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The tumor suppressor Smad4/DPC4

and transcriptional adaptor CBP/p300 are
coactivators for Smad3 in TGF-B-induced
transcriptional activation
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Departments of Growth and Development and Anatomy, and Programs in Cell Biology and Developmental Biology,
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Smads regulate transcription of defined genes in response to TGF- receptor activation, although the
mechanisms of Smad-mediated transcription are not well understood. We demonstrate that the
TGF-B-inducible Smad3 uses the tumor suppressor Smad4/DPC4 and CBP/p300 as transcriptional
coactivators, which associate with Smad3 in response to TGF-B. The association of CBP with Smad3 was
localized to the carboxyl terminus of Smad3, which is required for transcriptional activation, and a defined
segment in CBP. Furthermore, CBP/p300 stimulated both TGF-B- and Smad-induced transcription in a
Smad4/DPC4-dependent fashion. Smad3 transactivation and TGF-B-induced transcription were inhibited by
expressing E1A, which interferes with CBP functions. The coactivator functions and physical interactions of
Smad4 and CBP/p300 with Smad3 allow a model for the induction of gene expression in response to TGF-f.
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Members of the transforming growth factor B (TGF-B)
superfamily regulate cell growth and differentiation
through their ability to induce or repress transcription of
various genes, including cell-cycle control genes. TGF-B
induces and/or stabilizes the formation of a cell-surface
heteromeric receptor complex consisting of type | and Il
receptors, both of which are transmembrane serine/
threonine kinases (Derynck and Feng 1997). In response
to TGF-B binding, the constitutively active type Il recep-
tor kinase (TBRII) phosphorylates and activates the
TGF-B type | receptor (TBRI) (Wrana et al. 1994; Chen
and Weinberg 1995). The intracellular responses such as
growth inhibition and extracellular matrix production
are specified by the kinase domain of the type | receptor
(Feng and Derynck 1997).

Activated type | receptors phosphorylate and thus ac-
tivate the intracellular signaling mediators, named
Smads, which relay TGF-B signaling into the nucleus
(Derynck and Zhang 1996; Wrana and Attisano 1996;
Heldin et al. 1997; Massagué et al. 1997). There are three
subgroups of Smads: ligand responsive (e.g., Smadl,
Smad2, Smad3, Smad5, and Smad8), shared signaling
(e.g., the tumor suppressor Smad4/DPC4 in vertebrates,
Medea in Drosophila, and Sma-4 in Caenorhabditis ele-
gans), and inhibitory (e.g., Smad6 and Smad7 in verte-
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brates and Dad in Drosophila) (Heldin et al. 1997).
Among ligand-responsive Smads, Smadl and Smad5 re-
spond to bone morphogenetic proteins (BMPs), whereas
Smad2 and Smad3 are activated by TGF-B and activin
(Heldin et al. 1997). Smad2 and Smad3 are able to asso-
ciate with the TBRI/TBRII receptor complex and are car-
boxy-terminally phosphorylated by activated TBRI (Ma-
cias-Silva et al. 1996; Zhang et al. 1996). Activated
Smad2/3 forms a heteromeric complex with Smad4 and
is then translocated into the nucleus (Macias-Silva et al.
1996; Nakao et al. 1997; Zhang et al. 1997). In Xenopus,
Smad2/4 complexes have been shown to associate
through a DNA-binding protein with two different ac-
tivin-responsive elements (Candia et al. 1997; Chen et al.
1997), whereas in Drosophila Mad binds directly to a
promoter sequence (Kim et al. 1997). Although these in-
teractions with a promoter are thought to be of critical
importance, the underlying mechanism for transcrip-
tional activation is poorly understood.

Transcription from the promoter for plasminogen ac-
tivator inhibitor type | (PAI-1) is strongly induced by
TGF-B and is often used as a marker for TGF- respon-
siveness in mammalian cells (Keeton et al. 1991). Coex-
pression of the TGF-B-responsive Smad2 or Smad3 and
Smad4 also induces strongly transcription from the
PAI-1 promoter (Zhang et al. 1996, 1997). However, the
respective roles of these two Smads in transcriptional
activation are unclear and whether and how Smad3 and
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Smad4 interplay with the transcriptional machinery is
unknown. We now show that CBP/p300 and Smad4 act
as coactivators for the transcription factor Smad3
through TGF-B-inducible direct physical interactions.

Results and Discussion

The transcription activity of Smad3 is TGF-B
inducible and requires its carboxy-terminal
SSXS motif

Smad3 synergizes with Smad4/DPC4 to induce a high
level transcription from the PAI-1 promoter, and overex-
pression of carboxy-terminally truncated Smad3 or
Smad4 results in dominant-negative inhibition of TGF-
B-induced transcription from this promoter (Zhang et al.
1996). Because Smad3 or Smad?2 associates directly with
Smad4 in response to TGF-B (Nakao et al. 1997) and the
heteromeric complex interacts with the promoter to in-
duce transcription (Candia et al. 1997; Chen et al. 1997),
we characterized the role of Smad3 and Smad4 in TGF-
B-induced transcription. Smad3 was fused to the GAL4
DNA-binding domain, which confers nuclear localiza-
tion (Silver et al. 1984), and was accordingly localized in
the nucleus (data not shown). The transcriptional activ-
ity of GAL-Smad3 from a heterologous GAL4 promoter
was low, but increased about 15-fold in response to
TGF-B (Fig. 1A). Whereas the structurally closely related
Smad2 also had a TGF-B-dependent transcriptional ac-
tivity, Smad4 had only minimal activity both in the ab-
sence or presence of TGF-B. These data are consistent
with the ability of Smad3 and the inability of Smad4 to
activate transcription in yeast, that is, in the absence of
endogenous Smads (Wu et al. 1997). The basal activity of
GAL-Smad4 may be caused by functional cooperativity
with endogenous Smad2 or Smad3.

