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ABSTRACT The human type VII collagen gene (COL7A1)
recently has been identified as an immediate-early response
gene for transforming growth factor b (TGF-b)ySMAD sig-
naling pathway. In this study, by using MDA-MB-468
SMAD42y2 breast carcinoma cells, we demonstrate that
expression of SMAD4 is an absolute requirement for SMAD-
mediated promoter activity. We also demonstrate that the
SMAD binding sequence (SBS) representing the TGF-b re-
sponse element in the region 2496y2444 of the COL7A1
promoter functions as an enhancer in the context of a heter-
ologous promoter. Electrophoretic mobility-shift assays with
nuclear extracts from COS-1 cells transfected with expression
vectors for SMADs 1–5 indicate that SMAD3 forms a complex
with a migration similar to that of the endogenous TGF-b-
specific complex observed in fibroblast extracts. Electro-
phoretic mobility-shift assays using recombinant glutathione
S-transferase-SMAD fusion proteins indicate that both
SMAD4 and C-terminally truncated SMAD3, but not SMAD2,
can bind the COL7A1 SBS. Coexpression of SMAD3 and
SMAD4 in COS-1 cells leads to the formation of two com-
plexes: a DNAyprotein complex containing SMAD3 alone and
another slower-migrating complex containing both SMAD3
and SMAD4, the latter complex not being detected in fibro-
blasts. Maximal transactivation of COL7A1 SBS-driven pro-
moters in either MDA-MB-468 carcinoma cells or fibroblasts
requires concomitant overexpression of SMAD3 and SMAD4.
These data may represent the first identification of a func-
tional homomeric SMAD3 complex regulating a human gene.

Members of the transforming growth factor b (TGF-b) family
of growth factors signal through serineythreonine kinase trans-
membrane receptors. On activation by TGF-b or related
ligands, signaling from the receptors to the nucleus is mediated
by phosphorylation of cytoplasmic mediators called SMADs
(reviewed in refs. 1 and 2). The receptor-associated SMADs,
such as SMAD1, SMAD2, SMAD3, and SMAD5, interact
directly with, and are phosphorylated by, activated TGF-b
receptor type I (TBRI or BMPRI) (3–6). They are ligand-
specific and form, on phosphorylation, heteromeric complexes
with SMAD4. The latter functions as a common mediator for
all SMAD pathways (7–9). These complexes then are trans-
located into the nucleus, where they function as transcription
factors, possibly in association with other proteins, such as the
recently described Fast1 and Fast2 (7, 10, 11). The third group
of SMAD proteins, the inhibitory SMADs such as SMAD6 or

SMAD7, prevent phosphorylation andyor nuclear transloca-
tion of receptor-associated SMADs (12–15).

Most of the knowledge of the biological endpoints of SMAD
pathways has been gained from studies in Xenopus laevis,
Caenorhabditis elegans, and Drosophila melanogaster by using
genetic screens aimed at understanding the downstream events
of serine-threonine kinase receptors of the TGF-b family
(reviewed in refs. 1 and 2). Although SMADs play a major role
in TGF-b signaling in mammals, very few of the human targets
for SMADs have been identified thus far. They include
plasminogen activator inhibitor-1, (16, 17), p21 (18), Jun-B
(19), and type VII collagen (COL7A1) (20). In the latter case,
we have demonstrated that TGF-b up-regulation of COL7A1
gene expression in dermal fibroblasts is mediated by rapid and
transient binding of a SMAD-containing complex to the region
2496y2444 of the COL7A1 promoter. This SMAD binding
sequence (SBS) was shown to be composed of two distinct
binding sites, located at both ends of the 2496y2444 region,
whose simultaneous presence is required for SMADyDNA
complex formation. Sequence analysis of the SBS revealed the
presence of several repeats, notably two adjacent CAGA
repeats in the 59 end and a GCCGGCG stretch in the 39 end
(20), matching the consensus Drosophila Mad binding se-
quence (21). Of interest, similar CAGA boxes have been
identified in the human plasminogen activator inhibitor-1
promoter (17) and through a screen of SMAD-binding DNA
sequences using a random pool of oligonucleotides (22). In
both studies, it was shown that multimers of these CAGA boxes
can bind SMAD3 and SMAD4 and can confer TGF-b respon-
siveness when cloned upstream of a minimal promoter, oth-
erwise unresponsive to the growth factor.

