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The inhibitory Smad?, a direct target gene for transforming growth factor-8 (TGF-B), mediates
TGF-Bl-induced apoptosis in several cell types. Herein, we report that apoptosis of human
prostate cancer PC-3U cells induced by TGF-B1 or Smad7 overexpression is caused by a specific
activation of the p38 mitogen-activated protein kinase pathway in a TGF-B-activated kinase 1
(TAK1)- and mitogen-activated protein kinase kinase 3 (MKK3)-dependent manner. Expression of
dominant negative p38, dominant negative MKK3, or incubation with the p38 selective inhibitor
[4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole], prevented TGF-B1-
induced apoptosis. The expression of Smad7 was required for TGF-B—-induced activation of MKK3
and p38 kinases, and endogenous Smad7 was found to interact with phosphorylated p38 in a
ligand-dependent manner. Ectopic expression of wild-type TAK1 promoted TGF-Bl-induced
phosphorylation of p38 and apoptosis, whereas dominant negative TAK1 reduced TGF-B1-
induced phosphorylation of p38 and apoptosis. Endogenous Smad?7 was found to interact with
TAK1, and TAK1, MKK3, and p38 were coimmunoprecipitated with Smad? in transiently trans-
fected COSI1 cells. Moreover, ectopically expressed Smad7 enhanced the coimmunoprecipitation
of HA-MKKS3 and Flag-p38, supporting the notion that Smad7 may act as a scaffolding protein and
facilitate TAK1- and MKK3-mediated activation of p38.

INTRODUCTION

Members of the transforming growth factor (TGF)-B family,
e.g., TGF-Bs, activins, and bone morphogenetic proteins
(BMPs), are important regulators of proliferation, differen-
tiation, apoptosis, and migration of cells during embryogen-
esis, and are also involved in the maintenance of tissue
homeostasis in the adult (Attisano and Wrana, 2000; Mas-
sagué, 2000; Miyazono et al., 2000). The cellular responses
evoked by TGF-B are mediated by type II and type I trans-
membrane serine/threonine kinase receptors. On ligand
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binding to the constitutively active type II receptor, the type
I receptor is recruited into the receptor complex and be-
comes phosphorylated by the type II receptor kinase. The
activated type I receptor kinase subsequently phosphory-
lates members of the intracellular Smad signal transduction
pathway. In the TGF-B pathway, the receptor-regulated
Smad2 and Smad3 (R-Smads) form complexes with coS-
mad4 that accumulate in the nucleus, where they regulate
transcriptional responses by direct or indirect interactions
with promoter regions of specific genes.

Smadé and Smad? are classified as inhibitory Smads (I-
Smads), because their interactions with the activated type I
receptors prevent phosphorylation of the R-Smads (Attisano
and Wrana, 2000; Massagué, 2000; Miyazono et al., 2000).
Moreover, Smad7 binds ubiquitin ligases of the Smurf fam-
ily, which cause ubiquitination and proteasomal degrada-
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Figure 1. Specific activation of p38 by TGF-B1 causes apoptosis. Time
courses of phosphorylation of endogenous p38 and MKK3/6 (A),
ERK1/2 (B), and SAPK/JNK (C), and expression levels of endogenous
Smad? (D) after TGF-$ stimulation. Total cell lysates were prepared
from TGF-Bl-treated or untreated PC-3U cells and used for immuno-
blotting. In the top and bottom panels, the phosphorylated and the
nonphosphorylated forms, respectively, of p38, MKK3/6, ERK1/2, and
SAPK/JNK are indicated. Cell lysates from PC-3U cells exposed to 0.7 M
NaCl for 30 min (OS) or 10 nM PMA for 20 min (PMA) were used as
positive controls. (E) Subcellular localization of endogenous Smad? in
untreated PC-3U cells or PC-3U cells treated for 5 min, 30 min, 12 h, or
24 h with TGF-B, as investigated by immunostainings with antibodies
against Smad7 and additional staining of the nuclei by DAPL. An over-
lay of both pictures (merge + DAPI) shows that Smad?7 is predomi-
nantly localized in nuclei of untreated cells, whereas 5 min after TGF-$
treatment an export to the cytoplasm is observed, followed by accumu-
lation in the nucleus after 12 and 24 h. (F) Analysis of fragmentation of

DNA isolated from PC-3U cells, TGF-B1-treated or not for 24 h in the
presence or absence of SB203580. (G) Apoptosis of PC-3U cells, tran-

pcDNA3 Flag-p38 DN siently transfected with pcDNA3 (control) and dominant negative Flag

p38 (Flag-p38 DN), treated with TGF-g1 for 24 h, as analyzed by immu-

nostainings with antibodies against Flag and the apoptotic marker M30.

An overlay of both pictures with additional staining of nuclei with DAPI (merge + DAPI) showed a reduced number of M30-positive cells per field in

cells expressing Flag-p38 DN after treatment with TGF-B1, compared with control cells. Note that cells expressing Flag-p38 DN, indicated by arrowheads,
do not undergo apoptosis.

Merge + DAPI
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tion of the TGF-B receptors (Kavsak et al., 2000; Ebisawa et
al., 2001). Initial studies demonstrated that the expressions of
Smad6 and Smad? are increased by BMP and TGF-B (Ha-
yashi ef al., 1997; Imamura et al., 1997; Nakao ef al., 1997).
Subsequently, interferon v, tumor necrosis factor-a, as well
as other growth factors have been reported to regulate the
expression of Smad6 and Smad?7 (Afrakhte et al., 1998; Ulloa
et al., 1999; Bitzer et al., 2000).

The R- and CoSmad proteins consist of two highly con-
served amino- and carboxy-terminal parts, the Mad homol-
ogy 1 (MH1) and MH2 domains, which binds DNA and has
transactivation effect, respectively. The MH1 and MH2 do-
mains interact reciprocally and thereby inhibit each others’
function, but this autoinhibition is overcome when the R-
Smads become phosphorylated in their extreme C-terminal
part by the activated type I receptor kinase (Heldin et al.,
1997). The I-Smads have conserved MH2 domains, like R-
Smads and Smad4, whereas the MH1 domain is not con-
served in the I-Smads; however, the N-terminal parts of
Smad6 and Smad7 show 37% sequence similarity to each
other. The I-Smads, as well as the other Smads, shuttle
between the nucleus and the cytoplasm (Itoh et al., 1998;
Kavsak ef al., 2000; Hanyu et al., 2001). Smad6 has been
shown to act as a transcriptional corepressor in the BMP
signaling pathway (Bai et al., 2000). The same group recently
reported that the N-terminal part of Smadé can bind to
DNA, whereas the MH2 domain recruits both Hoxc-8 and
histone deacetylases, resulting in repression of the osteopon-
tin promoter (Bai et al., 2002). Smad7 was also shown to
interact with histone deacetylase 1 (Bai and Cao, 2002). In
resting cells, Smad? is localized in the nucleus; in response
to TGF-B stimulation Smad? is exported to the cytoplasm
(Itoh et al., 1998). Smad? has recently been reported to reg-
ulate gene transcription, an ability that is modulated by its
phosphorylation status (Pulaski et al., 2001). Thus, all Smads
contribute to regulation of transcriptional activities in cells.

