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ABSTRACT Smad3 and Smad4 are sequence-specific
DNA-binding factors that bind to their consensus DNA-
binding sites in response to transforming growth factor 3
(TGFB) and activate transcription. Recent evidence impli-
cates Smad3 and Smad4 in the transcriptional activation of
consensus AP-1 DNA-binding sites that do not interact with
Smads directly. Here, we report that Smad3 and Smad4 can
physically interact with AP-1 family members. In vitro binding
studies demonstrate that both Smad3 and Smad4 bind all
three Jun family members: JunB, cJun, and JunD. The Smad
interacting region of JunB maps to a C-terminal 20-amino
acid sequence that is partially conserved in cJun and JunD.
We show that Smad3 and Smad4 also associate with an
endogenous form of cJun that is rapidly phosphorylated in
response to TGF. Providing evidence for the importance of
this interaction between Smad and Jun proteins, we demon-
strate that Smada3 is required for the activation of concatamer-
ized AP-1 sites in a reporter construct that has previously
been characterized as unable to bind Smad proteins directly.
Together, these data suggest that TGF 3-mediated transcrip-
tional activation through AP-1 sites may involve a regulated
interaction between Smads and AP-1 transcription factors.

Transforming growth factor 8 (TGFp) is a multipotent cyto-
kine that regulates a variety of cellular activities, such as cell
proliferation, differentiation, and extracellular matrix (ECM)
formation. The combined actions of these cellular responses
are likely to mediate more global effects of TGFp including its
role in development, wound healing, immune responses, and
the pathogenesis of cancer (1-3). The identification of genes
transcriptionally regulated by TGF and the elucidation of the
molecular mechanisms responsible for this transcriptional
regulation will help define how TGFp exerts its cellular effects
and its role in resulting physiological processes. Although
progress has been made in the identification of TGFp target
genes, including the cyclin-dependent kinase inhibitors p21
and p15 (1, 2) and the ECM component plasminogen activator
inhibitor-1 (PAI-1) (3), which has subsequently contributed
toward our understanding of TGFB-mediated growth inhibi-
tion and ECM deposition, the mechanisms by which TGFpB
controls gene expression remain largely unknown.
Numerous studies have characterized the differential ex-
pression of specific genes in response to TGFp, revealing a
common link in the ability of TGF to regulate many of these
genes through the functions of the AP-1 family of transcription
factors. This protein family, which includes the Fos and Jun
proteins, binds a specific DNA sequence and facilitates tran-
scriptional regulation (4). The ability of TGFp to induce the
expression of several genes, including PAI-1, clusterin, mono-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

4844

cyte chemoattractant protein-1 (JE/MCP-1), type I collagen,
and TGFp1 itself depends on specific AP-1 DNA-binding sites
in the promoter regions of these genes (3, 5-10). Furthermore,
TGFB-mediated transcriptional activation of several of these
genes requires AP-1 proteins (5, 8-10). Intriguingly, the
expression of many AP-1 proteins themselves is induced as an
early response to TGFf in a cell type-specific manner (11-14).
It has been demonstrated that this induced expression of
particular AP-1 family members is involved in TGFB-mediated
regulation of subsequent target genes (10). In addition, genetic
studies of TGFp signaling in Drosophila melanogaster reveal a
direct overlap between AP-1 and TGFf signaling and suggest
an evolutionarily conserved convergence of these pathways
(15). Together, these studies demonstrate a link between
TGEFp signaling and AP-1 in the TGFpB-regulated expression
of various genes. The molecular mechanisms responsible for
the TGFB-mediated transcriptional activation of these genes
are just beginning to be elucidated.

Insight into the mechanism of TGFB-regulated gene expres-
sion has come about with the discovery of the Smad family of
proteins. The Smads are phosphorylated by the activated type
I receptor in response to ligand (16). Specifically, Smad2 and
Smad3 were shown to be inducibly phosphorylated in response
to TGFB (17-19). Smad phosphorylation results in hetero-
merization of either Smad2 or Smad3 with Smad4 (20-23).
Smad4-containing heteromers then enter the nucleus where
they can activate transcription of specific genes (24, 295).
Current research is focused on elucidating the role of Smads
in TGFB-induced transcriptional activation.