Receptor activation results in phosphorylation of the
two distal serines in the carboxy-terminal SSXS se-
guence of Smad1l, Smad2, or Smad3 (Abdollah et al. 1997;
Souchelnytskyi et al. 1997). Replacement of all three
serines with alanines renders these Smads biologically
inactive, which may be caused by impaired release from
the receptor, lack of heteromerization with Smad4, and/
or inability to translocate into the nucleus (Macias-Silva
et al. 1996; Kretzschmar et al. 1997). To investigate the
role of ligand-induced phosphorylation in transcriptional
activity of Smad3, we replaced the two distal serines in
GAL-Smad3 with alanines, thus generating GAL-
Smad3(2SA). This mutation abolished the TGF-B-in-
duced transcriptional activity of Smad3 (Fig. 1A), even
though GAL-Smad3(2SA) was localized in the nucleus
(data not shown). In contrast, replacement of the two
serines with aspartic acids in Smad3(2SD), thus provid-
ing negative charges similar to those of phosphoserines,
conferred a high level of constitutive transcriptional ac-
tivity, which could still be further enhanced by TGF-B.
Thus, the carboxy-terminal negative charges, resulting
from receptor-mediated phosphorylation, may be re-
quired for the ligand-responsive Smads to adopt a TGF-
B-induced conformation for their optimal transcriptional
activity. The role of the carboxy-terminal phosphoryla-

2154 GENES & DEVELOPMENT

tion in transcriptional activation complements its role
in heteromerization with Smad4 and subsequent nuclear
translocation.

The transactivation activity of Smad3 is potentiated
by Smad2 or Smad3 and Smad4/DPC4

The carboxyl domain of Smad4 forms a homotrimer (Shi
et al. 1997), thus raising the possibility that Smads func-
tion as homotrimers. Homomerization of Smad3 may be
required for biological activity (Hata et al. 1997; Wu et al.
1997), and Smad2 and Smad3 interact with each other
(Wu et al. 1997) and synergize in their biological activity
(Nakao et al. 1997). To evaluate the role of oligomeriza-
tion in transcriptional activity of Smad3, we coexpressed
GAL-Smad3 with Smad2 or Smad3 and measured its
transcriptional activity. Smad2 and Smad3 enhanced the
ligand-independent and -dependent transcriptional activ-
ity of GAL-Smad3 (Fig. 1B), without altering the extent
to which GAL-Smad3 was localized in the nucleus (data
not shown). In contrast, the BMP-2/4-responsive Smad1l
did not affect the transcriptional activity of Smad3. Our
data thus suggest that the transcriptional activity of
Smads3 is enhanced by oligomerization with TGF-B-re-
sponsive Smad2 or Smad3. Coexpression of Smad3(2SA)
or Smad3(2SD), however, decreased the transcriptional
activity of GAL-Smad3 (Fig. 1B). Because Smad3(2SA)
was transcriptionally inactive (Fig. 1A), oligomerization
of wild-type Smad3 with this mutant may result in an
inactive complex; alternatively, the association of
Smad3(2SA) with TBRI may prevent carboxy-terminal
phosphorylation of GAL-Smad3. On the other hand,
Smad3(2SD) had a higher transcriptional activity than
wild-type Smad3; its inhibitory effect on GAL-Smad3 is
therefore less likely caused by the formation of an inac-
tive complex, but could result from sequestration of en-
dogenous Smad4, which interacts with and coactivates
Smad3 (see below).

Because Smad4 has no transcriptional activity on its
own (Fig. 1A; Wu et al. 1997), its presence in the tran-
scription complex (Candia et al. 1997; Chen et al. 1997)
raises the possibility that it may act as a transcriptional
coactivator for ligand-responsive Smads. As shown in
Figure 1, C and D, Smad4 strongly increased the tran-
scriptional activity of GAL-Smad3 in the absence or
presence of TGF-B. However, Smad4 was not essential
for transcriptional activity of GAL-Smad3, as assessed in
SW480.7 cells, which lack Smad4 (Goyette et al. 1992)
(Fig. 1D). In the absence of Smad4, the transcriptional
activity of GAL-Smad3 was still induced by coexpress-
ing an activated TRRI receptor (Fig. 1D), consistent with
the notion that receptor-mediated carboxy-terminal
phosphorylation enhances the transcriptional activity of
Smads3 (see above). Reciprocally, the minimal transcrip-
tional activity of GAL-Smad4 was moderately enhanced
by coexpressing Smad2 or Smad3, but not Smadl (data
not shown), and the carboxy-terminal serine mutations
in Smad3 abolished this synergy (Fig. 1E). Taken to-
gether, Smad4 has only minimal transcriptional activity
by itself and acts as a coactivator of Smad3 in the tran-
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Figure 1. Transcriptional activity of Smad3
and effect of interactions with Smad2,
Smad3, and Smad4 on Smad3-mediated
transcription. (A) Smad3 is a TGF-B-induc-
ible transcriptional activator. HepG2 cells
were transfected with plasmids encoding
the indicated GAL-Smad and the tran-
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scription complex. This coactivator role of Smad4 may
complement a role in ligand-induced Smad nuclear
translocation.

