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Abstract
Wnt11 and bone morphogenetic protein 2 (BMP-2) are key signaling factors for stem cell differentiation into functional

cardiomyocytes (CMs). In this study, we elucidate the biological effect of BMP-2 and Wnt11 on bone marrow

mesenchymal stromal cells (BM-MSCs) that differentiate into myocardial-like cells in a simulated myocardial

microenvironment in vitro. A cell co-culture system was established with recombinant Wnt11 treatment of NIH/3T3 cells

and CMs. BMP-2 was added in a diverse schedule to induce cardiomyogenic differentiation of BM-MSCs co-cultured

under various conditions. The levels of cardiac-specific markers Nkx2.5, a-myosin heavy chain (a-MHC), b-myosin heavy

chain (b-MHC) and cardiac troponin I (cTnI) were determined by reverse transcriptase polymerase chain reaction and

immunocytochemistry to evaluate cardiomyogenic differentiation. Wnt11 or BMP-2 used on their own to differentiate

BM-MSCs resulted in no expression of a-MHC and cTnI. Wnt11 alone in a myocardial microenvironment enhanced

cardiomyogenic differentiation. BMP-2 demonstrated a dose-dependent effect on BM-MSC differentiation into myocardial-

like cells. Addition of BMP to BM-MSCs at various time points resulted in varying effects on cardiomyogenic

differentiation. The combination of Wnt11 and BMP-2 treatment in a temporal manner significantly enhanced

cardiomyogenic differentiation of BM-MSCs, with high expressions of a-MHC, b-MHC, Nkx2.5 and cTnI upon co-culture

with CMs. Our study demonstrates that the combination of Wnt11 and BMP-2 effectively promotes cardiomyogenic

differentiation of BM-MSCs in vitro. The synergistic effect of Wnt11 and BMP-2 on the cardiomyogenic differentiation of

BM-MSCs is further enhanced in a myocardial microenvironment.
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Introduction

Bone morphogenetic protein-2 (BMP-2) and Wnt11 are key
signaling factors for cardiomyogenic differentiation of stem
cells. Wnt11 is a member of the Wnt family and promotes
the differentiation of stem cells into cardiomyocytes (CMs)
via non-classical Wnt/Ca2þ and Wnt/JNK signaling path-
ways.1,2 Previous studies confirmed that Wnt11, via the non-
classical Wnt/Ca2þ pathway, induces the expression of the
cardiac-specific markers Nkx2.5 and GATA-4, as well as pro-
moting differentiation of bone marrow mesenchymal stromal
cells (BM-MSCs) into CMs. However, the differentiated cells
induced by Wnt11 lack a-myosin heavy chain (a-MHC)
expression, and functional CMs cannot be formed.3,4

BMP signaling is crucial during mesoderm induction and
cardiac formation.5 BMP-2, a member of the transforming
growth factor 2b protein family and a ligand protein, has
been used to differentiate embryonic stem cells into CMs,
with a dose-dependent effect on receptor signaling
in vitro.6,7 Temporal BMP expression during differentiation
of embryonic stem cells results in various effects.
However, thus far, there have been no reports on whether
BMP-2 exerts a similar effect during differentiation of
BM-MSCs into CMs. Xu et al.8 showed that BM-MSCs
co-cultured with CMs transdifferentiated into cells with a
cardiac phenotype, suggesting that the myocardial microen-
vironment perhaps plays an important role in the differen-
tiation of BM-MSCs into myocardial-like cells.
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We hypothesized that a combination of Wnt11 and BMP-2
would have a synergistic effect on the differentiation of
BM-MSCs into CMs in a myocardial microenvironment. In
the present study, we established a new system for cardio-
myogenic differentiation of BM-MSCs using a combination
of Wnt11 and BMP-2 in conjunction with a myocardial
microenvironment, and attempted to elucidate the biologi-
cal effects and significance of Wnt11 and BMP-2 on the
differentiation of BM-MSCs into myocardial-like cells in an
in vitro myocardial microenvironment.

Materials and methods

Animals

Sprague–Dawley neonate rats aged between one and three
days were obtained from the Experimental Animal Center
of Xuzhou Medical College (Jiangsu, China). Animals
received humane care in compliance with the Guidelines
for the Care and Use of Laboratory Animals published by
Jiangsu Province, China.

