size, whereas regenerating MKO fibers are
heterogeneous in size and decreased in number.
Bar, 65 mm. (B) Quantitation of regeneration
shows a significant decrease in the number of
centralized nuclei in MKO muscle compared
with wild-type muscle at days 7 and 14 post-
injury. Analysis was performed on five animals
for each genotype and time point and on five
sections from each animal; (*) P < 0.01. (C)
Enhanced mdx regeneration defect by MASTR
deletion. Trichrome staining and immunohisto-
chemistry for Desmin and WGA show enhanced
muscle damage and fibrosis in 4-wk-old
MKO;mdx mice compared with mdx mice.
Bar, 125 mm. (D) MKO;mdx mice have decreased
body mass and muscle mass compared with
littermate mdx mice; (*) P < 0.01. (E) Impaired
regeneration of cMKO mice following Ctx in-
jury. Staining for Desmin and WGA shows de-
fective TA muscle regeneration of cMKO mice
at days 3 and 7 post-Ctx injury. Bar, 45 mm.
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content (Fig. 3B,C). Muscle mass was not significantly
changed in MKO or AKO mice (Li et al. 2006; Sun et al.
2006). By 44 wk of age, dKO mice showed dramatic mus-
cle wasting (Fig. 3B) but normal TA muscle histology,
with only a mild decrease in myofiber size compared
with either wild-type or MKO TA muscle (Supplemental
Fig. S4A). In addition, the regeneration defect of MKO
mice was significantly enhanced in dKO mice (Fig. 3D).
For example, dKO TA muscle completely lacked regener-
ating myofibers 7 d post-injury and showed more severe
myofiber dropout following injury than MKO mice.

Regulation of MyoD expression by MASTR
and MRTF-A

The regenerative defects in MKO and dKO mice are re-
markably similar to those of MyoD-null mice (Megeney
et al. 1996). To determine whether MyoD down-regulation
might account for the observed abnormalities, we ana-
lyzed MyoD expression in wild-type and mutant muscle.
As shown in Figure 3E, MyoD expression was comparable
between wild-type and dKO mice at birth, but was strik-
ingly undetectable in dKO mice at P14. MyoD expression

was also diminished in MKO mice, but unchanged in AKO
mice (Fig. 3E; Supplemental Fig. S3B). By immunohisto-
chemistry, MyoD protein was undetectable in the TA mus-
cle of dKO mice 7 d post-injury (Fig. 3F).

MyoD expression was also significantly down-regu-
lated in sorted MKO SCs compared with wild-type SCs
(Fig. 3G). Upon activation in culture, wild-type SCs in-
duce MyoD expression, whereas activated MKO SCs
showed blunted MyoD induction (Fig. 3G). In addition,
MyoD levels were undetectable in sorted or activated dKO
SCs. MyoD expression is therefore sensitive to MASTR
levels under multiple contexts, and MASTR plus MRTF-A
appear essential for normal postnatal expression of
MyoD.

To determine whether the block to MyoD expression
was sufficient to account for the failure in differentiation
of dKO SCs, we performed an in vitro MyoD rescue
experiment (Fig. 3H). Forced expression of MyoD by ret-
roviral delivery rescued the differentiation defect of dKO
SCs, as shown by increased myotube formation in MyoD-
infected dKO SCs compared with control-infected dKO
SCs, suggesting that the dKO phenotype is due to MyoD
down-regulation (Fig. 3I).

Figure 3. Cooperative regulation of MyoD expres-
sion, muscle mass, and muscle regeneration by
MASTR and MRTF-A. (A) Partial lethality of dKO
mice at birth. Survival curve shows ;40% perinatal
lethality of dKO mice compared with wild-type
(WT) or MKO mice. Mice that survived the first
week of postnatal life were viable and fertile. (B)
Loss of muscle mass and kyphosis of dKO mice by
44 wk of age. (C) Decreased muscle mass in dKO
mice. Percent lean mass was measured by NMR
from wild-type, MKO, and dKO mice. dKO mice are
significantly leaner than wild-type or MKO litter-
mates. Lean mass content decreased with age and
reached ;70% in 44-wk-old dKO mice. MKO mice
do not show a significant decrease in muscle mass at
baseline; (*) P < 0.01. (D) Defective regeneration of
dKO muscle following Ctx injury. Regeneration of
the TA muscle was examined by Desmin immuno-
histochemistry at days 7 and 14 after Ctx adminis-
tration. Regenerating and degenerating fibers are
indicated by white and black arrowheads, respec-
tively. Bar, 65 mm. (E) Down-regulation of MyoD
mRNA levels in MKO and dKO muscle. Hindlimb
neonatal muscle and TA muscle from 2-, 3-, and 44-
wk-old mice were used for qPCR. MyoD levels were
normalized to GAPDH and wild-type MyoD levels
for each time point. MyoD expression was signifi-
cantly diminished in MKO muscle and was un-
detectable in dKO muscle, starting from 2 wk of
age; (*) P < 0.01. (F) Down-regulation of MyoD
protein levels in dKO mice. MyoD immunohisto-