CBP/p300 functions as a Smad4-dependent
transcriptional coactivator for Smad3

CBP (CREB-binding protein) and the structurally closely
related p300 act as transcriptional coactivators for and

5X GAL4

Smad3 potentiate the transactivation activ-
ity of GAL-Smad3. RI14 cells were cotrans-
fected with pFR-Luc and the plasmid encod-
ing GAL-Smad3, and expression plasmids
for the indicated Smads or mutants. (C)
Smad4 is a potent transcriptional coactiva-
tor for Smad3. R114 cells were cotransfected
with pFR-Luc, pGAL-Smad3, and indicated
amounts of a Smad4 expression plasmid.
(D) Smad4 is not essential for transcrip-
tional activity of Smad3. Smad4-deficient
SW480.7 cells were cotransfected with pFR-
Luc and pGAL-Smad3, without (open bars)
or with (solid bars) TBRI (act.). The tran-
scriptional activity was measured in the ab-
sence (open bars) or presence (black bars) of
a coexpressed constitutively active TRRI. (E)
Smad2 and Smad3 stimulate the low trans-
activation activity of pGAL-Smad4. MvlLu
cells were cotransfected with pGAL-Smad4
and pFR-Luc, and expression plasmids for
the indicated Smads or relevant mutants.
(A-C,E) (Open bars) -TGF-B; (solid bars)
+TGF-B. Note the lower scale of luciferase
activity, when compared to A-D.

Luciferase
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interact with multiple transcription factors, including
CREB, c-Jun, c-Fos, and basal transcription factor TFIIB
(Goldman et al. 1997; Shikama et al. 1997). To evaluate
whether CBP or p300 plays a role in TGF-B-induced tran-
scription and Smad function, we tested whether p300
and CBP could regulate the transcriptional activity of
Smad3. In GAL4-based transcription assays, CBP and
p300 both increased the transcriptional activity of
Smad3 in the presence or absence of TGF-B (Fig. 2A).
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Figure 2. CBP/p300 functions as a transcriptional coactivator for Smad3. (A) CBP and p300 potentiate the transcriptional activity of
GAL-Smad3. RI14 cells were cotransfected with pGAL-Smad3 and pFR-Luc, and indicated amounts of expression plasmids for CBP
or p300. (B) Smad4 is required for efficient coactivation of Smad3 by CBP. SW480.7 cells were cotransfected with pGAL-Smad3 and
pFR-Luc, and indicated amounts of an expression plasmid for Smad4, in the absence (open bar) or presence (hatched bar) of an
expression plasmid for CBP. Transfected cells were treated with TGF-8 and luciferase values were measured. (C) CBP stimulates
Smad3/4-induced transcription from the PAI-1 promoter in the absence or presence of TGF-B. HepG2 cells were cotransfected with
the PAI-1 luciferase reporter p800luc, and indicated combinations of expression plasmids for Smad3, Smad4, and CBP. (D) CBP and
p300 stimulate TGF-B-induced transcription from the PAI-1 promoter. Mv1Lu cells were cotransfected with the PAI-1 luciferase
reporter p800luc, and indicated amounts of expression plasmids for CBP or p300. (E) Smad3 and Smad4 stimulate the transactivation
activity of CBP. MvlLu and SW480.7 cells were cotransfected with pGAL-CBP(1678-2441), pFR-Luc, and expression plasmids for
Smad3 and/or Smad4. (F) The -732 to -635 segment of the PAI-1 promoter mediates TGF-3- and Smad3/4-inducible transcription.
Mv1Lu cells were cotransfected with the PAI-1 luciferase reporter pGL5P/97, and indicated combinations of expression plasmids for
Smad3 and Smad4. (G) p300, Smad3, and Smad4 participate in a complex assembled at the PAI-1 promoter. Nuclear extracts, prepared
from 293 cells, were incubated with the *2P-labeled, 97-bp TGF-- and Smad3/4-inducible segment of the PAI-1 promoter. Free DNA,
DNA-protein (shift), and supershifted (SS) complexes are marked and the nuclear lysates and antibodies are also shown. (A,C-F) (Open
bars) ~-TGF-B; (solid bars) +TGF-3.

This coactivation of Smad3 by CBP was not observed in
Smad4-deficient SW480.7 cells (Fig. 2B) and expression
of Smad4 not only increased the transcriptional activity
of Smad3, consistent with its role as coactivator, but also

allowed CBP to transactivate Smad3 (Fig. 2B). We then
examined whether CBP/p300 could also potentiate tran-
scription from the PAI-1 promoter in response to TGF-
(Fig. 2C,D). Consistent with the ability of CBP to trans-
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activate Smad3, CBP expression increased transcription
from the PAI-1 promoter in response to Smad3 and
Smad4 (Fig. 2C), and in response to TGF-B (Fig. 2C,D).

