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Abstract: Cardiac stem cells (CSCs) can differentiate into cardiac muscle-like cells upon stimulation by angiotensin 
II (Ang II). TNF receptor-associated factor 6 (TRAF6) has been shown to promote JNK- and p38-induced myogenic 
differentiation and mediate Smad-independent activation of TGF-β. However, the detailed mechanisms underlying 
the activation of these signaling pathways are not entirely known. Herein, we hypothesized that Ang II could pro-
mote the differentiation of CSCs into cardiac muscle-like cells by non-canonical TGF-β/TRAF6 signaling pathway, 
and sought to test the hypothesis. C-kit+ CSCs were isolated from neonatal Sprague Dawley (SD) rats, and their c-kit 
status was confirmed with immunofluorescence staining. A TGF-β type I receptor inhibitor (SB431542) was used 
to inhibit SMAD2/3 phosphorylation. The small interfering RNA (siRNA)-mediated knockdown of TRAF6 was used 
to investigate the role of TRAF6 in TGF-β signaling. Rescue of TRAF6 siRNA transfected cells with a 3’UTR-deleted 
siRNA insensitive construct was performed to rule out any off-target effects of the siRNA. TRAF6 dominant-negative 
(TRAF6DN) vector was constructed and used to infect c-kit+ CSCs. Our results showed that the increase in JNK and 
p38 activation by Ang-II was blocked by siRNA. After transfection by TRAF6-siRNA or Ad-TRAF6, the cardiac specific 
markers and Wnt signaling proteins were tested by Western blotting. Physical interactions between TRAF6 and 
TGF-β receptors were studied by co-immunoprecipitation. Forced expression of TRAF6 enhanced the expression of 
cTnT and Cx-43 but inhibited the expression of Wnt3a.Our data suggested that TRAF6 mediated Ang II-induced dif-
ferential responses in c-kit+ CSCs via the non-canonical TGF-β signaling pathway.
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Introduction

Both the renin-angiotensin system (RAS) and 
transforming growth factor-β (TGF-β) are key 
mediators of cardiac differentiation. Recent 
studies indicate that angiotensin II (Ang II) and 
TGF-β do not act independently from one anoth-
er, but rather act as part of a network that pro-
motes cardiac differentiation. Cardiac stem ce- 
lls (CSCs) have been used to regenerate heart 
muscle in patients who have suffered from 
heart attacks, and those with acute or chronic 
heart failure [1]. An important subpopulation of 
endogenous CSCs was identified in the adult 
heart: myogenic CSCs (mCSCs), which are char-
acterized by their expression of c-kit [2]. Indeed, 
c-kit+ CSCs could differentiate into the myocyte 
lineage in vitro, and play a role in healing follow-
ing myocardial injury [3]. Elevated levels of local 
Ang II and TGF-β1 are often observed under 

such conditions that cause myocardial loss or 
cardiac fibrosis after acute myocardial damage. 
Ang II upregulates TGF-β1 expression via activa-
tion of the AT1 receptor in cardiac myocytes 
and fibroblasts [4], and its induction is abso-
lutely required for Ang II-induced cardiac hyper-
trophy in vivo. Recent studies indicate that the 
downstream mediators of cardiac Ang II/TGF-β 
networking may include Smad proteins, TGFβ-
activated kinase-1 (TAK1), and induction of 
hypertrophic responsiveness to h-adrenergic 
stimulation in cardiac myocytes [5]. However, it 
remains unclear how Ang II might affect the dif-
ferentiation of endogenous CSCs.

Canonical TGF-β signaling is initiated with li- 
gand-induced oligomerization of serine/threo-
nine receptor kinases and phosphorylation of 
the cytoplasmic signaling molecules Smad2 
and Smad3, which transduce the TGF-β signal 
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from the cell surface into the nucleus to re- 
gulate transcription. Recently, non-canonical 
TGF-β signaling pathway has been realized, and 
perhaps the best-characterized non-Smad pa- 
thway is the JNK and p38 MAPK signaling cas-
cades. Non-Smad TGF-β signaling pathway pl- 
ays important roles in proliferation, migration, 
differentiation, and apoptosis in a variety of 
cells [6]. It has also been well established that 
Ang II increases the expression of connective 
tissue growth factor (CTGF) via the TGF-β1/
TRAF6/MAPK pathway in migration and con-
tractility of heart, liver, and lung fibroblasts [7]. 
TGF-β receptors interact with TRAF6 and indu- 
ce the formation of poly-ubiquitin chains on 
TRAF6. Poly-ubiquitinated TRAF6 recruits TGF-β 
activated kinase 1 (TAK1) to activate JNK and 
p38 MAPK signaling [8].

