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ABSTRACT The transforming growth factor-b (TGF-b)
superfamily of growth factors and cytokines has been implicated
in a variety of physiological and developmental processes within
the cardiovascular system. Smad proteins are a recently de-
scribed family of intracellular signaling proteins that transduce
signals in response to TGF-b superfamily ligands. We demon-
strate by both a mammalian two-hybrid and a biochemical
approach that human Smad2 and Smad4, two essential Smad
proteins involved in mediating TGF-b transcriptional responses
in endothelial and other cell types, can functionally interact with
the transcriptional coactivator CREB binding protein (CBP).
This interaction is specific in that it requires ligand (TGF-b)
activation and is mediated by the transcriptional activation
domains of the Smad proteins. A closely related, but distinct
endothelial-expressed Smad protein, Smad7, which does not
activate transcription in endothelial cells, does not interact with
CBP. Furthermore, Smad2,4–CBP interactions involve the
COOH terminus of CBP, a region that interacts with other
regulated transcription factors such as certain signal transduc-
tion and transcription proteins and nuclear receptors. Smad–
CBP interactions are required for Smad-dependent TGF-b-
induced transcriptional responses in endothelial cells, as evi-
denced by inhibition with overexpressed 12S E1A protein and
reversal of this inhibition with exogenous CBP. This report
demonstrates a functional interaction between Smad proteins
and an essential component of the mammalian transcriptional
apparatus (CBP) and extends our insight into how Smad pro-
teins may regulate transcriptional responses in many cell types.
Thus, functional Smad–coactivator interactions may be an im-
portant locus of signal integration in endothelial cells.

The transforming growth factor b (TGF-b) superfamily of
cytokines constitutes a group of proteins whose members
mediate many biological effects. Within the vasculature,
TGF-b has been demonstrated to play an important role in a
variety of pathophysiologic processes, including angiogenesis,
vascular remodeling, and atherogenesis (1–3). Both in vitro and
in vivo, TGF-b has been demonstrated to regulate extracellular
matrix elaboration, cellular migration, apoptosis, and cell cycle
traverse in vascular smooth muscle and endothelial cells (EC).
Over the last several years, the intracellular signaling mecha-
nisms used by this family of effectors have begun to be
elucidated (4–6). In the case of TGF-b, its cellular effects seem
to be transduced via at least three types of cell surface
receptors (types I, II, III). The active form of TGF-b binds to
the type II receptor at the cell surface; this complex subse-

quently interacts with and phosphorylates (activates) the type
I receptor, which then propagates downstream signals within
the cell. This is accomplished in part by direct interaction of the
activated type 1 receptor with members of a newly described
family of intracellular signaling molecules known as the Smad
proteins (4–9). In the case of TGF-b1, the activated type 1
receptor transiently interacts with a specific Smad, Smad2, and
phosphorylates it on a series of COOH-terminal serines (10,
11). Subsequently, Smad2 associates with another distinct
Smad, Smad4, in a heteromeric complex that then translocates
to the nucleus and influences gene expression by mechanisms
that are not well understood (12–14). Although a variety of
other intracellular signaling cascades have been implicated in
TGF-b signaling, the importance of the Smad proteins is
highlighted by the fact that mutations in both Smad2 and
Smad4 have been causally linked to specific human malignan-
cies and that disruption of either of these genes in the mouse
results in early embryonic lethality (14–17).

Recently, there has been rapid progress in the identification of
additional members of the Smad family of proteins in humans and
other species. Based on their structures and known functional
roles, the mammalian Smad proteins seem to fall into at least
three broad classes (5, 6). The first class, typified by Smads 1, 2,
3, and 5 (and more recently Smad8), seems to be capable of
interacting with the activated type 1 receptors corresponding to
a particular TGF-b superfamily ligand, undergoes receptor-
mediated phosphorylation, and subsequently translocates to the
nucleus (9, 10, 18–20). As part of this process, these ‘‘signaling’’
(or receptor-associated) Smads bind to a distinct class of Smad,
Smad4, that can synergize with certain signaling Smads and act as
a transcriptional activator (12, 13, 21). Thus, Smad4 seems to
define a second class of Smad protein that does not interact
directly with receptors but is required for signaling. Members of
a third class of Smad proteins recently described (Smad6 and -7)
are capable of inhibiting TGF-b signaling, and in contrast to the
other classes of Smads, they demonstrate inducibility in response
to a variety of stimuli such as TGF-b or fluid mechanical (flow)
stimuli (22–25). These have been termed ‘‘inhibitory Smads.’’
Smad6 and Smad7 are expressed in endothelial cells and have
been demonstrated to modulate both TGF-b and biomechanical
(fluid shear stress)-induced gene expression (22) in this cell type.

