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The transcription factor TFII-I was initially isolated as a factor that can bind to initiator elements in core
promoters. Recent evidence suggests that TFII-I may also have a role in signal transduction. We have found
that overexpression of TFII-I can enhance the response of the wild-type c-fos promoter to a variety of stimuli.
This effect depends on the c-fos c-sis—platelet-derived growth factor-inducible factor binding element (SIE) and
serum response element (SRE). There is no effect of cotransfected TFII-I on the TATA box containing the c-fos
basal promoter. Three TFII-I binding sites can be found in c-fos promoter. Two of these overlap the c-fos SIE
and SRE, and another is located just upstream of the TATA box. Mutations that distinguish between serum
response factor (SRF), STAT, and TFII-I binding to the c-fos SIE and SRE suggest that the binding of TFII-I
to these elements is important for c-fos induction in conjunction with the SRF and STAT transcription factors.
Moreover, TFII-I can form in vivo protein-protein complexes with the c-fos upstream activators SRF, STATI1,
and STAT3. These results suggest that TFII-I may mediate the functional interdependence of the c-fos SIE and
SRE elements. In addition, the ras pathway is required for TFII-I to exert its effects on the c-fos promoter, and
growth factor stimulation enhances tyrosine phosphorylation of TFII-I. These results indicate that TFII-I is

involved in signal transduction as well as transcriptional activation of the c-fos promoter.

TFII-I is a transcription factor that was initially character-
ized as a factor that binds to initiator sites (Inr) of various
promoters (48). It has been implicated in the initiation of
transcription of TATA-less promoters and in cell-type-specific
transcription as well (31, 48). Deletions of TFII-I are closely
associated with neurodevelopmental Williams-Beuren syn-
drome in humans (41). TFII-I can also bind to E-box elements
and can interact with upstream regulatory factors, including
USF1 and c-myc (46, 47). In addition, TFII-I can associate with
Bruton’s tyrosine kinase (Btk), and its phosphorylation on ty-
rosine is stimulated by it (69). The activity of TFII-I is regu-
lated by phosphorylation, and one of the potential phosphor-
ylation sites is a mitogen-activated protein (MAP) kinase
phosphorylation site (40). These observations suggest that
TFII-I may play a role in signal transduction as well as in
transcriptional initiation. In addition, Grueneberg et al. (13)
have shown that TFII-I associates with the serum response
factor (SRF) and the Phox1 protein, which are both involved in
the regulation of the c-fos promoter.

The c-fos promoter is the best-studied immediate-early gene
promoter and is well known for being responsive to a variety of
extracellular ligands (2, 12, 30, 36). The c-fos promoter is a
TATA box-containing promoter with several upstream ele-
ments, including a calcium cyclic AMP response element
(CRE), a serum response element (SRE), and a c-sis—platelet-
derived growth factor (PDGF)-inducible factor element (SIE)
(1, 52, 68). The CREB transcription factor has been associated
with calcium and cyclic AMP induction of the c-fos promoter
through the CRE, and the SIE element binds to STAT pro-
teins and can regulate the responses to PDGF and tyrosine
kinases (9, 34, 50, 56-59). The SRE binds to SRF and can form
complexes with a number of other transcription factors, most
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notably ternary complex factors (TCFs), including Elk-1 and
SAP-1, which are responsive to MAP kinase and related path-
ways (11, 20, 24, 32, 38, 65).

Although the c-fos promoter has been extensively studied,
there are still a number of outstanding issues remaining in the
understanding of its regulation. SRF can form a ternary com-
plex with the various TCFs and can respond to signals from
MAP kinase and MAP kinase-related kinases (3, 24, 55). How-
ever, there is substantial evidence of another pathway that
leads to the activation of the SRE that is activated by small
GTP-binding proteins (G proteins), such as RhoA (23, 27, 44).
This pathway appears not to require the TCFs. The mechanism
by which this pathway stimulates the c-fos promoter through
the SRE is unclear. In addition, results from the introduction
of the c-fos promoter into transgenic animals indicate a high
degree of interdependence between c-fos promoter elements
(45). The mechanism that accounts for this interdependence is
also not well understood.

Here, we report that TFII-I can enhance the transcriptional
activity of the c-fos promoter in a manner that is dependent on
upstream elements, including both the SIE and SRE. TFII-I
can bind three different sites in the c-fos promoter, including
the SIE and SRE, in a sequence-specific manner, and these
TFII-I binding sites are required to be intact for the optimal
activity of the c-fos promoter. Moreover, we find that critical
promoter binding proteins SRF, STATI1, and STAT3 form
complexes with TFII-I in vivo. TFII-I requires a functioning ras
pathway for its activity, and its tyrosine phosphorylation is
enhanced after epidermal growth factor (EGF) stimulation.
These results suggest that TFII-I plays an important role in the
activation and regulation of the c-fos promoter.

MATERIALS AND METHODS

Plasmids. For reporter assays, pPSVOAAS' containing a 379-bp murine c-fos
promoter was used for the wild-type c-fos luciferase construct (4, 17), and other
mutant promoters were generated by PCR and cloned into the same vector. All
insertions were made into the HinDIII sites of the vector. The structures of the
newly generated constructs were verified by sequencing. Thymidine kinase (TK)
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luciferase constructs were described previously (17, 63). For transient overex-
pression of human TFII-I, the pEBG-His,-TFII-I construct was used (la).
Mouse STAT1 and human STAT3 expression plasmids were previously de-
scribed (9, 71). Human SRF full-length ¢cDNA was excised from the pG3.5
plasmid (38) and cloned into pCDNA3 vector (Invitrogen) for mammalian ex-
pression. pPCMV.EIk-1 was obtained from Peter Shaw (29). The pRL-TK lucif-
erase construct was obtained from Promega for standardization of transfection.
pMT3.N17Ras was obtained from Larry Feig and was previously described (8).

The following top strand primers were used in the PCR mutagenesis (lower-
case letters indicate nucleotides that differ from the wild-type sequence): ASIE,
GGGGAAGCTTCTGCAGTCCTTTACACAGGATGTCCATATTAGGACA;
m34SIE, GGGGAAGCTTCTGCAGCCGGCGAGCTGTTCaCGTCAATCCC
TCCCTCCTTTACACAGGATGTCCATATTAGGACATCT; m67SIE, GGG
GAAGCTTCTGCAGCCGGCGAGCatT TCCCGTaAATCCCTCCCTCCTTT
ACACAGGATGTCCATATTAGGACATCT; mTCF, GGGGAAGCTTCTGC
AGCTGTTCCCGTCAATCCCTCCCTCCTTTACAactGATGTCCATATTAG
GACATCTGCGTCAGCAGGTTTCCACGG; mSRE-S, GGGGAAGCTTCT
GCAGCTGTTCCCGTCAATCCCTCCCTCCTTTACACAGGATGTCCATA
TTAccACATCTGCGTCAGCAGGTTTCCACGG; mSRE-T, GGGGAAGCT
TCTGCAGCTGTTCCCGTCAATCCCTCCCTCCTTTACACAGGATGTCCt
TATaAGGACATCTGCGTCAGCAGGTTTCCACGG; mSRE-ST, GGGGAA
GCTTCTGCAGCTGTTCCCGTCAATCCCTCCCTCCT T TACACAGGATG
TggATATTAccACATCTGCGTCAGCAGGTTTCCACGG; Basal, GGGGAA
GCTTCTGCAG TAGGAAGTCCATCCATTCACAGCGCTTCTATAAAGG
CGCCAGCTGAGGCGCCTACTA; mBasal, GGGGAAGCTTCTGCAGCCG
GCGAGCTGTTCCCGTCAATCCCTCCCTCCTTTACACAGGATGTCCAT
ATTAGG; and m67SIE/mSRE-T, GGGGAAGCTTCTGCAGCCGGCGAGC
atTTCCCGTaAATCCCTCCCTCCTTTACACAGGATGTCCAaATTtGGAC
ATCTGCGTCAGCAGGTTTCCACGG.

