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a b s t r a c t

Transforming growth factor-b (TGF-b) is a cytokine important in inducing epithelial–mesenchymal tran-
sition (EMT), a crucial morphological event in a wide range of physiological and pathological cellular pro-
cesses. In this study, we demonstrate that TGF-b1 induces the EMT phenotype through decreasing the
expression of the glutaredoxin 1 (Grx1) gene, an anti-oxidant enzyme, in H-Ras transformed EpH4 mam-
mary epithelial cells (EpRas), but not in the parental EpH4 cells. TGF-b1-induced reduction of Grx1
expression caused an increase of intracellular reactive oxygen species (ROS) in EpRas cells, and pre-treat-
ment of the ROS scavenger N-acetylcysteine (NAC) inhibited TGF-b1-induced EMT. Grx1-overexpressing
EpRas cells showed a reduction in intracellular ROS generation and suppressed the expression of mesen-
chymal markers upon treatment of TGF-b1. In addition, MEK/MAP kinase and phosphatidylinositol-3
kinase (PI3K) signaling were found to mediate the decrease in Grx1 expression upon TGF-b1 treatment,
depending on the presence of Ras protein. Thus our findings strongly suggest that TGF-b1 promotes EMT
by increasing intracellular ROS levels via down-regulation of the Grx1 gene in EpRas cells.

� 2009 Elsevier Inc. All rights reserved.
Introduction

TGF-b1 is a potent cytokine that regulates a wide range of
cellular functions, including tissue morphogenesis, differentiation,
and extracellular matrix remodeling [1,2]. Upon binding of TGF-b1
to its cognate receptors (type II and type I) with intrinsic
serine–threonine kinase activities, TGF-b1 performs its effects
mainly through the Smad-dependent canonical pathway [3,4].
Alternatively, TGF-b1 can activate a variety of other intracellular
signaling pathways independent of the Smad proteins [3].

Among the biological functions exerted by TGF-b1, much atten-
tion has been paid to a distinct role of TGF-b1 as an inducer of
epithelial–mesenchymal transition (EMT) in a number of tissues
[5]. EMT, an important morphological event where epithelial cells
convert to mesenchymal cells, has been recognized as a crucial
process during embryonic development and tissue organization
[6–8] and has been reported to be involved in cancer progression,
giving rise to metastatic carcinomas [6,9,10].
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Accumulating data indicate that TGF-b1-induced EMT in a variety
of cells is likely to be dependent on Smad-dependent or Smad-inde-
pendent signaling. For example, experiments using either Smad3
knock-out mice or overexpression of a TGF-b receptor type I mutant
defective in Smad activation demonstrated a requirement for Smad
signaling in mediating EMT [11–13]. Although the evidence impli-
cating Smad-independent pathways is less substantial than Smad-
dependent pathway, the Ras, RhoA, MAPK, PI3 kinase, Notch, and
Wnt signaling pathways have been implicated in TGF-b1-induced
EMT [5,14–19]. However, extensive cross-talks between Smad-
dependent and -independent pathways make it difficult to define
which pathway is predominant in TGF-b1-induced EMT.

Glutaredoxins (Grxs) are ubiquitous oxidoreductases belonging
to the thioredoxin (Trx) superfamily [20]. Grx proteins constitute
intracellular defense systems against oxidative stress, by mediat-
ing reversible electron transfer between reduced/oxidized gluta-
thione (GSH/GSSG) and target proteins [20–23]. Thus Grx
proteins are responsible for maintaining a constant cellular redox
state by detoxifying reactive oxygen species (ROSs) and regulating
redox-dependent signaling pathways [20,23,24]. In particular, the
Grx1 gene, encoding the cytosolic dithiol glutaredoxin, is known
to be induced by several cytokines including IL-4, IL-6, and IL-13
[25,26]. In contrast, Grx1 expression was reported to be decreased
by TGF-b1, although the molecular mechanism and biological
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meaning are yet unknown [25,27]. Based on various reports, Grx1
has been speculated to play a distinct role in inflammation, apop-
tosis, and tumor progression by inducing changes in the cellular re-
dox system [20,28].

Although there are a considerable number of independent reports
about TGF-b1, Grx1, and the EMT phenotype, little is known about the
distinct role of Grx1 during TGF-b1-induced EMT in tumorigenesis. In
this study, we demonstrate a novel mechanism underlying TGF-b1-
induced EMT of H-Ras transformed EpH4 mammary epithelial cells
(EpRas cells) via increasing intracellular ROS levels.

