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includes activins and bone morphogenetic proteins
(BMPs). TGF superfamily members induce a multitude
of effects and have been shown to control proliferation,
differentiation, migration and apoptosis of many different
cell types (Roberts and Sporn, 1993). They act via ligand-
induced hetero-oligomerization of type | and type I
serine/threonine kinase receptors (Lin and Lodish, 1993;
Derynck, 1994; Massaguand Weis-Garcia, 1996; ten
Dijke et al., 1996). The molecular mechanism for T@F-
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Smad family members are newly identified essential
intracellular signalling components of the transforming
growth factor-B (TGF-B) superfamily. Smad2 and
Smad3 are structurally highly similar and mediate
TGF-B signals. Smad4 is distantly related to Smads 2
and 3, and forms a heteromeric complex with Smad2
after TGF-P or activin stimulation. Here we show that
Smad2 and Smad3 interacted with the kinase-deficient
TGF-PB type | receptor (TBR)-1 after it was phosphoryl-
ated by TBR-II kinase. TGF-B1 induced phosphoryl-
ation of Smad2 and Smad3 in MvlLu mink lung
epithelial cells. Smad4 was found to be constitutively
phosphorylated in MviLu cells, the phosphorylation
level remaining unchanged upon TGFB1 stimulation.
Similar results were obtained using HSC4 cells, which
are also growth-inhibited by TGF-B. Smads 2 and 3
interacted with Smad4 after TBR activation in trans-
fected COS cells. In addition, we observed fR-activ-
ation-dependent interaction between Smad2 and
Smad3. Smads 2, 3 and 4 accumulated in the nucleus
upon TGF-B1 treatment in MvlLu cells, and showed
a synergistic effect in a transcriptional reporter assay
using the TGF{-inducible plasminogen activator
inhibitor-1 promoter. Dominant-negative Smad3
inhibited the transcriptional synergistic response by
Smad2 and Smad4. These data suggest that TG¥F-
induces heteromeric complexes of Smads 2, 3 and 4,
and their concomitant translocation to the nucleus,
which is required for efficient TGF-B signal trans-
duction.
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Introduction

Transforming growth factopl (TGF{31) is the prototype
of a family of structurally related cytokines, which also
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Il receptor phosphorylates and activates a type | receptor,
is fairly well understood (Wranat al., 1994). However,
little is known about the intracellular events, which occur
following receptor activation.

Using a genetic modifier screen of decapentaplegic, a
TGF{3-like protein in Drosophila mothers against dpp
(Mad) was identified (Sekelskyet al, 1995). Recent
studies indicate that Mad is the prototype for a novel
family of 50—60 kDa proteins that perform essential roles
in the intracellular signal transduction pathways of TEBF-
superfamily members (Derynck and Zhang, 1996;
Massaggel1996). InCaenorhabditis eleganslad homo-
logues were identified and terme8ma-2 Sma-3 and
Sma-4genes (Savaget al, 1996). In vertebrates, five
MadandSmahomologues have thus far been identified and
termed Smadgenes (Derynclet al., 1996). Alterations in
Smad2and Smad4genes have been found in specific
tumour subsets, and thus Smads may have a tumour
suppressor function (Eppedt al, 1996; Hahnet al.,
1996; Rigginset al., 1996). Smad proteins have conserved
N-terminal (MH1) and C-terminal (MH2) domains, which
are linked by diverse sequences rich in proline residues.
The Smad C-terminal domain, when fused to a hetero-
logous DNA binding domain, has transcriptional activity
(Liu et al, 1996; Meerssemaet al., 1997). In addition,
Smad2 was found to interact with the winged-helix tran-
scription factor FAST-1 in a multiprotein complex that
regulates the activin early response géfig-2 (Chen,X.
et al, 1996). Thus, Smads may act as transcriptional
activators.

Functional studies inXenopusrevealed that different
Smads can specify different responses (Baker and Harland,
1996; Graffet al,, 1996; Thomsen, 1996); Smad1 induced
ventral mesoderm, a BMP-like response, whereas Smad2
induced dorsal mesoderm, a T@Factivin-like response.
Biochemical studies in vertebrates indicated that Smads
become rapidly phosphorylated and translocate to the
nucleus upon ligand stimulation (Eppeet al, 1996;
Hoodlesset al., 1996; Lechleideet al, 1996; Liuet al,
1996; Macas-Silvaet al, 1996; Yinglinget al., 1996;
Nakaoet al., 1997), which also occurs in a ligand-specific
manner; Smad1 is activated after BMP stimulation, while
Smad?2 was found to be a direct substrate for the activated

T@RFtype | receptor (BR-1). In addition, Smad2
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Fig. 1. Specificity of antisera against Smada) DQQ antiserum against Smad2 and DHQ antiserum against Smad3 are specific and do not
cross-react with each other. COS cells transfected with expression plasmids containing Smad2 or Smad3-Flag were metabolically labelled and
immunoprecipitated (IP) with indicated antisera. To test for Smad2 and Smad3 expression immunoprecipitation was performed with SED antiserum
or anti-Flag antibody, respectively. pre, preimmune serdBhHPP antiserum recognizes Smad4, and QWL antiserum recognizes Smadl or Smad5,
but not Smad2. Specificity of antiserum is shown by the absence of cross-reactivity, and/or lack of precipitation with preimmune serum and by
blocking of immunoprecipitation by addition of 3@y of cognate peptide. Smads are indicated by arrows. Smad2 and Smad1/5 co-migrate on
SDS-gels. Immunoprecipitates were analysed by SDS—PAGE and fluorography.

phosphorylation at C-terminal serine residues was shown previously described antiserum against Smad2, termed

to be required for its nuclear translocation (MaeSilva SED (Nakaoet al, 1997), cross-reacted weakly with

et al, 1996). Smad3, which is closely structurally related the related Smad3. Therefore, we made another Smad?2

to Smad2, was also found to become phosphorylated afterantiserum termed DQQ, raised against a Smad2-derived