chemistry on injured TA muscle from wild-type and dKO mice reveals a dramatic decrease in the number of MyoD-positive cells in
dKO muscle at day 7 post-injury. (G) Down-regulation of MyoD mRNA levels in MKO and dKO SCs. Sorted and activated SCs from
wild-type, MKO, and dKO mice were used for qPCR. Relative expression was normalized to MyoD levels in wild-type sorted SCs. MyoD
levels were down-regulated in MKO SCs and were undetectable in dKO SCs. (H) Rescue of the dKO SC differentiation defect by MyoD
expression. dKO SCs were infected with control or MyoD-expressing retrovirus, allowed to differentiate for 4 d, and stained with anti-
myosin antibody to assay differentiation. MyoD overexpression rescues the dKO differentiation defect. Bar, 90 mm. (I) Quantification of
the percent myotube fusion confirms that MyoD overexpression rescues the dKO SC differentiation defect; (*) P < 0.01.
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MASTR restricts proliferation and promotes
differentiation of SCs

To understand the temporal requirement for MASTR and
MRTF-A during muscle regeneration, we monitored the
growth and differentiation of MKO and dKO SCs under
growth and differentiation culture conditions. Under dif-
ferentiation conditions, MKO SCs formed fewer myotubes
compared with wild-type cultures, and dKO SCs showed
even fewer myotubes than MKO SCs (Fig. 4A,C). When
equal numbers of wild-type and MKO cells were plated at
subconfluency under growth conditions, MKO and dKO
SCs achieved confluency faster than wild-type SCs, sug-
gesting a hyperproliferative phenotype (data not shown).
To confirm that MKO and dKO SCs are hyperproliferative
under growth conditions, we assayed cell proliferation with
a 1-h BrdU pulse and found that mutant SCs showed a
significant increase in BrdU incorporation compared with
wild-type cells (Fig. 4B,D). Moreover, consistent with our
in vitro proliferation assays, the number of proliferating

PCNA-positive cells was increased in injured MKO mus-
cle at days 3 and 7 post-injury (Fig. 4G). These results
confirm that the MKO phenotype was enhanced by dele-
tion of MRTF-A and suggest that MASTR and MRTF-A
regulate muscle regeneration by restricting proliferation
and promoting differentiation of SCs.

To further explore the molecular basis of the MKO and
dKO regeneration phenotype, we performed microarray anal-
ysis on activated wild-type and MKO SCs. Gene ontology
cluster analysis of down-regulated transcripts uncovered
a significant enrichment of genes involved in cell cycle regu-
lation, mRNA processing, and actin cytoskeletal dynamics
(Supplemental Fig. S5; Supplemental Table S1). Microarray
analysis also revealed down-regulation of MyoD expression
in MKO SCs. Strikingly, the set of down-regulated tran-
scripts in MKO SCs parallels that of MyoD-null cells (Sup-
plemental Fig. S5; Seale et al. 2004; Ishibashi et al. 2005;
Asakura et al. 2007), suggesting that MASTR and MyoD act
in a common molecular pathway to control SC functions.