In this study, we undertook a mechanistic analysis of SMAD-
mediated transcription of COL7A1 by TGF-b. We demon-
strate that, although SMAD4 is required for transcriptional
activation, only SMAD3 was detected in the proteinyDNA
complexes formed between the COL7A1 promoter SBS and
nuclear extracts from TGF-b-treated fibroblasts.

MATERIALS AND METHODS

Cell Cultures. Human dermal fibroblast cultures, estab-
lished by explanting tissue specimens obtained from neonatal
foreskins, were used in passages 3–6. COS-1 cells were pur-
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chased from the American Type Culture Collection. MDA-
MB-468, a cell line derived from a patient with breast carci-
noma, has a homozygous deletion of the complete SMAD4
coding region (23). All cells were grown in DMEM supple-
mented with 10% heat-inactivated fetal calf serum, 2 mM
glutamine, and antibiotics [100 unitsyml penicillin, 50 mgyml
streptomycin-G, and 0.25 mgyml Fungizone (GIBCOyBRL)].
Human recombinant TGF-b1 was a kind gift from R & D
Systems. It will be referred to as TGF-b throughout the text.

Plasmid Constructs. The various COL7A1 promoter 59
deletionychloramphenicol acetyltransferase (CAT) constructs
cloned into promoterless pBS0CAT vector (24) and N-
terminally Flag-tagged and C-terminally Myc-tagged SMAD
expression vectors have been described (25, 26). Cloning of
wild-type and mutant SBS fragments into pBLCAT5 was
performed according to standard protocols (24). Bacterial
glutathione S-transferase (GST)-SMAD fusion protein ex-
pression vectors were described previously (25, 26) or were
constructed by using appropriate restriction enzymes.

Transient Cell Transfections and CAT Assays. Transient
cell transfections of human dermal fibroblasts were performed
with the calcium phosphateyDNA coprecipitation procedure
(27). COS-1 and MDA-MB-468 (SMAD42y2) breast carci-
noma cells were transfected by using lipofectamine as de-
scribed (26). After appropriate incubation periods (see Figure
legends), the cells were rinsed once with PBS, were harvested
by scraping, and were lysed in 200 ml of reporter lysis buffer
(Promega). pRSV-b-galactosidase was cotransfected in every
experiment, and the b-galactosidase activities, measured ac-
cording to a standard protocol (28), were used to monitor
transfection efficiency. Unless stated otherwise, aliquots cor-
responding to identical b-galactosidase activity were used for
each CAT assay with [14C]chloramphenicol as substrate (29)
by using thin layer chromatography. After autoradiography,
the plates were cut and counted by liquid scintillation to
quantify the acetylated [14C]chloramphenicol.

Electrophoretic Mobility-Shift Assays (EMSAs). A frag-
ment spanning the region 2496y2444 of the COL7A1 pro-
moter, corresponding to the TGF-b response element binding
a SMAD complex, was used as a probe as described (20).
Nuclear extracts were isolated by using a small scale prepara-
tion (30), were aliquoted in small fractions to avoid repetitive
freeze-thawing, and were stored at 280°C until use. The
protein concentration in the extracts was determined by using
a commercial assay kit (Bio-Rad). For supershift experiments,
nuclear extracts (5–7 mg) were incubated overnight with
antisera before the binding reaction. Mouse monoclonal anti-
Flag (M2) and anti-Myc antibodies were from Kodak and
Zymed, respectively.

Recombinant Proteins. Full length or truncated GST-fusion
SMAD proteins were expressed in Escherichia coli and were
purified as directed (Pharmacia). In brief, proteins were
overexpressed in DH5a cells by induction with 0.5 mM iso-
propyl b-D-thiogalactoside for 1 h at 37°C. Cells then were
lysed by ultrasonication in PBS containing 0.5% Triton X-100
and 0.25 mM 4-(2-aminoethyl)benzenesulfonyl f luoride (Sig-
ma). Proteins were collected on glutathione-Sepharose beads
(Pharmacia). Beads were washed extensively, and GST fusion
proteins were eluted overnight at 4°C in 10 mM reduced
glutathione and 50 mM TriszHCl (pH 8.0) containing 0.1%
Triton X-100. A GST–bullous pemphigoid antigen 2 protein
(31) did not bind any of the DNA fragments shown to interact
with the SMAD proteins (not shown), indicating that GST
itself does not bind the DNA sequences used in our study.

