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Skeletal muscle (SkM) comprise *40% of human body weight. Injury or damage to this important tissue can
result in physical disability, and in severe cases is difficult for its endogenous stem cell—the satellite cell—
to reverse effectively. Mesenchymal stem cells (MSC) are postnatal progenitor/stem cells that possess
multilineage mesodermal differentiation capacity, including toward SkM. Adult bone marrow (BM) is the best-
studied source of MSCs; however, aging also decreases BMMSC numbers and can adversely affect differen-
tiation capacity. Therefore, we asked whether human sources of developmentally early stage mesenchymal stem
cells (hDE-MSCs) isolated from embryonic stem cells, fetal bone, and term placenta could be cellular sources
for SkM repair. Under standard muscle-inducing conditions, hDE-MPCs differentiate toward a SkM lineage
rather than cardiomyocytic or smooth muscle lineages, as evidenced by increased expression of SkM-associated
markers and in vitro myotube formation. In vivo transplantation revealed that SkM-differentiated hDE-MSCs
can efficiently incorporate into host SkM tissue in a mouse model of SkM injury. In contrast, adult BMMSCs do
not express SkM-associated genes after in vitro SkM differentiation nor engraft in vivo. Further investigation of
possible factors responsible for this difference in SkM differentiation potential revealed that, compared with
adult BMMSCs, hDE-MSCs expressed higher levels of serum response factor (SRF), a transcription factor
critical for SkM lineage commitment. Moreover, knockdown of SRF in hDE-MSCs resulted in decreased
expression of SkM-related genes after in vitro differentiation and decreased in vivo engraftment. Our results
implicate SRF as a key factor in age-related SkM differentiation capacity of MSCs, and demonstrate that hDE-
MSCs are possible candidates for SkM repair.

Introduction

Skeletal muscle (SkM) is a major component of the
body, comprising *40% of adult human weight and re-

sponsible for the wide array of conscious motor functions.
Injury and damage to this important tissue can lead to dis-
ability and poor quality of life. While it has long been known
that a resident progenitor/stem cell population—the satellite
cell—exists in this tissue, these are very rare cells, and mild to
severe SkM injury is still mostly treated conservatively [1].
Thus, there has been interest in using other types of stem cells
for SkM repair and regeneration [2], including multilineage
mesenchymal stem cells (MSCs). MSCs are post-natal pro-
genitor/stem cells that can differentiate into multiple meso-
dermal lineages including bone, cartilage, adipose tissue, and
some muscle lineages [3,4]. First isolated from the adult bone
marrow (BM), MSCs have now been isolated from many
other adult organs [5,6]. However, the number of BMMSCs

decline with increasing donor age [7] and procurement of
these cells from adult organs require invasive procedures.
These issues have led researchers to search for develop-
mentally naı̈ve and more accessible sources of MSCs for
therapeutic application.

Increasing number of reports show that fetal tissue and fetal
extraembryonic tissues such as umbilical cord and placenta
are good sources for MSCs [6,8–11]. These developmentally
early stage mesenchymal stem cells (DE-MSCs) can be iso-
lated without performing additional invasive procedures, and
these are more proliferative than adult BMMSCs [12,13].
Moreover, many DE-MSCs express markers associated with
embryonic stem cells (ESCs), likely due to the closer devel-
opmental origin of these MSCs to ESCs [11,14]. While it is
known that increasing donor age of BMMSCs can limit the
therapeutic applicability of these adult-source MSCs by en-
hancing adipogenic differentiation capacity at the expense of
decreasing osteogenic differentiation capacity [15–17], little
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is known whether muscle differentiation capacity may be
affected as well. We therefore studied the in vitro differenti-
ation capacity of diverse sources of human DE-MSCs (hDE-
MSCs)—including MSCs derived from human ESCs, human
term placenta, and human fetal bone—and adult BMMSCs
toward myogenesis. We found that hDE-MSCs most readily
differentiated into a SkM lineage rather than cardiomyocytes.
To test the in vivo relevance of our in vitro findings, we used a
mouse model of SkM injury and applied hDE-MSCs and adult
BMMSCs. We found that in both in vitro and in vivo studies,
hDE-MSCs but not adult BMMSCs can undergo efficient dif-
ferentiation into a SkM lineage. To elucidate the reason behind
these findings, we examined for relevant molecules and found
that serum response factor (SRF)—a key transcription factor in
SkM lineage commitment—was involved, with higher baseline
expression in hDE-MSCs compared with adult BMMSCs. SRF
is known to be a crucial transcription factor for muscle-specific
gene expression, involved in the control of MyoD expression in
skeletal myoblasts and in satellite cell activation during muscle
regeneration [18,19]. Our results demonstrate that hDE-MSCs
can be good candidates for SkM regeneration, and the role
of SRF in contributing to the efficient SkM differentiation of
hDE-MSCs.