We have previously reported that Smad? is necessary for
TGEF-B-induced apoptosis of epithelial cells (Landstrom et
al., 2000). Moreover, it has been shown that Smad7 overex-
pression in Madine-Darby canine kidney (MDCK) cells en-
hances the apoptosis of MDCK cells caused by treatment
with TGF-B or tumor necrosis factor-a, growth factor with-
drawal, or loss of cell adhesion (Lallemand et al., 2001). This
effect was found to be mediated by a decreased expression of
nuclear factor-«B, a molecule known to promote survival of
cells. Moreover, podocytes, a highly specialized cell type in
the kidney, have been shown to undergo apoptosis after
TGF-B1 stimulation or overexpression of Smad7 through
adenoviral infection (Schiffer et al., 2001).

The mitogen-activated protein (MAP) kinase pathways
regulate cell growth, differentiation, and stress responses
(Cowley et al., 1994; Davis, 2000; Nebreda and Porras, 2000;
Chang and Karin, 2001). Both positive and negative cross-
talk between MAP kinase pathways and TGF-/Smad path-
ways has been reported (Kretzschmar et al., 1997; Zhang et
al., 1998; Sano et al., 1999). TGF-B has been found to activate
one or more of three different MAP kinase pathways in
different cell types, i.e., the extracellular signal-regulated
kinases (ERKSs) (Hu et al., 1999; Yue and Mulder, 2000), c-Jun
N-terminal kinases (JNK)/stress-activated protein kinases
(SAPKs) (Engel et al., 1999; Hocevar et al., 1999), and the p38
kinases (Hanafusa et al., 1999). Previous studies have shown
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that the SAPK/JNK pathway is activated by TGF-g1 in
MDCK cells (Atfi et al., 1997a,b; Wang et al., 1997; Hanafusa
et al., 1999). In contrast, TGF-B treatment of C2C12 cells
resulted in specific activation of the MKK6 and p38 MAP
kinase pathway, without any effect on the SAPK/JNK path-
way (Hanafusa ef al., 1999). In Drosophila melanogaster, the
TGEF-p-like secreted ligand decapentaplegic has been shown
to activate the Drosophila homolog of p38 (Adachi-Yamada ef
al., 1999).

The p38 MAP kinase pathway has been implicated in
regulation of apoptosis in adipocytes and in neurons in-
duced by withdrawal of growth factors (Ichijo ef al., 1997;
Kummer et al., 1997; Xia et al., 1995; Yamagishi et al., 2001).
Like the other MAP kinases, the p38 group of kinases is
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Figure 2. Smad7 is necessary for TGF-B-induced phosphorylation
of p38 and MKK3/6. (A) Phosphorylation of endogenous p38 in
total cell lysates prepared from PC-3U and antisense Smad7 PC-3U
cells (AS-57), untreated or treated with TGF-B1 for 1 h, was ana-
lyzed by immunoblotting. The phosphorylated and nonphosphory-
lated forms of p38 are shown in the top and bottom panels, respec-
tively. Cell lysates from PC-3U cells exposed to 0.7 M NaCl for 30
min (OS) were used as positive control. The same filter was
stripped, blocked, and reprobed with antibodies against Smad?.
Note the lowered Smad? expression and the lack of phosphorylated
p38 in AS-S7 cells. (B) Phosphorylation of endogenous MKK3/6 in
total cell lysates prepared from AS-S7 cells, untreated or treated
with TGE-B1 for 15 min to 24 h, was analyzed by immunoblotting.
The phosphorylated and nonphosphorylated forms of MKK3/6 are
shown in the top and bottom panels, respectively. Cell lysates from
PC-3U cells infected with adenoviral Flag-Smad?7 (F-S7) was used as
positive control. The same filter was stripped, blocked, and re-
probed with antibodies against Smad7. Note the lowered Smad7
expression and the lack of phosphorylated MKK3/6 in AS-S7 cells.
A background band is indicated by an asterisk (*).
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activated by the MAP kinase kinases at conserved Thr-
Xaa-Tyr dual phosphorylation sites. MKK6 can activate all
of the four different isoforms of p38; MKK3 preferentially
activates p38a, p385, and p38y; and MKK4 has been re-
ported to activate p38a and p388 (Davis, 2000). TGF-p-
activated kinase 1 (TAK1) was originally identified as an
MAP kinase kinase kinase, activated downstream of TGF-
B/BMP receptors, positively regulating the SAPK/JNK
and p38 kinase pathways (Yamaguchi et al., 1995). BMP-2
treatment of a mouse hybridoma cell line (MH60) results
in apoptosis, mediated by activation of TAK1 and p38,
whereas ectopic expression of Smad6 inhibited the BMP-
induced activation of TAK1 and p38, resulting in inhibi-
tion of apoptosis (Kimura et al., 2000). In contrast, over-
expression of Smad?7 has recently been demonstrated to
cause activation of the JNK pathway and apoptosis in
MvLul, MDCK and COS?7 cells, suggesting different roles
of the I-Smads in regulation of the MAP kinase pathways
(Mazars et al., 2001). In a recent report, TGF-B was found
to induce apoptosis of the BL41 Burkitt’s lymphoma cells
via p38-dependent activation of caspase 8 (Schrantz et al.,
2001). However, TGF-B seems also to be important for
survival of some epithelial cell lines such as HaCaT and
NMuMG cells, where TGF-B increased cell survival
through its positive effects on the Akt kinase, whereas it
inhibited the effects of the forkhead factor FKHRLI, a
transcription factor known to positively regulate apopto-
sis-related genes (Shin et al., 2001). These reports under-
line that TGF-p can affect survival of cells, both positively
and negatively, depending on the cellular context.

In the present study, we have examined further the
molecular mechanisms of TGF-B1 and Smad7-induced
apoptosis of PC-3U prostate cancer cells. Our data impli-
cate an involvement of TAK1, as well as MKK3 and the
p38 MAP kinase in TGF-B1- and Smad7-induced apopto-
sis. Smad7 was found to interact with TAK-1, MKK3, and
p38. Importantly, Smad7 enhanced the interaction be-
tween MKK3 and p38, indicating that Smad7 may act as a
scaffolding protein facilitating TGF-B-induced p38 activa-
tion and apoptosis.