By activating TAK1 and subsequently p38/ 
JNK (c-Jun NH2-terminalprotein kinase), TRAF6 
significantly promoted myogenic differentiation 
and muscle regeneration in adult mice [9]. 
Furthermore, TAK1/JNK was required for the 
Smad-independent activation of the mitochon-
drial apoptotic pathway [10]. Betty [11] demon-
strated the requirement for the TRAF6 RING 
domain and site-specific auto-ubiquitination 
(Ub) of TRAF6 for the activation of TAK1. Poly-
ubiquitination of TRAF6 and subsequent activa-
tion of TAK1 were further confirmed by other 
groups [8, 9].

Because of the critical roles of TRAF6/TAK1 in 
myocardial cells, we hypothesized that TRAF6 
ubiquitination and its role in TAK1 activation 
may be essential for myogenic differentiation of 
c-kit+ CSCs. In this study, we used a combina-
tion of molecular and chemical approaches to 
analyze the roles of TRAF6 in the differentiation 
of rat c-kit+ CSCs. Our data demonstrates that 
TRAF6 poly-ubiquitination is a critical upstream 
mediator of MAPK activation and myogenic dif-
ferentiation marker expression, revealing novel 
roles for TRAF6-TAK1 in the myogenic differen-
tiation of rat c-kit+ CSCs.

Materials and methods

Cell culture and the isolation of c-kit+ cells

One-to three-day-old Sprague-Dawley (SD) rats 
were anesthetized using methoxyflurane, and 
then perfused intracardially with 0.9% saline. 
The hearts of neonatal rats were then sliced, 
and explants were placed on poly-D-lysine-

coated 10-cm plates containing complete ex- 
plant medium (CEM) [12]. After 7 days, most 
primary cells from the explants had reached 
50-70% confluency. To obtain c-kit+ CSCs, the 
cells were harvested and stained with FITC-
conjugated monoclonal anti-c-kit antibodies 
(Cat. No. MAB1162F; Millipore) for 30 min. The 
c-kit+ cells were separated using fluorescence 
activated cell sorting (FACS), and then seeded 
in type I collagen from rat tail-coated plates 
(5-10 μg/cm2, C7661, Sigma) in cardiosphere-
growing medium (CGM) (35% complete IMDM/ 
65% DMEM/F-12 mix containing 2% B27, 0.1 
mmol/L 2-mercaptoethanol, 10 ng/mL epider-
mal growth factor [EGF], 20 ng/mL basic fibro-
blast growth factor [bFGF], 40 nmol/L car-
diotrophin-1, 40 nmol/L thrombin, and L-Glu,  
as in CEM) [13]. Cells (1 × 105) were seeded on 
coverslips, and then incubated with anti-c-kit 
primary antibodies (sc5535, Santa Cruz). Cells 
were then incubated with FITC-conjugated goat 
anti-rabbit antibodies (111-095-003, Jackson 
Laboratories) for 1 h, followed by 4’, 6-diamidi-
no-2-phenylindole (DAPI; sc3598, Santa Cruz). 
An inverted fluorescence microscope was used 
to visualize the stained cells. Cells were used 
for the following experimentation before the 
fourth passage.

Flow Cytometry was used to analyze the expres-
sion patterns of CSCs markers. Cells were wa- 
shed with PBS and incubated on ice for 30 min 
with fluorochrome-conjugated primary antibod-
ies: anti CD34-PE; anti CD45-PE; anti CD133-
PE (all from BD Bioscience).

The Medical Ethics Committee of the Xinhua 
Hospital affiliated with Shanghai Jiaotong Uni- 
versity School of Medicine approved the study. 
The protocol conformed to the Guide for the 
Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH 
Publication, 8th Edition, 2011).