TGF{ stimulation and to interact with @R-l (Zhang peptide from a more divergent region; the corresponding

et al, 1996). Smad3 peptide was used to raise the DHQ antiserum
Smad2 or Smad3 has been shown to synergize with against Smad3. DQQ and DHQ antisera recognized

Smad4 in TGH3 signalling (Lagnaet al,, 1996; Zhang Smad2- and Smad3-Flag, respectively, with similar effi-

et al, 1996), and Smad4 restored the sensitivity to TEF- ciencies to SED antiserum and Flag antibody, respectively

when transfected into the breast cancer line MDA-MB468 (Figure 1A). The 62 kDa Smad2- and 58 kDa Smad3-

which lacks Smad4 (Lagnet al., 1996; de Winteet al., Flag were not precipitated when preimmune sera were
1997). In addition, Lagnat al showed that Smad4 is used or when the antisera were blocked by addition of
present as a homomeric complex in the absence of ligand, excess cognate peptides. The DHQ antiserum did not

and forms heteromeric complexes with Smadl or Smad?2 cross-react with Smad2, and the DQQ antiserum did not
in response to BMP or TGBfactivin, respectively (Lagna cross-react with Smad3 (Figure 1A). Neither did the DHQ
et al, 1996). Therefore, Smad2 and/or Smad3 together and DQQ antisera immunoprecipitate Smadl, Smad4 or

with Smad4 appear to be part of the intracellular signal Smad>5 from transfected COS cells (data not shown).
transduction pathway of TGB- However, it is not known The antiserum raised against Smad4, termed HPP,
whether Smad2 and Smad3 are redundant in mediating specifically immunoprecipitated a component of 70 kDa
the TGFf/activin-specific responses. from COS cells expressing Smad4 (Figure 1B), but did
Here, we show that Smad2, Smad3 and Smad4 physic- not cross-react with other Smads (data not shown). We
ally and functionally interact, suggesting that TBF- made an antiserum against a peptide derived from the
signalling occurs via complex(es) of three Smad proteins. conserved MH2 domain of Smadl, termed QWL. In COS

cells transfected with a Smadl—Flag construct, we found
that both QWL and Flag antibodies immunoprecipitated
a 62 kDa component. The QWL antiserum recognized
Specificity of antisera against Smad proteins Smad>5 equally as efficiently as Smadl, but not Smad2 or
Many studies on Smad activation make use of transfected Smad4, in transfected COS cells (Figure 1B). In addition,
cells and epitope-tagged Smads. In order to study expres-QWL antiserum recognized a component of 58 kDa in
sion and activation of members of the Smad family under COS cells, which was not recognized by the Flag antibody
more physiological conditions in non-transfected cells, we (Figure 1B). This component probably represents endo-
raised specific antisera against them. Peptide sequences, genous Smadl/Smad5, because it was not precipitated
corresponding to highly diverged proline-rich linker when preimmune serum or the antiserum blocked with
regions in different Smads, were selected based upon their cognate peptide, were used.
prediction to be highly immunogenic (Jameson and Wolf,
1988) and to have a high surface probability (Emini Endogenous Smad expression in Mv1Lu cells
et al, 1995). We used the specific antisera against Smad2, 3 and 4 and

In order to characterize the affinities and specificities the Smad1l/Smad5 cross-reactive antiserum, to investigate
of the antisera, individual Smads were transfected into which Smads were endogenously expressed in MvlLu
COS cells; after metabolic labelling witB°5]methionine cells. The specific antisera to Smad2 and Smad3 recog-
and B®S]cysteine, cell extracts were prepared and subjectednized 58 kDa and 54 kDa components, respectively, which
to immunoprecipitation with the different antisera. The were not seen when preimmune sera were used or when

Results
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Fig. 2. Endogenous Smad expression in MviLu cells. Cell lysates SmAds = e

from metabolically labelled Mv1Lu cells were subjected to

precipitation (IP) using preimmune sera (pre) or DQQ, DHQ, HPP or

QWL antisera, which recognize Smad2, Smad3, Smad4 or Smad1l/5, 46=

respectively. Smads are indicated by arrows. Immunoprecipitates were

analysed by SDS—-PAGE and fluorography or Fuji X Bio-Imager.

B 32
excess blocking peptides were added together with these HRCY el il
antisera (Figure 2). Using metabolically labelled MviLu | oy | oo | @Fe
cell extracts, the HPP antiserum against Smad4, and the TR | | + | - | il - | i
QWL antiserum against Smad1/Smad5 precipitated 70 kDa |
and 58-62 kDa components, respectively (Figure 2). The Kda £
two bands observed with QWL antiserum may possibly :
represent Smadl and Smad>5 or alternative spliced gene 97 =
products thereof. The experimentally observed molecular
masses of Smadl/Smad5, Smad2, Smad3 and Smad4 in Smadd —-
MvlLu cells are somewhat higher than the masses pre- Smadz O .
dicted from the human cDNA sequences, which are Smad3 ST
52.2 kDa, 52.3 kDa, 47.8 kDa and 60 kDa, respectively.
Thus, MvlLu cells contain Smad2, Smad3, Smad4 and _—
Smadl/Smads5.
TGF-B1-induced phosphorylation of Smad2 and - ¥
Smad3 and constitutive phosphorylation of Smad4 cells MviLu HSC4
in non-transfected cell lines P e | Smedt
The effect of TGH31 on the phosphorylation of different el = || = ba
members of the Smad family was analysed using = _
[32P]Jorthophosphate-labelled Mv1Lu cells. In the absence o
of ligand, Smad2 and Smad3 were not or very weakly
phosphorylated. This is in contrast to Smadl/Smad5 and Smadd; - -

