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Abstract

TGF-b receptors (TbRs) are serine/threonine kinase receptors that bind to TGF-b and propagate intracellular signaling through
Smad proteins. TbRs are repressed in some human cancers and expressed at high levels in several fibrotic diseases. We demonstrated
that epidermal growth factor (EGF) up-regulates type II TGF-b receptor (TbRII) expression in human dermal fibroblasts. EGF-med-
iated induction of TbRII expression was inhibited by the treatment of fibroblasts with a specific p38 mitogen-activated protein kinase
(MAPK) inhibitor, SB203580, whereas MEK inhibitor PD98059 did not block the up-regulation of TbRII by EGF. EGF induced
the TbRII promoter activity, and this induction was significantly blocked by SB203580, but not by PD98059. The overexpression of
the dominant negative form of p38a or p38b significantly reduced the induction of TbRII promoter activity by EGF. These results indi-
cate that the EGF-mediated induction of TbRII expression involves the p38 MAPK signaling pathway. The EGF-mediated induction of
TbRII expression may participate in a synergistic interplay between EGF and TGF-b signaling pathway.
� 2006 Elsevier Inc. All rights reserved.
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Transforming growth factor (TGF)-b is a multifunction-
al protein that plays an important role in regulating cellular
growth, differentiation, adhesion, and apoptosis in many
biological systems [1–3]. TGF-b inhibits the growth of
most cell types. In addition, TGF-b causes the deposition
of extracellular matrix (ECM) by simultaneously stimulat-
ing fibroblasts to increase the production of ECM proteins,
such as collagen, fibronectin, and proteoglycan, decrease
the production of matrix-degrading proteases, increase
the production of inhibitors of these proteases, and modu-
late the expression of integrins [1,3]. TGF-b binds to trans-
membrane receptors that have intrinsic serine/threonine
kinase activity [4]. The type II TGF-b receptor (TbRII)
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binds TGF-b, and then the type I TGF-b receptor (TbRI)
is recruited into the forms of a heteromeric complex. TbRII
transphosphorylates the glycine-/serine-rich domain (GS
domain) of TbRI kinase [4]. Following the phosphoryla-
tion of Smad2 or Smad3 by the activated TbRI, a hetero-
meric complex is formed with Smad4, resulting in
translocation of the complex into the nucleus [5,6]. The
complex can act directly as a transcriptional activator
and can also indirectly regulate gene transcription by inter-
acting with other transcriptional factors [7–10].

A critical mechanism for regulating the cellular response
to cytokines and hormones resides at the level of receptor
expression. The modulation of the level of TbRI and
TbRII expression plays important roles both in the mech-
anism of wound healing and in the progression of malig-
nancy. Disorders of TbR expression lead to various
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diseases. For example, the up-regulated expression of TbR
has been demonstrated in fibrotic diseases such as systemic
sclerosis, localized scleroderma, hepatic fibrosis, idiopathic
hypertrophic obstructive cardiomyopathy, and atheroscle-
rosis [11–15]. Up-regulated expression of TbR would result
in the deposition of ECM components. In contrast, the
reduction of TbR levels contributes to the resistance of
tumor cells to TGF-b. Several lines of evidence suggest that
the transcriptional repression of the TbR gene may be a
major mechanism to inactivate TbR in epithelia compart-
ment of carcinomas or adenomas developing different
epithelial lineages [16].

Epidermal growth factor (EGF) is a key regulatory com-
ponent of cell growth and differentiation in a variety of cell
types [17]. In human skin fibroblasts, EGF is both moto-
genic and mitogenic. EGF signaling occurs predominantly
through binding to the EGF receptor and its dimerization
partner Erb B2. Autophosphorylation of activated EGF
receptors stimulates a number of signal transduction path-
ways, including the Ras/Raf/MAP kinase (MEK)/MAP
kinase (ERK) pathway. It has been increasingly clear that
EGF induces the production of diverse mediators (e.g.,
FGF-binding protein, cyclooxygenase-2) via the p38 mito-
gen-activated protein kinase (MAPK) [18,19]. p38 MAPK
is activated by cytokines and stress [20,21]. Several tran-
scription factors are substrates for p38 MAPK isozymes,
including MAP-KAP kinase-2 [22], ATF-1 [23], ATF-2
[24], CHOP/GADD153 [25], MAX [26], and ternary com-
plex factor [27]. A pyridinylimidazole compound,
SB203580, is a highly specific inhibitor of p38 MAP kinase
[28], and has been reported to inhibit cytokine production
either at the translational level [29] or the transcriptional
level [30,31].

For regulation of tissue homeostasis, the balance of
EGF and TGF-b signaling in human dermal fibroblasts
seems to be critical. Furthermore, clarifying the
mechanism of the regulation of TbR expression in
normal human dermal fibroblasts should be instructive
for elucidating the pathogenesis of the progression of
fibrotic diseases. In the present study, we examined the
regulation of TbR expression in human dermal
fibroblasts by EGF. We also investigated the signaling
pathway which is involved in the EGF-mediated
regulation of TbR expression.

Materials and methods

Reagents. PD98059 and SB203580 were purchased from Calbiochem
(La Jolla, CA). Recombinant human EGF was obtained from R&D
Systems (Minneapolis, MN). Actinomycin D and cycloheximide were
purchased from Sigma. The luciferase assay kit was purchased from
Promega (Madison, WI). Antibodies specific for TbRII were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies specific for
p38 MAPK and phospho-p38 MAPK, and the p38 MAP kinase assay kit
were from New England Biolabs (Beverly, MA).

Cell cultures. Fibroblasts were obtained by skin biopsy of five
healthy donors. All biopsies were obtained with informed consent and
institutional approval. Primary explant cultures were established in
25-cm2 culture flasks in DMEM supplemented with 10% FBS, 2 mM
glutamine, and 50 lg/ml gentamicin, as described previously [32–34].
Monolayer cultures were maintained at 37 �C in 5% CO2 in air.
Fibroblasts between the third and sixth subpassages were used for
experiments.