Figure 4. Increased proliferation and defective dif-
ferentiation of MKO and dKO SCs. (A) Defective
differentiation of MKO and dKO SCs in vitro.
Bright-field microscope images show impaired dif-
ferentiation of MKO SCs and enhanced differentia-
tion defect of dKO SCs, compared with wild-type
(WT) cells. Desmin immunohistochemistry con-
firms aberrant differentiation of MKO and dKO
SCs. Extensive multinucleated myotube networks
are observed in wild-type but not mutant SC cul-
tures. MyoD immunohistochemistry shows that the
number of MyoD-positive cells is decreased in MKO
SC cultures compared with wild-type cells. Bars: for
DIC, 200 mm; for Desmin, 65 mm; for MyoD, 90 mm.
(B) Increased proliferation of MKO and dKO cells.
Wild-type, MKO, and dKO SCs were maintained
under growth conditions and pulsed with BrdU for 1
h. Anti-BrdU immunocytochemistry shows that the
number of BrdU-positive cells (white arrowheads) is
increased in MKO and dKO SCs at days 2, 3, and 4 of
culture. Bar, 70 mm. (C) Quantitation of MKO and
dKO SC differentiation. Percent myotube fusion,
calculated from A, confirms the differentiation de-
fect of MKO and dKO SCs; (*) P < 0.01. (D)
Quantitation of MKO and dKO SC proliferation.
Percent BrdU-positive cells, calculated from B, con-
firms the increase in proliferation of MKO SCs
compared with wild-type cells; (*) P < 0.01. (E,F)
Down-regulation of genes involved in cell cycle
arrest following MASTR deletion. Wild-type,
MKO, and dKO TA muscle (E) and SC cultures (F)
were used for qPCR. Expression of CyclinG1, Reti-
noblastoma (Rb), protein phosphatase 2 (Pp2a),
growth arrest-specific 2 (Gas2), and growth arrest
and DNA damage-inducible 45a (Gadd45a) mRNA
is significantly diminished following MASTR/
MRTF-A deletion; (*) P < 0.01. (G) Increased cell
proliferation in the cMKO muscle following Ctx
injury. PCNA immunohistochemistry shows an in-
crease in the number of PCNA-positive cells (arrow-
heads) in the cMKO TA muscle at days 3 and 7 post-
injury.
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Since mutant SCs showed hyperproliferation, we val-
idated the expression of cell cycle arrest genes down-
regulated in both our MKO SC microarray and the pub-
lished MyoD microarray by quantitative PCR (qPCR)
(Hosoyama et al. 2011; Seale et al. 2004; Tomczak et al.
2004; Ishibashi et al. 2005; Asakura et al. 2007). Indeed,
expression of CyclinG1, Retinoblastoma (Rb), protein
phosphatase 2 (Pp2a), growth arrest-specific 2 (Gas2), and
growth arrest and DNA damage-inducible 45a (Gadd45a)
was significantly reduced in MKO and dKO whole muscle
and SCs compared with wild-type controls (Fig. 4E,F).
The similarities between the MKO and MyoD knock-
out mouse phenotypes and gene expression profiles, and
the down-regulation of MyoD in our mutant mice, suggest
that MASTR and MRTF-A regulate MyoD expression to
initiate cell cycle arrest and promote differentiation of SCs.

MEF2A and MEF2C are expressed in SCs
and are required for SC differentiation

MASTR is a potent coactivator of MEF2 transcriptional
activity (Creemers et al. 2006b); however, the expression
and potential function of MEF2 transcription factors in
SCs remain uncharacterized. To investigate the mecha-
nism by which MASTR regulates MyoD expression, we
first assayed the expression of MEF2 family members in
sorted, proliferating, and differentiating SCs by qPCR.
MEF2A expression was detected at low levels in sorted
and proliferating SCs and peaked at day 2 of differentia-
tion; enriched MEF2C expression was detected in sorted,
proliferating, and differentiating SCs (Fig. 5A). These
results confirmed previous microarray results (data not
shown) and showed that MEF2A and MEF2C, but not
MEF2B or MEF2D, are enriched and up-regulated during
SC activation and differentiation in vitro (Fig. 5A). MEF2A/C
are therefore expressed in a manner similar to MASTR in
proliferating and differentiating SCs. We then colabeled
MEF2 and MyoD in the mouse TA muscle at days 7 and
14 post-Ctx injury using a MEF2 antibody that detects
MEF2A, MEF2C, and MEF2D (Haberland et al. 2007). In-
terestingly, MEF2 was expressed in almost all MyoD-
expressing SCs at days 7 and 14 post-injury (Fig. 5B). By
day 14 post-injury, MEF2 expression was maintained in
a subset of interstitial cells that were negative for MyoD
and in centrally nucleated, regenerating myofibers (Fig. 5B).
These expression studies suggest that MEF2A/C could
cooperate with MASTR to regulate muscle regeneration.

