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Abstract. In the course of screening for inhibitors of
transforming-growth factor-b (TGF-b) functions we
found that conophylline, a vinca alkaloid, inhibited TGF-
b-induced apoptosis in rat hepatoma cells. Because cono-
phylline also inhibited TGF-b-induced promoter activity
in mink lung cells, we studied the mechanism of the inhi-
bition in this cell line. Conophylline did not inhibit nu-
clear translocation of Smad2. Instead, we found that
conophylline increased the expression of c-Jun, which
had been earlier shown to interact with the corepressor
TGIF to suppress the transcriptional activity dependent
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on Smad2. Conophylline attenuated the interaction be-
tween the Smad2 complex and p300 but enhanced that
between the Smad2 complex and TGIF. In cells overex-
pressing c-Jun, suppression of promoter activity induced
by TGF-b and the enhancement of the association of the
Smad2 complex with TGIF were also observed. Thus, our
data suggest that inhibition of TGF-b-induced promoter
activity by conophylline can be attributed to its potency in
modulating the interaction of downstream transcriptional
factors via upregulation of c-Jun expression. 
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Transforming growth factor-β TGF-b has been shown to
regulate broad aspects of cellular functions including cell
proliferation, differentiation, and apoptosis [1, 2]. TGF-b
promotes the accumulation of extracellular matrix and in-
hibits matrix degradation [3, 4]. Induction of fibrosis by
TGF-b in lung, kidney [5], and liver [6] has been widely
studied, and deregulation of TGF-b function has been im-
plicated in the generation of human fibrotic disorders [3,
4]. Overexpression of TGF-b is observed in scirrhous
carcinoma of the stomach [7] characterized by pro-
nounced proliferation of the interstitium, which is associ-
ated with excess collagen deposition in the tissue [8].
TGF-b overexpression may correlate with decreased sur-
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vival in this disease [9]. TGF-b also induces apoptosis in
liver both in vitro and in vivo [10]. Transgenic mice over-
expressing TGF-b showed continuing apoptotic death of
hepatocytes, as well as hepatic fibrosis [11]. Inhibitors 
of TGF-b functions are therefore expected to be anti-
fibrotic and cytoprotective agents [12]. 
TGF-b binds to cell surface transmembrane serine/threo-
nine kinases, known as type I and type II receptors
[13–15] and induces receptor-mediated phosphorylation
of Smad proteins, which are central mediators of TGF-b
signals. Once phosphorylated, Smad proteins become
oligomerized, and the oligomers are translocated into the
nucleus, and bind to target promoters in association with
DNA-binding cofactors (FAST1 or FAST2) [16]. In the
nucleus, Fast-bound Smads positively or negatively regu-
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late the transcription of target genes, depending on the
physiological context [17]. Transcriptional activation by
its Smad complex has been shown to occur by its ability
to recruit p300 and CBP [18–20], which act as coactiva-
tors by modifying the chromatin structure through his-
tone acetylation. On the other hand, Smad2 or Smad3 can
also interact with the corepressor TGIF instead of the
coactivators p300/CBP in response to TGF-b, thereby
forming a transcriptional repressor complex [17]. The re-
pression of Smad-dependent transcription by the core-
pressor TGIF correlates with the recruitment of a histone
deacetylase into the Smad complex. A similar mechanism
has also been advocated to explain the action of the core-
pressor Ski, which interacts with Smads and represses
TGF-b-induced transcription [21, 22]. 
Induction of transcription by TGF-b was decreased in
cells overexpressing c-Jun, which directly binds to TGIF
and enhances the association of Smad with TGIF. c-Jun is
presumed to be required for TGIF-mediated repression of
Smad2 transcriptional activity [23]. c-Jun has also been
suggested to interact with the corepressor Ski, preventing
the recruitment of p300/CBP in response to TGF-b sig-
naling [24]. However, details of the modulation of Smad
complex transcriptional activity by c-Jun have remained
unclear.
In the course of screening for inhibitors of TGF-b func-
tions, we found that the vinca alkaloid, conophylline 
(fig. 1) [25] inhibited TGF-b-induced apoptosis and 
PAI-1 promoter activity. We attributed its potency of in-
hibition to the upregulated expression of c-Jun. 

