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Members of the Smad family of proteins are thought to play important roles in transforming growth factor
b (TGF-b)-mediated signal transduction. In response to TGF-b, specific Smads become inducibly phosphor-
ylated, form heteromers with Smad4, and undergo nuclear accumulation. In addition, overexpression of
specific Smad combinations can mimic the transcriptional effect of TGF-b on both the plasminogen activator
inhibitor 1 (PAI-1) promoter and the reporter construct p3TP-Lux. Although these data suggest a role for
Smads in regulating transcription, the precise nuclear function of these heteromeric Smad complexes remains
largely unknown. Here we show that in Mv1Lu cells Smad3 and Smad4 form a TGF-b-induced, phosphory-
lation-dependent, DNA binding complex that specifically recognizes a bipartite binding site within p3TP-Lux.
Furthermore, we demonstrate that Smad4 itself is a DNA binding protein which recognizes the same sequence.
Interestingly, mutations which eliminate the Smad DNA binding site do not interfere with either TGF-b-
dependent transcriptional activation or activation by Smad3/Smad4 cooverexpression. In contrast, mutation of
adjacent AP1 sites within this context eliminates both TGF-b-dependent transcriptional activation and acti-
vation in response to Smad3/Smad4 cooverexpression. Furthermore, concatemerized AP1 sites, in isolation, are
activated by Smad3/Smad4 cooverexpression and, to a certain extent, by TGF-b. Taken together, these data
suggest that the Smad3/Smad4 complex has at least two separable nuclear functions: it forms a rapid, yet
transient sequence-specific DNA binding complex, and it potentiates AP1-dependent transcriptional activation.

Transforming growth factor-b (TGF-b) is a multipotent
peptide hormone which regulates a diverse array of biological
processes (25). The involvement of TGF-b in the pathogenesis
of several diseases has resulted in intense investigation of its
molecular mechanism of signal transduction (26). Several years
ago the signaling receptors for TGF-b were cloned and found
to be transmembrane serine/threonine kinases termed “type I”
and “type II” receptors (3, 11, 21). Although the molecular
nature and mechanism of activation for these TGF-b receptors
at the cell surface has been described (33, 34), the intracellular
pathways which transduce the TGF-b signal from the mem-
brane to the nucleus have only recently begun to be elucidated.

Genetic studies in Drosophila (28) and Caenorhabditis el-
egans (27) identified a conserved family of proteins as playing
a critical role in TGF-b superfamily signaling pathways down-
stream of the receptors. Mammalian homologs of these pro-
teins, now referred to as “Smads” (9), were subsequently
cloned and characterized (1, 24). Studies in Xenopus embryos
have revealed a functional division between the mammalian
Smad proteins. Smad1 (12, 22, 32) and Smad5 (30) have been
shown to induce ventral mesoderm and thus mediate the BMP
signal, while Smad2 transduces TGF-b signals and induces
dorsal mesoderm (2, 12). The distantly related Smad4 protein,
which was originally identified as a tumor suppressor protein
on chromosome 18q (13), induces both ventral and dorsal
mesoderm and thus mimics TGF-b and BMP signals (38).
Smad4 has been shown to associate with Smad1 in response to
BMP and with Smad2 in response to TGF-b and thus is a

common component of these signal transduction pathways
(19). The Smads have been found to be inducibly phosphory-
lated in response to TGF-b and BMP, and the ligand-specific
nature of the Smads has been confirmed by these studies.
Smad2 and Smad3 are specifically phosphorylated in response
to TGF-b (10, 20, 36, 37), while Smad1 is phosphorylated in
response to BMP (14, 36). Phosphorylation of the Smads is
followed by their heteromerization with Smad4 (19) and the
subsequent accumulation of heteromeric Smad complexes in
the nucleus (2, 15, 22). Recently, the type I receptor was found
to be the kinase responsible for ligand-inducible phosphoryla-
tion of C-terminal serine residues of Smad1 in response to
BMP (18) and Smad2 in response to TGF-b (23). The C-
terminal domain in Smad1 and Smad4 has been shown to
possess transcriptional activation activity in the context of Gal4
DNA binding domain fusion proteins (22), thus providing the
first indication of a nuclear function for the Smad proteins.
Subsequently, overexpression of specific Smad combinations
has been found to mimic the transcriptional effect of TGF-b on
both the plasminogen activator inhibitor 1 (PAI-1) promoter
and the reporter construct p3TP-Lux (6, 19, 22, 23, 37). Smad4
has been shown to be required for this transcriptional activity
since Smad4-deficient cell lines are nonresponsive but can be
rescued with Smad4 expression (8, 19). Interestingly, the ho-
momeric and heteromeric interactions between Smad3 and
Smad4 correlate with their ability to transcriptionally activate
the PAI-1 promoter (35). Furthermore, naturally occurring
mutations interfere with the ability of Smad4 to associate with
Smad3 (37). Although these data suggest a role for Smads in
regulating transcription, the precise nuclear function of the
heteromeric Smad complexes remains largely unknown.

