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Independent but closely spaced DNA binding sites for Stat3 and c-Jun are required for maximal enhancer
function in a number of genes, including the gene encoding the interleukin-6 (IL-6)-induced acute-phase response
protein, o,-macroglobulin. In addition, a physical interaction of Stat3 with c-Jun, based on yeast two-hybrid
interaction experiments, has been reported. Here we confirm the existence of an interaction between Stat3 and
c-Jun both in vitro, with recombinant proteins, and in vivo, during transient transfection. Using fragments of
both proteins, we mapped the interactive sites to the C-terminal region of c-Jun and to two regions in Stat3,
within the coiled-coil domain and in a portion of the DNA binding domain distant from DNA contact sites. In
transient-transfection experiments with the o,-macroglobulin enhancer, Stat3 and c-Jun cooperated to yield max-
imal enhancer function. Point mutations of Stat3 within the interacting domains blocked both physical interaction
of Stat3 with c-Jun and their cooperation in IL-6-induced transcription directed by the o,-macroglobulin
enhancer. While the amino acid sequences and the three-dimensional structures of Stat3 and Statl cores are
very similar, fragments of Statl failed to bind c-Jun in vitro. Although Statl binds in vitro to the gamma
interferon gene response (GAS) element in the o,-macroglobulin enhancer, Statl did not stimulate transcrip-
tion, nor did Statl and c-Jun cooperate in driving transcription controlled by the a,-macroglobulin enhancer.

Clustered specific DNA binding sites for an array of activat-
ing transcription factors, plus proteins that bend DNA to fa-
cilitate contact between bound proteins, have been docu-
mented for a number of vertebrate genes (15, 21, 25, 37).
These composite structures have been called enhanceosomes
(8). The T-cell receptor alpha (15) and beta-interferon
(IFN-B) (25) enhanceosomes, which are assembled in response
to dimerization of the T-cell receptor or double-stranded
RNA, respectively, have been most thoroughly and profitably
explored. Two classes of genes that are very likely dependent
on enhanceosome assembly have received a great deal of at-
tention: genes expressed in a tissue-specific manner that ac-
quire multiple binding proteins during development, and genes
that are acutely activated by an external stimulus. The latter
structures hold appeal for study because they can be examined
in cultured cells, in which induced synchronous changes occur
in all of the cells under observation, potentially allowing the
acute assembly and disassembly of proteins in an enhanceo-
some to be revealed.

The STAT family of transcription factors is activated by the
attachment of polypeptide ligands to specific cell surface re-
ceptors and, after tyrosine phosphorylation, dimerization, and
translocation to the nucleus, can participate within minutes in
gene activation (11). It seems likely that STAT molecules bind
DNA regions where preenhanceosome structures exist (26, 27)
and that the arrival of an activated STAT dimer(s) is the key to
forming an active enhanceosome (27). Such a possibility is
suggested by experiments showing closely spaced binding sites
for STATs and other proteins in the response elements of a
number of genes (17, 24, 27, 41). Furthermore, DNase and
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permanganate treatment of cell nuclei revealed proteins bound
at or near Statl sites before polypeptide treatment. This was
followed by detection of STAT molecules binding close to the
same DNA regions after induction (26).

One intensively studied set of physiologically important
genes that are transcriptionally induced in the liver are the
acute-phase response proteins, whose levels increase in the
wake of bacterial infections and other toxic assaults. Interleu-
kin-6 (IL-6) stimulation of hepatocytes, via the activation of
Stat3, is thought to be the main trigger for inducing the acute-
phase genes (18). One of the best-studied enhancers of acute-
phase response genes is the a,-macroglobulin enhancer (20)
(reviewed in reference 18), a DNA fragment 100 bases long
with binding sites for both Stat3 (also called a GAS site) and
for AP-1, which includes members of the Fos, Jun, and acti-
vating transcription factor (ATF) families of transcription fac-
tors. Extracts from liver nuclei of IL-6-treated animals or trans-
formed hepatocytes (hepatoma cells) in culture indicated
induction of binding to this region. Since Stat3 and c-Jun
interacted in yeast two-hybrid assays and cooperated in maxi-
mizing the transcription responses of reporter genes contain-
ing the ~100-bp enhancer (30, 31), it seemed likely that this
genomic region would form a STAT-dependent enhanceo-
some. The experiments presented here were designed to ex-
plore this possibility and to uncover the physical basis of c-Jun—
Stat3 cooperation. We report evidence, in vitro and in vivo, for
an interaction between a region within c-Jun and specific sites
within Stat3. Mutations in the proposed contact residues of
Stat3 both reduce c-Jun—-Stat3 protein interaction and disrupt
the cooperation between these two proteins that is required for
maximal IL-6-dependent gene activation driven by the a,-mac-
roglobulin enhancer.

