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Background: Erythropoietin regulates the myogenic regulatory factor expression program and proliferation.
Results: Erythropoietin induces GATA-4 and TAL1 to retard differentiation via Sirt1 activity in skeletal myoblasts.
Conclusion: GATA-4, TAL1, and Sirt1 cross-talk with each other to mediate erythropoietin activity and negatively regulate
myogenic differentiation.
Significance: These finding provide new insight into the molecular mechanism of erythropoietin function beyond
erythropoiesis.

Erythropoietin (EPO), the cytokine required for erythrocyte
production, contributes to muscle progenitor cell proliferation
and delay myogenic differentiation. However, the underlying
mechanism isnot yet fully understood.Here,we report thatEPO
changes the skeletal myogenic regulatory factor expression pro-
gram and delays differentiation via induction of GATA-4 and
the basic helix-loop-helix TAL1 and that knockdown of both
factors promotes differentiation. EPO increases the Sirt1 level, a
NAD�-dependent deacetylase, and also induces the NAD�/
NADH ratio that further increases Sirt1 activity. Sirt1 knock-
down reduced GATA-4 and TAL1 expression, impaired EPO
effect on delayedmyogenic differentiation, and the Sirt1 knock-
down effect was abrogated when combined with overexpression
of GATA-4 or TAL1. GATA-4 interacts with Sirt1 and targets
Sirt1 to themyogenin promoter and repressesmyogenin expres-
sion, whereasTAL1 inhibitsmyogenin expression by decreasing
MyoDbinding to and activation of themyogeninpromoter. Sirt1
was found to bind to the GATA-4 promoter to directly regulate
GATA-4 expression and GATA-4 binds to the TAL1 promoter
to regulate TAL1 expression positively. These data suggest that
GATA-4,TAL1, andSirt1 cross-talk each other to regulatemyo-
genic differentiation andmediate EPOactivity duringmyogenic
differentiation with Sirt1 playing a role upstream of GATA-4
and TAL1. Taken together, our findings reveal a novel role for
GATA-4 and TAL1 to affect skeletal myogenic differentiation
and EPO response via cross-talk with Sirt1.

Differentiation of the myogenic lineage is mainly regulated
by the myogenic regulatory factors (MRFs)2 such as Myf5,

MyoD, and myogenin. These DNA-binding proteins contain a
basic helix-loop-helix (bHLH) domain and bind E-box motifs
(CANNTG) (1). Expression of Myf5 and MyoD is required for
the commitment of progenitor cells to the myogenic lineage,
because disruption of both genes results in the absence of skel-
etal myoblasts (2).Myogenin is essential for the terminal differ-
entiation of myoblasts, but is dispensable for establishing the
myogenic lineage (3).MyoD can bind to the E-box region of the
myogenin promoter to activate the expression of myogenin.
Histone deacetylases have been reported to regulate muscle
gene expression throughmodifying theMyoD acetylation state
(4–6). The class III deacetylase, Sirt1, which is most homolo-
gous to yeast Sir2 and is a NAD�-dependent deacetylase (7, 8),
targets many transcription factors, such as, p53, FOXO, PGC-
1�, NF-�B, E2F1, and LXR to be involved in functions as diverse
as cell fate determination, inflammatory responses, and energy
metabolism (9). Importantly, Sirt1 has been found to negatively
regulate muscle differentiation by deacetylating MyoD and
forming a complex with the acetyltransferase PCAF andMyoD
in a NAD�-dependent manner (10).
During erythroid differentiation of hematopoietic stem cells,

erythropoietin (EPO) binds to its receptor (EpoR) located on
the surface of early erythroid progenitor cells to promote cell
survival, proliferation, and differentiation (11, 12). However,
EPO signaling is not restricted to the erythroid lineage and can
be found inmany nonhematopoietic tissues including endothe-
lial, neural, andmuscle progenitor/precursor cells (13–15). The
deacetylated PCAF and MyoD were found to inhibit muscle
gene expression such asmyogenin through binding at themyo-
genin promoter to retard myogenic differentiation (10). We
previously reported that EPO up-regulates Myf5 and MyoD
and contributes myoblast proliferation, but inhibits myogenin
expression and retards myogenic differentiation and myotube
formation (13). However, the detailed mechanism by which
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EPO retards myogenic differentiation and modifies expression
of MRFs remains largely unknown. It is of interest to know if
Sirt1 can take part in EPO action in the regulation of myogenic
differentiation.
We previously demonstrated that EPO stimulates prolifera-

tion of myoblasts through binding to EpoR to expand the pro-
genitor/precursor population during differentiation and may
have a potential role in muscle maintenance or repair (13).
Enhanced EpoR expression promotes donor cell survival in a
mouse model for myoblast transplantation and increases the
number of dystrophin expressing muscle fibers in mice with
muscular dystrophy (16). EPO also increases the satellite cell
number following muscle injury, improves myoblast prolifera-
tion and survival, and promotes repair and regeneration during
muscle injury (17). Recently, ametabolic effect of EPO signaling
in muscle was reported to provide protection against diet-in-
duced obesity and increase glucose tolerance (18). It is impor-
tant to understand how EPO exerts its activity in nonerythroid
cells such as skeletal muscle myoblast to assess the activity of
EPO in muscle maintenance, function, and repair.
In hematopoietic cells, EPO stimulation of erythropoiesis

stimulates marked increases in erythroid transcription factors
including GATA-1 and the bHLH transcription factor T-cell
acute leukemia 1 (TAL1), which are required for erythroidmat-
uration (19–21). These factors have been reported to express
beyond erythroid cells. GATA factors have been largely
reported to be crucial for development of other tissues.
GATA-4 null mice die around E10 as a result of severe defects
in the extra embryonic endoderm and display defects in heart
and foregut morphogenesis (22, 23). During development,
GATA-4 contributes importantly to myocardial anti-apoptosis
and cell proliferation (24, 25) and mediates cardioprotective
effects via regulating EpoR expression (26). TAL1 also plays
important roles in other tissues such as endothelial cell specifi-
cation and differentiation (27, 28), and endocardium morpho-
genesis (29). TAL1 was recently found decreased in Sirt1�/�

embryonic stem cells that exhibit delayed hematopoietic differ-
entiation (30), whereas forced expression of TAL1 inmyoblasts
was reported to block myogenic differentiation (31, 32). How-
ever, it has not yet been determined how endogenous GATA
factors and TAL1 regulate myoblast differentiation in skeletal
muscle.
In this current report, we describe that EPO modifies tran-

scription factors expression including induction of GATA-4
and TAL1, both of which are observed to retard myogenic dif-
ferentiation. Importantly, EPO activity changes the myoblast
redox state as reflected in the increased NAD�/NADH ratio
and stimulates Sirt1 activity resulting in inhibition of expres-
sion of myogenic differentiation required factors and myotube
formation. Sirt1 can regulate GATA-4 and the TAL1 expres-
sion level. GATA-4 but not TAL1 interacts with Sirt1 and tar-
gets Sirt1 to the myogenin promoter to inhibit expression.
TAL1 is positively regulated byGATA-4 and inhibitsmyogenin
expression via repression of MyoD binding to and activation of
themyogeninpromoter.Our findings first demonstrate the new
function of GATA-4 and TAL1 in regulating skeletal myogenic
differentiation via cross-talk with Sirt1 and their targeted
action and importance in myoblasts response to EPO.

