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Hydrogen peroxide (H2O2) functions as a second messenger in growth factor receptor-mediated intracel-
lular signaling cascade and is tumorigenic by virtue of its ability to promote cell proliferation; however,
the mechanisms underlying the growth stimulatory action of H2O2 are less understood. Here we report an
important mechanism for antagonistic effects of H2O2 on growth inhibitory response to transforming
growth factor-b1 (TGF-b1). In Mv1Lu and HepG2 cells, pretreatment of H2O2 (0.05–0.2 mM) completely
blocked TGF-b1-mediated induction of p15INK4B expression and increase of its promoter activity. Interest-
ingly, H2O2 selectively suppressed the transcriptional activation potential of Smad3, not Smad2, in the
absence of effects on TGF-b1-induced phosphorylation of the COOH-tail SSXS motif of Smad3 and its
nuclear translocation. Mechanism studies showed that H2O2 increases the phosphorylation of Smad3
at the middle linker region in a concentration- and time-dependent manner and this effect is mediated
by activation of extracellular signal-activated kinase 1/2 through Akt. Furthermore, expression of a
mutant Smad3 in which linker phosphorylation sites were ablated significantly abrogated the inhibitory
effects of H2O2 on TGF-b1-induced increase of p15INK4B-Luc reporter activity and blockade of cell cycle
progression from G1 to S phase. These findings for the first time define H2O2 as a signaling molecule that
modulate Smad3 linker phosphorylation and its transcriptional activity, thus providing a potential mech-
anism whereby H2O2 antagonizes the cytostatic function of TGF-b1.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction seems to be crucial for prevention of early-stage carcinogenesis,
Transforming growth factor-b1 (TGF-b1) is a multifunctional
cytokine and its signaling controls a diverse set of cellular pro-
cesses, such as cell growth, apoptosis, differentiation, and cell
adhesion [1]. One of the most extensively studied TGF-b1-medited
cellular responses is growth inhibition. In normal epithelial cells,
TGF-b1 causes cell cycle arrest at G1 stage by up-regulating expres-
sion of potent negative regulators of the cell cycle, such as p15INK4B

and p21WAF1, [2,3] or by down-regulating expression of growth
promoting factors, such as c-Myc and Id1 [4,5]. Recent studies also
suggest that up-regulation of TGF-b signaling triggered by PTEN
loss serves as a growth barrier to constraint proliferation of cancer
cells [6,7]. The maintenance of cytostatic function of TGF-b1 thus
acting to maintain normal epithelial cell homeostasis.
TGF-b elicits its cellular responses by stimulating Smad pathway

through a heteromeric complex of type I (TbRI) and type II (TbRII)
transmembrane serine and threonine kinase receptors [8]. Smad3,
one component of Smad pathway, plays a central role in conveying
anti-proliferative TGF-b1 signal from receptors to the nucleus. In
epithelial cells stimulated with TGF-b1, Smad3 mediate transcrip-
tional activation of cyclin-dependent kinase (CDK) inhibitors as well
as transcriptional repression of the growth promoting gene c-myc
[2–4]. The mouse embryonic fibroblast (MEF) cells derived from
Smad3 knockout mouse show resistance to TGF-b1-induced growth
inhibition. The Smad3 contains two conserved polypeptide seg-
ments, the MH1 and MH2 domains, which are joined together by
a less conserved linker region [9]. A growing body of evidences sug-
gest that phosphorylation of not only the C-terminal SXSS motif but
also the linker regions of Smad3 appears to have an important role
in regulating its transcriptional activity under physiologic and
pathologic conditions [10,11]. Several Ser/Thr kinases, including
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Fig. 1. H2O2 inhibits the stimulatory effect of TGF-b1 on expression of cell cycle inhibitor, p15INK4B. (A) Eph4 cells were pretreated with H2O2 at indicated concentrations for
30 min, and then incubated with TGF-b1 (5 ng/ml) for 24 h. Expression of endogenous p15INK4B and b-actin were observed by immunoblot analysis. (B) HepG2 cells were
transiently transfected with p15INK4B-Luc reporter (p15-Luc). (C) HepG2 cells were co-transfected with p15-Luc and pCR3.1 or pCR3.1-catalase. After 24 h of transfection, cells
were preincubated with H2O2 at the indicated concentrations for 30 min before stimulation with TGF-b1 (5 ng/ml) for 24 h. Luciferase activities were normalized on the basis
of b-galactosidase expression to adjust for variation in transfection efficiency.
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extracellular signal-regulated kinase (ERK), cyclin-dependent ki-
nase (CDK), glycogen synthase kinase 3-b (GSK3b), and Ca2+-cal-
modulin-depedent kinase II (CaMKII), have been known to
modulate TGF-b signaling through Smad3 linker phosphorylation
[12–15], but the biological significance of linker phosphorylated
Smad3 pathway remains to be further addressed.