Materials and Methods

Cell culture

hDE-MSCs were derived from human ESCs, term pla-
centa, and fetal bone. MSCs were derived from HSF-6 hu-
man ESCs (NIH code UC06, obtained from the University
of California, San Francisco under a Materials Transfer
Agreement) as previously reported [20,21]. Placenta-derived
MSCs were isolated from term placenta obtained from
healthy mothers with informed consent obtained as approved
by the institutional review board [11]. For hDE-MSCs from
human fetal bone, the conditionally immortalized human
fetal osteoblastic cell line hFOB 1.19 (hFOB; obtained from
American Type Culture Collection; Manassas, VA) was
utilized. All cells were cultured and characterized for tri-
lineage mesodermal differentiation capacity and expression
of BMMSC surface markers as previously reported
[11,20,22]. Human embryonal rhabdomyosarcoma cell line
RD (obtained from Bioresource Collection and Research
Center, BCRC, Hsinchu City, Taiwan) was utilized as SkM
positive control.

Myogenic differentiation

Cells were plated on 10 cm tissue dishes (4 · 105 cells/dish)
and incubated overnight in expansion medium to allow for ad-
herence. Myogenic differentiation was induced with myogenic-
differentiation medium (MM), which consisted of DMEM-low
glucose and 2% horse serum (Gibco-Invitrogen, Carlsbad, CA)
supplemented with (MM2) or without 5mM 5-azacytidine
(MM1) (Sigma-Aldrich, St. Louis, MO) [23,24].

Reverse transcription–polymerase chain reaction

Reverse transcription–polymerase chain reaction (RT-
PCR) was performed as previously reported [22]. Briefly,
total RNA was extracted with TRIzol (Gibco-Invitrogen)
from cells, and cDNA was synthesized in a 20-mL reaction

volume containing 5 mg of total RNA and SuperScript II
(Promega Corporation, Madison, WI) reverse transcriptase.
The thermal profile for PCR was 95�C for 5 min, followed
by 30 cycles at 95�C for 1 min, 55�C for 30 s, 72�C for 40 s,
and finally, 72�C for 5 min. The primers used in this study
were as follows: b-actin, sense 5¢-TGG CAC CAC ACC
TTC TAC AAT GAG C-3¢, and antisense 5¢-GCA CAG
CTT CTC CTT AAT GTC ACG C-3¢ (PCR product
400 bp); MyoD, sense 5¢-AAG CGC CAT CTC TTG AGG
TA-3¢, and antisense 5¢-GCG CCT TTA TT TGA CC-3¢
(PCR product 500 bp) [25]; TNT, sense 5¢-GGC AGC GGA
AGA GG TGC TGAA-3¢, antisense 5¢-GAG GCA CCA
AGT TGG GCA TGA ACG A-3¢ (PCR product 150 bp);
SRF, sense 5¢-TGA GTG CCA CTG GCT TTG AAG AGA-
3¢, antisense 5¢-AGA GGT GCT AGG TGC TGT TTG
GAT-3¢ (PCR product 146 bp). Quantification of RT-PCR
results was performed by using Image J [26] and normalized
with the internal control b-actin.