To examine the function of MEF2 in SCs, we knocked
down MEF2A and MEF2C in cultured SCs using shRNA
lentivirus and assessed SC differentiation by myosin (MF20)
immunohistochemistry. Differentiation and fusion were
defective in SCs infected with MEF2A/C-shRNA com-
pared with control shRNA-infected cells (Fig. 5C,D).
However, knockdown of MEF2A or MEF2C alone did
not impair SC differentiation, suggesting a redundant role
for the MEF2 family members in differentiating SCs (Fig.
5D). These results demonstrate that MEF2A and MEF2C
are expressed in SCs and are required for SC differentiation
and suggest that MASTR and MEF2A/C cooperatively reg-
ulate MyoD expression and muscle regeneration.

To investigate the requirement for MASTR/MEF2 in-
teraction in SC differentiation, we attempted to rescue
the MKO phenotype by overexpressing full-length MASTR
(FL) and a MASTR mutant lacking the MEF2-binding
domain (DMEF) in MKO SCs. MASTR-FL restored MKO
SC differentiation, whereas MASTR-DMEF failed to rescue
the MKO differentiation defect (Fig. 5E,F). These findings
suggest that the MKO phenotype is mediated by the as-
sociation of MASTR with MEF2.

MASTR and MEF2 bind and activate
the MyoD DRR enhancer

MyoD transcription is controlled by an embryonic core
enhancer and an adult DRR enhancer. Activation of the
DRR enhancer at P14 is concomitant with inactivation of
the core enhancer and correlates with the time at which
MyoD expression decreases in MKO and dKO muscle
(Fig. 3E; Kucharczuk et al. 1999; Chen et al. 2001, 2002).
Interestingly, the DRR enhancer harbors one canonical
MEF2-binding site and a MEF2/SRF hybrid site (L’Honore
et al. 2007), suggesting that MASTR and MEF2 coregulate
the DRR enhancer to induce MyoD expression. To test
this hypothesis, we performed luciferase assays in C2C12
myoblasts using MyoD-DRR and MyoD-core reporter con-
structs. MASTR alone or with MEF2 activated the DRR
but not the core enhancer in a dose-dependent fashion
(Fig. 5G). MASTR mutants lacking either the MEF2-binding
domain or the transactivation domain failed to activate
the MyoD-DRR reporter, suggesting that the partnership
between MASTR and MEF2 is required for MyoD activa-
tion. Moreover, mutating the MEF2-binding site and the
MEF2/SRF hybrid sites blocked reporter activation, sug-
gesting that MASTR and MEF2 directly regulate DRR ac-
tivation (Fig. 5G). Chromatin immunoprecipitation (ChIP)
in proliferating C2C12 myoblasts confirmed that MASTR
and MEF2 bind the MEF2 and MEF2/SRF hybrid sites of the
native MyoD DRR enhancer (Fig. 5H). Strikingly, binding of
MASTR and MEF2 to the MyoD DRR enhancer significantly
increased in differentiating C2C12 cells (Fig. 5H).

Since MASTR and MRTF-A exert their functions through
association with MEF2 and SRF, respectively, these find-
ings suggested that the MASTR/MEF2 and MRTF/SRF
pathways converge to direct skeletal muscle regeneration
by restricting proliferation and promoting differentiation
of SCs. Indeed, ChIP assays showed binding of MRTF-A
and SRF to the MEF2/SRF hybrid site of the DRR enhancer
(Fig. 5I). We conclude that the MASTR/MEF2 complex is
recruited to the MyoD DRR enhancer with MRTF-A and
SRF and activates MyoD expression in differentiating SCs.

Discussion

This study identifies members of the Myocardin and MEF2
transcription factor families as key components of the
gene regulatory network that drives MyoD expression and
muscle regeneration in adult mice. MASTR and MRTF-A
are up-regulated in SCs in response to injury and muscular
dystrophy. Global and SC-specific loss-of-function studies
in mice demonstrate that MASTR and MRTF-A regulate
MyoD expression, direct SCs to exit the cell cycle and
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differentiate, and promote muscle repair following injury.
MASTR activates a muscle-specific postnatal MyoD en-
hancer through association with MEF2 and MRTFs. A
model to account for these findings is shown in Figure 6.