Here we demonstrate that Smad3 and Smad4 participate in
a DNA binding complex on a fragment of the p3TP-Lux re-
porter and that Smad4 is the DNA binding component of this
complex. In the context of this reporter, the Smad binding site
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is not required for transcriptional activation in response to
TGF-b or Smad3/Smad4 cooverexpression. However, adjacent
AP1 sites are both necessary and sufficient for activation by
TGF-b and Smad3/Smad4 cooverexpression. We also show
that an endogenous promoter, the PAI-1 promoter, contains a
Smad binding site. Thus, the ability of Smad3/Smad4 to di-
rectly bind DNA may have physiological relevance in regulat-
ing transcription of TGF-b-responsive genes. However, in
some contexts, transcriptional activation by Smad cooverex-
pression may be mediated through the AP1 transcription fac-
tor complex, as demonstrated here for the p3TP-Lux reporter.

MATERIALS AND METHODS

Cell culture. Mink lung epithelial cells (Mv1Lu) were obtained from the
American Type Culture Collection (ATCC) and maintained in Dulbecco mod-
ified Eagle medium (DMEM) with 10% fetal bovine serum (FBS), penicillin, and
streptomycin and nonessential amino acids. COS cells were maintained in
DMEM with 10% FBS, penicillin, and streptomycin.

Plasmid construction. Flag-tagged human Smad4, human Smad3, and human
Smad2 were the generous gift of Rik Derynck. Expression vectors for Smad3 WT
and Smad3MT (3S‡A) were generated by PCR using the following primers: for
Smad3 WT, GGATCCGCGATGTCGTCCATCCTGCCTTTCAC (59 primer)
and GGATCCTAAGACACACTGGAACAGC (39 primer); for Smad3MT
(3S‡A), the 59 primer was the same as that for Smad3 WT and the 39 primer
was GGATCCTAAGCCACAGCTGCACAGCGGATGCTTGG. The resulting
BamHI fragments were cloned in frame with the hemagglutinin (HA) tag in
pCGN (31). p3TP-Lux (33) and pGL2-T1I have been previously described (7).
The luciferase reporter constructs 43 WT, 43 SBS Dbl mutant, and 43 AP1 Dbl
mutant were created by using the following oligonucleotides: for 43 WT, GGA
TGAGTCAGACACCTCTGGCTGTCCGGAAG and TCCCTTCCGGACAG
CCAGAGGTGTCTGACTCA; for 43 AP1 Dbl mutant, GGATACAGCAGA
CACCTCTGGCTGTCCGGAAG and TCCCTTCCGGACAGCCAGAGGTG
TCTGCTGTA; for 43 SBS Dbl mutant, GGATGAGTCACTGCATTCTGGC
TGTCCGGAAG and TCCCTTCCGGACAGCCAGAATGCAGTGACTCA.
23 directional constructs were created by first phosphorylating the above oligo-
nucleotide sets, annealing, and ligating in the presence of a 0.53 molar ratio of
phosphorylated and annealed linker oligonucleotides: short linker, GGCTCGA
GAGATCT; long linker 59, TCCAGATCTCTCGAGCC; long linker 39, GGA
AGATCTCTCGAGCC. The resulting ligation product was digested with BglII
and cloned into the BglII site of pGL2-T1I. Constructs which contained two
inserts in a backward orientation were then cut with XhoI and EcoRV. The two
site-containing fragments were then cloned into the XhoI and SmaI sites in
reporter constructs which contained two inserts in a forward orientation to
produce constructs with four inserts in the same orientation. The 73 AP1
reporter construct was made by using the oligonucleotides: GGATGAGTCA
GAC and GTCTGACTCATCC, which correspond to the AP1 sites in p3TP-Lux.
These oligonucleotides were phosphorylated, annealed, and cloned into the
SmaI site of PBSK. A resulting construct which contained seven concatemerized
AP1 sites was digested with BamHI and EcoRV, and the AP1 site-containing
fragment was cloned into the BglII and SmaI sites of pGL2 T1I. GST-Smad3
and GST-Smad4 were created by PCR from plasmid templates using the follow-
ing primers: for Smad3, the 59 primer was CGGGATCCCGATGTCGTCCAT
CCTGCCTTTCAC and the 39 primer was same as that for Smad3 WT; for
Smad4, the 59 primer was CGGGATCCCGATGGACAATATGTCTATTACG
and the 39 primer was GGATCCTCAGTCTAAAGGTTGTGGG. The resulting
BamHI fragments were cloned in frame into pGEX3X-HMK (Pharmacia).

Electrophoretic mobility shift assays (EMSA). Extracts were prepared from
approximately 2 3 106 COS cells transiently transfected with Smad expression
constructs by using a standard DEAE-Dextran transfection protocol (33) or from
approximately 2 3 106 Mv1Lu control cells or cells treated with 100 pM TGF-b1
for 30 min after 2 h of serum starvation. Cells were then lysed, and nuclear
extracts were prepared as previously described (7). Whole-cell extracts prepared
in a lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5%
Nonidet P-40, 50 mM NaF, 1 mM dithiothreitol (DTT), 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 1 mM sodium orthovanidate, and protease inhibitors
gave identical gel shift results. For phosphatase treatment, 2 U of CIAP (Boehr-
inger Mannheim) and 0.06 U of PAP (Boehringer Mannheim) were added to 100
ml of nuclear extract (prepared without phosphatase inhibitors), and the mixtures
were incubated at 37°C for 30 min in the presence or absence of the phosphatase
inhibitors 1 mM sodium orthovanidate, 10 mM NaF, 10 mM b-glycerophosphate,
and 0.2 mM sodium molybdate. [a-32P]dTTP Klenow-labeled oligonucleotides
used for probes are shown in Fig. 2A. Alternatively, the wild-type probe was
created by digesting p3TP-Lux with SphI and NdeI and [a-32P]dTTP Klenow
labeling. The PAI-1 promoter probe was obtained by restriction digestion with
NcoI and EagI and [a-32P]dTTP Klenow labeling. Gel shift conditions were as
follows: 1.5 ml of nuclear extract (or 3 ml of whole-cell extract) containing
approximately 3 mg of protein, 1 mg of dI-dC, and 0.5 ng of the probe labeled to
an activity of 10,000 to 40,000 cpm/0.5 ng was brought to a final volume of 15 ml