Materials and methods

Materials
Rat hepatoma McA-RH8994 and mink lung Mv1Lu cells
were obtained from the American Type Culture Collec-
tion (ATCC) and maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal
calf serum (FCS) and 200 mg/ml kanamycin under an at-
mosphere of 5% CO2 at 37°C. p3TP-Lux [26] was kindly
supplied by Dr. J. Massagué (Memorial Sloan-Kettering
Cancer Center). ARE-Lux and FAST2 were gifts from Dr.
Wrana (Mount Sinai Hospital). HA-c-Jun, HA-c-JunbZip
and myc-Smad DNA were generous gifts of Dr. A. Atfi

(Hôspital Saint-Antonie). Conophylline was isolated
from the leaves of Ervatamia micrrophylla collected in
Khou Kaen, Thailand [25]. Control pGL2 vector was pur-
chased from Promega. Polyclonal c-Jun, phospho-c-Jun
(Ser63), SAPK/JNK, phospho-SAPK/JNK (Thr183/
Tyr185), p38, phospho-p38 (Thr180/Tyr182), MAPK/
Erk1/2, and phospho-MAPK/Erk1/2 (Thr202/Tyr204)
antibodies were purchased from Cell Signaling Technol-
ogy. The monoclonal p300 antibody and polyclonal
Smad2/Smad3 and phospho-Smad2 antibodies were pur-
chased from Upstate Biotechnology. Polyclonal TGIF an-
tibody came from Santa Cruz Biotechnology. 

Apoptosis assay using McA-RH8994 cells
The cells (1.25 ¥ 104) were plated in each well of 24-well
plates. After cultivation for 24 h, the medium was ex-
changed for serum-free medium containing TGF-b. After
incubation with TGF-b, surviving cells were counted af-
ter staining with trypan blue. For the detection of apopto-
sis, the cell nuclei were stained with Hoechst 33258 after
fixation with 3% paraformaldehyde, and observed under
a fluorescence microscope. The DNA was extracted and
analyzed by 1.5% agarose gel electrophoresis as a DNA
fragmentation assay. 

Promoter reporter assays
Mv1Lu cells (1.5 ¥ 104) were plated in each well of 24-
well plates. After cultivation for 18–24 h, the cells were
transfected with 200 ng of reporters and/or other plas-
mids using the FuGENE transfection reagent (Roche).
After transfection, the cells were cultivated in DMEM
with 10% FCS for 10 h, and the medium was then
changed to DMEM with 0.2% FCS. Twelve hours after
transfection, TGF-b and/or conophylline were added, and
then 16 h later, luciferase assays were performed using a
luciferase assay system (Promega) and a luminometer
Lumat LB9507 (Berthold). All transfections were nor-
malized to the WST-1 assay (Roche).

Immunofluorescence assay
Subcellular localization of Smad2 in Mv1Lu cells was
determined as previously reported [27]. Mv1Lu cells
(2.5 ¥ 104) were plated in each well of an eight-chamber
slide (Falcon). After cultivation for 16 h, the chamber de-
vices were removed and the cells were washed with
phosphate-buffered saline (PBS) and then fixed by ace-
tone treatment for 2 min at –20°C. After the slide had
been air-dried, the cells were incubated for 60 min at
room temperature with rabbit antiserum against Smad2
diluted 50- to 100-fold in PBS with 5% FCS. Then the
cells were washed three times with PBS-0.05% Tween
20 and subsequently reacted for 60 min with the sec-
ondary antibody, horseradish peroxidase-conjugated
goat anti-rabbit IgG (Sigma) in PBS with 5% FCS. De-
tection was then performed using a TSA-direct kit (NENFigure 1. Structure of conophylline.



Life Science Products) following three washings with
PBS-0.05% Tween 20. 