In this paper, we demonstrate that there is functional
heterogeneity among the classes of mammalian Smads in their
ability to act as transcriptional activators in endothelial cells
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and that this correlates with their ability to interact with the
conserved nuclear transcriptional coactivator CREB binding
protein (CBP). Furthermore, specific ligand-activated Smad–
CBP interactions seem essential for Smad-mediated transcrip-
tional effects. CBP (and its homologue P300) have been
demonstrated to play essential coactivator roles for a growing
number of regulated transcription factors including CREB,
nuclear receptors, myogenic helix–loop–helix factors, signal
transduction and transcription (STAT) proteins, and members
of the Rel (NF-kB) family (26–34). Because these coactivators
have been proposed as an important locus of integration for
signaling pathways in EC and other cell types (26, 27), our data
suggest a novel mechanism whereby signals derived from the
TGF-b superfamily of cytokines modulate a variety of cellular
effects in endothelial cells.

METHODS
Cell Culture. Primary bovine aortic endothelial cells (BAEC)

were isolated as described (22) and cultured in low-glucose-
DMEM supplemented with 10% heat-inactivated bovine calf
serum, 2 mM L-glutamine, 250 units/ml penicillin G, and 250
mg/ml streptomycin. These were used at passages 3–12. Cos-7 cells
were maintained in the same medium.

Expression Constructs and Transfections. For transient trans-
fections, cells were seeded at 50–70% confluency and transfected
by using Lipofectamine (GIBCO/BRL) for 5 h. The cells were
allowed to recover overnight in media containing 0.2% serum.
Cells were then incubated in the absence or presence of 5 ng/ml
human TGF-b1 (Genzyme). After approximately 18 h of incu-
bation, luciferase, and b-galactosidase activity were measured
(Tropix). All results are reported as luciferase activity (RLU)
normalized to cotransfected b-galactosidase activity (expressed
from cotransfected, constitutive expression constructs, e.g., cy-
tomegalovirus b-galactosidase, phosphoglycerate kinase b-galac-
tosidase) and are representative of at least three independent
experiments.

Fusion proteins of full-length or COOH-terminal MH2 domain
(see Fig. 1) of the Smads (pMSmads 2, 2C, 4, 4C, 6, and 7C) were
created by PCR methods from cDNAs and cloned into either the
pM (Gal4) or the pVP16 vectors (CLONTECH). All COOH-
terminal MH2 domain Smads (Smads 2C, 4C, and 7C) include the
linker region of the protein. The primers, which were constructed
with unique, flanking restriction sites for cloning in-frame, are as
follows: Smad2, 59-GGA ATT CAT GTC GTC CAT CTT
GCC-39 and 59-GGT GAA GCT TTA TGA CAT GCT TG-39;
Smad2C, 59-GGA ATT CTT GAA TCA AAG TAT GGA
CA-39 and 59-GGT GAA GCT TTA TGA CAT GCT TG-39;
Smad4, 59-GGA ATT CAT GGA CAA TAT GTC-39 and
59-GGT GAA GCT TTC AGT CTA AAG GTT GTG GG-39;
Smad4C, 59-GGA ATT CAC CAC CTG GAC TGG-39 and
59-GGT GAA GCT TTC AGT CTA AAG GTT GTG GG-39;
Smad7C, 59-GGA ATT CAA ACC AAC TGC AGA C-39 and

59-CGG GAT CCC GCT ACC GGC TGT TGA AG-39.
Smads2*P and 2C*P truncation mutants were created as de-
scribed above using their respective 59 primers and the following
common 39 primer: 59-CCC AAG CTT TAG CAA CGC ACT
GAA GGG G-39. This 39 primer anneals just upstream of the
SSXS motif in the MH2 domain of Smad2, deleting the COOH-
terminal phosphorylation sites. All constructs were confirmed by
sequencing. ORFs of Smads 6 and 7 were subcloned directly into
the BamHI/SalI and EcoRI/HindIII sites, respectively, of the pM
and pVP16 from the pGBT vectors described previously (22). All
of the Smad6 constructs used in these experiments correspond to
the ORF reported previously, which encodes a truncated isoform
of human Smad6 (22).