MATERIALS AND METHODS

Cell culture and antibodies. Human HepG2 cells were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 15% fetal bovine serum (Hy-
Clone). Human 293T cells were maintained in Dulbecco’s modified Eagle’s
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medium supplemented with 10% fetal bovine serum. Anti-Stat3 serum and
anti-Stat1 serum were produced in rabbits as previously described (32, 33, 44, 45)
and diluted 1:1,000 for Western blotting or 1:10 for supershifting DNA-protein
complexes in electrophoretic mobility shift assays (EMSAs). Monoclonal c-Jun
antibody (Santa Cruz) was diluted 1:500 for Western blotting. Anti-phospho-
Stat3 (Tyr 705) antibody (New England Biolabs) was used at a 1:5,000 dilution
and anti-phospho-Stat3 (Ser 727) antibody (New England Biolabs) was used at a
1:1,000 dilution for Western blotting. Anti-FLAG monoclonal antibody (Kodak/
IBI) was used at a 1:1,000 dilution for Western blotting and at a 1:10 dilution for
supershifting DNA-protein complexes. Human IL-6 was purchased from Boehr-
inger Mannheim and was used at a concentration of 5 ng/ml. The recombinant
soluble form of the human IL-6 receptor was purchased from R&D Systems and
was used at a concentration of 5 ng/ml. IFN-y was a gift from Amgen Inc. and
was used at 5 ng/ml for 30 min.

Plasmid constructions. Glutathione S-transferase (GST) fusion constructs
containing various Stat3 fragments were generated by PCR using primers con-
taining 5" BamHI sites and 3" NotI sites. Amplified products were digested with
appropriate enzymes and cloned into pGEX-5X-1 (Pharmacia). Construction of
the expression vector pPRecCMYV (Invitrogen), containing Statl and Stat3, was as
previously described (39). The expression vector for c-Jun, pRSV-Jun, was a gift
from Daniel Besser (The Rockefeller University). The luciferase reporter plas-
mid was constructed by releasing the a,-macroglobulin promoter fragment from
ay-macroglobulin-TK-CAT-WT (a gift from Daniel Nathans, Johns Hopkins
University School of Medicine) (30) and inserting it into vector pTATA (a gift
from Daniel Besser), which has the TATA box of the thymidine kinase gene. The
luciferase reporter gene containing three Ly6E sites (3XxLy6E) was previously
described (39). pCMVB-gal was purchased from Invitrogen.

GST fusion protein association assay. Preparation of GST fusion proteins was
carried out by induction of Escherichia coli containing the fusion vector at 30°C
with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG). Following lysis by son-
ication, GST proteins were purified on glutathione-Sepharose beads (Pharmacia)
and washed extensively with phosphate-buffered saline. For in vitro translation of
proteins, full-length c-Jun cDNA was used for program-coupled transcription
and translation reactions (TNT; Promega) in the presence of *S-labeled methi-
onine (DuPont/NEN) according to the manufacturer’s directions. GST protein
association assays with translation products or HepG2 extracts were carried as
previously described (43). After being washed, the resulting complexes were
eluted in sodium dodecyl sulfate (SDS) gel loading buffer and separated by
SDS-10% polyacrylamide gel electrophoresis (PAGE).

Transfection experiments. Transient transfections were performed in 24-well
plates with 2.5 X 10° cells per well by the calcium phosphate method as in-
structed by the manufacturer (GIBCO/BRL). The total amount of DNA trans-
fected was brought up to 2 pg per well by addition of sonicated salmon sperm
DNA. Twenty-four hours after transfection, cells were treated with either IL-6 or
IFN-y for 6 h or left untreated. Luciferase assays were performed according to
the manufacturer’s directions (Promega), and B-galactosidase (B-gal) assays
were done as previously described (2). All results shown in the figures are
luciferase activities normalized against the internal-control B-gal activity. Each
assay was performed in triplicate, in a single experiment, and repeated in three
different experiments with similar results.

Cell extracts and immunoblotting. Whole-cell lysates and nuclear extracts
were prepared as described previously (35). Immunoprecipitation and Western
blotting were carried out by standard methods (2).

