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Polypeptide growth factors, such as platelet-derived growth factor (PDGF), promote the reinitiation of DNA
synthesis and cell growth through multiple intracellular signaling pathways that converge in the nucleus to
regulate the activity of transcription factors, thereby controlling the expression of growth-promoting genes.
Among them, the AP-1 (activating protein-1) family of transcription factors, including c-Fos and c-Jun family
members, plays a key role, as AP-1 activity is potently activated by PDGF and is required to stimulate cell
proliferation. However, the nature of the pathways connecting PDGF receptors to AP-1 is still poorly defined.
In this study, we show that PDGF regulates AP-1 by stimulating the expression and function of c-Fos through
extracellular signal-regulated kinase (ERK). The latter involves the direct phosphorylation by ERK of multiple
residues in the carboxyl-terminal transactivation domain of c-Fos, which results in its increased transcriptional activity. Interestingly, the phosphorylation of c-Fos by ERK was required for the ability of PDGF and
serum to stimulate the activity of c-Fos as well as AP-1-dependent transcription. Furthermore, we provide
evidence that the ERK-dependent activation of c-Fos is an integral component of the mitogenic pathway by
which PDGF regulates normal and aberrant cell growth.
neoplastic transformation (4, 32) and that inhibition of AP-1
proteins by microinjection of blocking antibodies prevents cell
growth in response to serum (27).
How the activity of AP-1 is regulated in response to growth
factors has been the subject of intense investigation. In the case
of c-Jun, recent work has revealed that its expression and
activity are tightly regulated by members of the mitogen-activated protein kinase (MAPK) family, including c-Jun N-terminal kinases (JNKs), extracellular signal-regulated protein
kinase 5 (ERK5), and p38 kinases, by acting on transcription
factors that bind to the c-jun promoter (34). Similarly, c-Fos
expression is also regulated at multiple steps. In fact, perhaps
the most-studied aspect of c-Fos biology is the control of c-fos
mRNA synthesis, as the activity of its promoter can be modulated by a myriad of extracellular signals acting through any of
its several cis inducible elements, among which the serum
response element (SRE) is believed to play a central regulatory
role (41, 46, 47). This site confers to the c-fos promoter the
ability to respond to growth factors, cytokines, cellular stress,
and other stimuli that promote transcription from the SRE
through a number of intracellular pathways, including the stimulation of ERK1 and -2 (ERKs), JNK, and p38 kinases (24, 45,
48).
Another component involved in the process of AP-1 activation is the posttranslational processing of preexisting or newly
synthesized Fos and Jun proteins (25, 38). In particular, the
reversible phosphorylation of Fos and Jun family members
may result in the positive or negative modulation of their
transactivating properties (21, 22), as well as their stability,
translocation to the nucleus, and rate of binding to target DNA
sequences. This mechanism of posttranslational control was

Exposure of quiescent cells to polypeptide growth factors
initiates a cascade of biochemical events that results in key cell
fate decisions, including cell proliferation, differentiation, survival, or death. Many of these biological responses are highly
dependent on changes in the protein level and activity of an
array of transcription factors, which in turn coordinate the
expression of sets of genes that are involved in each specific
cellular outcome. Among them, the transcription complex
AP-1 (activating protein-1) is rapidly and transiently induced
in response to a wide variety of external signals (4, 25). AP-1 is
composed of Fos (c-Fos, Fos B, Fra-1, and Fra-2) and Jun
(c-Jun, JunB, and JunD) family proteins. Whereas homo- and
heterodimers of Jun proteins can bind DNA directly, Fos
members require interaction with any of the Jun proteins to act
as transcriptional activators (4, 38). Fos-Jun dimers activate
transcription by binding to core TGAC/GTC/AA sequences,
known as tetradecanoyl phorbol acetate-responsive elements
or AP-1 sites (3, 4, 30). A wide array of genes have been found
to contain AP-1 sites in their promoter-enhancer regions, including collagenase, stromelysin, metallothionein IIA, interleukin-2, transforming growth factor ␤, and cyclin D1, among
others (4), and the timely activation of AP-1 has been implicated in the control of a number of key cellular processes (40,
41). Among them, the role of AP-1 in cell growth control is
further supported by the early observations that deregulated
expression of certain Jun and Fos family members can result in
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MATERIALS AND METHODS
Recombinant human PDGF (rHu PDGF-BB) was purchased from Intergen
Company. The anti-Gal4 DNA binding domain (DBD) monoclonal antibody
(RK5C1), the anti-N-terminal c-Fos polyclonal antibody (sc-52), the anti-phospho-ERK mouse monoclonal antibody (sc-7383), and the anti-total ERK2 rabbit
polyclonal antibody (C-14) were purchased from Santa Cruz Biotechnology
(Santa Cruz, Calif.). The anti-C-terminal c-Fos polyclonal antibody (ab2) was
from Geneka Biotechnology Inc. (Montreal, Quebec, Canada). The anti-phospho threonine-proline monoclonal antibody was from Cell Signaling Technology
(Beverly, Mass.). The anti-tag monoclonal antibodies (for hemagglutinin [HA],
AU5, and six-His) were from Covance (Berkeley, Calif.). The MEK inhibitor
U0126 was obtained from Promega Corp. (Madison, Wis.). The p38 and MEK
inhibitors SB203580 hydrochloride and PD98059 were purchased from Calbiochem-Novabiochem Corp. (La Jolla, Calif.). The JNK inhibitor SP600125
[anthra(1,9-cd)pyrazol-6(2H)-one], was from Biomol (Plymouth Meeting, Pa.).