VP16-CBP fusion protein expression plasmids and the mam-
malian two-hybrid system have been described previously (26).
The reporter plasmid, pFR-Luc (Stratagene), contains five
tandem repeats of the GAL4 binding site upstream of the
luciferase gene. The p3TP-lux promoter construct, which has
been described previously (22), is a chimeric TGF-b responsive
promoter derived from sequences of the human PAI-1 and
collagenase promoters, and the wild-type human PAI-1 pro-
moter construct (P800) was obtained from D. Loskutoff. 12S
E1A, mutE1A (NH2-terminal deletion that does not bind
CBP/P300) CBP, and P300 expression constructs, as well as the
CBP-VP16 fusion constructs, have been described previously
(26). c-Jun-Gal4 and Elk-Gal4 fusion constructs (pMJun,
pMElk) consist of the activation domains of c-Jun (amino acids
1–223) and Elk-1 (amino acids 307–427) fused to Gal4 DB.

Immunoprecipitations and Western Blotting. Antibodies di-
rected against the epitopes used in the immunoprecipitations and
Western blots were obtained from commercial suppliers (Boeh-
ringer Mannheim, Santa Cruz Biotechnology). The anti-CBP/
P300 antisera were obtained from Santa Cruz Biotechnology.
Cell lysates were made approximately 24 h after transfection in
1% Triton X-100, 150 mM NaCl, 50 mM TriszHCl, pH 8.0, with
protease inhibitors, and immunoprecipitations were performed
overnight at 4°C. Proteins were resolved on 10–12% SDS/PAGE
denaturing gels, transferred to nitrocellulose by electroblotting
and probed with appropriate antisera at 1/1,000 to 1/2,000 as
indicated in the figures. Individual proteins were detected with a
secondary antibody coupled to peroxidase and visualized with
chemiluminescence (ECL).

RESULTS
Smad-Dependent Transcriptional Activation Is Enhanced by

CBP. An increasing number of regulated transcription factors
have been shown to interact with the coactivator CBP (35). To
investigate whether transcriptional events modulated by TGF-b
involve CBP as a coactivator, we tested the ability of overex-
pressed recombinant CBP to stimulate two TGF-b responsive
promoters in cultured endothelial cells. Both the plasminogen
activator inhibitor-1 promoter (P800) and the p3TP promoter
constructs are responsive to TGF-b, and this response is aug-
mented approximately 2-fold by cotransfection of a plasmid
expressing CBP. An expression plasmid for the closely related
coactivator P300 gave similar results, although the magnitude of
induction was consistently lower than that seen with CBP (data
not shown).

Recently, the conserved family of Smad proteins has been
shown to transduce TGF-b superfamily transcriptional signals in
species ranging from Drosophila to humans (6, 7, 9). To elucidate
whether the Smad proteins involved in mediating TGF-b re-
sponses in endothelial cells are using CBP as a coactivator, we
used a Gal4-based system to examine the ability of various Smad
proteins to enhance transcription in these cells. Fusion proteins
between the Gal4 DNA binding domain and either full-length or
the COOH-terminal MH2 domains of Smads 2, 4, 6, and 7 were
constructed and cotransfected with a luciferase reporter con-
struct containing a minimal promoter coupled to five tandem
Gal4 binding sites. As shown in Fig. 2, full-length Smad2 can