Knockdown of TRAF6 using siRNA

Early-passage c-kit+ CSCs were seeded in 6- 
well plates at a density of 1 × 105 cells per well. 
Cells were transfected with TRAF6 siRNA (sc- 
156004, Santa Cruz) or buffer (mock control) 
by using Oligofectamine™ Reagent (Catalog No. 
12252-011, Invitrogen) according to the manu-
facturer’s protocol. Final concentration the si- 
RNA duplex in culture medium was 0.1, 0.2, 
0.5, or 1.0 pM. The transfection mixture was 
replaced with fresh CEM 24 h after transfec-
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Figure 1. Isolation and flow cytometric sorting of c-kit+ CSCs. A. There was virtually no detectable outgrowth 24 h 
after plating. B. CEM stimulated the extensive outgrowth of cells, and only a small number of isolated cells were 
observed in the culture dish at 72 h. C and D. Most 7 day rat heart explants exhibited cellular outgrowth from the 
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tion. A non-specific siRNA (sc36869, Santa 
Cruz) was used as the negative control for 
siRNA experiments. Knockdown efficiency was 
assessed by Western blot analysis of TRAF6.

Construction and expression of a dominant 
negative TRAF6 (TRAF6DN) from an adenoviral 
vector

The 2.7 kb protein coding region of TRAF6 was 
amplified with a SuperScript RT-PCR for long 
templates kit (Catalog No. 11922-010, Invitro- 
gen). The sequencing primers were as follows: 
forward primer TGGAAGCACAGTGAAGAGGTTC, 
and reverse primer ATGTCATCAGCGAGGTCACA- 
TT. Amplified product was verified by DNA se- 
quencing. Next, RING finger domain was re- 
moved to generate TRAF6DN (aa 289-522). 
TRAF6DN gene was cloned into the KpnI and 
BamHI sites of pShuttle-CMV-eGFP (enhanced 
green fluorescent protein) vector, resulting in 
pShuttle-eGFP-TRAF6DN plasmid. The shuttle 
plasmid was subsequently transformed into 
BJ5183 bacteria to recombine with the back-
bone vector pAdeno, and positive clones were 
selected for growth and propagation. Recom- 
binant adenoviral vector pAd-eGFP-TRAF6DN 
was transfected into HEK293 cells for the 
packaging of Ad-eGFP-TRAF6DN. Virus was pro- 
pagated through series infection of HEK293 
cells and purified by CsCl equilibrium density 
centrifugation. Titration of the purified virus 
was carried out according to the instructions of 
the Adeno-X Rapid Titer Kit (Roche), and the 
titer of the virus stock used in this study was 
determined to be 2 × 109 TU/ml. Infection rate 
of CSC was > 95%. The TRAF6DN-eGFP fusion 
protein was stable in the infected cells, as con-
firmed by Western blotting.

Protein extraction and western blotting

To assess the phosphorylation of Smad2, p38, 
or JNK, c-kit+, cells were washed twice with 
PBS, and incubated in serum-free medium for 
24 h followed by stimulation with SB431542 
and/or Ang II. C-kit+ CSCs were treated with or 

without 0.5 μM SB431542 for 12 h. They were 
then treated with Ang II (200 ng/ml) for differ-
ent time-periods (0, 15, or 30 min). Fresh 
serum-free medium was then added to the 
cells and incubated for 4 h. Immunoblotting 
was performed using phospho-specific antibod-
ies to analyze various signaling pathways. JNK 
activity was assayed using substrate-specific 
phosphorylation and immunoprecipitation. In 
subsequent experiments, cell lysates were har-
vested at the time-point of maximal effect on 
phosphorylation of p38 and JNK. Western blot-
ting was performed as described previously 
[14].

Statistical analysis

All analyses were performed with SPSS 17.0 
software. All assays were performed indepen-
dently three times and the quantitative data 
were shown as the mean ± SD or as indicated. 
Statistical significance was calculated with 
independent samples t test or one-way ANOVA, 
when appropriate. A significant difference was 
accepted when p < 0.05.

Results

Biological characteristics of c-kit+ CSCs

C-kit+ cell populations were purified from neo-
natal rat hearts using a stringent two-step 
strategy involving explant cultures followed by 
FACS. The heart explants from rats were grown 
as separate clones on plates (Figure 1A), and 
the cells migrated from the explants (Figure 
1B-D). Newly isolated c-kit+ cells were seeded 
on to 100-mm tissue culture plates pre-coated 
with 0.2% gelatin (Figure 1E).