Site-directed mutagenesis. The QuickChange site-directed mutagenesis
method (Promega) was used to introduce mutations into Stat3. Primer 5' CAC
CCAACAGCCGCCGTAGCAACAGAGAAGCAGVAGATG 3’ was used to
create the V,3,A mutant, 5" GCCGTAGTGACAGAGAAGGCACAGATGTT
GGAGCAGCAT 3’ was used to create the Q,4;A mutant, 5" GCCGTAGTGA
CAGAGAAGCAGCAGATGGCAGAGCAGCATCTTCAGGATGTC 3’ was
used to create the L, ,4A mutant, 5" ATGTTGGAGCAGCATGCTCAGGATG
TCCGGAAGC 3’ was used to create the L,,4A mutant, 5" GCAGCATCTT
CAGGATGCACGGAAGCGAGTGCAGG 3’ was used to create the V 5;A
mutant, and 5" CAACTCAGGAAATTTGACCAGCAACGCGACTGCCGT
GGCAAACTGGACACCAGTCTTG 3’ was used to create the TKR mutant.
(Underlined residues are codon mutations.)

EMSA. Nuclear extracts (~2 to 3 ug of protein) from IL-6-treated 293T cells
transfected with FLAG-tagged Stat3 constructs were incubated with 1 ng of
32P-labeled M67 probe (38) for 20 min at room temperature. Nuclear extracts (2
to 3 pg) from HepG2 cells, either untreated and treated with either IL-6 or
IFN-y, were incubated with 3?P-labeled «2MGAS probe, which contains the
GAS element (underlined) in the a,-macroglobulin enhancer (5" AATCCTTC
TGGGAATTC 3’). The protein-DNA complexes were analyzed by EMSA as
previously described (13).

RESULTS

Stat3 and Statl interact with c-Jun in vivo. In preliminary
experiments using yeast two-hybrid assays, we attempted to
detect interactions of Statl and -3 with c-Jun. Weak interac-
tions of c-Jun with amino-terminal portions of Stat3, but not of
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FIG. 1. Statl and Stat3 interact with c-Jun in vivo. Nuclear extracts (300 pg)
from IL-6-treated (+) or untreated (—) HepG2 cells were immunoprecipitated
(IP) with the antibodies (Ab) indicated at the top, and the immunoprecipitates
were then subjected to SDS-10% PAGE followed by Western blotting with the
antibodies indicated on the left. Rabbit immunoglobulin (rIgG) and mouse
immunoglobulin (mIgG) (Santa Cruz) were used as controls for the Statl and -3
or c-Jun immunoprecipitations, respectively. a-c-Jun, anti-c-Jun; «-Stat3, anti-
Stat3; aStatl, anti-Statl.

Statl, were observed (data not shown). Low-dose IL-6 treat-
ment of cells favors activation of Stat3, and IL-6 treatment at
higher doses also leads to activation of Statl (29, 45). There-
fore, we next tested whether coimmunoprecipitation of c-Jun
with either Statl or Stat3 could be observed when using nu-
clear extracts from IL-6-treated and untreated HepG2 cells. In
both treated and untreated cell extracts, both Statl and -3
could be coprecipitated by c-Jun antibody; STAT antibodies
also precipitated c-Jun, while control antibodies did not coim-
munoprecipitate c-Jun, Statl, or Stat3 (Fig. 1). Although no
definitive conclusions about STAT-c-Jun affinities can be
drawn from such experiments or from the earlier yeast two-
hybrid results (30), we were encouraged to search for sites of
protein-protein interactions between STATs and c-Jun. Since
we had earlier demonstrated an interaction between an IFN
regulatory factor (IRF) family protein, p48, and Statl to occur
in the region between 150 and 200 amino acids from the N
terminus (in the coiled-coil region of the Stat structure), we
anticipated that this region might also contain binding sites for
other nuclear proteins (19).