Cell lysis and immunoblotting. Fibroblasts were washed with PBS at
4 �C and solubilized in lysis buffer containing 50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS, 50 mM
sodium fluoride, and 1 mM PMSF, as described previously [35–37]. Pro-
teins were subjected to SDS–polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Membranes were incubated
overnight with anti-TbRII (50 ng/ml) antibodies, washed, and incubated
with a secondary antibody against rabbit IgG for 60 min. After washing,
visualization was performed by enhanced chemiluminescence (Amersham
Pharmacia Biotech).

RNA preparation and Northern blot analysis. Fibroblasts were grown
to 80% confluence in DMEM supplemented with 10% FBS, and then
incubated for 12 h in serum-free medium, as described previously [36].
Poly(A)+ RNA was extracted from total RNA using an oligotex-dT30
ÆSuperæ kit (Takara Shuzo, Otsu, Japan) and analyzed by Northern
blotting, as described previously [38,39]. A total of 2 lg of poly(A)+

RNA was subjected to electrophoresis on 1% agarose/formaldehyde
gels and blotted onto nylon filters (Roche Diagnostics, Indianapolis,
IN). The filters were UV cross-linked, prehybridized, hybridized, and
sequentially hybridized with DNA probes for GAPDH, or RNA
probes for TbRII. The membrane was then washed and exposed to X-
ray film.

Plasmids. TbRII promoter luciferase constructs were kindly provided
by Seong-Jin Kim (NCI, Bethesda, MD) [40]. Dominant negative mutant
forms of p38a and p38b were kindly provided by Jiahuai Han (The
Scripps Research Institute, La Jolla, CA) [25]. Plasmids used in transient
transfection assays were purified twice on CsCl gradients, as described
previously [33]. At least two different plasmid preparations were used for
each experiment.

Transient transfection and luciferase assays. For each transfection, 1 lg
of TbRII promoter luciferase construct, 1 lg of b-galactosidase (trans-
fection efficiency control), and 4 ll of FuGENE� 6 (Roche Diagnostics,
Indianapolis, IN) were combined and added to cells. For co-transfections,
1 lg of TbRII promoter luciferase construct, indicated doses of expression
vector, 1 lg of b-galactosidase (transfection efficiency control), and
FuGENE� 6 were combined and added to cells. Transfected cells were
treated for 18 h with EGF in serum-free DMEM before cell lysis in 50 ll
of Reporter Lysis Buffer (Promega). Luciferase activity was normalized by
co-transfected b-galactosidase activity to correct for transfection efficien-
cy. All transfections were repeated at least three times.

Assay of p38 MAPK activation. The activation of p38 MAPK was
examined using a p38 MAP kinase assay kit according to the manufac-
turer’s instructions, and immunoblotting was performed using antibodies
specific for phosphorylated, activated forms of p38 MAPK (Thr180/
Tyr182). In both types of experiment, fibroblasts were serum-starved for
18 h and treated with EGF for the indicated times. Then the fibroblasts
were washed with ice-cold PBS and lysed. For immunoblotting using
antibodies against phospho-p38 MAPK, membranes were incubated with
anti-phospho-p38 MAP kinase (Thr180/Tyr182) monoclonal antibody
(1:1000 dilution) overnight at 4 �C. As loading controls, immunoblotting
was also performed using antibodies against total p38 (1:1000 dilution).
For the p38 MAP kinase assay, 200-ll aliquots of the lysates were incu-
bated with immobilized anti-phospho-p38 MAP kinase (Thr180/Tyr182)
monoclonal antibody (1:10 dilution) overnight at 4 �C for immunopre-
cipitation. For kinase assays, the beads were then incubated with 200 lM
ATP and 2 lg of activating transcription factor (ATF)-2 fusion protein as
a substrate for p38 MAPK. The reaction was terminated by addition of
25 ll of SDS sample buffer. The samples were boiled for 5 min, subjected
to SDS–polyacrylamide gel electrophoresis, and transferred to nitrocel-
lulose membranes. Membranes were incubated overnight with anti-phos-
pho-ATF-2 (Thr71) antibody (1:1000 dilution) at 4 �C. The membranes
were washed and incubated with a secondary antibody against rabbit IgG
for 1 h. After washing, visualization was performed by enhanced
chemiluminescence.



Fig. 1. The effects of various cytokines on TbRII protein level and TbRII
promoter activity. Human dermal fibroblasts were serum-starved for 24 h
and incubated in the absence or presence of 20 ng/ml EGF, 10 ng/ml
PDGF-AB, 500 U/ml IFN-c, or 10 ng/ml TNF-a for 24 h. (A) Cell lysates
(15 lg of protein/sample) were subjected to immunoblotting using anti-
TbRII antibodies. Whole cell lysates were also prepared and examined by
immunoblotting using anti-b-actin antibodies. TbRII protein levels
quantitated by scanning densitometry are shown relative to the level in
untreated cells (1.0). (B) Human dermal fibroblasts were transiently
transfected with the �1670/+35 TbRII promoter construct. Transfected
cells were then treated in the absence or presence of 20 ng/ml EGF,
10 ng/ml PDGF-AB, 500 U/ml IFN-c, or 10 ng/ml TNF-a for 24 h.
TbRII promoter activity was determined by the fold increase in luciferase
activity relative to that in untreated cells (1.0). Data are expressed as
means ± SE of three independent experiments. *p < 0.05 as compared with
the value in untreated cells.
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Results