The cloned cardiosphere-derived cells were 
stained using anti-c-kit-FITC antibodies, and 
then sorted using FACS (Figure 1G and 1H).
Cells were stained with anti-c-kit (green) anti-
bodies, and counterstained with 1 µg/ml DAPI 
(blue) to visualize the nuclei (Figure 1I).

edge of the explants. E. FACS-isolated c-kit+ CSC cells from cardiac explants were replanted in CGM. F. Isolated cells 
were plated onto glass coverslips, which had been previously coated with type I collagen from rat tail. Angiotensin 
II could induce c-kit+ CSC cells into cardiomyocyte-like cells. G. Cells were isolated from cardiac explants and sub-
jected to FACS as described in Methods section. Gating of c-kit+ CSCs. H. Representative post-sorting histogram 
identifying c-kit+ CSCs. After culture for 48 h, the c-kit-labeled cell population routinely constituted ~95.51% of the 
total gated cells. I. Immunocytochemistry of stained c-kit+ CSCs. These passage cells were incubated overnight with 
primary c-kit monoclonal antibodies (1:1500 dilution). The cell layers were then rinsed with PBS and incubated with 
FITC-conjugated anti-rabbit antibodies (1:200 dilution). Nuclei were counterstained with DAPI. J. These cells were 
positive for the expression of cell-surface marker c-kit and negative for expression of each one of cell-surface mark-
ers CD34, CD45, and CD133.
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We investigated the expression of the stem cell 
markers CD117/c-kit, CD34, CD45, and CD133 
in these cells. There was no detectable signals 
of CD34+, CD45+ and CD133+ cells in c-kit+ cells 
(Figure 1J).

The TGF-βR1 kinase activity is not required for 
Ang II-induced p38 and JNK activation

In the myocardium, both p38 and JNK trans-
duction cascades have been implicated in reg-
ulating the hypertrophic response. We found 
that Ang II could induce c-kit+ CSC cells into 
cardiomyocyte-like cells (Figure 1F) and pro-
mote the expression of cardiac-specific pro-
teins. To determine whether the activity of ser-
ine/threonine kinases was required for Ang 
II-induced p38 and JNK activation in c-kit+ 
CSCs, cells were treated with a specific TGF-
βR1 kinase inhibitor (SB431542; cat. no. 61- 
6461, Merck). In Figure 2 (lane 1 vs. 2 and lane 
1 vs. 3), we found that Ang II could induce 
Smad2, p38 and JNK activation in c-kit+ CSCs. 
Next, we sought to investigate whether the TGF-
βR1 kinase activity was required for the activa-
tion of Smad2, p38 and JNK (lane 3 vs. 6). 
Treatment of c-kit+ CSCs with SB431542 de- 
creased the phosphorylation of Smad2 regard-
less of Ang II stimulation, suggesting an impor-
tant role of the TGF-βR1 kinase activity for acti-
vation of the canonical Smad-pathway (Figure 
2C).

However, the expression of TRAF6 was affected 
by neither Ang II nor SB431542 treatment 
(Figure 2B). The Ang II-stimulated phosphoryla-
tion of p38 and JNK was elevated in c-kit+ CSCs 
in a time-dependent manner, and was not sup-
pressed by SB431542 (Figures 2D and 3E). 
These results suggested that the TGF-βR1 
kinase activity might be crucial for the activa-
tion of the canonical Smad-pathway, but dis-
pensable for the Ang II-induced phosphoryla-
tion of p38 and JNK.

TRAF6 is critical for Ang II-induced activation 
of p38 and JNK

Cardiac stem cells have been shown to sponta-
neously differentiate into a cardiomyocyte phe-
notype under standard culturing conditions, 
which can be enhanced by Ang II stimulation. 
Thus far, our results suggested that TGF-βR1 
kinase activity might not be required for the 
Ang II-induced p38 and JNK phosphorylation. 
Therefore, using RNAi, we next investigated 
whether TRAF6 was involved in this signaling 
cascade, as TRAF6 had previously been report-
ed to interact with TGF-βR1 to induce p38 and 
JNK phosphorylation through the Lys 63-linked 
ubiquitination of TAK1 [6]. TRAF6 siRNA trans-
fected in c-kit+ CSCs inhibited the expression of 
TRAF6 in a dose-dependent manner (Figure 3A 
and 3B); 1 pM TRAF6 siRNA transfection result-
ed in an 80% decrease of TRAF6 expression  
as compared to control siRNA. As a result, the 