EXPERIMENTAL PROCEDURES

Cell Culture andReagents—ThemurineC2C12myoblast cell
line (ATCC) was propagated in Dulbecco’s modified Eagle’s
mediumwith 10% FBS (growthmedium) in a humidified atmo-
sphere of 5% CO2 at 37 °C (13). To induce differentiation, myo-
blasts were cultured to 80% confluence and then switched to
differentiation medium (Dulbecco’s modified Eagle’s medium
with 2% horse serum). When EPO (Epoetin �, Amgen) was
added to the cell cultures, it was used at a final concentration of
5 units/ml unless otherwise indicated. MEL cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% FBS. For proliferation assays, 106 C2C12 cells were seeded
onto a T75 flask, trypsinized at specific time points, and
counted with a hemocytometer. Human muscle primary cells
(HMPC) (catalog number A12555, Invitrogen) were similarly
cultured. Primary hematopoietic/erythroid progenitor cells
were isolated from human peripheral blood using Ficoll-
Hypaque (BioWhittaker) and cultured for 5 days in �-minimal
essential medium with 10% FBS, 10% conditioned media from
bladder carcinoma 5637 cultures, 1.5 mM glutamine, and 1
�g/ml of cyclosprin A as previously described (21).
Western Blotting—For Western blotting, cells were washed

with cold PBS twice and then lysed in RIPA buffer (50 mM

Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.25%
sodium deoxycholate and protease inhibitors). Proteins were
resolved on 4–12% NuPAGE bis-Tris gels (Invitrogen), trans-
ferred onto nitrocellulose membranes, incubated with specific
antibodies or anti-�-actin antibody as a control followed by
incubation with secondary antibody conjugated to horseradish
peroxidase and developed by enhanced chemiluminescence
(ECL) (GE Healthcare UK Ltd.).
Overexpression, RNAi, and Quantitative Real-time PCR—

GATA-4 cDNA was a gift from Dr. Eric N. Olson (Southwest-
ern Medical Center). GATA-4, TAL1, and PGC-1� cDNA
expression vectors were transfected into C2C12 cells using the
transfection reagent LipofectamineTM 2000 (Invitrogen).
GATA-4, TAL1, Sirt1, Myf5, MyoD, EpoR, and negative con-
trol siRNAs (Thermo Scientific Dharmacon) were transfected
into C2C12 cells. For differentiated cells, C2C12 cells were
transfected with siRNA in growth medium and after 24 h the
cultures were changed to differentiation medium and cultured
for an additional required time prior to harvesting. Each exper-
iment was carried out at least in triplicate. The quantitative
real-time PCR assay was carried out using gene-specific prim-
ers (available upon request) and fluorescently labeled TaqMan
probes or SYBR Green dye (Invitrogen) in a 7900 Sequence
Detector (PE Applied Biosystems, Foster City, CA). Plasmid
containing the cDNA of interest was used as template to gen-
erate a standard curve. S16 was used as an internal control.
BrdU Cell Proliferation Analysis—BrdU absorbance for cell

proliferation was performed according to the manufacture’s
instructions provided for the BrdU cell proliferation assay kit
(Cell Signaling Technology).
Immunofluorescence Staining—C2C12 myoblasts were cul-

tured in cell culture chamber slides (NUNC international) and
transfected with siRNA or treated with EPO. After washing
with PBS and treating with 4% paraformaldehyde for 10 min.
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Slideswerewashedwith PBS for 3 times, treatedwith 5%Triton
X-100 for 5–10 min, and blocked with 3% BSA for 30 min. Cell
culture slides were incubated with primary antibody for MHC
overnight at 4 °C. After staining with fluorescence-conjugated
secondary antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), slides were mounted using vector DAPI mounting
medium (Vector Laboratories Inc., Burlingame, CA). Samples
were examined, captured, and quantified under an Inverted
Axio Observer.Z1 confocal microscope equipped with a Zeiss
LSM 5 Live DuoScan laser scanning system (Carl Zeiss Micro-
Imaging). The fusion index of myotubes was measured accord-
ing to the Ref. 33.
NAD�/NADH Assay—NAD� and NAD�/NADH levels

were determined according to the manufacture’s instructions
provided for the NAD�/NADH assay (BIOVISION).
Chromatin Immunoprecipitation (ChIP) Assay—ChIP analy-

sis was carried out as described (34). In brief, cells were lysed,
nuclei were isolated and cross-linked with 1% formaldehyde,
lysed in lysis buffer (1% SDS, 10mMEDTA, 50mMTris, pH 8.1),
and cross-linked chromatin DNAwas sheared by sonication on
ice to an average length around 500 bp. The sonicated superna-
tant was diluted 10-fold in ChIP dilution buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1,
and 167mMNaCl). Pre-cleared chromatin using proteinG-aga-
rose (Upstate) was incubated with specific antibody or IgG as
the control at 4 °C overnight. Immunoprecipitations were
recovered by incubation with protein G-agarose (Upstate) at
4 °C for 2 h, followed by low-speed centrifugation. The washed
pellets were reverse cross-linked. DNAwas extracted with phe-
nol-chloroform/isoamyl alcohol (25:24:1), precipitated with
ethanol, and used for quantitative PCR analysis. The primer
sequences for ChIP assay are shown in the supplemental Table
S1.
Co-immunoprecipitation Assay—Cell nuclear extract pre-

pared in RIPA buffer (50 mMTris-HCl, pH 7.5, 100mMNaCl, 2
mM EDTA, 1% Nonidet P-40, 1 mM EGTA, protease inhibitor)
and 100mg of protein extract was pre-cleared with control IgG
(Santa Cruz) and protein A/G beads (Upstate). Pre-cleared
extract was then incubated with specific antibody or preim-
mune serum and protein A/G beads in 1.5 ml of immunopre-
cipitation buffer (0.5% Nonidet P-40, 10 mM Tris-HCl, 150 mM

NaCl, 2 mM EDTA, 10% glycerol, protease inhibitor) at 4 °C for
4–6 h. After a brief centrifugation, the pellet was washed in
immunoprecipitation buffer 4–5 times at 4 °C for 10 min, and
the immunoprecipitated protein complexes were analyzed by
Western blot analysis with specific antibodies.
Reporter Gene Analysis—A mouse myogenin promoter-Luc

reporter gene assay was performed as described (10). Briefly,
cells were harvested and luciferase activities were determined
by the Dual Luciferase Assay System (Promega, Madison, WI).
Antibodies—GATA-3, GATA-4, TAL1, Myf5, MyoD, myo-

genin, Sirt1, and EpoR antibodies (Santa Cruz), STAT-5 and
phosphorylated STAT-5 (Cell Signaling), and histone-3
acetylation, PGC-1� antibodies (Millipore) were obtained
commercially.
Statistical Analyses—Data are presented asmean� S.D. Sta-

tistical analyses were performed using analysis of variance.