MATERIALS AND METHODS
Cell Culture

The human prostate cancer cell line PC-3U, originating from PC-3
cells (Franzén et al., 1993), the stably transfected pMEP4-FlagSmad?7
(Clone I and Clone K), and antisense Smad7 PC-3U cells (AS-S7)
were routinely grown in RPMI 1640 with 10% fetal bovine serum
(FBS), in the presence of their specific antibiotics (to maintain selec-
tion pressure), as described previously (Landstrom et al., 2000).
Clone I and Clone K cells were stimulated with 1.0 uM CdCl, for
indicated time periods to induce expression of F-Smad?7. PC-3U cells
treated with 1.0 uM CdCl, for similar time periods were used as
control. COS1 cells were maintained in DMEM with 10% FBS. In all
assays, TGF-B1 treatment was given at 10 ng/ml in medium con-
taining 1% FBS. For inhibition studies, [4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole], ~ (Calbiochem,
San Diego, CA) was used at a concentration of 10 uM. The inhibitor
was added to media one hour before stimulation of cells with
TGF-B1 or CdCL,.
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Figure 3. Ectopic expression of Smad7 induces
increased levels of p38 phosphorylation and apo-
ptosis. (A) Time course of Smad? levels in PC-3U
and PC-3U cells stably transfected with pMEP-4
F-Smad7 (Clone I cells). Total cell lysates were
prepared from wild-type PC-3U cells and Clone I
cells, treated or not with CdCl, and subjected to
immunoblotting. (B) Ectopic expression of Flag-
Smad? is induced by CdCl, stimulation (16 h) of
Clone I cells as shown by metabolic labeling and
immunoprecipitation with Flag antibody. A back-
ground band is indicated by an asterisk (*). (C)
Time course of phosphorylation of endogenous
p38. Total cell lysates were prepared from wild-
type PC-3U cells and Clone I cells, treated or not
with CdCl, and subjected to immunoblotting. The
phosphorylated p38 (phospho-p38) and the total
p38 are shown in the top and bottom panels, re-
spectively. (D) Activation of MKK6 by Smad?
overexpression is shown. PC-3U and Clone I cells
were treated or not with CdCl, for 12 h. Cell lysates
were immunoprecipitated with anti-TAK1 anti-
bodies and immunoprecipitates were subjected to
in vitro kinase assay by using His-MKK6 as sub-
strate. The phosphorylated proteins were resolved
by SDS-PAGE and visualized by autoradiography
(top). The mean relative values from three inde-
pendently performed experiments including scan-
ning electron microscopy are presented (bottom).
(E) Immunofluorescence analyses of phosphory-
lated p38 in PC-3U cells and Clone I cells treated or
not with CdCl, for 12 h. Cells were also analyzed
for Flag-Smad7 expression by immunofluores-
cence staining by using Flag antibodies. An over-
lay of both pictures with additional staining of
nuclei by DAPI (merge + DAPI) reveals several
nuclei with a colocalization of Smad?7 and phos-
pho-p38 in Clone I cells. (F) Analysis of fragmen-
tation of DNA isolated from control PC-3U cells
and Clone I cells treated or not for 24 h with CdCl,,
in the presence or absence of SB203580. (G) Stain-
ings with DAPI and TUNEL (fluorescein isothio-
cyanate) of control PC-3U cells and Clone I cells
treated or not for 24 h with CdCl, in the presence
or absence of SB203580. Note the enhanced TUNEL
staining of nuclei showing morphological criteria
for apoptosis in cells overexpressing Flag-Smad?7,
which is inhibited by SB203580. (H) Apoptosis of
PC-3U cells and Clone I cells treated or not with
CdCl,, alone or together with SB203580, as re-
vealed by immunostaining with the apoptotic
marker M30; staining was quantified as described
in MATERIALS AND METHODS. Note that the
increase of M30 staining in Clone I cells treated
with CdCl, is reduced by SB203580, whereas only
a minor apoptotic effect was detected in PC-3U
cells after 24 h treatment with CdClL,.
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Figure 4. Smad7 is necessary for
TGF-B-induced phosphorylation of
ATE-2. (A) PC-3U and AS-S7 cells
were treated or not with TGF-8 for
6 h in the absence or presence of
SB203580. Total cell lysates were
then prepared and subjected to im-
munoblotting, by using antibodies
against ATF-2 phosphorylated at
Thr69 and Thr71 (phospho-ATE-2)
(top) or total ATF-2 (bottom). (B) Im-
munofluorescence investigations of
phospho-ATE-2 in PC-3U and AS-S57
cells treated with TGF-B1 for 6 h.
Note the lack of staining for phos-
pho-ATE-2 in AS-S7 cells compared
with control PC-3U cells. (C) Coim-
munofluorescence stainings of Flag-
Smad? and phospho-ATE-2 in Clone
I cells treated for 12 h with CdCl,. An
overlay of both pictures with addi-
tional stainings of nuclei with DAPI
(merge + DAPI) shows colocaliza-
tion of Smad7 and phospho-ATE-2
in the nucleus. Immunofluorescence
stainings of phospho-ATF-2 in
PC-3U cells untreated or treated for
12 h with CdCl, are shown as con-
trol. Immunofluorescence staining
with Flag antibodies of PC-3U cells
treated for 12 h with CdCl, as control
for Flag, is shown in Figure 3E.
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Analyses by Western Blotting, Terminal
Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL), DNA Fragmentation, and
Mitosensor

Different time periods after treatment with TGF-f1, cells were lysed
in sample buffer and subjected to SDS-gel electrophoresis in a 10%
polyacrylamide gel, and then transferred to Immobilon (Millipore,
Bedford, MA) by using a semidry transfer apparatus (Bio-Rad,
Hercules, CA), as described previously (Itoh et al., 1998; Landstréom
et al., 2000). For detection of phosphorylated and total ATF-2,
MKK3/MKK6, p38, and SAPK/JNK, affinity-purified polyclonal
antibodies from Cell Signaling Technology (Beverly, MA) were used
at recommended concentrations. PC-3U cells and AS-S7 cells treated
with osmotic shock (OS, 0.7 M NaCl for 30 min) were used as
positive control for phospho-ATE-2, phospho-MKK3/MKK®6, phos-
pho-p38, and phospho-SAPK/JNK. Affinity-purified polyclonal an-
tibodies against phospho-ERK1/2 and total ERK2 were kind gifts
from Dr. L. Ronnstrand at our institute. DNA-fragmentation assays
and 4'-6 diamidino-2-phenylindoledihydrochloride (DAPI) stain-
ings, to identify and quantify apoptotic nuclei, were performed as
described previously (Landstrom et al., 2000). Apoptotic cells were
identified by TUNEL (Roche Diagnostics, Mannheim, Germany)
and Mitosensor (BD Biosciences Clontech, Palo Alto, CA) stainings,
and the assays were carried out following the manufacturers’ in-
structions. Monoclonal M30 antibodies (Roche Diagnostics), which
recognize caspase-cleaved cytokeratin 18, were used in immunoflu-
orescence analyses of apoptosis. Cells were photographed by
Hamamatsu ORCA charge-coupled device digital camera by using
the QED Imaging System software with an Axioplan2 microscope
(Carl Zeiss, Jena, Germany). The number of cells positive for M30,
hemagglutinin (HA) (transfected with wild-type or dominant neg-
ative [DN] MKK3), or TAK1 was counted at 40X magnification; in
total, 500-1000 cells for each group were examined.

Immunofluorescence, Transfections, and
Immunoprecipitations

Immunofluorescence, transient transfections of PC-3U and COS1
cells, and immunoprecipitations were performed as described pre-
viously (Itoh et al., 1998; Landstrom et al., 2000; Edlund et al., 2002).

Protein Kinase Assays

His-MKK6 was expressed in Escherichia coli and affinity purified.
TAK1 was immunoprecipitated from total cell lysates with anti-
TAKI1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The
immuncomplexes were subjected to kinase assays in a final volume
of 50 ul in kinase buffer containing 10 mM HEPES (pH 7.4), 1 mM
dithiothreitol, 5 mM MgCl,, 0.1 mM ATP, and 3 uCi of [y->*P]ATP,
and 3 pg of His-MKK6. Samples were incubated at 37°C for 20 min.
Reactions were terminated by the addition of sample buffer and
boiling. Substrate phosphorylations were detected and quantified
by autoradiography and image analysis (BAS-reader; Fuji, Tokyo,
Japan).