Figure 2. Effect of TGF-βR1 inhibitor SB431542 on the activation of Smad2, JNK, and p38 induced by Ang II. A. 
c-kit+ CSCs were treated with or without 0.5 μM SB431542 for 12 h, then treated with Ang II for 30 min or mock 
treated. The levels of phospho- or total Smad2, JNK1, and p38 were analyzed by Western blotting. All bar graphs are 
displayed as mean ± standard deviation (n = 3 per group; *p < 0.05). B. The expression of TRAF6 was unchanged 
by Ang II or SB431542. C. SB431542 inhibited Smad2 phosphorylation. D and E. JNK1 and p38 phosphorylation 
were unchanged by SB431542 treatment. Ang II could induce Smad2, p38 and JNK phosphorylation in c-kit+ CSCs 
(Δp < 0.05, lane 1 vs. 2, lane 1 vs. 3).
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phosphorylation of TAK1, a downstream target 
of TRAF6, was also inhibited by TRAF6 siRNA. 
Ang II-induced phosphorylation of JNK and p38 
in TRAF6 wild type c-kit+ CSC cells showed neg-
ligible effect in TRAF6 siRNA-transfected cells 
(Figure 3C, lane 2 vs. 4).

Next, rescue experiments were performed to 
exclude any off-target effect of TRAF6 knock-
down. The re-introduction of a FLAG-tagged 
siRNA-insensitive TRAF6 construct lacking its 
3’UTR into c-kit+ CSCs reversed the effect of 
TRAF6-specific siRNA on the ability of Ang II to 
activate TAK1, JNK, and p38 (Figure 3C, lane 4 
vs. 6). Therefore, TRAF6 was an important ups- 

tream component of the MAPKs pathway which 
mediated Ang II-induced p38 and JNK activa-
tion in c-kit+ CSC cells.

The RING domain is required for the Lys63-
linked poly-ubiquitination of TRAF6

It was previously reported that the interaction 
between TGF-βR1 and TRAF6 was required for 
TGF-β-induced auto-ubiquitination of TRAF6 
and the subsequent activation of the TAK1-p38/
JNK pathway [15]. Therefore, we assessed whe- 
ther TGF-β receptors engaged TRAF6 to acti-
vate TAK1 in a TβR-dependent manner. As sh- 
own in Figure 4A, TRAF6 could bind to TβRI and 