Smad4 which were both phosphorylated in unstimulated .

cells (Figure 3A and C). The phosphorylation of Smad2
and Smad3, but not of Smad1l/Smad5 and Smad4, were nad
strongly induced upon addition of TGt in Mv1Lu cells . . '

(Figure 3A). Using TGH3-sensitive HSC4 cells (Ichijo

et al, 1990), we also observed TGH-induced phos-  Fig. 3. TGF-$-mediated phosphorylation of Smad2 and Smad3 and
phorylation of Smad2 and Smad3, and constitutive phos- constitutive phosphorylation of Smad4 in non-transfected cells.
phorylation of Smad4 that remained unchanged after gAb)Sg"n‘(’:le'-grcer'fsgfgs L‘?t?%‘;‘i:‘g’;rﬁ';]tggwgggggitgu';c‘j tt';e
TGF{ Stlmmatl.on (Figure 3B a'."d C). We were unab.le to immunoprec?pitation (IP) with DQQy, DHQ, HPP or JQWL antisera that
detect expression of Smad1/5 in HSC4 cells, and did not recognize Smad2, Smad3, Smad4 or Smadi/5, respectively, and
observe any constitutive or TGknduced phosphoryl-  analysed by SDS-PAGE and autoradiograpBy. SC4 cells were

ation of Smad1/Smads in these cells (data not shown). labelled with f?Plorthophosphate in the absence or presence of
TGF-1. Cell lysates were subjected to immunoprecipitation with

DQQ, DHQ and HPP antisera, and analysed by SDS—-PAGE and

Association of Smad2 a'?d Smad3 with TﬂR" autoradiography.) Mv1Lu cells and HSC4 cells were labelled with
COS cells transfected with Smad2 or Smad3 constructs [32pjorthophosphate in the absence of TBE-and cell lysates were
alone or in combination, together with3R-1l and wild- subjected to immunoprecipitation with HPP antiserum or preimmune
type TBR-1 or a kinase-deficient form of BR-1 (TBR-I/ serum (pre) with and without excess HPP peptide, and analysed by

K232R) were affinity labelled with PA|TGF-B1, and  SDS-PAGE and autoradiography.
cell lysates were subjected to immunoprecipitation with

antiserum against epitope tag present in Smads. In accord- but not with wild-tyjfel T(data not shown).
ance with previous results (Mas-Silvaet al., 1996), we N-terminally Flag-tagged Smad3 (F-Smad3) formed a
found that Smad2 formed a complex witfBR-l which complex with the kinase-inactive form of3R-I (Figure
was kinase-inactive and phosphorylated BR¥I kinase, 4). However, we noticed that the C-terminally Flag-tagged
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ligand  [125I-TGF-B| |125I-TGF-f caused by BR-I activation through ligand-independent
TBR-VHA| KR [ KR| [ wr[ KR complex formation of PBR-lI and TBR-II upon their
cDNA| TBR-l | wr| WT| [wr| wr overexpression in COS cells. Smad3-F did not interact

F-Smad3 | = | + s with M-Smad4 (Figure 5A), suggesting that tagging at the
i g C-terminus is functionally disruptive.

To examine the interaction between Smad2 and Smad4,
COS cells were transfected with N-terminally Flag-tagged
Smad2 (F-Smad2) and M-Smad4 in the absence or pres-
ence of constitutively active variants of the individual
type | receptors (Figure 5B). Immunoprecipitation with
anti-Flag antibody followed by anti-Myc immunoblotting
showed that heteromeric complexes were formed between
Smad2 and Smad4 only in the presence of the constitutively
active forms of PBR-I (TBR-1/T204D) or the structurally
and functionally related activin type IB receptor (ActR-
IB) (ActR-IB/T206D). This response was specific as
constitutively active variants of activin receptor like-
kinase (ALK)-1 (ALK-1/Q201D), activin type | receptor
(ActR-I) (ActR-1/Q207D), BMP receptor (BMPR)-1A
(BMPR-IA/Q233D) and BMPR-IB (BMPR-1B/Q204D),
with intracellular domains distinct frompR-1 and ActR-

. IB, were unable to induce an interaction between F-Smad2
i - s and M-Smad4 (Figure 5B).
The formation of heteromeric Smad complexesivo

was further studied using the sequential immunoprecipit-
wi?H?\i'tAesrsn?iﬂZﬁiOT:g Sg‘ade?’d"gtmhz%'thsoga%ﬂ')sir‘:"i;?n tgﬁ]”;‘;gﬁtmh ation technique. Cell lysates from metabolically labelled
TBR-II and wild-){ype g(W'Ig)gor kinase-inactive (KR) forms offR-I. COS cells transfected with Myc-tagged Smad3 (MTSmad3)
TPBR-I constructs tagged at the C-terminus with a HA epitope were and Flag-tagged Smad4 (F-Smad4) were subjected to
used. The receptors were affinity-labelled witeTGF-B1. Cell immunoprecipitation with a Myc antibody (against
lysatest V\t/_ere Sfubiectetd to immunOIDFEﬂDgatggsangAg)éimﬁéunO- Smad3); bound components were then dissociated and
gtrﬁglrr:d?og;gh;.e Ei?)r%gsrgﬁso?nsanzl;& ar)lld receptors Wzg determined reprecipitated by a Fla.g antibody (agaln_st. S.mad4)'
by immunoblotting by Flag antibody and immunoprecipitation by HA ~ F-Smad4 was detected in the second precipitation, but
antibody using aliquots of cell lysates, respectively. only upon co-transfection with @R-1l and TBR-I and
addition of TGFB1 (Figure 5C). Using the sequential
immunoprecipitation technique we also observed the