Mapping the c-Jun-Stat binding domains. The domain
boundaries of Statl and -3 in Fig. 2A are marked according to
a recent crystallographic study of the Stat3p core dimer on
DNA (4). These domains are virtually identical in both Stat3
(4) and Statl (9), for which we had the crystallographic coor-
dinates. In order to define domains of Statl or -3 that poten-
tially interact with c-Jun, GST fusion proteins containing three
different regions of Stat3 (amino acids 1 to 154, 107 to 377, and
378 to 770) and of Statl (amino acids 1 to 154, 107 to 374, and
375 to 750) were prepared and coupled to Sepharose beads.
Full-length *S-labeled c-Jun produced by in vitro translation
was incubated with the different sections of STATS, and the
bound proteins were analyzed by gel electrophoresis and au-
toradiography (approximately equal amounts of GST fusion
proteins were used in each fragment assay) (Fig. 2B). The
GST-Stat3(107-377) fusion protein interacted strongly with
c-Jun (Fig. 2B, lane 3), while the NH,-terminal [GST-Stat3(1-
154)] and COOH-terminal [GST-Stat3(378-770)] Stat3 fusion
fragments bound very little c-Jun (Fig. 2B, lanes 4 and 5).
Residues 107 to 377 of Stat3 include the entire coiled-coil
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FIG. 2. Mapping of the regions in Statl and -3 that interact with in vitro-translated c-Jun by GST pull-down assays. (A) A schematic diagram of the structural
domains of Stat3, and a summary of the interactions between c-Jun and various GST-Stat3 fusion fragments. —, no binding evident; +, weak binding exhibited; +++,
strong binding demonstrated. (B) c-Jun interacts with GST-Stat3(107-377). (C) Mapping of the minimal c-Jun-interactive region in Stat3. Equivalent amounts of each
GST-Stat3 fusion protein attached to glutathione-Sepharose beads were incubated with in vitro-translated full-length c-Jun labeled with [**S]methionine. The bound
proteins were analyzed by SDS-10% PAGE and radiography. (D) Endogenous c-Jun interacts with Stat3-GST fusion proteins. HepG2 cell extracts were incubated with
GST-Stat3 fusion proteins bound to glutathione-Sepharose beads. The precipitates were analyzed by SDS-10% PAGE and blotted with an anti-c-Jun antibody

(a-c-Jun).

domain evident in the crystal structure and 57 amino acid
residues of the DNA binding domain. In contrast, no fragment
of Statl tested bound strongly to c-Jun in several attempts with
this assay, although weak interactions were observed (Fig. 2B,
lanes 6 to 8). These very clear results contrast with the coim-
munoprecipitation experiments of Fig. 1. Perhaps the Statl
(107-374) fragment does not fold correctly, such that interac-
tion sites are not presented, or some additional protein is
required for Statl-c-Jun interaction. At any rate, we have not
pursued further any potential Statl—c-Jun physical interaction.

Further deletions from either or both ends of the Stat3(107-
377) segment were generated, and GST fusion proteins were
prepared to map the minimal region of Stat3 required for the
observed in vitro c-Jun binding (Fig. 2A and C). Equivalent
amounts of the different bead-bound GST fusion protein were
again incubated with in vitro-translated full-length c-Jun. Res-
idues 130 to 358 of Stat3 were essential and sufficient for c-Jun
binding (Fig. 2C, lane 15). Deletion of N-terminal residues up
to residue 154 decreased c-Jun binding (lane 20), and deletion
of C-terminal residues 343 to 358 abolished c-Jun binding (lane

16). Thus, these two regions were candidates for areas that
contain residues involved in c-Jun binding.

To determine whether the Stat3 fusion proteins could bind
endogenous c-Jun from HepG2 whole-cell extracts, three in-
teracting Stat3-GST fusion fragments were incubated with
HepG?2 cell extracts. The protein was eluted from the Stat3-
bound beads, separated by SDS-PAGE, and immunoblotted
with c-Jun antibody (Fig. 2D). Consistent with the results ob-
tained with in vitro-synthesized c-Jun, the negative control,
GST-Stat3(130-342), showed very weak c-Jun binding, but
three other Stat3 fragments [GST-Stat3(130-358), GST-
Stat3(107-358), and GST-Stat3(107-377)] all reacted strongly
with the c-Jun in the cell extracts.

Stat3-interactive region in c-Jun lies within residues 105 to
334. To define the Stat3 binding segment of c-Jun, the N-
terminal region containing residues 1 to 104 and the C-termi-
nal region containing residues 105 to 334 of c-Jun were labeled
with *>S by in vitro translation. These labeled products were
incubated with the GST-Stat3 fragments containing either res-
idues 107 to 377 or 1 to 154. While the N-terminal region of
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A action (Fig. 2A), site-directed mutagenesis was performed in
these two regions. Sequence alignment of seven mammalian
1 104 263 324334 STAT proteins revealed five conserved residues in region 1
c-Jun [ I T | (Fig. 4A). Each of the conserved residues was changed to
bZIP alanine (Fig. 5B). Region 2 lies toward the NH,-terminal end
B of the structural domain that contains DNA contact residues;
GST-Stat3 GST-Stat3 three conserved residues that do not make close contact with

— - DNA were all changed to alanine (Fig. 4A and 5C).