Essential functions for MRTFs during skeletal
muscle regeneration

MASTR was originally identified as a muscle-enriched
MEF2 coactivator and was reported to activate the myo-

genic program in Xenopus (Creemers et al. 2006b; Meadows
et al. 2008); however, its function in mammalian muscle
development or regeneration was not characterized. Mice
lacking either MRTF-A or MRTF-B do not show obvious
skeletal muscle defects (J Li et al. 2005; Oh et al. 2005; Li
et al. 2006; Sun et al. 2006); however, MASTR/MRTF-A
deletion causes age-dependent muscle wasting, defective
muscle regeneration, and failure to activate postnatal
MyoD expression. Unlike MKO mice, which show a sig-
nificant delay in their regenerative capacity, AKO mice

Figure 5. Activation of the MyoD-DRR enhancer
by MASTR, MEF2, and MRTF-A. (A) Regulation of
the MEF2 family during SC activation and prolifer-
ation. Shown is the expression of MEF2A, MEF2B,
MEF2C, and MEF2D in SCs at isolation, under
growth conditions, and at days 1, 2, and 3 of
differentiation by qPCR. Relative expression was
normalized to 18S RNA levels. (B) Expression of
MEF2 in activated MyoD-positive SCs. Immunohis-
tochemistry was performed on TA muscle at days 7
and 14 post-Ctx injury using anti-MEF2 antibody
that detects MEF2A, MEF2C, and MEF2D isoforms.
MyoD and WGA staining shows colocalization of
MEF2-positive cells to activated SCs. White arrow-
heads indicate cells that are double positive for
MEF2 and MyoD, whereas black arrowheads repre-
sent cells that are positive for MEF2 and negative for
MyoD. Bar, 10 mm. (C) Defective SC differentiation
following knockdown of MEF2A and MEF2C in
vitro. SCs infected with a combination of MEF2A
and MEF2C shRNA viruses show delayed differen-
tiation and myotube formation compared with con-
trol cells infected with an empty shRNA virus. Bar,
65 mm. (D) Quantitation of the percent myotube
fusion confirms that MEF2A/C knockdown inhibits
SC differentiation. Knockdown of either MEF2A or
MEF2C alone does not cause a significant differen-
tiation defect; (*) P < 0.01. (E) Rescue of the MKO SC
differentiation defect by MASTR-FL, but not by
MASTR-DMEF. MKO SCs were transfected with
control, MASTR-FL-expressing, or MASTR-DMEF-
expressing vectors; allowed to differentiate for 4 d
under low-serum culture conditions; and stained
with anti-Myosin antibody to assay differentiation.
Unlike MASTR-FL overexpression, which results in
myotube formation in MKO SCs, MASTR-DMEF
fails to rescue the MKO SC differentiation defect.
Bar, 90 mm. (F) Quantitation of the percent myotube

fusion confirms that overexpression of MASTR-FL, but not MASTR-DMEF, rescues the MKO SC differentiation defect; (*) P < 0.01. (G)
Activation of the MyoD-DRR enhancer by MASTR and MEF2. C2C12 cells were transfected with the MyoD-DRR-Luciferase vector
and expression vectors encoding various combinations of MASTR and MEF2C and assayed for luciferase activity. The MyoD-core-
Luciferase vector was used as a negative control. The Mut-MyoD-DRR-Luciferase vector, in which the MEF2 and MEF2/SRF-binding
sites were mutated, was also used as a control. MASTR alone or with MEF2C activates the MyoD-DRR but not the MyoD-core vectors.
MASTR mutants that lack either the MEF2-binding (DMEF) or the transactivation (DTAD) domains do not induce MyoD-DRR
activation. Mutation of the MEF2- and MEF2/SRF-binding sites on the DRR enhancer blocks reporter activation. (H) Binding of MASTR
and MEF2 to the MyoD-DRR enhancer. Proliferating and differentiating C2C12 cells were transfected with MASTR and MEF2C and
used for ChIP assay. Enrichment of MASTR and MEF2C at the MyoD DRR enhancer was quantified by qPCR and normalized to
enrichment in C2C12 cells transfected with empty vectors. MASTR and MEF2C are enriched at the MEF2- and MEF2/SRF-binding
sites of the DRR enhancer. (I) Binding of MRTF-A and SRF to the MyoD-DRR enhancer. Proliferating and differentiating C2C12 cells
were transfected with MRTF-A and SRF and used for ChIP assay. Enrichment of MRTF-A and SRF at the MyoD-DRR enhancer was
quantified by qPCR and normalized to enrichment in C2C12 cells transfected with empty vectors. Comparable enrichment was
obtained for MRTF-A and SRF under both proliferation and differentiation conditions.
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regenerate normally after injury, suggesting that MASTR
and MRTF-A perform cooperative and nonredundant func-
tions during skeletal muscle regeneration. The lack of a
regeneration defect in AKO mice could be explained by
redundancy of MRTF-A and MRTF-B in SCs. Indeed,
MRTF-A and MRTF-B share the highest homology among
MRTF family members and perform interchangeable func-
tions in multiple cell and tissue contexts (Cen et al. 2003;
Mokalled et al. 2010). In this regard, brain- and heart-
specific deletions of both MRTFs result in multiple devel-
opmental neuronal and cardiac defects and lethality be-
fore adulthood, while the brain and heart develop normally
in MRTF-A or MRTF-B single-knockout mice (Mokalled
et al. 2010; EN Olson and MH Mokalled, unpubl.).
Although MRTF-B is expressed at low levels in regener-
ating and dystrophic muscle, this level of expression may
be sufficient to compensate for the absence of MRTF-A.
This study is the first to demonstrate a function for the
Myocardin family of transcription factors in SC differen-
tiation and muscle regeneration.