Immunofluorescence staining

Cells were plated onto chamber slides and fixed for
15 min in phosphate-buffered saline (PBS) containing 4%
paraformaldehyde and 0.1% Triton · 100. After washing
thrice with PBS, cells were incubated at 4�C overnight
with the primary antibodies directed against a-actinin
(1:100; Abcam, Cambridge, United Kingdom), with sub-
sequent incubation with secondary antibodies (1:200) at
37�C for 2 h. Cell nuclei were counterstained with 4¢-6-
diamidino-2-phenylindole (DAPI) for 5 min and visualized
by immunofluorescence (IF) microscopy (Olympus, Tokyo,
Japan). Image J Software (Version 1.47; National Institutes
of Health, Bethesda, MD) was used to quantify IF results
using total cell count using DAPI nuclear staining within the
visualized field for normalization.

Western blotting

Western blotting was performed as previously reported
[27]. Briefly, cells were washed by PBS and lysed by
RIPA buffer (RIPA buffer: 50 mM Tris pH 7.5, 150 mM
NaCl, 10 mM EDTA, 1% NP-40, 0.1% sodium dodecyl
sulfate (SDS), 1 mM PMSF, and 10mg/mL aprotinin). Pro-
tein samples were applied to 10% SDS–polyacrylamide gel
electrophoresis and transferred to nitrocellulose paper. Blots
were incubated with primary antibodies against a-actinin
(1:1,000) or tubulin (1:3,000; Santa Cruz Biotechnology, Santa
Cruz, CA), and further incubated with horseradish peroxidase-
conjugated secondary antibodies. Proteins were detected by
using electrogenerated chemiluminescence. Quantification of
western blotting results was performed by using Image J and
normalized with the internal control tubulin.

SkM injury animal model and histology

Nude mice (Nu/Nu; 8-week-old) were purchased from the
National Laboratory Animal Center (NLAC, Taipei, Tai-
wan), and all animal work was performed in accordance
with protocols approved by the Institutional Animal Care
and Use Committee. SkM injury was induced as previously
reported [28]. Briefly, SkM injury was induced by injection
of 4% bupivacaine hydrochloride (Sigma-Aldrich) in nor-
mal saline (50 mL/mouse) into the midpoint of the tibialis
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anterior muscle of the mice, with the needle inserted at an
angle and advanced proximally following the longitudinal
axis of the muscle. Sham injury was induced with injection
of normal saline only. After 48 h of muscle injury, 5 · 105

cells (differentiated or undifferentiated hDE-MSCs or
BMMSCS) were injected into midpoint of the injured
muscle. Prior to injection, cells were labeled with the
fluorescent dye chloromethylbenzamido 1,1¢-dioctadecyl-
3,3,3¢3¢- tetramethylindocarbocyanine perchlorate (CM-
DiI; Gibco-Invitrogen). Mice were sacrificed for tissue
processing 72 h after cell injection. Hematoxylin and eosin
(H&E) and Masson Trichrome staining was performed on
paraffin-embedded sections. IF staining was performed on
OCT (Tissue Tek, Torrance, CA)-embedded frozen sections
(6mm thick), and fixation was performed for 15 min in 4%
paraformaldehyde and 0.1% Triton · 100. After washing
thrice with PBS, tissue sections were incubated at 4�C
overnight with the primary antibodies directed against a-ac-
tinin, with subsequent incubation with secondary antibodies
(1:200) at 37�C for 2 h. Cell nuclei were counterstained with
DAPI for 5 min and visualized by IF microscopy. Image J
Software was used for quantification, with counts of human
cells in mouse SkM tissue frozen sections performed by
counting DAPI-stained nuclei within DiI-positive cell out-
lines; and counts of actinin-positive human cells were per-
formed by counting actinin-positive DAPI-stained nuclei
within DiI-positive cell outlines.

Statistics

All data are expressed as mean – standard error of mean
from at least three experiments. Statistical analysis was
performed using two-tailed Student’s paired t-test. In all
cases, differences between groups were considered signifi-
cant when P < 0.05.