Protein phosphatase-2A (PP2A) and recombinant ERK2 (active) were purchased from Upstate Biotechnology (Lake Placid, N.Y.). [32P]ATP was obtained

from New England Nuclear (Chicago, Ill.). All other reagents were of analytical
grade.
DNA constructs. The full-length cDNA from the murine c-fos gene, containing
amino acids (aa) 1 to 380, was PCR amplified and cloned as an EcoRI/NotI
fragment into pCEFL-AU5, a modified pcDNAIII expression vector containing
the elongation factor 1 (EF-1) promoter driving the expression of an in-frame
N-terminal AU5 tag (34). The expression vectors for the constitutively active
MAPK kinases (MAPKKs; pCEV29-MEKEE, pCEFL-MEKK1, and pCEFLMEK3EE), the HA-tagged MAPKs (ERK2, JNK1, and p38␣), c-Jun (pCEFL–
c-Jun) and a dominant negative MEK1 with alanine replacements of Ser-218 and
-222 (pcDNAIII-MEKAA) have been previously described (10, 33). The B-chain
of the human PDGF gene (c-sis) (18) was cloned into the pcDNAIII expression
vector. The pAP-1 luciferase reporter plasmid was obtained from Stratagene.
This construct has been designed by inserting seven tandem repeats of the AP-1
response element from the polyoma enhancer (TGA C TAA) into the pA3
vector (17). To obtain the Gal4–c-FosTAD fusion protein, the C-terminal domain of mouse c-Fos (aa 209 to 380) (42) was PCR amplified from its full-length
cDNA and cloned in a pcDNAIII vector encoding the DBD of the yeast transcription factor Gal4 (pcDNAIII-GBDEX). A similar construct was made by
fusing the full-length c-Fos cDNA to the same expression vector (Gal4–cFosFL). A Gal4-driven luciferase reporter, pGal4-Luc (34), was designed by
inserting six tandem copies of Gal4-responsive elements and a minimum TATA
initiator in place of the simian virus 40 (SV40) promoter in pGL3 (Promega).
Individual point mutations of pCEFL–AU5–c-Fos and Gal4–c-FosTAD on
Thr-232, Thr-331, Thr-325, and Ser-374 were generated by site-directed mutagenesis (QuikChange site-directed mutagenesis kit; Stratagene). To obtain a
pCEFL–AU5–c-Fos clone containing multiple alanine replacements on Thr-232,
Thr-325, Thr-331, and Ser-374 (c-Fos-m), we used the QuikChange multisitedirected mutagenesis kit (Stratagene). The sequences of the primers used for
mutagenesis will be provided upon request. Add-back mutants including a single
potential phospho-acceptor site were generated by reintroducing each original
residue on c-Fos-m, which was used as a template for mutagenesis. BamHI/NotI
PCR fragments from c-FosTAD-m and the different mutants were also cloned in
pcDNAIII-GBDEX to obtain expression plasmids for the corresponding Gal4c-FosTAD fusion proteins.
To obtain the polyhistidine-tagged (six-His) c-Fos TAD constructs, the TADs
from c-Fos wild type and the different c-Fos mutants were PCR amplified and
cloned as BamHI/NotI fragments in a modified pRSET-A bacterial expression
vector (Invitrogen Corp.) in which the HindIII recognition sequence at the polylinker was replaced by a NotI site.
Cell cultures. NIH 3T3 mouse fibroblasts were routinely cultured in serumsupplemented medium composed of Dulbecco’s modified Eagle’s medium
(DMEM; Life Technologies, Inc.), 10% calf serum, and penicillin-streptomycin-amphotericin B (Life Technologies, Inc.). HEK-293T cells were grown in
DMEM containing 10% fetal bovine serum (FBS) and the above antimicrobial
mixture.
Preparation of nuclear extracts. Cells were collected after overnight starvation
followed by induction with PDGF (20 ng/ml) or serum with or without previous
treatment with MAPK inhibitors. The monolayers were washed with Tris-buffered saline and lysed with buffer containing 10 mM HEPES (pH 7.9), 10 mM
KCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM dithiothreitol (DTT), and 0.5% NP-40. Cell lysates were centrifuged, and the resulting nuclei (pellet) were disrupted with extraction buffer
(20 mM HEPES [pH 7.9], 0.5 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT).
Cell debris were separated by low-speed centrifugation. Nuclei aliquots (2 to
5 g of protein/l) were stored at ⫺70°C until use. All steps were performed at
4°C.
Transient transfections. NIH 3T3 and HEK-293T cells were plated in complete medium and allowed to grow overnight to 70 to 80% confluence in six-well
plates unless otherwise noted. The cells were transfected for 3 h in serum-free
DMEM containing up to 2 g of total plasmid DNA together with the Lipofectamine Plus reagent (Life Technologies, Inc.) according to the protocol suggested by the manufacturer.