Stat3 ¢cDNAs encoding region 131 to 358 with the corre-
sponding mutations were expressed as GST fusion proteins
and tested for their binding ability to labeled c-Jun. Two region
1 mutants, L,,4A and V5, A, demonstrated a weaker binding
of c-Jun (Fig. 4B, lanes 5 and 6). The triple mutation
(T546K545R550) in region 2 virtually abolished c-Jun binding
(Fig. 4B, lane 12). Thus, it appeared that residues within the

c-Jun(1-104) - - coiled-coil domain as well as within the first three B-strands of

FIG. 3. Mapping of the Stat3-interactive region in c-Jun by GST pull-down the DNA bi.nding c.lomain of Stat3 may be- invol'ved in the
assays. (A) Schematic diagram of the structural domains of c-Jun. The fragments Stat3-c-Jun mterac,tlon' T‘? eval.uat_e the functional 1mpqrtance
of c-Jun that were in vitro translated were residues 1 to 104 and 105 to 334. (B) of the c-Jun-Stat3 interactions indicated by these experiments,
The fragment containing residues 105 to 334 of c-Jun is sufficient to bind to we employed a transient-transfection analysis (Fig, 6), We in-
GST-Stat3(107-377). bZIP, basic leucine zipper. cluded Statl in these experiments both to see whether it could

supplant Stat3 and as a closely related control protein.

Stat3 and c-Jun cooperatively activate an IL-6-inducible
c-Jun did not bind to GST-Stat3(107-377), the C-terminal re- a,-macroglobulin reporter gene containing both STAT and
gion of c-Jun was bound strongly to GST-Stat3(107-377) (Fig. c-Jun binding sites. The DNA segment from the a,-macro-
3B). The C-terminal segment of c-Jun contains the bZIP re- globulin gene (nucleotides —189 to —95) contains a STAT
gion of c-Jun(263-324) that, in association with c-Fos and binding site (a GAS element, identified by the TTN;AA motif)
DNA, was studied crystallographically (16). Since the residue and an AP-1 binding site, and both sites are required for
263 to 324 region of c-Jun engages in dimerization and DNA maximal IL-6-induced transcription (18, 20, 30). This DNA
binding, it is tempting to speculate that the residue 105 to 263 segment was therefore used as the enhancer of a luciferase
region of c-Jun contains amino acids that might contact Stat3 reporter gene construct. HepG2 cells express endogenous
when the two proteins are bound simultaneously to DNA. Stat3, Statl, and c-Jun, and cells transfected with the reporter

Site-directed mutagenesis in two regions of Stat3. In order gene construct by itself exhibited an approximately sevenfold
to identify specific residues of Stat3 that might be important higher transcriptional response when induced by IL-6 (Fig. 6A,
for Stat3—c-Jun interaction, and guided by the deletion results gray bar of vector lane) than when uninduced (Fig. 6A, white
showing that Stat3 residues between 130 and 154 (region 1) bar of vector lane). Thus, supplemental effects of wild-type
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FIG. 4. Site-directed mutagenesis in regions 1 and 2 of the Stat3 molecule. (A) Sequence alignment of STAT proteins in regions 1 and 2. The five boxed residues
in Stat3 were changed to alanine individually. The three boxed residues in region 2 were changed to alanines simultaneously. (B) Three Stat3 mutants showed decreased
c-Jun binding. Mutants L;44A and V,5,A (lanes 5 and 6) demonstrated weaker c-Jun binding. Mutant TKR (lane 12) in region 2 lost the c-Jun binding. WT, wild-type
GST-Stat3(130-358).
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FIG. 5. Ribbon diagrams of regions 1 and 2, where site-directed mutagenesis was performed, and the corresponding mutated residues in the Statl molecule. (A)
Two c-Jun-interactive regions in Stat3 are shown in a ribbon diagram of the Stat1 core dimer on DNA. Region 1 is shown in magenta, and region 2 is shown in purple.
The coiled-coil domain is shown in green, the DNA binding domain is in red, the linker domain is in orange, and the SH2 domain is in cyan. The tail segments are
shown in green and in magenta. (B) Four corresponding mutated residues in region 1 of Stat3 are shown in a ribbon diagram of the coiled-coil domain (green) and
DNA binding domain (red) of the Statl monomer. M35 in Statl, the residue corresponding to V5, in Stat3, is not included in the ribbon diagram. (C) Three
corresponding mutated residues in region 2 of Stat3 are shown in a ribbon diagram of the DNA binding domain of the Statl monomer with DNA.