RESULTS

TGF-1 Specifically Activates the p38 Pathway in
PC-3U Cells, Resulting in Apoptosis

To investigate whether TGF-B1 treatment of PC-3U cells
specifically activated any of the MAP kinase signaling path-
ways, phospho-specific antibodies for the activated forms of
p38, ERK1/2, MKK3/6, and SAPK/JNK were used in West-
ern blot analyses of cell lysates. Phospho-p38 antibodies,
which recognize specifically the activated form of p38 phos-
phorylated on Thr180 and Tyrl82, revealed a TGF-B1-in-
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duced p38 phosphorylation 5 min after stimulation of the
PC-3U cells; a pronounced response was observed at 30 min
and a second wave of activation occurred after 12 h (Figure
1A, phospho-p38). The total amount of p38 remained un-
changed during the treatment period (Figure 1A, p38 total).
We also analyzed whether MKK3/6 is activated by TGF-8 in
PC-3U cells. The phospho-MKK3/MKK6-specific antibod-
ies (recognizing MKK3 and MKK6 phosphorylated on
Ser189 and Ser207) used in immunoblotting of total cell
extracts showed a slight activation of MKK3/6, detected
after 5-15 min and peaking at 12 h of TGF-B treatment
(Figure 1A, phospho-MKK3/6). The total amount of
MKK3/6 remained essentially constant during the treatment
period (Figure 1A, total MKK3/6). In contrast, TGF-p1 did
not affect the constitutive phosphorylation of ERK1/2 in
PC-3U cells (Figure 1B) and did not lead to phosphorylation
of SAPK/JNK, whereas the phosphorylation of these kinases
was increased after treatment with phorbol 12-myristate
13-acetate (PMA) or osmotic shock, respectively (Figure 1C).

TGF-B treatment of PC-3U cells led to increased levels of
Smad? protein with the highest levels detected after 24 h
(Figure 1D). The subcellular localization of endogenous
Smad?7 was determined by immunofluorescence stainings
by using an affinity-purified rabbit antibody. As previously
reported by us (Itoh et al., 1998), TGF-B stimulation caused
an export of Smad? that was observed already after 5 min;
upon prolonged incubation in the presence of TGF-B for
6-24 h, Smad7 was increased in amount and found to accu-
mulate predominantly in the nucleus (Figure 1E).

Because TGF-B1 was previously shown to induce apopto-
sis in PC-3U cells, we investigated the role of p38 MAP
kinase in apoptosis, by treatment of cells with the pyridinyl
imidazole derivative SB203580, which inhibits p38a and
p38B (Young et al., 1997), but not ERKs and JNKs (Lee et al.,
1994; Cuenda et al., 1995; Jiang et al., 1996; Sano et al., 1999).
Interestingly, SB203580 treatment reduced the TGF-Bl-in-
duced apoptotic response, as analyzed by DNA fragmenta-
tion (Figure 1F) and TUNEL assay (our unpublished data). It
should be noted that, at high doses, SB203580 can also

Table 1. Effect of the p38 inhibitor SB203580 on Smad7-induced
apoptosis

TUNEL-positive DAPI

Cells Treatment?® cells/field® (%)P
PC-3U None 0.1 0.3
cdcl, 2.0 0.9

CdCl, + SB 0.2 0.6

SB 0.4 0.5

Clone I None 1.8 3.7
cdcl, 75 25.0

CdCl, + SB 1.0 0.8

SB 0.8 0.8

aCdCl,, 1.0 uM CdCl,, 24 h; SB, 10 uM SB203580, 24 h.

b The number of TUNEL-positive cells were counted in 10 different
and randomly chosen fields and the mean number is presented.
Nuclei were stained with DAPI 1000 cells were counted in each
group. Fragmented and isolated condensed nuclei were counted as
apoptotic cells. Investigations were performed using a Zeiss micro-
scope (40X magnification).
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A Control TGF-B1, 12 h

HA-TAKI1-K63W

B Control TGF-B1, 24 h

HA-TAKI

M30 positive cells
Transfected cells

inhibit TGF-B1 receptor-mediated phosphorylation of
Smad2 (Eyers et al., 1998); however, at the concentration
used in our experiments (10 uM), no effect on TGF-B-in-
duced Smad2 phosphorylation was observed (our unpub-
lished data). Moreover, in a chondrogenic cell line (ATDCS5),
concentrations of SB203580 up to 20 uM did not affect TGF-
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Control

Control

HA-TAKI1-K63W

TGF-p1,12h

Figure 5. TAK1 enhances TGF-B1-
induced phosphorylation of p38 and
apoptosis in PC-3U cells. PC-3U cells
were transfected with either wild-
type HA-TAK1 or kinase inactive
HA-TAK1-K63W and treated with
TGF-BL1 for 12 or 24 h. (A) Coimmun-
ofluorescence stainings for HA, de-
tected by fluorescein isothiocyanate
and phosphorylated p38 (phospho-
p38) by tetramethylrhodamine B iso-
thiocyanate. An overlay of both pic-
tures with additional stainings of
nuclei with DAPI (merge + DAPI)
reveals a high degree of colocaliza-
tion of HA-TAK1 and phospho-p38
in PC-3U cells expressing wild-type
HA-TAK1, both before and after
TGF- treatment for 12 h. In contrast,
PC-3U cells expressing HA-TAK1-
K63W, do not express phospho-p38
after TGF-B1 treatment, as shown in
the overlay of both pictures with ad-
ditional stainings of nuclei with
DAPI (merge + DAPI). (B) Coim-
munofluorescence stainings for en-
dogenous TAK1 (by using poly-
clonal antibodies against TAK1) as
shown by tetramethylrhodamine B
isothiocyanate and the apoptotic
marker M30, as shown by fluores-
cein isothiocyanate, was used to
identify apoptotic cells after TGF-$
treatment for 24 h. An overlay of
both pictures with additional stain-
ings of nuclei with DAPI (merge +
DAPI) reveals a high degree of colo-
calization of TAK1 and MB30, in
PC-3U cells expressing wild-type
HA-TAK1. In contrast, in PC-3U
cells expressing HA-TAK1-K63W,
no colocalization of mutant TAK1
and M30 was observed, as shown in
the overlay of both pictures with ad-
ditional stainings of nuclei with
DAPI (merge + DAPI). The number
of transfected cells, expressing high
levels of TAK1, and the number of
M30-positive cells, were counted in
several, randomly chosen fields. At
total of at least 1000 cells was
counted. The ratio between M30-
positive cells and transfected cells is
shown below the picture.

Phospho-p38

Merge + DAPI

TGF-B1,24 h

TAKI

M30

Merge + DAPI

B-induced Smad2 phosphorylation and nuclear transloca-
tion (Watanabe et al., 2001).

To explore the possibility that TGF-S initiates apoptosis
by activating the p38 MAP kinase pathway, we transiently
transfected PC-3U cells with a mutant Flag-p38a construct
containing T180A and Y182F amino acid substitutions;
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this p38 mutant cannot be activated and therefore act in
a dominant negative manner (Han et al., 1994). Dominant
negative Flag-p38 was found to protect cells against
TGF-Bl-induced apoptosis in PC-3U cells, resulting in a
reduction of apoptosis by 75% compared with control
cells (Figure 1G), as shown by coimmunofluorescence
analysis by using the M30 antibody, which specifically
recognizes caspase-cleaved cytokeratin 18, and the Flag-
antibody, to identify cells expressing dominant negative
Flag-p38. Therefore, we conclude that treatment of PC-3U
cells with TGF-B1 results in activation of the p38
MAP kinase pathway and subsequent apoptosis of the
cells.