by using a hypotonic lysis buffer as previously described (7). For supershift
analysis a rabbit polyclonal Smad4 antibody was created against full-length GST-
Smad4 by standard protocols. Preimmune serum was from the same rabbit.
Anti-HA antibody was obtained from Boehringer Mannheim, the Pan Fos anti-
body was obtained from Santa Cruz (K-25), and anti-Flag antibody (M2) was
obtained from Kodak IBI. Two microliters of each antibody was used for super-
shifts. For gel shifts with eluted GST-Smad3 and GST-Smad4, approximately 100
ng of protein in 1 ml of a buffer containing 100 mM Tris (pH 8), 120 mM NaCl,
and 25 mM glutathione was used. Complexes were resolved on a 6% acrylamide–
0.04% bisacrylamide–0.53 Tris-borate-EDTA (TBE) gel as previously described
(7), except for the HA supershift panel of Fig. 2B, which was resolved on a 6%
acrylamide–0.2% bisacrylamide–0.53 TBE gel.

Methylation interference. Methylation interference probes were prepared as
above with the following exceptions. Four microliters of DMS was added to 100
ml of the Klenow labeling reaction mixture which contained 1 mg of DNA. After
a 5-min room temperature incubation, 40 ml of 1.5 M sodium acetate and 1 M
b-mercaptoethanol was added. The probe was then precipitated with the addi-
tion of 0.5 ml of 100% ethanol (ETOH). Probe was then gel purified and used
in EMSA as described above. After a short 280°C exposure of the unfixed,
undried EMSA gel, shifted complexes were cut out and bound probe was elec-
troeluted, precipitated, and resuspended in 100 ml of 1 M piperidine. Samples
were then heated to 90°C for 30 min, and piperidine was subsequently removed
by several rounds of lyophilization and resuspension in distilled water. The
resulting cleaved products were resolved on a urea-acrylamide sequencing gel.

Luciferase assays. Transfections were performed by using a standard DEAE-
dextran transfection protocol (33). Luciferase assays were performed as previ-
ously described (7). All transfections were normalized to b-galactosidase activity
by cotransfection of 0.5 mg of a cytomegalovirus b-galactosidase (CMV-b-gal)
expression vector. Twelve hours after transfection, 100 pM TGF-b1 was added
and TGF-b-induced luciferase activity was assayed after 20 to 24 h. Quantities of
DNA transfected are detailed in the figure legends.

Western blot analysis. Proteins from COS-transfected lysates were resolved by
sodium dodecyl sulfate–8% polyacrylamide gel electrophoresis and transferred
to Immobilon (Millipore). The blots were blocked in the B/P solution (50 mM
Tris [pH 7.5], 150 mM NaCl, 0.1% Tween 20) containing 2% milk. Primary
antibody (HA, Flag, or Smad4) was added in the B/P solution at 1:1,000 for 1 h
at room temperature. The blots were washed three times with the B/P solution,
and the appropriate secondary antibody (Bio-Rad) was added (goat anti-mouse
for HA/Flag and goat anti-rabbit for Smad4) for 1 h at room temperature. After
three washes with the B/P solution, the blots were developed with ECL (Amer-
sham) and exposed on Kodak XAR5 film.

RESULTS

Smad3/Smad4 cooverexpression regulates transcription.
The p3TP-Lux luciferase reporter is a well-described and
widely used artificial promoter construct which was empirically
designed to have maximal responsiveness to TGF-b (33).
p3TP-Lux has a 31-nucleotide, AP1 site-containing region of
the collagenase promoter, concatemerized 59 to an ;400-nu-
cleotide region of the PAI-1 promoter followed by 70 bp of the
adenovirus E4 promoter (Fig. 1A). In agreement with previous
findings, we observed a transcriptional activation of p3TP-Lux
by both Smad3/Smad4 cooverexpression and TGF-b treatment
in Mv1Lu cells (Fig. 1B). In contrast, Smad2 fails to activate
transcription of p3TP-Lux when cooverexpressed with Smad4.
To define the Smad-responsive region of p3TP-Lux, we cre-
ated a reporter construct comprised only of the 31-nucleotide
AP1 site-containing region concatamerized 59 to a minimal
promoter. This 43 WT reporter (Fig. 1A) not only is TGF-b
responsive but is also activated in response to Smad3/Smad4
cooverexpression (Fig. 1C). Thus, this 31-nucleotide repeat
contains a DNA sequence which is both TGF-b and Smad
responsive.