The following bottom strand primer (except mBasal) was also used in the PCR
mutagenesis: GGGGAAGCTTCCCGGGAGTAGTAGGCGCCTCAGCTGG
CGCCTTTATA. The bottom strand primer for mBasal was GGGGAAGCTT
CCCGGGAGTAGTAGGCGCCTCAGCTGGCCGTTTATAGAAGCGCTGT
GeeccGGATGGACTTCCTACGTCACTGGGCGGAAC.

Antibodies. Anti-STAT1 polyclonal rabbit antiserum was made against the
synthetic peptide containing the unique C-terminal 37 amino acids of murine
STAT1 protein. Anti-STAT3 antibody was a polyclonal rabbit antiserum made
against another unique sequence in the C-terminal region of human STAT3
(amino acids 688 to 700). Anti-TFII-I polyclonal antibody was made against the
synthetic peptide (amino acids 301 to 321) and affinity purified as previously
described (39). The anti-CDK4, -Elk-1, and -SRF antibodies were obtained from
Santa Cruz Biotechnology. The anti-phosphotyrosine antibody (4G10) was ob-
tained from UBI The anti-GST antibody was obtained from Sigma.

Cell culture and transfections. Murine NIH 3T3 fibroblasts were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% calf serum (CS).
COS-1 cells were cultured in DMEM with 10% fetal CS (FCS). For transient
transfection assays, the calcium phosphate method was used with a calcium
phosphate transfection kit from 5 Prime—3 Prime Co. (Boulder, Colorado). For
reporter assays, NIH 3T3 cells were maintained for 30 to 40 h in medium
containing 0.5% CS following transfection and stimulated with various reagents
(CS, 10%; lipophosphatidic acid (LPA), 10 wM; tetradecanoyl phorbol acetate
(TPA), 50 ng/ml; PDGF, 25 ng/ml) for 2.5 to 4 h before harvest. Four micro-
grams of reporter construct, 3 pg of pEBG-TFII-I (or pEBG) expression plas-
mid, and 1 pg of pRL-TK normalization plasmid were used per 60-mm-diameter
dish. pMT3.N17Ras (0.5 pg) was included where indicated. A dual-luciferase
assay was carried out according to the manufacturer’s recommendation (Pro-
mega). All transfection experiments were performed in duplicate, and results
were normalized to the expression of the Renilla luciferase transfection control.
For mammalian overexpression of TFII-I, SRF, Elk-1, STAT1, and STATS3,
COS-1 cells were maintained before harvest for 36 h in medium containing 10%
FCS following transfection. Seven micrograms of pEBG-TFII-I or pEBG or 10
ng of the SRF, Elk-1, STATI1, or STAT3 constructs was used per 100-mm-
diameter plate. The total amount of DNA was kept at 17 pg per 100-mm-
diameter dish, with pEBG added to adjust total amounts of DNA where neces-
sary. For EGF stimulation, COS-1 cells were maintained for 40 h in medium
containing either 0.5 or 10% FCS following transfection and stimulated with 20
ng of EGF per ml for 20 min before harvest for Western blotting analysis.

Isolation of overexpressed TFII-I. Transfected COS-1 cells were lysed in buffer
A (20 mM Tris [pH 7.8], 500 mM KCl, 10% glycerol, 1% Triton X-100, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), and 1 pg each of leupeptin, antipain,
pepstatin, and chymostatin per ml), and the lysate was then centrifuged for 10
min at 10,000 X g at 4°C. Supernatants were incubated with Ni-nitrilotriacetic
acid (NTA) agarose beads (Qiagen) for 1 h at 4°C to pull down His,—TFII-I. The
beads were collected by quick spin with a table top microcentrifuge and washed
with buffer A supplemented with 20 mM imidazole four times, and the bound
fraction was eluted from the column with 250 mM imidazole. The excess imida-
zole was removed from the sample by gel filtration with a PD10 prepacked
desalting column (Pharmacia). The TFII-I-SRF complex for Fig. 2B was purified
similarly from TFII-I-SRF cotransfected COS-1 cells by using buffer B (20 mM
Tris [pH 7.8], 100 mM KClI, 10% glycerol, 0.2% Triton X-100, 0.5 mM PMSF,
and 1 g each of leupeptin, antipain, pepstatin, and chymostatin per ml).
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Preparation of nuclear extracts. NIH 3T3 cells were starved for 48 h with 0.5%
CS in DMEM and stimulated with 25 ng of PDGF per ml for 20 min. The cells
were rinsed three times with ice-cold phosphate-buffered saline (PBS). PBS
containing 1 mM Na;VO, and 5 mM NaF was added to each plate, and the cells
were scraped from the dish and pelleted at 1,500 X g for 10 min at 4°C. Cells
were resuspended in the same buffer and pelleted as before. The pellet was then
resuspended in 0.8 ml of ice-cold hypotonic buffer, transferred to microcentri-
fuge tubes, and allowed to swell on ice for 15 to 30 min. The lysate was vortexed
vigorously for 1 min, and the nuclei were pelleted (10,000 X g for 30 s). The
nuclear pellets were resuspended in 100 to 150 pl of high-salt buffer and rotated
at 4°C for 30 min. The extracted proteins were separated from residual nuclei
(10,000 X g for 10 min), and the supernatant was quick-frozen in a dry ice-
methanol bath. The buffer compositions were as follows. (i) Hypotonic buffer
contained 10 mM HEPES (pH 7.9), 10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA,
1 mM EGTA, 1 mM Na;VO,, 1 mM Na,P,0,, 20 mM NaF, 1 mM dithiothreitol
(DTT), 0.5 mM PMSF, and 1 pg each of leupeptin, antipain, pepstatin, and
chymostatin per ml. (ii) High-salt buffer contained 20 mM HEPES (pH 7.9), 420
mM NaCl, 1.5 mM MgCl,, 25% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM
Na;VO,, 1 mM Na,P,0,, 20 mM NaF, 1 mM DTT, 0.5 mM PMSF, and 1 pg
each of leupeptin, antipain, pepstatin, and chymostatin per ml.