from this rather high background. Transfection of the reporter
gene and the expression vector for wild-type Stat3 boosted the
IL-6-dependent response to about 15-fold higher than that of
the uninduced vector alone. Transfection of the c-Jun vector
did not increase the level of IL-6-induced transcription. Simul-
taneous transfection of the vectors for wild-type Stat3 and
c-Jun led to an IL-6-dependent response of the reporter gene
of approximately 30-fold higher than that of the uninduced
vector alone (Fig. 6A, lane Stat3+7J). These results, plus the
earlier work from other labs showing a requirement for binding
sites for each type of factor, is the basis for concluding that

there may be a physical interaction between Stat3 and c-Jun in
stimulating transcription.

The above results with wild-type Stat3 provided a basis for
comparing the functions of mutant Stat3 molecules. All three
mutants tested (L;45A, V;5,A, and TKR) by themselves, with-
out extra c-Jun, improved the IL-6-dependent response to al-
most the same extent as did wild-type Stat3, implying that the
mutations did not affect the protein in some drastic or unde-
fined manner (Fig. 6A). However, none of the mutants pro-
vided appreciable cooperation in the presence of extra c-Jun.
These results support the conclusion that the mutations in
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FIG. 6. Requirement of Stat3—c-Jun interaction for maximal activation of an IL-6-inducible a,-macroglobulin reporter gene containing both Stat3 and AP-1 binding
sites. (A) Cotransfection of wild-type Stat3 and c-Jun boosted the IL-6-dependent response, while Stat1 and three noninteractive Stat3 mutants were ineffective with
c-Jun at increasing the IL-6-dependent response. HepG?2 cells were transfected with 0.5 g of luciferase reporter, 0.2 ug of CMVBgal, 50 ng of Stat3, or 50 ng of c-Jun.
Twenty-four hours after transfection, cells were left untreated (—) or were treated with 5 ng of IL-6 per ml for 6 h (+) prior to being harvested for luciferase and B-gal
assays. Results shown are the means = standard deviations of data from three experiments. The luciferase activity was normalized against the internal-control B-gal
activity and calculated relative to the activity of cells transfected with the vector plasmid pRcCMYV. (B) Statl was ineffective at cooperating with c-Jun to activate the
IL-6-induced transcriptional response. HepG2 cells were cotransfected with 0.5 pg of a,-macroglobulin luciferase reporter, 50 ng of c-Jun, and increasing amounts of
either Stat3 or Statl as indicated. (C) Statl is functionally active on IFN-y treatment in HepG2 cells. (Left panel) EMSA with 3?P-labeled «2MGAS probe. I1L-6
treatment led to the activation of Statl and Stat3 while IFN-y treatment led to the activation of Statl in HepG2 cells. —, no cytokines added. SIF A, Stat3 homodimer;
SIF B, Stat3-Statl heterodimer; SIF C, Statl homodimer. (Right panel) IFN-y induced activation of Statl with the reporter gene 3xLy6E, but not with the

a,-macroglobulin reporter gene (a,M).

regions 1 and 2 of Stat3 (Fig. 4 and 5) block cooperation
between Stat3 and c-Jun.

Transient transfection was used to examine more thoroughly
the effects of Statl on transcription driven by the a,-macro-
globulin enhancer. There was no stimulation of transcription
of the reporter gene by Statl compared to that achieved with
the vector alone (Fig. 6A, Statl lane), in contrast to the situ-
ation in which extra Stat3 was added. Statl, along with c-Jun,
also was ineffective in boosting the IL-6-dependent response
(Fig. 6A, Statl+]J lane). Even at high concentrations the Statl
expression vector failed to cooperate with c-Jun to stimulate
transcription (Fig. 6B), whereas increasing the Stat3 concen-
tration together with addition of extra c-Jun progressively sup-
plemented the IL-6 response to a maximum of about fourfold

above background (Fig. 6B). We did observe, however, as has
been repeatedly reported, that IL-6 at 5 ng/ml, the concentra-
tion used in these experiments, activated both Statl and Stat3
as DNA binding proteins (Fig. 6C, left panel). The same ex-
periment was also performed with IL-6 at 10 ng/ml, with a
consequent stronger induction of Statl DNA binding activity.
Again, however, there was no evidence of a supplemental tran-
scriptional stimulation by Statl (data not shown).