Reactive oxygen species (ROS) including superoxide (O2),
hydrogen peroxide (H2O2), and hydroxyl radical (HO) are con-
stantly produced in aerobic organism during intracellular metabo-
lism [16]. In normal physiological condition, cells maintain the
intracellular ROS levels within a non-toxic range by balancing
the ROS generation and scavenging systems [16]. Under patholog-
ical conditions, excessive ROS generate an array of oxidative le-
sions within cells [17,18]. However, recent studies also indicate
that increased ROS at low-to-moderate levels may function as
key signaling molecules that mediate various growth-related re-
sponses. For example, locally and transiently increased H2O2 is re-
quired for platelet-derived growth factor-induced cell proliferation
[19]. Increased H2O2 production in the context of oncogene activa-
tion promotes growth factor independent-proliferation of cancer
cells by increasing cyclin D expression [20]. Despite this associa-
tion of ROS with cell proliferation, however, the molecular mecha-
nisms underlying action of the growth promoting ROS has
remained largely unknown.

In the present study, we provide evidences that H2O2 serves as a
negative signaling molecule to inhibit transcriptional activation
potential of Smad3, and consequently override TGF-b1-dependent
growth inhibition for epithelial cells. In addition, our data for the
first time demonstrate that this antagonistic effect of H2O2 is med-
iated mainly via the phosphorylation of Smad3 linker region
through activation of Akt-ERK1/2 signaling pathway.
2. Materials and methods

2.1. Reagents

The recombinant TGF-b1 and XMD8-92, a specific inhibitor of
ERK5, were purchased from R&D systems (Minneapolis, MA). Spe-
cific inhibitors for MAPK kinase (U0126), p38 MAP kinase
(PD169316), JNK1/2 (SP600125), Akt (AktIV), c-Src (SU6656), PKC
(Calphostin C), and CaMKIV (KN-62) were obtained from Calbio-
chem (La Jolla, CA). H2O2 and N-acetylcysteine (NAC) were pur-
chased from Sigma–Aldrich (St. Louis, MO).

2.2. Cell culture

The HepG2 human hepatoblastoma cell lines and Mv1Lu mink
lung epithelial cell line were purchased from the American Type
Culture Collection (Rockville, MD). Cells were maintained in Dul-
becco’s modified Eagle’s medium (GIBCO, Grand Island, NY) or
minimum essential medium (Invitrogen, Carlsbad) supplemented
with 10% heat-inactivated fetal bovine serum (Invitrogen, Carls-
bad), 100 U/ml penicillin, and 100 lg/ml streptomycin at 37 �C un-
der a humidified 95.5% (v/v) mixture of air and CO2. MCF10A cells
were cultured in DMEM/F12 supplemented with 5% horse serum,
10 lg/ml insulin (Biofluids, Rockville, MD), 20 ng/ml EGF (Biofl-
uids, Rockville, MD), 0.5 lg/ml hydrocortisone and 100 ng/ml chol-
era toxin (both from Sigma, St. Louis, MO).

2.3. DNA transfection and luciferase assay

The expression plasmid for human catalase, pCMV-catalase,
was obtained from Dr. Jae-Hong Kim (Korea University, Korea).
The pCMV-Myc-Smad3 (EPSM) plasmid was gift from Dr. Fang
Liu (The State University of New Jersey, USA). Cells were seeded
on 24-well plates (1 � 105 cells per plate), and co-transfected with
0.5 lg of pGL3-p15 luciferase or pG5E1b luciferase reporter plas-
mid, together with expression plasmid with FuGENE 6 (Roche,
Mannheim) according to the manufacturer’s instructions. All the
plasmids were co-transfected with 0.2 lg of CMV-b-GAL, a eukary-
otic expression vector in which Escherichia coli b-galactosidase (Lac
Z) structural gene is under the transcriptional control of the CMV
promoter. Luciferase reporter activity was assessed on a lumino-
meter with a dual-luciferase Reporter Assay System (Promega,
Madison, WI) and the activity was normalized against the CMV-
b-GAL gene. Transfection experiments were performed in duplicate
with two independently isolated sets, and these results were
averaged.