Protein analysis
For Western blots, Mv1Lu cells (2 ¥ 105 cells) were plated
in each well of six-well plates. After cultivation in
DMEM with 10% FCS for 16 h, the medium was
changed to DMEM with 0.2% FCS, and the cells were
cultured for several hours. Then TGF-b and/or cono-
phylline were added, and the cells were incubated for the
desired period. The cells were then lysed in RIPA buffer
[25 mM HEPES (pH 8.0), 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 5 mM
EDTA, 50 mM NaF, 100 mM sodium vanadate with com-
plete protease inhibitor cocktail (Roche)] buffer after a
wash with PBS. The cell lysates were subjected to SDS-
PAGE gel electrophoresis and then transferred onto a ni-
trocellulose membrane, which was incubated in TBST
buffer [100 mM Tris-HCl (pH 7.5), 0.9% NaCl] contain-
ing 5% nonfat milk. The proteins were visualized by re-
action with specific primary antibodies followed by
horseradish peroxidase-conjugated second antibodies.
Immunoreactivity was detected using an enhanced
chemiluminescence reagent, ‘Western Lightning’ (Perkin
Elmer), following the manufacturer’s instructions.
For coimmunoprecipitation, Mv1Lu cells (3.2 ¥ 105

cells) were plated in 6-cm dishes. After transfection, the
cells were cultivated in DMEM with 10% FCS for 16 h,
and then the medium was changed to DMEM with 0.2%
FCS, and the cells were incubated for several hours. They
were then treated with TGF-b and/or conophylline for 3 h
and thereafter, the cells were solubilized in RIPA buffer.
The samples were centrifuged at 10,000 g for 10 min, and
the supernatant was precleared with normal IgG (Sigma)
from the same species as the immunoprecipitating anti-
body and Protein G PLUS/Protein A-agarose beads
(Oncogene Research Products) for 30 min at 4°C, and
then incubated with 1 mg of anti-myc or anti-Smad2 an-
tibody for 1 h at 4°C followed by 25 ml of Protein G
PLUS/Protein A-agarose and incubation overnight at
4°C. The beads were washed four times in PBS and
resuspended in 40 ml of electrophoresis sample buffer
(125 mM Tris-HCl, 1% SDS, 15% glycerol, 5% 2-mer-
captoethanol, 0.005% bromo-phenol-blue). The samples
were loaded for SDS-PAGE electrophoresis and sub-
sequent Western blot analysis. 

RT-PCR
Approximately 8 ¥ 105 Mv1Lu cells were plated in 10-cm
dishes and cultivated for 24 h before conophylline and/or
TGF-b treatment for the specified times. Total RNA was
extracted from cells using a MasterPure RNA purifi-
cation kit (Epicentre). For RT-PCR experiments, we
used an Access RT-PCR System (Promega). For oligonu-
cleotide primers, we chose the sequences 5¢-CGGC-
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TACAGTAACCCCAAGA-3¢ (forward) 5¢-CCTGCTC-
ATCTGTCACGTTC-3¢ (reverse) and 5¢-TGCGTGAC-
ATCAAGGAGAAG-3¢ (forward); 5¢-AGGAAGGAAG-
GCTGGAAGAG-3¢ (reverse) in high-homology regions
of bovine c-Jun and cat actin, respectively. Amplifica-
tions were performed for 40 cycles with an annealing
temperature of 55°C. PCR products were visualized on
ethidium bromide-stained 2% agarose gels.

Results

Inhibition of TGF-bb-induced apoptosis by
conophylline
TGF-b is known to induce apoptosis in rat Morris he-
patoma McA-RH8994 cells [28]. As shown in fig. 2A,
TGF-b killed McA-RH8994 cells in a dose-dependent
manner. TGF-b at 3 ng/ml induced approximately 50%
and 90% cell death in 48 and 72 h, respectively; whereas
the cell death in the control was less than 20%. We con-
firmed that the cell death was due to apoptosis, as evi-
denced by chromatin condensation, nuclear fragmenta-
tion (fig. 2C), and DNA fragmentation in the nuclear
extract (fig. 2D). We used TGF-b-induced apoptosis in
McA-RH8994 cells as an indicator for screening for anti-
TGF-b substances from natural sources. As a result,
conophylline, a vinca alkaloid, was found to inhibit TGF-
b-inducible apoptosis in a dose-dependent manner (fig.
2B). Conophylline at 30–100 ng/ml inhibited TGF-b-
induced cell death. In the presence of conophylline at 
100 ng/ml, only 10% cell death occurred in 48 h in
serum-free medium. 

