
EGF Protects Cells Against Dox-Induced Growth Arrest
Through Activating Cyclin D1 Expression
Chun-Xia Yao,1 Jia-Chen Shi,1 Cai-Xia Ma,1 Cheng-Juan Xiong,1 Yang-Liu Song,1

Shu-Feng Zhang,2 Shan-Feng Zhang,1 Ming-Xi Zang,1* and Li-Xiang Xue3**
1Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Zhengzhou University,
Zhengzhou City, Henan 450001, China

2The People0s Hospital of Henan Province, Zhengzhou University, Zhengzhou, Henan 450001, China
3Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Peking University,
Beijing 100191, China

ABSTRACT
It has been reported that the antitumor drug doxorubicin (Dox) exerts its toxic effects via GATA-4 depletion and that over-expression of GATA-4
reverses Dox-induced toxicity and apoptosis; however, the precise mechanisms remain unclear. In this study, we observed, for the first time, that
EGF protects cells against Dox-mediated growth arrest, G2/M-phase arrest, and apoptosis. Additionally, EGF expression was down-regulated in
Dox-treated cells and up-regulated in GATA-4 over-expressing cells. Utilizing real-time PCR and western blotting analysis, we found that the
expression of the cell cycle-associated protein cyclin D1 was inhibited in GATA-4-silenced cells and Dox-treated cells and was enhanced in
GATA-4 over-expressing cells and EGF-treated cells. Furthermore, EGF treatment reversed the inhibited expression of cyclin D1 that was
mediated by GATA-4 RNAi or Dox. Our results indicate that EGF, as a downstream target of Dox, may be involved in Dox-induced toxicity as
well as in the protective role of GATA-4 against toxicity induced by Dox via regulating cyclin D1 expression, which elucidates a new molecular
mechanism of Dox toxicity with important clinical implications. J. Cell. Biochem. 116: 1755–1765, 2015. � 2015 Wiley Periodicals, Inc.
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Although doxorubicin (Dox) is one of the most effective and
widely used anticancer drugs, increased attention has been

paid to its serious toxicity on many tissues, such as heart, kidney, and
liver. Accumulated evidence has shown that Dox inhibits DNA
synthesis and generates oxygen-free radicals, which eventually
induce DNA damage, cell cycle arrest, and apoptosis [Mukhopadhyay
et al., 2009; Gogolin et al., 2013; Fan et al., 2014] andmay account for
its toxicity. However, how to reverse the toxic effects of Dox and
broaden its clinical use remains unknown. A previous study showed
that Dox exerts a cardiotoxic effect via GATA-4 depletion, resulting
in cardiomyocyte apoptosis. In addition, this study shows that Dox-
induced cardiotoxicity and cardiomyocyte apoptosis are reversed by
over-expressing GATA-4 [Aries et al., 2004], but the mechanism
remains unknown.

GATA-4, a zinc finger transcription factor, has been shown to be
involved in heart development and carcinogenesis through regulating
the expression of specific genes, such as Bcl2, which is involved
in apoptosis [Kobayashi et al., 2006; Kyronlahti et al., 2008]. Our
previous studies showed that GATA-4 regulates cyclin D1 expression,
which is involved in cell proliferation and the cell cycle; therefore,
GATA-4may exert its effects on cell growth [Yao et al., 2013]. Indeed,
our previous studies showed that GATA-4 induces cell proliferation,
promotes cell cycle progression, and inhibits cell apoptosis [Yao et al.,
2013], but it is unknown whether GATA-4 reverses Dox toxicity via
activating cyclin D1.

Cyclin D1 regulates cell cycle progression by associating with
CDK4 and CDK6 to phosphorylate retinoblastoma tumor-suppressor
protein (Rb) [Tamamori-Adachi et al., 2008]. Cyclin D1 expression is
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regulated by other proteins, such as the transcription factor KLF13
and the glycogen synthase kinase-3b (GSK-3b) as well as by GATA-4
[Nemer and Horb, 2007; Kerkela et al., 2008]. Most notably, cyclin D1
is induced by mitogens [Chen et al., 2012], but relatively little is
known about the roles of mitogens and cyclin D1 in the protective role
of GATA-4 against Dox-induced toxicity.