Through attempts made at understanding the mechanism of
Smad-mediated transcriptional activation, two distinct roles
for Smads have emerged: Smads as DNA-binding factors and
Smads as transcription factor-binding proteins. Several lines of
evidence suggest that Smads activate transcription by binding
directly to DNA. For instance, transcription of a reporter
plasmid containing the concatamerized consensus Smad-
binding site is induced by TGFB in a Smad4-dependent
manner (26). Smad3 and Smad4 were recently shown to form
a complex on similar DNA sequences derived from the PAI-1
promoter (27). Mutation of these sequences in the PAI-1
promoter reduced TGFB responsiveness. Furthermore, Gal4
fusions with the C-terminal domains of Smadl and Smad4
activate transcription from concatamerized Gal4 DNA-
binding sites (28).

Other evidence suggests that Smads can activate transcrip-
tion by binding to other transcription factors. For example, the
interaction between Smad2/Smad4 heteromers and the tran-
scription factor FAST-1 is critical for the formation of the
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activin responsive factor (ARF), an activin-inducible DNA-
binding complex in Xenopus (24, 29). Overexpression of the
Smad-binding domain of FAST-1 blocked ARF formation and
transcriptional induction of an activin-inducible early response
gene. Together, these data indicate that although Smads bind
DNA directly, association with other transcription factors may
play a crucial role in Smad-mediated transcriptional activation.

In an attempt to identify transcription factors involved in
Smad-mediated transcriptional activation, we performed a
yeast two-hybrid screen using Smad3 as a bait. Two interacting
cDNAs encoding two different clones of the AP-1 family
member, JunB, were isolated, indicating that Smads may bind
to AP-1 members directly. Supporting a direct interaction
between Smads and AP-1, we show that Smad3 and Smad4
bind all known members of the Jun family of proteins in vitro.
Furthermore, we demonstrate that Smad3 is critical for the
ability of TGFp to activate AP-1 sites independent of Smad
DNA binding. These data, therefore, provide insight into a
possible mechanism by which TGFp activates AP-1-mediated
transcription through the induction of Smad/AP-1 complex
formation.

MATERIALS AND METHODS

Materials. TGFB1 was a generous gift of Amgen Biologicals.
Human keratinocyte cells (HaCaT) were the generous gift of
P. Baukamp and N. Fusenig. A HaCaT cDNA library in the
PACT?2 expression vector was the generous gift of Y. Xiong.
The full length cDNAs for murine Jun family members, FosB,
cFos, Fra2, and human Fral, were the generous gifts of R.
Wisdom. Smad3 polyclonal antibody was generated against
amino acids 200-219 of Smad3 and affinity purified in this
laboratory. Antibodies used included JunB polyclonal N-17
(Santa Cruz Biotechnology), cJun monoclonal KM-1 (Santa
Cruz Biotechnology), cJun polyclonal no. 9162 (NEB, Beverly,
MA), cJun polyclonal no. 06-828 (Upstate Biotechnology,
Lake Placid, NY) and JunD-329 polyclonal antibody (Santa
Cruz Biotechnology).

Cell Culture. COS cells were maintained in DMEM with
10% FBS. HaCaT cells were maintained in MEM with 10%
FBS. Primary fibroblasts were prepared from day 14 embryos
by mechanical dissociation of whole embryos by passage
through an 18-gauge needle and plating onto gelatin-coated
10-cm tissue culture plates in DMEM with the inclusion of 20%
FBS. Cells were grown to confluence and carried in DMEM
with 10% FBS. All experiments were performed on littermate
fibroblasts at the same passage number.

Plasmid Construction. The BamHI fragment containing full
length human Smad3 ¢cDNA was subcloned from pGEX-3X
into pGBT9 (CLONTECH) (30). cDNAs encoding each Jun
and Fos family member were subcloned into pCMVS5 and
pCMV6 expression vectors (CMV, cytomegalovirus). Full
length JunB was PCR amplified with the following primers:
CGGGATCCCGATGTGCACGAAAATGG (5 primer) and
GGATCCTCAGAAGGCGTGTCC (3’ primer). Full length
cJun was PCR amplified with the following primers: CGG-
GATCCCGATGACTGCAAAGATGGAAACG (5’ primer)
and CGGGATCCCGTCAAAACGTTTGCAACTGC (3’
primer). The ¢cDNAs were completely sequenced and sub-
cloned into pACT2 (CLONTECH). Construction of 4xSBSMT
and 4xAPIMT reporter plasmids was previously described
(30).