Western Blotting. Proteins from lysates of transfected
COS-1 cells were resolved by SDS-10% PAGE and were
electrotransferred to nitrocellulose membrane (Hybond, Am-
ersham). The blots were blocked in 0.1% Tween-PBS contain-
ing 5% nonfat dry milk. The anti-Flag M2 antibody was added
to the blocking solution at 1:1,000 for 1 h at room temperature.

The blots were washed three times with Tween-PBS, and the
second antibody (horseradish peroxidase-conjugated sheep
anti-mouse IgG, Santa Cruz Biotechnology) was added at
1:5,000 for 1 h at room temperature. After three washes in
Tween-PBS, the blots were developed with ECL (Amersham)
and were exposed on Kodak XAR5 film.

RESULTS

SMAD4 Is Required for COL7A1 Promoter Activity and
Inducibility by TGF-b. To investigate the role of SMAD4 in
the inducibility of the COL7A1 response by TGF-b,
SMAD42y2 MDA-MB-468 human breast carcinoma cells
were transfected with either 2524COL7A1yCAT or
2456COL7A1yCAT constructs, and promoter response to
TGF-b was measured. As shown in Fig. 1, little basal promoter
activity was detected with 2524COL7A1yCAT in these
SMAD42y2 cells, and no activation by TGF-b was seen.
Overexpression of SMAD4 increased both basal and TGF-b-
induced promoter activity. The rescue of COL7A1 promoter
activity by SMAD4 was not observed with the construct
2456COL7A1yCAT, which lacks the 59 element of SMAD-
binding region (20), indicating that the bipartite SMAD bind-
ing element within the 2496y2444 region of promoter is
responsible for the effects of SMAD4 on 2524COL7A1yCAT
activity. These data indicate that the SMAD signaling pathway
is involved in TGF-b up-regulation of COL7A1 gene expres-
sion. It cannot be excluded that the increased basal activity in
response to SMAD4 overexpression may reflect promoter
activation by endogenously produced TGF-b (32) and that
SMAD members other than SMAD4 may be involved.

The COL7A1 SBS Confers TGF-b Responsiveness to a
Heterologous Promoter. To determine whether the SBS could
function as an enhancer in the context of a heterologous
promoter, one or two copies of the 2496y2444 SBS were
cloned upstream of the thymidine kinase (TK) promoter in the
pBLCAT5 vector and were used in transient cell transfection

FIG. 1. SMAD4 is required for efficient transcription of the
COL7A1 promoter and its responsiveness to TGF-b. COS-1 cells were
transfected with either the 2524COL7A1yCAT or the 2456COL7A1y
CAT construct of the human COL7A1 promoter, in the absence (2)
or in the presence (1) of TGF-b, without (2) or with (1) a Smad4
expression vector. TGF-b (10 ngyml) was added to the medium 4 h
later, and the incubation continued for 40 h. In this and the subsequent
figures, cell extracts were assayed for CAT activity with [14C]chlor-
amphenicol as a substrate by using identical amounts of b-galactosi-
dase activity. The relative CAT activity (mean 6 SD) of at least two
experiments performed in duplicate is shown in the form of a bar
graph.
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experiments. As shown in Fig. 2, a tandem repeat, but not a
single copy, of the COL7A1 SBS could confer TGF-b respon-
siveness to the otherwise unresponsive TK promoter in
pBLCAT5. These data indicate that the previously identified
SMAD binding sequence can function as an enhancer element
driving the transcriptional activation of a heterologous pro-
moter when present as a dimer. The lack of responsiveness of
SBS-TKyCAT, containing a single copy of the SBS, is not
surprising because it is a common phenomenon observed with
other well characterized enhancers, such as NF-kB or AP-1
binding sites, which require multiple tandem copies to be
functional in the context of a heterologous promoter. Intro-
duction of a triple point mutation (CCAGACAGA to AAC-
GACAGA) that disrupts the first CAGA repeat within the 59
portion of the SBS totally abolished TGF-b responsiveness. It
has been shown that the integrity of this CAGA box is essential
for SMAD binding (20). Indeed, EMSAs using a similarly
mutated SBS probe confirmed the lack of SMAD binding (not
shown). Together, these data indicate that SMAD binding to
the COL7A1 SBS (20) is directly responsible for TGF-b
activation of promoter activity (Fig. 2).