Luciferase reporter assays. Cells were transfected with different expression
vectors together with 0.1 g of each luciferase reporter and 0.01 g of pRL-null
(a plasmid encoding the luciferase gene from Renilla reniformis), which served as
an internal control for transfection efficiency. The total amount of transfected
DNA was normalized by adjusting it with pcDNAIII-␤-gal, an expression vector
for the enzyme ␤-galactosidase. Cells were lysed in passive lysis buffer (Promega)
24 h posttransfection. Cell lysates (50 l/well) were transferred to a 96-well
luminometer plate, and firefly and Renilla luciferase activities were assayed using
the Dual-Luciferase reporter system (Promega). Light emission was quantified
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extensively documented for c-Jun. In this case, JNK phosphorylation at Ser-63 and Ser-73 within the N-terminal transactivation domain (TAD) potentiates the ability of c-Jun to activate transcription either as a homodimer or a heterodimer
with c-Fos (25). In contrast, the nature of the potential kinases
regulating the transactivating activity of c-Fos is not yet clearly defined. In this regard, a still-unidentified kinase activity,
termed Fos-related kinase (FRK), has been shown to cause a
phosphorylation-dependent activation of c-Fos (13). Experimental evidence suggests that FRK is a Ras- and growth factor-responsive proline-directed threonine kinase and, thus,
most probably related to MAPKs (13). c-Fos phosphorylation
by ribosomal S6 kinase (RSK) and ERK has also been described to occur soon after serum stimulation (8, 9), but the
significance of these events in the context of c-Fos activity and
function remains unclear.
Of interest, the rapid accumulation of c-fos mRNA upon
exposure of quiescent mouse fibroblasts to platelet-derived
growth factor (PDGF) was one of the earliest observations
linking the activity of this potent polypeptide mitogen to the
nuclear expression of growth-promoting genes (11, 28). Since
then, the contribution of AP-1 activity to cell proliferation (19,
51), expression of tissue-remodeling proteases (26, 39), and
cytokine secretion (16) in response to PDGF has been extensively documented. However, how PDGF controls the activity
of AP-1 is not yet fully understood. For example, in mouse
fibroblasts PDGF provokes a robust activation of c-fos expression but a modest increase in the expression of c-jun (12).
Furthermore, PDGF stimulates the activity of ERK1 and
ERK2 potently, but in most cells it has a limited effect on the
activity of JNK and p38 family members (12, 29), thus raising
the possibility that PDGF may utilize a biochemical route
distinct from that regulating c-Jun to stimulate AP-1 activity.
In the present study, we set out to investigate the nature of
the intracellular signaling pathways connecting the activation
of PDGF receptors to AP-1 stimulation. We found that PDGF
regulates AP-1 primarily by stimulating the expression and
function of c-Fos through ERK. The latter involves the direct
phosphorylation of the C-terminal TAD of c-Fos by ERK,
thereby enhancing its transcriptional activity. Furthermore, we
provide evidence that the ERK-dependent activation of c-Fos
is an integral component of the mitogenic pathway by which
PDGF regulates normal and aberrant cell growth.
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FIG. 1. JNK and ERK pathways mediate AP-1 activation by PDGF
and serum. NIH 3T3 cells were transfected with pAP-1-Luc and pRLnull, cultured under serum-free conditions, and pretreated for 30 min
with inhibitors for each MAPK pathway (U0126, SP600125, and
SB203580; 10 M each) before PDGF (20 ng/ml) or FBS (10%) stimulation. Dual luciferase activities were determined 4 h after treatment,
as described in Materials and Methods. The data represent the firefly
luciferase activity normalized by Renilla luciferase activity present in
each sample, expressed as absolute counts. Values are the average ⫾
standard deviation of triplicate samples from a typical experiment.
Nearly identical results were obtained in three additional experiments.
were washed with cold PBS, and total RNA was extracted by homogenization in
TRIzol (GIBCO BRL) according to the manufacturer’s specifications. For
Northern blotting, 20 g of total RNA was fractionated in 2% formaldehyde–
agarose gels, transferred to nylon membranes, and hybridized with a 32P-labeled
cDNA probe from the murine c-Fos TAD, which was prepared using the Primea-Gene labeling system (Promega). Accuracy in gel loading and transfer was confirmed by fluorescence under UV light upon ethidium bromide staining of the gels.
Phosphatase treatment. NIH 3T3 and HEK-293T cells overexpressing c-Fos
proteins were rapidly washed with cold PBS, scraped, and collected by centrifugation. Cells were disrupted by freeze-thaw cycles and resuspended in a buffer
containing 20 mM MOPS (pH 7.3), 150 mM NaCl, 1 mM MgCl2, 1 mM EDTA,
1 mM DTT, 1 mM PMSF, and 20 g of leupeptin/ml. Protein aliquots were
incubated in the absence or presence of 0.5 U of PP2A (2 h, 30°C). The reactions
were stopped by adding SDS sample buffer and processed for immunoblotting as
described above.

RESULTS
Stimulation of AP-1 activity by PDGF depends on MAPKs.
Stimulation of fibroblasts with PDGF, which acts on its cognate receptor tyrosine kinase, leads to the rapid activation of a
number of intracellular signaling pathways, many of which
converge in the nucleus to ultimately regulate the activity of
AP-1-responsive promoters. Among these biochemical routes,
cytoplasmic kinase cascades acting on members of the MAPK
family have been shown to play a prominent role (48). To begin
analyzing the mechanism whereby PDGF stimulates AP-1 activation, we used a reporter plasmid (pAP-1–Luc) that carries
a luciferase gene under the control of seven tandem repeats of
AP-1 response elements, which can be activated by c-Jun and
c-Fos family members (17). As expected, PDGF and serum
potently induced AP-1 transcription in NIH 3T3 cells (Fig. 1).
As an initial approach to examine whether MAPK pathways
connect PDGF signaling to AP-1, we made use of inhibitors
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using a Microliter plate luminometer as specified by the manufacturer (DINEX
Tech).
Focus-forming assays. NIH 3T3 cells were grown up to 10 to 20% confluence
in 10-cm plates and transfected following the calcium-phosphate precipitation
technique. The day after transfection, cells were washed and incubated in
DMEM supplemented with 5% calf serum. The cultures were maintained in the
same medium, with medium changes every 3 days, until the appearance of foci
from transformed cells was evident (usually 15 to 25 days after transfection).