BM-MSC culture

Rat BM-MSCs were purchased from Cyagen Biosciences Inc.,
Guangzhou, China. Cells were cultured in L-Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 20%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA),
penicillin (100 U/mL; Beyotime, Shanghai, China) and strep-
tomycin (100 U/mL; Beyotime) at 378C/5% CO2. Culture
medium was changed every two days. Identification of
BM-MSCs was performed by flow cytometry. Cells at
passage 3 were used for experimentation.

Isolation, culture and identification of neonatal rat CMs

Neonate rat hearts were removed under inhalation anesthesia.
CMs were separated by digestion with 0.125% trypsin and
0.08% type I collagenase, then centrifuged at 300 � g for five
minutes. To selectively enrich CMs, dissociated cells were
plated for two hours to allow non-CMs to attach. The CM
suspension was then transferred to a Transwell chamber
(Corning, Corning, NY, USA). Bromodeoxyuridine
(100 mmol/L) was added during the first 24–36 h to prevent
proliferation of non-CMs. Then, CMs were cultured in
H-DMEM supplemented with 20% FBS, penicillin (100 U/
mL) and streptomycin (100 U/mL) at 378C/5% CO2. Culture
medium was changed every two days. CM purity was evalu-
ated by cardiac troponin I (cTnI) immunocytochemistry and
the cells were used for experimentation after 96 h in culture.

Generation of stably transfected Wnt11 3T3 cell
sublines

The Wnt11 expression vector (MSCVneo-wnt-11) was a gift
from Prof. Thomas Brau (Max Planck Institute for Heart and
Lung Research, Bad Nauheim, Germany). Mouse embryonic
fibroblasts (NIH/3T3) were purchased from the Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences, Shanghai, China. To generate Wnt11-conditioned

medium, NIH/3T3 cells were transfected with
MSCVneo-Wnt-11 using Lipofectamine 2000 (Invitrogen,
Grand Island, NY, USA). Stable transfectants (designated
Wnt11/3T3) were selected using G418 (Gibco) resistance.
Expression of the Wnt11 protein in the conditioned
medium was verified by an enzyme-linked immunosorbent
assay (ELISA; CUSABIO, Carlsbad, CA, USA).9

Establishment of a co-culture system and
cardiomyogenic differentiation

The co-culture system was established as described pre-
viously.10 The third-generation BM-MSCs (5 � 106/mL)
were seeded on six-well tissue plates after digestion
with 0.25% trypsin in 0.02% ethylenediaminetetraacetic
acid at room temperature. CMs were inoculated in
Transwell chambers, and then these were moved to the
corresponding well of the co-culture and maintained at
378C/5% CO2.

For cardiomyogenic differentiation, BM-MSCs were cul-
tured in the lower chamber of a Transwell chamber. The
CMs or Wnt11/3T3 cells were placed in the top chamber.
BMP-2 (Corning), WIF-1 (a Wnt11 inhibitor; Corning) or
Noggin (a BMP-2 inhibitor; Corning) was added to the
culture medium. To determine the optimal concentration
of BMP-2 for cardiomyogenic differentiation, four BMP-2
concentrations (0.25, 0.5, 1 and 10 ng/mL) were used.
After 14 days of induction, Nkx2.5, a-MHC, b-myosin
heavy chain (b-MHC) and cTnI expressions were analyzed
by reverse transcriptase polymerase chain reaction
(RT-PCR).

Cardiomyogenic differentiation was performed in three
steps. The first step involved Wnt11 treatment of eight
groups: the positive controls (CMs); negative controls
(BM-MSCs); Wnt11/3T3þBM-MSCs; Wnt11/CMþBM-
MSCs; 3T3þBM-MSCs; Wnt11/3T3þWIF-1; Wnt11/
CMþWIF-1; and CMþBM-MSCs. The second step involved
BMP treatment of six groups: positive controls; negative
controls; BM-MSCsþBMP-2; BM-MSCsþCMþBMP-2;
BM-MSCsþCMþNoggin; and BM-MSCsþCMþNogginþ
BMP-2. The final cardiomyogenic differentiation step
involved both Wnt11 and BMP-2 treatment of seven
groups: the positive controls; negative controls; Wnt11þ
NogginþBMP-2þBM-MSCs; CMþWnt11þNogginþBMP-
2þBM-MSCs; CMþWnt11þBM-MSCs; CMþNogginþ
BMP-2þBM-MSCs; and CMþBM-MSCs.