Results

hDE-MSCs poorly differentiate toward
a cardiomyocytic phenotype

We and others have previously shown the surface marker
profile and mesodermal trilineage differentiation potential of
hDE-MSCs to adipocytes, chondrocytes, and osteoblasts
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/scd) [9,11,21,22,29,30]. The
ability of hDE-MSCs to differentiate into various myogenic
lineages, however, has not been investigated. We therefore
explored the myogenic differentiation capacity of these
progenitor cells. It has been reported that low levels of horse
serum or 5-azacytidine has the ability to promote BMMSC
differentiation into myogenic lineages including cardio-
myocytes and SkM [24,31]. To examine whether the hDE-
MSCs could differentiate into a cardiomyocytic lineage, we
cultured these cells in MM without or with 5-azacytodine
supplementation (MM1 and MM2, respectively), assessing
first for expression of the cardiac-specific genes cardiac
troponin T (TNT) and connexin-43. While slight increases in
TNT expression could be found in some of the cells after up
to 2 weeks of differentiation, no expression of connexin-43
could be found (Supplementary Fig. S2). Moreover, hDE-
MSCs cultured in MM did not undergo spontaneous beating,
a common phenomenon seen during in vitro differentiation

of stem cells into cardiomyocytes. Thus, we concluded that
hDE-MSCs could not differentiate into a mature cardio-
myocytic phenotype under MM.

hDE-MSCs express SkM-specific genes
after MM differentiating conditions

Since MM has been used to also induce other non-car-
diomyocytic muscle lineages including SkM [32–34], we
then assayed for SkM differentiation of hDE-MSCs under
MM conditions. As quickly as 3 days after differentiation, RT-
PCR results showed that MyoD, a transcription factor required
for the determination of the SkM lineage, was increased by
both MM1 and MM2 in hDE-MSCs, with a higher expression
level with MM2 (Fig. 1A); other SkM-related genes including

FIG. 1. Human sources of developmentally early stage
mesenchymal stem cells (hDE-MSCs) express skeletal muscle
(SkM)-specific genes after standard myogenic-differentiation
medium (MM). (A) Gene expression of SkM transcription
factor MyoD in various sources of hDE-MSCs after 3–7 days
of induction in MM as assayed by reverse transcription–
polymerase chain reaction (RT-PCR); C, control (hDE-MSCs
maintain in growth medium); MM1, 2% horse serum; MM2,
MM1 with 5-azacytadine (5mM); placental MSCs (PMSC)
(donor 1 and 2); hFOB, hFOB 1.19 cell line; hE-MSCs,
human embryonic stem cell-derived MSCs. RD, human
rhabdomyosarcoma cells as positive control. (B) Protein ex-
pression of SkM-structural protein a-actinin in various sour-
ces of hDE-MSCs after 7–14 days of induction in MM1 and
MM2 as assayed by western blotting. (C) Quantification of
western blot analysis of a-actinin. *P < 0.05 compared to
control.
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Pitx2, Tbx1, Myf5, Mrf4, and Myogenin were also similarly
increased in hDE-MSCs after culturing in MM1 and/or
MM2 conditions (Supplementary Fig. S3). Western blot
results also indicated that expression of the SkM-structural
protein, a-actinin [35], in hDE-MSCs was enhanced by MM
(Fig. 1B; quantification in Fig. 1C). Thus, hDE-MSCs dif-
ferentiate toward a SkM lineage under MM conditions.

MM conditions induce hDE-MSCs to form
myotubes in vitro

To further confirm that hDE-MSCs can differentiate into
functional SkM when cultured in MM, we assessed myo-
tube formation, which is a structure comprised of multi-
nucleated cells derived from the fusion of individual SkM
cells [36–38]. As showed in Figure 2, hDE-MSCs formed
multinucleate myotubes in vitro after culturing for 14 days
in MM (white arrowheads), with MM2 being more effi-
cient than MM1. IF staining show the formation of fused
cells with multiple nuclei, and increased expression for a-
actinin, in cells cultured in MM compared with control
medium. Based on the increased expression of various
SkM-related proteins and the formation of myotubes in
vitro, MM can induce hDE-MSCs to undergo SkM dif-
ferentiation.

SkM differentiation of hDE-MSCs was associated
with suppression of the non-muscle lineage master
transcription factors Runx2 and PPAR-c

MSCs are capable of multilineage differentiation into
mesodermal lineages other than muscle cells, including os-

teoblasts and adipocytes, and as differentiation into one lin-
eage occurs, suppression of differentiation into other lineages
occur through the downregulation of master-lineage tran-
scription factors [39]. hDE-MSCs, as a type of MSCs, are
capable of multilineage differentiation [9,11,21,22,29,30],
and we sought to ascertain the specificity of MM-induced
SkM differentiation in these MSCs by assaying for changes
in the levels of Runx2 and PPAR-c, the master lineage
transcription factors for osteogenesis and adipogenesis, re-
spectively [40,41]. We found that in all types of hDE-
MSCs undergoing SkM differentiation, the expression levels
of Runx2 and PPAR-c are decreased compared with undif-
ferentiated hDE-MSCs (Supplementary Fig. S4). These
findings further confirmed that the SkM differentiation
induced by MM in hDE-MSCs is specific, and results in
lineage commitment away from other non-muscle meso-
dermal lineages.