Purification of GST and six-His fusion proteins. Escherichia coli BL-21
Lys cells (Promega Corp.) were transformed with the vectors pGEX-4T3 and
pRSET-A encoding glutathione acetyl transferase (GST) and polyhistidine (sixHis) fusion proteins, respectively. Bacteria were grown in Luria-Bertani medium
until the optical density reached 0.5. Protein synthesis was stimulated by the
addition of 1 mM isopropyl-␤-thiogalactopyranoside, and bacteria were allowed
to grow for 3 h. The cells were collected by centrifugation (3,000 ⫻ g, 30 min) and
resuspended in buffer containing phosphate-buffered saline (PBS), 1% Triton
X-100, 1 mM EDTA, 2 g of aprotinin/ml, 2 g of leupeptin/ml, and 1 mM
PMSF. The cell suspension was sonicated, and cellular debris was removed by
centrifugation. The supernatant was incubated (1 h, 4°C) with 300 l of glutathione-Sepharose 4B (Amersham-Pharmacia Biotech). The beads were pelleted
by centrifugation, washed three times with PBS, 1% Triton X-100, 2 g of
aprotinin/ml, 2 g of leupeptin/ml, 1 mM PMSF and then twice with PBS, 2 g
of aprotinin/ml, 2 g of leupeptin/ml, 1 mM PMSF. GST fusion proteins were
eluted with glutathione buffer (10 mM glutathione in 50 mM Tris [pH 8.0], 2 g
of aprotinin/ml, 2 g of leupeptin/ml, 1 mM PMSF).
Six-His-tagged proteins were isolated using nickel-nitrilotriacetic acid magnetic agarose beads (Qiagen) following the manufacturer’s protocol for bacterial
expression and purification under native conditions.
In vitro kinase assays. HEK-293T cells were allowed to grow to up to 70 to
80% confluence in 6-cm plates and then transfected with expression vectors for
HA-tagged kinases alone or in combination with the respective upstream activating molecules. The cells were incubated in serum-supplemented medium
overnight after transfection (Lipofectamine Plus) and then serum starved for 6 h
(ERK2) or 2 h (JNK and p38␣) before lysis for kinase reaction. The plates were
washed with iced-cold PBS and resuspended in lysis buffer (25 mM HEPES
[pH 7.5], 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 20 mM
␤-glycerophosphate, 1 mM Na-vanadate, 1% NP-40, 1 mM PMSF, 20 g of
aprotinin/ml, and 20 g of leupeptin/ml). Cleared lysates were subjected to
immunoprecipitation using anti-HA monoclonal antibodies (1 h, 4°C) followed
by incubation with protein G-Sepharose (Gamma-Bind G Sepharose; Amersham-Pharmacia Biotech). The beads were pelleted by centrifugation and
washed three times with PBS, 1% NP-40, 2 mM Na-vanadate, followed by one
wash with 100 mM Tris (pH 7.5), 0.5 M LiCl and one final wash with kinase
reaction buffer (12.5 mM morpholinepropanesulfonic acid [MOPS] [pH 7.5],
12.5 mM glycerophosphate, 7.5 mM MgCl2, 0.5 mM EGTA, 0.5 mM sodium
fluoride, 0.5 mM Na-vanadate). The reactions were initiated by the addition of
30 l of reaction mixture (kinase buffer plus 10 Ci of [␥32P]ATP, 20 M
unlabeled ATP, 1 mM DTT, 0.5 to 1 g of substrate) to the immunocomplexes.
After 30 min at 30°C, the reactions were terminated by the addition of sodium
dodecyl sulfate (SDS) sample buffer (400 mM Tris-HCl [pH 6.8], 10% SDS, 50%
glycerol, 500 mM DTT, 2 g of bromophenol blue/ml), followed by 5 min of
boiling. ERK2 kinase activity was assayed using 0.5 g of myelin basic protein
(Sigma) as a positive control. JNK and p38␣ activities were assayed using 1 g of
purified GST-ATF2 (aa 1 to 96). Denatured samples were resolved by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) on 12% polyacrylamide gels,
and autoradiographs were taken from dried gels using X-Omat Kodak films.
Cold kinase assays were performed identically except for the omission of radioactive ATP from the reaction mix. The samples were immunoblotted using
anti-phospho-specific antibodies as described below.
Western blot analysis. Cleared cell lysates were combined with SDS sample
buffer, boiled for 5 min, and resolved by SDS–10% PAGE. Fractionated proteins
were electrophoretically transferred to polyvinylidene fluoride membranes (Immobilon-P; Millipore). Nonspecific binding sites were blocked with 5% nonfat
dried milk in PBS containing 0.05% Tween 20 (PBS-T) and incubated (1 h, room
temperature) with the appropriate dilution of each primary antiserum or monoclonal antibody. The membranes were repeatedly washed with PBS-T prior to
incubation with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit secondary antibodies (ICN-Cappel). Immunoreactive protein bands were
visualized by enhanced chemiluminescence detection (ECL Plus System; Amersham Biosciences).