Inhibition of TGF-bb --induced transcription by
conophylline
To demonstrate that conophylline inhibits TGF-b-in-
duced signal transduction, we transiently transfected
Mv1Lu and McA-RH8994 cells with p3TP-Lux contain-
ing a luciferase reporter gene under the control of the
PAI-1 promoter and TPA-responsive element (TRE) cor-
responding to a region of the collagenase promoter,
which are responsive to TGF-b [26]. We observed marked
p3TP-Lux reporter activity in response to TGF-b in mink
Mv1Lu cells but only a feeble response in McA-RH8994
cells. As shown in figure 3A, the concurrent addition of
conophylline at 30 ng/ml inhibited 80% of the luciferase
reporter activity triggered by TGF-b in Mv1Lu cells. 
Xenopus FAST1 (also known as FoxH1) in association
with Smad2 and Smad4 is required for activation of the
Mix.2 gene via a TGF-b/activin response element (ARE)
[29–31]. Binding to ARE is jointly mediated by the DNA-
binding activities of FAST1 and Smad4 [29–31], whereas
transcriptional activation is mediated by p300/CBP bound
to Smads in the complex [18–20]. FAST1 and its mouse
homologue, FAST2, can mediate activation of an ARE re-
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Figure 2. Conophylline-mediated inhibition of cell death induced by TGF-b in McA-RH8994 cells. (A, B) Induction of cell death by TGF-
b in rat hepatoma McA-RH8994 cells (A). The cells were cultured in medium containing 0 (open circle), 0.03 (open triangle), 0.3 (open
square), or 3 (closed circle) ng/ml of TGF-b. Inhibition of TGF-b-induced cell death by conophylline (B). The cells were cultured with
conophylline for 1 h, and then 0 (�) or 3 (�) ng/ml of TGF-b was added. After 48 h, cell viability was assayed by trypan blue dye exclu-
sion. The values are means ± SD of triplicate determinations. (C, D) Chromatin condensation, nuclear fragmentation (C), and DNA frag-
mentation in the nuclear extract (D) were promoted by conophylline in the cells.

porter construct (ARE-Lux) [32, 33]. Since the molecular
mechanism of the TGF-b response of the ARE-Lux re-
porter is more clearly understood than that of p3TP-Lux,
we examined the effect of conophylline on the ARE-Lux
reporter. As shown in figure 3B, expression of the ARE-
Lux construct in Mv1Lu cells was minimal, but a strong
TGF-b-dependent increase of transcriptional activity was
detected in cells cotransfected with FAST2 (fig. 3B).
Conophylline also inhibited ARE-Lux reporter activity in-
duced by TGF-b in the cells coexpressing FAST2. On the
other hand, luciferase activity derived from the SV40 pro-
moter-enhancer in the pGL2-control vector was not af-
fected by conophylline (fig. 3C). No cytotoxicity was de-
tected in these cells treated with 5 ng/ml TGF-b and/or
100 ng/ml conophylline for 24 h.

Effect of conophylline on TGF-bb --induced Smad2
translocation
To specify the molecular target of conophylline in TGF-b
signaling, we studied the effect of the drug on TGF-b-in-
duced Smad2 translocation from the cytoplasm to the nu-
cleus. As shown in figure 4, Smad2 translocation was ob-
served 60 min after treatment of Mv1Lu cells with TGF-
b. This translocation induced by TGF-b was not affected
by the presence of conophylline, even at 300 ng/ml.
Therefore, the target of conophylline in TGF-b signal
transduction is considered to be downstream of the nu-
clear translocation of Smad2. 
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Inhibition of TGF-bb signaling in Mv1Lu cells
overexpressing c-Jun
c-Jun has previously been demonstrated to interact with
the corepressor TGIF to suppress Smad2 transcriptional
activity in transiently transfected COS-7 cells, and TGF-
b-dependent transcriptional activation is decreased by
overexpression of c-Jun in HepG2 and COS-7 cells [23].