TbRII expression in human dermal fibroblasts is up-

regulated by EGF

In the present study, we investigated the effects of vari-
ous cytokines on the expression of TbRII in human dermal
fibroblasts. Human dermal fibroblasts were cultured until
they were 80% confluent and then incubated for an addi-
tional 24 h under conditions of serum starvation [36]. Cells
were subsequently incubated in serum-free medium for
24 h in the presence or absence of various cytokines, which
was added 24 h prior to protein lysis. Under these experi-
mental conditions, we studied the effects of various cyto-
kines, EGF, platelet-derived growth factor (PDGF)-AB,
interferon (IFN)-c, and tumor necrosis factor (TNF)-a,
on the expression of TbRII protein in human dermal fibro-
blasts. As shown in Fig. 1A, TbRII protein level was not
significantly affected by IFN-c. EGF and PDGF-AB
induced TbRII protein level. In contrast, TNF-a decreased
the TbRII protein level. Next, we used a TbRII promoter
luciferase construct (�1670/+35) to determine the effects
of various cytokines on TbRII promoter activity. EGF
and PDGF-AB induced TbRII promoter activity, whereas
IFN-c and TNF-a did not change (Fig. 1B). Taken togeth-
er, these results indicate that EGF can induce TbRII pro-
tein level at the transcriptional level.

SB203580 inhibits EGF-mediated up-regulation of TbRII

mRNA and protein

We investigated whether p38 MAPK activation is
involved in EGF-mediated TbRII mRNA induction. Pre-
treatment of cells with SB203580 slightly reduced the basal
expression of TbRII mRNA and partially blocked EGF-
mediated up-regulation of TbRII mRNA in a dose-depen-
dent manner (Fig. 2A). Moreover, EGF-induced up-regu-
lation of TbRII protein was also partially inhibited by
the treatment with SB203580, as determined by immuno-
blotting (Fig. 2B). MEK inhibitor PD98059 had no inhib-
itory effect on the EGF-mediated TbRII up-regulation.
These results indicate that the activity of p38 MAPK is
involved in the EGF-mediated induction of TbRII expres-
sion, whereas the EGF-mediated TbRII up-regulation is
independent of MEK/ERK signaling pathways.

Contribution of p38 MAPK signaling pathway to TbRII
promoter activity

To investigate the role of the p38 MAPK signaling path-
way in the transcriptional regulation of TbRII, we exam-
ined the TbRII promoter activity in human dermal
fibroblasts treated with pharmacological reagents.
SB203580 significantly blocked the EGF-mediated TbRII
promoter activity, whereas PD98059 did not alter the
EGF-mediated induction of TbRII promoter activity
(Fig. 3A). This finding suggests the importance of this
kinase in mediating the induction of TbRII by EGF. The
family of p38 MAPKs contains at least four kinases:
p38a, b, c, and d. The SB203580 compound efficiently
blocks the activities of p38a and b MAPKs [41]. To exam-
ine whether p38a, p38b, or both molecules were required
for TbRII expression, the dominant negative mutant of
p38a or p38b MAPK was transiently transfected into
human dermal fibroblasts. The overexpression of the
p38a dominant negative mutant in human dermal fibro-
blasts suppressed the EGF-induced TbRII promoter
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Fig. 2. SB203580 inhibits EGF-mediated up-regulation of TbRII
mRNA and protein. (A) Human dermal fibroblasts were serum-starved
for 24 h and pre-treated with 10 or 20 lM SB203580 for 1 h prior to
the addition of 20 ng/ml EGF for 24 h. Equal loading of poly(A)+

samples (2 lg) was checked by determining the expression of GAPDH
as a housekeeping gene. TbRII mRNA levels quantitated by scanning
densitometry and corrected for the level of GAPDH in the same
samples are shown relative to the level in untreated cells (1.0). (B)
Human dermal fibroblasts were serum-starved for 24 h and pre-treated
with 10 or 20 lM SB203580, or 10 or 30 lM PD98059, for 30 min prior
to the addition of 20 ng/ml EGF for 24 h. Cell lysates (15 lg of
protein/sample) were subjected to immunoblotting with anti-TbRII
antibodies. Whole cell lysates were also prepared and examined by
immunoblotting using anti-b-actin antibodies. TbRII protein level
quantitated by scanning densitometry is shown relative to the level in
untreated cells (1.0). One experiment representative of three indepen-
dent experiments is shown.
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activity (Fig. 3B). Moreover, the overexpression of the
p38b dominant negative mutant in human dermal fibro-
blasts also abolished the EGF-mediated TbRII promoter
activity. These results suggest that both p38a and p38b
MAPK signaling pathways participate in the regulation
of TbRII promoter activity.

Temporal activation of p38 MAPK following EGF treatment

and SB203580 inhibits EGF-induced p38 MAPK activity

We investigated whether EGF treatment induces p38
MAPK phosphorylation. Immunoblotting using anti-phos-
pho-p38 MAPK (Thr 180/Tyr 182) antibody revealed a
marked activation (4.9-fold) of p38 MAPK at 0.25 h after
treatment with EGF, followed by a rapid decrease in the
cellular level of the activated p38 MAPK by 0.5 h
(Fig. 4A). Immunoblotting for total p38 protein demon-
strated that the amount of p38 did not significantly change
in the presence of EGF. The p38 MAP kinase assay
showed that EGF stimulation increased the p38 MAP
kinase activity. The level of phosphorylated ATF-2 was
maximal after 0.25 h (4.2-fold) in the presence of EGF
(Fig. 4B). These results suggest that the treatment with
EGF results in the activation of p38 MAPK in human der-
mal fibroblasts. A specific inhibitor of p38 MAPK,
SB203580, was used to inhibit the activation of p38 MAPK
in human dermal fibroblasts stimulated by EGF. Cells were
pre-treated with SB203580 for 1 h prior to the stimulation
with EGF, and then the p38 MAPK assay was performed.
SB203580 (20 lM) completely inhibited the p38-induced
phosphorylation of ATF-2 (Fig. 4B), while MEK inhibitor
PD98059 did not affect the p38 MAPK activity.