RESULTS

EPO Induces GATA-4 and TAL1 Expression in Myoblasts—
EPO stimulates GATA transcription factor response in
erythroid, myoblast, and neural cells. To determine which of
the sixGATA-like familymembers respond to EPO stimulation
inmyoblasts, we examined expression of GATA-like transcrip-
tion factors in C2C12 myoblasts. GATA-1, GATA-2, and
GATA-5 were not detectable in C2C12 cells. We found
GATA-4 to be expressed at the highest level in myoblasts com-
pared with GATA-3, and GATA-6 appeared to be an order of
magnitude lower (supplemental Fig. S1A). The GATA-4 pro-
tein level was also found to decrease with myoblast differentia-
tion (Fig. 1A). EPO induction of GATA-4 protein was readily
detected in C2C12 cells cultured in growth media and also in
differentiated C2C12 cells that exhibit the decrease in GATA-4
to a low level with differentiation (supplemental Fig. S1B).
HMPC also respond to EPO stimulation with increased prolif-
eration (supplemental Fig. S1C) and induction of GATA-4
expression (Fig. 1B). EPO retardsHMPCdifferentiation as indi-
cated by reduced immunoreactivity to myosin heavy chain
(MHC) (supplemental Fig. S1C).
EPO stimulation of erythroid progenitor cells induces

expression of erythroid transcription factors including
GATA-1 and TAL1. Because TAL1 is known to be expressed in
both hematopoietic and nonhematopoietic tissue, we exam-
ined TAL1 expression in myoblasts. Surprisingly, TAL1 was
readily detected by Western blotting in C2C12 myoblast cells
compared with no expression in HeLa cells (Fig. 1C). The
expression level was comparable with murine erythroleukemia
MEL cells that can be induced to undergo further erythroid
differentiation. In addition, EPO induced TAL1 expression in
C2C12 cells (Fig. 1D).We also detected EPO induction of TAL1
and to a greater extent in HMPC, suggesting HMPC is more
sensitive to EPO than the C2C12 cell line (Fig. 1D), possibly
reflecting a stronger EPO response in primary cells. In contrast
to GATA-4, there is not a marked decrease in TAL1 protein
expression with differentiation compared with proliferating
myoblasts (Fig. 1, A and E). EPO response is determined by
EpoR expression. Unexpectedly, we observed that the EpoR
mRNA expression level in HMPC from skeletal muscle was
comparable with expression in primary human hematopoietic/
erythropoietic progenitor cells without EPO stimulation (Fig.
1F). The EpoR mRNA level in HMPC was further increased by
4-fold with EPO stimulation. In the C2C12 cell line, the EpoR
mRNA level was about 1⁄3 that of the erythroleukemia MEL cell
line and increased by about 3-fold with EPO stimulation at the
mRNA level (Fig. 1F). The increase in EpoR protein in C2C12
myoblasts is consistent with the increase in mRNA level (Fig.
1F).
GATA-4 and TAL1 Regulate Myoblast Proliferation, Expres-

sion of MRFs, and Myogenic Differentiation—We investigated
the activity of GATA-4 and TAL1 in myoblasts by overexpres-
sion and knockdown of the respective transcription factors
(supplemental Fig. S1, D and E). Transfection of a GATA-4
expression vector into C2C12 cells promoted myoblast prolif-
eration as shown in the increased BrdU absorbance (Fig. 2A)
and cell number (supplemental Fig. S1F). The increased prolif-
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eration obtained with EPO treatment was further enhanced
with increased GATA-4 expression, suggesting a synergistic
effect between EPO stimulation and overexpression of
GATA-4 (supplemental Fig. S1,F andG). Similarly, overexpres-
sion of TAL1 increased myoblast proliferation and the combi-
nation of EPO treatment and increased expression of TAL1
further increased proliferation compared with EPO treatment
alone as shown by increased BrdU incorporation (Fig. 2A) and
cell number (supplemental Fig. S1, F and G). Also, increased
EpoR expression was observed with the overexpression of
TAL1 and GATA-4 (supplemental Fig. S1H).
EPO stimulation increases Myf5 and MyoD. To examine a

possible regulation by GATA-4 and TAL1 on expression of
MRFs, we used siRNA to knockdownGATA-4 orTAL1 expres-
sion (supplemental Fig. S1,D and E).We observed a decrease in
Myf5 and MyoD in undifferentiated myoblasts (Fig. 2B) that
may be mediated via direct or indirect GATA-4 or TAL1 activ-
ity on gene expression of MRFs. In contrast, in differentiating
myoblasts, expression of myogenin, which is expressed only at
minimal levels in undifferentiated myoblasts, is significantly
increased by knockdown of GATA-4 or TAL1 (Fig. 2B). With
myoblast differentiation, the decrease expression in Myf5 to a
minimal or not detectable level and the level of MyoD are not
affected by knockdown of GATA-4 and TAL1 (Fig. 2B). There-
fore, knocking down GATA-4 or TAL1 in undifferentiated
myoblasts reduced expression of Myf5 and MyoD, factors
required for specification of the myoblast lineage and pro-
genitor status in growth medium, whereas in differentiating
myoblasts knocking down GATA-4 or TAL1 induces myo-
genin. These data demonstrate that GATA-4 and TAL1

affect myoblast proliferation/differentiation independent of
EPO stimulation.
MyoD andMyf5 have been reported to play a role in regulat-

ing myoblast proliferation (35, 36). We knocked down MyoD
and Myf5 to determine whether the effect of GATA-4 and
TAL1 on cell proliferation is due to the altered MRFs level.
Knocking downMyf5 andMyoD (supplemental Fig. S1I) signif-
icantly attenuated the effect of GATA-4 and TAL1 on cell pro-
liferation (Fig. 2A), suggesting thatGATA-4 andTAL1 increase
myoblast proliferation in part through changing MRF expres-
sion. These results indicate that GATA-4 and TAL1 are able to
alter the programmed expression of the MRF transcription
family members usually correlated with muscle myogenesis.
To investigate how myoblast differentiation to myotube for-

mation is affected byGATA-4 andTAL1, we performed immu-
nostaining ofMHC in differentiatingmyoblasts at 36 h. Knock-
ing down GATA-4 increases MHC expression and myotube
formation (Fig. 2C). Knocking downTAL1 also increasesMHC
expression and myotube formation (Fig. 2C). Although EPO
inhibitsmyoblast differentiation (Fig. 2C), both knocking down
of GATA-4 and TAL1 impaired the EPO effect on myogenic
differentiation (Fig. 2C, bottom panels). These observations are
consistent with the increased expression of myogenin in differ-
entiating myoblasts with knockdown of GATA-4 or TAL1 and
indicate that decreasing GATA-4 and TAL1 promotes myo-
genic differentiation and that both GATA-4 and TAL1 may
mediate EPO effect.
GATA-4 and TAL1 Stimulate STAT-5 Activation and Cell