Figure 3. The expression of TRAF6 in c-kit+ CSCs transfected with TRAF6 siRNA. A. C-kit+ CSCs were transfected with 
increasing amounts of TRAF6 siRNA. Western blot showing TRAF6 expression in untransfected c-kit+ CSCs (Lane 1), 
and cells transfected with control siRNA (Lane 2), 0.1 pM TRAF6 siRNA (Lane 3), 0.2 pM TRAF6 siRNA (Lane 4), 0.5 
pM TRAF6 siRNA (Lane 5), and 1.0 pM TRAF6 siRNA (Lane 6). The efficiency of RNAi was assessed by immunoblot-
ting with anti-TRAF6 antibodies. B. Quantitative analysis of the Western blots. TRAF6 expression was regulated by 
the transfection of TRAF6 siRNA in a dose-dependent manner. All bar graphs are presented as mean ± standard de-
viation (n = 3). C. The expression of TRAF6 in c-kit+ CSCs treated with TRAF6 siRNA. C-kit+ CSCs were treated with or 
without 1.0 pmol of the indicated siRNA, then treated with Ang II for 30 min or mock treated. The levels of phospho- 
or total TAK1, JNK1, and p38 were analyzed by Western blotting. All bar graphs are presented as mean ± standard 
deviation (n = 3 per group). D. TRAF6 protein expression was decreased in cells transfected with TRAF6-targeting 
siRNA compared with control siRNA (∆p < 0.05, lane 1 vs. lane 3). E. TRAF6 siRNA decreased the stimulatory ef-
fect of Ang II on TAK1 phosphorylation (∆p < 0.05, lane 1 vs. lane 3). F and G. The levels of phospho- or total JNK 
and p38 were analyzed by Western blotting. Ang II-induced JNK and p38 phosphorylation was attenuated in TRAF6 
siRNA-transfected cells (#p < 0.05, lane 3 vs. lane 4). JNK and p38 activation was rescued in TRAF6-siRNA trans-
fected CSCs after transfection with FLAG-TRAF6, a siRNA insensitive TRAF6 construct. (*p < 0.05, lane 4 vs. lane 6).
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Figure 4. Ang II induces the interaction between TRAF6 and TGF-β receptors and promotes the poly-ubiquitination 
of TRAF6. A. Ang II stimulates the interaction between endogenous TRAF6 and TβRI or TβRII. C-kit+ CSCs were cross-
linked using DSS, and TRAF6 levels were analyzed by Western blotting after immunoprecipitation with either TGF-
βR1 or TGF-βR2 antibodies. WCL, whole cell lysates. B. Ang II-induced ubiquitination of endogenous TRAF6 in c-kit+ 
CSCs. Cells were lysed in RIPA buffer after treatment with Ang II. The amount of ubiquitinated TRAF6 was visualized 
using anti-Ub and anti-TRAF6 antibodies after immunoprecipitation. C. Smad2 phosphorylation was significantly 
elevated by Ang II (∆p < 0.05, lane 1 vs. lane 2). The TRAF6 deletion mutant (TRAF6DN) did not affect Ang II-induced 
Smad2 phosphorylation (lane 2 vs. lane 3). SB431542 reduced Smad2 phosphorylation (*p < 0.05, lane 2 vs. 
lane 4). D. The levels of phosphorylated and total p38 were analyzed by Western blotting. In addition, HA-JNK was 
immunopurified from 2 × 106 cells and tested for kinase activity using purified GST-tagged c-Jun. The phosphoryla-
tion of p38 and c-Jun were increased markedly by Ang II (∆p < 0.05, lane 1 vs. lane 2). The TRAF6 mutant inhibited 
the activation of both p38 and JNK (*p < 0.05, lane 2 vs. lane 3). SB431542 had no effect on the phosphorylation 
of p38 or c-Jun (lane 2 vs. lane 4). E. The effect of transfecting TRAF6-siRNA or Ad-TRAF6 into c-kit+ CSCs was as-
sessed after treatment with or without Ang II. The levels of Wnt3a, Wnt5a, and cTnT in cell lysates were analyzed by 
Western blotting. F. Expression levels were normalized against β-Tubulin. Wnt3a protein expression was decreased 
after Ang II treatment, whereas Wnt5a, Cx-43 and cTnT were increased in c-kit+ CSCs (*p < 0.05 lane 1 vs. lane 2). 
G. RNAi-mediated silencing of TRAF6 altered the expression of Wnt and cardiac-specific proteins. The overexpres-
sion of TRAF6 inhibited Wnt3a expression. The levels of Wnt5a, cTnT, and Cx-43 were increased significantly in the 
Ad-TRAF6 group compared with the NS group. All bar graphs are displayed as mean ± standard deviation (n = 3 per 
group; *p < 0.05 lane 2 vs. lane 3; ∆p < 0.05 lane 1 vs. lane 4).
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TβRII after 30 min stimulation with Ang II. 
TRAF6 was co-immunoprecipitated with both 
TβRI and TβRII. In addition, Ang II promoted the 
association of endogenous TRAF6 with TGF-β 
receptors (Figure 4A). To assess the functional 
significance of this interaction, we examined 
the ubiquitination of TRAF6 in cultured c-kit+ 
CSCs. As depicted in Figure 4B, a ladder of high 
molecular weight TRAF6 bands were observed 
in the anti-TRAF6 immunocomplex, suggesting 
that 30 min of Ang II treatment promoted 
TRAF6 ubiquitination (Figure 4B). It has been 
proposed that TRAF6 is a RING-dependent Ub 
ligase that, in conjunction with Ubc13/Uev1A, 
catalyzes its own auto-ubiquitination via Lys63-
linked poly-Ub chains [10].