Materials and methods

Cell culture and establishment of stable cell lines expressing the
Grx1 gene. EpH4 and EpRas mouse mammary epithelial cells were
kindly provided by the Anita B. Roberts (National Cancer Institute,
USA). Cells were maintained in DMEM with 10% FBS (Gibco–BRL).
Production of the recombinant retrovirus encoding the Grx1 gene
and generation of the EpRas-Grx1 stable cell line was performed
as previously described [29]. EpRas cells stably expressing the
Grx1 gene with an HA epitope were initially screened for resistance
to puromycin, and verified through immunoblot analysis against
the hemagglutin (HA) epitope.

Plasmids. To construct a recombinant retroviral plasmid express-
ing the Grx1 gene, the open reading frame of Grx1 tagged with HA
epitope was amplified by specific primers (Forward primer, 50-GAAA
GATCTGCCGCCATGGATTATAAAGATGATGATGATAAATGAGCTCAAG
AGTTTGTGAACTGC-30; Reverse primer, 50-CCGGAATTCTTACTGCAG
AGCTCCAATCTG-30), and cloned into the pMSCV-puro retroviral vec-
tor (Clontech), resulting in pMSCV-Grx1. Human Grx1 promoter was
cloned into the pGL3-basic vector as previously described [30], gen-
erating pGL3-Grx1. PCR-generated sequences were verified by DNA
sequencing.

Reagents, antibodies, and immunoblot analysis. Recombinant TGF-
b1 was purchased from R&D systems. N-Acetylcysteine (NAC),
reduced glutathione (GSH), and buthionine sulfoximine (BSO) were
purchased from Sigma. The inhibitors LY294002, PD98059, and
SB203580, were obtained from Calbiochem. Antibodies against the
HA epitope, ZO-1, Vimentin, Grx1, Grx2, and a-smooth muscle actin
(a-SMA) were purchased from Santa Cruz Biotechnology. Antibodies
against E-cadherin and b-actin were obtained from BD Sciences and
Sigma, respectively. Immunoblot analysis was done essentially as
described [31].

Glutaredoxin assay. Cells were rinsed with ice-cold PBS and har-
vested in lysis buffer (150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Tri-
ton X-100, 2.5 mM sodium pyrophosphate, 5 mM NaF, 1 mM Na3VO4,
plus 1:1000 protein inhibitor cocktail (Sigma)) and clarified by centri-
fugation. Protein concentration was measured by the Bradford assay
(Bio-Rad). Grx enzymatic activity was determined with the standard
2-hydroxyethyl disulfide (HED) assay as previously described [32].

Statistical analysis. All data are shown as mean values ± SD and are
representative of the results of three or more independent experi-
ments. Statistical analysis was performed using the Student’s t-test
for paired data. Differences were considered significant at P < 0.05.

Details of materials and methods used in this study are pro-
vided in Supplementary materials and methods. Measurement of
intracellular ROS, immunofluorescence, RT-PCR, and quantitative
real-time PCR were performed using standard methods.

Results

TGF-b1-induced EMT in EpRas mammary epithelial cells is dependent
on the high intracellular ROS levels

Polarized H-Ras-transformed mammary epithelial cells (EpRas)
were previously established to analyze the role of Ras downstream
signaling in epithelial cell plasticity and tumorigenesis [14,33]. In
this system, it is known that TGF-b1 can induce the EMT phenotype
in EpRas cells, but not in the parental EpH4 cells. However, little is
known about the effect of ROS in EpRas cells during TGF-b1-induced
EMT. To address the distinct role of ROS in this cellular event, we ini-
tially examined intracellular ROS levels in EpRas and the parental
EpH4 cells. Flow cytometer analysis using the fluorophore 2,7-dic-
hlorohihydrofluorescein diacetate (H2DCFDA) showed that the
intracellular ROS levels were higher in EpRas cells than in EpH4 cells
(Fig. 1A). These results prompted us to hypothesize that TGF-b1-in-
duced EMT in EpRas cells may be dependent on intracellular ROS
levels. To confirm this possible role of ROS in EpRas cells, the expres-
sion of epithelial and mesenchymal markers were examined in the
presence or absence of the ROS scavenger N-acetylcysteine (NAC).
In the absence of NAC, TGF-b1 treatment caused decreased expres-
sion of the epithelial markers E-cadherin and ZO-1, and increased
expression of the mesenchymal markers a-SMA and Vimentin
(Fig. 1B). These results were consistent with typical EMT phenomena
in EpRas cells. However, the changes in expression of epithelial or
mesenchymal markers upon TGF-b1 treatment were inhibited upon
treatment of NAC. The changes in expression of these markers were
also confirmed by an immunofluorescence assay (Fig. 1C and Supple-
mentary Fig. 1).