EMSA. Binding reactions for electrophoretic mobility shift assays (EMSAs)
with affinity-purified recombinant TFII-I (see Fig. 2A and 3) or TFII-I-SRF
complex (Fig. 2B) were done in a mixture of 20 mM Tris (pH 7.5), 100 mM KCl,
3 mM MgCl,, 5 mM DTT, 5% glycerol, 250 p.g of bovine serum albumin (BSA)
per ml, and 5 pg of poly(dG-dC) per ml. EMSA with nuclear extract (see Fig. 9)
was done in a mixture of 20 mM Tris (pH 7.5), 100 mM KCI, 0.1 mM EDTA, 5
mM DTT, 10% glycerol, 250 pg of BSA per ml, and 50 pg of poly(dG-dC) per
ml. Four micrograms of nuclear extract was used with or without purified TFII-I.
Reaction mixtures were incubated at room temperature for 15 min prior to
addition of labeled probes and for another 15 min after the addition of various
32P-labeled probes (50,000 cpm). All of the EMSA probes were labeled by
Klenow reaction with a-3?P-dCTP after annealing of two complementary oligo-
nucleotides. If necessary, antibodies or cold competitors (50- or 200-fold excess)
were preincubated before the addition of various **P-labeled probes. Binding
reaction mixtures, except for those used for Fig. 2B (TFII-I-SRF complex
EMSA), were electrophoresed through 5% polyacrylamide gels (39:1 acryl-
amide-bisacrylamide) containing 2.5% glycerol in 0.5X Tris-borate-EDTA buffer
at room temperature. The binding reaction mixtures with the TFII-I-SRF com-
plex (Fig. 2B) were electrophoresed through a 3.5% polyacrylamide gel (39:1
acrylamide-bisacrylamide containing 1.25% glycerol in 89 mM Tris-borate buffer
without EDTA and supplemented with 3 mM MgCl, at room temperature. The
gel was then fixed, dried, and exposed to X-ray film.

The following oligonucleotides were used in EMSAs: SIE, AATTCCTGTTC
CCGTCAATCCCTCCCC; m34SIE, AATTCCTGTTCaCGTCAATCCCTCC
CC; m67SIE, AATTCCatTTCCCGTaAATCCCTCCCC; mTCF, AATTCTCC
TTTACAactGATGTCCATATTAGGACATCTC; SRE, AATTCTCCTTTAC
ACAGGATGTCCATATTAGGACATCTC; mSRE-S, AATTCTCCTTTACAC
AGGATGTCCATATTAccACATCTC; mSRE-T, AATTCTCCTTTACACAG
GATGTCCtTATaAGGACATCTC; SIE/SRE, AATTCCTGTTCCCGTCAAT
CCCTCCCTCCTTTACACAGGATGTCCATATTAGGACATCTC; cfos basal,
AATTCGTAGGAAGTCCATCCATTCACAGCGCTTCTATAAACGGCCA
GCTGAGGCGCCTACTACTCCAACCGCGACTGCAC; —47/11-1, AATTCG
TAGGAAGTCCATCCATTCACAGCGCTTCC; TATA, AATTCCACAGCG
CTTCTATAAACGGCCAGCTGAG; —5/1I-I, AATTCAGGCGCCTACTACT
CCAACCGCGACTGCAC; m —47/11-1, AATTCGTAGGAAGTCCgggCATTC
ACAGCGCTTCC; and E-box, GGGCCCCCACCACGTGGTGCCTGA.

GST pulldown and Western analysis. Transfected COS-1 cells were lysed in
buffer B (20 mM Tris [pH 7.8], 100 mM KCl, 10% glycerol, 0.2% Triton X-100,
0.5 mM PMSF, and 1 pg each of leupeptin, antipain, pepstatin, and chymostatin
per ml), and the lysate was then centrifuged for 10 min at 10,000 X g at 4°C.
Supernatants were incubated with glutathione-Sepharose beads (Pharmacia) for
1 h at 4°C to pull down either glutathione S-transferase (GST) or GST-TFII-I.
The beads were collected by quick spin with a table top microcentrifuge, washed
with buffer B four times, and finally resuspended in 2X Laemmli sample buffer.
Western blot analyses with anti-SRF, -Elk-1, -STAT1, -STAT3, -GST, or -phos-
photyrosine (4G10) antibodies were carried out under standard conditions.

RESULTS

TFII-I binds to the c-fos SRE and forms a complex with SRF
in vivo. TFII-I binds to a subset of consensus Inr sequences
(49). Comparison of the Inr consensus-binding sequence (YY-
AN[A/T]YY) (26) to that of the c-fos promoter indicates four
possible TFII-I binding sites, three of which are shown in Fig.
1. Two of these potential binding sites overlap the c-fos SIE
and SRE, and the other two (—47 and —5) are located in the
basal region of the c-fos promoter. To determine whether
TFII-I can bind to the c-fos SRE, recombinant TFII-I protein
affinity purified from His,—TFII-I-transfected COS-1 cells was
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FIG. 1. Diagram of c-fos promoter sequences and binding sites. (A) Major elements and TFII-I binding sites in the c-fos promoter. (B) Mutant c-fos promoters.

(The wild-type sequence is given for comparison.)

incubated with *?P-labeled SRE probe and analyzed by EMSA.
The results are shown in Fig. 2A. Several bands are shifted with
this probe. To determine which of these bands contain TFII-I,
anti-TFII-I antibody was added to the binding reaction mixture
prior to electrophoresis. From lane 4, the anti-TFII-I antibody
appeared to disrupt most efficiently the lower, heavier band
and a series of slightly higher bands (indicated as TFII-I and
TFII-I°, respectively, in Fig. 2A). The multiple TFII-I-contain-
ing bands (TFII-I°) are presumably due to processing, differ-
ential phosphorylation, or formation of complexes with other
factors. Interestingly, one of the weak upper bands that did not
react with the TFII-I antibody ran at a position that was con-
sistent with the position of SRF. To determine whether this
band in fact contained SRF, an anti-SRF antibody was added
to the binding reaction mixture prior to electrophoresis. From
lane 6, it can be seen that the anti-SRF antibody specifically
disrupted one of the upper bands (indicated as SRF in Fig.
2A), indicating that this weak band does contain SRF. These
data demonstrate that endogenous SRF or SRF-related pro-
tein from COS-1 cells forms an in vivo complex with TFII-I and
copurifies with it. SRF and TFII-I also form a complex that can
be coprecipitated from transfected cells (see Fig. 7). The in-
teraction between TFII-I and SREF is relatively strong in solu-
tion, since His,—TFII-I was purified over the Ni-NTA agarose
column in the presence of 1% Triton X-100 and 500 mM KCl,
which are relatively stringent conditions. Control extracts from
cells without transfected His,—TFII-I run over the Ni-NTA
agarose column under the same conditions showed neither
TFII-I nor SRF binding activity (data not shown). Anti-Cdk4
and anti-Elk-1 antibodies failed to react with any of the shifted
bands (lanes 3 and 5). Likewise, anti-STAT1 and anti-STAT3
antibodies also failed to shift any of the bands (data not
shown). Neither TFII-I nor Elk-1 appears to be in the SRF
complex observed on the band shift gel in Fig. 2A run in the
presence of EDTA. Thus, despite the fact that the TFII-I
complex copurifies with SRF in solution over the Ni-NTA
agarose beads, the complex dissociates under the conditions of
this EMSA. This behavior has been noted for other transcrip-
tion factors that interact with TFII-I (35).