Epidermal growth factor (EGF) is a well-characterized mitogen that
plays roles in proliferation, morphogenesis, and apoptosis [Fraguas
et al., 2011; Fatimah et al., 2012; Feng et al., 2012]. Given that previous
studies found that EGF [Poch et al., 2001] andGATA-4 induce cyclin D1
expression, cyclin D1 is thought to be a common downstream target of
GATA-4 and EGF. On the other hand, when considering the protective
role of GATA-4 against Dox-induced toxicity, we asked whether EGF
exerts the same effects as GATA-4 and whether EGF accounts for the
preventive roles of GATA-4 against Dox-induced toxicity.

To address the aforementioned issues, we investigated the effects
of EGF on Dox-induced growth arrest, cell cycle arrest, and apoptosis.
Here, we demonstrate that EGF protects cells against growth arrest
and apoptosis mediated by Dox.Moreover, we show that EGF protects
cells against growth arrest and apoptosis mediated by Dox via
activating cyclin D1 expression. Utilizing real-time PCR analysis, we
found that the expression of EGF was upregulated in GATA-4
overexpressing cells and downregulated upon Dox treatment. Our
results indicate that EGF treatment may be involved in the protective
role of GATA-4 against Dox-induced toxicity.

MATERIALS AND METHODS

ANTIBODIES AND PLASMIDS
The following antibodies were used: anti-GATA-4 (ab134057, Abcam,
Cambridge,MA), anti-cyclinD1 (sc-753, Santa Cruz Biotechnology, Inc.
Dallas, TX), and anti-a-tubulin (sc-32293, Santa Cruz). The RNAi
GATA-4 constructs were designed according to the pSilencer neoTM

InstructionManual (Ambion, Foster, CA), as described previously [Zang
et al., 2004]; the siRNA negative control was not homologous to any
known mammalian gene. All constructs were confirmed by DNA
sequencing. The sequences of the primers are listed in Table I.

CELL CULTURE AND TRANSFECTION
C2C12, human embryonic kidney 293 cells and A549 human lung
adenocarcinoma epithelial cells were grown in Dulbecco0s modified
Eagle0s medium (DMEM, GIBCO, Thermo Fisher Scientific Inc.,

Waltham, MA) supplemented with 10% fetal bovine serum (FBS), and
P19CL6 cells were grown in Minimum Essential Medium Alpha
Medium (a-MEM, GIBCO) supplemented with 10% FBS. The empty
pcDNA3.1(þ) (G418-resistant), pcDNA3-GATA-4, or RNAi GATA-4
expression vectors were transfected into C2C12 and P19CL6 cells
using Lipofectamine (Invitrogen, Carlsbad, CA) to select cells stably
expressing GATA-4 or knocked down for GATA-4. After 24 h of
transfection, the cells were treated with 400mg/ml G418 (Amersham
Pharmacia Biotech Co., Ltd., Shinjuku-ku, Tokyo, Japan), and G418-
resistant colonies were selected after 2 weeks.

Transfections were carried out 24 h after plating cells using
Lipofectamine 2000 reagent (Invitrogen) according to the man-
ufacturer0s instructions. Briefly, the 1,000-bp human cyclin D1
promoter reporter construct was transiently transfected into C2C12
cells, P19CL6 cells, GATA-4-silenced cells, and cells stably expressing
GATA-4. The cells were serum-starved for 12 h at 16 h posttransfec-
tion and then treated with EGF (500 or 20 ng/ml) for 24 h and/or
300 nM Dox for 12 h. Next, the cells were harvested, and luciferase
activity was measured. The amount of the reporter was maintained at
1mg per well of a 12-well plate, and the amount of DNA was kept
constant by co-transfecting the empty expression vector.

REAL-TIME PCR
RNAwas extracted from C2C12 cells, P19CL6 cells, GATA-4-silenced
cells, GATA-4-expressing cells, or cells treated with EGF and/or Dox
using the TRIzol method (Invitrogen). First-strand cDNA was used as
the template in real-time PCR reactions, as described previously [Yao
et al., 2013]. Comparative quantification and the 2(-delta delta C(T)
method were used to quantify the mRNA, and the mRNA levels were
normalized to those of ribosomal protein S16. The sequences of the
primers are listed in Table I.

WESTERN BLOT ANALYSIS
Western blotting was performed using cell lysates from C2C12 cells,
P19CL6 cells, GATA-4-silenced cells, or GATA-4-expressing cells;
and the controls included pcDNA 3.1 empty vector- or siRNA
negative-expressing cells or cells treated with EGF and/or Dox
according to standard protocols, as previously described [Yao et al.,
2012]. Briefly, proteins from the differently treated P19CL6 cells and
C2C12 cells were separated by SDS–PAGE and subjected to
immunoblotting using antibodies specific for GATA-4, cyclin D1,
or a-tubulin. The bands were visualized using a standard ECL
protocol (Pierce, Rockford, IL).