Fig. 2. H2O2 inhibits the TGF-b1-induced Smad3-dependent SBE-Luc reporter activity. (A) Ep4 cells were preincubated with H2O2 (200 lM) for 30 min before stimulation
with TGF-b1 (5 ng/ml) for 30 min. Expression of endogenous phosphor-Smad3 (Ser423/425) and b-actin were observed by immunoblot analysis. (B) Mv1Lu cells were
preincubated with H2O2 (0, 100, and 200 lM) for 30 min before stimulation with TGF-b1 (5 ng/ml) for 60 min. Cells were fixed in 3.5% paraformaldehyde, permeabilized, and
immunostained for Smad3 (Alexa488; green). The nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; blue). The merger of Alexa488 and DAPI is shown in the
right panel. Original magnification, 40�. The images presented here are representative of multiple fields from three independent experiments. (C) HepG2 cells were
transiently co-transfected with G5E1b-Luc reporter and GAL4-DBD, GAL4-Smad2 or GAL4-Smad3. After 24 h of transfection, the cells were pre-treated with H2O2 (200 lM)
for 30 min before stimulation with TGF-b1 (5 ng/ml) for 24 h. (D) HepG2 cells were transiently transfected with SBE-Luc reporter. After 24 h of transfection, the cells were
pre-treated with the indicated concentrations of H2O2 for 30 min before stimulation with TGF-b1 (5 ng/ml) for 24 h. Luciferase activities were normalized on the basis of b-
galactosidase expression to adjust for variation in transfection efficiency. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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2.4. Lentiviral vector production and infection

The lentiviral vector carrying Smad3 (EPSM) was cloned from
pCMV-Myc-Smad3 (EPSM). The lentiviral vector pCAG was di-
gested with Mlu5 and Nhe3, and the two primers used are as fol-
lows: Forward, 50-GATCACGCGTGGATCCCATCGATTTAAAGCT-30

Reward, 50-GATCGCTAGCCCCTCTAGATGCATG-30. For the produc-
tion of lentivirus, 293T cells were co-transfected with pCAG-GFP
or pCAG-Smad3 (EPSM) together with pCMV-48.91 and pMDM-
G (Addgene, Cambridge, MA) by FuGENE6. The virus-containing
supernatant was collected 72 h after transfection, cleared by cen-
trifugation (2000 rpm/min, 10 min, and 4 �C), and then filtered
through a 0.45 lm filter (Millipore, Billerica, MA). Target cells
(1 � 105/well) were seeded in 6-well plate, and after incubation
at 37 �C for 24 h, the medium of each well was replaced with
1 ml of viral suspension supplemented with 8 mg/ml polybrene
(Sigma–Aldrich, St. Louis, MO). Then, the plates were centrifuged
at 1200 rpm for 30 min at room temperature, followed by 12 h
incubation in standard cell culture condition, and media were re-
placed with fresh DMEM. After 48 h of additional incubation, the
expression of Smad3 (EPSM) was confirmed by immunoblot anal-
ysis with anti-myc antibody.
2.5. Statistical analysis

Statistical analyses were performed using SigmaPlot 2001 (Sy-
stat Software, Inc., Richmond, CA). Statistical significance was
assessed by comparing the means values (±SD) using a Student’s
t-test for paired data.

Details of materials and methods used in this study are pro-
vided in Supplementary materials and methods. Western blot anal-
ysis, indirect immunofluorescence microscopy, and flow cytometry
analysis were performed using standard methods.
3. Results and discussion