TGF-b1 treatment causes a decrease in Grx1 expression in EpRas cells

In order to explore the molecular reason(s) behind the difference
of intracellular ROS levels in EpRas and EpH4 cells, we examined the
activity or expression of proteins involved in defense mechanisms
against ROS. The glutaredoxin 1 (Grx1) protein, an anti-oxidant en-
zyme, was found to have significantly decreased basal activity and
expression in EpRas cells, compared to EpH4 cells, in contrast to glut-
aredoxin 2 (Grx2), which did not show a difference (Fig. 2A, B and
Supplementary Fig. 2). The basal reduction of Grx1 protein levels
and activity in EpRas cells compared to EpH4 cells may be due, to a
certain degree, to overall lower transcription levels in EpRas cells
(Fig. 2D). When EpRas cells were subjected to TGF-b1 treatment, a
definite decrease in Grx1 mRNA and protein levels was observed
(Fig. 2C–E). In contrast to Grx1, expression of the thioredoxin 1
(Trx1) gene, encoding another anti-oxidant enzyme, did not change
upon TGF-b1treatment (Fig. 2C).

Stable expression of the Grx1 gene in EpRas cells blocks TGF-b1-
induced EMT

From the results above, we hypothesized that the reduction of
Grx1 expression induced by TGF-b1 in EpRas cells leads to significant
augmentation of intracellular ROS levels, possibly to the threshold
required for induction of the EMT phenotype. In order to verify our
hypothesis, retroviruses expressing the Grx1 gene tagged with the
HA epitope were infected into EpRas cells, and a stable cell line
expressing the Grx1 gene, EpRas-Grx1, was isolated. Morphologi-
cally, these stable cells did not show the EMT phenomenon upon
treatment of TGF-b1, compared with control cells expressing the
empty vector (EpRas-pMSCV) (Fig. 3A). Moreover, following treat-
ment of TGF-b1, immunoblot analysis of EpRas-Grx1 cells did not
show the reduction of epithelial markers and augmentation of mes-
enchymal markers seen in control cells, indicating that EpRas-Grx1
cells are resistant to TGF-b1-induced EMT (Fig. 3B). These results
were further confirmed by immunostaining for epithelial and mes-
enchymal markers in both EpRas-Grx1 and EpRas-pMSCV cells fol-
lowing TGF-b1 treatment (Fig. 3C and Supplementary Fig. 3A).

Next, we questioned whether overexpression of the Grx1 gene re-
duces the intracellular ROS level in EpRas-Grx1 cells. Flow cytometer
analysis revealed that Grx1 expression significantly decreases the
ROS level in EpRas-Grx1 cells, compared with EpRas-pMSCV cells
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Fig. 1. TGF-b1-induced EMT of EpRas cells depends on the high intracellular ROS levels. (A) Intracellular ROS levels were higher in EpRas cells than in EpH4 cells. Both cell
lines were pre-treated with the H2O2-sensitive fluorescence dye H2DCFHDA for 20 min and the fluorescence was quantified by flow cytometry. (B) NAC treatment inhibits
changes in expression of epithelial and mesenchymal markers during TGF-b1-induced EMT in EpRas cells. In the right panel, EpH4 and EpRas cells were pre-incubated with
10 mM NAC for 30 min and then treated with 5 ng/ml TGF-b1 for the indicated time periods. Expressions of epithelial and mesenchymal markers in both cells were monitored
by immunoblot analysis. Expression of b-actin protein was used as a loading control. (C) The results seen in (B) were verified by immunofluorescence analysis. In the lower
panels, EpH4 and EpRas cells were pre-incubated with 10 mM NAC for 30 min and then treated with TGF-b1 for 48 h. Expression of the E-cadherin and Vimentin proteins
were observed by immunofluorescence. Nuclei are stained with DAPI. Original magnification, 400�. All data are representative of at least three independent experiments.
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(Fig. 3D). In addition, the anti-oxidant activity of the Grx1 protein was
greatly increased to a level similar to the EpH4 cells (Fig. 3E). These
results indicate that TGF-b1-induced EMT of EpRas cells is mediated
by the augmentation of intracellular ROS levels caused by decrease
in Grx1 gene expression. These findings were also supported by
experiments adding either L-buthionine-(S,R)-sulfoxamine (BSO) or
reduced glutathione (GSH), as an ROS producer or ROS reducer,
respectively (Supplementary Fig. 3B). BSO treatment of EpRas cells
further increased expression of the mesenchymal marker, a-SMA,
and GSH addition dramatically decreased a-SMA expression. Thus
our present results demonstrate that the decreased expression of
the Grx1 gene by TGF-b1 treatment affects the intracellular ROS level
and induces EMT in EpRas mammary epithelial cells.