Cell cultures were maintained at 378C/5% CO2 in satu-
rated humidity. After 14 days of induction, RT-PCR was
used to determine Nkx2.5, cTnI, a-MHC and b-MHC
mRNA expressions. To identify the impact of the myocar-
dial microenvironment on the BMP-2 signaling pathway,
expression of BMPRI-a, a membrane receptor of the BMP
signaling pathway, and Smad1, an important downstream
cytokine of the BMP signaling pathway, was also determined
by RT-PCR in the BM-MSCs controls, Wnt11/3T3þBM-MSCs,
CMþBM-MSCs and Wnt11/CMþBM-MSCs groups. In
addition, immunocytochemistry staining was performed to
identify expression of the cardiac-specific markers cTnI,
a-MHC and Nkx2.5.
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RT-PCR analysis

To measure the mRNA expression levels of Nkx2.5, cTnI,
a-MHC, b-MHC BMPRI-a and Smad1, total RNA was
extracted from differentiated BM-MSCs on day 14 by
using a DNA-free Kit (Qiagen, Hilden, Germany). Total
RNA (1 mg) was reverse-transcribed by using a First-
Strand Synthesis Kit (Invitrogen) and then a 1/100 volume
of the cDNA was subjected to PCR amplification for
30–42 cycles. Cycling parameters consisted of a denatura-
tion step at 948C for 30 s, annealing at the appropriate temp-
erature for 90 s and extension at 728C for 60 s using the
primer sets (Supplementary Figure 1; please see http://
ebm.rsmjournals.com/lookup/suppl/doi:10.1258/ebm.2012.
011291/-/DC1 for all supplementary figures). Amplified
cDNA was electrophoresed on 2% agarose gels containing
ethidium bromide and the quantities were analyzed by den-
sitometry with NIH Image software (National Institutes of
Health, Bethesda, MD, USA).

Immunofluorescence

Cardiomyogenic differentiation was confirmed by
expressions of cardiac-specific markers cTnI, a-MHC and
Nkx2.5. The following antibodies were used: sheep polyclo-
nal anti-mouse Nkx2.5 (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit monoclonal anti-mouse
a-MHC (1:150; Abcam, Cambridge, MA, USA) and
mouse monoclonal anti-rat cTnI (1:100; Santa Cruz
Biotechnology). Immunocytochemistry was performed
according to previously published methods.11 Photomicro-
graphs of the immunocytochemical results were acquired
with a DP71 fluorescence microscope (Olympus, Tokyo,
Japan). For quantitative assessment of cardiomyogenic
differentiation, the total number of cells per field of view
was counted by nuclear staining with Hoechst 33258. Cells
expressing cardiac-specific intracellular contractile proteins
were counted and the percentage of cells that differentiated
into CMs were calculated from the number of cells positive
for cardiac-specific markers divided by the total number of
nuclei in the field.

Statistical analysis

All data are expressed as means+ standard deviation (SD),
and were analyzed by analysis of variance and Student–
Newman–Keuls test. P values less than 0.05 were con-
sidered statistically significant.

Results

Myocardial cTnI immunocytochemistry and BM-MSC
identification

Cell morphology was round prior to adhesion, and cells
adhered after 24 h with stretching pseudopods as well as
strong refraction. After 3–4 days, cell clusters formed and
beating CMs were observed. Nuclei were stained blue and
CMs appeared red. Myocardial cell purity was 86%
(Supplementary Figure 2a, b). The flow cytometry identifi-
cation results showed that the ratios of CD34þ, CD45þ,

CD90þ, CD44þ and CD11bþ cells were 0.57, 0.33, 99.4,
99.4 and 95.29%, respectively (Supplementary Figure 2c).

Wnt11 plasmid transfection

After 48 h, Wnt11 expression as measured by ELISA,
showed that the Wnt11 concentrations were 28.29+
1.31 ng/mL in the Wnt11/3T3 group, 6.69+ 0.26 ng/mL
in the CM group and 8.34+ 0.29 ng/mL in the Wnt11/
CM group. The Wnt11 concentration in the Wnt11/3T3
group was significantly higher than in the Wnt11/CM
and the CM groups (P , 0.01). The concentration of
Wnt11 in the Wnt11/CM group was higher compared
with that of the CM group (P , 0.05).