TABLE I. Primer Sequences

Forward primer Reverse primer

q-PCR EGF (NM_010113) TCGGAAGCAGCTATCAAACC TATGTGGGGCTTCTGTCTCC
GATA-4(NM_144730) CAGCAGCAGTGAAGAGATGC ATGTCCCCATGACTGTCAGC
Cyclin D1 (NM_007631.2) ATGAGAACAAGCAGACCATCCGCA GCTTGACTCCAGAAGGGCTTCAAT
40S ribosomal protein S16 TCTGGGCAAGGAGAGATTTG CCGCCAAACTTCTTGGATTC

Cloning RNAi GATA-4 GATCCG TCTCGATATGTTTGATGAC TTCAAGAGA
GTCATCAAACATATCGAGATT TTTTGGAAA

AGCTTTTCCAAAA AATCTCGATATGTTTGATGAC
TCTCTTGAA GTCATCAAACATATCGAGA CG

Transfection siRNA negative control GATCC ACAACATAGGGTGACTAGA TTCAAGAGA
TCTAGTCACCCTATGTTGTTT TTTTGGAAA

AGCTTTTCCAAAA AAACAACATAGGGTGACTAGA
TCTCTTGAA TCTAGTCACCCTATGTTGT G
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CELL PROLIFERATION ASSAY
Murine C2C12 skeletal myoblasts are muscle precursor cells, and
P19CL6 cells can efficiently differentiate into cardiomyocytes;
therefore, these two cell lines were used to analyze Dox-induced
cardiotoxicity. C2C12 cells, P19CL6 cells, GATA-4-silenced cells, or
cells stably expressing GATA-4, and the controls included pcDNA 3.1
empty vector- or siRNA negative-expressing cells were seeded at
60,000 cells per well in a 24-well plate, 24 h later, the cells were
serum-starved and then treated with EGF (500 or 20 ng/ml) for 24 h in
the presence or absence of the anti-tumor drug Dox (300 nM, 12 h).
Next, cell counting using Trypan blue staining was performed to
determine the growth rate of the cells. All experiments were plated in
sextuplicate and performed three times.

For MTT assays, 293 and A549 cells were seeded at 10,000 cells per
well in a 96-well plate. Twenty-four hours later, the cells were serum-
starved and then treatedwith EGF (500ng/ml) for 24h in the presence or
absence of the anti-tumor drugDox. Next, anMTT assaywas performed
to determine the growth rate of these cells using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT, Sigma-AldrichCorporate,
Louis, MO), as previously described [Xiong et al., 2013]. All experiments
were plated in sextuplicate and were performed three times.

FLOW CYTOMETRIC ANALYSIS
P19CL6, 293, and A549 cells were seeded at 5� 105 cells per well in a
6-well plate. Twenty-four hours later, cells were serum-starved and
were then treated with EGF (20 ng/ml) for 24 h in the presence or
absence of the anti-tumor drug Dox (5mM or 300 nM, 12 h). The cells
were then harvested, fixed with 70% ice-cold ethanol, and stained
with propidium iodide (PI, Sigma) solution [Xiong et al., 2013]. The
experiments were performed three times in duplicate.

ANNEXIN V-FITC/PI APOPTOSIS ASSAY
Apoptosis was quantified using an annexin V-FITC/PI apoptosis
detection kit (Nanjing KeyGen Biotech. Co. Ltd, Nanjing, Jiangsu,
China) according to the manufacturer0s recommendations. In brief,
P19CL6, 293, and A549 cells were seeded at 5� 105 cells per well in a 6-
well plate. Twenty-four hours later, the cells were serum-starved and
then treated with EGF (20ng/ml) for 24h in the presence or absence of
the anti-tumor drug Dox (5mM, 12h). Next, the cells were harvested
and stained with annexin V-FITC and PI, and the percentage of
apoptotic cells was determined by flow cytometric analysis using a BD
FACScanflow cytometer (Becton Dickinson Immunocytometry System,
San Jose, CA). The experiments were performed three times in duplicate.

STATISTICS
The data are reported as the means� SEMs. Analysis of variance
(ANOVA) was used to compare differences between the differently
treated cells. In all cases, differences were considered to be
statistically significant when P< 0.05.