SkM-differentiated hDE-MSCs reduce fiber damage
in an in vivo model of SkM injury

To investigate whether hDE-MSCs can engraft in SkM
in vivo, we established a SkM-injury animal model to test
this question [28] (timeline and brief protocol shown in Fig.
3A). We first ascertained whether injury was successfully
induced; H&E staining and Masson Trichrome staining—to
stain for collagen deposition after injury [42,43]—show
fiber disruption and cellular infiltration at 2 days after injury
with a large area of fiber necrotic damage seen in mice
injected with bupivacaine hydrochloride, an agent that
induces SkM necrosis [44], compared with no fiber necrotic
damage in sham-injured, normal saline-injected mice. We

FIG. 2. MM conditions induce
hDE-MSCs to form myotubes in
vitro. Immunoflourescence staining
for SkM-structural protein a-acti-
nin (FITC) in myotubes. Myotubes
were generated from hDE-MSCs
(two donors of PMSCs and hFOB)
by culturing in MM1 and MM2
for 14 days. Nuclei of cells were
stained with 4¢-6-diamidino-2-
phenylindole (DAPI). White arrow-
heads: multi-nucleated cells. Color
images available online at www
.liebertpub.com/scd

HIGH SRF IN FETAL MSCS FOR SKELETAL MYOGENESIS 1209



intramuscularly injected undifferentiated or SkM-differen-
tiated hDE-MSCs at 48 h after injury and found that com-
pared with no injection of cells, injection of hDE-MSCs
reduced SkM necrotic damage (Fig. 3B, C; higher magnifi-
cation shown in Supplementary Fig. S5). Moreover, MM2-
differentiated hDE-MSCs appear to reduce the area of SkM
fiber necrotic damage more strongly than undifferentiated
hDE-MSCs. Thus, it appears that injection of hDE-MSCs can
decrease necrotic damage of injured SkM, and results may be
enhanced with prior SkM differentiation of these progenitor
cells.

SkM-differentiated hDE-MSCs can engraft
in an in vivo model of SkM injury

We next sought to answer whether hDE-MSCs are ca-
pable of in vivo engraftment into SkM. A large body of data
suggests that in a number of disease models, the paracrine
factors secreted by MSCs are actually responsible for the
therapeutic effects, rather than the actual cells themselves
[6]. To answer this question, hDE-MSCs were stained with
the cell tracker DiI dye prior to injection. We intramuscu-
larly injected hDE-MSCs cultured in different conditions—

undifferentiated, SkM-differentiated, or adipocyte-differen-
tiated hDE-MSCs—at 48 h after injury to ascertain the
specificity of engraftment, with regard to lineage commit-
ment status of the injected stem cells. IF microscopic vi-
sualization of tissue sections taken 72 h after cell injection
showed the presence of DiI( + ) cells (red fluorescence) in
both the injured and sham-injured mice, with the tissue
section of injured mice showing more DiI( + ) cells. Further,
cells with co-localization of the SkM-structural protein a-
actinin (stained in green fluorescence) are dramatically in-
creased in the injured mice injected with SkM-differentiated
hDE-MSCs (Fig. 4A). Quantification for double-positive
DiI/a-actinin cells in the tissue sections showed that en-
graftment of hDE-MSCs in injured mice was generally
higher than that for sham-injured mice; specifically, SkM-
differentiated hDE-MSCs engrafted at a significantly
higher rate compared with undifferentiated hDE-MSCs or
adipocyte-differentiated hDE-MSCs (Fig. 4B). While the
percentage of engrafted DiI( + ) hDE-MSCs regardless of
differentiation status in injured mice was generally higher
than sham-injured mice (Fig. 4C, upper panel), the pro-
portion of a-actinin( + ) cells was highest when SkM-dif-
ferentiated hDE-MSCs was injected (Fig. 4C, lower