Cycle Progression—We previously demonstrated STAT-5 acti-
vation with EPO stimulation in myoblasts (13). Here, we found

FIGURE 1. EPO induces GATA-4 and TAL1 in HMPC and C2C12 myoblasts. A, GATA-4 protein level was assessed using Western blotting and quantified in
C2C12 cells cultured in growth medium (GM) and differentiation medium (DM) for 3 and 7 days as indicated. �-Actin was used as a loading control. B, GATA-4
protein expression was induced by EPO stimulation in primary HMPC and C2C12 myoblasts. C, TAL1 protein in C2C12 cells, compared with MEL cells was
assessed by Western blotting using �-actin as loading control. D, EPO induction of TAL1 in HMPC and C2C12 cells was determined by Western blotting
normalized to �-actin and quantified. E, TAL1 protein level was assessed using Western blotting with myoblasts differentiation and quantified. F, EPO induction
of EpoR mRNA and comparison between HMPC and primary human hematopoietic/erythroid progenitor cells (HEPC) are shown. EPO induction of EpoR mRNA
and protein levels in C2C12 myoblasts and comparison between C2C12 cells and MEL cells are also shown. For quantification, the mean values from 3
experiments are shown. Error bars represent S.D.; * indicates p � 0.05; **, p � 0.01.
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that in addition to increased proliferation of myoblasts with
overexpression of GATA-4, STAT-5 phosphorylation is also
increased in the absence of EPO treatment (Fig. 3A). Similarly,
overexpression of TAL1 in undifferentiated myoblasts
increases proliferation and STAT-5 phosphorylation (Fig. 3A).
These data provide further evidence thatmyoblast induction of
GATA-4 and TAL1 mediates in part the EPO response.
Cell cycle transition has been reported to be involved inmyo-

blast proliferation (37). To determine whether cell cycle transi-
tion was involved in EPO response as well as the effect of
GATA-4 and TAL1 on myoblast proliferation, we examined
expression of the cell cycle G1/S transition factor, Cyclin D1.
During myogenic differentiation, proliferation decreases and

Cyclin D1 expression is reduced (supplemental Fig. S1J), and
myoblasts fuse to formmyotubes. We observed that myoblasts
stimulated with EPO or subjected to forced expression of
GATA-4 andTAL1 exhibit amodest increase in CyclinD1 (Fig.
3B). The increase in Cyclin D1 is further enhanced by the com-
bination of EPO plus overexpression of GATA-4 or EPO plus
overexpression of TAL1 (Fig. 3B), analogous to the increase in
proliferation with the combination of EPO plus overexpression
of GATA-4 or TAL1 (supplemental Fig. S1, F and G). Using
ChIP analysis, we also observed thatGATA-4 andTAL1bind to
the Cyclin D1 promoter region (Fig. 3C), and with differentia-
tion, the binding decreased, suggesting thatGATA-4 andTAL1
regulate Cyclin D1 expression directly to modify cell cycle pro-

FIGURE 2. GATA-4 and TAL1 increase myoblast proliferation, change MRF expression patterns in C2C12 myoblasts, and delay myogenic differentia-
tion. A, cell proliferation was determined by BrdU cell uptake in C2C12 myoblasts with Myf5 and MyoD knockdown and TAL1, GATA-4 overexpression. B,
changes in Myf5, MyoD, and myogenin protein in control (Ctrl) and knockdown (KD) of GATA-4 and TAL1 in C2C12 cells cultured in growth medium (GM) and
differentiation medium (DM) for 48 h was determined by Western blotting. C, MHC staining, quantification, and fusion index measurement in control (Ctrl),
TAL1, and GATA-4 knockdown (KD) without or with EPO treatment in C2C12 myoblasts cultured in differentiated medium for 36 h. For quantification, the mean
values from 3 experiments are shown. Error bars represent S.D.; * indicates p � 0.05 and ** indicates p � 0.01.
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gression in the myoblasts and with differentiation, GATA-4
and TAL1 decrease binding at the Cyclin D1 promoter con-
comitant myoblast release from the cell cycle to differentiate.
FACS analysis of cell cycle distribution in proliferation media
revealed that GATA-4 and TAL1 overexpression modestly
facilitate cell cycle progression, especially G1/S cell cycle pro-
gression via reduction of the G0/G1 cell percentage by 7–11%
and increase of G1/S cell percentage by 4–8% (Fig. 3D). These
significant but modest effects of GATA-4 and TAL1 on cell
cycle progression suggest that other activities in addition to cell
cycle transition contribute to the EPO response to regulate
myogenic differentiation.
Sirt1 Contributes to EPO Activity—We previously showed

that EPO decreases myogenin in C2C12 myoblasts to delay
myogenic differentiation (13). Sirt1 inhibits myogenin expres-
sion to retard myogenic differentiation. To investigate a possi-
ble relationship between EPO stimulation and Sirt1 activity in
myogenic differentiation, we examined the effect of EPO on
Sirt1 expression. We found that EPO treatment in C2C12 cells
up-regulated the Sirt1 protein level (Fig. 4A) whereas knock-
down of GATA-4 or TAL1 in C2C12 cells did not significantly
affect the Sirt1 level (Fig. 4A), indicating that EPO induction of
Sirt1 is independent of EPO stimulation of and upstream of
GATA-4 or TAL1 expression.
Sirt1 is an NAD�-dependent histone deacetylase that can

sense an elevated NAD�/NADH ratio to deacetylate its targets
(8). We found that EPO stimulation increases the cellular
NAD�/NADH ratio significantly (p � 0.01) at 5 units/ml (Fig.
4B). This change was also reflected in the cellular NAD� level.
The NAD�/NADH ratio decreases as muscle cells differentiate
(38), it is also possible that EPO signaling negatively regulates
myogenic differentiation through regulating cellular NAD�/
NADH redox status. To assess Sirt1 activity, we monitored the

acetylation status of PGC-1�, a factor reported to be deacty-
lated uniquely by Sirt1 (39). We overexpressed PGC-1� in
C2C12myoblasts to increase the PGC-1� protein level (supple-
mental Fig. S2A) to increase our ability to detect changes in
PGC-1� acetylation. Knocking down Sirt1 (Fig. 4A) increased
the extent of PGC-1� acetylation (Fig. 4C). Conversely, EPO
treatment decreased PGC-1� acetylation. However, knocking
down Sirt1 abolished the decrease in PGC-1� acetylation by
EPO (Fig. 4C), suggesting that EPO action on PGC-1� is
through increasing Sirt1 activity in myoblasts. We also deter-
mined another Sirt1 target, P53 acetylation, and Sirt1 knock-

FIGURE 3. GATA-4 and TAL1 retard myogenic differentiation, increase EPO signal, and facilitate cell cycle transition. A, STAT5 phosphorylation (p-STAT5)
level relative to total STAT5 (T-STAT5) was determined in C2C12 cells with GATA-4 and TAL1 overexpression as indicated using Western blotting. B, Cyclin D1
protein level in C2C12 myoblasts was determined by Western blotting (relative to Control) and quantified, with overexpression of TAL1 (T1), without and with
EPO treatment (5 units/ml), with overexpression of GATA-4 (G4), without and with EPO treatment, and with EPO treatment at 5 (E5) and 10 units/ml (E10). Cyclin
D1 quantification was normalized to �-actin and indicated as fold-change relative to control culture. C, ChIP was used to analyze the GATA-4 and TAL1 binding
at the Cyclin D1 promoter region during C2C12 differentiation. D, cell cycle was determined by flow cytometry for C2C12 cells, cells with overexpression of
GATA-4 and cells with overexpression of TAL1 as indicated. The percentage of cells in G0/G1, S, and G2/M were quantified, and are representative of 3
independent experiments. The mean values from 3 experiments are shown. Error bars represent S.D.; * indicates p � 0.05.