RESULTS

DOX INHIBITS THE EXPRESSION OF EGF, WHEREAS GATA-4
INDUCES EGF EXPRESSION
To determine the roles of EGF in the protective role of GATA-4 against
Dox-induced toxicity, we constructed C2C12 cell lines expressing

GATA-4 or knocked down for GATA-4 (RNAi GATA-4) and analyzed
the mRNA level of EGF (Fig. 1A, left). Interestingly, the EGF mRNA
level was up-regulated 1.7-fold in GATA-4-over-expressing C2C12
cells and was reduced by 43% in RNAi GATA-4 cells (Fig. 1A, left).
Moreover, upon treatment of C2C12 cells with Dox, the EGF mRNA
level was reduced by 46% (Fig. 1A, left). These data suggest that Dox
inhibits, whereas GATA-4 induces, EGF expression.

On the other hand, the GATA-4 mRNA level was increased up to
2.0-fold in C2C12 cells treated with EGF and was reduced by 64% and
36% in Dox-treated cells and GATA-4-silenced cells, respectively
(Fig. 1A, right). Moreover, in Dox-treated cells and GATA-4-silenced
cells, the reduced expression of GATA-4 was rescued by EGF
treatment (Fig. 1A, right). Together, given that GATA-4 induces EGF
expression, thesefindings suggest that EGF treatment induces GATA-
4 expression; therefore, there may be a regulatory loop between
GATA-4 and EGF in C2C12 cells.

To further determine whether the above-described results could be
reproduced, we performed the same experiments as in Figure 1B and C
in P19CL6 cells. Consistent with the observations in C2C12 cells,
GATA-4 induced EGF expression, while both GATA-4 RNAi and Dox
treatment inhibited EGF expression. Moreover, both 500 and 20 ng/
ml EGF treatments showed protective effects on the inhibition of
GATA-4 expression mediated by GATA-4 RNAi and Dox (Fig. 1B and
C). These results further showed that the regulatory loop between
GATA-4 and EGF is not specific for C2C12 cells but also exists in
P19CL6 cells.

EGF PROTECTS CELLS AGAINST DOX-MEDIATED GROWTH ARREST
A previous study showed that the antitumor drug Dox exerts a
cardiotoxic effect via depleting GATA-4, resulting in cardiomyocyte
apoptosis. In addition, this study showed that Dox-induced
cardiotoxicity and cardiomyocyte apoptosis were reversed by over-
expressing GATA-4 [Aries et al., 2004], suggesting that GATA-4 is
essential for cell survival and growth. The fact that EGF expression
was downregulated in concert with the inhibition of GATA-4
expression (Fig. 1A–C) suggests that lower EGF levels may account
for Dox-induced cell death. To test this hypothesis, C2C12 cells were
stably transfected with a GATA-4 or GATA-4 RNAi expression vector
and treated with Dox and/or EGF. Next, cell viability was evaluated
by cell counting using Trypan blue staining. As shown in Figure 2A
and as expected, C2C12 cells stably expressing GATA-4 and treated
with EGF demonstrated a 38% and 47% increase in cell number,
respectively, whereas C2C12 cells knocked down for GATA-4 or
treated with Dox showed 34% and 47% reductions in cell number,
respectively (Fig. 2A). Moreover, EGF not only promoted cell growth
but also reversed GATA-4 RNAi- and Dox-mediated growth arrest,
implying that EGF exerts protective effects on Dox- or GATA-4
RNAi-mediated growth arrest.

On the other hand, the aforementioned results indicate that EGF
upregulation is responsible for the observed GATA-4-induced
increase in cell growth. Indeed, the mRNA levels of EGF were up-
regulated in C2C12 cells over-expressing GATA-4 and down-
regulated in C2C12 cells knocked down for GATA-4 (Fig. 1A, left).
Furthermore, EGF mRNA levels were reduced in concert with the
down-regulation of the GATA-4 mRNA level upon Dox treatment
(Fig. 1), suggesting that the down-regulation of the EGF mRNA level
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Fig. 1. EGF mRNA level was down-regulated in Dox-treated cells and up-regulated in stably expressing GATA-4 cells. (A) Real-time PCR analysis of the EGF (left) and GATA-4
(right) mRNA levels in C2C12 cells treated with 500 ng/ml EGF in the presence or absence of the anti-tumor drug Dox (300 nM) or stably transfected with pCDNA3.1 (þ) empty
vector (EV), the GATA-4 expression vector (G4), the GATA-4 knockdown vector (Ri G4), and Si RNA negative control vector (Ri ctr). ctr: control. (B) Real-time PCR analysis of the
EGF (left) and GATA-4 (right) mRNA levels in P19CL6 cells treated as described in Figure 1A. (C) The EGF (left) and GATA-4 (right) mRNA levels were analyzed in P19CL6 cells
treated with 20 ng/ml EGF in the presence or absence of the anti-tumor drug Dox (300 nM) or stably transfected with pCDNA3.1 (þ) EV, the GATA-4 expression vector (G4), the
GATA-4 knockdown vector (Ri G4), and Si RNA negative control vector (Ri ctr). ctr: control. The results are the means� SEMs. “�” indicates P< 0.05 vs. control, and “��” indicates
P< 0.01 vs. control.
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may account for Dox-mediated growth arrest. Taken together, these
data strongly suggest that GATA-4 and Dox accelerates and inhibits
cell proliferation through, respectively, activating and inhibiting EGF
expression.