Discussion

A complex network of cytokines and growth factors
orchestrates cell proliferation, differentiation, and wound
healing in the skin. Various stimuli activate divergent sig-
naling pathways and induce distinct cellular responses.
Among these stimuli, TGF-b signaling plays a critical role
in cellular growth and ECM production. The repression of
TbR occurs in various types of human cancer cells, and the
up-regulation of TbR expression occurs in fibrotic disor-
ders. TbRs expression is regulated by a plethora of external
factors, including cytokines and growth factors. It has been
shown by Northern blot analysis and binding studies that
1,25-dihydroxyvitamin D3 and prostaglandin E2 down-
regulate TbRII expression in human osteoblastic cells
and human fibroblasts, respectively [42,43]. However, vita-
min D3 has recently been shown to up-regulate the TbRII
level in MCF-7 breast cancer cells [44]. These reports indi-
cate that the same factor may induce different results in dif-
ferent cell types. Furthermore, the binding studies revealed
down-regulation of TbRI in human monocytes by interfer-
on-c [45]. In human lung fibroblasts [46] and human corpus
carvernosum smooth muscle cells [47], TGF-b1 increases
the steady-state level of TbRI mRNA, possibly by increas-
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Fig. 3. Contribution of p38MAPK signaling pathway to TbRII promoter activity. (A) SB203580 inhibited the EGF-mediated induction of TbRII
promoter activity. Human dermal fibroblasts were transiently transfected with the �1670/+35 TbRII promoter construct along with either vehicle alone
(control), 10 or 20 lM SB203580, or 10 or 30 lM PD98059. Transfected cells were then treated with 20 ng/ml EGF for 18 h. The TbRII promoter activity
was determined by the fold increase in luciferase activity relative to that in untreated cells (1.0). (B) Effect of dominant negative p38 MAPKs on the EGF-
mediated induction of TbRII promoter activity. Human dermal fibroblasts were transiently co-transfected with the �1670/+35 TbRII promoter construct
along with either empty vector or with the dominant negative mutant construct for p38a or p38b at the indicated doses. Transfected cells were either
untreated or treated with 20 ng/ml EGF for 18 h. TbRII promoter activity was determined by the fold increase in luciferase activity relative to that of the
empty vector control in the absence of EGF (1.0). Data are expressed as means ± SE of three independent experiments. *p < 0.05 as compared with the
value in untreated cells transfected with empty vector.
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ing TbRI promoter activity [46]. Recently, it has been
reported that, in COLO-357 pancreatic cancer cells, TbRI
and TbRII mRNA and protein levels are up-regulated by
TGF-b1 [36]. Regarding the effects of integrins, a2b1 inte-
grin interaction with type I collagen down-regulates TbRs
[48], whereas a5b1 integrin binding to fibronectin up-regu-
lates TbRII [49]. Although the effects of many cytokines
and hormones on the modulation of TbR have been dem-
onstrated, the exact mechanisms involved in growth factor
regulation of TbR expression remain unclear.
p38 MAPK is activated in response to a variety of stim-
uli, including growth factors, cytokines, and environmental
stress [50]. Using several different approaches, we showed
that p38 MAPK signaling is required for EGF-mediated
up-regulation of TbRII. We demonstrated that the EGF-
mediated induction of TbRII protein and mRNA levels is
inhibited by pyridinyl imidazole compound SB203580,
which selectively inhibits p38a and p38b isoforms but has
no effect on the activity of other p38 isoforms, JNK, or
ERK [28]. We have examined the distinct isozyme-specific
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Fig. 4. Activation of p38 MAPK in human dermal fibroblasts by EGF.
Human dermal fibroblasts were serum-starved for 24 h and treated with
20 ng/ml EGF for the indicated times. (A) Cell lysates (30 lg of protein/
sample) were subjected to immunoblotting with anti-phospho-p38 MAPK
antibodies. That the amounts of p38 MAPK proteins were unchanged was
confirmed by immunoblotting using anti-p38 MAPK antibodies. The level
of activated p38 MAPK quantitated by scanning densitometry and
corrected for the level of total p38 MAPK in the same samples is shown
relative to the level at 0 h (1.0). (B) To determine the time course of p38
MAP kinase activity, cells were preincubated for 1 h with 20 lM
SB203580 or 30 lM PD98059, and then stimulated for 0.25 h with
20 ng/ml EGF. After the treatment, p38 MAPK was collected by
immunoprecipitation and subjected to an in vitro kinase assay in the
presence of ATF-2. The samples were subjected to immunoblotting with
anti-phospho-ATF-2 antibodies. The level of activated ATF-2 quantitated
by scanning densitometry is shown relative to the level at 0 h (1.0). One
experiment representative of three independent experiments is shown.
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effects of p38 MAPK family members, using dominant neg-
ative forms of p38a and p38b. In addition, we have exam-
ined the effect of EGF on other p38 molecule, p38d. But the
expression of p38d was not changed after the EGF stimu-
lation (data not shown). Our observation that the EGF-
mediated induction of TbRII promoter activity is inhibited
by the expression of the dominant negative form of p38a or
p38b indicated that both p38 MAPKs may participate in
the regulation of TbRII promoter activity. EGF activates
other signaling pathways, including MEK/ERK, yet acti-
vation of these kinases apparently does not result in TbRII
up-regulation, since MEK inhibitor PD98059 did not affect
the EGF-mediated TbRII promoter activity or the protein
level of TbRII in immunoblotting. These results suggest
that the p38 MAPK pathway is critical, and the MEK/
ERK pathway does not play a role in the regulation of
TbRII expression by EGF in human dermal fibroblasts.