Smad3/Smad4 participates in a DNA binding complex. To
determine if Smad3/Smad4 cooverexpression changes the
DNA binding complexes on this 31-nucleotide fragment, we
performed gel shifts using a probe consisting of two copies of
the 31-nucleotide repeat derived from p3TP-Lux, termed the
2.0 probe (Fig. 3A). When gel shifts were performed with this
probe and extracts derived from COS cells cotransfected with
epitope-tagged Smad3 and Smad4 (Fig. 2A), we observed not
only an AP1-containing complex (complex I) but also a strong
additional binding complex (complex II [lane 6]). Overexpres-
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sion of Smad3 alone produces a lower level of a complex with
similar mobility (Lane 3). Likewise, overexpression of Smad4
produces a complex with similar mobility, as well as a slightly
faster-migrating complex (lane 4). In contrast, Smad2/Smad4
coexpression does not produce this complex but appears sim-
ilar to expression of Smad4 alone (lane 5).

One possible explanation for these observations is that
Smad3 and Smad4 form a DNA binding complex. Overex-
pressed Smad3 alone or Smad4 alone could bind DNA with
their endogenous Smad partner, whereas cooverexpression would
produce a large amount of Smad3/Smad4 binding complex. To

test this hypothesis, supershift analysis was performed to de-
termine if HA-tagged Smad3 or Flag-tagged Smad4 is present
in the additional binding complex (complex II). As shown in
Fig. 2B, both HA and Flag antibodies supershift this complex
(lanes 7, 12, and 13). As expected, a pan-Fos family member
antibody supershifts the faster-migrating AP1 complex (lane
2). This antibody, however, does not shift the Smad3/Smad4
complex (lane 8), suggesting that although the constitutive
binding activity contains a Fos family member, the Smad3/
Smad4 complex does not. Attempts to supershift the AP1
complex with a number of commercially available anti-Jun
family antibodies were not successful due probably to the low
affinities of these antibodies (data not shown). Finally, the
complexes observed with Smad4 overexpression are all Smad4
containing as demonstrated by Flag supershifts (lane 5). Thus,
Smad3 and Smad4, when overexpressed, participate in a DNA
binding complex on sequences present in this region of p3TP-
Lux.

Recently, the BMP-inducible phosphorylation sites of Smad1
and the TGF-b-inducible phosphorylation sites of Smad2 have
been identified (18, 23). Smad3 contains analogous sites of
potential phosphorylation at its C terminus. Based on this
sequence homology, we created a phosphorylation-deficient
mutant of Smad3, Smad3MT, and assayed its ability to partic-
ipate with Smad4 in a DNA binding complex. Although the
expression levels were similar to that of wild-type Smad3,
Smad3MT was unable to form a DNA binding complex with
Smad4 (Fig. 2A, lane 7). The results with this mutant suggest
that an intact carboxyl terminus of Smad3 is essential for for-
mation of the DNA binding complex. Based on the Smad4
crystal structure and interaction studies, this mutation possibly
interferes with the ability of Smad3 to form homomeric or
heteromeric complex with Smad4 and thus precludes forma-
tion of the DNA binding complex (14, 29).

Isolation of the Smad DNA binding element. To more pre-
cisely determine the DNA sequences to which the Smad3/
Smad4-containing complex binds, we systematically mutated
the 2.0 probe (Fig. 3A). As expected, mutation of the AP1
binding sites eliminated the Fos-containing shifted complex.
The Smad3/Smad4 complex, however, was still present on the
AP1 site mutant probe, although in somewhat decreased
amounts (Fig. 3B, lane 3). This further suggests that the
Smad3/Smad4 complex is not binding through AP1. We next
designed three separate scanning mutants to encompass the
entire 2.0 probe in search of the specific sequence which con-
fers Smad3/Smad4 binding (Fig. 3A). As shown in Fig. 3B,
scanning mutant 1 eliminates both the AP1 and the Smad3/
Smad4 complexes, while scanning mutant 2 specifically elimi-
nates the Smad3/Smad4 complex, leaving the AP1 complex
intact. Scanning mutant 3 has no effect on the binding of either
complex. Thus, the region necessary for Smad3/Smad4 com-
plex binding lies within the bases mutated in scanning mutants
1 and 2.

Methylation interference was used to more precisely define
which guanine residues within the 2.0 probe are contacted by
the Smad3/Smad4 complex. The results shown in Fig. 3C con-
firm the mutagenesis results in that there is a single protected
guanine residue that is located within the region predicted by
the scanning mutagenesis. Both sites of this two-site probe
have almost completely protected guanine residues. This sug-
gests that both sites are being contacted in this single Smad3/
Smad4 complex. Mutation of 6 nucleotides surrounding this
protected guanine (GACACC) in either the 59 or the 39 site of
the 2.0 probe was sufficient to eliminate Smad3/Smad4 binding
(Fig. 3D), further indicating the requirement of a bipartite site
for Smad3/Smad4 complex formation. In addition, a probe