To further determine whether the above-described results are
specific for C2C12 cells, we performed the same experiments in
P19CL6 cells. As shown in Figure 2B and C and consistent with the
observations of C2C12 cells, GATA-4 and both 500 and 20 ng/ml EGF
treatments induced cell growth, whereas knocking down GATA-4
or treating cells with Dox inhibited cell growth (Fig. 2B and C).
Moreover, EGF not only promoted cell growth but also reversed
GATA-4 RNAi- and Dox-mediated growth arrest, further indicating

that EGF exerts protective effects on Dox- or GATA-4 RNAi-mediated
growth arrest.

To determine whether the anti-proliferative effect of Dox is due to
cell cycle arrest, we performed FACS analysis of untreated, Dox-
treated and/or EGF-treated P19CL6 cells (Fig. 2C, upper right). In
comparison to control cells, the G0/G1 population of the cells treated
with Dox decreased by 94% in P19CL6 cells, whereas the G2/M
population increased by 3.4-fold (Fig. 2C, upper right). These data
suggest that Dox treatment leads to G2/M-phase arrest in P19CL6
cells. On the contrary, in comparison to control cells, EGF treatment
resulted in a 19% decrease in the G0/G1 population and to a 15%
increase in the G2/M population (Fig. 2C, upper right). Furthermore,

Fig. 2. EGF protects cells against growth arrest mediated by Dox and GATA-4 RNAi. (A and B) The effect of EGF on cell proliferation. C2C12 (A) and P19CL6 (B) cells were stably
transfected with the empty vector (EV) or the GATA-4 (G4) or GATA-4 RNAi expression vectors (Ri G4) or Si RNA negative control vector (Ri ctr) and then seeded in 24-well plates
and serum-starved after 24 h of growth. Next, the cells were treated with 500 ng/ml EGF for 24 h in the presence or absence of the anti-tumor drug Dox (300 nM, 12 h), and then
cell counting using Trypan blue staining was performed to determine the growth rate of the cells. ctr: control. The data shown are the means� SEMs of three independent
experiments. “�” indicates P< 0.05 vs. control, and “��” indicates P< 0.01 vs. control. (C) Cell viability was determined in P19CL6 cells treated as described in Figure 2A, except that
the dosage of EGF was 20 ng/ml, by cell counting using Trypan blue staining (left). P19CL6 cells were treated with 20 ng/ml EGF in the presence or absence of the anti-tumor drug
Dox (300 nM) and subjected to FACS analysis (upper right) or annexin V-FITC/propidium iodide (PI) double staining to quantify the percentage of apoptotic cells (lower right). The
data shown are the means� SEMs of three independent experiments. “�” indicates P< 0.05 vs. control, and “��” indicates P< 0.01 vs. control (RiG4: GATA-4 knockdown).
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EGF protected cells against Dox-induced G2/M-phase arrest by
decreasing the G2/Mpopulation and increasing the G0/G1 population
(Fig. 2C, upper right), indicating that EGF promotes cell cycle
progression.

To determine whether the anti-proliferative effect of Dox resulted
from apoptosis, we examined the effect of Dox on apoptosis in
P19CL6 cells using FACS analysis with annexin V-FITC/PI double
staining. As shown in Figure 2C, Dox treatment resulted in a 4.4-fold
increase in the percentage of apoptotic P19CL6 cells (Fig. 2C, lower
right), suggesting that Dox induces apoptosis in P19CL6 cells.
Furthermore, the percentage of apoptotic P19CL6 cells decreased to
1.3-fold in Dox-treated cells in the presence of 20 ng/ml EGF (Fig. 2C,
lower right), suggesting that EGF protects cells against Dox-induced
apoptosis.