FIGURE 4. EPO increases the NAD�/NADH ratio and Sirt1 activity. A, Sirt1
protein level in C2C12 myoblasts was determined by Western blotting in
C2C12 control cells (Ctrl), or with EPO stimulation (5units/ml), Sirt1 knock-
down (KD), TAL1 knockdown, and GATA-4 knockdown. B, NAD�/NADH
ratio, NAD�, and NADH levels were determined in C2C12 myoblasts.
C2C12 myoblasts were treated with different dosages of EPO (1 and 5
units/ml) or PBS (Ctrl) as indicated. C, Western blots and quantification of
acetylated PGC-1� (PGC-1�-ac) in C2C12 myoblasts. PGC-1� was overex-
pressed in C2C12 myoblasts with EPO treatment (5 units/ml) or PBS treat-
ment with or without Sirt1 knockdown. PGC-1� was immunoprecipitated
and blotted with acetylated lysine antibody. T-PGC-1� indicates total PGC-
1�. All data are averages of three independent experiments. *, p � 0.05;
**, p � 0.01.
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down impaired the EPO effect on decreased P53 acetylation
(supplemental Fig. S2B).
Sirt1 Activity Is Involved in EPO Effect of Retarded Myogenic

Differentiation—EPO inhibition ofmyogenin expression is also
reflected in changes in histone 3 acetylation (H3AC) in the
myogenin promoter that includes aMyoDE-box binding region
for activation of myogenin expression. Chromatin regions per-
missive for gene expression are associated with enriched
H3AC. In differentiating C2C12, EPO-treated (48 h) cells sig-
nificantly decreased H3AC associated with the myogenin pro-
moter (Fig. 5A). Conversely, knocking down Sirt1 reversed the
decrease by EPO in H3AC associated with the myogenin pro-
moter (Fig. 5A). It has been proposed that Sirt1 can associate
with and deacetylate both PCAF and MyoD and together they
form a complex to inhibit muscle gene expression by histone
hypoacetylation (10). We determined that Sirt1 bound to the
myogenin promoter preferentially compared with the coding
region, and that Sirt1 binding to the myogenin promoter was
significantly increased with EPO treatment (Fig. 5B). Further-
more, we speculate that EPO can increase Sirt1 expression and,
importantly, induce Sirt1 deacetylation enzymatic activity to
deacetylate MyoD, which also represses MyoD transcriptional
activity of myogenin in differentiated myoblasts. Indeed, we
found that MyoD acetylation was decreased with EPO treat-
ment (Fig. 5C). Conversely, knocking down Sirt1 increased
MyoD acetylation and impaired the EPO effect in decreasing of
MyoD acetylation (Fig. 5C), suggesting that Sirt1 is involved in
EPO response and impairment of myogenic differentiation.
Sirt1 knockdown also decreased Myf5 and MyoD in undiffer-

entiated myoblasts but not in differentiating myoblasts (Fig.
5D). In contrast, expression of myogenin, which is expressed
only at minimal levels in undifferentiated myoblasts, is signifi-
cantly increased by knockdown of Sirt1 (Fig. 5D).
EPO inhibition of myogenic differentiation is further illus-

trated by the decrease in MHC staining with EPO treatment in
differentiating C2C12 cells for 36 h, whereas knocking down
Sirt1 promotes differentiation indicated by increased MHC
staining (Fig. 5E). However, knocking down Sirt1 impaired but
not completely abolished the EPO effect on decreasing myo-
genic differentiation, providing further evidence that EPOmay
impair myogenic differentiation partially through Sirt1
although we cannot exclude the possibility that knocking down
Sirt1 is not complete. Taken together, these data suggest that
Sirt1 is involved in EPO activity in myoblasts through an ele-
vated NAD� level and NAD�/NADH ratio to negatively regu-
late myogenic differentiation.
Relationship of Sirt1, GATA-4, and TAL1 in Myogenic

Differentiation—To determine how Sirt1 takes part in EPO sig-
naling in myogenic differentiation, we first performed BrdU
analysis and observed that knocking down Sirt1 decreased
C2C12 proliferation as did knockdown of GATA-4 and TAL1
(supplemental Fig. S2C). Also knocking down of Sirt1,
GATA-4, and TAL1 all attenuated the EPO effect on C2C12
myoblasts (supplemental Fig. S2C). We then detected the
expression ofGATA factors andTAL1 inC2C12myoblast after
Sirt1 was knocked down. Knocking down Sirt1 decreased
GATA-4 and TAL1 expression (Fig. 6A). Furthermore,
GATA-4 knockdown also decreased TAL1 expression but

FIGURE 5. EPO retards myogenic differentiation via Sirt1. A, ChIP was used to analyze the myogenin promoter histone 3 acetylation modification in
differentiated C2C12 cells with EPO treatment, and EPO treatment combined with Sirt1 knockdown (KD). B, ChIP was used to analyze the Sirt1 binding at the
myogenin promoter region in C2C12 cells with or without EPO treatment (5 units/ml). C, Western blot and quantification of acetylated MyoD(Ac-Lys) in C2C12
myoblasts with EPO treatment (5 units/ml) or PBS treatment with or without Sirt1 knockdown. MyoD was immunoprecipitated and blotted with acetylated
lysine antibody. D, Myf5, MyoD, and myogenin expression in control (Ctrl) and knocking down of Sirt1 in C2C12 cells cultured in growth medium (GM) and
differentiation medium (DM) for 48 h were determined by Western blotting. E, MHC staining and quantification in control (Ctrl) and Sirt1 knockdown in C2C12
myoblasts with or without EPO treatment. All data are averages of three independent experiments. *, p � 0.05; **, p � 0.01.
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TAL1 knockdown had no effect on GATA-4 expression (Fig.
6A), indicating that GATA-4 exerts its role upstream of TAL1,
and that Sirt1 functions upstream of both GATA-4 and TAL1.
Of note, GATA-3 levels were not affected by knocking down
Sirt1 (supplemental Fig. S2D). However, we observed an
increased Cyclin D1 expression in C2C12 myoblasts and
decreased myogenin expression in C2C12 cultured in differen-
tiation medium (supplemental Fig. S2E), suggesting that
GATA-3may affectmyogenic differentiation through cell cycle
regulation but not Sirt1 activity. Also, the effect of EPO on
GATA-4 and TAL1 induction was attenuated but not com-
pletely abolished by Sirt1 knockdown, suggesting EPO regu-
lates GATA-4 and TAL1 expression in part through Sirt1 (Fig.
6B).
To determine whether Sirt1 directly regulates GATA-4 and