Wnt11 enhances cardiomyogenic differentiation of
BM-MSCs

After 14 days of induction, a-MHC, b-MHC, Nkx2.5 and
cTnI expressions in the CMþWnt11þBM-MSCs group
were significantly higher compared with that in the
BM-MSCs, Wnt11/3T3þBM-MSCs and the CMþBM-
MSCs groups (P , 0.05). Cardiac-specific marker expression
in the CMþBM-MSCs group was lower than that in the
Wnt11þBM-MSCs group (P , 0.05). Additionally, cardiac-
specific marker expression was decreased in the Wnt11/
3T3þBM-MSCs and the Wnt11/CMþBM-MSCs groups
after WIF-1 addition (P , 0.05). The a-MHC marker was
not expressed in the Wnt11/3T3þBM-MSCs group,
but was expressed in the CMþWnt11þBM-MSCs and
CMþBM-MSCs groups. Its expression was higher in the
Wnt11/CMþBM-MSCs group (P , 0.05); thus, we believe
that Wnt11 and a myocardial microenvironment promote
cardiomyogenic differentiation (Figure 1).

BMP-2 enhances cardiomyogenic differentiation of
BM-MSCs

To determine the optimal concentration of BMP-2 for cardi-
omyogenic differentiation, four BMP-2 concentrations (0.25,
0.5, 1 and 10 ng/mL) were used. After 14 days of induction,
Nkx2.5, a-MHC, b-MHC and cTnI expressions were ana-
lyzed by RT-PCR. Significant increases in Nkx2.5, a-MHC
and b-MHC expressions were observed using a BMP-2
concentration of 0.5 ng/mL. However, cTnI expression
remained constant at various BMP-2 concentrations. Thus,
the optimal BMP-2 concentration was 0.5 ng/mL. The
results also showed that BMP-2 alone could not differentiate
BM-MSCs into myocardial-like cells (Figure 2).

To determine the optimal condition for efficient cardio-
myogenic differentiation, we added Noggin, a special
BMP-2 inhibitor, and BMP-2, in a diverse schedule using
the optimal BMP-2 concentration of 0.5 ng/mL. Noggin
(50 ng/mL) was added at days 0–3 followed by removal
and then BMP-2 was added from day 4. After 14 days,
Nkx2.5, cTnI, a-MHC and b-MHC mRNA expressions were
increased in the BM-MSCsþCM and BM-MSCsþCMþ
NogginþBMP-2 groups. Cardiac-specific marker expression
in the BM-MSCsþCMþNogginþBMP-2 group was higher
compared with that in the CMþBM-MSCs group (P , 0.05).
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Cardiac-specific marker expression was very low in the
BM-MSCsþCMþNoggin group and no difference was
observed compared with the BM-MSCs group (Figure 3).

These results indicated that the addition of Noggin and
BMP-2 at a specific time-point enhances cardiomyogenic
differentiation. Moreover, BMP-2 together with a myocar-
dial microenvironment had a significant effect on cardio-
myogenic differentiation.

The myocardial microenvironment enhanced
cardiomyogenic differentiation via BMP signaling
pathway

Our results showed that the levels of BMPRI-a and Smad1
mRNA expressions were very low in the Wnt11 and the
control groups. In contrast, expressions of BMPRI-a and
Smad1 mRNA in the CM group were significantly higher
compared with those in the Wnt11 and the control groups
(P , 0.05). Our results also showed that expressions

of BMPRI-a and Smad1 mRNA in the CMþWnt11
group were significantly higher than that in the CM group
(P , 0.05) (Figure 3). The results indicated that the myocar-
dial microenvironment enhanced cardiomyogenic differen-
tiation of BM-MSCs via the BMP signaling pathway.

BMP-2 and Wnt11 play important roles in
cardiomyogenic differentiation of BM-MSCs

BMP-2 and Wnt11 may coordinate their functions for cardi-
omyogenic differentiation during heart development. To
investigate whether the combination of Wnt11 and BMP-2
further enhanced cardiomyogenic differentiation of BM-
MSCs in vitro, we added both Wnt11 and BMP-2 using
diverse schedules at the optimal conditions (0.5 ng/mL
BMP-2 was added from the fourth day, 50 ng/mL Noggin
was added 3 days before that) as determined by previous
experiments.