FIG. 1. Schematic of Smad protein structure. A general schematic of
the structure of a human Smad protein is shown. Smad proteins consist
of two domains (based on sequence conservation among identified Smad
proteins) termed MH1 and MH2 (for MAD homology domain) located
in their amino- and carboxyl-terminal halves, respectively. These regions
are separated by a more variable, proline-rich domain known as the linker
region. Certain signaling or receptor-associated Smads, such as Smad1
and Smad2, have a series of serine residues (termed the SSXS motif)
present in their carboxyl termini, which are the sites of type 1 receptor-
mediated phosphorylation. Human Smad4 and Smad7 do not possess the
SSXS sequence.
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function as a transcriptional activator in the presence of TGF-b
in this system. The relatively low level of luciferase activity seen
with the full-length Smad2–Gal4 construct in the absence of
TGF-b likely reflects the small amount of endogenous TGF-b
present in the endothelial culture system. The full-length Smad4–
Gal4 construct reproducibly demonstrates a lower level of tran-
scriptional activity in our hands, which is modestly increased in
the presence of added TGF-b. Gal4 constructs containing only
the COOH-terminal MH2 domain (including the linker) of these
proteins (pM2C, pM4C) generated significantly higher basal and
TGF-b stimulated levels of transcriptional activity (Fig. 2). These
results are consistent with previous data suggesting that the
transcriptional activation domains of these proteins are contained
within the MH2 portion of these molecules and that the amino-
terminal MH1 domain can mask this activity in the full-length,
unstimulated protein (12, 13, 19, 21). In contrast to Smad2 and
Smad4, neither Smad6, Smad7, nor the MH2 domain of Smad7
demonstrate any significant ability to up-regulate transcription in
this assay. Thus, the various classes of Smad proteins differ in their
ability to act as transcriptional activators in endothelial cells. The
pathway-restricted Smad (e.g., Smad2), as well as Smad4, possess
transcriptional activation domains, whereas the two recently
identified ‘‘inhibitory Smads’’ (Smads 6 and 7), which are thought
to function in the cytoplasm of the cell (22, 23, 36), demonstrate
no transcriptional activation ability.

TGF-b receptor-mediated activation has been demonstrated to
involve the direct phosphorylation of a series of COOH-terminal
serines (SSXS motif) on Smad2. To determine whether the
transcriptional activity of the Smad2–Gal4 fusion proteins require
receptor-mediated phosphorylation, we constructed two mutants
of Smad2 fused to Gal4 that lack these residues, termed
pMSmad2*P and pMSmad2C*P, respectively (the latter is the
COOH-terminal MH2 domain of Smad2 with the serines delet-
ed). As shown in Fig. 2B, pMSmad2*P is completely unresponsive
to TGF-b, but the truncated mutant pMSmad2C*P retains
transcriptional activation ability even in the absence of TGF-b
stimulation. These results thus confirm that ligand (TGF-b)
activation requires the COOH-terminal serines in the full-length
Smad2 molecule but that these residues are not required for
transcriptional activation in the absence of the inhibitory, NH2-
terminal, MH1 domain (pMSmad2C*P). As demonstrated in Fig.
2C, overexpression of CBP significantly enhanced the TGF-b
stimulated transcriptional activation activity of both the Smad2
and Smad4C Gal4 constructs. CBP could also stimulate pM2C,
pM4, and pM2C*P but had no effect on the Smad6 or Smad7
constructs (data not shown). Taken together, these results suggest
that, in this system which recapitulates ligand-activated, Smad-

mediated transcription in endothelial cells, CBP can function as
a coactivator for Smad2, Smad4-mediated transcription.

Smad2 and Smad4 Specifically Interact with CBP in a Ligand-
Dependent Fashion in Vivo. To determine whether Smads 2 and
4 can physically interact with CBP in vivo, we used both two-
hybrid and coimmunoprecipitation strategies. In the mammalian
two-hybrid assay, an interaction between two proteins is detected
by fusing one protein to the Gal4 DNA binding domain, fusing the
second protein to the powerful transcriptional activation domain
of the VP16 protein, and coexpressing both constructs in a cell
type of interest. An interaction between the two test proteins
results in activation of the GAL4 luciferase reporter via the VP16
activation domain. Using the Smad–Gal4 fusion proteins de-
scribed above, we tested the ability of these proteins to interact in
endothelial cells with all of the domains of the CBP protein fused
to VP16. As shown in the two representative experiments dis-
played in Fig. 3, both Smad2 and Smad4 interact with only the
COOH-terminal 549 amino acids of CBP in a TGF-b dependent
manner. All of the Smad2 and Smad4 constructs examined (i.e.,
pM2, 2C, 2*P, 2C*P, 4, 4C) interacted with CBP, and these
interactions were limited to the single COOH-terminal domain of
CBP (data not shown). We also tested the ability of Smad1, a
distinct human Smad protein closely related to Smad2 but which
mediates bone morphogenic protein signaling (19), to interact
with CBP. Smad1, or its carboxyl-terminal MH2 domain, also
interacted specifically with the COOH-terminal domain of CBP.
However, this process required the presence of an activated bone
morphogenic protein type-1 receptor and was not observed in the
presence of an activated TGF-b receptor alone (data not shown).