Taken together, these results showed that Dox caused G2/M-phase
arrest, induced cell apoptosis, and inhibited cell growth when
compared to control cells, whereas EGF exerted a protective effect on
Dox-induced growth arrest, cell cycle arrest, and apoptosis.

THE PROTECTIVE ROLES OF EGF ARE CELL-SPECIFIC
To further determine whether the above-described results could be
reproduced in this system, we performed MTT analysis of 293 and
A549 cells. As shown in Figure 3A, 293 cells treated with EGF
demonstrated a 37% increase in cell number, whereas 293 cells
treated with 5mM Dox showed a 55% reduction in cell number.
Moreover, EGF promoted cell growth and reversed Dox-mediated
growth arrest, implying that EGF exerts protective effects on Dox-
mediated growth arrest. However, although EGF promoted A549 cell
growth, it could not reverse Dox-mediated growth arrest (Fig. 3A,
right), suggesting that the protective roles of EGF are cell-specific.

Additional apoptosis and cell cycle assays further addressed the
above-mentioned results. As shown in Figure 3B and C, EGF exerted a
protective effect on Dox-induced apoptosis and cell cycle arrest in
293 cells, but not in A549 cells, which further indicated that the
protective roles of EGF are cell-specific.

EGF PROTECTS CELLS AGAINST GROWTH ARREST MEDIATED BY
DOX AND GATA-4 RNAi VIA ACTIVATING CYCLIN D1 EXPRESSION
Members of the D-type cyclin family, particularly cyclin D1, have
important roles in regulating cell proliferation [Tamamori-Adachi
et al., 2008; Nakajima et al., 2011]. In an attempt to determine the
mechanism of GATA-4- and EGF-mediated cell growth, we employed
transient transfection assays using the human cyclin D1 promoter in
C2C12 cells to characterize the transcriptional activity of cyclin D1.
The promoter activities of cyclin D1 are shown in Figure 4A. When
C2C12 cells were transfected with GATA-4 or treated with EGF, we
observed enhanced cyclin D1 promoter activity (Fig. 4A). In contrast,
an siRNA stable knockdown of GATA-4 or Dox treatment in C2C12
cells inhibited the promoter activity of cyclin D1 (Fig. 4A). Moreover,
this inhibition could be reversed by the addition of EGF, suggesting
that cyclin D1 is a common target of GATA-4 and EGF. Consistent
with these findings, we also observed increased expression of cyclin
D1 mRNA and protein in C2C12 cells transfected with GATA-4 or
treated with 500 ng/ml EGF as well as decreased mRNA and protein
expression levels in C2C12 cells transfected with GATA-4 RNAi
or treated with Dox (Fig. 4B and C). Additionally, EGF showed a

protective effect on GATA-4 RNAi- and Dox-mediated inhibition of
cyclin D1 expression (Fig. 4B and C). These results further confirmed
that cyclin D1 is a common target of GATA-4 and EGF and may be
involved in GATA-4- and EGF-mediated cell growth.

Consistent with the observations in C2C12 cells, we observed
enhanced cyclin D1 promoter activity in P19CL6 cells transfected
with GATA-4 or treated with 500 ng/ml EGF as well as inhibited
cyclin D1 promoter activity in P19CL6 cells knocked down for GATA-
4 or treated with Dox (Fig. 5A). Moreover, this inhibition could be
reversed by the addition of 500 ng/ml EGF, suggesting that cyclin D1
is a common target of GATA-4 and EGF. Consistent with these
findings, GATA-4 and EGF treatments induced cyclin D1 expression,
whereas GATA-4 RNAi treatment and Dox treatment inhibited cyclin
D1 expression, in P19CL6 cells. Moreover, EGF treatment showed a
protective effect on GATA-4 RNAi- and Dox-mediated inhibition of
cyclin D1 expression (Fig. 5A). These results further confirmed that
cyclin D1 is a target of EGF in P19CL6 cells.

Given that the concentration of EGF (20 ng/ml) is within the range
of physiological EGF levels [Sigismund et al., 2005], to further
determinewhether the above-described results could be reproduced at
physiological concentrations of EGF, we repeated the experiments
presented in Figure 5A using a dose of 20 ng/ml of EGF. Interestingly,
as shown in Figure 5B, a similar result was obtained when 20 ng/ml of
EGF was used, while over-expression of the pcDNA3.1 empty vector
control or RNAi negative control did not result in a significant change
in the protein level of cyclin D1 (Fig. 5C).