Northern blot analysis. NIH 3T3 cells were grown to 70% confluence in 10-cm
plates and serum starved overnight. Cells were left untreated or treated with 20
ng of PDGF/ml for different times, in the absence or presence of U0126. Cells
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and experienced an electrophoretic mobility shift similar to
that of the endogenous c-Fos when stimulated by PDGF. In
agreement with our previous observation, the PDGF-induced
mobility shift on c-Fos was strictly dependent on the activity of
ERK kinases, as judged by the ability of the MEK inhibitor
U0126 to abolish the appearance of the slow-migrating bands
of c-Fos (Fig. 2D). Similar results were obtained with another
broadly used MEK inhibitor, PD98059 (data not shown). In
contrast, the JNK and p38 inhibitors were ineffective in altering the appearance of slow-migrating c-Fos species. These
changes in gel migration were due to c-Fos phosphorylation, as
accumulation of slow-migrating bands was reduced by PP2A
treatment, a phosphatase that specifically hydrolyzes serine
and/or threonine phosphoesters (Fig. 2E). Although we cannot
rule out the possibility that PDGF may induce multiple modifications on c-Fos, the combined results from the phosphatase
treatment and the blockade by U0126 suggest that either phosphorylation or a phosphorylation-dependent posttranslational
event accounts for the c-Fos mobility shift induced by PDGF.
As controls, the inhibitory actions of SP600125 on JNK1 and
SB203580 on p38␣ were confirmed by in vitro kinase assays
(Fig. 2F). Taken together, these results indicate that the ability
of PDGF to regulate c-Fos involves at least two distinct ERKdependent mechanisms, one regulating c-Fos expression and
another affecting the status of c-Fos phosphorylation.
The transcriptional activation of c-Fos by PDGF requires
ERK signaling: role of the c-Fos C-terminal TAD. These observations prompted us to examine whether ERK-dependent
mechanisms acting on c-Fos play a role in the regulation of
AP-1 transcription by PDGF. As shown in Fig. 3A, the expression of c-Fos increased the activity of the AP-1 reporter plasmid by severalfold, and exposure to PDGF provoked a remarkable further increase in luciferase expression. Moreover, this
effect of PDGF was dependent on ERK, as U0126 prevented
the stimulation of AP-1 by this mitogen alone or in the presence of c-Fos, without affecting the basal activity of c-Fos as an
AP-1 activator.
The C terminus of c-Fos harbors transactivating potential,
and several motifs within it have been shown to control the
activity of c-Fos as a transcription factor (42). Based on our
previous results, we set out to investigate whether the ERK
pathways had an effect on the transactivating function of c-Fos.
For these studies, we examined c-Fos activation in a heterologous system, in which either the full-length c-Fos or its Cterminal TAD were expressed as fusion proteins in frame with
the DBD of the yeast transcription factor Gal4, referred to as
Gal4–c-FosFL and Gal4–c-FosTAD, respectively. The activity
of these chimeras was assessed by their ability to stimulate
transcription from a Gal4-regulated luciferase reporter plasmid (pGal4-Luc). As shown in Fig. 3B, both PDGF and serum
induced the transcriptional activity of Gal4–c-FosFL, as well as
that of Gal4–c-FosTAD. This response was strictly dependent
on ERK, as U0126 (Fig. 3C) and PD98059 (data not shown)
abolished the activation of the c-Fos TAD by PDGF without
affecting its basal activity. Furthermore, when analyzed by Western blotting, the Gal4–c-FosTAD protein exhibited a retarded
mobility upon PDGF treatment, which was also prevented by
U0126 treatment, paralleling the ability of this drug to prevent
ERK activation (Fig. 3C). In contrast, SP600125 and SB203580
did not display any effect. Similar results were obtained when
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with specificity for the ERK1/2 cascade, JNK 1/2/3, and two of
the four p38 isoforms (14). As shown in Fig. 1, JNK-dependent
pathways played a role in this response, as judged by the
blocking effect displayed by SP600125, which inhibits JNK activity by competing for the ATP binding site in this kinase (7).
This result is consistent with the ability of JNK to phosphorylate c-Jun and thereby regulate its transcriptional activity and
mRNA expression (24). In contrast the inhibitor for p38␣ and
p38␤, SB203580 (44), had no apparent effect on AP-1 activity.
Interestingly, U0126, which specifically inhibits ERK activation
by preventing its phosphorylation by the upstream stimulating
kinase MEK (15), nearly abolished the activation of AP-1 by
PDGF and serum. Thus, this finding suggested also a key role
for ERK in signaling from serum and growth factor receptors,
including PDGF receptors, to the stimulation of AP-1-dependent transcription.
c-Fos expression and posttranslational modifications in response to PDGF depend on ERK activation. The phosphorylation of c-Jun by JNK is the best-known mechanism regulating
the transcriptional activation of c-Jun-containing AP-1 complexes. However, ERK does not regulate the transcriptional
activity of c-Jun (25). Furthermore, although ERK can activate
the c-jun promoter in HeLa cells (20), it does not stimulate any
of the cis-acting transcriptional elements controlling the expression of the c-jun promoter in NIH 3T3 cells (34). Instead,
accumulated evidence indicates that activated ERK can promote the expression of c-fos by phosphorylating the ternary
complex factor that binds the c-fos SRE (45, 48). Accordingly,
exposure of quiescent NIH 3T3 cells to PDGF potently stimulated c-fos mRNA (Fig. 2C) and protein expression (Fig. 2A).
c-Fos was detectable as early as 30 min after stimulation and
remained highly expressed for up to 6 h. As evidenced from
this time course, c-Fos migrates as multiple bands when resolved by SDS-PAGE, which suggests that c-Fos is covalently
modified while being synthesized (6).
To analyze the nature of the MAPKs that are involved in the
induction of c-Fos by PDGF, we first examined whether the
inhibitors of ERK-, JNK-, and p38-dependent pathways could
affect the expression of c-Fos in response to PDGF. As shown
in Fig. 2B, while the JNK and p38 inhibitors had a limited
effect on c-Fos expression, the MEK inhibitor prevented the
ability of PDGF to enhance c-Fos expression. In line with these
results, the MEK inhibitor prevented the increase in c-fos
mRNA levels after PDGF treatment (Fig. 2C). These observations suggested that the pathways leading to c-fos expression
and the accumulation of its protein product in response to
PDGF are strictly dependent on ERK, whereas JNK and p38
play a much more limited contribution.