Flag-SMAD3 Binds the COL7A1 SBS in COS-1 Cell Ex-
tracts. To identify the member(s) of the SMAD family present
in the TGF-b-induced complex that binds the COL7A1 SBS,
COS-1 cells were transfected with Flag-tagged SMAD1,
SMAD2, SMAD3, SMAD4, or SMAD5 expression vectors.
The expression of each Flag-tagged SMAD protein was as-
sessed by Western blotting with an anti-Flag antibody in each
nuclear extract preparation. As shown in Fig. 3A, each Flag-
SMAD protein was expressed at a high level. EMSAs using the
COL7A1 fragment 2496y2444 as a probe revealed that a
strong proteinyDNA complex formed in SMAD3-transfected
COS-1 cell extracts (Fig. 3B). Supershift assays with the M2
anti-Flag antibody identified Flag-SMAD3 as part of this

strong complex whereas the antibody did not supershift the
faint complex observed in the extracts from cells transfected
with either SMAD1, SMAD2, SMAD4, or SMAD5 expression
vectors (Fig. 3C). The latter faint band (Fig. 3C, *) is therefore
likely to represent endogenous SMAD3-containing binding
activity because it is also present in untransfected cells (not
shown).

The supershift created by the mAb (anti-Flag) appeared as
a doublet, suggesting the presence of at least two SMAD3
molecules within the complex. It should be noted that proteiny
DNA complex formation was not enhanced in SMAD4-Flag
transfected cells, although SMAD4 was present in the nuclear
extracts (see Western blot in Fig. 3A) and is required for
optimal promoter activity (Fig. 1).

The COL7A1 SBS Binds Recombinant SMAD3 and SMAD4
but not SMAD2. Both SMAD2 and SMAD3 have been shown
to be specific mediators of the TGF-byactivin pathways
whereas SMAD4 is common to all TGF-b family members
(reviewed in refs. 1 and 2). To determine the binding specificity
of the COL7A1 SBS, EMSA experiments were performed by
using recombinant GST-SMAD fusion proteins. To circum-
vent the problem of phosphorylation requirement of SMAD2
or SMAD3 for DNA binding (see reviews in refs. 1 and 2),
C-terminally truncated fusion proteins SMAD2DC and

FIG. 2. A COL7A1 SBS tandem repeat confers TGF-b respon-
siveness to a heterologous promoter. Confluent fibroblast cultures
were transfected with several constructs derived from pBLCAT5 by
the calcium phosphateyDNA coprecipitation procedure. These con-
structs contained one copy of the COL7A1 SBS (SBS-TKyCAT), two
copies of the SBS [(SBS)2-TKyCAT], or two copies of a mutated SBS
[(SBSmut)2-TKyCAT]. After glycerol shock, the cultures were incu-
bated in fresh medium containing 1% fetal calf serum, without (2) or
with (1) TGF-b (10 ngyml) added to the medium 4 h later. After 40 h
of incubation, cell extracts were assayed for CAT activity. Results are
the mean 6 SD of three independent experiments.

FIG. 3. Flag-SMAD3 binds the COL7A1 SBS. COS-1 cells were
transfected with expression vectors encoding various SMADs tagged
with the Flag epitope as indicated, and nuclear extracts were prepared
40 h later. (A) Western blot of each of the nuclear extract preparations,
using a Flag antibody. Note that each Flag-SMAD protein is present
at high levels in their respective extracts. (B) EMSA using the COL7A1
SBS as a probe. Note the strong binding present in nuclear extracts
containing Flag-SMAD3 (arrow). (C) Supershift assay using 3 mgylane
of anti-Flag antibody. Note that the faint band (p) is likely to represent
endogenous Smad3-containing binding activity.
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SMAD3DC also were generated. As shown in Fig. 4A,
SMAD2, SMAD2DC, and SMAD3 did not bind the SBS
whereas both SMAD3DC and SMAD4 efficiently bound the
COL7A1 TGF-b response element.