Figure 1 Wnt11 enhances cardiomyogenic differentiation of BM-MSCs. (a) Expression of a-MHC in each group, �P , 0.05 versus CMs and Wnt11/CMsþWIF-1,
OP , 0.05 versus BM-MSCs. (b) Expression of b-MHC in each group, �P , 0.05 versus CMs and Wnt11/ CMsþWIF-1, OP , 0.05 versus Wnt11/3T3. (c) Nkx2.5

expression in each group, �P , 0.05 versus CMs and Wnt11/CMsþWIF-1, OP , 0.05 versus Wnt11/3T3. (d) cTnI expression in each group, �P , 0.05 versus CMs

and Wnt11/CMþWIF-1, OP , 0.05 versus Wnt11/3T3. BM-MSC, bone marrow mesenchymal stromal cell; CM, cardiomyocyte; a-MHC, a-myosin heavy chain;

b-MHC, b-myosin heavy chain; cTnI, cardiac troponin I
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Compared with Wnt11 or BMP-2 treatment alone,
increases in the expression levels of a-MHC, b-MHC,
Nkx2.5 and cTnI were observed in groups with a combi-
nation of both growth factors (P , 0.05). In the myocardial
microenvironment, both Wnt11 and BMP-2 significantly
enhanced in vitro cardiomyogenic differentiation, with
higher cardiac-specific marker expression compared with
groups with a combination of both growth factors without
CM co-culture (P , 0.05) (Figure 4). Our results showed
that the combination of Wnt11 and BMP-2 enhances the
in vitro cardiomyogenic differentiation of BM-MSCs.
Moreover, a myocardial microenvironment significantly
enhances the effect of both growth factors.

Immunofluorescence

After 14 days of induction, the cells in the CMþWnt11,
CMþBMP-2, Wnt11þBMP-2 and CMþWnt11þBMP-2
groups stained positive for some cardiac-specific markers,
suggesting that the majority of cells possessed the features

of CMs. These results were consistent with our RT-PCR
results. Our results also showed that the cardiomyogenic
differentiation in the CMþWnt11and CMþBMP-2 groups
was enhanced with an increased percentage of
BM-MSC-derived CMs. Additionally, a myocardial micro-
environment had a greater effect on cardiomyogenic differ-
entiation compared with using BMP-2 or Wnt11 alone,
as indicated by cardiac-specific marker expression. The
optimal conditions for cardiomyogenic differentiation were
achieved using a combination of Wnt11 and BMP-2 in a
myocardial microenvironment (Supplementary Figure 3).

Discussion

Our results showed that the synergistic effects of Wnt11 and
BMP-2 in a myocardial microenvironment optimally
enhanced cardiomyogenic differentiation of BM-MSCs.
Previous reports demonstrated that BM-MSCs change their
environmental dependencies according to various survival

Figure 2 Determination of the optimal BMP-2 concentration. (a) Expression of a-MHC in each group, OP , 0.05 versus 0, 0.25, 1, 5 and 10 ng/mL. (b) b-MHC

expression in each group, OP , 0.05 versus 0, 0.25, 1, 5 and 10 ng/mL. (c) Expression of Nkx2.5 in each group, OP , 0.05 versus 0, 0.25, 1, 5 and 10 ng/mL.

(d) cTnI expression in each group, �P . 0.05 versus 0, 0.25, 1, 5 and 10 ng/mL. BMP-2, bone morphogenetic protein 2; a-MHC, a-myosin heavy chain;

b-MHC, b-myosin heavy chain; cTnI, cardiac troponin I
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Figure 3 BMP-2 enhances cardiomyogenic differentiation of BM-MSCs. BMP-2 (0.5 ng/mL) was added from the fourth day and Noggin three days previously.

(a) Expression of a-MHC in each group; †P , 0.05 versus BM-MSCsþCMsþNoggin, BM-MSCsþCMs, BM-MSCsþCMsþBMP-2 and BM-MSCs; �P . 0.05 versus

BM-MSCs; and OP , 0.05 versus BM-MSCsþCMsþNoggin and BM-MSCs. (b) b-MHC expression in each group; †P , 0.05 versus BM-MSCsþCMsþNoggin,

BM-MSCsþCM, BM-MSCsþCMsþBMP-2 and BM-MSCs; �P . 0.05 versus BM-MSCs; and OP , 0.05 versus BM-MSCsþCMsþNoggin and BM-MSCs.