FIG. 3. SkM-differentiated hDE-MSCs can re-
duce fiber necrotic damage an in vivo model
of SkM injury. (A) Experimental design of
mouse SkM injury model (please see Materials
and Methods section for further details).
Hematoxylin and eosin and Masson Trichrome
staining of SkM tissue paraffin sections from
(B) sham (normal saline)-injured (sham) and
(C) bupivicaine hydrochloride-injured (injury)
mice after local injection of phosphate-buffered
saline only (C, control), undifferentiated PMSCs
(Undif), or MM2-cultured PMSCs (MM2).
Three mice per group; magnification, 50 · .
Color images available online at www
.liebertpub.com/scd
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panel). In contrast, when adult BMMSCs are injected in
this model, we saw only minimal engraftment of human
cells (data not shown). Thus, our data suggest that SkM
differentiation is efficient prior to using hDE-MSCs as
cellular therapeutic agents for SkM injury.

Expression levels of SRF affect the ability
of differentiation into SkM in adult BMMSCs
compared to hDE-MSCs

Our in vivo data showed that hDE-MSCs can engraft in
injured SkM of mice, and that differentiation into a SkM
lineage prior to injection also enhanced engraftment and
in vivo expression of the SkM-structural protein a-actinin.
In contrast, adult BMMSCs, poorly engraft in injured SkM
even after in vitro SkM differentiation prior to injection into
mice. To elucidate the reason behind these discrepant find-

ings for MSCs from different developmental ages, we went
back to test the in vitro SkM differentiation ability of human
adult BMMSCs. To our surprise, using the same MM that
rapidly induced SkM differentiation in hDE-MSCs, lower
levels of MyoD expression was seen with adult BMMSCs
than hDE-MSCs (Fig. 5A) and no myotube formation could
be elicited (data not shown). We then searched for a mo-
lecular reason to explain this discrepant finding. Since adult
BMMSCs are clearly obtained from donors who are older
than donors for hDE-MSCs, we first assayed for age-related
molecules that have been reported to affect SkM. SIRT1, a
histone deactylase, which has increasingly been shown to
link metabolism with longevity, has been found to be in-
creased in many types of senescent cells [45], including
SkM stem cells/satellite cells [46,47]. However, we did not
find SIRT1 levels to differ between hDE-MSCs and adult
BMMSCs (Fig. 5B). A key marker for SkM is MyoD, and

FIG. 4. SkM-differentiated hDE-
MSCs can engraft in an in vivo
model of SkM injury. (A) Visuali-
zation of tissue sections of sham or
injured mice after local injection of
hDE-MSCs (labeled by DiI; red
fluorescence) and a-actinin (FITC;
green fluorescence) by immunofluo-
rescent microscopy with cell nuclei
stained with DAPI (blue fluores-
cence). hDE-MSCs were injected in
an undifferentiated state (Undif), after
MM2 culture (MM2), or adipogenic
differentiation medium (Adipo). (B)
Quantification/fold-induction of DiI/
a-actinin double-positive cells in tis-
sue sections, as compared to levels in
sham mice injected with undifferen-
tiated hDE-MSCs (left-most bar).
Quantification was performed by
analysis of 12 sections per mouse,
with 600–1,000 nuclei counted per
section. *P < 0.05 compared to un-
differentiated hDE-MSCs; n = 3 per
group. (C) Percentage of DiI( + ) hu-
man cells in all cells as represented
by DAPI staining (upper panel), and
percentage of a-actinin( + ) cells
within DiI( + ) human cells (lower
panel) in tissue sections. Color
images available online at www
.liebertpub.com/scd
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SRF, which belongs to the MCM1-agamous-ARG80-
deficiens-SRF (MADS)-box family of transcription factors,
is known to directly regulate MyoD expression [48,49].
Very recent studies have suggested that the expression of
this important SkM transcription factor is decreased in aged
SkM [50,51]. We therefore assessed the role of SRF in the
discrepant SkM differentiation capacity of hDE-MSCs
versus adult BMMSCs. We found that adult BMMSCs
express SRF at approximately only 40% of the level found
in hDE-MSCs (Fig. 5C). To further confirm the role of SRF