The ability of SMAD3DC but not the full length SMAD3 to
bind the SBS suggests that SBSyprotein complex formation in
vivo may require SMAD phosphorylation. To address this
possibility, nuclear extracts from TGF-b-treated fibroblasts
were digested with calf intestine phosphatase before EMSA,
using either the SBS or a consensus Sp1 oligonucleotide as
probes. As shown in Fig. 4B, calf intestine phosphatase diges-
tion of the nuclear extracts completely abolished binding of the
TGF-b specific complex to the SBS (Fig. 4B, left). In contrast,
Sp1 binding activity, unchanged by TGF-b, was not altered by

calf intestine phosphatase treatment (Fig. 4B, right), in accor-
dance with previous observations (33). These data indicate
that phosphorylation is required for SBSySMAD complex
formation.

Coexpression of SMAD3 and SMAD4 Results in Optimal
COL7A1 Promoter Transactivation. The capacity of SMAD3
to bind the COL7A1 SBS led us to investigate its potential role
as a transcriptional activator of COL7A1. In a first set of
experiments, fibroblasts were cotransfected with expression
vectors for SMAD2, SMAD3, and SMAD4, together with
(SBS)2-TKyCAT. As shown in Fig. 5A, significant induction of
promoter activity was detected when SMAD3, but not SMAD2
or SMAD4, was coexpressed. Maximal transactivation was
observed when both SMAD3 and SMAD4 were coexpressed,
indicating that endogenous SMAD4 levels may have been
limiting when over-expressing SMAD3 alone.

Next, MDA-MB-468 cells were transfected with either the
2524COL7A1yCAT or (SBS)2-TKyCAT constructs, together

FIG. 4. (A) Recombinant GST-SMAD3DC and GST-SMAD4 bind
the COL7A1 SBS. EMSAs were performed by using 100 ng of E.
coli-derived GST-fusion proteins of SMAD2, SMAD2DC, SMAD3,
SMAD3DC, and SMAD4, using the COL7A1 SBS as a probe and 10
mgylane of BSA. Note that only SMAD3DC and SMAD4 could bind
the probe. (B) Binding of TGF-b-induced SMAD-containing complex
to the SBS requires phosphorylation. EMSAs were performed by using
either the COL7A1 SBS promoter fragment (left) or a consensus Sp1
oligonucleotide (right) as probes. Nuclear extracts from either control
(2) or TGF-b-treated (1) fibroblast cultures were digested (1) or not
(2) with calf intestine phosphatase (CIP, 0.1 unityml, 10 min), and
their ability to bind either probe was tested.

FIG. 5. SMAD3 and SMAD4 synergize to activate 2524COL7A1y
CAT and (SBS)2-TKyCAT. (A) Human dermal fibroblasts were
cotransfected with (SBS)2-TKyCAT and either SMAD2, SMAD3,
andyor SMAD4 expression vectors. Cell extracts were prepared and
assayed for CAT activity 40 h later. (B) SMAD42y2 MDA-MB-468
cells were transfected with 2524COL7A1yCAT (open bars) or (SBS)2-
TKyCAT (closed bars) constructs, together with SMAD3 andyor
SMAD4 expression vectors. After 40 h, cell extracts were prepared and
assayed for CAT activity. Results are the mean 6 SD of three
independent experiments.
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with expression vectors for either SMAD3 or SMAD4, either
alone or in combination. As shown in Fig. 5B, both constructs
were equally responsive to SMAD4 over-expression, as ex-
pected from our earlier observations (Fig. 1), but the highest
promoter activity again was observed when both SMAD3 and
SMAD4 were coexpressed.

SMAD4 May Not Participate in the ProteinyDNA Complex
Induced by TGF-b. The next set of experiments was designed to
characterize the components of the SMADyDNA complex
formed with the COL7A1 TGF-b response element. First, the
migratory pattern of the TGF-b-induced fibroblast SBS-binding
complex was compared with that of Flag-SMAD3-transfected
COS-1 cell extracts. As shown in Fig. 6A, the two complexes could
not be differentiated on the basis of their electrophoretic mobil-
ity, suggesting that they may be identical in composition.