Yeast Two-Hybrid Assay. The yeast strain Hf7c was trans-
formed with Smad3/pGBT9, and expression of the appropri-
ate-size fusion protein was confirmed by Western blotting by
using GAL4 DBD monoclonal antibody (Santa Cruz Biotech-
nology). Bait-expressing yeast were transformed with a HaCaT
cDNA library in the pACT2 expression vector. Individual
cDNAs (5 X 10°) were screened. Transformants (484) grew on
media lacking tryptophan, leucine, and histidine that con-
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tained 5 mM 3-aminotriazole. Transformants (242) were pos-
itive for B-galactosidase activity, which was measured by the
appearance of blue color on colony filter lifts incubated in the
presence of 5-bromo-4-chloro-3-indolyl-B-D-galactosidase (X-
Gal). Bait dependence for each positive transformant was
established similarly.

Binding Studies. Full length JunB in pGEM4 was digested
with BspHI, BssHII, or Dral (NEB). The full length construct
and the digested DNAs were used as templates for in vitro
transcription and translation (TNT) with [*3S]methionine in
rabbit reticulocyte lysates (Promega). The TNT-JunB lysates
were incubated with an equal amount of bacterially purified
glutathione S-transferase (GST), or GST-Smad3 or GST-
Smad4 (30) in B/P (150 mM NaCl/50 mM Tris, pH 7.5/0.1%
Tween/1 mM DTT) for 2.5 hours at 4°C. The GST reactions
were washed three times in TBS (500 mM NaCl/25 mM Tris,
pH 7.5/0.1% Tween-20/1 mM DTT). Samples were resolved
by SDS/PAGE. The gels were treated with 10% sodium
salicylate, dried, and exposed to film. Whole-cell COS lysates
overexpressing each AP-1 member were lysed as described
(30) and incubated with the GST fusions as described above.
The binding reactions were washed three times with B/P and
separated by SDS/PAGE.

For endogenous protein interactions, HaCaT cells were
treated with 100 pM TGFB1 in DMEM/10% FBS for 15, 30,
or 60 min. Cells were then lysed and either whole-cell or
nuclear extracts were prepared (30, 31). Four hundred fifty ug
of each whole-cell lysate was incubated with an equal amount
of bacterially purified GST-Smad3 or GST-Smad4 normalized
for protein by Coomassie blue and for volume of glutathione-
Sepharose added to each binding reaction. After 2 hr at 4°C,
the reactions were washed three times and separated by
SDS/PAGE. One hundred pg of each nuclear lysate was
diluted to 150 mM NaCl with buffer A and incubated with
GST, GST-Smad3, or GST-Smad4, as above. For phosphatase
treatment, HaCaT cells were treated for 15 min with 100 pM
TGFB1 or DMEM containing 10% FBS, penicillin, strepto-
mycin, and 0.5 M sorbitol and whole-cell extracts were pre-
pared as described (30). Briefly, the lysates were treated with
potato acid phosphatase (0.034 units) and calf intestinal
phosphatase (2 units) for 30 min at 37°C.

Western Blot Analysis. Electrophoresed proteins were
transferred to Immobilon (Millipore) and treated as previously
described, except that the blots were blocked and blotted in
PBS/0.1% Tween-20/5% milk (30).

Luciferase Assays. Transfections were performed by using a
standard DEAE-Dextran protocol (32). Primary fibroblasts
were allowed to recover from glycerol shock for 20 hr before
treating with 100 pM TGFB1 in DMEM/0.2% FBS. Luciferase
assays were performed as previously described (33). All trans-
fections were normalized to B-galactosidase activity by co-
transfection of 0.5 pug of CMV-B-galactosidase expression
vector.