mSRE-S and mSRE-T mutants dissociate SRF and TFII-I
binding to the SRE. To determine whether the binding of SRF
and TFII-I to the SRE could be discriminated, two mutant
SRE probes were designed and synthesized. The mSRE-S
probe has mutations at the 3’ end of the CArG box, which is
outside of the TFII-I binding site (Fig. 1B), and the mSRE-T
probe has mutations in the internal core region of the CArG
box that leave the exterior C’s and G’s intact (Fig. 1B). It has
been shown that SRF binding can tolerate these internal core
base changes (42), but the mSRE-T mutation should eliminate
the binding of TFII-I (26). Therefore, the mSRE-S mutant was
predicted to be specifically defective for SRF binding, leaving
TFII-I binding intact and vice versa for the mSRE-T mutant.
When each of these oligonucleotides was used as a probe in the
binding assay, the results were as predicted. The mSRE-S
oligonucleotide fails to form the upper band which contains
SRF (Fig. 2A, lane 10), and the mSRE-T probe has diminished
binding of the lower band which contains TFII-I (Fig. 2A, lane
12). The band patterns in the EMSA are not significantly
affected by introduction of the mutations in the TCF site of the
SRE probe (Fig. 2A, lane 8).

The TFII-I-SRF complex can bind to c-fos SRE. In order to
demonstrate that TFII-I and SRF can bind to the c-fos SRE as
a complex, modified EMSA conditions were used. TFII-I was
purified through the Ni-NTA agarose column from TFII-I- and
SRF-co-overexpressing COS-1 cells to maximize the formation
of TFII-I-SRF complex. EDTA was removed from both the
EMSA polyacrylamide gel and running buffer, and 3 mM
MgCl, was used as a supplement to stabilize the DNA-protein
complexes. The results are shown in Fig. 2B. Two bands are
shifted under these conditions (lane 2), and both of these
bands are diminished by the addition of anti-TFII-I antibody,
indicating that both bands contain TFII-I (lane 3). The upper
band (indicated as TFII-I/SRF on the figure) in addition can be
shifted with anti-SRF antibody (lane 4), but not with an anti-
Cdk4 antibody (lane 5). Thus, the upper band contains both
TFII-I and SRF. It also can be concluded that TFII-I DNA
binding contributes to the binding of the TFII-I-SRF complex
to the SRE, because the mSRE-S competitor oligonucleotide,
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FIG. 2. Binding of TFII-I to the c-fos SRE. (A) TFII-I protein purified from
TFII-I-transfected COS-1 cells was incubated with the indicated *?P-labeled
oligonucleotide probes and processed for EMSA as described in Materials and
Methods. The specified antibodies were preincubated with affinity-purified
TFII-I for 15 min at room temperature where indicated. (B) TFII-I purified from
TFII-I-SRF-cotransfected COS-1 cells was incubated with the c-fos SRE 32P-
labeled oligonucleotide probes and processed for EMSA as described in Mate-
rials and Methods. EDTA was removed from the gel and the running buffer, and
3 mM MgCl, was added as a supplement. The specified antibodies were prein-
cubated with the extracts for 15 min at room temperature where indicated.

which is specifically defective for SRF binding while leaving
TFII-I binding intact, efficiently competes out the binding
(lane 7). If the binding of the TFII-SRF complex were primar-
ily determined by SRF binding to c-fos SRE, then the mSRE-S
oligonucleotide should not have competed out the binding.
m34SIE and m67SIE mutants dissociate STAT and TFII-I
binding to the SIE. To determine whether TFII-I can bind to
the c-fos SIE, the same affinity-purified, recombinant TFII-I as
that shown in Fig. 2A was incubated with **P-labeled SIE
probe and analyzed by EMSA. The results are shown in Fig.
3A. A major band (indicated as TFII-I in Fig. 3) can be seen in
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FIG. 3. Binding of TFII-I to the c-fos SIE. (A) TFII-I, prepared as described
for Fig. 2A, was incubated with 3?P-labeled c-fos SIE probe and processed for
EMSA as described in Materials and Methods. Anti-TFII-I antibody (a-TFII-T)
or the indicated unlabelled oligonucleotide competitor DNAs were preincubated
with affinity-purified TFII-I for 15 min at room temperature where indicated. (B)
Affinity-purified recombinant TFII-I was incubated with 3?P-labeled c-fos basal
probe (—60 to +18) and processed for EMSA as described in Materials and
Methods. Anti-TFII-I antibody or the indicated unlabelled oligonucleotide com-
petitor DNAs were preincubated with the extracts for 15 min at room temper-
ature where indicated.

lane 2 and is abolished by the addition of anti-TFII-I antibody
(lane 3), suggesting that TFII-I does bind to c-fos SIE. Com-
petition experiments with the **P-labeled SIE probe and 50- or
200-fold excess cold SIE, m34SIE, m67SIE, and SRE oligonu-
cleotides as competitors were also carried out, and the results
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are shown in lanes 4 to 11. Both the wild-type SIE and the
m34SIE (Fig. 1B), which is defective for STAT binding (68),
can compete for TFII-I binding (lanes 4 to 7). Interestingly, the
high-affinity mutant SIE (m67SIE), which binds STAT proteins
with greater affinity (68), has a mutation that disrupts the
consensus binding motif for TFII-I (Fig. 1B) and does not
compete efficiently for TFII-I binding, even in the presence of
200-fold excess unlabeled probe (lanes 8 and 9). Thus, consis-
tent with the results of Grueneberg et al. (13), the m34SIE
mutant is specifically defective for STAT binding, leaving
TFII-I binding intact and vice versa for the m67SIE mutant.
Moreover, the finding that the SRE oligonucleotide also com-
petes very effectively for TFII-I binding against the SIE (lanes
10 and 11) suggests that the same DNA binding domain of
TFII-I is utilized for binding of both SRE and SIE.

TFII-I can bind to c-fos basal promoter through the —47
TFII-I site. Two possible TFII-I binding sites can be found in
the basal region of murine c-fos promoter at —47 (—50 catcc
attcaca —39) and —5 (—8 ctactactccaac +3) (underlined se-
quences match the TFII-I consensus sequence). (Note that the
putative +1 site is taken from the GenBank murine c-fos entry,
accession no. V00727.) To determine whether TFII-I can bind
these sites, purified recombinant TFII-I was incubated with
32P-labeled c-fos basal probe (—60 to +18) and analyzed by
EMSA. The results are shown in Fig. 3B. TFII-I can bind to the
c-fos basal probe (lane 2), and this band is abolished either by
anti-TFII-I antibody (lane 3) or by self competitor (lane 4),
showing the specificity of this binding. SRE unlabeled compet-
itor can also compete this binding (lane 6), suggesting that
TFII-I utilizes the same DNA binding domain for c-fos basal
probe binding as well as SRE binding. This domain is distinct
from that used in E-box binding (lane 5) to which TFII-I also
binds (41, 42). This observation is consistent with the notion
that TFII-I has two different DNA binding domains.