Next, we attempted to understand the discrepancy between
the absolute requirement for SMAD4 in COL7A1ySBS-
mediated transactivation (Fig. 1) and the absence of SMAD4
binding activity in SMAD4-Flag transfected COS-1 cells (Fig.
3B). For this purpose, COS-1 cells were cotransfected with
both SMAD3-Flag and SMAD4-Myc expression vectors. EM-
SAs using the COL7A1 SBS as a probe revealed that the
corresponding nuclear extracts had the ability to generate two
distinct complexes (Fig. 6B, lane 1). The fastest complex (1)
has an electrophoretic mobility comparable to that of the
TGF-b-specific complex induced in fibroblasts and to that
present in SMAD3-transfected COS-1 cells (Fig. 6A) whereas
complex 2 has a slower mobility. An anti-Flag antibody
supershifted both complexes, indicating the presence of
SMAD3 in each of them (Fig. 6A, lane 2). In contrast, an
anti-Myc antibody efficiently supershifted complex 2 but not
complex 1 (Fig. 6A, lane 3), indicating that SMAD4 is present
only in the upper complex, which does not exist in nuclear
extracts from TGF-b-treated fibroblasts. Collectively, these
results suggest that, although SMAD4 is required for tran-
scriptional activation of the COL7A1 promoter by TGF-b, it

may not be present in the complex forming with the SBS, in
which we could only detect SMAD3.

DISCUSSION
Although much has been learned recently about the cytoplas-
mic events involved in TGF-b signal transduction, little is
known about the nuclear events leading to activation of specific
genes. Several lines of evidence suggest that SMAD proteins
activate their targets by both direct and indirect binding to
DNA and that the mechanisms may be isoform specific.
Drosophila Mad, SMAD3, and SMAD4 all have been shown to
bind DNA directly whereas SMAD2 likely requires a DNA-
binding intermediate (1, 2). Once bound to DNA, the mech-
anism of transcriptional activation by SMAD proteins remains
elusive, although a complex interaction with multiple elements
of the transcriptional machinery, and in particular CBPyp300
(34–36) or MSG1 (37), is likely.

Our data suggest that the interaction of SMAD proteins with
cis elements depends on the context in which these elements
are presented. A SMAD binding sequence has been identified
(20) that contains two CAGA motifs similar to sequences
identified both in the plasminogen activator inhibitor-1 and
Jun-B promoters and through a screen of SMAD-binding
DNA sequences (17, 19, 22). Recently, it was demonstrated
that SMAD proteins exist as hetero- and homooligomers in
vivo (38). Specifically, it was shown that SMAD3 homomers, as
well as SMAD3ySMAD4 heteromeric complexes, can bind
DNA. The in vivo functions of SMAD3 oligomers, capable of
forming DNA-binding complexes, have not been determined.
SMAD3 and SMAD4 also were identified as part of the
complexes induced by TGF-b and binding the CAGA box
identified in the plasminogen activator inhibitor-1 promoter
(17). In the latter case, TGF-b was shown to induce the
formation of two distinct complexes binding the CAGA se-
quence and containing SMAD3, but the authors failed to
identify the specific components of each of the complexes.
Support for the hypothesis that SMAD4 may not be part of the
DNA-binding complex also is provided by a recent study of
Drosophila development (39). Specifically, MEDEA, the Dro-
sophila ortholog for SMAD4, was shown to be dispensable for
omb gene activation by Mad during wing development.

In fibroblasts, TGF-b induces only one SMAD-containing
complex to bind the COL7A1 SBS (20). However, when
SMAD3 and SMAD4 were simultaneously over-expressed in
COS-1 cells, two complexes were detected in EMSA, in a
pattern similar to that observed by using other SMAD binding
sequences (17, 38). We have determined that the upper
complex, not found in fibroblasts, is composed of both SMAD3
and SMAD4. Analysis of the lower complex, which comigrates
with the fibroblast TGF-b-specific complex, indicates that it
contains SMAD3. No SMAD4 could be detected. At this time,
we cannot rule out that technical limitations, such as the lack
of accessibility of the SMAD4 epitopes to antibodies used in
supershift assays, may be responsible for the lack of SMAD4
detection in the lower complex in SMAD3y4-transfected
COS-1 cells and in the TGF-b-specific fibroblast complex
binding the SBS. However, to our knowledge, there is to date
no clear evidence demonstrating an absolute requirement for
SMAD4 in an endogenous complex. Therefore, it must be
considered that, although SMAD4 is clearly necessary for
COL7A1 promoter transactivation and has the ability to bind
the COL7A1 SBS, the TGF-b-induced complex may be com-
posed of SMAD3 only.