FIG. 1. Smad overexpression regulates transcription. (A) Diagram of the
AP1-containing luciferase reporters. (B) p3TP-Lux is activated by both TGF-b
and by Smad3/Smad4 cooverexpression. Mv1Lu cells (2 3 106) were cotrans-
fected with 3 mg of 3TP-Lux and 1 mg of the indicated Smad expression construct,
either alone (2–4) or in combination with 1 mg of a Smad4 expression construct
(2/4 and 3/4). M, transfection with 2 mg of the empty expression vector pCGN.
The total amount of DNA transfected was kept constant with the addition of
pCGN. Twelve hours after transfection TGF-b was added, and after 20 to 24 h
luciferase activity was measured. (C) The 43 wild-type (WT) reporter is acti-
vated by TGF-b and Smad3/Smad4 coexpression like p3TP-Lux. Luciferase as-
says were performed as for panel B with cotransfection of 3 mg of either the
minimal TATA-INR reporter construct or the 43 WT reporter construct and
either 2 mg of the vector alone (M) or the combination of 1 mg of Smad3 and 1
mg of Smad4 as indicated. After transfection and TGF-b treatment, luciferase
activity was measured as above. Error bars represent the standard deviation for
triplicate transfections in a single experiment.
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containing only one of these 31-nucleotide repeats (one half of
the probe used in these experiments) was completely unable to
bind the Smad3/Smad4 complex in gel shift assays (data not
shown).

Smad4 directly binds DNA. Having demonstrated that over-
expressed Smad3/Smad4 participates in a DNA binding com-
plex on the 2.0 probe, we next sought to determine if either
Smad3 or Smad4 itself was directly binding this DNA se-
quence. Therefore, we generated GST fusions of both proteins
and used these purified reagents in gel shifts with the 2.0 probe
(Fig. 4). Although Smad3 is incapable of binding (lanes 1 and
2), GST-Smad4 directly binds the 2.0 wild-type (lanes 3 and 4)
and AP1 mutant (lane 6) probes but does not bind the 2.0
Smad binding site mutant probe (lane 5). The DNA binding
protein was confirmed to be Smad4 by antibody supershift
analysis. The Smad4-specific immune antiserum alone pro-
duces a background DNA binding band (lane 7). The Smad4
antibody eliminates the two specific DNA binding complexes
(lane 9), while the preimmune serum has no effect (lane 10).
Thus, the complex seen with Smad3/Smad4 cooverexpression
may be the result of a direct DNA interaction by Smad4. The
ability of Smad4 to directly bind DNA may explain the addi-
tional shifted complex observed when Smad4 is overexpressed
alone in COS cells (Fig. 2, lanes 4); it is Smad4 bound without
endogenous Smad3. The ability of the Flag antibody to super-
shift this complex confirms the presence of Smad4 in this
complex (Fig. 2B, lane 5).

TGF-b induces a Smad DNA binding complex in vivo.
Mv1Lu cells are highly responsive to TGF-b and have been

used as a model system to define various aspects of TGF-b-
mediated signal transduction. Thus, we used Mv1Lu cells as
a model system to look in vivo for a Smad-containing DNA
binding complex. Since the Smad proteins are cytoplasmic
proteins which translocate to the nucleus in response to ligand-
induced phosphorylation, an endogenous Smad-containing
DNA binding complex would be predicted to be TGF-b induc-
ible and phosphorylation dependent. To examine this question,
we performed gel shifts with the 2.0 probe and nuclear extracts
prepared from either TGF-b-treated or untreated Mv1Lu
cells. In the absence of TGF-b treatment, Mv1Lu cells contain
a constitutive binding complex similar to the Fos complex in
COS cells. As in COS, this complex is supershifted by the
Pan-Fos family member antibody to produce a slower-migrat-
ing band. (Fig. 5C, lane 2). Upon TGF-b treatment, a slower-
migrating complex appears within 5 min, peaks in 15 min, and
disappears after 4 h (Fig. 5A). This time course parallels the
TGF-b-dependent phosphorylation kinetics of endogenous
Smad proteins (36). In addition, the inducibly bound complex
is sensitive to phosphatase treatment, suggesting that its bind-
ing is phosphorylation dependent (Fig. 5B). Thus, this induc-
ible complex has the characteristics expected for a Smad-con-
taining DNA binding complex. The presence of Smad4 in this
TGF-b-inducible complex was confirmed by the ability of a
Smad4-specific antibody to eliminate formation of this com-
plex (Fig. 5C, lane 5). As expected, preimmune serum had no
effect on binding (Fig. 5C, lane 6). In addition, the pan-Fos
family member antibody did not affect the induced complex
binding (Fig. 5C, lane 7) as previously observed with the tran-

FIG. 2. Cooverexpression of Smad3 and Smad 4 in COS cells changes the 2.0 probe binding profile. (A) Gel shifts were performed with the 2.0 probe derived from
p3TP-Lux and extracts derived from COS cells transiently transfected with either 7 mg of pCGN (lane 1), 2 mg of Smad2 (lane 2), 2 mg of Smad3 (lane 3), 5 mg of Smad4
(lane 4), or 2 mg of Smad2, -3, or -3MT in combination with 5 mg of Smad4 (lanes 5 to 7). DNA amount was kept constant at 7 mg with the added pCGN vector. An
HA/Flag Western blot was performed to confirm expression of these proteins (lower panel). (B) Smad3 and Smad4 participate in a binding complex. EMSA supershifts
using antibodies described in Materials and Methods were performed on COS cells transiently transfected as for panel A with the pCGN vector alone (Mock),
Smad4-Flag (Flag 4), HA-Smad3/Smad4-Flag (HA3/Flag 4). Fos, pan-Fos antibody; Fg, Flag epitope antibody; HA, anti-HA epitope antibody.