3.1. H2O2 inhibits TGF-b1-induced p15INK4B expression and its
promoter activity

Previous studies indicated that H2O2 functions as a second mes-
senger to mediate intracellular signaling cascade leading to growth
factor-stimulated cell proliferation. Because growth factors such as
epidermal growth factor (EGF) and platelet-derived growth factor
(PDGF) are well known to antagonize cytostatic function of TGF-
b1, we examined whether H2O2 can functions as a negative signal-
ing molecule of the TGF-b1 pathway in regulation of the growth
inhibition of epithelial cells. Pretreatment of Mv1Lu mink lung epi-
thelial cells with H2O2 dose-dependently inhibited the expression
of cell cycle inhibitor p15INK4B induced by TGF-b1 (Fig. 1A). Con-
centrations of H2O2 as low as 50 lM were capable of inhibiting
p15INK4B expression. Consistently, reporter gene analysis also
showed that TGF-b1-induced p15INK4B promoter activity was
dose-dependently decreased by treatment with H2O2 (Fig. 1B).
The inhibitory effect of H2O2 in the anti-proliferative action of



Fig. 3. H2O2 represses Smad3 activity by inducing phosphorylation of its linker region through activation of Akt-ERK1/2 pathway. (A) MCF10A cells were stimulated with the
indicated concentrations of H2O2 for 30 min. (B) Mv1Lu cells were stimulated with H2O2 (200 lM) for the indicated times. The extent of Smad3 phosphorylation was analyzed
by Western blot with phosphospecific Smad3 antibodies against Thr179, Ser208, and Ser423/425. (C) Mv1Lu cells were pre-treated with NAC (20 mM) for 30 min, and then
stimulated with H2O2 (200 lM) for 30 min. Cells were fixed in 3.5% paraformaldehyde, permeabilized, and immunostained for phosphor-Smad3Thr179 (Alexa488; green). The
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; blue). The merger of Alexa488 and DAPI is shown in the lower panel. Original magnification, 40�. The images
presented here are representative of multiple fields from three independent experiments. (D) HepG2 cells were co-transfected with SBE-Luc reporter and pCDNA3 or
pCDNA3-Smad3 (EPSM). After 24 h of transfection, cells were preincubated with H2O2 at the indicated concentrations for 30 min before stimulation with TGF-b1 (5 ng/ml) for
24 h. Luciferase activities were normalized on the basis of b-galactosidase expression to adjust for variation in transfection efficiency. (E) MCF10A cells were pre-incubated
with U0126 (10 lM), SB203580 (5 lM), SP600125 (25 lM), XMD8-92 (5 lM), Akt IV (5 lM), SU6656 (10 lM), Calphostin C (Cal. C, 50 nM), and KN-62 (20 lM) for 30 min,
respectively, and then treated with H2O2 (200 lM) for 30 min. MCF10A cells were pre-incubated with the indicated concentrations of (F) NAC or (G) Akt IV, and then treated
with H2O2 (200 lM) for 30 min. Western blot analysis with phosphospecific Smad3 antibodies against Thr179 (E) or against Ser208 (E and G) or with phosphospecific antibody
to ERK1/2 (F and G) or Akt (F). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

J. Choi et al. / Biochemical and Biophysical Research Communications 435 (2013) 634–639 637
TGF-b1 was confirmed by co-transfection of cells with plasmid
encoding catalase, a H2O2 scavenging enzyme, which significantly
blocked H2O2-mediated inhibition of TGF-b1-induced p15INK4B

promoter activity (Fig. 1C). These results suggest that H2O2 acts
as a negative regulator of anti-proliferative function of TGF-b1.

3.2. Effects of H2O2 on TGF-b1-mediated Smad3 activation

In order to ascertain a mechanism underlying inhibition of TGF-
b1-mediated cell cycle arrest by H2O2, we investigated effects of
H2O2 on TGF-b1-mediated activation of Smad3, which is a central
mediator for conveying TGF-b growth inhibitory signal from recep-
tors to the nucleus. A key event in Smad3 activation by TGF-b1 is
its phosphorylation at carboxyl (C)-terminal SSXS motif, which
triggers accumulation of Smad3 into the nucleus. In Eph4 mouse
mammary epithelial cells pretreated with H2O2, a little difference
on its C-terminus phosphorylation was seen with TGF-b1 treat-
ment compared to H2O2-untreated cells (Fig. 2A). We also found
that TGF-b1 induces the nuclear translocation of Smad3 in H2O2-
pretreated cells without remarkable difference to that seen in the
control cells (Fig. 2B). To determine whether H2O2 can directly sup-
press transcriptional activities of R-Smads, Smad2 and Smad3, we
used a heterologous reporter assay in which GAL4 DNA-binding
domain was fused to the Smad2 or Smad3 protein. GAL4-Smad2
or GAL4-Smad3 construct was co-transfected with a luciferase re-
porter construct (G5E1b-Luc), which contained five GAL4-binding
sites upstream of the AdE1B TATA box. As shown in Fig. 2C, TGF-
b1 treatment did not affect transcription by the minimal DNA-
binding domain (GAL4-DBD) while it strongly induced transcrip-
tional activity of GAL4-Smad2 or GAL4-Smad3 fusion protein.
Interestingly, TGF-b1-mediated stimulation of transcriptional
activity of GAL4-Smad2 did not affected by H2O2 whereas H2O2