Smad7 Is Required for Activation of p38

We have previously demonstrated that Smad? is necessary
for TGF-B1-induced apoptosis in PC-3U cells (Landstrom et
al., 2000). Therefore, we investigated whether Smad7 expres-
sion is also needed for TGF-Bl-induced activation of the p38
pathway, by using PC-3U cells stably transfected with an
antisense Smad7 construct (AS-S7; Landstrém et al., 2000).
Treatment of AS-S7 cells with TGF-B1 up to 48 h did not lead
to phosphorylation of p38, whereas osmotic shock resulted
in phosphorylation of p38 (Figure 2A; our unpublished
data). To confirm that expression of Smad? is reduced in
AS-S7, the filter used in Figure 2A was stripped, blocked,
and reproved with Smad7-specific antisera, demonstrating
the reduced expression of Smad7 protein in AS-S7 cells. In
PC-3U cells treated with TGF-B1 for 2-24 h, the phosphor-
ylated p38 accumulated in the nucleus, as investigated by
immunofluorescence stainings. In contrast, the nuclei of the
AS-S7 cells treated with TGF-f for similar time periods did
not show staining for phosphorylated p38 (our unpublished
data). Moreover, treatment of AS-S7 cells with TGF-S1 for 15
min to 24 h did not lead to phosphorylation of MKK3/6,
whereas a strong signal for phosphorylated MKK3/6 was
observed in lysates from PC-3U cells infected with adenovi-
ral Flag-Smad7 (Figure 2B). We therefore conclude that
Smad? is required for TGF-Bl-induced phosphorylation of
MKK3/6 and p38 in PC-3U cells.

Smad7 Overexpression Causes Activation of the p38
MAP Kinase Pathway and Apoptosis in PC-3U
Cells

Given that Smad7 is essential for TGF-Bl-induced phos-
phorylation of p38, we determined the effect of Smad? over-
expression on the activation of the p38 MAP kinase path-
way. In PC-3U cells stably transfected with pMEP4-Smad7
(Clone I), Smad? expression is under control of the CdCl,-
inducible metallothionein promoter (Landstrom et al., 2000).
As reported previously by us (Itoh et al., 1998) and others
(Kavsak et al., 2000; Ebisawa et al., 2001), ectopically ex-
pressed Smad? is predominantly localized in the nucleus,
whereas after TGF-B treatment a portion of Smad? is ex-
ported to the cytoplasm, where it interacts with the activated
TGEF- receptor complex. Treatment of Clone I cells with 1.0
uM CdCl, for 12 or 24 h, significantly increased the levels of
Smad?, as shown by immunoblotting with a Smad?7 anti-
body (Figure 3A), or immunoprecipitation from metaboli-
cally labeled cells by using a Flag-antibody (Figure 3B).
Overexpression of Smad?7 significantly increased the level of
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phosphorylated p38 after 12 and 24 h, compared with con-
trol cells, as shown by immunoblotting (Figure 3C). CdCl,
treatment of control PC-3U cells only caused a minor induc-
tion of Smad?7, with a concomitant activation of p38.

To further investigate the importance of Smad? for the
activation of the TAK1-MKK3/6-p38 MAP kinase pathway,
we performed in vitro kinase assays. Endogenous TAK1 was
immunoprecipitated from PC-3U and Clone I cells, un-
treated or treated with 1.0 uM CdCl, for 12 h, and His-
MKK6 was used as a substrate. Ectopical expression of
Smad? resulted in an almost twofold increase of phosphor-
ylation of MKK6 in TAK1 immunoprecipitates, as shown in
Figure 3D.

Immunofluorescence analysis of phosphorylated p38 in
cells overexpressing Smad7 demonstrated a strong nuclear
staining of phosphorylated p38, as well as of Flag-Smad?
(Figure 3E).

When Smad? expression was induced by incubation of
Clone I cells with CdCl,, the apoptotic rate was increased as
shown by a DNA-fragmentation assay. Interestingly, simul-
taneous treatment of cells with SB203580 inhibited Smad7-
induced apoptosis (Figure 3F). This inhibitory effect of
SB203580 on Smad7-induced apoptosis was confirmed using
a Mitosensor assay (our unpublished data), by counting the
number of TUNEL-positive apoptotic cells, and by counting
the percentage of fragmented nuclei, as visualized by DAPI
staining (Figure 3G and Table 1). In addition, we used the
M30 antibody as a marker for apoptotic cells, and again
confirmed an increase of the number of apoptotic cells in
Smad7-overexpressing cells, an effect that was prevented by
SB203580. Similar results were obtained using another
Smad7-overexpressing clone (Clone K; our unpublished
data). Treatment of control PC-3U cells with CdCl, for 24 h
caused a minor increase in the number of apoptotic cells,
which probably is due to a response to stress (Table 1 and
Figure 3H). Thus, our data suggest that Smad7-induced
apoptosis is mediated by activation of p38 in PC-3U cells.

Smad7 Is Important for TGF-f1-induced
Phosphorylation of ATF-2

We next studied whether the p38 substrate ATF-2 (Gupta et
al., 1995; Livingstone et al., 1995; van Dam et al., 1995; Sano
et al., 1999) was affected by TGF-f1 treatment or expression
of Smad?7. TGF-B1 treatment of PC-3U cells for 5 min up to
24 h resulted in a considerable enhancement of the level of
ATE-2 phosphorylated at Thr69 and Thr71 (phospho-ATF-
2), as detected by phospho-ATF-2—specific antibody in im-
munoblots. The increase was detected after 30 min of TGF-f3
stimulation and remained increased up to 24 h (Figure 4A;
our unpublished data). When the p38 inhibitor SB203580
was added, the phosphorylation of ATF-2 decreased, con-
sistent with the report from Sano et al. (1999), which showed
that 1.0 uM-10 uM SB203580 blocked TGF-B—-induced phos-
phorylation of ATF-2. No phosphorylation of ATF-2 was
detected in AS-S7 cells 6 h after TGF-B treatment (Figure
4A). TGF-B treatment for 6 h of PC-3U cells resulted in
accumulation of phospho-ATEF-2 in the nucleus, whereas no
such response was observed in the AS-S7 cells as investi-
gated by immunofluorescence (Figure 4B). When the
Smad7-overexpressing cells (Clone I) were treated with
CdCl, for 12 h to induce Flag-Smad?7 expression, immuno-
fluorescence stainings with the phospho-ATF-2-specific an-
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A TGF-p (b

HA-MKK3 WT

tibody revealed an increased intensity of phospho-ATEF-2,
which was found to colocalize with Flag-Smad7 in the nu-
cleus. Treatment of PC-3U cells for 12 h with CdCl, did not
affect the immunofluorescence staining for phospho-ATF-2
(Figure 4C). These data suggest that phosphorylation of
ATF-2 by p38 in TGE-B-treated cells is dependent on the
expression of Smad?.