In reciprocal experiments, we evaluated the ability of
Smad3 and Smad4 to regulate the transcriptional activity
of CBP. The carboxy-terminal segment (amino acids
1678-2441) mediates transcriptional activity of CBP
(Kwok et al. 1994); thus GAL-CBP(1678-2441)-mediated
transcription from the GAL4-promoter (Fig. 2E). In the
absence of Smad4, that is, in SW480.7 cells, Smad3 in-
creased the transcription activity of CBP, but this in-
crease was not further enhanced by TGF-3, unless
Smad4 was expressed (Fig. 2E). Thus, Smad4 provided
TGF-B inducibility and enhanced the transcription ac-
tivity of GAL-CBP, presumably in cooperation with en-
dogenous Smad3. Accordingly, the transcriptional activ-
ity of CBP was enhanced by TGF-g in Mv1lLu cells and
by increased Smad3 or Smad4 expression (Fig. 2E). Fi-
nally, Smad3 and Smad4 synergized to increase the li-
gand-independent and -dependent transcriptional activ-
ity of CBP (Fig. 2E). Taken together, our data indicate
that CBP transactivates Smad3, but efficient transacti-
vation requires Smad4, and that Smad3 and Smad4 co-
operate to transactivate CBP and provide TGF-B induc-
ibility to its transcriptional activity. The TGF-B-depen-
dent transcriptional activity of CBP in MvlLu cells is
thus likely regulated by endogenous Smad2/3 and
Smad4.

Smad3, Smad4, and p300 interact in a nucleoprotein
complex with the PAI-1 promoter

The coactivation of Smad3 by CBP/p300 prompted us to
test whether Smad3 and p300/CBP interact with a 97-bp
PAI-1 promoter fragment (nucleotides -732 to -635),
which confers TGF-B and Smad3/4 responsiveness (Fig.
2F). Nuclear extracts from 293 cells provided a cleaner
background than those from MvlLu or HepG2 cells in
gel shift and supershift analyses using the 97-bp probe
(data not shown). Whereas untransfected cells did not
clearly show a gel-shifted complex (Fig. 2G, lanes 1,2), a
TGF-B-dependent DNA-protein complex was detected
in transfected cells expressing Smad3 (lanes 3,4), suggest-
ing that this complex contained Smad3. This complex
was specific for the 97-bp PAI-1 promoter segment, as it
competed with a 25-fold excess of cold probe, but not
with unrelated DNA (lanes 15,16). An anti-Smad2/3 an-
tibody (N-19) abolished the TGF-B-inducible complex
(lane 5), whereas another anti-Smad3 antibody (1-20) su-
pershifted the complex (lane 6). Control antibodies did
not abolish or supershift the complex (e.g., lane 10). The
TGF-B-inducible, Smad3-dependent complex was super-
shifted by an antibody against endogenous p300 (lane 7),
which has been validated in supershift experiments
(Avantaggiati et al. 1997). Addition of anti-Smad3(N-19)
antibody abolished this anti-p300-supershifted complex
(lane 8), whereas anti-Smad3(I-20) antibody further de-
creased the electrophoretic mobility of the supershifted
complex (lane 9). No anti-CBP antibodies have been re-

Transcriptional cooperation of Smad and CBP

ported to induce supershifts. The complex formation of
Smad3 and CBP/p300 at the PAI-1 promoter was also
confirmed in gel supershift analyses using tag-specific
antibodies and nuclear extracts of cells transfected with
tagged Smad3 and CBP/p300 (lanes 17-20). We also de-
termined that Smad3 and Smad4 interact with the same
promoter fragment. Thus, cells coexpressing Smad3 and
Smad4 together (lane 10) showed a complex of the same
size as the TGF-B-inducible, Smad3-dependent complex
(lanes 4,17) and this complex, which reacted with anti-
Smad3 (lanes 5,6,18) or anti-p300 (lanes 7,19), was super-
shifted using anti-Smad4 antibody (lane 11). The anti-
Smad4-supershifted complex also reacted with the anti-
p300 antibody (lane 13), although its intensity was
decreased and only a slight supershift occurred, which is
not surprising considering the large size of the complex
of the DNA fragment associated with p300 and the
Smad3/4 heterohexamer. The anti-Smad3(N-19) anti-
body interfered with the formation of the anti-Smad4-
supershifted complex and the anti-Smad4/anti-p300
complex (lanes 12 vs. 11,14 vs. 13). These data thus sug-
gest that p300 (or CBP), Smad3, and Smad4 interact in a
TGF-B-dependent manner in a nucleoprotein complex
associated with the TGF-- and Smad3/4-responsive 97-
bp PAI-1 promoter segment.