We next assessed whether the ubiquitina- 
tion of TRAF6 was associated with the activa-
tion of downstream protein kinases. We co-
expressed FLAG-tagged Smad2, FLAG-tagged 
p38, or HA-tagged JNK with a dominant-nega-
tive TRAF6 mutant lacking the RING domain in 
c-kit+ CSCs. Smad2 phosphorylation in res- 
ponse to Ang II was not affected by the TRAF6 
mutant (TRAF6DN) (Figure 4C). However, Ang 
II-induced p38 activation was inhibited signifi-
cantly by TRAF6DN, but not by SB431542, sug-
gesting a specific requirement for the TRAF6 
RING domain for p38 phosphorylation (Figure 
4D). A similar result was observed when the 
activation of JNK was assessed. C-Jun is acti-
vated via JNK-stimulated double phosphoryla-
tion. In this study, recombinant GST-c-Jun was 
used to study the activation of JNK in vitro fol-
lowing the immunoprecipitation of HA-tagged 
JNK in transfected c-kit+ CSCs (Figure 4D). 
TRAF6 RING domain deletion inhibited JNK and 
p38 activities, suggesting that the Lys63-linked 
ubiquitination of TRAF6 was required for Ang 
II-induced p38 and JNK activation.

TRAF6 is a key signal transducer during Ang 
II-mediated myogenic differentiation

We investigated whether TRAF6 played a role in 
Ang II-mediated myogenic differentiation res- 
ponses using TRAF6-specific siRNA. Treating 
c-kit+ CSCs with Ang II promoted the expressi- 
on of the cardiac-specific proteins cTnT and 
Cx-43. However, Ang II-stimulated upregulation 
of Wnt5a, cTnT, and Cx-43 was inhibited by 
TRAF6 knockdown (p < 0.05, Figure 4E and 4F, 
Ang II vs. TRAF6-siRNA), indicating that Ang 
II-induced myogenic differentiation might be 

mediated by TRAF6. To further confirm this,  
we overexpressed a TRAF6 siRNA-insensitive 
TRAF6 transcript from an adenoviral vector  
and rescued the decrease of the expression  
of Wnt5a, Cx-43, and cTnT. Overexpression of 
TRAF6 promoted the expression of cardiac-
specific proteins. These data suggest that TR- 
AF6 participates in Ang II-induced cardiac-spe-
cific protein expression by regulating non-ca- 
nonical TGF-β signaling.

Discussion

Cardiovascular diseases, including heart fail-
ure, are the second leading cause of death in 
China. The recent heart failure epidemic has 
stimulated interest in understanding cardiac 
regeneration. Methods of transplantation to re- 
place weakened or lost cardiomyocytes would 
be extremely useful for the treatment of heart 
failure [16]. However, it is difficult to obtain suf-
ficient transplantable cardiomyocytes. CSCs 
are necessary and sufficient for the regenera-
tion and repair of myocardial damage [17, 18]. 
C-kit positive CSCs are critical for cardiomyo-
genesis in the developing heart.

However, endogenous c-kit+ cells have been 
controversial, with some critics arguing wheth-
er they contribute to differentiated cardiomyo-
cytes in the heart during development [19]. The 
study found that endogenous c-kit+ cells could 
generate cardiomyocytes at a functionally insig-
nificant level in vivo. Therefore, there is a need 
for more in-depth studies of the mechanism of 
myogenic differentiation of c-kit+ CSCs.

Ang II plays a critical role in cardiac remodeling 
and promotes cardiac myocyte hypertrophy. 
Ang II induced cardiac-specific protein expres-
sion in cultured rat neonatal cardiomyocytes in 
a dose-dependent manner [20]. However, the 
direct effect of Ang II on myogenic differentia-
tion has not been previously investigated in 
resident CSCs.

Adult stem cells are insufficient to repair the 
ischemic myocardium after injury. We demon-
strated previously that bone marrow mesen-
chymal stem cells (BMMSCs) could promote 
the differentiation of c-kit+ CSCs via the Smad-
dependent TGF-β pathway [14]. However, TGF-
β-induced Smad activation was necessary, but 
not sufficient, for the induction of myocardial 
differentiation in c-kit+ CSCs. Besides canoni-
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cal Smad pathways, TGF-β also signals via non-
Smad pathways such as the p38 and JNK path-
ways, which also participate in myogenesis 
[21].