(c) Nkx2.5 expression in each group; †P , 0.05 versus BM-MSCsþCMsþNoggin, BM-MSCsþCMs, BM-MSCsþCMsþBMP-2 and BM-MSCs; �P . 0.05 versus

BM-MSCs; and OP , 0.05 versus BM-MSCsþCMsþNoggin and BM-MSCs. (d) Expression of cTnI in each group; †P , 0.05 versus BM-MSCsþCMsþNoggin,

BM-MSCsþCMs, BM-MSCsþCMsþBMP-2 and BM-MSCs; �P . 0.05 versus BM-MSCs; and OP , 0.01 versus BM-MSCsþCMsþNoggin and BM-MSCs.

(e) The myocardial microenvironment enhanced cardiomyogenic differentiation via the BMP signaling pathway. The expression levels of BMPRI-a and Smad1

mRNAs were determined by RT-PCR. The results showed that expression of BMPRI-a and Smad1 mRNAs were very weak in the Wnt11 and control

(BM-MSCs) groups. The expression of BMPRI-a and Smad1 mRNAs in the CMs and the CMsþWnt11 groups were significantly higher than those in the

Wnt11 and control (BM-MSCs) groups (P , 0.05). Expressions of BMPRI-a and Smad1 mRNAs in the CMsþWnt11 group were significantly higher than in the

CMs group (P , 0.05). OP , 0.05 versus Wnt11 and controls; #P , 0.05 versus CMs. BM-MSC, bone marrow mesenchymal stromal cell; CM, cardiomyocyte;

BMP-2, bone morphogenetic protein 2; a-MHC, a-myosin heavy chain; b-MHC, b-myosin heavy chain; cTnI, cardiac troponin I
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and growth factors.12 An organic environment is the
assumed inducing agent for directed stem cell differen-
tiation, including a myocardial microenvironment.13,14

Xu et al.8 showed that a myocardial microenvironment
plays an important role in the differentiation of BM-MSCs
into myocardial-like cells. In this study, we used a myocar-
dial microenvironment to promote the efficiency of cardio-
myogenic differentiation. With direct contact between
cells, stimulation of electrical machinery and cytokines
was possible. Therefore, this system eliminated any physical
factors that could affect BM-MSCs by directly exposing cells
to soluble secreted factors from cardiac cells15,16 and may be
favorable for observing biological effects during cardiomyo-
genic differentiation.

Under pathological conditions, Wnt11 signaling is
involved in myocardial infarction repair. Orlic et al.17

reported that transplanted stem cells differentiate in
response to up-regulated Wnt11 expression in a myocardial
infarction environment. Current data also demonstrate that
Wnt11 is activated by a non-classical Wnt11 pathway and
induces expressions of the early cardiac genes GATA4 and
Nkx2.5 in Xenopus embryos and a P19 cell line.18,19

Another report points out that supplementation of
co-cultures with Wnt11-conditioned medium significantly
enhances the differentiation of cardiac progenitor cells into
CMs.20 These studies suggest that Wnt11 may play an
important role in the differentiation of BM-MSCs into
myocardial-like cells.

Figure 4 BMP-2 and Wnt11 play important roles in cardiomyogenic differentiation of BM-MSCs. BMP-2 (0.5 ng/mL) was added from the fourth day and Noggin

three days before that. (a) Expression of a-MHC in each group; †P , 0.05 versus CMs, CMsþWnt11, CMsþNogginþBMP-2, Wnt11þNogginþBMP-2 and

BM-MSCs; and OP , 0.05 versus other groups. (b) Expression of b-MHC in each group; †P , 0.05 versus CMs, CMsþWnt11, CMsþNogginþBMP-2,

Wnt11þNogginþBMP-2 and BM-MSCs; and OP , 0.05 versus other groups. (c) Nkx2.5 expression in each group; †P , 0.05 versus CMs, CMsþWnt11,

CMsþNogginþBMP-2, Wnt11þNogginþBMP-2 and BM-MSCs; and OP , 0.05 versus other groups. (d) cTnI expression in each group; †P , 0.05 versus CMs,