in SkM differentiation of hDE-MSCs, we used specific
siRNA to knockdown SRF expression in these cells. We
found that after knockdown of SRF, lower levels of SkM-
associated genes were expressed by hDE-MSCs undergo-
ing in vitro SkM differentiation (Fig. 5D). These findings
were corroborated in the in vivo injury model; injection
of SkM-differentiated hDE-MSCs with SRF knockdown
showed a lower engraftment rate as seen by the presences of
fewer DiI( + ) cells, and no expression of a-actinin (Fig. 5E).
Thus, our results demonstrate that SRF is involved in the

FIG. 5. Expression levels of serum response factor (SRF) affect the ability of in vitro and in vivo differentiation into SkM
in adult bone marrow mesenchymal stem cells (BMMSCs) compared to hDE-MSCs. (A) Gene expression analysis by RT-
PCR for expression of MyoD three donors of adult BMMSCs and various hDE-MSCs. (B) Quantification of SIRT1 gene
expression levels in three donors of PMSCs and two donors of adult BMMSCs. (C) Quantification of SRF gene expression
levels in various hDE-MSCs (one sample for hFOB; one sample for hE-MSCs; and three donors for PMSCs) and adult
BMMSCs (four donors). (D) Gene expression level of SkM-associated genes myosin and MyoD in hDE-MSCs silenced for
SRF expression after MM2 induction. Ctrl-siRNA, control (non-target) small interfering RNA; SRF-siRNA, SRF-specific
siRNA. (E) Tissue section of sham or injured mice after injection of DiI-labeled hDE-MSCs (red fluorescence) after non-
target (Ctrl-siRNA) or SRF-specific siRNA (SRF-siRNA) knockdown. Chart (right side) is quantification of cell engraft-
ment and a-actinin expression (FITC; green fluorescence). *p < 0.05, for (C) as compared to control or for (E) between
groups as indicated by bars. Color images available online at www.liebertpub.com/scd
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enhanced in vitro and in vivo SkM differentiation capacity
of hDE-MSCs.

Discussion

SkM comprise a major proportion of the body, and injury/
damage of this important organ results in reduced mobility,
independence, and quality of life. There exist a resident
stem cell population, the satellite cell but regeneration
from these SkM stem cells may be insufficient if the injury
or damage is severe [1]. Thus, there is increasing interest
in strategies using other sources of stem cells, and adult
BMMSCs are a popular choice due to their accessibility,
multilineage differentiation capacity, and close mesodermal
tissue origin [52,53]. While it has been long known that
these progenitors possess the capacity for SkM differentia-
tion, the data with regard to the use of adult BMMSCs for
SkM repair is surprisingly scarce. Our data suggest that the
relatively older age of adult BMMSCs decreased the ca-
pacity for efficient SkM differentiation, and that SRF play a
role in this process. Using many sources of human MSCs
from either embryonic, fetal, or postnatal sources, we
demonstrate that these hDE-MSCs rapidly differentiated
into a SkM lineage under standard general myogenic dif-
ferentiation in vitro conditions, and engraft in vivo in a
mouse model of SkM injury. Lineage commitment of hDE-
MSCs into SkM involved SRF, an important SkM-related
transcription factor, which is highly expressed in these
cells compared with adult BMMSCs. Collectively, our data
indicate that hDE-MSCs may be a possible source for SkM
repair, and highlight the detrimental effect of aging on
SkM lineage commitment as mediated by SRF. The mul-
tipotency and accessibility of MSCs have made these cells
popular sources for testing in clinical trials [54]. Given that
these are primary-isolated cells, the question of whether
donor age can affect the differentiation capacity of these
somatic stem cells has come into scrutiny [15–17]. A
number of molecules and factors have been put forth as
important to SkM stem cell capacity, including the Notch
ligand Delta-1, Wnt3a of the b-catenin pathway, and Spry1
[55,56]. One molecule recently proposed to play a role in
aging of various processes including SkM satellite cells is
SIRT1 [46,47]. Known to be important in linking organism
aging and metabolism, SIRT1 is a type of histone deace-
tylase that also can interact and modulate the actions of
transcription factors through its deacetylase activity [57].
We have very recently found that replicative senescence of
fetal MSCs is associated with decreased expression of
SIRT1 [13] and SIRT1 has also been reported to affect
lineage commitment in MSCs [58,59]. In this study,
however, we did not find SIRT1 levels differ between adult
BM and hDE-MSCs (Fig. 5B); rather, we found that levels
of SRF, an important transcription factor in the lineage
determination of all types of muscle, was higher in hDE-
MSCs than its adult counterpart. Indeed, one recent report
has shown that in aging mice, the levels of SRF are reduced
in SkM; moreover, tissue-specific knockout of SRF in
postnatal mice results in an accelerated SkM aging phe-
notype [50]. Our findings suggest that SRF exerts strong
SkM lineage determination effects at the level of the MSC,
and support that SRF may be an important factor in the
age-related decline of SkM. Further research is clearly