Regulation of the MyoD DRR enhancer
by MRTFs and MEF2

Our study adds the Myocardin and MEF2 families of trans-
cription factors to the multiple factors that drive postnatal
MyoD expression in SCs to regulate adult muscle regener-
ation. Similar to our mutant mice, MyoD-null SCs prolifer-
ate excessively, fail to differentiate, and exhibit a molecular
signature reflective of a proliferative state (Megeney et al.
1996; Sabourin et al. 1999; White et al. 2000). In mice as well
as in humans, myogenic expression of MyoD is linked to the
activity of two muscle-specific enhancers: a 300-base-pair
(bp) core and a 750-bp DRR enhancer (Goldhamer et al.
1992, 1995; Tapscott et al. 1992; Asakura et al. 1995; Chen
and Goldhamer 1999; Chen et al. 2001, 2002). The core
enhancer controls MyoD expression during development
but is inactive after birth (Faerman et al. 1995; Goldhamer
et al. 1995; Chen and Goldhamer 1999; Chen et al. 2001),

whereas the DRR enhancer is dispensable during develop-
ment but is essential in mature muscle and activated SCs
(Chen et al. 2002; L’Honore et al. 2003). Interestingly, the
level of MyoD expression is comparable between wild-
type and dKO muscle at birth, but undetectable at 2 wk of
age, suggesting that MASTR and MRTF-A control post-
natal MyoD expression in SCs via the DRR enhancer. The
striking temporal regulation of MyoD in MKO and dKO
mice parallels that of MyoD activation in postnatal mus-
cle and supports our finding that MRTFs regulate MyoD
DRR activation in SCs. Our findings demonstrate that
MASTR binds and activates the MyoD DRR enhancer
through association with MEF2 and MRTF-A.

Novel functions for MEF2 transcription
factors in muscle regeneration

MEF2 has been implicated in multiple aspects of mus-
cle development (Potthoff and Olson 2007; Olson and
Nordheim 2010), yet the functions of MEF2 in either SC
differentiation or muscle regeneration are unknown. Al-
though Drosophila MEF2 was shown to activate the MyoD
ortholog nautilus, these findings were not extended to
mammalian skeletal muscle (Sandmann et al. 2006). Here,
we demonstrate that MASTR coactivates MEF2 to drive
SC differentiation by showing that (1) MEF2A/C are up-
regulated with MASTR in differentiating SCs and are
required for SC differentiation, (2) the MASTR/MEF2C
complex binds to and activates the adult MyoD DRR en-
hancer in myoblasts, and (3) the MASTR-DMEF mutant
fails to rescue the MKO SC phenotype. Interestingly,
MEF2A and MEF2C are dysregulated in patients with
myotonic dystrophy (Bachinski et al. 2010), suggesting their
involvement in skeletal muscle regeneration in humans.

Unlike MASTR, which coactivates MEF2, MRTF-A is
an SRF activator. SRF binds to the MEF2/SRF hybrid site
of the MyoD DRR enhancer to regulate MyoD expression
during muscle regeneration (L’Honore et al. 2003). In contrast
to transgenic mice overexpressing a DRR-b-galactosidase
reporter, which activate b-galactosidase expression fol-
lowing muscle injury, mutation of the MEF2/SRF site
fails to activate DRR reporter expression in injured mice
(L’Honore et al. 2003). Our findings demonstrate that MEF2
and SRF bind to the MEF2/SRF hybrid site and confirm
the relevance of this site for activating MyoD expression
during skeletal muscle regeneration. In addition, SRF selec-
tively regulates the levels of MyoD in myoblasts without
affecting the levels of Myf5 (Gauthier-Rouviere et al. 1996;
Soulez et al. 1996; Carnac et al. 1998). Interestingly, Myf5
expression was also unchanged in our dKO mice (Supple-
mental Fig. S4B), suggesting that the regulatory functions
of MASTR and MRTF-A are specific to MyoD, but not to
all muscle regulatory factors.