CMsþWnt11, CMsþNogginþBMP2, Wnt11þNogginþBMP-2 and BM-MSCs; and OP , 0.05 versus other groups. BM-MSC, bone marrow mesenchymal

stromal cell; CM, cardiomyocyte; BMP-2, bone morphogenetic protein 2; a-MHC, a-myosin heavy chain; b-MHC, b-myosin heavy chain; cTnI, cardiac troponin I
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Previous data indicate that Wnt11 alone cannot efficiently
induce BM-MSC differentiation into myocardial cells
lacking a-MHC expression.3 – 5 It is well documented that
a-MHC possesses high ATPase activity and indicates the
state of BM-MSC differentiation into CMs. Therefore,
a-MHC is an important marker for evaluating cardiomyo-
genic differentiation.21 In the present study, we confirmed
that Wnt11 induced the expression of cardiac-specific
markers (Nkx2.5, cTnI, b-MHC) and promoted BM-MSC
differentiation into myocardial cells via the non-classical
Wnt11 pathway. However, the differentiated cells lack
a-MHC expression and functional myocytes cannot be
formed. In our study, we found that differentiated cells
from Wnt11-treated BM-MSCs subjected to in vitro simu-
lation in a myocardial microenvironment not only expressed
Nkx2.5, cTnI and b-MHC, but also a-MHC. This would
suggest that Wnt11 in a myocardial microenvironment
further enhances the biological efficiency of BM-MSC differ-
entiation into myocardial-like cells.

BMP signaling pathways are early key signaling path-
ways during cardiac development, which directly regulate
many aspects of cell behavior including cell proliferation,
differentiation and survival of cardiac progenitor cells.22,23

Pathologically, BMP-2 expression is upregulated during
myocardial infarction. BMP-2 not only acts on antiapoptosis
pathways, but is also involved in the differentiation of
cardiac progenitors into the myocardium.24 Kawai et al.25

found that BMP-2 induction of embryonic stem cell differen-
tiation into myocardial cells was not efficient at low concen-
trations, while high concentrations inhibited differentiation.
This observation indicates that BMP signaling pathways are
dose-dependent for inducing stem cell differentiation. Some
studies found that BMP signaling pathways are temporally
affected in mouse embryonic stem cell differentiation, and
that early temporary blocking of the BMP signaling
pathway enhances differentiation into CMs.26,27 In our
study, we found that 50 ng/mL Noggin at days 0–3, fol-
lowed by removal and subsequent addition of 0.5 ng/mL
BMP-2 for 11 days, were the optimal conditions for
BM-MSC differentiation into myocardial-like cells. With
our treatment schedule for BMP-2 and Wnt11 induction,
expressions of a-MHC, b-MHC, Nkx2.5 and cTnI were at
their highest levels, indicating that BMP-2 acts optimally
under this condition. We also detected that the differen-
tiated cells treated with 0.5 ng/mL BMP-2 alone expressed
a-MHC, b-MHC and Nkx2.5, but did not express cTnI. In
comparison to the group treated with BMP-2 alone,
BM-MSCs treated with BMP-2 in a myocardial microenvir-
onment differentiated into cells with increased expression
levels for a-MHC, b-MHC, Nkx2.5 and cTnI. These results
suggest that although BMP-2 alone induces BM-MSC
differentiation into myocardial-like cells, differentiation is
inefficient and a myocardial microenvironment further
enhances BM-MSC differentiation. However, the detailed
mechanism of BMP-2-induced BM-MSC differentiation
into myocardial-like cells is yet to be fully elucidated. It
has been suggested that via Smads, p38MAPK and PI3K
pathways, the combination of BMP-2 and cognate receptors
(BMPRI-a and BMPRII) activates downstream signaling
molecules (i.e. Smad1, Takl and p85), then promotes

nuclear transcription factors that enhance the expression of
Nkx2.5 and cTnI, and induce cardiomyogenic differen-
tiation. Nonetheless, usage of the combined Wnt11/BMP-2
in vivo, especially in ischemic heart, should be further
investigated.