Smad3 (Smad3-F), in contrast to F-Smad3, associated alsQjgand-dependent interaction between Smad2 and F-Smad4
with wild-type TBR-I (data not shown), consistent with (Figyre 5D).

observations made by Zhareg al. (1996). Thus, both
Smad2 and Smad3 form stable complexes with kinase o . .
inactive '[BR_|; Comp|exes with Wi|d_type [B'R_| may be TﬂR-1 activation induces interaction between

too transient to be able to be detected with this method Smad2 and Smad3 _
unless Smads are tagged in the C-terminus where phoan addition to the interactions between Smad2 or Smad3

IP/anti-Flag

IP/anti-HA

blotfanti-Flag

phorylation occurs (Maes-Silvaet al.,, 1996). and Smad4, the interaction between Smad2 and Smad3
was studied upon [AR-l activation. COS cells were
TGF-B1-dependent interaction of Smad2 and transfected with F-Smad2 and M-Smad3 in the absence
Smad3 with Smad4 or presence of constitutively activefR-lI. We studied
TGF{3-dependent heteromeric complex formation of the co-immunoprecipitation of Smad3 with Smad2 after
Smad2 and Smad4 has been shown before (Laga, immunoprecipitation with Flag antibody directed towards

1996). We examined the interaction of Smad2 and Smad3Smad2 followed by immunoblotting with anti-Myc anti-
with Smad4 using transfected COS cells. COS cells body against Smad3. Only upon co-transfection of
were transfected with indicated Smad constructs alone orconstitutively active BR-I did we observe co-immuno-
together with BR-I and TBR-Il and the interactions  precipitation of the Smad3 protein (Figure 6A).

between Smad3 and Smad4, and Smad2 and Smad4 Interaction between Smad2 and Smad3 was also
were investigated using immunoprecipitation followed by investigated by the sequential immunoprecipitation tech-
Western blotting. COS cells were transfected with nique. We observed interaction between F-Smad2 and
F-Smad3 or Smad3-F and N-terminally Myc-tagged M-Smad3 (Figure 6B). Although we observed no ligand-
Smad4 (M-Smad4), and analysed by immunoprecipitation dependency in this case, the complex formation was
with anti-Flag antibody followed by immunoblotting with  increased after co-expression of Smads wiffRl and
anti-Myc antibody (Figure 5A). Upon co-transfection with  TBR-Il. This increase can be explained by ligand-inde-
TBR-Il and TBR-I, an interaction between F-Smad3 and pendent complex formation of fR-I and TBR-Il (with
M-Smad4 could be demonstrated which strongly increased concomitant PR-I activation) (Chen and Weinberg, 1995),
after stimulation by ligand. The interaction between sufficient for induction of Smad2 and Smad3 complex
F-Smad3 and M-Smad4 in the absence of ligand is likely formation.
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Fig. 5. TGF{f3-dependent interaction of Smad2 with Smad4, and of Smad3 with SmajiZhg¢ in vivo heteromeric complex formation of Smad3

and Smad4 was studied using COS cells transfected with combinations of Smads, in the absence or presenfeefepBi-mediated activation.

Cell lysates were subjected to immunoprecipitation (IP) followed by Western blotting (blot) to show th@-@&fendent interaction of

N-terminally Myc-tagged Smad4 (M-Smad4) and N-terminally Flag-tagged Smad3 (F-Smad3), but not C-terminally Flag-tagged Smad3 (Smad3-F).
The band detected in both lanes is immunoglobuB). lateraction between Flag-tagged Smad2 (F-Smad2) and M-Smad4 in the presence of
constitutively active type | receptors (c.a. type 1). Interaction was determined using immunoprecipitation of F-Smad2 followed by Western blotting of
M-Smad4 with the indicated antibodies. Myc antibody was used for immunoprecipitation to show the expression of M-SnaadD) Cell

lysates of metabolically labelled COS cells transfected with different combinations of Smads were subjected to sequential immunoprecipitation. The
immunoprecipitated proteins were analysed by SDS—-PAGE and Fuji X Bio-Imager. For detection of the interaction between M-Smad3 and F-Smad4,
Myc and Flag antibodies were used, respectively. and for detection of Smad2 and F-Smad4, SED antiserum and Flag antibody, respectively.

Translocation of Smad2, Smad3 and Smad4 in transfected more efficiently than wild-type Mv1Lu cells.
Mv1Lu cells after stimulation with TGF-$1 Smad2 co-transfected with Smad4, or Smad3 with Smad4,

The subcellular localization of different Smads in Mv1Lu induced significantly higher levels of luciferase activity
cells before or after stimulation with TGEwas analysed  than Smad2, Smad3 or Smad4 alone (Figure 8A). In

by immunofluorescence using specific antisera. In the addition, Smad2 and Smad3 synergized, albeit to a lesser
absence of ligand, staining for Smad2 and Smad3 as wellextent than combinations of Smad2 and Smad4, or Smad3

as Smad4 was seen predominantly in the cytoplasm of and Smad4. Notably, the highest luciferase response was
the cells, whereas after stimulation with T@E-for 1 h, found when Smad2, Smad3 and Smad4 were co-transfected

the staining in each case significantly accumulated in the all together. It should be noted that the total amount of
nucleus (Figure 7A-F). In contrast, using the Smadl/ Smad DNA transfected in each transfection was constant.
Smad>5 antiserum we observed a cytoplasmic staining in Substitution of Smad2 or Smad3 with Smad1, which acts
the absence of ligand that remained unaltered upon TGF-in the BMP pathway, decreased the response to levels

B1 stimulation (Figure 7G and H). However, when Mv1Lu similar to those found with combinations of Smad3 and
cells were stimulated with BMP-7, we observed a nuclear Smad4, or Smad2 and Smad4, respectively. Furthermore,
accumulation of Smad1l/Smad5 (S.Souchelnytskyi, unpub- the synergistic effect of Smad2 and Smad4 in the p3TPLux
lished results). These data suggest a nuclear function forluciferase assay was significantly inhibited by co-transfec-
Smad2, Smad3 and Smad4, but not of Smad1/Smad5 after tion of a dominant-negative-acting Smad3 (Smad3 with

TGF{1 stimulation in Mv1Lu cells. truncation at the C-terminus) (Figure 8B). These data

indicate that Smad2, Smad3 and Smad4 functionally
Synergistic effect of Smad2, Smad3 and Smad4 in synergize in a TGH-inducible transcriptional response
transcriptional response using p3TPLux reporter assay.