indicated to elucidate the molecular mechanisms linking
aging to SRF in SkM. One key issue to keep in mind in
stem cell therapy for SkM is the impact of the donor, en-
dogenous SkM niche on such strategies, since it is known
that an aged SkM adversely affects the regenerative ca-
pacity of its endogenous stem cell [60–62]. The use of
exogenous sources of stem cells from donors of young age
in such an aged SkM environment has not been evaluated
for efficacy; more research is needed to test the possible
applicability of such a strategy.

We found that standard in vitro conditions using 5-aza-
cytidine for general myogenic differentiation lead to SkM
differentiation rather than cardiomyogenesis in hDE-MSCs.
5-azacytidine, a demethylating agent, has been reported to
induce BMMSCs to differentiate into various myogenic cell
types including cardiomyocytes and SkM [24]. However,
the ability of 5-azacytadine to induce different myogenic
lineages in MSCs may vary depending on the source of
these progenitors, since in another report, only BMMSCs
but not umbilical cord- or cord blood-derived MSCs can be
induced by this agent into cardiomyocytes [63]. Thus, our
data may partially reflect the different tissue-of-origin of the
MSCs used in this study. Oxytoxin, a hypothalamic peptide
hormone, has also been reported to induce cardiomyocyte
lineage differentiation in ESCs [64,65], but we found that
oxytocin did not induce hDE-MSCs toward cardiomyogen-
esis, but rather toward SkM (data not shown). Moreover, the
in vitro timeline of SkM differentiation of hDE-MSCs is
rather fast, with SkM-related genes being expressed as early
as 3 days and proteins seen by 7–12 days, compared with up
to 30 days for adult-sources of MSCs [66,67]. The use of
horse serum and 5-azacytidine together (as MM2) in our
study—both often used alone to induce various myogenic
lineage in MSCs—may have also contributed to the in-
creased efficiency. Thus, it may be that these developmen-
tally early sources of MSCs more preferentially differentiate
toward SkM. Our in vivo data also helps to support our in
vitro findings; however, the transplanted human cells were
not seen 15 days after transplantation (data not shown). It is
known that despite the use of an immunocompromised
mouse strain, engraftment of human cells is still difficult in
xenogeneic studies [68–70]. For future applications, there-
fore, investigation using same-species transplantation mod-
els should be carried out in which xenogeneic immune
incompatibility is not an issue. Interestingly, of the many
reports on cardiomyocyte differentiation from MSCs, there
are only a few studies in which both in vitro and in vivo
evidence of differentiation are demonstrated, leading to
continued controversy in this particular area of MSC re-
search [71,72].

In conclusion, in standard myogenic in vitro differenti-
ation conditions, hDE-MSCs can differentiate rapidly to-
ward a SkM lineage, and engraft in injured SkM in an
in vivo mouse model, in contrast to adult BMMSCs.
Higher expression of SRF, a transcription factor important
in SkM-lineage commitment, in hDE-MSCs may be re-
sponsible, since knockdown of SRF in hDE-MSCs abro-
gated both in vitro SkM differentiation capacity and in vivo
SkM marker expression. Our data demonstrate the impor-
tant role of SRF in SkM differentiation, and the use of
hDE-MSCs as possible sources for cell therapy of SkM
injury and damage.
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