We examined the effect of c-Jun overexpression on TGF-
b signaling using ARE-Lux in Mv1Lu cells. As shown in
figure 5, the TGF-b-dependent activation of ARE-Lux
was markedly decreased by cotransfection with c-Jun in
Mv1Lu cells. 

Induction of c-Jun expression by conophylline
Modulation of Jun expression by TGF-b is a cell type-
specific phenomenon, as TGF-b activates c-Jun expres-
sion only in epithelial cells, whereas it induces JunB ex-
pression in mesenchymal cells [34, 35]. In Mv1Lu cells,
TGF-b has been observed to activate JunB transiently
[36]. To examine the possible effect of conophylline and
TGF-b on expression of c-Jun in Mv1Lu cells, we per-
formed a Western blot analysis on cell lysates after treat-
ment of the cells with TGF-b and/or conophylline. After
the cells had been treated with conophylline for 4 h, their
c-Jun expression was markedly increased (fig. 6A). On
the other hand, TGIF, JNK/SAPK, and actin expression
were not affected. TGF-b alone had no remarkable effect
on c-Jun in our conditions in Mv1Lu cells (fig. 6A). As
shown in figure 6B, c-Jun expression was increased by
the addition of conophylline in a dose-dependent manner
at 10–100 ng/ml, conditions in which the expression of
actin was unaffected. We also performed RT-PCR with to-
tal RNA prepared from the cells after conophylline treat-
ment for 1–20 h. c-Jun expression at the transcriptional
level was increased by conophylline (fig. 6C), in parallel
with that at the protein level shown by the Western blot
analysis. 

Stimulation of SAPK/JNK by conophylline
To determine further the effect of conophylline on c-Jun,
we examined the effect of conophylline on the phospho-
rylation of c-Jun by Western blot analysis using anti-

Figure 3. Inhibition of the TGF-b-responsive luciferase reporter by conophylline in mink lung Mv1Lu cells. The cells transfected with
p3TP-Lux (A) or ARE-Lux (B) and pGL2 (C) were cultured with conophylline in the absence (control) or presence (TGF-b) of 
5 ng/ml TGF-b for 16 h. The luciferase activity in the cell lysates was then detected. Data represent the means ± SD of triplicate determi-
nations.

Figure 4. Effect of conophylline on nuclear translocation of Smad2
induced by TGF-b in Mv1Lu cells. Mv1Lu cells were treated with
TGF-b (5 ng/ml) and/or 300 ng/ml of conophylline (CNP) for 1 h.
Localization of Smad2/Smad3 was detected by immunofluorescent
antisera. 
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phospho-SAPK/JNK (Thr183/Tyr185) or anti-phospho-
c-Jun (Ser63). The Western blot was performed on cell
lysates after treatment of the cells for a short period
(5–30 min). An increase in c-Jun protein expression after
conophylline and/or TGF-b was not observed in this short
period. As shown in figure 7A, conophylline stimulated
SAPK/JNK activity, the stimulation being accompanied
by activation of its downstream substrate c-Jun. We also
examined the effect of conophylline on the stimulation
of other mitogen-activated protein kinases, p38 and
MAPK/Erk1/2, which were earlier reported to be stimu-
lated by TGF-b and to contribute partly to the regulation
of TGF-b signaling [37–39]. The stimulation of p38 was
also observed, along with its phosphorylation detected by
anti-phospho-p38 (Thr180/Tyr182). Interestingly, MAPK/

Figure 5. Inhibition of TGF-b-responsive luciferase reporter in
cells overexpressing c-Jun. Mv1Lu cells cotransfected with c-Jun
and pARE-Lux were cultured in the absence (control) or the pres-
ence of 5 ng/ml of TGF-b for 16 h. The luciferase activity in the
cells was then detected. Data represent the means ± SD of triplicate
determinations.