strongly suppressed the transcriptional activity of GAL4-Smad3
stimulated by TGF-b1 (Fig. 2C). The basal activity of GAL4-Smad3
was also significantly suppressed by H2O2. To further confirm the
inhibitory effect of H2O2 on TGF-b1-mediated Smad3-dependent
transcriptional activation, HepG2 cells were transiently transfected
with an artificial SBE4-Luc reporter construct, which comprises
four tandem repeats of Smad-binding elements and measures a
Smad3/4-specific response. The TGF-b1-mediated increase in
SBE4-Luc reporter activity was strongly abolished by H2O2 in a
dose-dependent manner (Fig. 2D). These results indicate that
H2O2 can directly suppress transcriptional activity of Smad3 with-
out affecting its canonical activation mode such as COOH-tail phos-
phorylation and nuclear transport.

3.3. H2O2 inhibits transcriptional activation potential of Smad3 by
inducing its linker phosphorylation through activation of Akt-ERK1/2
pathway

Since it has become increasingly clear that phosphorylation sta-
tus of Smad3 in the linker region connecting conserved two MH1
and MH2 domains has an important regulatory influence on its
transcriptional activity [9–11], we examined whether H2O2 affects



Fig. 4. The linker phosphorylated Smad3 mediates H2O2-induced suppression of TGF-b1-induced cell cycle arrest and p15-Luc reporter activity. (A) MCF10A cells were
infected with lentiviral particles carrying a Smad3 EPSM gene or a control vector, pCAG. After 36 h of infection, the cells were pre-incubated with H2O2 (200 lM) for 30 min,
and then treated with TGF-b1 (5 ng/ml) for 24 h. FACScan analysis show the percentages of cells at G1, S/G2, and M phases. (B) HepG2 cells were transiently co-transfected
with p15-Luc and pcDNA3 or pcDNA3-Smad3 (EPSM). After transfection, the cells were pre-incubated with indicated concentrations of H2O2 for 30 min before stimulation
with TGF-b1 (5 ng/ml) for 24 h. Luciferase activities were normalized on the basis of b-galactosidase expression to adjust for variation in transfection efficiency.
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Smad3 linker phosphorylation. Treatment of MCF10A cells with
various concentrations of H2O2 resulted in dose-dependent in-
creases in phosphorylation of Smad3 at Thr-179 and Ser-208
(Fig. 3A). Similar finding was seen for Mv1Lu cells treated with
H2O2 (100 lM) at various time periods (Fig. 3B). The Smad3 linker
phosphorylation reached a peak at 10 min and then declined to
baseline within 90 min. Immunofluorescence analysis also showed
that H2O2-induced linker-phosphorylated Smad3 at Thr-179 is
substantially localized to cell nuclei and this significant increase
of linker phosphorylated Smad3 in the nucleus was completely
abolished in Mv1Lu cells co-treated with H2O2 and N-acetyl-L-cys-
teine (NAC), a ROS scavenger (Fig. 3C), implying Smad3 linker re-
gion as a potential target of H2O2 to modulate Smad3
transcriptional activity. We thus determined whether phosphory-
lation of Smad3 in the linker region plays an important role in
the suppressive effect of H2O2 on the transcription activation po-
tential of Smad3 stimulated by TGF-b1. As shown in Fig. 3D, inhi-
bition of TGF-b1-stimulated SBE4-Luc reporter activity by H2O2

was substantially reduced by co-transfection with a Smad3 EPSM
(ERK-/Pro-directed kinase site mutant) plasmid which lacking four
phosphorylation sites in the linker region.