Smad3 and CBP associate with each other
in a TGF-B-dependent manner

The functions of CBP/p300 and Smad4 as coactivators of
Smad3 in TGF-B-induced transcription and their coex-
istence at the TGF-B- and Smad3/4-responsive PAI-1
promoter segment strongly suggested a pattern of physi-
cal interactions. As shown in Figure 3A and in previous
studies (Lagna et al. 1996; Nakao et al. 1997), Smad4
associates directly with Smad3 or Smad2 in a TGF-B-
dependent manner. This heteromeric association is me-
diated by the conserved carboxyl domains of the Smads
(Hata et al. 1997; Wu et al. 1997). To investigate whether
Smad3 interacts with CBP in response to TGF-B, we per-
formed coimmunoprecipitation analyses using trans-
fected cells. No association with CBP was observed
without receptor stimulation, but TGF-B receptor acti-
vation resulted in interaction of Smad3, but not Smad4,
with CBP (Fig. 3B). Smad1l did not associate with CBP,
which is consistent with its responsiveness to BMP-2/4
and not to TGF-B (Hoodless et al. 1996; Liu et al. 1996;
Kretzschmar et al. 1997).

Furthermore, the carboxy-terminal segment (amino
acids 1678-2441) of CBP associated with Smad3 in re-
sponse to TGF-B stimulation, but this interaction was
not seen with Smad3(2SA) (Fig. 3C). This lack of asso-
ciation of Smad3(2SA) could be caused by a decreased
level of nuclear translocation and/or may reflect the role
of the TGF-B-induced carboxy-terminal phosphorylation
of Smad3 in the interaction with CBP, which is consis-
tent with the role of phosphorylation in the transcrip-
tional activity of Smad3 (Fig. 1A).

Mammalian two-hybrid analyses were used to evalu-
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Figure 3. TGF-B-dependent association of CBP with Smad3 and cooperation of Smad4. (A) TGF-B-dependent association of Smad3 and
Smad4 . RI14 cells were transfected with Flag-tagged Smad3 and HA-tagged Smad4, and treated with (+) or without (=) TGF-B. Cell
lysates were immunoprecipitated (IP) with anti-Flag antibody, followed by immunoblotting (IB) with anti-HA antibody to detect
Smad3-bound Smad4, or with anti-Flag immunoblotting to demonstrate equal expression of Smad3. (B) Smad3 coimmunoprecipitates
with CBP after TGF-B-receptor activation. COS-1 cells were transfected with Flag-tagged Smads as shown and HA-tagged CBP, in the
absence or presence of a plasmid for an activated TBRI. Immunoprecipitation with anti-Flag antibody was followed by anti-HA
immunostaining to detect Smad-bound CBP. The control panel shows the expression levels of Smad3 and Smad4. (C) TGF-3-dependent
CBP-Smad3 interaction requires the carboxy-terminal SSXS site of Smad3. R114 cells were transfected with the indicated combination
of plasmids expressing GAL-CBP(1678-2441) and Flag-Smad3 or Flag-Smad3(2SA). Immunoprecipitation with anti-Flag antibody was
followed by immunostaining with anti-GAL4 (BabCO) to detect Smad-bound CBP. The control panel shows the Smad3 expression
levels. (D) TGF-B-dependent interaction of Smad3 and Smad4 with CBP in mammalian two-hybrid assays. Plasmids for GAL-fused
CBP segments, in combination with VP16-Smad plasmids, as indicated, were transfected into RI114 cells, together with the luciferase
reporter plasmid pFR-Luc. The interactions were measured by luciferase expression in the absence (-, open bars) or presence (+, solid
bars) of TGF-B. GAL-DNA-binding domain is the control containing only the GAL4 DNA-binding domain, not fused to a CBP
segment. (E) Smad4 enhances the association of Smad3 with CBP in mammalian two-hybrid assays. Smad4-deficient SW480.7 cells
were cotransfected with plasmids for GAL-fused CBP segments and VVP16-Smd3, in the absence (open bars) or presence (solid bars) of
an activated TBRI plasmid, and the CBP-Smad3 association was scored in the absence or presence of coexpressed Smad4.

ate the ability of defined CBP segments to interact with
Smad3 or Smad4 in Mv1Lu cells. As shown in Figure 3D,
the interaction of CBP with Smad3 was localized to two
segments, a weakly interacting amino-terminal segment
(amino acids 1-451) and the much stronger interacting
carboxy-terminal segment (amino acids 1891-2441).
These interactions were strongly enhanced by TGF-,
thus confirming the TGF-B-inducible coimmunoprecipi-
tation of CBP and Smad3. Accordingly, when individual
CBP domains were coexpressed with Smad3, CBP (1891-
2441), but not the other segments, coimmunoprecipi-
tated with Smad3 in response to TGF-B (Fig. 3C; data not
shown). Smad4 also showed ligand-inducible interaction
with the two CBP segments in two-hybrid assays in
Mv1Lu cells (Fig. 3D). This is in contrast with the lack of
Smad4-CBP interaction in coimmunoprecipitation (Fig.
3B) and yeast two-hybrid (see below) experiments, sug-
gesting that this interaction is mediated through the li-
gand-dependent association of Smad4 with endogenous
Smad3, which in turn interacts in a ligand-dependent
fashion with CBP. In addition, coexpression of Smad4 in
SW480.7 cells increased the interaction of Smad3 with
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the amino- and carboxy-terminal domains of CBP (Fig.
3E), whereas coexpression of Smad3 promoted the asso-
ciation of Smad4 and CBP in mammalian two-hybrid
assays (data not shown). Our results thus suggest a ter-
nary protein complex, whereby the ligand-dependent in-
teraction of Smad3 with CBP (primarily its carboxy-ter-
minal segment) is stabilized by Smad4. This interpreta-
tion is consistent with the participation of all three
proteins in a nucleoprotein complex at the promoter (Fig.
2G; see above). The stabilization by Smad4 may be re-
quired for the ability of CBP to efficiently coactivate
Smads3, as illustrated in Fig. 2B.