TAK1 Enhances TGF-f1-induced Phosphorylation of
p38 and Apoptosis

TAK1 is a member of the MAP kinase kinase kinase family
previously implicated in TGF-B signaling (Yamaguchi et al.,
1995). Recently, TAK1 was shown to be a mediator of TGF-
Bl-induced phosphorylation of ATF-2 via the p38 MAPK
pathway (Hanafusa et al., 1999; Sano et al., 1999). Therefore,
we examined whether TAK1 contributes to the TGF-B—in-
duced phosphorylation of p38 and apoptosis in PC-3U cells.
PC-3U cells were transiently transfected with wild-type HA-
TAK1 and then treated with TGF-B1 for 24 h. By immuno-
fluorescence stainings, we observed a colocalization of phos-
phorylated p38 and HA-TAKI. In contrast, when PC-3U
cells were transiently transfected with the kinase inactive
form of TAK1, in which Lys63 of the ATP-binding site was
replaced by tryptophan (HA-TAK1-K63W), a reduction of
TGEF-p-induced phosphorylation of p38 was seen (Figure
5A). Moreover, in PC-3U cells transfected with wild-type
TAK1 we observed an increased number of apoptotic cells
24 h after TGF-B treatment compared with nontransfected
cells as determined by M30 staining, whereas in HA-TAK1-
K63W-transfected cells a decrease in the number of apopto-
tic cells was observed (Figure 5B). The number of cells
expressing high levels of TAK1 (wild-type or K63W) was
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Figure 6. MKK3 enhances TGF-
Bl-induced phosphorylation of
p38 and apoptosis in PC-3U cells.
PC-3U cells were transfected with
either wild-type HA-MKK3 or
DN HA-MKKS3 and treated with
TGF-p1 for 12 or 24 h. (A) Coim-
munofluorescence stainings for
HA, detected by fluorescein iso-
thiocyanate and phospho-p38 by
tetramethylrhodamine B isothio-
cyanate. An overlay of both pic-
tures with additional stainings of
nuclei with DAPI (merge +
DAPI) reveals a high degree of
colocalization of wild-type HA-
MKK3 and phospho-p38 in
PC-3U cells expressing wild-type
HA-MKKS3 both before and after
TGF-B treatment for 12 h and
24 h. In contrast, in PC-3U cells
expressing DN HA-MKK3 indi-
cated by arrowheads, no colocal-
ization of mutant MKK3 and
phospho-p38, indicated by an
open arrowhead, is observed, as

Phospho-p38 HA

DAPI

\vi

shown in the overlay of both pictures with additional stainings of nuclei with DAPI (merge + DAPI). The number of transfected cells,
expressing high levels of MKK3, the number of phospho-p38-positive cells and apoptotic nuclei indicated by an open arrowhead (identified
by DAPI), were counted in several, randomly chosen fields. A total of at least 500 cells was counted. The percentage of MKK3-expressing cells,
positively stained for HA and phospho-p38 and apoptotic cells are shown in Figure 6B.

Merge + DAPI

HA-MKK3 DN

detected by coimmunofluorescence stainings, by using a
polyclonal antibody against TAK1. The rate of apoptosis
was determined by screening at least 1000 cells from ran-
domly chosen fields at 40X magnification. The ratio between
M30-positive cells and transfected cells expressing high lev-
els of TAK1, is shown in Figure 5B. These results show that
expression of wild-type TAK1 caused cells to undergo apo-
ptosis already in the absence of TGF-B and enhanced the
TGEF-p-induced apoptotic response, whereas the cells ex-
pressing the kinase inactive TAK1, were protected from
TGEF-p-induced apoptosis. From these results, we conclude
that ectopic expression of wild-type TAK1 in PC-3U cells,
enhances TGF-B-induced phosphorylation of p38 and apo-
ptosis, whereas ectopic expression of kinase-inactive TAK1,
decreases the TGF-B-activated phosphorylation of p38 and
subsequent apoptosis.

MKK3 Enhances TGF-B1-induced Phosphorylation
of p38 and Apoptosis

MKK3 and MKK6 have been shown to specifically phos-
phorylate and activate p38 but not JNK. Therefore, we ex-
amined whether MKK3 also contributes to the TGF-B—in-
duced phosphorylation of p38 and apoptosis in PC-3U cells.
PC-3U cells were transiently transfected with wild-type HA-
MKK3 and then treated with TGF-B1 for 12 or 24 h. By
immunofluorescence stainings, we observed an increase of
cells positive for phosphorylated p38 and with fragmented
nuclei as sign of apoptosis, already without TGF-f treatment
(Figure 6A). In contrast, when PC-3U cells were transiently
transfected with the dominant negative MKKS3, a reduction
of TGF-B-induced phosphorylation of p38 and apoptosis
was seen (Figure 6A). Phospho-p38—positive cells and apo-
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ptotic cells, identified as pycnotic or fragmented nuclei, were
counted in PC-3U cells transfected with either wild-type or
dominant negative MKK3, and the mean values are pre-
sented in Figure 6B. In conclusion, in PC-3U cells transfected
with wild-type MKK3, we observed an increased number of
phospho-p38—positive and apoptotic cells 12 and 24 h after
treatment, whereas PC-3U cells transiently transfected with
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Figure 7. Interaction between Smad?7, p38, and MKK3/6 in vivo.
(A) Smad? binds to p38 in vivo. COS1 cells were transfected with
Myc-tagged Smad?7 alone or together with wild-type (WT) or DN
Flag-tagged p38, with or without constitutively active TGF-B type I
receptor (c.a. ALK-5). Lysates were immunoprecipitated with anti-
Flag antibodies and the immunoblots were incubated with antibod-
ies specific for Myc or Flag. (B) Endogenous Smad?7 binds to phos-
phorylated p38 in vivo. PC-3U cells were treated or not with TGF-81
for the indicated time periods. Cell lysates were immunoprecipi-
tated with anti-Smad?7 antibodies and the immunoblots were incu-
bated with antibodies specific for phospho-p38. Inmunoblots from
total cell lysates were incubated with antibodies specific for Smad?,
phosphorylated p38, and p38. Smad? binds to p38 in vivo. (C) COS1
cells were transfected with Flag-tagged Smad?7 alone or together
with wild-type HA MKK3 or HA-MKKS6. Lysates were immunopre-
cipitated with anti-Flag antibodies and the immunoblots were
probed with antibodies specific for HA. Immunoblots from total cell
lysates were incubated with antibodies specific for HA and Flag. A
clear MKK3 band is seen; upon prolonged exposure, a faint, specific
MKKG®6 band is also seen.

DN MKKS3 were protected against TGF-p-induced phos-
phorylation of p38 and apoptosis.

Smad7 Interacts with p38, MKK3 and TAK1

The observations that Flag-Smad?7 and phosphorylated p38
colocalized in the nucleus of Clone I cells and that Smad?

539



S. Edlund et al.

seems to be required for TGF-Bl-induced activation of the
p38 MAP kinase pathway, tempted us to investigate
whether Smad7 physically interacts with p38. In transiently
transfected COS1 cells, coimmunoprecipitations of Myc-
Smad7 with both wild-type and dominant negative Flag-p38
were detected (Figure 7A). The other inhibitory Smad,
Smad6, was also found to coimmunoprecipitate with p38
upon transient transfections in COS1 cells (our unpublished
data). We thus conclude that p38 can interact with Smad?7 in
a manner that is not dependent on its phosphorylation sta-
tus.