TGF-b1-induced decrease in Grx1 expression requires the activation of
MEK/MAPK and PI3K signaling

The activation of MEK/MAPK signaling and PI3K signaling are
required for TGF-b-induced EMT and the protection of TGF-b-in-
duced apoptosis, respectively, in EpRas cells [14]. Thus it is possible
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Fig. 2. TGF-b1 decreases expression of the Grx1 gene in EpRas cells, but not in EpH4 cells. (A) Endogenous glutaredoxin 1 activity is higher in EpRas cells than in EpH4 cells.
(B) Immunoblot analysis of endogenous Grx1 protein in EpH4 and EpRas cells. Expression of non-specific protein was used as a loading control. (C) Grx1 mRNA levels were
reduced in EpRas cells following TGF-b1 treatment. Grx1 and Trx1 mRNA levels were monitored by RT-PCR analysis after EpH4 and EpRas cells were treated with 5 ng/ml
TGF-b1 for 48 h. Expression of the GAPDH gene was used as a loading control. (D) Relative levels of Grx1 mRNA in EpRas cells further decreased upon TGF-b1 treatment. Grx1
mRNA levels in EpRas cells were analyzed by quantitative real-time RT-PCR in the absence or presence of TGF-b1. TGF-b1 treatment was performed at 5 ng/ml for 48 h. As a
control, Grx1 mRNA levels in EpH4 were also measured by real-time RT-PCR. GAPDH expression was used for normalization. The results are shown as mean value ± SD of
three independent experiments (*P < 0.002). (E) Decrease in endogenous Grx1 protein levels upon increase of TGF-b1 treatment time in EpRas cells. EpRas cells were treated
with 5 ng/ml TGF-b1 for the indicated time periods, and the expression of endogenous Grx1 protein was observed by immunoblot analysis. All data in this figure are
representative results of at least three independent experiments.
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that the TGF-b1-induced decrease of Grx1 expression leading to
EMT in EpRas cells is mediated by MEK/MAPK signaling. To verify
this possibility, we investigated expression of the Grx1 gene upon
treatment with specific inhibitors to selectively suppress MEK/
MAPK, PI3K, or p38 MAPK signaling pathways in EpRas cells. As
shown in Fig. 4A, treatment of the MEK/MAPK inhibitor PD98059,
or the PI3K/Akt inhibitor LY294002, blocked the reduction of Grx1
mRNA levels upon TGF-b1 treatment in EpRas cells. These results
indicate that the decrease in expression of the Grx1 gene induced
by TGF-b1 is mediated by the MEK/MAPK and PI3K signaling path-
ways. To further confirm the involvement of MEK/MAPK and PI3K
signaling, a full-length Grx1 promoter–luciferase reporter and an
oncogenic H-Ras expression plasmid were co-transfected into
EpH4 cells in the presence of either PD98059 or LY294002. The
activity of the Grx1 promoter was repressed by TGF-b1 only to-
gether with oncogenic H-Ras protein (Fig. 4B). However, this de-
creased activity of the Grx1 promoter was inhibited by either
PD98059 or LY294002 (Fig. 4B).

Discussion

Epithelial–mesenchymal transition (EMT) is a crucial
morphological event contributing to cancer progression in patho-
physiological conditions [6,9,10]. It is generally recognized that
TGF-b plays an important role in the progression of EMT. Here
we describe a distinct mechanism mediating TGF-b1-mediated
EMT in H-Ras transformed mouse mammary epithelial cells
(EpRas). EpRas and their parental EpH4 cells are a useful model
system to study the molecular mechanism causing EMT. Using
EpRas cells, it was initially reported that the cooperative actions
of TGF-b1 and oncogenic H-Ras promote the EMT phenotype as
well as the protection of TGF-b1-induced apoptosis [14].