In order to locate the functional TFII-I binding site in the
basal probe, three different regions of c-fos basal probe, in-
cluding the —47 TFII-I site (indicated as —47/II-I; —60 to
—32), TATA box (indicated as TATA; —42 to —14), and —5
TFII-I site (indicated as —5/II-I; —11 to +18) were used as
unlabeled competitor DNAs (lanes 7 to 9). The results dem-
onstrate that only the sequence at —47 is capable of competing
for TFII-I binding (lane 7). Moreover, an oligonucleotide (in-
dicated as m—47/II-I in lane 10) which has mutations in the
consensus sequence for TFII-I binding (see mBasal in Fig. 1)
was not able to compete for TFII-I binding, demonstrating that
the binding between TFII-I and c-fos basal probe is mediated
by the TFII-I binding motif present at the —47 location. Thus,
TFII-I can bind the basal region of c-fos promoter as well as
upstream enhancers, including the SIE and SRE. However,
mutation of this site had no significant effect on c-fos promoter
activation by serum in a transient assay (data not shown). In
addition, TFII-I appears to be unable to bind to the putative
—5 site, which is the location nearest the initiation site. More-
over, this putative Inr sequence is not conserved between the
mouse (CTACTC) and human (GTACTC) c-fos promoters
(change underlined), though the other 3 TFII-I binding sites
are (43). Thus, it is unlikely that c-fos has a functional Inr
element, and since TFII-I does not bind near the initiation site
as well, it is highly unlikely that TFII-I functions as a classical
initiator factor in the c-fos promoter.

TFII-I enhances c-fos promoter activation in vivo in a man-
ner that is dependent on upstream elements. The fact that
TFII-I can bind to the c-fos SRE and SIE and can form a
complex with SRF suggests that TFII-I may be involved in c-fos
promoter regulation. To determine whether TFII-I can func-
tionally affect c-fos induction, TFII-I was cotransfected with a
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FIG. 4. TFII-I enhances c-fos promoter activation. (A) NIH 3T3 cells were
transfected with the wild-type (WT) c-fos/Luc reporter constructs and TFII-I.
For control cultures, the empty vector of TFII-I expression plasmid was cotrans-
fected with reporter constructs. Cells were serum starved for 36 h in 0.5% CS and
then stimulated for 4 h with 10% CS, 50 ng of TPA per ml, 10 pM LPA, or 25
ng of PDGF-BB per ml in DMEM. Cell extracts were then processed for lucif-
erase activity. Relative luciferase activities shown here are from a representative
experiment, and similar results were obtained from four further independent
experiments. All transfections were performed in duplicate for each experiment,
and the values between the duplicates were within 10% of the mean. (B) TFII-I
fails to transactivate the TK and c-fos basal promoters. The TK/Luc, c-fos basal
(=57)/Luc, and wild-type c-fos/Luc reporter constructs were transfected into
NIH 3T3 cells with or without TFII-I. Unstimulated or 10% CS-stimulated cells
were then analyzed for luciferase activity. The data shown are the average of
three independent experiments, and the standard deviations between experi-
ments were on average 30% of the values shown here. All transfections were
performed in duplicate for each experiment, and the values between the dupli-
cates were within 10% of the mean.

wild-type c-fos promoter driving a luciferase reporter gene into
NIH 3T3 fibroblasts, and luciferase activity was measured be-
fore and after simulation with various agents. The results are
shown in Fig. 4A. TFII-I cotransfection enhanced the activity
of the wild-type c-fos promoter two- to fourfold. This enhance-
ment occurred in response to a variety of c-fos stimulators,
including serum, TPA, LPA, and PDGF. Since these agents
activate a variety of c-fos signal transduction pathways, this
result suggests that TFII-I has an impact on more than one
signal transducer in the c-fos promoter and may be involved in
enhancing the cooperativity between them.

Since TFII-I was originally isolated as a basal transcription
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FIG. 5. Effect of mutations of the c-fos SRE on TFII-I transactivation. NIH
3T3 cells were transfected with the indicated c-fos/Luc reporter constructs with
or without TFII-I. Cells were serum starved for 36 h in 0.5% calf serum and then
stimulated for 2.5 h with 10% CS in DMEM. Cell extracts were then processed
for luciferase activity. Data shown in panel A are from a representative experi-
ment, and similar results were obtained from three qualitatively similar and
independent experiments. All transfections were performed in duplicate for each
experiment, and the values between the duplicates were within 10% of the mean.
WT, wild type. Data shown in panel B are the comparison of the relative
enhancement of each mutant reporter gene by TFII-I cotransfection to the fold
enhancement of the wild-type c-fos reporter activation by TFII-I.

initiator factor, the effects of TFII-I on the activation of trun-
cated (—57) c-fos basal (Fig. 1B) or TK promoter by serum
were also examined. The results are shown in Fig. 4B. c-fos
promoter activity in the absence of upstream elements is not
affected by TFII-I cotransfection. In addition, ectopic TFII-I
fails to enhance the activity of the Inr-less TK promoter under
either serum-stimulated or unstimulated conditions. Thus, the
enhancement effect of TFII-I on the c-fos promoter requires
the presence of upstream elements which are not present in
either the truncated c-fos basal promoter or the TK promoter.

To determine which c-fos upstream elements are required
for enhancement by TFII-I, a variety of reporter constructs
containing point mutations or small deletions in the wild-type
c-fos promoter were generated and tested for their response to
ectopically expressed TFII-I during serum induction of c-fos
promoter. The mutations introduced into the reporters include
ASIE, m34SIE, m67SIE, mTCF, mSRE-S, mSRE-T, mSRE-
ST, and each mutation is denoted in Fig. 1B. The results are
summarized in Fig. 5 and 6.

Grueneberg et al. (13) found that TFII-I can cooperate with
Phoxl to enhance the activity of a minimal SRE reporter
construct. To study the effects of TFII-I by itself on the SRE in
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the context of the wild-type c-fos promoter, different SRE
mutations, including mSRE-S and mSRE-T, which preferen-
tially diminish binding of either TFII-I or SRF to the SRE,
were examined. Figure 5 shows the results. Interestingly, the
mSRE-T mutant reporter, which is specifically defective for
TFII-I binding while leaving SRF binding intact, caused signif-
icant loss of promoter activity (40% level of the wild type)
upon serum stimulation. This result suggests that the binding
of endogenous TFII-I to the SRE may be necessary for max-
imal induction of the c-fos promoter. The mSRE-T mutant
could not be further stimulated by cotransfection of TFII-I,
suggesting that SRF-TFII-I protein interactions cannot over-
come the loss of the TFII-I DNA binding site. The mSRE-S
mutant reporter, which is specifically defective for SRF bind-
ing, leaving TFII-I binding intact, substantially lowered the
activity of the promoter (15% of that of the wild type) as
expected. However, in contrast to mSRE-T, a small but signif-
icant enhancement of promoter activity by TFII-I cotransfec-
tion was still observed with the mSRE-S mutation. One inter-
pretation of this result could be that TFII-I can facilitate the
recruitment of SRF to a weak SRE through SRF-TFII-I pro-
tein-protein interaction. A similar effect has been found for
the Phox1 protein (15). The TFII-I enhancement effect on
mSRE-S was completely eliminated in the mSRE-ST mutant
reporter, which is defective in both SRF and TFII-I binding
(Fig. 1B), confirming again that the functional effect of TFII-I
requires its own intact binding site.