RESULTS

Smad3 and JunB Associate in Yeast. To identify Smad3-
binding proteins, we performed a yeast two-hybrid screen
using the Gal4 DNA-binding domain fused to Smad3 as a bait.
Of the five million yeast transformants screened for Smad3
binding, 242 transformants were positive for growth in the
absence of histidine and for the appearance of blue color on
staining with 5-bromo-4-chloro-3-indolyl-B-D-galactosidase
(X-Gal). Two of the clones sequenced contained two different
cDNA fragments encoding the AP-1 member, JunB (Fig. 1).
Clone 44 lacked the N-terminal 126 amino acids of JunB
indicating that these residues are not required for binding in
yeast. Fusions of the Gal4 activation domain with cDNAs
encoding JunB and cJun also tested positive for interaction
with the Smad3 bait protein (data not shown).
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Fic. 1. Isolation of JunB from a Gal4-Smad3 screen of a human
keratinocyte library (HaCaT) in yeast. Schematic diagram of two
Smad3-interacting clones encoding JunB. Amino acids associated with
particular functional domains of JunB are shown.

In Vitro Binding of Smads and AP-1. To determine whether
this interaction occurs in solution with recombinant proteins,
GST pulldown experiments were performed. Bacterially pro-
duced GST-Smad3, but not GST alone, bound TNT-JunB (Fig.
2B). In addition, GST-Smad4-bound TNT-JunB, indicating
that AP-1 binding is not exclusive to Smad3. Similar studies
with GST-Smad1, GST-Smad2, and GST-Smad5 showed that
these proteins also bind JunB TNT products but with lower
affinity than that observed with GST-Smad3 and GST-Smad4
(data not shown). To map the Smad interaction domain,
GST-Smad fusion proteins were used to pull down various
TNT-JunB deletion products (Fig. 24 and B). Deletion of only
20 amino acids from the C terminus of JunB abrogated the
interaction between GST-Smad3 and GST-Smad4 and JunB
(Fig. 2). Thirteen of these 20 amino acids are conserved among
Jun family members, including cJun and JunD (Fig. 34). To
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F1G. 2. In vitro association of Smad3 and Smad4 with JunB. (4)
Schematic diagram of JunB deletion mutants used in the binding study
shown in B. (B) In vitro association of JunB and JunB deletion mutant
TNT products with GST, GST-Smad3, or GST-Smad4. Bacterially
produced GST, GST-Smad3, and GST-Smad4 proteins were coupled
to glutathione-Sepharose, incubated with the indicated TNT product,
centrifuged, and the Sepharose-bound proteins visualized by Coomas-
sie stained SDS/PAGE (data not shown). The amount of each GST
protein and the volume of glutathione-Sepharose used in each binding
reaction were normalized. Each reticulocyte lysate was produced as
described in Materials and Methods. Domains depicted in 4 refer to the
same domains depicted in Fig. 1. Five percent of each reticulocyte
lysate input was run in lanes 1-4: lane 1, JunB full length; lane 2, 1-324;
lane 3, 1-272; lane 4, 1-80.
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determine whether these proteins also interact with Smads, we
tested whether GST-Smad3 and GST-Smad4 could associate
with AP-1 members from transfected COS cell lysates over-
expressing each Jun member. As shown in Fig. 3B, all three Jun
family members associated with both GST-Smad3 and GST-
Smad4 to a similar extent. Furthermore, GST-Smad3 and
GST-Smad4 bound full length TNT—-cJun and deletion of 20
amino acids from the C terminus of TNT-cJun also reduced
association with GST-Smad3 and GST-Smad4 (data not
shown). Conversely, in studies using lysates from transfected
cells overexpressing each Fos family member, no association
with GST-Smad3 or GST-Smad4 was observed (data not
shown). Consistent with these findings, the amino acids re-
quired for Jun binding to GST-Smads in vitro are not con-
served among Fos family members.