TAL1 expression, we performed ChIP analysis using anti-Sirt1
antibody. Sirt1 binds to the GATA-4 promoter but not the
TAL1 promoter (Fig. 6C). However, GATA-4 was observed to
bind to the TAL1 promoter (Fig. 6D). Taken together, these
data suggest that Sirt1 directly regulates GATA-4 expression

and GATA-4 regulates TAL1 expression by binding to the
TAL1 promoter. ChIP analysis also showed that GATA-4 (Fig.
6E) and TAL1 (Fig. 6F) both can bind to the EPO receptor
(EpoR) promoter region, andwith EPO stimulation, the binding
ofGATA-4 andTAL1 at theEpoR promoter was increased (Fig.
6, E and F). Hence, as observed in erythroid progenitor cells,
EPO regulates its own promoter in myoblasts and induction of
EpoR can increase EPO sensitivity, whereas down-regulation of
EpoR with terminal differentiation abrogates EPO response. It
is notable that GATA-4 binding at EpoR decreased with myo-
blast differentiation (Fig. 6E), but TAL1 binding at the EpoR
promoter did not decrease until the final differentiation at 7
days (Fig. 6F). Considering that TAL1 may also recruit some
repressors to negatively regulate target gene expression (40)
and that EpoR expression declined with myoblast differentia-
tion, it is possible that with myoblast differentiation TAL1may
recruit some co-repressors to inhibit EpoR expression.
Although knocking down Sirt1, GATA-4, or TAL1 all
decreased EpoR expression (Fig. 6G), Sirt1 did not show any
binding at the EpoR promoter region. Therefore, GATA-4 and

FIGURE 6. Sirt1 regulates GATA-4, TAL1, and EpoR, and GATA-4 regulates TAL1 and EpoR expression. A, GATA-4 and TAL1 protein levels in C2C12
myoblasts were determined by Western blotting in C2C12 control cells (Ctrl) without and with TAL1 knockdown (KD), GATA-4 knockdown, and Sirt1 knock-
down. B, C2C12 cells with Sirt1 knockdown and EPO treatment were differentiated for 24 h and GATA-4 and TAL1 protein level were determined by Western
blotting. C, ChIP was used to analyze the Sirt1 binding at the GATA-4 and TAL1 promoter regions in C2C12 myoblasts. D, ChIP was used to analyze the GATA-4
binding at TAL1 promoter region in C2C12 myoblasts. E and F, ChIP was used to analyze the binding status of GATA-4 (E) and TAL1 (F) at the EpoR promoter in
C2C12 cells cultured in growth media (GM) or differentiation media (DM) as indicated. The ChIP data are normalized to results from Input and then expressed
as fold-change relative to control without EPO. G, EpoR protein levels in C2C12 myoblasts were determined by Western blotting in C2C12 control cells or with
TAL1 knockdown, GATA-4 knockdown, or Sirt1 knockdown.
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TAL1 both may regulate EpoR expression that is required for
EPO response by directly binding to the EpoR promoter.
Although Sirt1 affects EpoR expression, it is likely that Sirt1
regulates EpoR via indirect mechanisms such as changing the
cellular environment or through regulatingGATA-4 andTAL1
factors.
Sirt1 Interacts with GATA-4 to Regulate Myogenin Expres-

sion, and TAL1 Represses MyoD Binding to the Myogenin
Promoter—We examined transcription factor binding to the
myogenin promoter to determine the extent that Sirt1,
GATA-4, and TAL1 regulate myoblast differentiation via
changing myogenin expression. ChIP analysis demonstrated

that TAL1 and GATA-4 bound directly to the myogenin pro-
moter region containing a MEF2 binding site and E-box site
(Fig. 7, A and B, and supplemental Fig. S2F). Knocking down
TAL1 and GATA-4 decreased binding of these two factors to
the myogenin promoter. Sirt1 has been shown to bind to the
myogenin promoter to repress myogenin expression (Fig. 7, A
and B). Consistently, the myogenin promoter activity was
reduced by overexpression of TAL1 and GATA-4, but elevated
by knocking down of TAL1, GATA-4, and Sirt1 (Fig. 7C), sug-
gesting an inhibitory effect of TAL1, GATA-4, and Sirt1 on the
myogenin promoter. To determine whether GATA-4 and
TAL1 facilitate Sirt1 binding to the myogenin promoter, we

FIGURE 7. GATA-4 interacts with and targets Sirt1 to the myogenin promoter and TAL1 inhibits MyoD binding to the myogenin promoter. A and B, ChIP
was used to analyze TAL1 (A) and GATA-4 (B) binding at the myogenin promoter in C2C12 cells and C2C12 cells with TAL1 knockdown (KD) and GATA-4
knockdown and differentiated myoblasts (48 h). C, relative myogenin promoter activity was determined using the luciferase reporter gene assay system in
C2C12 with overexpression of TAL1 and GATA-4 and knocking down of TAL1, GATA-4, and Sirt1. D, C2C12 myoblast were differentiated and ChIP was used to
analyze Sirt1 binding at the myogenin promoter in C2C12 cells and C2C12 cells with GATA-4 (�GATA-4) and TAL1 (�TAL1) overexpression. E, C2C12 cell nuclear
extract was immunoprecipitated with GATA-4- and TAL1-specific antibodies and analyzed by Western blotting for GATA-4, Sirt1, and TAL1. IgG was used for
nonspecific binding. F, Western blot of acetylated MyoD(Ac-Lys) in C2C12 myoblasts with GATA-4 knockdown. MyoD was immunoprecipitated and blotted
with acetylated lysine antibody. G, C2C12 cells with TAL1 overexpression (�TAL1), TAL1 knockdown, and GATA-4 knockdown were differentiated for 48 h and
ChIP was used to analyze MyoD binding at the myogenin promoter region. All ChIP data are normalized to results from Input and then expressed as fold-change
relative to control (Ctrl). H, C2C12 myoblasts were differentiated for 36 h and MHC staining and quantification were checked in control, and Sirt1 knockdown
without and with TAL1 (�TAL1) and GATA-4 (�GATA-4) overexpression. I, schematic diagram showing EPO activation of Sirt1 by increasing the cellular
NAD�/NADH ratio, induction of GATA-4 and TAL1 expression. The pathway converges on regulation of myogenin expression, and, ultimately, on myogenic
differentiation. A known pathway is that Sirt1 deacetylates MyoD and inhibits myogenin expression and myogenic differentiation (heavy lines). A predicted
pathway is that EPO increases Sirt1 activity, Sirt1 directly regulates GATA-4 expression, and GATA-4 targets Sirt1 to the myogenin promoter (thin lines). TAL1 can
be regulated by GATA-4 directly; however, TAL1 inhibits myogenic differentiation via repressing MyoD binding to the myogenin promoter (thin lines). EPO may
also regulate GATA-4 expression through a Sirt1 independent way (dashed line). The mean values from 3 experiments are shown. Error bars represent S.D.;
* indicates p � 0.05.
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overexpressed GATA-4 and TAL1 in the C2C12 myoblast and
found that only increased GATA-4 but not TAL1 increased
Sirt1 binding at the myogenin promoter region (Fig. 7D). Fur-
thermore, immunoprecipitation analysis suggested a direct
interaction between Sirt1 and GATA-4 but not between Sirt1
and TAL1 (Fig. 7E). Also an increased MyoD acetylation was
observedwithGATA-4 knocked down (Fig. 7F), supporting the
hypothesis that GATA-4 can target Sirt1 to themyogenin pro-
moter to repress myogenin expression.
Although TAL1 overexpression did not increase Sirt1 bind-