7022 YINGLING ET AL. MOL. CELL. BIOL.



siently transfected COS cells. This suggests that the Mv1Lu
Smad complex does not contain AP1.

Unfortunately, our pan-Smad antibodies which recognize
Smad1, -2, -3 and -5 (36) could not supershift either the en-
dogenous Smad4-containing complex or the Smad3/Smad4 co-
overexpressed complex from COS cells because of their rela-
tively low affinity for Smad3 (data not shown). Therefore, we

cannot unequivocally show that Smad3 is a component of the
TGF-b-inducible shifted complex in Mv1Lu cells. However,
the inducible complex comigrates with the Smad3/Smad4 com-
plex from COS lysates (data not shown) and shares an identical
binding site within the 2.0 probe as revealed by gel shift anal-
ysis using the panel of 2.0 probe mutants (Fig. 5D). These data,
combined with the fact that no other Smad in combination with

FIG. 3. Identification of the Smad DNA binding element in the 2.0 probe. (A) Diagram of the 2.0 wild-type probe and mutants. Lowercase letters indicate mutations
introduced into the wild-type nucleotide sequence. (B) Identification of the Smad DNA binding region. Gel shifts were performed with the indicated probes
(diagrammed in panel A) and COS cells transiently transfected as for Fig. 2 with the pCGN vector alone (M) or HA-Smad3/Smad4-Flag (3/4). WT, wild type. (C)
Methylation implicates a guanine residue within scanning mutant 2 as binding the Smad3/Smad4 complex. Methylation interference was performed by using methylated
2.0 probe and COS cells transiently cotransfected with HA-Smad3 and Smad4-Flag as for Fig. 2. The protected guanine residues are indicated (F) in panel A. (D) Both
sites on the 2.0 repeat sequence are required for Smad3/Smad4 binding. Gel shifts were performed with the indicated probes (diagrammed in panel A) and COS cells
transiently transfected with the pCGN vector alone (M) or HA-Smad3/Smad4-Flag (3/4).
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Smad4 from COS lysates is able to bind the 2.0 probe, provide
strong evidence that the inducible complex in Mv1Lu cells
contains Smad3 and Smad4.

Functional analysis of the Smad DNA binding element.
Having identified the specific region of the 2.0 probe which was
capable of conferring Smad3/Smad4 binding, we examined the
functional consequences of Smad binding site and AP1 site
mutations in the context of the 43 WT reporter in Mv1Lu
cells. As shown in Fig. 6A, the AP1 sites are critically impor-
tant for induction by both TGF-b and Smad3/Smad4 coover-
expression. Surprisingly, mutation of the Smad binding site had
no effect on induction by TGF-b or by Smad3/Smad4 coover-
expression. These results suggest that the heteromeric Smad3/
Smad4 complex has at least two distinct nuclear activities.
First, it rapidly forms a transient, sequence-specific DNA bind-
ing complex with unknown function, and secondly, it directly or
indirectly potentiates AP1-dependent transcriptional regula-
tion in the context of the p3TP-Lux reporter.

Smad overexpression activates transcription from AP1 DNA
binding sites. To more firmly establish a role for the Smads in
activating transcription from AP1 sites, the ability of Smad3
and Smad4 cooverexpression to activate a minimal reporter
containing only concatemerized AP1 sites was assayed. As
shown in Fig. 6B, a reporter containing seven concatemerized
AP1 sites driving a minimal promoter consisting of a TATA
box and initiator sequence is activated 10-fold by Smad3/
Smad4 cooverexpression. The control TATA initiator con-
struct is not activated by Smad overexpression. Although the
73 AP1 construct is not activated by TGF-b to the same extent
as 3TP-Lux, it is consistently activated two- to threefold upon

TGF-b treatment. The ability of overexpressed Smads to trans-
activate AP1-mediated transcription appears to be specific, as
a TGF-b-responsive, Sp1 binding site-driven promoter is not
affected by Smad overexpression (20a). Thus, AP1 sites in
isolation can support Smad-activated and, to some extent,
TGF-b-activated transcription.

The endogenous PAI-1 promoter contains a Smad DNA
binding element. The p3TP-Lux reporter is an artificial con-
struct designed empirically for maximum TGF-b responsive-
ness. Although it has been instructive to biochemically define a
novel binding function for Smad complexes, the question re-
mains whether the Smad complex forms on endogenous or
native promoter sequences. To address this question, we ex-
amined endogenous promoters that are known to be activated
by TGF-b and Smad cooverexpression for their ability to bind
a Smad3/Smad4-containing complex. One such DNA sequence
is an 800-bp stretch of the PAI-1 promoter. The TGF-b-re-
sponsive region of the PAI-1 promoter has been described and
surrounds a putative AP1 binding site (Fig. 7A) (16). The
similarity of this endogenous sequence to that created in p3TP-
Lux made it an ideal candidate for study. Using a probe that
encompasses this AP1 site, we discovered that, indeed, Smad3
and Smad4 cooverexpression in COS cells leads to an addi-
tional DNA binding complex (Fig. 7B, complex II). Thus, the
ability of Smad3/Smad4 to bind DNA which we originally de-
fined in the context of p3TP-Lux may have physiological rele-
vance in TGF-b’s ability to regulate endogenous promoters
such as PAI-1. Studies are under way to investigate the func-
tional role of this Smad binding region within the PAI-1 pro-
moter.