To demonstrate Smad–CBP interactions in cell extracts, we
performed a series of coimmunoprecipitations. Preliminary data
demonstrated the coimmunoprecipitation of recombinant, full-
length CBP (epitope tagged) with tagged Smad2 and Smad4
proteins, but not Smad7, consistent with the mammalian two-
hybrid results (data not shown). In the experiment displayed in
Fig. 4, we used a polyclonal antisera to CBP/P300 to immuno-
precipitate the endogenous molecule and determine whether
Smad proteins were associated in endothelial cells. As shown in
lane 1, even when Smad2 and Smad4 proteins were overexpressed
as epitope-tagged species, there is essentially no detectable
interaction with CBP in the absence of TGF-b receptor stimu-
lation. In contrast, if the cells were cotransfected with a consti-
tutively active form of the TGF-b type 1 receptor, significant
amounts of both Smad2 and Smad4 proteins coimmunoprecipi-
tate with CBP/P300 (Fig. 4, lane 2). To confirm that these
Smad–coactivator interactions were dependent on activation of
the Smad pathway, we coexpressed two recently identified inhib-
itory, endothelial-expressed Smads, Smad6 and Smad7 (22–24).

FIG. 2. Smad2 and Smad4, but not Smad6 or Smad7, can act as transcriptional activators in endothelial cells and are stimulated by CBP. The full-length
or carboxyl-terminal domains (C) of Smads 2, 4, 6, and 7 were fused to the DNA binding domain of Gal4 (e.g., pM, Gal4BD alone; pM2, full-length
SMad2–Gal4BD fusion; pM2C, C terminus of Smad2–Gal4BD fusion). These constructs were cotransfected into cultured BAEC with a luciferase reporter
containing five upstream Gal4 binding sites, and the cells were subsequently treated with TGF-b1 (5 ng/ml) for 18 h, as indicated. (A) The relative
transcriptional activity of all of the Gal4 constructs is displayed. Only pM2, pM2C, pM4, and pM4C demonstrate any significant increase in transcriptional
activity over the Gal4 plasmid itself. Comparable expression of Gal4 fusion constructs was confirmed by Western blot (data not shown). (B) Mutants
harboring deletions of the C-terminal serines that are the sites of type-1 receptor-mediated phosphorylation in Smad2. In the full-length Smad2 protein,
the loss of these serines markedly diminishes the response to TGF-b (pM2*P), but this inhibition is reversed by removal of the amino-terminal MH1 domain
of Smad2 (pM2C*P). (C) Both the basal and TGF-b stimulated activity of pM2 and pM4C are augmented by coexpression of CBP.
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As shown in Fig. 4, lane 3, the expression vector alone (pCIneo)
had no effect, whereas both Smad6 and Smad7 completely
inhibited the interactions of Smads 2 and 4 with CBP. These
results thus confirm that activation of the Smad proteins is
required for the CBP interactions seen and that these effects are
not solely caused by overexpression of these proteins.

Smad-Mediated Transcriptional Activation Requires Smad–
CBP Interactions. The COOH-terminal domain of CBP, which
interacts with activated Smads in the mammalian two-hybrid
system, is also the site at which this coactivator interacts with a
number of other important regulatory proteins (29, 31, 37, 38).
One of these, the viral protein E1A, is thought to sequester CBP
and thus modulate the transcriptional effects of many effector
proteins (34, 39, 40). We used expression of 12S E1A to test
whether CBP was required for Smad-mediated transcriptional
events. Preliminary experiments demonstrated potent inhibition
of the TGF-b responsive promoters P800 and p3TP by 12S E1A
(data not shown), so we examined the effect of 12S E1A
expression in the Smad–Gal4 system. As shown in Table 1, 12S
E1A can almost completely inhibit the stimulated activity of all of
the Smad2 and Smad4 constructs in endothelial cells. As a control
for nonspecific effects, we also expressed a mutant form of E1A
(mutE1A). This molecule harbors an NH2-terminal deletion that
renders it unable to interact significantly with CBP or P300. As
shown in Table 1, this protein did not inhibit Smad-dependent
transcription in this system. As a control for the assay, we also
looked at the effects of these E1A proteins on transcription
mediated by the activation domains of c-Jun and Elk-1 fused to
Gal4 (c-Jun–Gal4, Elk–Gal4), as both of these transcriptional
activators have been demonstrated previously to interact func-
tionally with CBP. The results for these constructs were virtually
identical to those of the Smad constructs (Table 1), in that they
are inhibited by 12S E1A but not by the mutant protein.