The direct association of Smad3 and CBP is mediated
by the carboxy-terminal domains of both proteins

The interaction of CBP with Smad3 was also analyzed
using yeast two-hybrid assays (Fig. 4A). Smad3 was only
observed to interact with the carboxy-terminal segment
of CBP that comprised amino acids 1891-2441, but not
with amino acids 1992-2441, thus indicating a require-
ment of amino acids 1891-1991. The interaction of
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Figure 4. The association of CBP and Smad3 is mediated by carboxy-terminal domains of both proteins. (A) Yeast two-hybrid assays
demonstrate the interaction of Smad2 and Smad3, but not Smad1 and Smad4, with carboxy-terminal sequences (aa 1891-2441) of CBP.
Smad-CBP interactions were detected by measuring B-galactosidase activity. (-) Lack of detectable interaction; (++++) very strong
interaction. The structural organization of CBP is shown with the previously characterized location of sequences required for inter-
action with the proteins shown. Our results now allow the localization of sequences required for association with Smad2 and Smad3.
(B) Localization of the CBP-interacting sequences in Smad3 using yeast two-hybrid. Interactions were scored by measuring B-galac-
tosidase activity from negative (-) to strongly positive (+++) and not determined (n.d.). The correlation with in vitro binding to
GST-fused Smad3 or its fragments is also shown. Besides some previously defined functions shown on the schematic diagram of
Smad3, the sequences that mediate interaction with CBP have now been localized to the carboxyl domain and require the carboxy-
terminal sequence. (C) Direct interaction of 3°S-labeled CBP(1678-2441) with GST-Smad3 and GST-Smad3C, but not GST-Smad4.

Results are summarized in B.

Smad3 with CBP is most likely direct, as no Smad or
CBP homologs are encoded by the yeast genome, and
CBP(1678-2441) interacted with GST-Smad3 in vitro
(see below). Smad2, which is structurally closely related
to Smads3, also interacted with the carboxy-terminal seg-
ment of CBP. In contrast, Smad4 and the BMP-2/4-re-
sponsive Smad1l did not interact with CBP in yeast two-
hybrid assays. These results allow us to assign a new
function to a defined segment of CBP (Fig. 4A).

To map the domains in Smad3 that interact with CBP,
we carried out yeast two-hybrid assays that were further
confirmed using GST-based in vitro binding assays.
Smads have highly conserved amino and carboxyl do-
mains, separated by a less conserved, proline-rich linker
(L) region. The carboxyl domain of ligand-responsive

Smads mediates transcriptional activation in GAL4
transactivation assays (Liu et al. 1996) and in transcrip-
tion assays in yeast (Wu et al. 1997). As shown in Figure
4B, the interaction of Smad3 with the carboxy-terminal
segment of CBP was mediated by the carboxyl domain
and not by the amino domain or L segment. This inter-
action was most likely direct as the in vitro-synthesized
35S-labeled CBP(1678-2441) interacted with GST-Smad3
and GST-Smad3C (Fig. 4C). Consistent with the yeast
two-hybrid results (Fig. 4A), the carboxy-terminal seg-
ment of CBP did not interact with GST-Smad4. Deletion
of the carboxy-terminal 35 amino acids (the Ac deletion),
which inactivates the transcriptional activity of Smads
(Zhang et al. 1996), abolished the interaction of full-sized
Smads3 or its carboxyl domain with CBP in yeast two-
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hybrid assays. In contrast, replacement of the carboxy-
terminal phosphoacceptor serines with alanines did not
abolish the interaction of Smad3 with CBP, although the
affinity of this interaction may be affected. Thus, the
carboxy-terminal phosphorylation is not essential for in-
teraction in yeast with CBP, although it is required for
TGF-B-induced transcriptional activity (Fig. 1A). These
results suggest that binding to CBP is a new function
for the carboxyl domain of Smad3, and likely Smad2
(Fig. 4B).