DISCUSSION

An intracellular pathway for mediating TGF-b superfamily
signals from the membrane to the nucleus has begun to be
elucidated. This highly conserved pathway involves the Smad
proteins, which are phosphorylated by the type I receptor,
form heteromers with Smad4, and accumulate in the nucleus.
In this study, we have investigated the molecular nature of the
Smads’ ability to transcriptionally activate the p3TP-Lux re-
porter. As a result of these studies, we have defined a novel
function for Smad4 as a DNA binding protein and have dem-
onstrated a functional relationship between the Smads and
AP1-dependent transcriptional regulation.

Defining a new DNA binding function for Smad4. As has
been previously reported, cooverexpression of Smad3 and
Smad4 was found in this study to activate transcription from
p3TP-Lux in a ligand-independent fashion in Mv1Lu cells.
Thus, cooverexpression of Smads may be considered, to some
extent, the nonphysiological equivalent to TGF-b-mediated
activation through phosphorylation of Smads. It is conceivable
that the functional requirement of Smad phosphorylation is
lessened when the Smads are overexpressed to high levels. In
this context, we show that cooverexpression of Smad3 and
Smad4 in COS cells results in the formation of a specific Smad-
containing DNA binding complex in the TGF-b- and Smad-
responsive region of 3TP-Lux. Detailed mutagenesis and meth-
ylation interference analysis of the binding region identified a
bipartite sequence as the Smad binding site.

Although these experiments were informative, Smad over-
expression is not equivalent to Smad activation through phos-
phorylation. Because of this, it was necessary to determine if an
endogenous Smad DNA binding complex assembles upon
TGF-b treatment. To this end, we defined a TGF-b-induced
endogenous complex from Mv1Lu cells, which has the same
DNA binding specificity as the overexpressed Smad3/Smad4

FIG. 4. Purified GST-Smad4, but not GST-Smad3, directly binds DNA. GST
fusion protein construction is described in Materials and Methods. Gel shifts
were performed with 2 ml (lanes 1 and 3) or 1 ml (lanes 2 and 4 to 10) of either
GST-Smad3 (lanes 1 and 2) or GST-Smad4 (lanes 3 to 10) at a concentration of
;100 ng/ml, the indicated probes (diagrammed in Fig. 3A) and the Smad4
antibody (aS4) or preimmune serum (Pre).
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FIG. 5. Induction of a Smad3/Smad4 DNA binding complex in Mv1Lu cells by TGF-b. (A) Gel shift analysis with the 2.0 probe with lysates from a time course of
TGF-b treatment of Mv1Lu cells. (B) The inducible complex is sensitive to phosphatase treatment. Mv1Lu lysates from control or TGF-b-treated cells were treated
with PAP1CIAP (lanes 1 to 4) or phosphatase inhibitors (lanes 3 to 6) as described in Materials and Methods and used for EMSA studies as for panel A. (C) Supershift
analysis on the induced complex in Mv1Lu cells. Gel shifts were performed with the 2.0 probe (diagrammed in Fig. 3A) and the indicated antibodies: aPan Fos, pan-Fos
antibody; aS4, Smad4 antibody; Pre, preimmune serum. Note that the pan-Fos antibody supershifted band migrates at the same place as the Smad-containing complex
II. Also, anti-Smad4 antibody produces a nonspecific band above complex II. Lower panels, Western blot showing the specificity of the Smad4 antibody. The left panel
is an HA antibody Western blot showing expression of Smad1 to -4; the right panel is a duplicate Western blot with Smad4 antibody. The Smad4 antibody is also specific
by immunoprecipitation analysis (data not shown). (D) Analysis of the 2.0 probe mutants with TGF-b-treated Mv1Lu cell lysates. Lysates were prepared from control
(odd-numbered lanes) or TGF-b treated (even-numbered lanes) cells, and EMSAs were performed with the indicated probes (diagrammed in Fig. 3A).
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complex. In addition, we showed that this Mv1Lu complex
contains at least Smad4, and its binding is dependent on phos-
phorylation. Finally, we showed that in vitro, recombinant
Smad4 binds this DNA sequence with the same binding spec-
ificity. With these results, we have defined a novel function for
Smad4 as a direct DNA binding factor.

The inability of Smad2 and Smad4 to form a similar DNA
binding complex in this Smad3/Smad4 binding region suggests
that different Smad complexes could have different DNA bind-
ing specificities. Although Smad4 is contained in both com-
plexes, and we have shown that Smad4 alone can bind DNA in
vitro, this DNA binding ability is likely to be regulated or
modified by association with its Smad partners in response to
exogenous signals under physiological conditions. This notion
is supported by our observation that Smad2/Smad4 cooverex-
pression is unable to activate transcription from the Smad3/
Smad4-responsive region of the p3TP-Lux promoter.