ing to themyogeninpromoter (Fig. 7D), we found that increased
TAL1 decreased MyoD binding to themyogenin promoter and
knocking down TAL1 enhanced the binding of MyoD to the
myogenin promoter (Fig. 7G), suggesting that TAL1 inhibits
myogenin expression possibly by blockingMyoDbinding to the
myogenin promoter and, therefore, inhibits MyoD transcrip-
tion activation of myogenin expression, which is required for
myogenic differentiation. Also, MyoD binding at themyoge-
nin promoter was increased when GATA-4 was knocked
down (Fig. 7G, right panel). Although it is possible that knock-
ing down GATA-4 reduced TAL1 expression resulting in
decreased inhibition of MyoD binding at the myogenin pro-
moter, we cannot exclude that GATA-4 may inhibit MyoD
binding directly. Finally, we found that increasedmyogenic dif-
ferentiation by Sirt1 knockdown was blocked by overexpres-
sion of GATA-4 and TAL1 (Fig. 7H), providing further evi-
dence that whereas Sirt1 can directly or indirectly increase
GATA-4 andTAL1 expression,GATA-4 andTAL1 can also act
downstream and independent of Sirt1 to blockmyoblast differ-
entiation. Taken together, our data suggest the following
hypothesis for EPO response during myogenic differentiation
(Fig. 7I): EPO signaling increases Sirt1 activity via the NAD�

pathway to increase MyoD deacetylation to inhibit myogenin
expression andmyogenic differentiation. Sirt1 activity also reg-
ulates GATA-4 expression and increased GATA-4 is able to
target more Sirt1 to the myogenin promoter to inhibit its
expression andmyogenic differentiation. AlthoughTAL1 is not
involved in targeting Sirt1 to themyogenin promoter, increased
GATA-4 by Sirt1 regulates TAL1 expression that is able to
inhibit MyoD binding to the myogenin promoter to decrease
myogenin expression and myogenic differentiation, providing
an additional possiblemechanismbywhichGATA-4 andTAL1
can inhibit myogenic differentiation independent of Sirt1.

DISCUSSION

Satellite cells or muscle progenitor cells are involved in the
growth and regeneration of skeletal muscle (41).We previously
demonstrated that EPO stimulates myoblast proliferation and
delays differentiation in culture and contributes to myoblast
survival in vivo (13, 16). EPO exerts its effect by binding to its
cell surface receptor, EpoR, and the extent of EpoR expression
determines EPO response. Here, we observed for the first time
that EpoR expression in primary humanmuscle precursor cells
is comparable with that on primary human hematopoietic/
erythroid progenitor cells, providing support for a potential
role of EPO signaling in primary myoblasts. We determined
that EPO promoted expression of GATA-4 and TAL1 in addi-
tion to Myf5 and MyoD in primary human muscle precursor

cells and in murine C2C12 myoblasts. Overexpression of
GATA-4 or TAL1 promotesmyoblast proliferation and knock-
ing downGATA4 or TAL1 increasedmyogenic differentiation.
EPO signaling was also found to be involved in Sirt1 activity
through increasing the NAD� level and NAD�/NADH ratio
and elevating Sirt1 expression to retard myogenic differentia-
tion, linking the EPO response to Sirt1 regulation of myoblast
differentiation and metabolism (42). Furthermore, GATA-4
was demonstrated to be involved in the Sirt1 effect onmyogenic
differentiation through interacting and targeting Sirt1 to the
promoter of themyogenin gene that is required for Sirt1 activity
to inhibit myogenic differentiation. Our data also indicates that
whereas Sirt1 is required for EPO induction of GATA-4 and
TAL1, both GATA-4 and TAL1 can inhibit myogenic differen-
tiation independently of Sirt1. For example, TAL1 plays an
inhibition role inmyogenic differentiation by repressingMyoD
binding to the myogenin promoter and GATA-4 can induce
TAL1.
In cardiomyocytesGATA-4 regulates cell cycle genes such as

Cyclin D2 and Cyclin A2 to affect proliferation and cell cycle
(43). TAL1 in myeloid precursor cells regulates cell prolifera-
tion and entry into and traversal through the cell cycle (44).
Here, we showed that either GATA-4 or TAL1 overexpression
stimulates proliferation of myoblasts and their induction by
EPO stimulation provides an explanation for the resultant pro-
liferative EPO response. We also demonstrated that decreased
MyoD and Myf5 impaired the effect of GATA-4 and TAL1 on
increased cell proliferation, suggesting that the changes in
MRFs expression contribute to the effect of GATA-4 andTAL1
on myoblast proliferation. This is consistent with the reported
role of Myf5 and MyoD in regulating myoblast proliferation
(35, 36). Also, whereas we showed that GATA-4 associates with
the myogenin promoter, further experiments are needed to
address if the GATA-4 and TAL1 effects on the otherMRFs are
direct or indirect. The increased proliferation by TAL1 and
GATA-4 could also result in part from regulation of the cell
cycle. Cyclin D1 is required for progression of the cell cycle
from theG1 to S phase (45). Skeletalmyoblasts from insulin-like
growth factor-1 expressing transgenic mice exhibit prolonged
proliferative reserves and increased Cyclin D1 with enhanced
G1 to S phase cell cycle progression and blocking insulin-like
growth factor-1 signaling caused a G1/S cell cycle arrest and
induced a senescent-like state (37). Similarly, we observed that
skeletal myoblasts overexpressing EpoR increase proliferation
(16), whereas myoblasts from mice with restricted EpoR
expression exhibit decreased proliferative capacity (17). Our
observations of increased Cyclin D1 by TAL1 and GATA-4
overexpression and direct binding of GATA-4 and TAL1 at
Cyclin D1 promoter suggest that TAL1 and GATA-4 may also
facilitate the G1 to S phase cell cycle progression via regulating
cell cycle molecules to affect skeletal muscle cell proliferation
and differentiation partially. However, the modest change of
Cyclin D1 and cell cycle progression raises the possibility that
the cell cyclemay not be the only EPO-regulated activity during
myogenic differentiation.
In mammals, Sirt1 has been reported to take part in different