By unveiling novel functions for the Myocardin family
of transcription factors in SC differentiation and muscle
regeneration, this study suggests that MRTFs could act as
direct sensors of the SC niche and may present a potential
therapeutic target for muscle regenerative therapy. Dy-
namic signaling from the SC niche dictates SC activation
in settings of homeostasis or injury, respectively (Gopinath

Figure 6. Schematic model for MASTR, MEF2, and MRTF-A
function during SC differentiation. MASTR coactivates MEF2
and cooperates with MRTF-A to regulate MyoD expression, SC
differentiation, and skeletal muscle regeneration in response to
injury.

Mokalled et al.

198 GENES & DEVELOPMENT



and Rando 2008; Kuang et al. 2008). MRTFs couple ex-
tracellular signaling to gene transcription and could po-
tentially sense extracellular alterations of the SC micro-
environment. For example, MRTF-A and MRTF-B are
sensitive to extracellular Rho signaling, which drives their
nuclear translocation and consequent transcriptional acti-
vation (Miralles et al. 2003; Posern and Treisman 2006;
Olson and Nordheim 2010). Interestingly, inhibition of
RhoA in myoblast cultures, whether by dominant-negative
expression or antagonist treatment, specifically alters MyoD
but not Myf5 expression (Carnac et al. 1998). This effect
on MyoD expression is specific to RhoA, but not to Rac or
Cdc42, and requires functional SRF (Carnac et al. 1998).
Moreover, concomitant with age-dependent changes within
the SC systemic microenvironment (Hall et al. 2010;
Conboy et al. 2005; Conboy and Rando 2005), MRTF ex-
pression levels were reported to decrease with aging
(Sakuma et al. 2008), suggesting dynamic cross-talk be-
tween MRTFs and the SC niche. Because MRTFs link
extracellular signaling to changes in gene regulation and
are required for MyoD expression and SC differentiation,
it will be of interest to examine whether perturbation of
the SC niche affects MRTF signaling and whether manip-
ulation of MRTF signaling affects muscle regeneration.

Materials and methods

Mouse lines

The MKO allele was generated using homologous recombination
in embryonic stem (ES) cells. The pGKNEO-F2L2DTA vector,
which contains a neomycin resistance gene flanked by FRT and
loxP sites and a diphtheria toxin gene cassette, was used for
MASTR targeting. The 59, knockout, and 39 arms of the targeting
construct were generated by high-fidelity PCR amplification (Roche
Expand High-Fidelity Long Template). The targeting vector was
linearized with PvuI and electroporated into 129SvEv-derived ES
cells. Isolated ES cell clones were analyzed for incorporation of
the 59 and 39 loxP sites by Southern blotting using 59 and 39 probes.
Clones with the targeted MASTR allele were injected into 3.5-d
C57BL/6 blastocysts, and the resulting chimeras were crossed to
C57BL/6 females to achieve germline transmission of the targeted
(MASTRneo-loxP) allele. The MASTRneo-loxP mice were crossed to
Flpe transgenic mice and then to CAG-Cre transgenic mice to ob-
tain the MKO allele. MKO mice were then crossed to AKO mice
(Li et al. 2006) to generate dKO mice. MKO mice were also crossed
to mdx mice to generate MKO;mdx mice. MASTRFloxed mice
were crossed to Pax7-Cre-ERT2 mice (Lepper et al. 2009) to gen-
erate the SC-specific cMKO allele.

SC isolation

Mononuclear cells were isolated from adult mouse hindlimb
muscles following muscle digestion and myofiber dissociation
(Sherwood et al. 2004). Eight-week-old to 12-wk-old mice were
used for all experiments. CD34+/Sca1�/CD31�/CD45� SCs were
then sorted from mononuclear cells with a yield of ;4%. Gating
of the SC population was determined using a negative control
sample stained with phycoerythrin (PE)-conjugated antibodies
for Sca1/CD31/CD45, and a positive control sample stained with
Alexa-488-conjugated anti-CD34 antibody. SCs were then main-
tained under growth conditions (Ham F20 with 20% fetal calf
serum, supplemented with 5 ng/mL bFGF) or differentiation con-
ditions (DMEM1 with 2% horse serum).