E1A can interact with a variety of cellular proteins. To ascer-
tain if the inhibitory effect on Smad-mediated transcription
observed was caused by sequestration of limiting amounts of CBP
within the cell, we attempted to rescue the E1A-mediated inhi-
bition by titrating in increasing amounts of CBP expression
plasmid. As shown in Fig. 5, for both Smad2 and Smad4, as well
as the c-Jun activation domain, we could effectively restore
transcriptional activation in the presence of 12S E1A by increas-
ing amounts of CBP expression. In fact, all of the Smad constructs
inhibited by 12S E1A expression were effectively rescued by
coexpression of CBP (data not shown). To determine whether

these results correlated with the biochemical association of Smads
and CBP, we performed immunoprecipitations in the presence
and absence of 12S E1A expression. Fig. 6 is a coimmunopre-
cipitation experiment demonstrating that in the presence of 12S
E1A, the TGF-b stimulated association of Smads 2 and 4 with

FIG. 3. Smad2 and Smad4 can interact specifically with the C terminus
of CBP in endothelial cells. Smad2 (pM2) and Smad4 (pM4) were
cotransfected into BAEC with plasmids expressing the indicated domains
(numbers correspond to amino acids) of the murine CBP protein fused
to the potent transcriptional activation domain of VP16. A specific
interaction between the Gal4 fusion protein and the VP16 fusion protein
results in induction of the Gal4 reporter. The amount of Gal4–Smad
vector used was approximately 1y10 used in Fig. 2 to minimize back-
ground luciferase activity. The full-length Smad2 and Smad4 proteins
selectively interact with the C-terminal domain of CBP (amino acids
1892–2441) in the presence of TGF-b. No reproducible interaction
between the other domains of CBP and Smad proteins was observed. All
CBP fusion constructs express at comparable levels (data not shown).

FIG. 4. Smads 2 and 4 can interact with CBP in vivo. Cos-7 cells
were transfected with the indicated combinations of epitope-tagged
activated TGF-b type-1 receptor, Smad expression construct, or empty
expression vector. The cells were then lysed and immunoprecipitated
with an anti-CBP/P300 antisera. Coprecipitating Smad proteins were
detected by Western blot. The upper two panels demonstrate that
significant amounts of both Smad2 and Smad4 protein coimmunopre-
cipitate with CBP/P300 in the presence of the activated receptor. These
interactions are inhibited by the simultaneous expression of either
Smad6 or Smad7 but not by cotransfection of an empty expression
vector (pCIneo). The bottom panels confirm comparable Smad2,
Smad4, and activated receptor expression by immunoprecipitation and
Western blotting with antisera against the epitopes fused to these
proteins.

Table 1. 12S E1A, but not an amino-terminal truncated mutant of
E1A, can inhibit Smad-dependent transcription in BAEC

Vector 12S E1A mut-E1A

pMSmad2 100 8 6 1.2 88 6 11.1
pMSmad2C 100 10 6 2.1 89 6 12.0
pMSmadC*P 100 3 6 1.1 91 6 3.4
pMSmad4C 100 3 6 0.4 105 6 9.3
pMJun 100 7 6 2.3 103 6 5.1
pMElk 100 2 6 1.0 101 6 10.0

The left side of the table lists the various Smad–Gal4 constructs that
were assayed for their ability to activate the Gal4 reporter. The first
column represents the level of transcriptional activation seen with max-
imal stimulation (TGF-b) normalized to 100%. 12S E1A markedly
inhibits the transcriptional activity of all of the Smad constructs tested.
The mutant form of E1A, which is unable to bind to CBP, does not inhibit
the Smad-dependent transcription. Gal4–Jun and Gal4–Elk were also
assayed as positive controls for proteins known to require CBP as a
coactivator.
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CBP is absent (compare lanes 3 and 4). Taken together, these
results indicate that CBP–Smad interactions seem to be required
for Smad-mediated transcriptional activation to occur in endo-
thelial cells.