Previously, synergistic effects of combinations of Smad3

and Smad4 (Zhanet al., 1996) and of Smad2 and Smad4 Discussion

(Lagnaet al., 1996) were shown using a transcriptional

response assay with the p3TPLux reporter construct. We After ligand-mediated activation of serine/threonine kinase
confirmed the synergistic effects of Smad2 and Smad4, receptors, particular Smad family members become phos-
and of Smad3 and Smad4, by transfection of the p3TPLux phorylated, form heteromeric complexes and translocate
reporter with Smads in MvlLu cells deficient irBR-I to the nucleus, where they may direct transcriptional

(R mutant cells). R mutant cells were used as they can be responses (Derynck and Zhang, 1996; Meg$@gue
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Fig. 6. TBR-I activation induces interaction between Smad2 and
Smad3. A) The complex formation of Smad2 and Smad3 was studied
using COS cells transfected with combinations of N-terminally
Flag-tagged Smad2 (F-Smad2) and N-terminally Myc-tagged Smad3
(M-Smad3) in the absence or presence of the constitutively active
form (c.a.) of PR-I. Cell lysates were subjected to
immunoprecipitation (IP) followed by Western blotting (blot) to show
the TBR-I activation-dependent interaction between F-Smad2 and
M-Smad3. B) COS cells were transfected with combinations of
F-Smad2 and M-Smad3 in the presence or absenc@RfiTand
TBR-1I, and stimulated with TGB1. Cells were metabolically labelled
and cell lysates subjected to sequential immunoprecipitation with Myc
and Flag antibodies. The immunoprecipitated proteins were analysed  Fig. 7. Nuclear translocation of Smad2, Smad3 and Smad4 after
by SDS-PAGE and Fuiji X Bio-Imager. TGF stimulation. Mv1Lu cells were incubated in the absense(,
E andG) or presenceR, D, F andH) of TGF{ for 1 h. Smad2 (A
and B), Smad3 (C and D), Smad4 (E and F) and Smad1/Smad5 (G
In the present report, we show that T(BFmduces the and H) were localized in the cells by immunofluorescence using
activation of Smad2, Smad3 and Smada vRAIl and - SECTARRS, BTCE ST O e of Tomwhereas
P - . re

TBR'_" In addition, ,TGFB stimulates the formation of P\uclear staining for a){I Spmads, except Smadl/Smad5, was observed
physical heteromeric complexes between Smad2, Smad3aster TGFg stimulation.
and Smad4. Furthermore, the three Smads were shown to
functionally synergize in a TGB-inducible transcriptional
response assay. Taken together, these results suggest that actRdedriplex. In contrast to N-terminally tagged
complex formation between Smad2, Smad3 and Smad4 isSmad3, C-terminally tagged Smad3 was shown to interact
required for efficient TGHB signal transduction (Figure 9). with wild-typepR-1, and thus to act similarly to the

Specific antisera to Smad2, Smad3 and Smad4 wereSmad2 dominant-negative mutant, in which the three
raised against peptide sequences corresponding to highly C-terminal serine residues of Smad2 were mutated to
divergent sequences in the proline-rich linker regions alanine residues (Maas-Silvaet al.,, 1996). These results
(Figure 1). These reagents enabled us to study endogenous may explain the differen@R-lininferaction with
Smad activation. TG was found to induce the phos- Smad2 versus Smad3 that was previously reported
phorylation and nuclear translocation of Smad2 and Smad3 ‘@deRilvaet al, 1996; Zhanget al., 1996).
in non-transfected cells (Figures 3 and 7A-D). These Phosphorylation of Smad4 has thus far been reported
findings extend and strengthen the physiological signific- only after stimulation by activin using transfected cells
ance of previous studies using transfected cells and epi-(Lagna et al, 1996). In the present study, we showed
tope-tagged Smads (Chenat al, 1996; Eppertet al., that Smad4 was constitutively phosphorylated in non-
1996; Zhanget al, 1996). As shown in this paper, the transfected cells. This is in contrast to Smad4 over-
latter experimental conditions may alter the signalling expressed in 293 cells, which was not phosphorylated
properties of Smads (Figures 4 and 5A), and provide a (Zhanget al., 1996). The Smad4 kinases, of which the
possible explanation why, in contrast to our results on identity is unknown, may exert a regulatory role, which
endogenous Smad proteins, Myc-tagged Smad3 was conimay or may not be regulated by TGF-Upon TGF§
stitutively present in the nucleus upon its overexpression stimulation, Smad4 translocated to the nucleus, whereas
in COS cells (Chen,Yet al., 1996). the phosphorylation level of Smad4 remained unaltered

Association between fR-1 and N-terminally tagged (Figures 3C and 7E and F). However, it is possible that
Smad3 (and Smad?2) could be detected whBR-Tl was due to a high basal level of phosphorylation, a change in
co-transfected with kinase-deficienBR-1, but not wild- phosphorylation at a particular site(s) occurred, but could
type TBR-1 (Figure 4). These findings are in agreement not be detected. In particular, as Smad4—unlike Smad2
with a previous report by Maas-Silvaet al. (1996) in and Smad3—appears not to be a direct substrat@Rd T
which Smad2 was shown to be a direct substrate of (Macias-Silvaet al, 1996). A possible candidate for an
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Fig. 9. Schematic model of TGB-mediated Smad activation and
heteromeric complex formation. T@kbinding induces heteromeric
complex formation of BR-1I and TBR-I, in which the constitutively
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e