In the present study, the use of Wnt11 or BMP-2 alone
failed to differentiate BM-MSCs into myocardial-like cells.
We noted that a-MHC was not expressed following
Wnt11 induction, but this was not the case in the myocar-
dial microenvironment. We found that expressions of the
BMP signaling factors, BMPRI-a and Smad1, were very
weak in the absence of the myocardial microenvironment.
In contrast, significantly increased expression levels of
BMPRI-a and Smad1 were found, and a-MHC was also
expressed in the myocardial microenvironment, suggesting
that the myocardial microenvironment is likely required to
induce expression of key myogenic factors, such as
a-MHC. The upregulated expression of all cardiac-specific
markers in the CMsþWnt11 group was predominant com-
pared with that in the CMs group. These results strongly
indicate a correlation between BMP and Wnt11 signaling
pathways in the myocardial microenvironment.

Our findings demonstrate that the synergistic effect of
Wnt11 and BMP-2 induces cardiomyogenic differentiation,
with high expressions of a-MHC, b-MHC, Nkx2.5 and
cTnI, which were enhanced further by co-culture with myo-
cardial cells. Previous studies demonstrated a crosstalk
between signaling pathways during stem cell differen-
tiation. Yuasa et al.26 pointed out that the crosstalk
between FGF-2 and BMP-2 may efficiently enhance the car-
diomyogenic differentiation of embryonic stem cells.
Although our results showed a close relationship between
Wnt11 and BMP-2 for cardiomyogenic differentiation of
BM-MSCs, the detailed mechanisms for the crosstalk
between Wnt11 and BMP-2, especially in the myocardial
microenvironment, need to be further investigated.

In conclusion, Wnt11 and BMP-2 in a myocardial micro-
environment play crucial roles in the early cardiomyogenic
differentiation of BM-MSCs. It is possible that they may be
useful in the development of BM-MSC-based therapies for
treating heart disease, as well as for the basic study of
cardiac development.
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Zeiher AM, Kühl M, Dimmeler S. Non-canonical Wnt signaling
enhances differentiation of human circulating progenitor cells to
cardiomyogenic cells. J Biol Chem 2005;280:16838–42

21 Sabbah HN, Sharov VG, Gupta RC, Mishra S, Rastogi S, Undrovinas AI,
Chaudhry PA, Todor A, Mishima T, Tanhehco EJ, Suzuki G. Reversal of
chronic molecular and cellular abnormalities due to heart failure by
passive mechanical ventricular containment. Circ Res 2003;93:1095–101

22 Schultheiss TM, Burch JB, Lassar AB. A role for bone morphogenetic
proteins in the induction of cardiac myogenesis. Genes Dev
1997;11:451–62

23 Monzen K, Nagai R, Komuro I. A role for bone morphogenetic protein
signaling in cardiomyocyte differentiation. Trends Cardiovasc Med
2002;12:263–9

24 Izumi M, Fujio Y, Kunisada K, Negoro S, Tone E, Funamoto M, Osugi T,
Oshima Y, Nakaoka Y, Kishimoto T, Yamauchi-Takihara K, Hirota H.
Bone morphogenetic protein-2 inhibits serum deprivation-induced
apoptosis of neonatal cardiac myocytes through activation of the Smad1
pathway. J Biol Chem 2001;276:31133–41

25 Kawai T, Takahashi T, Esaki M, Ushikoshi H, Nagano S, Fujiwara H,
Kosai K. Efficient cardiomyogenic differentiation of embryonic stem cell
by fibroblast growth factor 2 and bone morphogenetic protein 2. Circ J
2002;68:691–702

26 Yuasa S, Itabashi Y, Koshimizu U, Tanaka T, Sugimura K, Kinoshita M,
Hattori F, Fukami S, Shimazaki T, Ogawa S, Okano H, Fukuda K.
Transient inhibition of BMP signaling by Noggin induces cardiomyocyte
differentiation of mouse embryonic stem cells. Nat Biotechnol
2005;23:607–11

27 Shim WS, Jiang S, Wong P, Tan J, Chua YL, Tan YS, Sin YK, Lim CH,
Chua T, Teh M, Liu TC, Sim E. Ex vivo differentiation of human adult
bone marrow stem cells into cardiomyocyte like cells. Biochem Biophys
Res Commun 2004;324:481–8

(Received August 31, 2011, Accepted March 15, 2012)

................................................................................................................................................
776 Experimental Biology and Medicine Volume 237 July 2012

 at NSTL-Jilin University on August 17, 2012http://ebm.rsmjournals.com/Downloaded from 

http://ebm.rsmjournals.com/