Because several intracellular kinases, including mitogen-acti-
vated protein kinases, cyclin-dependent kinase, GSK 3b and Ca2+/
calmodulin-dependent protein kinase II, have been implicated in
the induction of Smad3 linker phosphorylation [12–15], we next
investigated pathways responsible for H2O2-induced phosphoryla-
tion of Smad3 linker region. To do this, we employed specific inhib-
itors for each of pathways together with H2O2. The H2O2-mediated
increase in linker phosphorylated Smad3 level was strongly
blocked by pretreatment of either U0126, a specific inhibitor of
MEK1/2, or Akt IV, a specific inhibitor of Akt, whereas other inhib-
itors had no significant effect (Fig. 3E). Consistent with this result,
treatment with H2O2 resulted in an enhanced phosphorylation of
ERK1/2 and Akt and this effect was completely abolished by pre-
treatment with NAC (Fig. 3F). In addition, the Akt inhibitor Akt IV
perfectly blocked ERK1/2 phosphorylation induced by H2O2

(Fig. 3G), suggesting that Akt acts upstream of ERK1/2 kinase in
H2O2 signaling to Smad3 linker phosphorylation. These results
indicate that H2O2 directly suppressed Smad3 transcriptional
activity by inducing Smad3 linker phosphorylation through the
activation of Akt-ERK1/2 signaling cascade.

3.4. Linker phosphorylation of Smad3 is critical event for the H2O2-
mediated inhibition of anti-proliferative TGF-b1 signaling

To determine the effect of linker phosphorylated Smad3 on
inhibition of TGF-b1-induced cell cycle arrest by H2O2, we infected
MCF10A cells with lentiviral particles encoding Smad3 EPSM gene.
FACS analysis showed that overexpression of Smad3 EPSM resulted
in a significant rescue against disruption of TGF-b1-induced G1 cell
cycle arrest by H2O2 (Fig. 4A). In parallel, H2O2-mediated suppres-
sion of TGF-b1-induced p15INK4B promoter reporter activity was
also significantly attenuated by co-transfection with Smad3 EPSM
(Fig. 4B). These results indicate that the ablation of Smad3 linker
phosphorylation is responsible for the suppression of H2O2 effect
by the Smad3 EPSM.

The coordinated and properly balanced regulation between two
opposite growth inhibition and stimulation signaling pathways is
important for maintaining normal physiological conditions and
preventing tumor occurrence. Accumulating evidences indicate
that increased ROS at low-to-moderate levels function as impor-
tant signaling molecules that mediate cell proliferation response
[19,20]. In addition, elevated levels of ROS observed in cancer cells
are known to derive aberrant cell growth [21]. These various obser-
vations thus support the notion that maintenance of a high level of
intracellular ROS may serve as a major contributing factor in tip-
ping the balance of the growth regulation toward proliferation.
However, so far the interplay between ROS and growth inhibition
pathway has not been well established.

The transiently and locally generated H2O2 in response to
growth factors is generally considered as a second messenger to
activate receptor tyrosine kinase pathway via an oxidative
inhibition of protein tyrosine phosphatase [22]. Recent studies
show that cytostatic effects of TGF-b1 can be negatively modulated
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by activation of survival and proliferation signals, such as the Akt/
mTOR or the Ras/Erk pathway [23,24]. In addition, Ortiz et al. dem-
onstrate that deficiency of protein-tyrosine phosphatase 1B confers
resistance to anti-proliferative TGF-b1 response [25]. These obser-
vations raise a possibility that H2O2 can serve as a critical signaling
molecule in negative regulation of the cytostatic function of TGF-
b1. Our finding that H2O2 strongly blocks the stimulatory effect
of TGF-b1 on expression of cell cycle inhibitor, p15INK4B, supports
this speculation.

Smad3 plays a central role in conducting anti-proliferative TGF-
b1 signal into cells. A growing body of evidences indicates that
phosphorylation of Smad3 in the linker region appears to have
an important role in regulating its transcriptional activity [10,11],
although the biological significance of linker phosphorylated
Smad3 pathway remains to be further determined. Our mechanism
study clearly demonstrate that H2O2 represses TGF-b1-induced
transcriptional activation potential of Smad3, but not Smad2, with-
out affecting its COOH-tail phosphorylation and nuclear transloca-
tion, and this repression is accompanied with Akt-mediated ERK1/
2-dependent phosphorylation of Smad3 in the linker region. Fur-
thermore, we provide clear evidence that the ablation of Smad3
linker phosphorylation is responsible for the suppression of H2O2

effect on TGF-b1-induced cell cycle arrest. Consequently, Smad3
linker phosphorylaion through Akt-ERK1/2-linked pathway repre-
sents a straightforward mechanism by which H2O2 can negatively
regulate anti-proliferative function of TGF-b1. Thus, the data pre-
sented here for the first time define a potential role of H2O2 as
an intracellular signaling molecule to antagonize growth inhibitory
function of TGF-b1.