p38 MAPK signaling pathways have been reported to
play a role in increasing transcription. Previous reports
showed that p38 MAPK regulates transcription through
various transcription factors, including CREB, ATF-1,
and ATF-2 [20,23,51]. In the present study, an inhibitor
of p38 MAPK, SB203580, diminished EGF-mediated
induction of TbRII as shown by immunoblotting and
Northern blotting analysis. In addition, in the TbRII pro-
moter luciferase assay, SB203580 inhibited EGF induction
of the TbRII promoter activity. Kim and his co-workers
have demonstrated that ATF-1 controls expression of
TbRII [52]. Whether or not ATF-1 plays a role in EGF-
mediated up-regulation of TbRII at the level of transcrip-
tion remains to be elucidated. In future studies, the role
of the downstream signaling cascade of p38 MAPK and
the crosstalk between the p38 MAPK pathway and other
signaling pathway in the EGF-mediated induction of
TbRII expression need to be examined.

The loss of sensitivity to TGF-b has been shown to
occur in many types of human cancer cells. The loss of
expression of TbRII, more frequently than that of TbRI,
due to transcriptional repression is a frequent cause of this
deficiency [16]. TGF-b signaling is initiated by binding of
TGF-b to TbRII, and cancer cells, in which TbRII is
repressed, are resistant to TGF-b. Thus, TbRII plays a crit-
ical role in receptor activation and subsequent signal prop-
agation, functioning both to bind ligand and to activate
TbRI. Additionally, it has been reported that COLO-357
pancreatic cancer cells are relatively sensitive to TGF-b1-
mediated growth inhibition since the TGF-b-mediated
up-regulation of TbRI and TbRII enhances the expression
of cyclin-dependent kinase inhibitors p15Ink4B, p21Cip1, and
p27Kip1 [36]. The regulation of TbRs thus seems to be very
important for the modulation of tumor growth.

The accumulation of ECM in tissues is the chief patho-
logic feature of fibrotic disorders. TGF-b signaling has
been implicated in the primary pathogenesis of fibrosis
[1]. With respect to systemic sclerosis, in which progressive
fibrosis in the skin is a major cause of disease, it was report-
ed that scleroderma fibroblasts of the involved area did not
secrete increased level of TGF-b1 [53]. The mechanism of
tissue fibrosis in such diseases remains to be determined.
We have reported the overexpression of TbRI and TbRII
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in scleroderma fibroblasts compared to normal human der-
mal fibroblasts, indicating one possible mechanism of auto-
crine control of TGF-b activity by the overexpression of
TbRI or TbRII [11]. Furthermore, the co-transfection of
TbRI and TbRII expression vector and an a2(I) collagen
promoter/chloramphenicol acetyltransferase reporter gene
showed that increasing the TbR level induced a three to
fourfold increase of collagen promoter activity, and this
increase was sensitive to anti-TGF-b1 antibody [11]. In idi-
opathic hypertrophic obstructive cardiomyopathy, which is
characterized by regional myocardial hypertrophy with
marked cardiomyocyte hypertrophy and a significant
increase in extracellular matrix, TbRs are overexpressed
on cardiomyocytes and fibroblasts [15]. In addition, with
regard to the EGF receptor, it has been demonstrated that
a twofold increase in receptor expression led to at least a
10-fold decrease in the concentration of ligand required
to induce a biologic response [54]. These findings suggest
that the autocrine regulation of TGF-b activity might
result from receptor up-regulation rather than an increase
of ligand. Recently, adenovirus-mediated local expression
of a dominant negative TbRII and infusion of soluble
TbRII have been demonstrated to be effective for the pre-
vention of hepatic fibrosis [55,56]. Taken together, these
results suggest that, in fibrotic disorders, TGF-b signaling
may play a central role and the mechanism of regulation
of TbRI and TbRII in such diseases is very critical. More-
over, our results indicate that the p38 MAPK signaling
pathway has a significant relation to the modulation of
TbRII, and that the blockage of the p38 MAPK signaling
pathway may also have therapeutic value.

Several studies have shown synergistic interaction
between TGF-b and EGF signaling pathways [19,57].
The combination of TGF-b1 and EGF led to additive stim-
ulation of glycosaminoglycan synthesis in human dermal
fibroblasts [57]. Saha et al. demonstrated the collaborative
interaction of TGF-b1 and EGF signaling in the induction
of cyclooxygenase-2 and prostaglandin production via p38
MAPK. In light of crosstalk between TGF-b1 and EGF,
deCaestecher et al. proposed a model for the synergistic
action of TGF-b and EGF signaling pathways, in which
EGF stimulation results in the phosphorylation of Smad2
on a subset of TGF-b-dependent sites, which is sufficient
to induce a weak transcriptional effect. Additionally, sever-
al lines of evidence demonstrated that TGF-b1 up-regu-
lates EGF receptor [58,59]. Collectively, our findings
about the EGF-mediated induction of TbRII expression
might reflect synergistic interplay between TGF-b and
EGF signaling pathways.

In conclusion, we showed that EGF up-regulates TbRII
expression at the transcriptional level, and we demonstrat-
ed for the first time that the p38 MAPK signaling pathway
is essential for the EGF-mediated induction of TbRII
expression. Identification of p38 MAPK as a critical signal-
ing pathway in the induction of TbRII in normal human
dermal fibroblasts suggests p38 MAPK as a target for inhi-
bition of overexpression of TbRII in fibrotic diseases such
as systemic sclerosis, and the possible therapeutic value of
induction of TbRII in cancer cells that are resistant to
TGF-b signaling due to the loss of TbRs.

Acknowledgments

We thank S.J. Kim for kindly providing TbRII promot-
er luciferase constructs. We thank J. Han for kindly pro-
viding dominant negative constructs of p38a and p38b
MAPK. This work was supported by a grant for scientific
research from the Ministry of Education, Japan
(10770391), by the Project Research for Progressive Sys-
temic Sclerosis from the Ministry of Health.