Studies with experimental models of myocardi-
al infarction (MI) and with pressure overload 
have shown increased myocardial TGF-β1, 
TβRI, and TAK1 expression, suggesting the 
involvement of TGF-β1 in fibrosis and hypertro-
phic growth of cardiomyocytes [8]. More stud-
ies have confirmed that non-canonical TGF-β 
signaling interacts with the TGF-β receptor 
complex, and is required for the Smad-in- 
dependent activation of JNK and p38. Although 
TRAF6 was initially identified as a kinase that 
regulates skeletal muscle differentiation and 
the regeneration of mouse myoblasts [20], 
these effects have not been described previ-
ously in cardiac progenitor cells. Therefore, we 
examined whether TGF-β activated TRAF6/
TAK1 in rat c-kit+ CSCs, a specific cell popula-
tion that improves post-infarction left ventricu-
lar dysfunction.

A recent study suggested that Ang II-induced 
cardiomyocyte hypertrophy in vitro occurs in a 
TAK1-dependent, but Smad-independent, man-
ner [22]. In our studies, we confirmed that TAK1 
was involved in the Ang II-induced MAPK activa-
tion through TRAF6 activation (Figure 3C). Ang 
II promoted the phosphorylation of Smad2, 
p38, and JNK. The inhibition of TGF-βRI serine/
threonine kinase activity by SB431542 led to 
downregulated Smad2 phosphorylation in rat 
c-kit+ CSCs, but spared the phosphorylation of 
p38 and JNK.

TRAF6 might play a critical role in the induction 
of cardiogenesis through the activation of p38 
and JNK. RNA interference (RNAi) was used to 
silence TRAF6 expression, which inhibited Ang 
II-induced TAK1 phosphorylation. In addition, 
transfection with TRAF6-siRNA inhibited p38 
and JNK phosphorylation. These data suggest-
ed that TRAF6 mediates the stimulatory effect 
of Ang II on p38 and JNK in c-kit+ CSCs.

We then determined whether TRAF6 interacted 
with TGF-βR after Ang II-stimulation. C-kit+ CSCs 
were treated with DSS to fix protein-protein 
interactions, and the protein complexes were 
then immunoprecipitated using anti-TβRI or 
anti-TβRII antibodies followed by immunoblot-
ting for TRAF6. TRAF6 has a tumor necrosis fac-

tor receptor (TNFR)-associated factor (TRAF) 
domain in its carboxyl terminus, as well as a 
RING finger domain (a cluster of zinc fingers) 
and a coiled-coil domain, consistent with other 
TRAF family proteins [23]. Through the employ-
ment of a RING domain deletion mutant, we 
established that the E3 ligase activity of TRAF6 
was essential for its function as a mediator for 
Ang II-induced MAPK and JNK activation. 

Wnt signaling plays important roles in the regu-
lation of early cardiomyogenesis and the differ-
entiation of cardiac progenitor cells into myo-
cardial cells [23]. For example, the treatment of 
cardiac progenitor cells with Wnt inhibitors 
stimulated cardiomyocyte formation, whereas 
Wnt-3a inhibited this process [24]. TAK1, a 
member of the mitogen-activated protein ki- 
nase kinase kinase (MAPKKK) family, was origi-
nally identified as an effector of TGF-β-induced 
p38 activation, which counteracts the Wnt 
pathway [25]. Recent findings also demonstrat-
ed that TAK1 functions as a MAPKKK in the 
p38 pathway to promote myogenic differentia-
tion [27]. Specifically, the TAK1 pathway pro-
vides a negative feedback mechanism for Wnt 
signaling. We observed a much lower expres-
sion of Wnt3a after Ad -TRAF6 transfection in 
CSCs. At the same time, the expression of car-
diac-specific proteins increased significantly. 
The modulatory effect of Ang II was attenuated 
by TRAF6-siRNA. Therefore, we proposed that 
TRAF6/TAK1 played an important role in the 
induction of cardiogenesis by regulating the 
Wnt signaling cascade in rat c-kit+ CSCs. This 
study provided experimental evidence demon-
strating that TRAF6 has the capacity to pro-
mote the differentiation of rat c-kit+ CSCs 
induced by Ang II.

In conclusion, this study demonstrated that 
TRAF6 functions as an important mediator for 
Ang II-induced p38 and JNK activation, and 
cardiac-specific proteins cTnT and Cx-43 ex- 
pression in c-kit+ CSCs. To achieve this func-
tion, an intact RING domain of TRAF6 as well as 
poly-ubiquitination and activation of TAK1 are 
required.
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