The binding of SMAD3 and SMAD4 to the COL7A1
promoter, as observed with recombinant GST-SMAD pro-
teins, appears to be specific and physiologically relevant.
SMAD1 and SMAD5 did not bind the identified element,
although they were clearly expressed in the nucleus of trans-
fected COS-1 cells. SMAD2, another intermediate in the
TGF-b signaling pathway and, like Smad3, a substrate for the

FIG. 6. SMAD3 but not SMAD4 may participate in SBSyprotein
complex formation. (A) Nuclear extracts were prepared from dermal
fibroblasts (DF) treated (1) or not (2) with TGF-b for 30 min or from
Flag-SMAD3 transfected cells. Their ability to bind the COL7A1 SBS
was compared by EMSA. Note the identical migratory pattern of the
TGF-b-specific band with the Flag-SMAD3yDNA complex. (B) Nu-
clear extracts from Flag-SMAD3 and SMAD4-Myc-transfected COS-1
cells were used in EMSA and were supershifted with 3 mg of either
anti-Flag or anti-Myc antibodies. Note that the anti-Myc antibody does
not supershift complex 1.
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TGF-b type I receptor, did not bind the COL7A1 element
either when transiently expressed in COS-1 cells or as a
bacterially expressed fusion protein. Consistent with previ-
ously published data (16), full length, bacterially produced
SMAD4 bound quite well, but truncation of the MH2 domain
of SMAD3 was required to relieve the autoinhibition of the
MH1 binding domain. In vivo, this inhibition is likely to be
relieved by phosphorylation of SMAD3 in the extreme C
terminus. This model is supported by our finding that treat-
ment of fibroblast nuclear extracts with phosphatase elimi-
nated detectable DNA binding. The specificity for SMAD3
binding was demonstrated further by the complete lack of
binding of a truncated version of SMAD2.

The process by which SMAD proteins activate transcription
remains elusive, although our data suggest that several mech-
anisms may be at work in the COL7A1 promoter. There is no
transcriptional activation, consistent with results obtained with
3TP-Lux and other reporter constructs, in the absence of
SMAD4, (16, 17, 36). Overexpression of SMAD3 failed to
rescue reporter gene activity in the absence of SMAD4,
demonstrating convincingly that expression of SMAD4 is an
absolute requirement for transcriptional activation in this
context. Nevertheless, coexpression of both SMAD3 and
SMAD4 is required for maximal activation of both
2524COL7A1yCAT and (SBS)2-TKyCAT constructs.

Activation of the (SBS)2-TKyCAT after transient overex-
pression of both SMAD3 and SMAD4 in the absence of ligand
is consistent with results obtained in other laboratories with
different promoters (9, 16, 17). These data suggest a dual
mechanism of activation of the COL7A1 promoter and per-
haps multiple functions for SMAD proteins in transcriptional
activation. SMADs may provide the initial impetus for tran-
scription by direct DNA binding and transcriptional activation
and also may induce other genes that are necessary for
maintenance of transcriptional activity. Interactions of SMAD
proteins in the later stages of transcription may occur in the
absence of direct DNA binding, perhaps through interactions
with other transcription factors (34–37).

These results implicate TGF-b and SMAD proteins in the
pathogenesis of diseases involving COL7A1 and other genes
that contain similar elements. Our identification of a specific
sequence that is required for SMAD binding and activation
suggests that mutations in this sequence could lead to disregu-
lation of COL7A1 by TGF-b. Although complete loss of
SMAD3 or SMAD4 is likely to be lethal, persons heterozygous
at these loci might be prone to epidermal defects characterized
by loss of COL7A1 expression. This study, therefore, identifies
a potential link between SMAD signal transduction and loss of
a specific gene in human disease.
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