Next we sought to determine whether the TCF site might
influence the effect of TFII-I on c-fos induction. Under the
conditions we used, TCF was not copurified with TFII-I (see
Fig. 2 and Fig. 7). As shown in Fig. 5, mTCF reporter, which is
defective for TCF binding, exhibited a decreased response
(50%) to the serum stimulation. Luciferase expression from
the mTCF construct could still be enhanced by TFII-I overex-
pression, albeit with less efficiency (50%) than with the wild-
type c-fos reporter. These results indicate that the activity of
TFII-I is not strictly dependent on the TCF site, but this site
contributes to the maximum effect of TFII-I.

Since we have found that TFII-I can bind to the SIE, we
examined the effects of mutations in the SIE on TFII-I-medi-
ated transactivation of the c-fos promoter. As described pre-
viously, deletion of the SIE from the promoter (ASIE) caused
a significant reduction in the promoter response to serum
stimulation (30% of the that of the wild type) (21). In addition,
the ASIE reporter completely lost the ability to respond to
TFII-I cotransfection, demonstrating that the intact SIE region
of the promoter is required for the effect of TFII-I even in the
presence of a wild-type SRE (Fig. 6). In order to dissociate the
role of the STAT factors and TFII-I at the c-fos SIE, the
activation of m34SIE and m67SIE reporters by serum was
investigated (Fig. 6). The m67SIE mutation, which binds
poorly to TFII-I, but retains binding to the STAT proteins,
reduced the serum response of the promoter to 50% of the
wild-type levels. This result suggests that the loss of endoge-
nous TFII-I binding to the promoter is significant for c-fos
induction even in the presence of STAT binding and SRF
binding. The expression of the m67SIE reporter could not be
further enhanced by overexpression of TFII-I, indicating that
the binding of TFII-I to the SIE site is critical for the maximum
effect of TFII-I on the c-fos promoter (Fig. 6). Interestingly,
elimination of STAT binding by the m34SIE mutation also
abolished promoter enhancement by TFII-I overexpression,
even though the TFII-I binding site is left intact. In the absence
of TFII-I overexpression, the m34SIE mutation, which is spe-
cifically defective for STAT binding, showed a level of serum
inducibility similar to that of the wild-type c-fos promoter. This
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FIG. 6. Effect of mutations of the c-fos SIE on TFII-I transactivation. NIH
3T3 cells were transfected with the indicated c-fos/Luc reporter constructs with
or without TFII-I. Cells were serum starved for 36 h in 0.5% CS and then were
stimulated for 2.5 h with 10% CS in DMEM. Cell extracts were then processed
for luciferase activity. Data shown in panel A are from a representative experi-
ment, and similar results were obtained from three qualitatively similar and
independent experiments. All transfections were performed in duplicate for each
experiment, and the values between the duplicates were within 10% of the mean.
Data shown in panel B are the comparison of the relative enhancement of each
mutant reporter gene by TFII-I cotransfection to the fold enhancement of the
wild-type (WT) c-fos reporter activation by TFII-I.

was not unexpected, since the STAT factors are not strongly
induced over the basal levels by serum stimulation of NIH 3T3
cells (18, 68). This result suggests that some binding of STAT
proteins to the SIE is required for the maximal activity of
TFII-1. This observation prompted us to look more carefully
for STAT-TFII-I interactions.

SRF, STAT1, and STAT3 can form complexes with TFII-I in
vivo. To attempt to detect protein complexes in solution be-
tween TFII-I and the STAT factors, GST-TFII-I (or GST) and
STAT1 (or STAT3) expression plasmids were cotransfected
into COS-1 cells. TFII-I complexes were isolated by glutathi-
one-Sepharose pulldown assay, and the resulting complexes
were separated by SDS-PAGE and Western blotted with anti-
STATT1 (or anti-STAT3) antibodies. STAT1 and STAT3 were
selected to investigate, since they are known to bind to the c-fos
SIE (34, 51, 52, 71). As can be seen in Fig. 7C, significant
complex formation was observed between STAT1 and TFII-I
and between STAT3 and TFII-I in Fig. 7D. No interaction
between Elk-1 and TFII-I could be detected under the same
experimental conditions (Fig. 7B) or with cotransfected GST,
indicating that this is a specific association.
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FIG. 7. TFII-I forms in vivo complexes with SRF, STAT1, and STAT3. SRF
(A), Elk-1 (B), STATI (C), and STAT3 (D) expression plasmids were cotrans-
fected into COS-1 cells with pEBG (lanes 1 and 3) and pEBG-TFII-I (lanes 2
and 4) expression plasmids. Transfected COS-1 cells were lysed and subjected to
GST pulldown assay as described in Materials and Methods. Ten micrograms of
each total lysate (lanes 1 and 2) and glutathione (GSH)-Sepharose bead-bound
proteins (lanes 3 and 4) were fractionated by SDS-PAGE (12% polyacrylamide).
Proteins associating with GST or GST-TFII-I were detected by Western blot
analyses with anti-SRF (A), anti-Elk-1 (B), anti-STAT1 (C), or anti-STAT3
antibody (Ab).

To further confirm that our previously observed interaction
between TFII-I and SRF can occur in vivo, GST-TFII-I (or
GST) and SRF expression plasmids were also cotransfected
into COS-1 cells and GST pulldown followed by Western blot-
ting with an anti-SRF antibody was carried out. As can be seen
in lane 4 of Fig. 7A, a specific interaction between SRF and
TFII-I was observed.

TFII-I enhances the formation of binary and ternary com-
plexes in vitro. To examine the effects of TFII-I on the forma-
tion of complexes to the c-fos promoter, a probe containing
both the SIE and SRE was labeled and allowed to bind to
nuclear extract from NIH 3T3 fibroblasts in the absence and
presence of TFII-I. The results are shown in Fig. 8. Overex-
pressed TFII-I purified from COS-1 cells was selectively added
to the reaction mixtures. A limited amount of TFII-I, which
was not itself sufficient to give detectable DNA binding, as
shown in lane 3, was added to the nuclear extract in vitro and
incubated with the c-fos probe. This resulted in a threefold-
enhanced formation of an SRF binary complex (indicated as
2°) and a fivefold increase in SRF-TCF ternary complex (in-
dicated as 3°) as shown in lane 6 (compared to lane 4). Inter-
estingly, TFII-I binding to DNA was itself enhanced by the
presence of the nuclear extract. Addition of an untransfected
control lysate eluted from an Ni-NTA agarose column (indi-
cated as UT) did not have either DNA binding activity (lane 2)
or a complex enhancement effect (lane 5). Anti-Elk-1 antibody
weakened primarily the ternary complex (lane 9) by as much as
60%, and anti-SRF antibody shifted both the binary and ter-
nary complexes (lane 10) as expected. Anti-TFII-I antibody
diminished the intensities of TFII-I band and, more impor-
tantly, reduced the intensity of the binary and ternary complex
bands to control levels (lane 8). This observation confirms that
the enhanced complex formation requires TFII-I. Anti-Cdk4
antibody was used as a negative control and had no effect (lane
7).