References

[1] W.A. Border, N.A. Noble, Transforming growth factor b in tissue
fibrosis, N. Engl. J. Med. 331 (1994) 1286–1292.

[2] J. Massague, The transforming growth factor-b family, Annu. Rev.
Cell Biol. 6 (1990) 597–641.

[3] K. Miyazono, P. ten Dijke, C.H. Heldin, TGF-b signaling by Smad
proteins, Adv. Immunol. 75 (2000) 115–157.

[4] J.L. Wrana, L. Attissano, R. Weiser, F. Ventura, J. Massague,
Mechanism of activation of the TGF-b receptor, Nature 370 (1994)
341–347.

[5] C.H. Heldin, K. Miyazono, P. ten Dijke, TGF-b signalling from cell
membrane to nucleus through SMAD proteins, Nature 390 (1997)
465–471.

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

[7] X. Chen, M.J. Rubock, M. Whitman, A transcriptional partner for
MAD proteins in TGF-b signaling, Nature 383 (1996) 691–696.

[8] S. Dennler, S. Itoh, D. Vivien, P. ten Dijke, S. Huet, J.M. Gauthier,
Direct binding of Smad3 and Smad4 to critical TGF b-inducible
elements in the promoter of human plasminogen activator inhibitor-
type 1 gene, EMBO J. 17 (1998) 3091–3100.

[9] E. Labbe, C. Silvestri, P.A. Hoodless, J.L. Wrana, L. Attisano,
Smad2 and Smad3 positively and negatively regulate TGF b-
dependent transcription through the forkhead DNA-binding protein
FAST2, Mol. Cell 2 (1998) 109–120.

[10] C.Z. Song, T.E. Siok, T.D. Gelehrter, Smad4/DPC4 and Smad3
mediate transforming growth factor-b (TGF-b) signaling through
direct binding to a novel TGF-b-responsive element in the human
plasminogen activator inhibitor-1 promoter, J. Biol. Chem. 273 (1998)
29287–29290.

[11] T. Kawakami, H. Ihn, W. Xu, E. Smith, C. LeRoy, M. Trojanowska,
Increased expression of TGF-b receptors by scleroderma fibroblasts:
evidence for contribution of autocrine TGF-b signaling to scleroder-
ma phenotype, J. Invest. Dermatol. 110 (1998) 47–51.

[12] M. Kubo, H. Ihn, K. Yamane, K. Tamaki, Up-regulated expression
of transforming growth factor b receptors in dermal fibroblasts in
skin sections from patients with localized scleroderma, Arthritis
Rheum. 44 (2001) 731–734.

[13] D. Roulot, A.M. Sevcsik, T. Coste, A.D. Strosberg, S. Marullo, Role
of transforming growth factor b type II receptor in hepatic fibrosis:
studies of human chronic hepatitis C and experimental fibrosis in rats,
Hepatology 29 (1999) 1730–1738.

[14] T. Kanzaki, R. Shiina, Y. Saito, L. Zardi, N. Morisaki, Transforming
growth factor-b receptor and fibronectin expressions in aortic smooth
muscle cells in diabetic rats, Diabetologia 40 (1997) 383–391.

[15] G. Li, R.K. Li, D.A. Mickle, R.D. Weisel, F. Merante, W.T. Ball,
G.T. Christakis, R.J. Cusimano, W.G. Williams, Elevated insulin-like
growth factor-I and transforming growth factor-b 1 and their
receptors in patients with idiopathic hypertrophic obstructive cardio-
myopathy. A possible mechanism, Circulation 98 (1998) 144–149.



76 K. Yamane et al. / Biochemical and Biophysical Research Communications 352 (2007) 69–77
[16] S.J. Kim, Y.H. Im, S.D. Markowitz, Y.J. Bang, Molecular mecha-
nisms of inactivation of TGF-b receptors during carcinogenesis,
Cytokine Growth Factor Rev. 11 (2000) 159–168.

[17] P.O. Hackel, E. Zwick, N. Prenzel, A. Ullrich, Epidermal growth
factor receptors: critical mediators of multiple receptor pathways,
Curr. Opin. Cell Biol. 11 (1999) 184–189.

[18] V.K. Harris, C.M. Coticchia, B.L. Kagan, S. Ahmad, A. Wellstein,
A.T. Riegel, Induction of the angiogenic modulator fibroblast growth
factor-binding protein by epidermal growth factor is mediated
through both MEK/ERK and p38 signal transduction pathways, J.
Biol. Chem. 275 (2000) 10802–10811.

[19] D. Saha, P.K. Datta, H. Sheng, J.D. Morrow, M. Wada, H.L. Moses,
R.D. Beauchamp, Synergistic induction of cyclooxygenase-2 by
transforming growth factor-b1 and epidermal growth factor inhibits
apoptosis in epithelial cells, Neoplasia 1 (1999) 508–517.

[20] J. Raingeaud, S. Gupta, J.S. Rogers, M. Dickens, J. Han, R.J.
Ulevitch, R.J. Davis, Pro-inflammatory cytokines and environmental
stress cause p38 mitogen-activated protein kinase activation by dual
phosphorylation on tyrosine and threonine, J. Biol. Chem. 270 (1995)
7420–7426.

[21] J. Han, J.D. Lee, L. Bibbs, R.J. Ulevitch, A MAP kinase targeted by
endotoxin and hyperosmolarity in mammalian cells, Science 265
(1994) 808–811.

[22] N.W. Freshney, L. Rawlinson, F. Guesdon, E. Jones, S. Cowley, J.
Hsuan, J. Saklatvala, Interleukin-1 activates a novel protein kinase
cascade that results in the phosphorylation of Hsp27, Cell 78 (1994)
1039–1049.