In this study, we provide evidence that an increased level of ROS
contributes to TGF-b1-induced EMT in EpRas cells. Furthermore,
we show that the increased ROS levels upon treatment of TGF-b1
are due to the decreased levels of Grx1 protein, which has anti-oxi-
dant activity. This is the first report showing that down-regulation
of the Grx1 gene can induce the EMT phenotype in EpRas cells. It is
notable that the reduction of basal Grx1 protein in EpRas cells
compared to EpH4 cells was to an extent that could not be fully ex-
plained by differences in Grx1 mRNA levels. These results imply
the possibility that the decreased basal activity of Grx1 protein
in EpRas cells may, to some degree, be due to the degradation of
Grx1 protein at the post-transcriptional level. More interestingly,
the further reduction of Grx1 mRNA levels by TGF-b1 was depen-
dent on the presence of oncogenic Ras. That is, decreased expres-
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Fig. 3. Overexpression of the Grx1 gene inhibits TGF-b1-induced EMT of EpRas cells via decreasing intracellular ROS. (A) EpRas cells stably expressing the Grx1 gene
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were treated with 5 ng/ml TGF-b1 for 48 h. Expressions of E-cadherin and Vimentin proteins were observed by immunofluorescence. Nuclei are stained with DAPI. Original
magnification, 400�. (D) Intracellular ROS levels in EpRas-pMSCV, EpRas-Grx1 and EpH4 cells. All cells were pre-treated with the H2O2-sensitive fluorescence dye H2DCFHDA
for 20 min and the fluorescence was quantified by flow cytometry. (E) Glutaredoxin 1 activities of EpRas-pMSCV, EpRas-Grx1and EpH4 cells. All data in this figure are
representative results of at least three independent experiments.
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sion of Grx1 mRNA levels by TGF-b1 was not detected in EpH4
cells, indicating that TGF-b1-induced expression of the Grx1 gene
is regulated by a Ras-dependent signaling pathway. Our findings
that decreased Grx1 expression is mediated by MEK/MAPK and
PI3K signaling support this speculation.

Although numerous data indicate that intracellular ROS levels
are involved in tumorigenesis, the direct link between intracellular
ROS and EMT has not been well characterized. Several recent stud-
ies indicated a relationship between ROS and EMT. In particular,
Felton et al. showed that inhibition of intracellular ROS generation
during TGF-b1 treatment blocked aveolor EMT [34]. In addition,
Zhang et al. showed that the increased labile iron pool by TGF-b1
treatment promotes the production of ROS and subsequently in-
duced EMT [35]. These findings are similar with our present re-
sults. The novel finding in our study is the characterization of the
mechanism by which intracellular ROS levels are increased in
TGF-b1-induced EMT of EpRas cells. Increased ROS generation
upon TGF-b1 treatment was specifically linked to Grx1 protein
expression levels, but not to thioredoxin (Trx) protein expression.
Therefore, our results extend our knowledge about the molecular
mechanism of EMT mediated by increased ROS levels. However,
we do not exclude the possibility that other factors could also con-
tribute to the augmentation of intracellular ROS levels.

In addition, our findings that the reduced expression of Grx1
mRNA is mediated by MEK/MAPK and PI3K signaling in EpRas cells
suggests that the increased ROS levels are involved in the protec-
tion of TGF-b1-induced apoptosis as well as EMT. Previously, it
was reported that MAPK is required for EMT, whereas PI3K signal-
ing protects from TGF-b-induced apoptosis and causes cell scatter-
ing in EpRas cells [14]. Based on these data, the decreased
expression of Grx1 might be upstream of TGF-b1-induced EMT or
protection of cell death in EpRas cells.

In conclusion, we propose that an increased level of ROS, due to
the decrease of Grx1 expression by TGF-b1, is a crucial event
causing EMT in EpRas mammary epithelial cells. Furthermore, we
demonstrate that the reduced expression of Grx1 is dependent
on the presence of oncogenic H-Ras protein and mediated through
MEK/MAPK and PI3K signaling. Therefore, modulations of the
intracellular ROS level or Grx1 expression may be important ther-
apeutic strategies for the treatment of EMT-related human dis-
eases such as cancer.
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