Luciferase activity
(o)
Lttt

< [[peDNAS Smad2 | [Smada [Smadz active TBR-II kinase phosphorylates and activate3RFl. Smad2,
Z somada |53 Smad3 and Smad4 exist as homomeric complexes in the absence of
° Smadd jSmacd ligand (homodimers are shown, but higher order complexes cannot be

excluded). Smad2 and Smad3 become directly phosphorylated by
transient interaction with activated3R-I, whereas Smad4 is indirectly
activated. Upon activation, Smad2, Smad3 and Smad4 assemble in a
common complex, or possibly several types of heteromeric complexes,
of which the stoichiometry between the components is unknown.
Thereafter, the Smad complex(es) translocate(s) to the nucleus, where
it (or they) may interact with specific DNA binding proteins and direct
transcription of target genes.

Fig. 8. Synergism of Smad2, Smad3 and Smad4 on Pdfducible
p3TPLux reporter.4) The effect of Smad2, Smad3 or Smad4,
transfected alone or in various combinations, on p3TPLux
transcriptional response was measured in R-mutant cells. In each case
(except for pcDNA3) an identical amount of Smad was transfected; in
single transfection fig of the indicated Smad was used, in double
transfection 3ug of each Smad was used, in triple transfectiopg2of
each Smad was used)(Dominant-negative Smad3 (Smad3 C)

inhibits the synergistic effect of Smad2 and Smad4. For double _ ; ;
transfection 3ug of each Smad was used, for triple transfectiopg? to TBR | Further experiments are needed to determine

of each Smad was used. The values were normalized for transfection Whether Smad2—-Smad3 interaction requires Smad4, e.g.
efficiency using theB-gal reporter gene under transcriptional control of ~ Using cells deficient in Smad4. COS cells express endo-
the cytomegalovirus promoter. Results shown are representative of at genous Smad4 which may circumvent the need for co-
least three independent experiments, and data points are the average o ransfection of Smad4 for the interaction between Smad2
triplicate measurements. .

and Smad3. Thus far, attempts to show the formation of

a heteromeric complex in non-transfected cells using the
activating kinase of Smad4 is the MAP kinase kinase specific Smad antisera on lysates from cells labelled
kinase homologue, TGB-activated kinase (TAK)-1 with?PS]methionine/cysteine offP]orthophosphate have
(Yamaguchiet al., 1995). Interestingly, both TAK-1 and failed. A possible reason could be that the antisera made

Smad4 were shown to act in both T@Fand BMP towards the linker regions in the Smads may interfere with

signalling pathways (Yamaguchét al, 1995; Lagna heteromeric complex formation. Specificity of downstream

et al,, 1996). signalling responses was shown by the association between
Previously, Lagnaet al. (1996) reported that in the Smad2 and Smad4 upon activation ofR-I and the

absence of ligand homomeric complexes of Smad 2 or structurally related ActR-IB, but not upon activation of

Smad4 occur in transfected Mv1Lu cells, and that T&F- the more divergent ActR-lI, BMPR-IA and BMPR-IB.

induces a heteromeric complex of Smad2 and Smad4 in A cooperative effect of Smad2, Smad3 and Smad4 on

these cells. Here, we confirm and extend their findings by p3TPLux reporter was observed (Figure 8). Combinations

showing TGFB heteromeric complex formation of Smad3 of two Smads showed an enhanced response, but import-

and Smad4, as well as Smad2 and Smiaddvo (Figure antly, highest synergism was observed with all three

5). The interaction of Smad2 or Smad3 witfR-I is Smads. The specificity of this response was shown by the

very transient and it is thus unlikely that the interaction inability of Smadl1, which acts in the BMP signalling

is mediated by simultaneous binding of Smad2 and Smad3 pathway, to substitute functionally for Smad2 or Smad3.
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In addition, we found that a dominant-negative Smad3 and subcloned into appropriate epitope-tagged pcDNA3 vectors. Anti-

inhihi ot Flag, anti-Myc and anti-haemagglutinin (HA; 12CA5) antibodies were
inhibited the synergistic effect between Smad2 and Smad4'purchased from Kodak (New Haven, CT), Santa Cruz Biotechnology

Thus, efficient TGFE’ _signalling as measured With (Santa Cruz, CA) and Boehringer-Mannheim (Mannheim), respectively.
p3TPLux reporter requires all three Smads. The finding

of a response by transfection of two Smads only, cannot Cell lines
be taken as evidence that two Smads are enough forCOS cells and Mv1Lu mink lung epithelial cells were obtained from