Taken together, these results show that Dox treatment andGATA-4
RNAi knockdown inhibit cyclin D1 expression, whereas GATA-4
expression and EGF treatment induce cyclin D1 expression both in
C2C12 and P19CL6 cells. Moreover, EGF treatment reverses GATA-4
RNAi- and Dox-mediated inhibition of cyclin D1 expression.

DISCUSSION

Previous studies have shown that EGF is involved not only in
proliferation, morphogenesis, and apoptosis but also in cell invasion,
migration, and differentiation [Fraguas et al., 2011; Bogel et al., 2012;
Cheng et al., 2012; Fatimah et al., 2012; Feng et al., 2012]. Here,
we show that EGF protects cells against growth arrest mediated by
Dox via activating Cyclin D1 expression. In cells over-expressing
GATA-4 or treated with Dox, EGF expression was up-regulated and
down-regulated, respectively. Our results indicate that EGF treatment
may account for the protective role of GATA-4 against Dox-induced
toxicity, which has very import clinical implications in the treatment
of cancers using Dox.

Doxorubicin (Dox), an anthracycline antibiotic, has been widely
used to treat various cancers in humans, such as cancers of the breast,
liver, bladder, lung, and others. However, as one of the most effective
chemotherapeutic agents, Dox usually causes serious toxicity in
many tissues, especially in the heart, and can even lead to
complications, such as heart failure. Due to its severe cardiotoxicity,
the clinical use of Dox is limited; therefore, it is important to know
how to reverse its toxic effects and broaden its clinical use. Here, we
showed that EGF protects cells against growth arrest and apoptosis
mediated by Dox, which, when combined with EGF, may be a superior
strategy for the treatment of cancers.
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Three lines of evidence indicated that EGF protects cells against
growth arrest mediated by Dox. First, cell-counting experiments
indicated that Dox treatment resulted in reduced C2C12 and P19CL6
cell growth, whereas the addition of EGF reversed this inhibition.
Second, FACS analysis demonstrated that Dox treatment induces
G2/M arrest, whereas the addition of EGF reverses this trend. Third,
annexin V-FITC/PI double staining analysis showed that Dox induces

cell apoptosis, whereas the addition of EGF results in a decreased
percentage of apoptotic P19CL6 cells. Our findings determined that
EGF has a protective role in cell growth, cell cycle, and apoptosis,
which may help to reverse the toxic effects and broaden the clinical
use of Dox.

Previous studies have shown that GATA-4 is involved in
Dox-induced toxicity and apoptosis. These studies found that the

Fig. 3. The protective roles of EGF are cell-specific. (A) The effect of EGF on cell proliferation; 293 cells (left) and A549 cells (right) were seeded in 96-well plates and serum-
starved after 24 h of growth. Next, the cells were treated with 500 ng/ml EGF for 24 h in the presence or absence of the anti-tumor drug Dox. Finally, cell viability was determined
usingMTT assays, as described in the “Materials andMethods” section. The data shown are the means� SEMs of three independent experiments. “��” indicates P< 0.01 vs. control.
(B) 293 cells (left) and A549 cells (right) were treated with 500 ng/ml EGF in the presence or absence of the anti-tumor drug Dox (5mM) and subjected to annexin V-FITC/
propidium iodide (PI) double staining to quantify the percentage of apoptotic cells. The data shown are the means� SEMs of three independent experiments. “��” indicates
P< 0.01 vs. control. (C) 293 cells (left) and A549 cells (right) were treated with 500 ng/ml EGF in the presence or absence of the anti-tumor drug Dox (5mM) and subjected to FACS
analysis. The data shown are the means� SEMs of three independent experiments. “�” indicates P< 0.05 vs. control, and “��” indicates P< 0.01 vs. control.
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expression of GATA-4 is inhibited in cardiomyocytes treated with
Dox and that the over-expression of GATA-4 reverses Dox-induced
cardiotoxicity and cardiomyocyte apoptosis [Aries et al., 2004],
suggesting that GATA-4 may be involved in Dox-induced toxicity.
Here, we show that Dox treatment results in reduced EGF expression
and that the addition of EGF reverses Dox-induced growth arrest,
cell cycle arrest, and apoptosis, indicating that EGF is involved in
Dox-induced toxicity. To the best of our knowledge, we are the first

to describe the protective roles of EGF against anti-growth and
apoptosis induced by Dox, which is important for relieving the side
effects of Dox.