Interestingly, the MEK inhibitor not only diminished the
extent of c-Fos expression but also abolished the appearance of
the slow-mobility forms of c-Fos induced by PDGF. These
results indicated that the ERK pathway regulates the expression of c-fos (38, 47) as well as the posttranslational events
occurring on the newly synthesized c-Fos molecules in response to PDGF. To analyze this possibility, we transiently
overexpressed murine c-Fos from a constitutively active promoter, EF-1 (43), and examined the participation of different
MAPKs in the posttranslational modification of c-Fos independently of those affecting c-fos message levels. As shown in
Fig. 2D, the ectopically expressed c-Fos was readily detectable
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analyzing the serum responsiveness of the Gal4–c-FosTAD
fusions in reporter and immunoblotting experiments (data not
shown).
ERK stimulates c-Fos and AP-1-dependent transcription.
The fact that PDGF targets the c-Fos TAD through ERKdependent pathways prompted us to test whether ERK directly
stimulates the transcriptional activity of c-Fos. Indeed, Fig. 4A
shows that both the Gal4–c-FosTAD and Gal4–c-FosFL chimeras were strongly activated by cotransfection of ERK2 and

MEKEE, a constitutively active form of MEK1. In contrast,
ERK2 did not affect the activity of Gal4-DBD alone (data not
shown). Similarly, cotransfection of ERK2 and MEK EE stimulated the AP-1 reporter plasmid, and that was dramatically
increased in the presence of cotransfected c-Fos (Fig. 4B). As
c-Fos binds AP-1-responsive elements through Jun proteins
(25), we further examined the possibility that c-Jun may mediate the effect of ERK2 on AP-1. As expected, overexpression
of c-Jun alone also stimulated the AP-1 reporter (Fig. 4B).
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FIG. 2. ERK signaling regulates c-Fos expression and posttranslational modifications. (A) PDGF induction of c-Fos expression in NIH 3T3
cells. Cells were grown overnight in the absence of serum and then stimulated with PDGF (20 ng/ml) for the indicated times. Nuclear fractions
were collected, and c-Fos was detected by Western blotting. (B) ERK dependency of c-Fos expression. Cells were serum starved overnight,
incubated for 30 min in the absence (c) or presence of U0126 (U), SP600125 (SP), or SB203580 (SB) (10 M each), and stimulated with PDGF
(20 ng/ml; 2 h), and c-Fos expression in nuclear fractions was determined as described for panel A. (C) ERK dependency of c-fos mRNA
expression. Cells were serum starved overnight, incubated for 30 min in the absence or presence of U0126, and stimulated with PDGF (20 ng/ml)
for the indicated times. c-fos transcript levels were detected by Northern blotting as described in Materials and Methods. (D) ERK dependency
of c-Fos posttranslational modifications. Cells were transiently transfected with pCEFL–AU5–c-Fos (1 g/well) and grown in serum-free medium
overnight after transfection. Cells were stimulated with PDGF (20 ng/ml; 30 min), and total lysates were processed for Western blotting using
anti-c-Fos antibodies (top panel). Pretreatment with MAPK inhibitors was performed as described above. Endogenous active (middle panel) and
total (bottom panel) ERK expression from the same samples served as controls for PDGF and U0126 effects on ERK phosphorylation. (E) c-Fos
phosphorylation induced by PDGF. NIH 3T3 cells were transfected with pCEFL–AU5–c-Fos (1 g/well), cultured in serum-free medium
overnight, and stimulated with PDGF for 10 or 30 min. Cell lysates were subjected to PP2A digestion followed by immunoblotting using anti-c-Fos
antibodies (see Materials and Methods). (F) SP600125 (SP) and SB203580 (SB) inhibitory action on JNK and p38 activities. HEK-293T cells were
transfected with HA-JNK1 or HA-p38␣ alone or in combination with their upstream activating kinases (MEKK and MEK3EE, respectively). In
vitro kinase assays were performed as described in Materials and Methods in the absence or presence of the indicated final concentrations of the
inhibitors. 32P-labeled substrate (P-ATF2) is indicated. NT, nontransfected cells.
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However, c-Jun did not enhance the AP-1 response to ERK2.
In contrast, c-Jun and c-Fos when coexpressed potently increased the transcriptional response initiated by ERK2, together suggesting that ERK2 most likely signals to AP-1
through c-Fos as part of the AP-1 dimer. In line with these
results, when overexpressed, activated ERK2 promoted the
appearance of slower-migrating forms of the c-Fos TAD and
endogenous c-Fos (Fig. 4C).