Smad3 and Smad4 Associate with An Inducibly Phosphor-
ylated Form of Endogenous cJun. To determine whether
GST-Smad3 and GST-Smad4 can associate with endogenous
cJun, we incubated GST-Smad3 and GST-Smad4 with TGFB-
treated HaCaT whole-cell extracts. Western blot analysis of
these binding reactions with a cJun-specific antibody raised
against a phosphopeptide containing phosphorylated Ser-63 of
cJun (KM-1 from Santa Cruz Biotechnology) showed that
GST-Smad3 and GST-Smad4 bind this form of cJun (Fig. 44).
We noticed that the level of cJun recognized by the KM-1
antibody appeared to increase with TGFf treatment. To more
clearly determine whether the level of cJun was induced by
TGEFB, nuclear lysates were analyzed by using the KM-1
antibody and a different cJun antibody raised against a non-
phosphorylated N-terminal portion of cJun (no. 9162, NEB).
As shown in Fig. 4B, the form of cJun recognized by the KM-1
antibody is clearly induced by TGFB treatment, whereas the
levels of total cJun recognized by the NEB antibody remain
relatively unchanged. This result suggests that cJun is rapidly
phosphorylated, at least on the residue of Ser-63, in response
to TGFB. Subsequent binding studies with these nuclear
lysates and GST, GST-Smad3, and GST-Smad4 revealed that
GST-Smad3 and GST-Smad4 bound equally well to cJun
recognized by either antibody (data not shown). To confirm
that the TGFB-induced increase in the cJun species detected
by the KM-1 antibody was indeed the phosphorylated form of
cJun, we performed a phosphatase assay using HaCaT lysates
treated with TGFpB (Fig. 4C). As a positive control, HaCaT
cells were treated with 0.5M sorbitol, which has been shown to
induce cJun N-terminal kinase (JNK) kinase activity (34), and
similar results were obtained with lysates treated with 50
pg/ml anisomycin. Under phosphatase treatment conditions,
the TGFB-induced form of cJun recognized by the KM-1
antibody was lost, whereas total cJun detected by the no. 9162
antibody did not change. The specificity of the KM-1 antibody
for the phosphorylated form of cJun was further confirmed by
using another antibody (no. 06—828, Upstate Biotechnology)
raised against a cJun peptide also containing phosphorylated
Ser-63.

Smad3 Is Required for TGFB-Mediated Activation of AP-1
Sites Independent of Smad DNA-Binding Activity. In an
attempt to determine whether the interaction between AP-1
and Smads contributes to the ability of TGFp to activate the
transcription of AP-1 sites, we transfected Smad3 heterozy-
gous and Smad3 homozygous null primary mouse embryonic
fibroblasts with AP-1 site-containing reporter constructs pre-
viously described (Fig. 5) (30). Intriguingly, 4xSBSMT, which
contains consensus AP-1 sites adjacent to mutated Smad
DNA-binding sites incapable of Smad protein binding, re-
quires Smad3 for transcriptional activation by TGFB. TGFp is
unable to activate transcription, however, in the analogous
reporter, 4XxAP1MT, in which the Smad-binding sites are intact
and the AP-1 sites are mutated. Thus, within the context of the
4xSBSMT reporter, the AP-1 sites are required for transcrip-
tional activation by TGFpB. Activation of these AP-1 sites
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F1G.3. Association of Smad3 and Smad4 with Jun family members. (4) The Smad-binding site on JunB is conserved among Jun family members.

The very C-terminal amino acids of the Jun proteins are aligned. The leucine at the beginning of the JunB and cJun sequences is the most C-terminal
leucine of the leucine zipper domain. Amino acids that were deleted in the JunB 1-324 mutant are underlined. Conserved amino acids that may
play a role in Smad binding are shaded. (B) In vitro association of overexpressed JunB, cJun, and JunD from COS cell lysates with GST, GST-Smad3,
or GST-Smad4. COS cells transfected with JunB/pCMYV, cJun/pCMV, or JunD/pCMV were lysed, and these extracts were treated with GST fusion

proteins prepared as described in Materials and Methods.

requires Smad3 but is independent of Smad DNA binding,
suggesting that the ability of Smad3 to act through the AP-1
sites in this reporter is required for transcriptional activation
by TGFp.

DISCUSSION

Over the past year, a model for the functional role of Smads
in TGFB-mediated transcriptional regulation has emerged.
Here, we provide evidence supporting a role for Smads as

transcriptional coactivators, in addition to their role as DNA
binding-dependent activators of transcription. Smads may thus
transduce the TGFp signal to the promoter level and activate
transcription through direct physical interaction with DNA-
bound AP-1 proteins.