The surprise result from this study is the apparent dispens-
ability of the Smad binding site within the p3TP-Lux reporter.
While the lack of correlation between the DNA binding capa-
bility of Smads and their ability to activate transcription makes
the interpretation of our findings somewhat difficult, the result
could be explained in several ways. Smad complex binding may
be having effects which cannot be assayed in these transient

transfection experiments with the use of a large quantity of
plasmid DNA as the template of transcription. If, for example,
Smad binding plays a role in the recruitment of other tran-
scription factors to adjacent sites (e.g., AP1) or in rearrange-
ment of chromosome structure to provide accessibility of other
transcription factors to their binding sites, an effect in the
transient transfection assay may be difficult to observe. The
transient nature of Smad nuclear accumulation and DNA
binding would be consistent with this type of role in transcrip-
tional activation. Alternatively, Smad binding sites may repre-
sent enhancer-like regulatory sequences which can function
properly only in the context of specific promoters. The proper
promoter context may be essential to allow the appropriate
interactions between the Smads and the core transcription
machinery. Thus, in the context of the artificial p3TP-Lux
promoter constructs, Smad binding may not be required, but in
the context of wild-type promoters, Smad binding may become
indispensable for transcriptional activation. Our demonstra-
tion that an endogenous promoter, PAI-1, contains a Smad3/
Smad4 binding site provides an opportunity to dissect in vivo
functions of the Smad3/Smad4 binding site and should provide
insight into these important questions.

Smad3 and Smad4 cooverexpression can activate transcrip-
tion through AP1 DNA binding sites. Although the functional
consequences of Smad binding remain uncertain, we have
clearly demonstrated that Smads are involved in this TGF-b-
mediated signaling pathway. Other groups have shown that
3TP-Lux is not activated by TGF-b in a Smad4-deficient cell
line, but this signaling pathway is restored upon reintroduction
of Smad4 (8, 19). In this regard, we have shown that the AP1
binding sites within the TGF-b-responsive region of 3TP-Lux
are both necessary and sufficient for activation by either
TGF-b or Smad cooverexpression.

To present possible models explaining this finding, it is in-
formative to review the role of Smad2 in FAST1-mediated
transcriptional regulation. Recently, Smad2 has been found in
a DNA binding complex with the transcription factor FAST1
(4). In this system, FAST1 is a DNA binding protein which

FIG. 6. Smad3/Smad4 cooverexpression activates transcription through AP1
DNA binding sites. (A) Functional analysis of the 2.0 probe mutants. Mv1Lu
cells were cotransfected with 3 mg of the indicated promoter and either 1 mg of
HA-Smad3 and Smad4-Flag expression vector DNA or 2 mg of the empty pCGN
vector. Luciferase assays were performed as described for Fig. 1. (B) AP1 sites
are sufficient for activation by Smad cooverexpression. Transfections were per-
formed as for panel A with 3 mg of the 73 AP1 reporter and either 2 mg of the
pCGN vector or 1 mg of HA-Smad3 and Smad4-Flag DNA. Luciferase assays
were performed as for Fig. 1.
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targets Smad2 and Smad4 to specific promoters (4, 5). In this
context, the Smads would act as coactivators, which inducibly
associate with transcription factors in response to specific sig-
nals. An analogy can be drawn to the ability of the Smads to
activate transcription through AP1 DNA binding sites. Per-
haps the requirement for Smad4 in TGF-b mediated activation
of 3TP-Lux results from an interaction between Smad4 and
AP1 complexes. In this model, a Smad DNA binding site would
be dispensable in transient transfection assays due to the fact
that Smad4 would have already been targeted to this promoter
through its interaction with AP1.

So why have a DNA binding activity at all? The answer
becomes clear in the case of the Drosophila Smad homolog,
MAD. MAD was recently shown to be a DNA binding protein
which regulates the expression of a number of dpp-responsive
genes (17). In the Vg promoter, MAD binds to specific DNA
sequences to directly mediate activation of the vestigial pro-
moter. Thus, rather than being tethered to a promoter through
a second transcription factor, the DNA binding function of
MAD is essential. Interestingly, a comparison between the
DNA binding site for Smad4 which we have described and the
DNA binding site for MAD reveals little sequence similarity.
This suggests that different Smads will have different DNA
binding specificities and, thus, different target promoters.

These two modes of Smad function, as direct DNA binding
proteins and as transcriptional coactivator proteins, broaden

the possible range and diversity of Smad promoter targets. In
certain contexts, the interaction of specific Smad heteromers
with specific transcription factors may lead to promoter acti-
vation. In this context, the DNA binding function of the Smads
becomes dispensable, as may be the case with Smad2 and the
Mix2 promoter and possibly the 3TP-Lux promoter analyzed in
this study. In contrast, other promoter contexts may require
the DNA binding function of the Smads to target and activate
the promoter, as is the case with MAD and the vestigial pro-
moter.

In conclusion, the finding that Smad4 is a DNA binding
protein raises the exciting possibility that this function is at the
root of its tumor suppressor activity. In this case, defining
additional Smad4 target promoters may be informative in un-
derstanding its role as a tumor suppressor and, in a more
global sense, the process of tumorigenesis. In addition, the
finding that Smad3 and Smad4 can potentiate transcription
from AP1 DNA binding sites adds an additional level of com-
plexity to the highly regulated process of AP1-mediated tran-
scription.
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