We next questioned whether the «,-macroglobulin pro-
moter would respond to Statl if that molecule were stimulated
by IFN-v. In spite of a very strong STAT DNA binding activity,
IFN-y did not activate the a,-macroglobulin enhancer. More-
over, regardless of whether extra Statl or Stat3 was supplied
(Fig. 6C, right panel), IFN-y did not activate transcription
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FIG. 7. The noninteractive Stat3 mutants can bind DNA and activate IL-6-dependent transcription. (A) The DNA binding abilities of three noninteractive Stat3
mutants were examined by gel mobility shift analysis with 3>P-labeled M67 probe. 293T cells were transiently transfected with either wild-type (WT) Stat3 or mutant
Stat3 cDNAs treated with IL-6 at a concentration of 5 ng/ml and recombinant human IL-6 soluble receptor at a concentration of 5 ng/ml for 30 min. Nuclear extracts
were prepared from these cells, and 3 mg of extract was used in each EMSA. Rc, pPRcCMV; a-Stat3, anti-Stat3; a-FLAG, anti-FLAG. (B) Phosphorylation on tyrosine
and serine residues of the three Stat3 mutants was indistinguishable from that of wild-type Stat3. Nuclear extracts (75 w) from transfected 293T cells were
immunoprecipitated (IP) with anti-FLAG antibody, and the immunoprecipitates were then subjected to SDS-7% PAGE followed by Western blotting with the
antibodies indicated. (C) The IL-6-dependent transcriptional activities of three Stat3 mutants were examined by using the 3xLy6E luciferase reporter. —, no IL-6 added;

+, IL-6 present.

driven by the a,-macroglobulin promoter. Functional activa-
tion by IFN-y of endogenous and supplemental Statl in
HepG?2 cells did, however, activate the known Statl- or Stat3-
sensitive synthetic promoter, Ly6E (Fig. 6C, right panel),
which contains not one but rather three Stat binding sites. This
reporter gene, long known to respond to IFN-y (11, 39), was
stimulated about 50-fold by endogenous protein (Statl), and
this response was doubled by additional Statl expression.
Hence, there is no doubt that Statl can be activated in HepG2
cells, but it does not participate in activating transcription
driven by the a,-macroglobulin enhancer.

The noninteractive Stat3 mutants can bind DNA and acti-
vate noncooperative IL-6-induced transcription. The coiled-
coil and DNA binding region Stat3 mutants failed to cooperate
with c-Jun, but we tested whether these proteins individually
retained the ability to stimulate IL-6-driven transcription.
First, the DNA binding abilities of the Stat3 mutants, com-

pared with that of the wild-type protein, were examined by
overexpression of proteins in 293T cells, since these cells are
known to have relatively low levels of endogenous Stat3 and
Statl proteins. Cells expressing either wild-type Stat3 or a
Stat3 mutant were treated with IL-6 and IL-6 soluble receptor
for 30 min, and nuclear extracts were prepared. All three of the
Stat3 mutants exhibited DNA-binding abilities indistinguish-
able from that of wild-type Stat3 in a standard EMSA using a
32P-labeled M67 probe (Fig. 7A). Antibody-mediated super-
shifting experiments proved that the complexes were specific.
The overexpressed proteins were tagged with the FLAG
epitope, and both anti-FLAG and anti-Stat3 antibodies re-
tarded the complexes (Statl antibody had no effect on these
complexes [data not shown]). In addition, both wild-type and
mutant proteins were phosphorylated on tyrosine and serine
residues, as tested by Western blotting with anti-phospho-Stat3
(Tyr 705) and anti-phospho-Stat3 (Ser 727) antibodies (Fig.



VoL. 19, 1999

7B). The IL-6-dependent transcriptional activity of three Stat3
mutants was also evaluated in transient-transfection assays us-
ing the reporter gene containing three copies of Ly6E sites
(3xLy6E), which has been shown to be dependent on Stat3 for
IL-6-activated transcription in HepG2 cells (34). All of the
proteins were capable of driving transcription of this reporter
gene (Fig. 7C), indicating successful activation, dimerization,
nuclear translocation, DNA binding, and communication with
the basal RNA polymerase II machinery. For all purposes
other than c-Jun binding, these proteins are indistinguishable
from the wild-type protein.