. . - _the American Type Culture Collection. HSC4 human oral squamous cell
S|gnaII|ng, since all three Smads were found to be endo carcinoma cells were obtained from Dr F.Momose (Tokyo Medical and

genously expressed in Mv1Lu cells (Figure 2). The syner- pental University, Tokyo). R mutant Mv1Lu cells were obtained from
gistic effect on the p3TPLux reporter is observed in Dr J.MassagueCells were cultured in Dulbecco’s modified Eagle’s
the absence of ligand, and receptor activation did not medium (Life Technologies, Inc.) with 10% fetal bovine serum, 100
significantly increase this effect (data not shown). The units/ml penicillin and 5Qug/ml streptomycin.
mere overexpression of Smads in Mv1Lu cells may lead p,gparation of polyclonal antisera
to a small increase in heteromeric complex formation and Antisera raised against a Smad2 peptide that weakly cross-reacts with
nuclear translocation, which is sufficient for p3TPLux Smad3 (denoted SED; peptide SEDGETSDQQLNQSMDTG), and
response, but which is below the detection limit of again;t Smad4_ (denoted H_PP; HPPSNRASTETYSTPALLA), hav_e_ been
biochemical assay. antisera ware raised against synihetic poplides corrosponding fo amino
Importantly, our data on ligand-dependent activation, acig sequences of the variable proline-rich linker regions of Smad2
complex formation and functional synergism suggest a (termed DQQ; peptide DQQLNQSMDTGSPAELSPTTL) and Smad3
non-redundant role for Smad2 and Smad3 in T&GF- (termed Dt_HQ; ;i_eptide DHQ’\g{\lHSZﬂDAGSPNPI\/pd Sdma_.dl(/js}mad5th
; ; ; ; cross-reactive antiserum was obtained using a peptide derived from the
O e ey ooy ProvId® & WHz doman of Smad (ermed QWL pepide OWLDKLTO-
GSPHNPISSVS). The peptides were coupled to keyhole limpet haemo-
phosphorylated and translocated to the nucleus uponcyanin (Calbioch)em—BeF;]ri?]g)with qutaraI%ehyde, rr)llixed witf?Freund’s
TGF{ challenge. A functional requirement of complex adjuvant, and used to immunize rabbits.
-form-ation of three- Smads  in BR-mediat-ed Signa"ing Transient transfection, metabolic labelling
S e e, e ten 1 CAephotos ot of i
and SDS-PAGE
to what is found for BR-I and TBR-II. Indeed, our results  Transient transfection, metabolic labelling, immunoprecipitation,
on Smad protein and mRNA expression in various cell [32P]orth9phosph§te labelling of cells and SDS-PAGE were performed
lines and tissues (Nakaet al, 1997; ANakaoet al, & Cee By O edwith e ndioated
unpUinShed results), and analySiS of tissues where Smadzantibodies and developed using an enhanced chemiluminescence detec-
Smad3 and Smad4 expression sequence tags have beefn system.
identified (Washington University—Merck EST project),
support the notion that Smad2, Smad3 and Smad4 areledination of TGF-31 and affinity crosslinking _
simultaneously expressed in many different cell types. TG 2%, e ik SRR, TR deccribed
Involvement of multiple Smads appears not to be limited (Franze et al, 1993). Aliquots of cell lysates were subjected to
to TGF{3-mediated signalling. Three Smads, i.e. Smadl, immunoprecipitation using indicated antibodies as previously described
Smad4 and Smad5 have been implicated in BMP signalling (FranZe et al, 1993), but protein A-Sepharose beads were washed
(Lagnaet al.,, 1996: S.Souchelnytskya't al, unpublished once with washing buffer. To determine the expression of Smad proteins,
esuls). In adciion, genetic findings B.cleganpoint £ V75 7 crinianiered o el penbrre g
to the formation of a heteromeric signalling complex of chemiluminescence detection system (Amersham).
Sma-2, Sma-3 and Sma-4, as mutant phenotypes for each o ]
of the threesmagenes mimic the mutant phenotype of gg)'g%gﬁgtxg:g'fgég?eggéovv\zfﬂezyrlé'g?;ﬁrgoﬁgg’c,t,g for Smads alone
daf_4. (Savageet al, . 1.996)' Our future studies .WIH or in combination with receptor cDr?\lAs using DMRIE-C transfection '
be aimed at determining the assembly mechanism of reagent (Gibco-BRL). At 48 h after transfection, cells were washed,
heteromeric complex(es) and the stoichiometry between scraped and solubilized in a buffer containing 20 mM Tris—HCI, pH 7.5,
the components, and at the elucidation of the specific 150 mM NaCl, 0.5% Triton X-100, 1% Trasylol, 1 mM PMSF. After

; ; 20 min on ice, the cell lysates were pelleted by centrifugation and
Luer:gtrlgrwzlriéo(lzeosmSre)(s(rensa)ldz’ Smad3 and Smad4 in the incubated with the Flag or Myc antibodies for 2 h, followed by incubation

with protein G—Sepharose beads for 30 min at 4°C. The beads were
washed four times with the buffer used for cell solubilization. Thereafter,
the immunocomplexes were eluted by boiling for 3 min in SDS sample

Materials and methods buffer (100 mM Tris—HCI, pH 8.8, 0.01% bromophenol blue, 36%

glycerol, 4% SDS) containing 10 mM DTT and subjected to SDS—
Constructs and reagents PAGE. Proteins were then electrotransferred to nitrocellulose membrane
Expression constructs forR-l, TBR-1l, Smad2, Smadl and Smad4 and immunoblotted with the Myc antibody and developed using an
have been described previously (ten Digeal., 1994; de Winteet al., enhanced chemiluminescence detection system.

1997; Nakacet al., 1997). Constitutively active forms ofSR-1, ALK1,

ActR-1, ActR-IB, BMPR-IA, BMPR-IB and the kinase-inactive form of Sequential immunoprecipitation