Regulation of TFII-I by signal transduction pathways. Since
MAP kinase phosphorylation of bacterial TFII-I can activate
its transcriptional activity in vitro (40a), we examined whether
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FIG. 8. TFII-I enhances the protein-DNA complex formation to the c-fos
SRE. A *P-labeled c-fos SIE-SRE probe was incubated with PDGF-stimulated
nuclear extracts (NE) in the presence (+) or absence (—) of TFII-I. TFII-I was
affinity purified from transiently transfected COS-1 cells. UT (+) lanes contained
the 250 mM imidazole-eluted fraction of vector-transfected COS-1 cell extracts
passed over Ni-NTA agarose columns. Antibodies («CDK4, oTFII-I, aElk-1,
and «SRF) were preincubated with the extracts for 15 min at room temperature
where indicated. Final reaction mixtures were analyzed by EMSA as described in
Materials and Methods. Band intensities for binary and ternary complexes in
control nuclear extract (lane 4) were considered as 100%, and the relative band
intensities in other samples are represented as compared to that of lane 4.

ras activation is required for the TFII-I activity. To do this,
dominant negative N17-ras was cotransfected along with the
wild-type c-fos reporter in the absence or presence of TFII-I
and assayed for luciferase activity after stimulation by serum,
TPA, LPA, or PDGF. As can be seen in Fig. 9, dominant
negative ras not only diminished the induction of the c-fos
promoter significantly but also completely abolished the ability
of TFII-I to enhance the c-fos promoter. This result indicates
that the ras pathway must be functioning for TFII-I to exert its
effect on c-fos promoter. It is noteworthy that N17-ras does not
completely abolish c-fos induction, but does completely abolish
TFII-I enhancement of the promoter. This suggests that TFII-I
does not simply enhance the activity of other transcription
factors, but requires ras signaling for its own function.

TFII-I is phosphorylated on both serine and tyrosine resi-
dues (40). In B cells, TFII-I can associate with Btk and become
tyrosine phosphorylated by it (69). To determine whether
TFII-I can be a direct target of signaling pathways stimulated
by growth factors, GST-TFII-I (or GST) expression plasmid
was transfected into COS-1 cells, and the phosphorylation of
TFII-I on tyrosine residues was examined with or without EGF
stimulation. Cell lysates were subjected to GST pulldown assay
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FIG. 9. N17-Ras inhibits TFII-I enhancement of the c-fos promoter. NIH
3T3 cells were transfected with the wild-type c-fos/Luc reporter constructs and
TFII-I (or empty vector) in the absence or presence of pMT3.N17Ras plasmid.
Cells were serum starved for 36 h in 0.5% calf serum and then stimulated for 4 h
with 10% CS, 50 ng of TPA per ml, 10 pM LPA, or 25 ng of PDGF-BB per ml
in DMEM. Cell extracts were then processed for luciferase activity. Relative
luciferase activities shown here are from a representative experiment, and similar
results were obtained from three further independent experiments. All transfec-
tions were performed in duplicate for each experiment, and the values between
the duplicates were within 10% of the mean.

and analyzed by Western blotting with antiphosphotyrosine
antibody (4G10) or anti-GST antibody. As can be seen in Fig.
10, EGF stimulation caused a significant increase in the phos-
phorylation of TFII-I on tyrosine residues. The anti-GST blot
shows that the expression levels of transfected protein are
comparable between samples. In parallel experiments with
COS-1 cells, we found that TFII-I enhanced the activity of the
c-fos promoter in response to EGF (data not shown). Thus,
tyrosine phosphorylation may also regulate the transcriptional
activity of TFII-I.

DISCUSSION

The c-fos promoter is upregulated by a variety of extracel-
lular ligands, and a number of transcription factors have been
found to play a role in the regulation of this promoter. These
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FIG. 10. EGF stimulates TFII-I tyrosine phosphorylation. GST (left panels)
and GST-TFII-I (right panels) expression plasmids were transfected into COS-1
cells. Transfected COS-1 cells were maintained in DMEM supplemented with
either 0.5 or 10% FCS for 36 h and stimulated with 20 ng of EGF per ml for 20
min. Cells were lysed and subjected to GST pulldown assay as described in
Materials and Methods. GSH-Sepharose bead-bound proteins were fractionated
by SDS-PAGE (12% polyacrylamide). The tyrosine phosphorylation or protein
level was detected by Western blot analyses with antiphosphotyrosine antibody
(ADb) or anti-GST antibody.
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transcription factors respond to pathways initiated by calcium,
cyclic AMP, tyrosine kinases, phorbol esters, and serum (66).
Three of these transcription factors—CREB, STAT, and
p62T“F—have been shown to be phosphorylated in response to
specific stimulation and have their activities regulated by this
phosphorylation (22). SRF has been shown to bind coopera-
tively with members of the Ets family (Elk-1, SAP-1, and
NET1) whose transcriptional activity is regulated by MAP ki-
nase-related pathways (67). However, there is considerable
evidence that this is not the only mechanism by which the c-fos
SRE regulates the c-fos promoter. Several other transcription
factors have been found either to bind to the SRE indepen-
dently or to interact with SRF, including Phox1, YY1, ATF6,
RAP74, and C/EBP (16, 28, 33, 37, 60, 72). Moreover, serum
appears to induce c-fos through the SRE in a manner that
involves the small G proteins, such as RhoA, Racl, and
CDC42, and in a way that is independent of the TCF binding
site and of the TCF transcription factors (23, 27). Although
RhoA, Racl, and CDC42 upregulate c-fos through the SRE
and presumably SRF, the molecular mechanisms underlying
this signal transduction cascade are poorly understood. In ad-
dition, experiments with introduction of c-fos promoter con-
structs into transgenic mice have indicated that there may be
more functional interdependence between c-fos promoter ele-
ments than has sometimes been apparent from tissue culture
experiments (45).

Consistent with Grueneberg et al. (13), we find that the
transcription factor TFII-I associates with the SRF in solution.
In addition, we find that the TFII-I-SRF complex can bind to
the SRE. Moreover, we find that TFII-I can enhance transcrip-
tional activation of the c-fos promoter in a manner that is
dependent on the SRE and SIE upstream elements. Interest-
ingly, cotransfection of TFII-I with the basal c-fos promoter
(—57) or with the TK promoter resulted in no enhancement.
Previously, TFII-I had been notable for its ability to direct
initiation at promoters which contained initiator elements in
place of or in addition to the TATA box (48). However, TFII-I
also interacts with various gene-specific activators, including
c-myc, USF1, and NF-kB and can function as an upstream
activator in the absence of a functional Inr element (47). Con-
sistent with the latter observations, here we show that TFII-I
appears to function as an upstream activator of the c-fos pro-
moter. Moreover, we have found that the Inr-related sequence
at —5 of the c-fos promoter fails to bind to TFII-I in vitro.
Although it is unclear whether the c-fos promoter contains a
functional Inr, the latter data indicate that TFII-I is not func-
tioning as an initiator binding protein in the c-fos promoter.