DISCUSSION

Transcriptional activation of mammalian genes is now uni-
versally regarded as requiring the cooperative effect of many
proteins (8, 28). In this work, we employed the now widely used
approach of locating required protein-protein interactions be-
tween two cooperating transcription factors by in vitro associ-
ation of domains of each protein. We were successful with GST
fusion fragments of Stat3, but not those of Statl, in locating a
segment from residues ~130 to 358 of Stat3 that bound to the
COOH half of c-Jun. Transfection experiments showed that
mutations which prevent the protein-protein interaction also
prevent cooperative transcriptional activation driven by a pro-
moter containing binding sites for both c-Jun and Stat3. Thus,
these experiments are encouraging in terms of eventually de-
termining the importance of Stat3—c-Jun interactions in enhan-
ceosomes that may be dependent on the arrival of a STAT in
the nucleus. c-Jun is thought to be a constitutive nuclear mol-
ecule, but any STAT necessary for enhanceosome function,
together with c-Jun, would require activation in the cytoplasm,
translocation into the nucleus, and DNA binding.

From the present experiments, we cannot conclude that
other Stat3—c-Jun, or in fact Statl-c-Jun, interactions do not
occur. Moreover, while we found mutations that block both
Stat3—c-Jun in vitro interaction and transcriptional coopera-
tion, we cannot state unequivocally that these regions contact
each other. Only structural analysis can provide proof of that.
The mutations described in this work could, of course, point to
regions of contact between c-Jun and Stat3. Interactions within
the coiled-coil (L148 and V151) would, from the crystal struc-
ture, seem logical, since this region presents extensive surfaces
for interaction. However, the finding of a potential contact site
between c-Jun and Stat3 within the DNA binding domain was
somewhat of a surprise. The Stat DNA binding domain is fairly
large compared to other such domains and presents obvious
surfaces away from the single surface that interacts with DNA.
So the opportunity to interact with additional molecules that
may be bound to DNA certainly exists for the DNA binding
domain of the STATSs. The two regions of Stat3 that interact
with c-Jun are reasonably close together (about 20 A) (Fig. SA)
in the three-dimensional structure, so that binding by a ~30-
kDa domain of c-Jun between those two regions of the STAT
protein does not seem unreasonable.

The specificity of the in vitro protein interaction between
Stat3 and c-Jun and the ability of Stat3, but not Statl, to
stimulate transcription in the context of the a,-macroglobulin
enhancer are noteworthy. The sequence similarities between
Statl and Stat3 in the two regions where the Stat3—c-Jun con-
tacts occur are strong, and indeed in coprecipitation experi-
ments (Fig. 1) some interaction between Statl and c-Jun
seemed to occur. However, when protein fragments were used,
very little interaction between Statl and c-Jun was detectable,
especially compared to the strong Stat3 fragment interaction.
In addition, transfection experiments using the a,-macroglob-
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ulin promoter showed that Statl is unable to activate transcrip-
tion from this promoter either alone or with c-Jun, in contrast
to Stat3. Thus, Stat3 and Statl are functionally differentiated
and Stat3 is not replaceable by Statl in gene activation driven
by the a,-macroglobulin enhancer.

Several recently published studies suggest that Stat3—c-Jun
interaction may occur in other enhanceosomes. For example,
ciliary neurotrophic factor activation of the vasoactive intesti-
nal peptide gene (12, 23) involves Stat3 activation. A 180-bp
cytokine response element of the vasoactive intestinal peptide
promoter includes a Stat3 and the AP-1 site, which are both
required for the ciliary neurotrophic factor-induced gene acti-
vation (36). A second example involves the matrix metallopro-
teinases, a group of proteins directly involved in extracellular-
matrix breakdown (40). The induced expression of matrix
metalloproteinases and tissue inhibitors of metalloproteinases
requires an oncostatin M-responsive element containing an
AP-1 site and a STAT site, both of which are necessary to
achieve maximal induction (22). Finally, in what is perhaps the
most intensively studied of all polypeptide-induced promoters,
the c-fos promoter, there are Stat3 and AP-1 sites, both of
which are required for regulated expression of c-fos in animals
from a chromosomal site and in fibroblast cells derived from
transgenic animals (27). Thus, it appears that it might be fruit-
ful to pursue the c-Jun-Stat3 interaction as a likely example of
a frequently used interaction in enhanceosome formation. We
make a final tentative suggestion, although a more thorough
evaluation of STAT-activated genes could invalidate it. c-jun is
a proto-oncogene, and either overexpression of this gene or
increased stability of the resultant protein can result in cellular
transformation (1, 3, 5). Constitutively active Stat3 is being
increasingly recognized as a cooperating partner in cellular
tranformation (6, 14, 42), while Statl induced by IFN-a and
IFN-v operates to restrain cellular proliferation (7, 10). Thus,
the Stat3—c-Jun interaction could be important for transforma-
tion. This will be tested in conjunction with v-src, for which
maximal transformation depends on Stat3 (6).
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