DISCUSSION
The identification of Smad proteins as critical intracellular me-
diators of TGF-b superfamily transcriptional responses has been
a major advance in understanding how this important family of
cytokines and/or growth factors elicit their protean biologic
effects (4–6). In this paper, we demonstrate that Smad2 and
Smad4, two mediators of TGF-b1 signaling in endothelial and
other cells, can act as ligand (TGF-b)-activated transcriptional
activators in endothelial cells, whereas two distinct, recently
identified endothelial-expressed Smads, Smad6 and Smad7, do
not. Furthermore, transcriptional activation by Smad proteins in
endothelial cells requires a ligand-induced interaction with the
transcriptional coactivator CBP.

The molecular mechanisms by which certain Smad proteins can
function as transcriptional activators and/or coactivators are just
now being elucidated. Work in the Xenopus system has identified
a specific cis-acting activin response element that interacts with a
complex consisting of two distinct Xenopus Smad proteins and a
forkhead-containing DNA binding protein known as Fast-1 (41).
Alone, the individual components of this complex are thought to
be unable to activate transcription efficiently, until the activin
pathway is activated by receptor–ligand interactions and the
active complex is formed. Xenopus Fast-1 can interact with
certain mammalian Smad proteins and activate the activin re-
sponse element when introduced into mammalian cells, suggest-
ing that human homologues of Fast-1 exist (23, 41). In contrast
to these Xenopus Smad proteins, a Smad protein from Drosophila
has been reported to bind DNA directly, and in vitro, human
Smad3 and Smad4, but not Smad2, can interact directly with
specific DNA sequences (42, 43). In the studies reported here, we
have demonstrated that Smad2 and Smad4, two Smad proteins
that can synergize as activators of transcription in response to
TGF-b, selectively interact with the COOH-terminal domain of

the conserved mammalian transcriptional coactivator CBP. This
interaction was demonstrated by both a two-hybrid approach in
endothelial cells as well as a biochemical approach using antisera
against endogenous CBP. In addition, this interaction seems
specific, in that only certain Smad proteins (or truncated forms of
these proteins) that contain potential transcriptional activation
domains, display any detectable interaction. A closely related
endothelial-expressed Smad, Smad7, which does not possess
transcriptional activation activity, did not demonstrate any de-
tectable interaction with CBP. Furthermore, both Smad2 and
Smad4 interact with CBP in a ligand-dependent manner. In the
absence of receptor (TGF-b) stimulation, or in the presence of
the inhibitory Smads 6 and 7, no significant interaction with CBP
is observed. These results argue strongly that the interactions
observed are specifically a result of activation of the TGF-b
signaling pathway and are not merely a result of overexpression
of recombinant Smad proteins.

The interactions that we have observed between Smads and
CBP closely resemble the interactions previously described be-
tween nuclear receptors such as the retinoic acid receptor and
CBP (31, 38, 44, 45). These nuclear receptors also require ligand
activation to interact with CBP and have been demonstrated to
bind the same COOH-terminal domain of CBP as the Smads.
This domain is adjacent to, but physically distinct from, the C/H3
domain of CBP that interacts with 12S E1A and STAT-1a. It is
interesting to note that several members of the nuclear receptor
superfamily are capable of mediating both negative and positive
transcriptional regulation. It will be interesting to see whether
Smad-mediated transcriptional regulation demonstrates similar
complexity.

In addition to demonstrating selectivity, Smad–CBP inter-
actions seem to be critical for TGF-b transcriptional responses.
In the presence of 12S E1A, a viral molecule that is capable of
binding and sequestering limiting amounts of CBP present
within the cell, Smad-dependent, TGF-b transcriptional re-
sponses were completely inhibited. This response was not seen
with a mutant form of E1A that does not interact with CBP,

FIG. 6. 12S E1A inhibits the association of activated Smad2 and
Smad4 with CBP in vivo. Cos-7 cells were transfected with expression
constructs expressing epitope-tagged (HA, Flag) versions of Smad2 and
Smad4 and the indicated combinations of activated TGF-b type-1 recep-
tor and 12S E1A expression vector. The cells were subsequently lysed and
subjected to immunoprecipitation with anti-CBP/p300 antisera, and levels
of coimmunoprecipitating Smad proteins were determined by Western
blot. The bottom panels confirm comparable Smad2, Smad4, and acti-
vated receptor expression.