BrdU labeling

SC cultures were maintained under growth conditions. Wild-type,
MKO, and dKO SCs were labeled with BrdU at a final concentra-
tion of 10 mM for 1 h at days 2, 3, and 4 of culture. BrdU im-
munohistochemistry was then used to assay BrdU incorporation.

Chemical muscle injury

Chemical injury experiments were performed using Ctx and BaCl2
(Yan et al. 2003; Cornelison et al. 2004). Briefly, mice were
anesthetized with 5% Avertin. Left TA muscles were injected
with 100 mL of 10 mM Ctx or 50 mL of 1.2% BaCl2 in sterile
saline. Mice were allowed to recover for 3, 7, or 14 d post-injury.
Injected and contralateral TA muscles were harvested for sec-
tioning and staining.

Histology and immunohistochemistry

Mice were anesthetized and transcardially perfused with PBS,
followed by 4% paraformaldehyde prior to muscle dissection. TA
muscles were then post-fixed in 4% paraformaldehyde for 48 h,
embedded in paraffin, and sectioned. Sections were stained with
H&E or WGA using standard procedures. Immunohistochemis-
try using monoclonal anti-BrdU (Roche), monoclonal anti-MyoD
(BD Biosciences), monoclonal anti-Desmin (DAKO), monoclonal
anti-MF20 (Hybridoma Bank), polyclonal anti-PCNA (Santa
Cruz Biotechnology), and polyclonal anti-MEF2-C21 (Santa
Cruz Biotechnology) antibodies was performed using standard
protocols.

Quantitative real-time PCR

Total RNA was purified from the indicated tissues or cells using
TRIzol reagent according to the manufacturer’s instructions
(Invitrogen). For RT–PCR, total RNA was used as a template
for RT using random hexamer primers. qPCR was performed
using TaqMan probes (ABI).

Luciferase assays

The MyoD-Core and MyoD-DRR luciferase constructs were
cloned (Tapscott et al. 1992). C2C12 cells, plated in 24-well
plates (5 3 104 cells per well), were transfected with 150 ng of
luciferase construct, 20 ng of pCMV-LacZ, and a total of 250 ng of
expression plasmids encoding MASTR, MEF2C, or an empty con-
trol vector. FuGENE 6 reagent (1.4 mL) (Roche) was complexed
with the DNA and added to freshly plated C2C12 cells for 12 h.
Cells were harvested 48 h after transfection in 150 mL of passive
lysate buffer (Promega). Twenty microliters of cell lysate was
used for luciferase or b-galactosidase assays. Luciferase activity
was normalized to b-galactosidase levels and to luciferase ac-
tivity in C2C12 cells transfected with a mix of reporter genes and
empty vector.

ChIP

ChIP assays were performed using EZ ChIP (Millipore) following
the manufacturer’s instructions. Briefly, C2C12 cells were trans-
fected with either a negative control empty vector or with Flag-
MASTR, myc-MEF2C, myc-MRTF-A, or Flag-SRF vectors as
previously described. Medium was changed 12 h after transfection
into either growth or differentiation medium and collected 24 h
later for ChIP. For each immunoprecipitation, chromatin from 3 3

106 cells was cross-linked with 1% formaldehyde and sonicated
into 400- to 1000-bp fragments. Ten percent of the chromatin
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from the control, MASTR, MEF2C, MRTF-A, and SRF samples
was used to purify the input DNA. The other 90% of the chro-
matin was immunoprecipitated with anti-Flag or anti-myc aga-
rose affinity beads (Sigma). DNA was purified from the ChIP and
input samples and was analyzed by qPCR using primers spanning
the MEF2-binding or MEF2/SRF hybrid site of the MyoD-DRR
enhancer. Fold enrichment for each of the control, MASTR,
MEF2C, and MRTF-A ChIP samples was normalized first to the
enrichment in the corresponding input sample and then to the
enrichment in the control sample transfected with empty vector.

Statistical analysis

Results are expressed as means 6 SEM. Unpaired two-tailed
Student’s t-test with Welch correction was performed to deter-
mine statistical significance between groups. P-values of <0.01
were considered significant.
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