The potential role of Smads as transcriptional coactivators
of AP-1 is supported by a previous study in which we reported
that TGFB as well as Smad3/Smad4 cooverexpression could
activate transcription of 4xWT, a luciferase reporter contain-
ing a concatamerized TGFB-responsive element derived from
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Fi16. 4. GST-Smad3 and GST-Smad4 associate with an inducibly phosphorylated form of endogenous cJun. (4) HaCaT cells were treated with
100 pM TGFBI1 for 15, 30, or 60 min and lysed. GST-Smad3 and GST-Smad4 were incubated with 450 ug of whole-cell HaCaT lysates, and the
binding reactions were analyzed by Western blot by using a cJun specific monoclonal antibody raised against a phosphopeptide containing
phosphorylated Ser-63 of cJun, KM-1 from Santa Cruz. The lower row shows 60 ug total lysate blotted with the same antibody as the upper rows.
(B) Nuclear lysates (60 pg) from HaCaT cells treated as in 4 were analyzed with the KM-1 antibody. This blot was stripped and reprobed with
antibody no. 9162 from NEB raised against a fusion protein containing the unphosphorylated N-terminal portion of cJun. (C) HaCaT cells were
treated with 100 pM TGFp1 or 0.5 M sorbitol for 15 min, lysed in the absence or presence of phosphatase inhibitors, and treated with or without
potato acid phosphatase and calf intestinal phosphatase. The reactions were analyzed by SDS/PAGE and Western blotting. The upper row shows
60 g of each lysate blotted with the KM-1 antibody. This blot was stripped and reprobed with no. 9162 antibody, shown in the middle row. This
blot was stripped again and reprobed with no. 06-828 antibody (Upstate Biotechnology). The bands in the KM-1 blot align with the upper bands
in the no. 9162 antibody and the no. 06—-828 antibody blots.

-— W -
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FiG. 5. Smad3 is required for TGFB-mediated transcriptional
activation of 4xSBSMT. Smad3 homozygous null or Smad3 heterozy-
gous mouse primary fibroblasts were transfected with 3 ug of 3TP-Lux,
4xSBSMT, or 4xAPIMT reporter constructs. Twenty hours after
transfection, vehicle or 100 pM TGF1 was added. Twenty-four hours
after treatment, luciferase activity was quantified. The averages of
duplicate transfections were used to determine the fold induction by
TGFpB over the vehicle control. The 3TP-Lux data is shown as a
positive control for the experiment (35).

3TP-Lux that contains both consensus AP-1 binding sites and
Smad4-binding sites (30). Interestingly, a mutation in this
sequence that inhibited Smad association had no effect on the
ability of TGFB or Smad3/Smad4 cooverexpression to induce
transcription of this reporter. In contrast, a mutation in the
adjacent AP-1 site that inhibited the association of a consti-
tutively bound, AP-1-containing complex, abrogated the abil-
ity of TGFB or Smad overexpression to activate transcription
of the 4xWT reporter. These data suggest that within the
context of this reporter, TGFB-mediated transcriptional acti-
vation does not depend on the DNA- binding function of
Smads but rather the ability of Smads to act through the AP-1
sites. In light of the interaction studies described here, Smads
may act through these AP-1 sites by binding directly to AP-1
proteins. In studies of Smad3 wild-type and homozygous null
fibroblasts, it was demonstrated that TGFB-mediated tran-
scriptional activation of 3TP-Lux (35) and the cJun promoter
(14), which contain both Smad and AP-1 DNA-binding sites,
was lost in fibroblasts lacking Smad3. Transfection of Smad3
into the null fibroblasts rescued transcriptional activation by
TGFpB. Here, we further show that activation of the AP-1 sites
in a reporter containing mutant Smad-binding sites similarly
requires Smad3. Taken together, the interaction and transcrip-
tional activation data suggest that the regulated association
between Smads and AP-1 may be necessary for the TGFB-
mediated transcriptional activation of AP-1 sites. Consistent
with these findings, recently published data demonstrate that
cotransfection of Smad3 and Smad4 and cJun facilitates mild
synergistic transcriptional activation of AP-1-site containing
reporters (36).