Acknowledgments

We thank Dr. Fang Liu (The State University of New Jersey, USA)
for providing phospho-Smad3 (Ser-208) and phospho-Smad3
(Thr-179) antibodies. This work was supported by a grant from
the National R&D Program for Cancer Control, Ministry for Health
and Welfare, Republic of Korea (1020420) and by the National
Research Foundation Grant of Korea (NRF) funded by the Ministry
of Science, ICT & Future Planning (2009-0081 756).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.05.035.

References

[1] G.C. Blobe, W.P. Schiemann, H.F. Lodish, Role of transforming growth factor
beta in human disease, N. Engl. J. Med. 342 (2000) 1350–1358.

[2] M.B. Datto, Y. Li, J.F. Panus, D.J. Howe, Y. Xiong, X.F. Wang, Transforming
growth factor b induces the cyclin-dependent kinase inhibitor p21 through a
p53-independent mechanism, Proc. Natl. Acad. Sci. USA 92 (1995) 5545–5549.
[3] G.J. Hannon, D. Beach, P15INK4B is a potential effector of TGF-b-induced cell
cycle arrest, Nature 371 (1994) 257–261.

[4] J.P. Frederick, D.S. Waddel, Y. Shi, X.F. Wang, Transforming growth factor-
mediated transcriptional repression of c-myc is dependent on direct binding of
Smad3 to a novel repressive Smad binding element, Mol. Cell. Biol. 24 (2004)
2546–2559.

[5] M.T. Ling, X. Wang, S.W. Tsao, Y.C. Wong, Down-regulation of Id1 expression is
associated with TGF beta1-induced growth arrest of prostate epithelial cells,
Biochim. Biophys. Acta 1570 (2002) 145–152.

[6] R. Lan, H. Geng, A.J. Polichnowski, P.K. Singha, P. Saikumar, D.G. McEwen, K.A.
Griffin, R. Koesters, J.M. Weinberg, A.K. Bidani, W. Kriz, M.A. Venkatachalam,
PTEN loss defines a TGF-b-induced tubule phenotype of failed differentiation
and JNK signaling during renal fibrosis, Am. J. Physiol. Renal Physiol. 302
(2012) F1210–F1223.

[7] Y. Bian, B. Hall, Z.J. Sun, A. Molinolo, W. Chen, J.S. Gutkind, C.V. Waes, A.B.
Kulkarni, Loss of TGF-b signaling and PTEN promotes head and neck squamous
cell carcinoma through cellular senescence evasion and cancer-related
inflammation, Oncogene 31 (2012) 3322–3332.

[8] R. Dernck, Y.E. Zhang, Smad-dependent and Smad-independent pathways in
TGF-beta family signaling, Nature 425 (2003) 465–471.

[9] J. Massagué, TGF-b signal transduction, Annu. Rev. Biochem. 67 (1998) 753–
791.

[10] J.L. Warana, Regulation of Smad activity, Cell 100 (2000) 189–192.
[11] K. Matsuzaki, Smad phosphoisoform signaling specificity: the right place at the

right time, Carcinogenesis 32 (2011) 1578–1588.
[12] T. Hayashida, M. Decaestecker, H.W. Schnaper, Cross-talk between ERK MAP

kinase and Smad signaling pathways enhances TGF-beta-dependent responses
in human mesangial cells, FASEB J. 17 (2003) 1576–1578.

[13] I. Matsuura, N.G. Denissova, G. Wang, D. He, J. Long, F. Liu, Cyclin-dependent
kinases regulate the antiproliferative function of Smads, Nature 430 (2004)
226–231.

[14] W. Abushahba, O.O. Olabisi, B.S. Jeong, R.K. Boregowda, Y. Wen, F. Liu, J.S.
Goydos, A. Lasfar, K.A. Cohen-Solal, Non-canonical Smads phosphorylation
induced by the glutamate release inhibitor, riluzole, through GSK3 activation
in melanoma, PLoS One 7 (2012) 47312e.