[23] M. Iordanov, K. Bender, T. Ade, W. Schmid, C. Sachsenmaier, K.
Engel, M. Gaestel, H.J. Rahmsdorf, P. Herrlich, CREB is activated
by UVC through a p38/HOG-1-dependent protein kinase, EMBO J.
16 (1997) 1009–1022.

[24] S. Gupta, D. Campbell, B. Derijard, R.J. Davis, Transcription factor
ATF2 regulation by the JNK signal transduction pathway, Science
267 (1995) 389–393.

[25] X.Z. Wang, D. Ron, Stress-induced phosphorylation and activation
of the transcription factor CHOP (GADD153) by p38 MAP Kinase,
Science 272 (1996) 1347–1349.

[26] A.S. Zervos, L. Faccio, J.P. Gatto, J.M. Kyriakis, R. Brent, Mxi2,
a mitogen-activated protein kinase that recognizes and phosphor-
ylates Max protein, Proc. Natl. Acad. Sci. USA 92 (1995) 10531–
10534.

[27] M.A. Price, F.H. Cruzalegui, R. Treisman, The p38 and ERK MAP
kinase pathways cooperate to activate Ternary Complex Factors and
c-fos transcription in response to UV light, EMBO J. 15 (1996) 6552–
6563.

[28] A. Cuenda, J. Rouse, Y.N. Doza, R. Meier, P. Cohen, T.F.
Gallagher, P.R. Young, J.C. Lee, SB 203580 is a specific inhibitor
of a MAP kinase homologue which is stimulated by cellular stresses
and interleukin-1, FEBS Lett. 364 (1995) 229–233.

[29] J.C. Lee, J.T. Laydon, P.C. McDonnell, T.F. Gallagher, S. Kumar,
D. Green, D. McMulty, M.J. Blumenthal, J.R. Heys, S.W. Landvat-
ter, J.E. Strickler, M.M. McLaughlin, I.R. Siemens, S.M. Fisher, G.P.
Livi, J.R. White, J.L. Adams, P.R. Young, A protein kinase involved
in the regulation of inflammatory cytokine biosynthesis, Nature 372
(1994) 739–746.

[30] R. Beyaert, A. Cuenda, W. Vanden Berghe, S. Plaisance, J.C. Lee, G.
Haegeman, P. Cohen, W. Fiers, The p38 mitogen-activated protein
kinase pathway regulates interleukin-6 synthesis response to tumor
necrosis factor, EMBO J. 15 (1996) 1914–1923.

[31] W. Vanden Berghe, S. Plaisance, E. Boone, K. De Bosscher, M.L.
Schmitz, W. Fiers, G. Haegeman, p38 and extracellular signal-
regulated kinase mitogen-activated protein kinase pathways are
required for nuclear factor-jB p65 transactivation mediated by
tumor necrosis factor, J. Biol. Chem. 273 (1998) 3285–3290.

[32] H. Ihn, K. Ohnishi, K. Tamaki, E.C. LeRoy, M. Trojanowska,
Transcriptional regulation of the human a2(I) collagen gene. Com-
bined action of upstream stimulatory and inhibitory cis-acting
elements, J. Biol. Chem. 271 (1996) 26717–26723.
[33] H. Ihn, E.C. LeRoy, M. Trojanowska, Oncostatin M stimulates
transcription of the human a2(I) collagen gene via the Sp1/Sp3-
binding site, J. Biol. Chem. 272 (1997) 24666–24672.

[34] H. Ihn, K. Yamane, Y. Asano, M. Kubo, K. Tamaki, IL-4 up-
regulates the expression of tissue inhibitor of metalloproteinase-2 in
dermal fibroblasts via the p38 mitogen-activated protein kinase
dependent pathway, J. Immunol. 168 (2002) 1895–1902.

[35] H. Ihn, K. Yamane, M. Kubo, K. Tamaki, Blockade of endogenous
transforming growth factor b signaling prevents up-regulated colla-
gen synthesis in scleroderma fibroblasts: association with increased
expression of transforming growth factor b receptors, Arthritis
Rheum. 44 (2001) 474–480.

[36] J. Kleeff, M. Korc, Up-regulation of transforming growth factor
(TGF)-b receptors by TGF-b1 in COLO-357 cells, J. Biol. Chem. 273
(1998) 7495–7500.

[37] K. Yamane, H. Ihn, M. Kubo, K. Tamaki, Increased transcriptional
activities of transforming growth factor b receptors in scleroderma
fibroblasts, Arthritis Rheum. 46 (2002) 2421–2428.

[38] K. Yamane, H. Ihn, Y. Asano, M. Jinnin, K. Tamaki, Antagonistic
effects of TNF-a on TGF-b signaling through down-regulation of
TGF-b receptor type II in human dermal fibroblasts, J. Immunol. 171
(2003) 3855–3862.

[39] K. Yamane, H. Ihn, K. Tamaki, Epidermal growth factor up-
regulates expression of transforming growth factor b receptor type II
in human dermal fibroblasts by phosphoinositide 3-kinase/Akt
signaling pathway: resistance to epidermal growth factor stimulation
in scleroderma fibroblasts, Arthritis Rheum. 48 (2003) 1652–1666.

[40] S.G. Choi, Y. Yi, Y.S. Kim, M. Kato, J. Chang, H.W. Chung, K.B.
Hahm, H.K. Yang, H.H. Rhee, Y.J. Bang, S.J. Kim, A novel ets-
related transcription factor, ERT/ESX/ESE-1, regulates expression of
the transforming growth factor-b type II receptor, J. Biol. Chem. 273
(1998) 110–117.