Figure 6. Upregulation of c-Jun expression by conophylline. (A)
Conophylline (100 ng/ml) (CNP) was added to the culture medium
and Mv1Lu cells were then incubated for the indicated times, lysed
and subjected to gel electrophoresis and immunoblotting with anti-
c-Jun, JNK, TGIF, and actin antibodies. (B) Mv1Lu cells were in-
cubated with the indicated doses of conophylline for 4 h, and then
harvested. The lysates were subjected to gel electrophoresis and im-
munoblotted with anti-c-Jun and anti-actin. (C) RT-PCR was per-
formed using 50 ng of total RNA extracted from the cells treated
with 100 ng/ml conophylline for the indicated periods. The primers
described in Materials and methods were used.

Figure 7. Stimulation of the SAPK/JNK cascade by conophylline.
(A) Mv1Lu cells were treated with 100 ng/ml conophylline in the
presence or absence of TGF-b for the indicated times, and then
Western blotting was performed on the cell lysates. The identity of
the investigated proteins is indicated to the right. Anisomycin (Ani)
is an activator of SAPK/JNK and p38 signal cascades. (B) Effect of
cotransfection with c-Jun or c-JunbZip on pARE-Lux reporter ac-
tivity induced by TGF-b. Mv1Lu cells were treated with (filled
bars) or without (open bars) TGF-b for 16 h. Then the luciferase ac-
tivity in the cell lysates was assayed. The data represent the means
± SD of triplicate determinations.
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Erk1/2 was markedly stimulated by conophylline, with a
significant rise in phosphorylation at the sites detected
with anti-phospho-MAPK/Erk1/2 (Thr202/ Tyr204). We
also found that TGF-b stimulated SAPK/ JNK and
MAPK/Erk1/2 in the short term. An additive effect was
observed in the stimulation of the mitogen-activated pro-
tein kinases when cells were treated with both cono-
phylline and TGF-b. 
Next, to investigate whether JNK could be needed for the
repression of TGF-b signaling through c-Jun, we exam-
ined the effect of overexpression of a c-Jun mutant ver-
sion or c-JunbZip, which harbors a deletion in the N-ter-
minus that includes the binding sites of JNK [40]. In con-
trast to wild-type c-Jun, the inhibition of TGF-b-
inducible ARE-Lux activity was not observed in the cells
overexpressing c-JunbZip (fig. 7B). 

Enhancement of an association between Smad2 and
TGIF by conophylline through c-Jun induction
Upon entering the nucleus, the Smad2 complex has been
shown to interact with the coactivator, p300, forming a
transcriptional activation complex, or with the corepres-
sor TGIF, forming a transcriptional repressor complex, in
response to TGF-b signaling [17]. c-Jun has been
prosposed to enhance the association of Smad2 with
TGIF [23]. Thus, the effect of conophylline on the inter-
action of the Smad2 complex with p300, TGIF, and c-Jun
was investigated. For this purpose coimmunoprecipita-
tion was performed with cells overexpressing myc-tagged
Smad2 protein. As shown in figure 8A, association of the
Smad2 complex with p300 was enhanced by TGF-b. This
enhancement induced by TGF-b was attenuated by the
addition of conophylline. Inversely, the association of the
Smad2 complex with TGIF induced by TGF-b was en-
hanced by the treatment with conophylline. Furthermore,
the association of the Smad2 complex with c-Jun stimu-
lated by TGF-b was enhanced by the addition of cono-
phylline (fig. 8A). On the other hand, the phosphoryla-
tion of Smad2 induced by TGF-b was not affected by
conophylline. To test if increments in c-Jun expression
would elevate the association of the endogenous Smad2
complex with c-Jun, we performed coimmunoprecipita-
tion with cells overexpressing c-Jun. In such cells, the as-
sociation of the Smad2 complex with c-Jun was in-
creased, and was accompanied by an increased tendency
for Smad2 to associate with TGIF in response to TGF-b
(fig. 8B). There was no effect of overexpressed c-Jun on
the phosphorylation of Smad2. 