Potential ERK sites on the c-Fos TAD are essential for transactivation in response to PDGF. All known MAPKs catalyze

the phosphorylation of serine or threonine residues adjacent to
a proline in the ⫹1 position (T/S⫹P). Searching for this pattern in the primary sequence of the mouse c-Fos TAD, we
identified four candidate MAPK sites (Thr-232, -325, and -331
and Ser-374). Figure 5A represents the structural domains of
c-Fos depicting the location of these four residues. Furthermore, sequence alignment revealed that these particular sites
are highly conserved among c-Fos proteins from a variety of
distantly related species, from mammals to fish (Fig. 5A). We
therefore investigated whether these potential phosphoryla-
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FIG. 3. PDGF activation of c-Fos is ERK dependent. (A) ERK dependency of c-Fos activation of AP-1 by PDGF. NIH 3T3 cells were
transfected with pAP-1Luc and pRL-null along with 0.2 g of pCEFL–AU5–c-Fos or pcDNAIII-␤-gal. Where indicated (⫹), cells were pretreated
with U0126 (10 M) for 30 min and left untreated or stimulated with PDGF (20 ng/ml) for 4 h before reading dual luciferase activities. (B) c-Fos
transcriptional response to PDGF and serum. Cells were cotransfected with pGal4–c-FosFL or pGal4–c-FosTAD (2 ng/well each) along with
pGal4-Luc and pRL-null. At 24 h after transfection, cells were stimulated with PDGF (20 ng/ml) or FBS (10%), as indicated, and dual luciferase
activities were determined 4 h later. (C) ERK dependency of c-Fos TAD activation and posttranslational modifications by PDGF. Results shown
in the bar graph are cells that were transiently transfected with pGal4–c-FosTAD (2 ng/well), pGal4-Luc, and pRL-null; luciferase assays were
performed as described above. Where indicated, cells were pretreated with U0126, SP600125, or SB203580 (10 M each) for 30 min before PDGF
stimulation. PDGF-induced modified c-Fos species are denoted by the bracket. The Western blot shows results with cells that were transfected with
pGal4–c-FosTAD (1 g/well), grown in serum-free medium overnight, and stimulated with PDGF for 10 min. Total lysates were assayed by
Western blotting using anti-c-Fos antibodies (top panel). Controls for phosphorylated and total ERKs are shown in parallel (middle and bottom
blots). Reporter assay data represent the firefly luciferase activity normalized by Renilla luciferase activity present in each sample, expressed as
absolute counts. All values are the average ⫾ standard deviation of triplicate samples from a typical experiment. In each case, similar results were
obtained in three additional experiments.
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tion sites were required for the ability of c-Fos to be activated
by ERK2 and PDGF.
As an approach, we replaced each of these serine and threonine residues with nonphosphorylatable alanine residues by
site-directed mutagenesis. Initially, we analyzed the effect of
individual point mutations on the activity of the Gal4–c-FosTAD chimera. Mutated constructs were transfected into NIH
3T3 cells, and their responsiveness to PDGF and activated
ERK2 was compared to that of the wild-type Gal4c–FosTAD.
Surprisingly, the transcriptional activity of all four Gal4–cFosTAD point mutants was induced to an extent comparable
to that of the wild-type protein. Similarly, full-length c-Fos
proteins carrying the same point mutations did not exhibit an
impaired ability to activate AP-1 transcription or to be induced
by PDGF and ERK2 (data not shown). However, when all the
candidate MAPK sites were replaced simultaneously by ala-

nines, the transcriptional activation of the c-Fos TAD (Gal4–
c-FosTAD-m) in response to PDGF and serum was abolished,
and the activation by ERK2 was dramatically reduced when
compared to that of the wild-type c-Fos TAD, despite the fact
that both constructs were expressed at comparable levels (Fig.
5B).
We also introduced these four alanine replacements in the
full-length c-Fos protein and examined the ability of the resulting c-Fos mutant, c-Fos-m, to promote AP-1-dependent
transcription. As shown in Fig. 5C, c-Fos-wt and c-Fos-m were
expressed at comparable levels, and their basal transcriptional
activities were nearly identical. However, c-Fos-m no longer
responded efficiently to signals that emanated from PDGF
receptors or when induced by MEKEE/ERK2 expression.
These findings supported the relevance of the four potential
ERK phospho-acceptor sites on the c-Fos TAD in the ability of

FIG. 5. Candidate MAPK phosphorylation sites confer PDGF responsiveness to the c-Fos TAD. (A) Schematic representation of c-Fos primary
structure with emphasis on the major functional domains and the relative location of the four conserved sites that follow the consensus motif for
MAPK phosphorylation in the C-terminal TAD (above). bZIP, region that comprises the leucine zipper and DBD; N- and C-TAD, N-terminal
and C-terminal TADs, respectively. Details are shown for known c-Fos sequences from diverse species, showing the conservation of all four
potential MAPK phosphorylation sites (below). Note that Thr-325, Thr-331, and Ser-374 lie within sequence motifs that are also highly conserved.
(B) Effect of mutations in potential MAPK phosphorylation sites on the basal activity and inducibility by PDGF of the c-Fos TAD. Where
indicated, cells were transfected with pGal4-FosTAD or pGal4–c-FosTAD-m (2 ng/well each) along with pGal4-luc, pRL-null, and MEKEE⫹
ERK2 (0.5 g each) (right panel). Cells were serum starved and stimulated with PDGF (20 ng/ml) or FBS (10%) (left panel) for 4 h before reading
firefly and Renilla luciferase activities. Total lysates from Gal4c-FosTAD- or Gal4–c-FosTAD-m-overexpressing cells were analyzed by Western
blotting using anti-Gal4 DBD antibodies (inset). (C) Effect of mutations in MAPK sites on the c-Fos activation of AP-1 transcription. NIH 3T3
fibroblasts were transfected with pAP-1-Luc, pRL-null, and 1 g (right panel) or increasing concentrations (left panel) of pCEFL–AU5–c-Fos or
pCEFL–AU5–c-Fos-m. Cells were incubated overnight in the absence of serum and then stimulated with PDGF for 4 h before measuring dual
luciferase activities. Total lysates of c-Fos- or c-Fos-m-overexpressing cells were analyzed by Western blotting using anti-AU5 antibodies (left
panel, inset). MEKEE and ERK2 were cotransfected at 0.5 g each (right panel). Reporter assay data represent the firefly luciferase activity
normalized by Renilla luciferase activity present in each sample, expressed as absolute counts. All values are the average ⫾ standard deviation of
triplicate samples from a typical experiment. Similar results were obtained in three additional experiments.