[15] S.J. Wicks, S. Lui, N. Abdel-Wahab, R.M. Mason, A. Chantry, Inactivation of
smad-transforming growth factor beta signaling by Ca(2+)-calmodulin-
dependent protein kinase II, Mol. Cell. Biol. 20 (2000) 8103–8111.

[16] T. Lu, T. Finkel, Free radicals and senescence, Exp. Cell Res. 314 (2008) 1918–
1922.

[17] S.R. Pieczenik, J. Neustadt, Mitochondrial dysfunction and molecular pathways
of disease, Exp. Mol. Pathol. 8 (2007) 84–92.

[18] G. Poli, G. Leonarduzzi, F. Biasi, E. Charpotto, Oxidative stress and cell
signaling, Curr. Med. Che. 11 (2004) 1163–1182.

[19] T. Adachi, H. Togashi, A. Suzuki, S. Kasai, J. Ito, K. Sugahara, S. Kawata, NAD(P)H
oxidase plays a crucial role in PDGF-induced proliferation of hepatic stellate
cells, Hepatology 41 (2005) 1272–1281.

[20] P. Ranjan, V. Anathy, P.M. Burch, K. Weirather, J.D. Lambeth, N.H. Heintz,
Redox-dependent expression of cyclin D1 and cell proliferation by Nox1 in
mouse lung epithelial cells, Antioxid. Redox Signal 8 (2006) 1447–1459.

[21] S. Hole, L. Pearn, A.J. Tonks, P.E. James, A.K. Burnett, R.L. Darley, A. Tonks, Ras-
induced reactive oxygen species promote growth factor-independent
proliferation in human CD34+ hematopoietic progenitor cells, Blood 115
(2010) 1238–1246.

[22] P. Chiarugi, PTPs versus PTKs: the redox side of the coin, Free Radical Res. 39
(2005) 353–364.

[23] K. Song, H. Wang, T.L. Krebs, D. Danielpour, Novel roles of Akt and mTOR in
suppressing TGF-beta/ALK5-mediated Smad3 activation, EMBO J. 25 (2006)
58–69.

[24] D. Saha, P.K. Datta, R.D. Beauchamp, Oncogenic ras represses transforming
growth factor-beta/Smad signaling by degrading tumor suppressor Smad4, J.
Biol. Chem. 276 (2001) 29531–29537.

[25] C. Ortiz, L. Caja, E. Bertran, A. Gonzalez-Rodriguez, A.M. Valverde, I. Fabregat, P.
Sancho, Protein-tyrosine phosphatase 1B (PTP1B) deficiency confers resistance
to transforming growth factor-b (TGF-b)-induced suppressor effects in
hepatocytes, J. Biol. Chem. 287 (2012) 15263–15274.

http://dx.doi.org/10.1016/j.bbrc.2013.05.035
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0005
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0005
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0010
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0010
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0010
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0015
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0015
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0020
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0020
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0020
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0020
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0025
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0025
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0025
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0030
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0030
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0030
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0030
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0030
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0035
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0035
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0035
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0035
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0040
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0040
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0045
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0045
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0050
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0055
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0055
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0060
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0060
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0060
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0065
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0065
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0065
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0070
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0070
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0070
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0070
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0075
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0075
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0075
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0080
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0080
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0085
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0085
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0090
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0090
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0095
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0095
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0095
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0100
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0100
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0100
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0105
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0105
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0105
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0105
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0110
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0110
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0115
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0115
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0115
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0120
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0120
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0120
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0125
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0125
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0125
http://refhub.elsevier.com/S0006-291X(13)00817-6/h0125

	Hydrogen peroxide inhibits transforming growth f
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Cell culture
	2.3 DNA transfection and luciferase assay
	2.4 Lentiviral vector production and infection
	2.5 Statistical analysis

	3 Results and discussion
	3.1 H2O2 inhibits TGF-β1-induced p15INK4B expres
	3.2 Effects of H2O2 on TGF-β1-mediated Smad3 act
	3.3 H2O2 inhibits transcriptional activation potential of Smad3 by inducing its linker phosphorylation through activation of Akt-ERK1/2 pathway
	3.4 Linker phosphorylation of Smad3 is critical 

	Acknowledgments
	Appendix A Supplementary data
	References