Recent experiments have found that phosphorylation of
TFII-I by MAP kinase regulates its initiator function in vitro
(40a). Moreover, in B cells, TFII-I forms a complex with the
Btk tyrosine kinase, and its phosphorylation on tyrosine is
stimulated by it (69). Recent data (40a) also indicate that the
kinase activity of Btk can regulate TFII-I transcriptional activ-
ity in vivo. These observations suggest that TFII-I is a mediator
of multiple signal transduction pathways and thus could well be
involved in signal transduction to the c-fos promoter. Consis-
tent with these experiments, we find that EGF enhances phos-
phorylation of TFII-I on tyrosine and that the enhancement of
the c-fos promoter activity by TFII-I is inhibited by cotransfec-
tion with dominant negative ras. Since dominant negative ras
completely inhibits the effect of TFII-I, but not all c-fos induc-
tion, this suggests that TFII-I function itself is regulated by a
ras-dependent pathway. This effect could be mediated through
the inhibition of phosphorylation of TFII-I by one of the MAP
kinase family proteins. Dominant negative ras can inhibit MAP
kinase activation by EGF as well as activation of RhoA and
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Rac. (See the reference by Hunter [25] for review.) Thus, any
of several signal transduction pathways could be regulating
TFII-1, including the RhoA-mediated pathway. Future exper-
iments will be directed toward delineating the ras-dependent
pathways as well as the effects of tyrosine phosphorylation on
TFII-I function.

It is interesting to note that the role of TFII-I in c-fos
activation resembles that of Stel2p in the mating pheromone
response in yeast (Saccharomyces cerevisiae). We have shown
that the a-mating factor can stimulate gene expression in yeast
through the Mcm1p and MATalp transcription factors bound
to the PQ box of a-cell-specificity genes (53, 54). MCM1I has
homologies to the serum response factor, and MATal is in
many ways analogous to c-fos TCF (19). We previously dem-
onstrated that the Mcm1p-MATalp complex has activity that
is completely dependent on the STEI2 gene (53). Although
Ste12p can bind to specific DNA sequences and can mediate
the pheromone response at genes such as FUS1, at the PQ box,
it appears to be participating through protein-protein interac-
tions. Despite the genetic requirement for STE12, Stel2p is
difficult to find in complexes with Mcmlp and MATalp in a
bandshift assay (70). Overexpression of STEI2 can enhance
expression from the PQ box just as TFII-I enhances expression
from the SRE (5). Stel2p itself is regulated by the MAP ki-
nase-dependent pathway in response to pheromone (62).
TFII-I also appears to be dependent on a ras-dependent path-
way. Although sequence homologies between TFII-I and
STE12 are minimal, it is possible that these proteins have
conserved functions. It is also of interest that the consensus
DNA binding site for Stel2p closely resembles the consensus
binding site for TFII-I (6). These analogies are made even
more intriguing by the fact that Stel2p is one of the few
proteins in the yeast pheromone response pathway that does
not yet have a mammalian homolog. This pathway includes the
yeast homologs of CDC42 and MAP kinase (7, 10, 61). Further
experiments are necessary to determine whether there may be
functional conservation between STEI2 and TFII-I.

Although TFII-I can enhance the activity of the c-fos pro-
moter in a cotransfection experiment, it remains an open ques-
tion as to whether endogenous TFII-I has an essential function
in c-fos regulation in vivo. Several experiments presented here
suggest that, in fact, it does. Although the effects of cotrans-
fected TFII-I on the c-fos promoter are only two- to fourfold,
there is endogenous TFII-1 in the transfected cells. Therefore,
it is entirely possible that endogenous TFII-I has exerted much
of its effect in the absence of overexpression of the exogenous
gene. Moreover, endogenous SRF copurifies with transfected
TFII-1, suggesting an in vivo functional role for TFII-I in SRF
activity. In addition, the mSRE-T mutation, which shows re-
duced TFII-I binding but wild-type levels of SRF binding, is
significantly impaired in its ability to activate the c-fos pro-
moter. This result suggests that binding of endogenous TFII-I
to the SRE is required for full transcriptional activity of the
promoter. Although it could be argued that the mSRE-T mu-
tation may also impair the binding of factors other than TFII-I
at the SRE, a similar effect is observed by mutation of the
TFII-I binding site at the SIE in conjunction with mutation of
the STAT binding site. It is also relevant that the effects of
TFII-I on the c-fos promoter are impaired by mutations of the
STAT and SRF binding sites. This result indicates that the
enhancement observed is not simply due to enhanced binding
of TFII-I to the promoter, but requires cooperation with these
other factors.

The mechanism by which TFII-I enhances c-fos promoter
activation is uncertain at present. The enhancement effect is
dependent on the TFII-I binding sites in the promoter as well
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FIG. 11. Model of the role of TFII-I on the c-fos promoter. After c-fos
induction, activated TFII-I facilitates the formation of a putative enhanceosome
structure consisting of SRF, TCF, STATs, and TFII-1. This results in the forma-
tion of a surface in which each activation domain can form optimal contacts with
the basal transcription machinery.

as the SRF and STAT binding sites. Consistent with this, we
have found that binding of the TFII-I-SRF complex to the
SRE is competed away by the mSRE-S oligonucleotide that
binds TFII-I, but not SRF. This indicates that TFII-I DNA
binding activity contributes to the binding of the complex to
DNA. It is possible in addition that TFII-I facilitates SRF
binding to DNA. This would be consistent with our finding that
limited amounts of TFII-I enhance formation of SRF-DNA
complexes. A mechanism such as this has been proposed for
the ability of the paired-like homeodomain protein Phox1 to
stimulate SRF binding and function (14). Interestingly, it has
been shown recently that TFII-I can also interact with the
Phox1 protein (13). It is not clear whether the Phox1 protein is
expressed in NIH 3T3 or COS-1 cells or whether it is present
in the affinity-purified TFII-I used in our experiments. Since
the TFII-I used in our experiments was generated by overex-
pression in COS-1 cells, it is unlikely that Phoxl, even if it is
expressed endogenously, would be present stoichiometrically
with TFII-I. However, it is also possible that other paired-like
homeodomain proteins are present in our extracts and could
have similar activities to Phox1 (15).

The fact that mutation of the TFII-I site in the SIE reduces
the response of the promoter to TFII-I even in the presence of
the wild-type SRE and vice versa suggests that TFII-I may play
an important role in the mediating the functional interdepen-
dence of these elements. Further indication of cooperativity
between the TFII-I binding sites is that serum induction of
either the m67SIE or mSRE-T was not further repressed by
double mutation of both sites simultaneously (data not shown).
Since TFII-I can form complexes with both STATs and SRF as
well as bind to multiple DNA sites, it would be well positioned
to play an important role in the formation of a higher-order
enhanceosome structure as HMG I(Y) does for the beta in-
terferon gene (64). A possible model of this is shown in Fig. 11.
However, it is uncertain whether the cooperativity between the
SIE and SRE is mediated through the formation of a higher-
order complex of SRE and SIE binding proteins or through
independent contacts with the basal transcription machinery.
TFII-I might act as an adapter protein connecting the up-
stream transcriptional activators to basal promoter elements
(47). Since it is known that TFII-I has basal transcription
activity and can interact with TATA box binding protein, this
would be plausible (48). Moreover, there is a TFII-I binding
site at —47 of the c-fos basal promoter in addition to the TATA
box. Thus, TFII-I could directly couple the SIE and SRE to the
c-fos basal promoter through a combination of protein-protein
and/or protein-DNA interactions. Further experiments are
necessary to test this hypothesis.
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