Reduction of TGF-bb signaling by Smad2 in cells
overexpressing c-Jun or treated with conophylline
Smad2 complex was postulated to play an inductive role
in the TGF-b-inducible transcription without excessive c-
Jun, becoming a suppressor when c-Jun is expressed
abundantly. In cells treated with conophylline which in-

duces overexpression of c-Jun, Smad2 was presumed to
behave as a suppressor. To test this hypothesis, we inves-
tigated the effect of c-Jun or conophylline on Smad2 reg-
ulation. 
As shown in figure 9, the transcriptional activity in res-
ponse to TGF-b was stimulated by transfection of Smad2
without excessive c-Jun. Inversely, the reporter activity was
suppressed by abundant Smad2 in cells overexpressing c-
Jun. The suppression by Smad2 expressed abundantly
was also observed in cells treated with conophylline.

Discussion

Conophylline was shown to inhibit TGF-b-induced apop-
tosis in McA-RH8994 cells (fig. 2). Caspases are known
to be involved in TGF-b-mediated apoptosis in hepatoma

Figure 8. (A) Enhancement of an association between Smad2 and
TGIF by conophylline. Mv1Lu cells were transfected with myc-
Smad2, and cell lysates were subjected to immunoprecipitation
with anti-myc antibody that recognized myc-Smad2. Expression
levels of proteins were determined by immunoblotting aliquots of
total cell lysates with the antibodies against the proteins indicated.
WB means, Western blot. (B) Elevation of association of endoge-
nous Smad2 with c-Jun and TGIF in Mv1Lu cells overexpressing c-
Jun. Lysates of cells transfected with HA-c-Jun or control vector
were subjected to immunoprecipitation with anti-Smad2 antibody.
Expression levels of proteins were determined by immunoblotting
aliquots of total cell lysates with the antibodies indicated. 



teraction is probably attributable to the elevation of c-Jun
expression by conophylline, since the interaction of the
Smad2 complex with c-Jun was increased in c-Jun-over-
expressing Mv1Lu cells (fig. 8B). In c-Jun-overexpress-
ing cells, the reduction in the TGF-b-induced transcrip-
tional level has been attributed to stabilization of the
Smad2 complex/TGIF by c-Jun [23]. This observation
agrees with our results that c-Jun overexpression (fig.
8B) and conophylline addition (fig. 8A) had similar ef-
fects on the tendency of Smad2 to associate with TGIF.
As shown in figure 9, Smad2 plays a positive role in
TGF-b signaling without excessive c-Jun. However,
when the expression of c-Jun was enhanced, Smad2 be-
came a negative transcriptional regulator in response to
the TGF-b signal. This positive-to-negative change in
Smad2 was also observed in the cells treated with cono-
phylline, which enhanced c-Jun expression. Thus, these
results suggest that suppression of TGF-b signaling by
conophylline can be attributed to the ability of this drug
to upregulate c-Jun expression. 
Conophylline enhanced c-Jun expression (fig. 6) with
stimulating JNK (fig. 7). Once activated, JNK phosphory-
lates c-Jun, and in turn, phosphorylated c-Jun homodimer-
ized with members of the Jun family or heterodimerizes
with members of the Fos family. All these complexes,
named activating-protein-1 (AP-1), bind to AP-1 sites and
can control the expression of a number of genes, including
c-Jun itself [45, 46]. The underlying mechanism of activa-
tion of JNK by conophylline is now being studied in detail. 
c-Jun has been described as interacting with Ski, another
corepressor in TGF-b signaling, and enhancing suppres-
sion of transcriptional activity [21, 22]. Ski protein was
not detectable in our Western blot analysis in Mv1Lu cells.
Presumably, the Ski expression level is extremely low in
this cell line. c-Jun may be able to recruit different tran-
scriptional corepressors depending on cell type or physio-
logical context. Therefore, conophylline may suppress
TGF-b-induced transcriptional activity in a wide range of
cell types, and may be a candidate therapeutic agent for
diseases caused by deregulation of TGF-b signaling.
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