In addition to showing that EGF protects cells against Dox-induced
growth arrest and apoptosis, we have found that EGF is a down-
stream target of Dox. Previous studies demonstrated that EGF
expression is regulated by high glucose levels in pancreatic cancer
cells and by hypoxia in cardiomyocytes [Han et al., 2011; Munk et al.,

Fig. 4. EGF activates cyclin D1 expression. (A) Luciferase activity of reporter constructs harboring the 1,000-bp human cyclin D1 promoter sequence in C2C12 cells, which were
treated as described in Figure 1A. (B) RNA from C2C12 cells, treated as described in Figure 1A, were analyzed by real-time PCR to confirm the induction of cyclin D1 mRNA
expression by EGF. (C) Cyclin D1 protein expression in C2C12 cells, treated as described in Figure 1A. Densitometric analysis was performed to quantify the signal strength (right).
G4, GATA-4; RiG4, GATA-4 knockdown; ctr, control; EV, the empty vector; Ri ctr, Si RNA negative control vector. The results are the means� SEMs. “�” indicates P< 0.05 vs.
control, and “��” indicates P< 0.01 vs. control.
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Fig. 5. Induction of cyclin D1 expression by EGF. (A) Luciferase activity of reporter constructs harboring the 1,000-bp human cyclin D1 promoter sequence in P19CL6 cells, which
were treated as described in Figure 1A (upper). The cyclin D1 mRNA level (middle) and protein expression (lower) from P19CL6 cells treated as described in Figure 1A were analyzed
by real-time PCR and western blotting, and the levels of protein expression were quantified by densitometric analysis. (B) Cyclin D1 promoter activity (upper), cyclin D1 mRNA level
(middle), and protein expression (lower) were analyzed in P19CL6 cells treated as described in Figure 1A, except that the dosage of EGF was 20 ng/ml; the levels of protein
expression were quantified by densitometric analysis. (C) Cyclin D1 protein expression in P19CL6 cells (ctr) or P19CL6 cells transfected with pcDNA3.1 empty vector or RNAi
negative control (left), and densitometric analysis was performed to quantify the signal strength (right). G4, GATA-4; RiG4, GATA-4 knockdown; ctr, control; EV, the empty vector;
Ri ctr, Si RNA negative control vector. The results are the means� SEMs. “�” indicates P< 0.05 vs. control, and “��” indicates P< 0.01 vs. control.
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2012]. Our studies further broaden our knowledge about the
mechanisms by which EGF is regulated.

Our studies also describe the relationship between EGF and GATA-
4. We found that the EGF mRNA level is down- and up-regulated in
concert with the inhibition and enhancement of GATA-4 expression,
respectively. On the other hand, the GATA-4 mRNA level is up-
regulated upon EGF treatment. Taken together, these data strongly
suggest that GATA-4 regulates EGF expression and that EGF
regulates GATA-4 expression, indicating the presence of a regulatory
loop between GATA-4 and EGF.

Our previous studies demonstrated that cyclin D1 is a down-stream
target of GATA-4 [Yao et al., 2013]. Here, we found that the
expression of cyclin D1 is regulated by EGF. As revealed by transient
transfection, Q-PCR, and immunoblotting analysis, the expression of
cyclin D1 is up-regulated upon treatment with 500 and 20 ng/ml EGF.
In contrast, Dox treatment inhibited the expression of cyclin D1,
while GATA-4 over-expression resulted in enhanced expression of
cyclin D1. The fact that the expression of cyclin D1 is activated by
EGF may account for the roles of EGF in cell growth and apoptosis.

Lastly, we found that both GATA-4 and EGF treatment could
rescue the reduced expression of cyclin D1 mediated by Dox
and GATA-4 RNAi. Because EGF exerts its effects via a signal
transduction pathway [Brown et al., 2011], we speculate that both
GATA-4 and cyclin D1 may be the downstream effectors of the EGF
signaling pathway. It is also possible that Dox induces cell growth
arrest, cell cycle arrest, and apoptosis via the EGF signaling pathway.
Accordingly, further studies will be undertaken to investigate the
association between EGF signaling, Dox, GATA-4, and cyclin D1.

In conclusion, the effects of Dox on C2C12 and P19CL6 cell growth
and apoptosis are mediated through regulating EGF, GATA-4, and
cyclin D1 expression. These findings represent a novel mechanism for
the function of Dox in cell growth and apoptosis and have new
clinical implications for the design of Dox therapies.
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