Taken together, our data indicate a ligand-dependent
association of Smad3 with CBP, which is mediated
through the carboxyl domain of Smad3 and a carboxy-
terminal sequence in CBP. In vivo, this interaction re-
quires stabilization by Smad4, even though Smad4 can-
not interact directly with CBP in the absence of Smad3
(Fig. 5A). In this ternary complex, both Smad4 and CBP
function as coactivators for Smad3, and Smad4 is also
required for efficient coactivation of Smad3 by CBP. Be-
cause the carboxyl domain of Smad3 is the effector of its
transcriptional activity and the small Ac deletion results
in transcriptional inactivity, our findings correlate the
transcriptional activity of Smad3 with its ability to as-
sociate with CBP, which then allows transactivation of
Smad3 by CBP (and vice versa).

without TGF-p signal

Figure 5. Model of Smad3/Smad4/CBP
interactions at the promoter and inhibi-
tion of TGF-B- and Smad3/4-induced tran-
scription by E1A. (A) A working model for
TGF-B-inducible cooperation between
Smad2/3, Smad4, and CBP/p300. Nuclear
factor X is a hypothetical DNA-binding
protein bound to the TGF-B-responsive el-
ements, although Smad2/3 or Smad4 may
directly bind to DNA. GTF represents a
group of transcription factors for general
transcription associated with RNA poly-
merase Il. (B) E1A inhibits transcription
from the PAI-1 promoter, induced by

E1A inhibits TGF-B- and Smad3/4-induced
gene transcription

The functional cooperativity between Smad3 and CBP
and the inability of the transcriptionally inactive
Smad3AC to interact with CBP strongly suggest that this
physical interaction is required for TGF-3- and Smad3-
induced transcriptional activation. Unfortunately, the
requirement of this interaction for TGF-B-induced tran-
scription cannot be confirmed using cells that lack both
Smad2 and Smad3 or both CBP and p300. Furthermore,
no CBP or p300 deletion mutants are known to act as
dominant-negative inhibitors of endogenous CBP/p300
function. To this end, we used the adenoviral E1A pro-
tein to determine if CBP/p300 is necessary for TGF-B-
and Smad3/4-induced transcription. E1A interacts with
CBP sequences between amino acids 1680 and 1891, i.e.,
adjacent to the sequences that interact with Smad3, and
interferes with the interaction of CBP with general tran-
scription machinery, thereby acting as a reliable inhibi-
tory indicator of CBP/p300-dependent transactivation
(Goldman et al. 1997; Shikama et al. 1997). We therefore
expected that E1A might at least partially inhibit Smad3
binding to CBP and Smad3-mediated transcription. As
shown, E1A significantly inhibited transcription in-

with TGF- signal
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p800luc, and indicated combinations of B
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expression plasmids for Smad3, Smad4,
and E1A. (C) E1A, but not E1AA2-36,
which is incapable of CBP association, in-
hibits TGF-B-induced transcription from
the PAI-1 promoter. E1LA928 has a point
mutation at aa 928 and does not interact
with pRB but still binds to CBP. Mv1Lu
cells were cotransfected with p800luc, and
wild-type or mutant E1A. (D) E1A, but not
E1AA2-36, blocks TGF-B-induced tran-
scription activity of GAL-Smad3 and the
transactivation of GAL-Smad3 by CBP.
Mv1Lu cells were cotransfected with pFR-
Luc, and wild-type or mutant E1A, and o
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duced from the PAI-1 promoter by Smad3/4 (Fig. 5B) and
TGF-B (Fig. 5C). In contrast, ELAA2-36, which has a
short amino-terminal deletion and is incapable of bind-
ing CBP (Kraus et al. 1992), only poorly inhibited TGF-
B-induced transcription (Fig. 5C). However, E1A928,
which is defective in pRB binding but retains the ability
to interact with CBP (Kraus et al. 1992), inhibited TGF-
B-induced transcription as efficiently as wild-type E1A
(Fig. 5C). Furthermore, E1A inhibited completely the
transcriptional activity of GAL-Smad3 and the ability of
CBP to transactivate GAL-Smad3 (Fig. 5D), whereas
E1AA2-36 was ineffective. The inhibition of Smad3/4-
and TGF-B-induced transcriptional activation by E1A is
therefore most likely because of its ability to block the
transcriptional activity of GAL-Smad3 and the ability o
CBP to act as coactivator. Thus, our findings support a
requirement for CBP as coactivator of Smad2/3-medi-
ated transcription and TGF-B-induced signaling and sug-
gest that E1A suppresses TGF-B-induced growth inhibi-
tion and induces oncogenic transformation at least in
part by interfering with the Smad-CBP interaction.

Materials and methods

Expression plasmids

Coding sequences for amino-terminally HA- or Flag-tagged, or
GAL4- or VP16-fused, Smad and CBP proteins or defined regions
were generated by oligonucleotide- or PCR-based techniques
and inserted into the Clal-EcoRI sites of the mammalian ex-
pression plasmid pRK5 (Graycar et al. 1989) or derivatives. De-
tailed information on the plasmid constructions will be pro-
vided upon request. The pRK5-based expression plasmid for
constitutively active TRRI has been described (Feng and
Derynck 1996). Expression plasmids encoding GAL-Smad1l or
GAL-Smad4 (Liu et al. 1996) were gifts from J. Massagué,
whereas L. Xu and M.G. Rosenfeld provided plasmids for GAL-
CBP fragments (Horvai et al. 1997). Expression plasmids for car-
boxy-terminally HA-tagged CBP and GAL-CBP (1678-2441)
(Kwok et al. 1994) were obtained from R. Goodman, and the
p300 expression plasmid (Lill et al. 1997) was provided by D.
Livingston.