metabolic processes. For example, Sirt1 can repress peroxi-
some proliferator-activated receptor-� expression and increase
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lipolytic rates in white fat tissue (46), and Sirt1 can deacetylate
PGC-1� and activate PGC-1� to promote mitochondrial fatty
acid oxidation and hepatic glucose output (39, 47). Sirt1 was
also found to interact with pCAF and GCN5 to prevent their
acetylation effect onMyoD,whichwas shown to inhibit skeletal
muscle differentiation (10, 48). First, we report that EPO can
influence Sirt1 activity through changing the cellular NAD�

level andNAD�/NADHratio and by elevating Sirt1 expression.
It is possible that EPO increases cell oxidative capacity to
increase NADH oxidation leading to an increased NAD level
and NAD�/NADH ratio. It is also likely that EPO increases
NAD production to increase the NAD�/NADH ratio. Interest-
ingly, the NAD�/NADH ratio decreases as muscle cells differ-
entiate (38), and EPO signaling may negatively regulate myo-
genic differentiation through regulating the cellular NAD�/
NADH redox status. Sirt1 can deacetylate MyoD to inhibit
MyoD transcription activation of myogenin, which is NAD�

dependent (10), raising the possibility that this process is also
involved in EPO action. Our data demonstrate that EPO treat-
ment can increase PGC-1� deacetylation, a marker of Sirt1
enzymatic activity, suggesting EPO impacts on the Sirt1 enzy-
matic deacetylation activity. Importantly, EPO treatment
increased MyoD deacetylation and this effect was decreased
when Sirt1 was knocked down, suggesting that EPO exerts its
function through Sirt1 to affect myogenic differentiation. Our
data further confirmed this view. EPO treatment increased
Sirt1 binding at the promoter of the MyoD target gene,myoge-
nin. EPO also decreased H3AC at the myogenin promoter,
whereas Sirt1 knockdown impaired the effect of EPO on myo-
genin promoter deacetylation. Finally, the decreased MHC
staining by EPO was reversed by Sirt1 knockdown, providing
further evidence that Sirt1 activity is involved the role of EPO in
retarding myogenic differentiation. Interestingly, although
TAL1 and GATA-4 can decrease myogenin expression, no
effect was found on Sirt1 expression with TAL1 or GATA-4
knockdown. However, Sirt1 knockdown decreased GATA-4
and TAL1 expression, suggesting an upstream function of Sirt1
on GATA-4 and TAL1. Furthermore, GATA-4 knockdown
decreases TAL1 expression, indicating that EPO can stimulate
Sirt1 activity to increase GATA-4 expression and that
increased GATA-4 can induce TAL1 expression, and collec-
tively these effects contribute to inhibition of myogenic
differentiation.
In Sirt1 deleted mouse embryonic stem cells, GATA-4 was

found to be regulated by Sirt1 and GATA-4 expression was
decreased (30, 49). Here we demonstrated that Sirt1 directly
binds to theGATA-4 promoter to regulate GATA-4 expression
in myoblasts. It is possible that Sirt1 deacetylates some inhibi-
tors of GATA-4 expression to active GATA-4 expression.
Although we did not find Sirt1 association with the TAL1 pro-
moter, Sirt1 knockdown decreased TAL1 expression. Also
GATA-4 directly binds to the TAL1 promoter and GATA-4
knockdown decreased TAL1 expression, suggesting that
GATA-4 specifically regulates TAL1 in skeletal myoblasts and
that Sirt1 may regulate TAL1 expression through GATA-4.
TAL1 regulation by GATA family members has been observed
in hematopoietic and other cell types. TAL1 is regulated by
GATA-1 and GATA-2 in hematopoietic lineages (50, 51) and

TAL1 expression is also GATA factor dependent in the central
nervous system (52). It is notable that GATA-4 and TAL1 were
both found to bind at the myogenin promoter, and that
GATA-4 interacts with Sirt1 and targets Sirt1 to themyogenin
promoter to inhibit the myogenic required myogenin gene
expression. On the other hand, overexpression of TAL1 nega-
tively regulates MyoD binding to themyogenin promoter, sug-
gesting that TAL1 is not directly involved in GATA-4 inhibi-
tion of myogenin, but rather inhibits MyoD activation of
myogenin by competing with MyoD for binding to the myoge-
nin promoter. As a member of the bHLH family, the E-box
binding activity of TAL1 is thought to be critical for either
repression or activation of target genes during normal and
malignant hematopoiesis (53, 54). The binding region of TAL1
on themyogenin promoter includes one E-box for MyoD bind-
ing that contributes tomyogenin promoter activation. Our data
indicate that TAL1 may share the same E-box sequence as
MyoD on themyogenin promoter as an overlapped binding site
to inhibitmyogenin promoter activity.
Although Sirt1, GATA-4, and TAL1 may regulate myogenic

differentiation via suppression of myogenin expression, Sirt1,
GATA-4, and TAL1 positively regulate EpoR expression.
GATA-4 and TAL1, but not Sirt1, bind directly to the EpoR
promoter and increase expression during myoblast prolifera-
tion. GATA-4 association with the EpoR promoter decreased,
concomitant with decrease in the level of GATA-4, whereas
TAL1 binding was found to persist during myoblast differenti-
ation. In erythroid cells, TAL1 acts as repressor and activator
through association with different co-repressors or co-activa-
tors during erythroid differentiation (55). Our data suggest that
TAL1 represses myogenin expression but activates EpoR
expression before myogenic differentiation. It is possible that
TAL1 associates with different cofactors to exert its dual func-
tion in myoblast.
Transcription factor response suggests that EPO increases

Sirt1 and downstream induction of GATA-4 and TAL1 and
alters expression of theMRF program to promote proliferation
and inhibit differentiation and myotube fusion. In addition,
EPO increases the NAD� level and NAD�/NADH ratio that
increases Sirt1 activity reflected in reduced PGC-1� acetylation
and reduced histone 3 acetylation associatedwith themyogenin
promoter during myoblast differentiation. Overexpression and
knockdown of GATA-4 or TAL1 showed that these transcrip-
tion factors can affect myoblast differentiation independent of
EPO and that overexpression of GATA-4 or TAL1 can over-
come the ability of Sirt1 knockdown to promote myoblast dif-
ferentiation. GATA-4, which was induced by Sirt1, interacted
with themyogenin promoter to increase Sirt1 binding, whereas
TAL1, which was induced by GATA-4, associated with the
myogenin promoter and inhibited MyoD binding and activa-
tion. GATA-4 and TAL1 activities were mediated in part by
MRF expression, but they also associated with the Cyclin D1
promoter and modified Cyclin D1 expression. Beyond MRF
expression, we found that Sirt1, GATA-4, and TAL1 increased
EpoR expression mediated via direct binding to the EpoR pro-
moter region by GATA-4 and TAL1. Conversely, knocking
down Sirt1, GATA-4, or TAL1 decreased EpoR expression and
decreased myoblast response to EPO. These data provide evi-
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dence for GATA-4 and TAL1 to affect myoblast differentiation
via cross-talk with and induction by Sirt1 and suggest a new
mechanism for EPO inhibition of myoblast differentiation.
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