We next investigated whether endogenous p38 coimmu-
noprecipitates with endogenous Smad? in cell lysates from
TGEF-Bl-stimulated PC-3U cells. When lysates from cells
stimulated with TGF-B for different time periods were sub-
jected to immunoprecipitation with a Smad?7 antiserum fol-
lowed by immunoblotting with phospho-p38 antibodies
(Figure 7B), a band corresponding to p38 was detected. The
same result was obtained by using another Smad7 antibody
(our unpublished data). Maximal interaction was seen after
30 min and after 12 h of stimulation with TGF-B, which is
consistent with the observation that TGF-g stimulation gives
two waves of p38 phosphorylation (Figure 1). Immunoblot-
ting of whole cell lysates with Smad?7 antibodies shows that
TGF-B treatment increases the Smad7 protein in PC-3U cells
(Figure 6B), in agreement with our previous findings (Land-
strom et al., 2000).

Because the p38 MAP kinase pathway is known to be
activated by the MAP kinases MKK3 and MKK6, we also
examined whether Smad? interacts with MKK3 and/or
MKKG®. In transiently transfected COS1 cells, coimmunopre-
cipitations of Flag-Smad?7 with MKKS3, and less efficiently
with MKK6, were detected (Figure 7C).

To explore a possible mechanism whereby Smad? acti-
vates p38, we investigated whether Smad? physically inter-
acts with TAK1. In transiently transfected COS1 cells, Flag-
Smad7 was coimmunoprecipitated with wild-type as well as
kinase inactive HA-TAK1 (K63W; Figure 8). The interaction
between Smad?7 and TAK1 did not show any clear depen-
dence on the presence of an activated TGF-8 type I receptor
(constitutively active [c.a.] ALK-5). When both Flag-Smad7
and Myc-Smad6 were cotransfected with HA-TAK1, the
interaction between Flag-Smad7 and HA-TAK1 decreased,
indicating that Smad6 and Smad7 may compete for binding
to TAK1 (our unpublished data). In COSI cells transfected
with wild-type TAK1, alone or together with Smad?7 and in
the absence or presence of c.a. ALK-5, a band corresponding
to phosphorylated p38 was detected. There was a slight
increase of the level of phosphorylated p38, when wild-type
TAK1, Smad?7 and the c.a. ALK-5 were cotransfected, sug-
gesting a synergistic effect of TAK1 and Smad?7, in the pres-
ence of the ligand. However, when the kinase inactive
TAK1-K63W was cotransfected with Smad7, the level of
phosphorylated p38 was clearly reduced (Figure 8A). When
lysates from Clone I cells stimulated with CdCl, for 12 h to
induce Smad7 were subjected to immunoprecipitation with
a Smad? antiserum followed by immunoblotting with TAK1
antibodies, a band corresponding to TAK1 was observed,
whereas no TAK1 band was seen in corresponding immu-
noprecipitates from AS-S7 cells (Figure 8B). Inmunoblotting
of whole cell lysates with Smad7 antibodies shows that
CdCl, treatment increases the Smad7 protein in Clone I cells
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Figure 8. Smad7 interacts with TAK1 in vivo. (A) COS1 cells were
transfected with Flag-tagged Smad? alone or together with wild-type
TAK]1 or kinase inactive (K63W) HA-tagged TAK1, with or without
constitutively active TGF-B type I receptor (c.a. ALK-5). Lysates were
immunoprecipitated with anti-Flag antibodies and the immunoblots
were probed with antibodies specific for HA. Immunoblots from total
cell lysates were incubated with antibodies specific for HA, Flag,
phosphorylated p38, and p38. (B) Antisense Smad? PC-3U cells (AS-57)
cells and PC-3U cells stably transfected with pMEP-4 F-Smad7 (Clone
I cells), treated or not with CdCl, for 12 h to induce Smad? expression
in Clone I cells. Lysates were immunoprecipitated with anti-Smad?7
antibodies and the immunoblots were probed with antibodies specific
for TAK1. Immunoblots from total cell lysates were incubated with
antibodies specific for Smad7 and TAK1. (C) PC-3U cells were tran-
siently transfected with HA-TAK1, Flag-TABI, either alone or together.
Lysates were immunoprecipitated with anti-Smad? antibodies and the
immunoblots were probed with antibodies specific for HA and Flag.
Immunoblots from total cell lysates were incubated with antibodies
specific for Smad?, Flag, and HA.

(Figure 8B), whereas the endogenous levels of TAK1 were
similar in AS-S7 and Clone I cells independent of treatment
with CdCL,.
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Figure 9. Expression of Smad? facilitates the interaction between
MKK3 and p38 MAP kinase. COS1 cells were transfected with
wild-type HA-MKKS3, DN Flag-tagged p38, and Myc-tagged Smad?7
either alone or together. Increasing amount of Myc-tagged Smad?
(0.5 or 1.5 ng) was used for cotransfections. Lysates were immuno-
precipitated with anti-Flag M2 antibodies and the immunoblots
were incubated with antibodies specific for HA and Flag. Immuno-
blots from total cell lysates were incubated with antibodies specific
for HA and Myec.

TAK1-binding protein 1 (TAB1) binds and activates TAK1
(Shibuya et al., 1996). Therefore, we investigated whether
TABI1 also interacts with Smad7. PC-3U cells were tran-
siently transfected with a control vector, or vectors for HA-
TAKI1, Flag-TAB1, and HA-TAKI1 together with Flag-TAB1;
a polyclonal Smad? antibody was used for immunoprecipi-
tation. HA-TAK1, but not Flag-TAB1, was coimmunopre-
cipitated with endogenous Smad7 in PC-3U cells; however,
an increased interaction between Smad7 and TAK1 was
observed in the presence of ectopically expressed TAB1
(Figure 8C). Immunoblotting of whole cell lysates with an-
tibodies against Smad?7, Flag, and HA showed the expres-
sion of endogenous Smad7 protein and ectopically ex-
pressed HA-TAK1 and Flag-TAB1 (Figure 8C).

To investigate whether Smad?7 can act as a scaffolding
protein for MKK3 and p38, we ectopically overexpressed in
COS1 cells wild-type HA-MKK3 and dominant negative
(DN) Flag-p38 together with increasing amounts of Myc-
Smad?. DN Flag-p38 was used because we, in initial exper-
iments, observed massive cell death when wild-type Flag-
p38 was cotransfected with Myc-Smad7 in COS1 cells.
Expression of Myc-Smad? led to enhanced coimmunopre-
cipitation of HA-MKK3 with DN Flag-p38 (Figure 9). We
therefore conclude that Smad?7 enhances the interaction be-
tween HA-MKK3 and Flag-p38 DN, which supports the
notion that Smad?7 can act as a scaffolding protein, facilitat-
ing the activation of the p38 MAP kinase pathway.

DISCUSSION

TGF-B and Smads are important regulators of cell fate and
apoptosis in different cell types, although the molecular
mechanisms involved are not well understood. In addition
to activation of Smad pathways, TGF-f stimulation leads to
activation of ERK, p38, and SAPK/JNK MAP kinase path-
ways in certain cell types (Attisano and Wrana, 2000; Mas-
sagué, 2000; Miyazono et al., 2000). In the present study, we
demonstrate that the specific activation of the p38 MAP
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kinase pathway is essential for TGF-B1- and Smad7-induced
apoptosis in human prostate cancer cells.