FIG. 5. Overexpression of CBP can rescue 12S E1A-mediated inhi-
bition of Smad transcriptional activation. pM2, pM4C, and pMJun were
cotransfected into BAEC with 12S E1A and increasing amounts of CBP.
Total DNA was kept constant by the addition of empty vector. In the
presence of increasing amounts of CBP expression vector, the inhibition
observed in the presence of 12S E1A is reversed.
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and more important, the 12S E1A-meditated inhibition could
be reversed by the addition of exogenous CBP. Furthermore,
in the presence of 12S E1A, the biochemical association of
Smad2 and Smad4 with endogenous CBP was blocked. These
results indicate that 12S E1A can inhibit Smad function by
interfering with the assembly of Smad–coactivator complexes
and that interactions between CBP and activated Smads are
required for Smad-dependent transcriptional responses.

Transcriptional regulation requires at least three general
classes of proteins: (i) proteins that recognize specific cis-
acting DNA motifs, (ii) proteins that are recruited to promot-
ers by protein–protein interactions and act as coactivators or
corepressors, and (iii) proteins that alter the structure of
chromatin. CBP, which possesses histone acetyltransferase
activity (46), has been demonstrated to interact directly with
elements of the basal transcriptional apparatus such as TFIIB
and RNA polymerase II, as well as several classes of sequence-
specific transcription factors including c-Jun, c-Fos, Sap-1a,
Elk-1, STAT-1a, CREB, NF-kB, and members of the nuclear
receptor superfamily (26, 27, 29, 31–33, 37, 44, 47). In this
capacity, CBP is thought to function as a critical bridge
between these sequence-specific factors and the basal tran-
scriptional machinery. Moreover, competition for limiting
pools of intracellular CBP is thought to mediate the functional
interactions between diverse signaling pathways such as the
Ras/AP-1, Jak/STAT, and nuclear receptor-mediated path-
ways (27, 45, 48). Thus, CBP may function as an important
locus of signal integration for diverse signals within the cell.

Our results suggest that Smad proteins such as Smad2 and
Smad4 may function in a manner analogous to many of the above-
mentioned signal-dependent transcription factors. Namely, either
alone or in combination with yet-to-be defined sequence-specific
DNA binding molecules (e.g., Fast-1 like factors), these proteins
interact with specific cis-acting DNA regulatory elements and
modulate transcription by interacting in a specific manner with
CBP to facilitate formation of productive transcription initiation
complexes. Such a model would predict that there may be
complex functional interactions between Smad proteins and
other regulated transcription factors that utilize these coactiva-
tors. Indeed, it has recently been independently reported that
Smad-dependent activation of a TGF-b dependent promoter
required a series of TRE or AP-1 sites (49) and that a dominant
negative form of Smad3 could inhibit transcriptional responses
elicited by diverse stimuli. In addition, we have recently demon-
strated that overexpression of Smad proteins can modulate
endothelial gene expression in response to fluid mechanical
(flow) stimuli (22). These complex interactions between poten-
tially disparate stimuli, the transcription factors they regulate, and
Smad proteins likely involve shared interactions with common
coactivators such as CBP.

In summary, we have demonstrated that Smad2 and Smad4,
two proteins involved in mediating TGF-b transcriptional re-
sponses in endothelial and other cell types, can functionally
interact with the conserved transcriptional coactivator CBP.
Specific Smad–CBP interactions seem to be essential for Smad-
mediated transcriptional activation in endothelial cells. This
demonstrates a functional interaction between this newly identi-
fied class of signaling molecules (Smads) and an essential com-
ponent of the mammalian transcriptional apparatus (CBP) and
extends our insight into how Smad proteins may mediate tran-
scriptional responses in cells. Furthermore, our observations
suggest that functional integration at the level of required tran-
scriptional coactivators such as CBP/P300 may play an important
role in the many biologic effects characteristic of the TGF-b
superfamily of cytokines and growth factors.
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