We demonstrate that Smad3 and Smad4 bind JunB directly
in vitro, and that the interaction involves a stretch of 20
C-terminal amino acids of JunB. It is possible that deletion of
these 20 amino acids that abrogated Smad binding may alter
the conformation of JunB, rendering it incapable of binding
Smads. However, we do show that both cJun and JunD, which
contain conserved identity in 13 of these 20 C-terminal amino
acids, also bind GST-Smad3 and GST-Smad4, whereas Fos
family members that lack this conserved amino acid sequence
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do not bind GST-Smad3 or GST-Smad4. Therefore, we pos-
tulate that Smad3 and Smad4 binding requires specific residues
within the C-terminal 20 amino acids of JunB. Furthermore,
direct association with Smads may be a conserved function of
the Jun family of transcription factors.

Because Smads translocate to the nucleus in response to
TGFp (20-23), the interaction between Smads and Jun family
members may be regulated largely by TGFB-induced alter-
ation of Smad subcellular localization. Intriguingly, we found
that endogenous cJun was rapidly phosphorylated in response
to TGFB, most likely at Ser-63. Phosphorylation at this site
peaks by 15 min and is maintained over the course of an hour
of TGFB treatment, a time course that overlaps TGFB-induced
Smad entry into the nucleus (17, 21, 22, 25). This inducibly
phosphorylated form of cJun binds both GST-Smad3 and
GST-Smad4. Although this phosphorylation does not appear
to alter the association of Smads and AP-1 in vitro, we suspect
this phosphorylation may contribute to TGFB-mediated tran-
scription in vivo. This notion is supported by evidence showing
that JNK is activated in response to TGFB (37, 38), and that
this kinase is known to phosphorylate cJun at Ser-63 and -73,
thereby enhancing the ability of cJun to activate transcription
(39). These data, in combination with previously discussed
results, suggest that TGFpB treatment may initiate two simul-
taneous signaling pathways that converge on AP-1 complexes
in the nucleus: a Smad-mediated pathway and a JNK-mediated
pathway. The combined result of these pathways may be
stronger interactions between Smads and AP-1 and as a result,
a more robust induction of transcription. Although cJun
phosphorylation may indeed enhance association with Smads
under physiological conditions, we do not have evidence to
suggest that Jun phosphorylation is required for the Smad/
AP-1 interaction, since we observe the interaction under in
vitro conditions in which JNK-mediated phosphorylation
would not occur and also detect a constitutive interaction of
GST-Smads with endogenous cJun in the absence of TGFpB
treatment. Furthermore, JunB, which is not a JNK substrate,
also binds to Smads (40). Future work is necessary to define the
role of Jun phosphorylation in TGFB-mediated transcription
in vivo.

The data presented here may provide a plausible explana-
tion for the specificity of TGFB-mediated induction of specific
responsive promoters that contain AP-1 DNA-binding sites.
On TGFp treatment, Smad3 and Smad4 heteromerize and
enter the nucleus, where they can associate with TGFpB-
responsive promoters by binding a discreet DNA sequence
and/or AP-1 members bound to AP-1 sites on the same
promoter. Thus, Smads in response to TGFB act as the
signaling intermediates to initiate transcription from specific
promoters by recruiting required factors to form an active
transcriptional complex. The transcriptional adapter molecule
p300/CBP, which binds directly to AP-1 and serves as a
coactivator of AP-1-mediated transcription, has recently been
shown to associate directly with Smads in response to TGF
(41-44). TGFB-induced Jun modification may promote the
stability of these interactions, thereby facilitating complex
formation. Given that AP-1 complex composition depends on
differential expression of specific family members, the distinct
constitution of AP-1 complexes in different cell types may
contribute to promoter targeting specificity by TGFpB. This
possibility is supported by the observation that under condi-
tions where Smads bind Jun proteins, Smads are unable to
associate with Fos family members. Thus, it is possible that
AP-1 complexes containing Fos members may have a lower
affinity for Smads than AP-1 complexes containing Jun-Jun
dimers, and that promoters associated with these specific AP-1
complexes would be favored for Smad binding and TGFB-
mediated activation. The induced interaction of Smads with
particular AP-1 complexes in vivo may determine the ability of
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TGFB to initiate transcription from specific AP-1 site-
containing promoters.
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