Cell culture, transfections, and immunoprecipitations

COS-1 cells were maintained in DME, 10% fetal bovine serum;
and HepG2, MvllLu, and SW480.7 cells were maintained in
MEM, 10% fetal bovine serum, supplemented with nonessen-
tial amino acids. R114 cells are stably transfected R1B/L17 cells
(Wrana et al. 1994), expressing TBRI (X.-H. Feng and R.
Derynck, unpubl.). COS-1 and SW480.7 cells were transfected
using Lipofectamine (GIBCO-BRL). Immunoprecipitations us-
ing anti-Flag antibody were carried out as described (Feng et al.
1995). For subsequent anti-HA Western blot, the immunopre-
cipitated proteins, separated by SDS-PAGE, were transferred
onto Immobilon (Millipore), incubated with anti-HA antibody
(Babco), and antibody-bound proteins were visualized by chemi-
luminescence (Pierce).

Transcriptional reporter assays

Plasmid p800luc containing the luciferase reporter gene under
control of the PAI-1 promoter (Keeton et al. 1991) was used to
measure TGF-B- and Smad-induced gene expression. pGL5P/97

Transcriptional cooperation of Smad and CBP

contains the 97-bp upstream regulatory sequence (nucleotides
-732 to -635) of PAI-1 gene to drive expression of luciferase
reporter. pRKBgal, which expresses B-galactosidase under the
control of the CMV promoter, was cotransfected to allow nor-
malization of transfection efficiency. Transient transfections,
TGF-B treatment, and reporter assays were done as described
(Feng et al. 1995). Mv1Lu and RI114 cells were transfected using
DEAE-dextran, whereas HepG2 and SW480.7 cells were trans-
fected using Lipofectamine. The total amount of transfected
DNA was always the same by adding pRK5 control DNA, as
needed. All assays were done in triplicate and all values were
normalized for transfection efficiency.

GAL4 transactivation assays

Plasmids encoding GAL-Smad or GAL-CBP were cotransfected
with the GAL4-luciferase plasmid pFR-Luc (Stratagene) and
other expression plasmids into cells, as specified in the figures
(Fig. 1A-E, 2A, 2B, 2E), and transfected cells were treated for 24
hr with or without 400 pm TGF-B. The ability of the Smads or
CBP to transactivate the heterologous GAL4 promoter was
quantitated by measuring luciferase expression from the GAL4
promoter. Transfections, TGF-B treatment, and luciferase as-
says were done essentially as for the PAI-1 luciferase assays.

Mammalian two-hybrid assays

Plasmids encoding GAL-CBP, plasmids for Smads fused to the
VP16 activation domain, and the luciferase reporter plasmid
pFR-Luc were transfected into Mv1Lu or SW480.7 cells, which
were then treated with or without TGF-B. Luciferase assays
were carried out as described above.

Gel shift assays

Nuclear proteins were extracted from exponentially growing
293 cells, as described (Datto et al. 1995) and gel-shift assays
were performed using a commercial kit (Promega). A 10-pl re-
action, containing 4 pg of nuclear protein in 10 mm Tris-HCI at
pH 7.5,0.5 mm EDTA, 1 mm MgCl,, 50 mm NaCl, 0.5 mm DTT,
4% glycerol, and 0.05 mg/ml poly[d(I-C)] - poly[d(I-C)], was in-
cubated at room temperature for 15-30 min with
40,000-100,000 dpm of *2P-labeled probe. The probe corre-
sponded to the TGF-B- and Smad3/4-inducible segment of the
PAI-1 promoter (nucleotide -732 to -635). Smad3 antisera
(Santa Cruz Biotechnology), Smad4 antiserum (Yingling et al.
1997, gift of X.-F. Wang), and/or anti-p300 antiserum (Avantag-
giati et al. 1997, obtained from M. Avantaggiati and K. Kelly)
were then added, and the incubation proceeded at 4°C for 90
min. Gel-shifted and -supershifted complexes were separated in
a 5% polyacrylamide gel in 0.5x TBE buffer and visualized by
autoradiography.

Yeast two-hybrid assays

LexA-based yeast two-hybrid assays (Gyuris et al. 1993) were
used to detect interactions between full-length Smads in bait
plasmid pEG202 (Wu et al. 1997) and CBP fragments in prey
plasmid pJG4-5. CBP(1-450), CBP(314-1100), CBP(1069-1891),
and CBP(1891-2441) in pJG4-5 (Kamei et al. 1996) were pro-
vided by L. Xu and M.G. Rosenfeld, whereas other CBP seg-
ments were obtained by PCR and subcloned in pJG4-5. Plasmids
were transformed into yeast EGY48 using Alkali Cation (Bio
101), and protein interactions were assessed by scoring 3-galac-
tosidase activity as reporter, as described previously (Wu et al.
1997).
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GST fusion proteins and in vitro protein binding assays

Glutathione-S-transferase (GST) fusion proteins of Smads were
described previously (Zhang et al. 1996). **S-Labeled CBP(1678-
2441), obtained by in vitro transcription/translation (Promega)
from pRK5-CBP(1678-2441), was incubated with GST or GST-
Smad or GST-Smad fragments bound to glutathione Sepharose
beads (Pharmacia). After extensive washing in 25 mm Tris-HCI
at pH 8.0, 150 mm NacCl, and 0.5% Triton X-100, associated
proteins were separated by SDS-PAGE and visualized by auto-
radiography.
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