TGE-B1 treatment of PC-3U cells specifically activated the
TAK1-MKKS3-p38 pathway, whereas no effect on the consti-
tutively phosphorylated ERK, or any activation of SAPK/
JNK phosphorylation, was observed. The TGF-B-induced
phosphorylation of p38 proceeded the onset of apoptosis,
and the p38-kinase inhibitor SB203580 significantly reduced
the TGF-B-induced apoptotic response in PC-3U cells.
Moreover, transient transfection of dominant negative p38
or dominant negative MKK3 protected the PC-3U cells from
TGEF-B-induced apoptosis. We thus conclude that TGF-S-
induced p38 activation mediates an apoptotic response in
PC-3U cells. In PC-3U cells stably expressing antisense
Smad7, TGF-B-treatment did not cause p38 activation or
phosphorylation of MKK3 at any time point investigated,
whereas Smad7 overexpression caused an activation of the
p38 MAP kinase pathway, indicating that Smad? plays an
important role in TGF-B-induced activation of p38 MAP
kinase and apoptosis.

In our study, we found that Smad? colocalizes with phos-
phorylated p38 and ATF-2 in the nucleus of Smad7-overex-
pressing cells. ATF-2 is a known nuclear substrate for p38; it
is a basic region-leucine zipper transcription factor that can
mediate a diverse range of transcriptional responses, includ-
ing those generated by various forms of cellular stress
(Davis, 2000). Activation of ATF-2 in response to stress
stimuli occurs through posttranslational modifications, in
particular phosphorylation of Thr69 and Thr71 (Gupta et al.,
1995). Recently, it was reported that ATF-2 is phosphory-
lated after TGF-B1 stimulation, in a TAK1- and p38-depen-
dent manner (Sano et al.,, 1999). Moreover, Smad3 and
Smad4 were reported to interact with ATF-2 in transiently
transfected 293 and COS cells, and to act in synergy with
TAK1, MKK6, and ATF-2 in transcriptional assays (Hana-
fusa et al., 1999; Sano et al., 1999). In neuronal cells, phos-
phorylation of both c-Jun and ATF-2 has been shown to
correlate with apoptosis induced by stress-inducing factors
such as ischemia or treatment with cyclosporine A (Walton
et al., 1998; Pyrzynska ef al., 2000). It is an interesting possi-
bility, which remains to be elucidated, that Smad7 together
with p38 and ATF-2 initiate apoptosis by regulating the
expression of proapoptotic or antiapoptotic proteins. Of in-
terest in this context is the observation that the expression of
the Fas ligand has been shown to be induced by overex-
pressed p38 in activated T cells (Hsu et al., 1999).

Smad? has recently been shown to induce apoptosis by
activation of the JNK pathway in other epithelial cells such
as mink lung epithelial (Mv1Lu) and MDCK cells (Mazars et
al., 2001). Together with our observation that Smad7 acti-
vates p38 in a prostate cancer cell line, this suggests that
TGEF-B1 through Smad7 can activate the p38 and/or JNK
MAP kinase pathways in several epithelial cells and mediate
an apoptotic response. Also in the human embryonal kidney
cell line 293, TGF-B1 stimulation or overexpression of Smad?7
leads to phosphorylation of both p38 and JNK, and apopto-
sis (our unpublished data), supporting the notion that
Smad?7 and p38 can have a general proapoptotic effect in
epithelial cells. This finding suggests different functions of
the I-Smads, because Smadé6 has recently been reported to
inhibit BMP/TAKI1-induced phosphorylation of p38 and ap-
optosis in a mouse hybridoma cell line, MH60 cells (Kimura
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et al., 2000). Recently, both Smad6 and Smad7 were found to
be able to interact with TAB1 (Yanagisawa et al., 2001), an
adaptor protein that is known to activate TAK1 (Shibuya et
al., 1996). We observed that Smad6 competed with Smad?7
for binding to TAK1 (our unpublished data). We did not
detect any interaction between Smad7 and TAB1 in PC-3U
cells; however, TAB1 was found to increase the interaction
between TAK1 and Smad?. Further studies are required to
elucidate the interactions of Smad6 and Smad7 with TAK1
and TABI, and to determine whether Smadé and Smad?7
have different effects on the TAK1-p38 MAP kinase path-
way.

gur observations indicate a role for TAK1 in Smad7-
mediated activation of p38 in TGF-B-stimulated cells. The
mechanism whereby TGF-$ stimulation leads to activation
of TAK1 kinase and the role of Smad?7 in this process re-
mains to be elucidated. We report herein that Smad7 can
interact with TAK1, MKK3 as well as p38, which thereby
could bring the upstream kinase TAK1 together with MKK3
and p38. In pull down experiments, we have observed that
the interaction of both TAK1 and p38 occurs with the N-
terminal part of Smad?7 (our unpublished data). Our finding
that ectopic Smad?7 expression facilitates the interaction be-
tween HA-MKK3 and dominant negative Flag-p38, ob-
served by coimmunopreciptations in transiently transfected
COS1 cells, favor the idea that Smad? can act as a scaffolding
protein in the activation of the p38 MAP kinase pathway.
However, further studies are needed in order to investigate
the kinetics of interaction within this complex, and also
where the complex is localized. Smad?7 is predominantly
localized in the nucleus, but shuttle between the nucleus and
the cytoplasm, e.g., in response to TGF-$ treatment. More-
over, it is not known how the TGF-f signal causes activation
of the TAK1 kinase. Because Smad? can interact with the
activated TGF-B receptor complex, it is possible that Smad?
acts as an adaptor protein, bridging between the activated
receptor and TAKI1.

It will be interesting to investigate whether Smad?7 also
interacts with JNK, because TAK1 is known to activate both
JNK and p38 MAP kinase pathways. TAK1 has been shown
to significantly contribute to an apoptotic signal in vivo
through activation of JNK in the retina of D. melanogaster
(Takatsu et al., 2000). In Xenopus, ectopic expression of TAK1
has been demonstrated to induce apoptosis in early embryos
(Shibuya et al., 1998). In transgenic mice expressing an acti-
vating mutation of TAK1 in the heart, apoptosis was in-
duced by activation of p38, in response to mechanistic over-
load (Zhang and Derynck, 2000). These reports suggest that
activation of the TAK1 pathway plays an important role also
for apoptosis in vivo.

In conclusion, we have shown that TGF-B1 stimulation
causes phosphorylation and activation of p38, in a Smad?7-,
MKKS3-, and TAK1-dependent manner, resulting in apopto-
sis. The activation of p38 occurs in two waves: the first,
within 5 min after TGF-B stimulation, probably involves a
low basal level of Smad? present in resting cells, whereas the
second, occurring 12 h after TGF-B stimulation, coincides
with the increase in Smad? levels seen in response to TGF-$
stimulation. The observed interactions between Smad? and
the TAK1, MKK3, and p38 kinases, in addition to the finding
that ectopic expression of Smad?7 enhances the interaction
between MKK-3 and the p38 MAP kinase, suggests that
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Smad? can act as a scaffolding protein. An important goal
for our future studies is to further investigate how Smad7
activates the TGF-B type I receptor-TAK1-MKK3-p38 path-
way and to identify genes transcriptionally regulated by this
pathway.
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