TBR-1 were made by a polymerase chain reaction (PCR)-based approachCOS cells were transfected with expression constructs for Smads and
and subcloning into pcDNAS3 vector. F-Smad2, F-Smad4 and M-Smad4 PBRsTsing the DEAE—-dextran method. At 48 h after transfection, cells
were made using the PCR technique and by subcloning into pCMV5Flag were labelled with $°SJmethionine and3PS]cysteine for 4 h. The cells
and pCMV5BFlag, respectively (the latter vectors were provided by Dr were treated with 10 ng/mBIT@- the last 1 h of labelling.
J.Wrana). Smad3-F cDNA and cDNA encoding Smad3 with C-terminal Thereafter, the cells were washed in TBS (20 mM Tris—HCI pH 7.4,
truncation, acting in a dominant-negative manner (Zhahgl., 1996) 150 mM NacCl) and solubilized in lysis buffer (20 mM Tris—HCI, pH 7.4,
were provided by Dr R.Derynck (University of California, San Francisco). 150 mM NaCl, 1% Triton X-100, 1% Trasylol, 1 mM PMSF). After
Smad5-HA was a gift from Dr J.M.Yingling (Duke University, Durham, 20 min on ice, the cell lysates were pelleted by centrifugation and
NC). M-Smad3 and F-Smad3 were made by a PCR-mediated approachprecleared once with protein A-Sepharose (Pharmacia-LKB). Sub-
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sequently, samples were incubated with the first antisera for 2 h, followed Eppettd.(1996) MADR2 maps to 18g21 and encodes a BGF
by an incubation with protein A-Sepharose beads for 30 min at 4°C.  regulated MAD-related protein that is functionally mutated in
The beads were spun down and washed three times with lysis buffer. colorectal carcinomaCell, 86, 543-552.

Thereafter, 50ul of TBS containing 1% SDS and 10 mM DTT was  FranZa,P., ten Dijke,P., Ichijo,H., Yamashita,H., Schulz,P., Heldin,C.-H.
added to the beads and samples were boiled for 2 min. After cooling to  and Miyazono,K. (1993) Cloning of a T@Rype | receptor that forms
room temperature, 50 mM iodoacetamide was added to the samples, a heteromeric complex with the T@FRype Il receptor.Cell, 75,
which after incubation at room temperature for 15 min were centrifuged.  681-692.

Supernatants were saved and diluted 10-fold with lysis buffer, followed Frolik,C.A., Wakefield,L.M., Smith,D.M. and Sporn,M.B. (1984)
by incubation with the second antibody for 2 h. Thereafter, protein  Characterization of a membrane receptor for transforming growth
A-Sepharose beads were added for 30 min and subsequently the beads factor§ in normal rat kidney fibroblastsJ. Biol. Chem, 259
were washed three times with lysis buffer. The immunocomplexes were  10995-11000.

eluted by boiling for 3 min in SDS sample buffer in the presence of Graff, .M., Bansal,A. and Melton,D.A. (19963enopusMad proteins

10 mM DTT and analysed by SDS-PAGE. transduce distinct subsets of signals for the BGiperfamily.Cell,
e 85, 479-487.
Transcriptional response assay Ichijo,H., Momose,F. and Miyazono,K. (1990) Biological effects and

R mutant cells were transiently transfected with p3TPLux promoter
reporter construct in the presence of various combinations of the indicated squamous cell carcinoma celBxp Cell Res, 187, 263—269.

Smad expression p'aS”?'dS- In eac_h‘expenment equal amounts O.f DNA Hahn,S.A.et al. (1996) DPC4, a candidate tumor suppressor gene at
were transfected. Luciferase activity was measured as previously human chromosome 18q21Skience271, 350353

described (Yamashitat al, 1995). Theﬁ—_gal reporter gene in pPCMVS ._ Hoodless,P.A., Haerry,T., Abdollah,S., Stapleton,M., O’Connor,M.B.
vector (Stratagene) was co-transfected in each transfection for normaliz- Attisanc’> L :;md Wra’na’J L (1996’) MADRl a MAb-reIated r’otein’
ation of the transfection efficiencf-gal activity was analysed using the that funétibns in BMPZ, s.ig-naling pathway@éll 85 489_500 P

B-gal reporter kit (Promega). Jameson,B.A. and Wolf,H. (1988) The antigenic index: a novel algorithm
for predicting antigenic determinantComput. Appl. Biosgi. 4,

binding properties of transforming growth fact®ren human oral

Immunofluorescence study 181-186
Subcellular localization of Smad2, Smad3 and Smad4 in MvlLu cells : A .
was determined as previously reported (Naktal., 1996). Cells grown Lagna,G., I_—|ata,A., Hemmati-Brivaniou,A. anc_i N_Iassague(lg_%)
in LAB TEK chambers (Nunc, Naperville, IL) were washed with PBS, Partnership between DPC4 and SMAD proteins in T&$ignalling
fixed with acetone and incubated with 5% normal goat serum. After that ~ PathwaysNature 383 832-836. .
cells were incubated with Smad antiserum for 60 min. The DHQ Lechleider,R.J., de Caestecker,M.P., Dehejia,A., Polymeropoulo,M.H.
antiserum against Smad2 or DQQ antiserum against Smad3 were used and Roberts,A.B. (1996) Serine phosphorylation, chromosomal
at a 1000- to 2000-fold dilution. The HPP antiserum against Smad4 was localization, and transforming growth factrsignal transduction by
affinity purified and used at 26g/ml. After washing in PBS, the cells humanbsp-1 J. Biol. Chem, 271, 17617-17620.
were incubated with biotinylated antibodies against rabbit-lg for 60 min, Lin,H.Y. and Lodish,H.F. (1993) Receptors for the T@Ruperfamily.
then incubated further with FITC-labelled strepavidin. After a final wash, ~ Trends Cell Biol, 11, 972-978.
the cells were covered with glycerine and observed by fluorescence Liu,F., Hata,A., Baker,J.C., Doody,J.,"€amo,J., Harland,R.M. and
microscopy. MviLu cells were incubated in the absence or presence of MassagUg). (1996) A human Mad protein acting as a BMP-regulated
10 ng/ml TGFB1 for 1 h. transcriptional activatoiNature 381, 620-623.

Macias-Silva,M., Abdollah,S., Hoodless,P.A., Pirone,R., Attisano,L. and

Wrana,J.L. (1996) MADR?2 is a substrate of the Tgfeceptor and
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