[41] J.C. Lee, S. Kassis, S. Kumar, A. Badger, J.L. Adams, p38 mitogen-
activated protein kinase inhibitors—mechanisms and therapeutic
potentials, Pharmacol. Ther. 82 (1999) 389–397.

[42] A. Fine, M.P. Panchenko, B.D. Smith, Q. Yu, R.H. Goldstein,
Discordant regulation of transforming growth factor-b receptors
by prostaglandin E2, Biochim. Biophys. Acta 1261 (1995) 19–
24.

[43] T. Iimura, S. Oida, H. Ichijo, M. Goseki, Y. Maruoka, K. Takeda, S.
Sasaki, Modulation of responses to TGF-b by 1,25-dihydroxyvitamin
D3 in MG-63 osteoblastic cells: possible involvement of regulation of
TGF-b type II receptor, Biochem. Biophys. Res. Commun. 2041
(1994) 918–923.

[44] G. Wu, R.S. Fan, W. Li, V. Srinivas, M.G. Brattain, Regulation of
transforming growth factor-b type II receptor expression in human
breast cancer MCF-7 cells by vitamin D3 and its analogues, J. Biol.
Chem. 273 (1998) 7749–7756.

[45] M.E. Brandes, L.M. Wakefield, S.M. Wahl, Modulation of monocyte
type I transforming growth factor-b receptors by inflammatory
stimuli, J. Biol. Chem. 266 (1991) 19697–19703.

[46] B.B. Bloom, D.E. Humphries, P.P. Kuang, A. Fine, R.H. Goldstein,
Structure and expression of the promoter for the R4/ALK5 human
type I transforming growth factor-b receptor: regulation by TGF-b,
Biochim. Biophys. Acta 1312 (1996) 243–248.

[47] R.B. Moreland, A. Traish, M.A. McMillin, B. Smith, I. Goldstein, I.
Saenz de Tejada, PGE1 suppresses the induction of collagen synthesis
by transforming growth factor-b 1 in human corpus cavernosum
smooth muscle, J. Urol. 153 (1995) 826–834.

[48] Y. Takeuchi, M. Suzawa, T. Kikuchi, E. Nishida, T. Fujita, T.
Matsumoto, Differentiation and transforming growth factor-b recep-
tor down-regulation by collagen-a2b1 integrin interaction is mediated
by focal adhesion kinase and its downstream signals in murine
osteoblastic cells, J. Biol. Chem. 272 (1997) 29309–29316.

[49] D. Wang, L. Sun, E. Zborowska, J.K. Willson, J. Gong, J.
Verraraghavan, M.G. Brattain, Control of type II transforming
growth factor-b receptor expression by integrin ligation, J. Biol.
Chem. 274 (1999) 12840–12847.



K. Yamane et al. / Biochemical and Biophysical Research Communications 352 (2007) 69–77 77
[50] A. Minden, M. Karin, Regulation and function of the JNK subgroup
of MAP kinases, Biochim. Biophys. Acta 1333 (1997) 85–104.

[51] Y. Tan, J. Rouse, A. Zhang, S. Cariati, P. Cohen, M.J. Comb,
FGF and stress regulate CREB and ATF-1 via a pathway
involving p38 MAP kinase and MAPKAP kinase-2, EMBO J. 15
(1996) 4629–4642.

[52] D. Kelly, S.J. Kim, A. Rizzino, Transcriptional activation of the type
II transforming growth factor-b receptor gene upon differentiation of
embryonal carcinoma cells, J. Biol. Chem. 273 (1998) 21115–21124.

[53] B.W. Needleman, J. Choi, A. Burrows-Mezu, J.A. Fontana, Secretion
and binding of transforming growth factor b by scleroderma and
normal dermal fibroblasts, Arthritis Rheum. 33 (1990) 650–656.

[54] L. Lillien, Changes in retinal cell fate induced by overexpression of
EGF receptor, Nature 377 (1995) 158–162.

[55] J. George, D. Roulot, V.E. Koteliansky, D.M. Bissell, In vivo
inhibition of rat stellate cell activation by soluble transforming
growth factor b type II receptor: a potential new therapy for hepatic
fibrosis, Proc. Natl. Acad. Sci. USA 96 (1999) 12719–12724.

[56] Z. Qi, N. Atsuchi, A. Ooshima, A. Takeshita, H. Ueno, Blockade of
type b transforming growth factor signaling prevents liver fibrosis and
dysfunction in the rat, Proc. Natl. Acad. Sci. USA 96 (1999) 2345–2349.

[57] V. Falanga, S.L. Tiegs, S.P. Alstadt, A.B. Roberts, M.B. Sporn,
Transforming growth factor-b: selective increase in glycosaminogly-
can synthesis by cultures of fibroblasts from patients with progressive
systemic sclerosis, J. Invest. Dermatol. 89 (1997) 100–104.

[58] N. Akiyama, Y. Matsuo, H. Sai, M. Noda, S. Kizaka-Kondoh,
Identification of a series of transforming growth factor b-responsive
genes by retrovirus-mediated gene trap screening, Mol. Cell. Biol. 20
(2000) 3266–3273.

[59] J. Massague, Transforming growth factor-b modulates the high-
affinity receptors for epidermal growth factor and transforming
growth factor-a, J. Cell Biol. 100 (1985) 1508–1514.


	Epidermal growth factor up-regulates transforming growth factor- beta  receptor type II in human dermal fibroblasts via p38 mitogen-activated protein kinase pathway
	Materials and methods
	Results
	T beta RII expression in human dermal fibroblasts is up-regulated by EGF
	SB203580 inhibits EGF-mediated up-regulation of T beta RII mRNA and protein
	Contribution of p38 MAPK signaling pathway to T beta RII promoter activity
	Temporal activation of p38 MAPK following EGF treatment and SB203580 inhibits EGF-induced p38 MAPK activity

	Discussion
	Acknowledgments
	References