Downloaded from http://mcb.asm.org/ on November 30, 2020 by guest

FIG. 4. ERK2 activates c-Fos. (A) NIH 3T3 cells were transfected with p-Gal4c-FosFL or p-Gal4c-FosTAD (each 2 ng/well) along with pGal4Luc, pRL-null, and MEKEE⫹ERK2 (0.5 g each) or pcDNAIII-␤-gal (controls). Cells were incubated in serum-deprived medium, lysed, and
assayed for firefly and Renilla luciferase activities as for Fig. 3. (B) Effect of ERK2 on AP-1 activation by c-Fos. Cells were transfected with pAP1Luc and pRL-null, alone or together with pCEFL–AU5-c-Fos (1 g/well) pCEFL–c-Jun (1 g/well), and/or MEKEE⫹ERK2 (0.5 g each), and
processed as above for AP-1-driven luciferase expression. (C) ERK2 induction of c-Fos posttranslational modifications. pGal4-c-FosTAD (1
g/well) was expressed alone or in combination with ERK2⫹MEKEE (0.5 g each) in HEK-293T cells. At 24 h posttransfection, c-Fos expression
was detected by Western blotting using anti-c-Fos antibodies. The high-molecular-mass protein bands correspond to endogenous c-Fos proteins
expressed in HEK-293T cells.
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the full-length c-Fos to transduce signals resulting in AP-1
activation.
Potential ERK phosphorylation sites are required for c-Fos
phosphorylation by PDGF. The availability of a mutant form of
c-Fos that is impaired in its transcriptional response to PDGF
and ERK provided an opportunity to examine in more detail
the requirement of c-Fos phosphorylation in the c-Fos response to PDGF. We first analyzed the electrophoretic behavior of c-Fos-m upon PDGF stimulation. In contrast to the
wild-type c-Fos, the electrophoretic mobility of c-Fos-m was
not shifted by PDGF treatment of NIH 3T3 cells (Fig. 6A).
Furthermore, the appearance of PP2A-sensitive slow-migrating c-Fos bands provoked by activated ERK2 was also greatly
diminished in c-Fos-m (Fig. 6B), together suggesting that the
four residues mutated in c-Fos-m are required for the phosphorylation of c-Fos by ERK in vivo, resulting in its shift in
electrophoretic mobility.
To investigate whether ERK2 was able to phosphorylate
c-Fos directly, we then performed in vitro kinase assays using
bacterially expressed six-His-tagged forms of the c-Fos TAD as
a potential substrate for either an immunoprecipitated (Fig.
7A) or a recombinant purified preparation of ERK2 (Fig. 7B).
The results, shown in Fig. 7A and B, indicate that ERK2 can

phosphorylate c-Fos effectively. Furthermore, no detectable
phosphorylation was observed when c-FosTAD-m was used as
an ERK2 substrate in vitro. This observation confirmed the
specificity of the kinase reaction and demonstrated that the
mutated residues were strictly required for the phosphorylation of the c-Fos TAD by ERK2. As a complementary approach, we confirmed the phosphorylation of the c-Fos TAD
by ERK2 by a cold kinase assay. In this case, using six-His–cFosTAD as a substrate and unlabeled ATP, we observed that
activated ERK2 directly catalyzed the phosphorylation of threonine residues adjacent to prolines on the c-Fos TAD (Fig.
7C). In contrast, c-FosTAD-m was not phosphorylated in parallel reactions (data not shown). Aligned with these observations, the phosphorylation of T⫹P sites on the c-Fos TAD was
also seen in vivo when the full-length c-Fos was coexpressed in
the presence of ERK2 (Fig. 7D).
To study the contribution of each potential MAPK phosphorylation site to the phosphorylation of the c-Fos TAD, we
then chose to use an add-back approach which consisted of
reintroducing each of the original serine or threonine residues
back into the backbone of c-FosTAD-m. As shown in Fig. 8A,
when equal amounts of the purified c-Fos TAD proteins were
used as substrates for ERK2, c-Fos-wt was effectively phosphorylated whereas c-Fos-m was not. When Thr-232 was the
only potential ERK phospho-acceptor site, the corresponding
protein was only poorly phosphorylated by ERK2. In contrast,
ERK2 phosphorylated c-Fos TADs that included Thr- 325,
Thr-331, or Ser-374 as unique phospho-acceptor sites, thus indicating that these residues can serve as in vitro targets for the
enzymatic activity of ERK2.
To explore the participation of these individual phosphorylation sites in the transcriptional activity of c-Fos, we next
generated Gal4–c-FosTAD mutants containing single potential MAPK phospho-acceptor sites. As shown in Fig. 8B, the
sole presence of any of the candidate sites was sufficient to
confer to the c-Fos TAD a limited transcriptional responsiveness to PDGF (upper panel). However, none of these Gal4–
c-FosTAD mutants was as potent as the wild-type TAD. This
was even more dramatic when activated ERK2 was used to
stimulate the transcriptional activity of the c-Fos TAD (lower
panel). These results supported the emerging notion that each
of these potential ERK phosphorylation sites can play a role in
the transcriptional activation of c-Fos but that multiple phosphorylation events may be required to achieve the maximal
transcriptional response of c-Fos.
c-fos potentiates the transforming potential of c-sis in NIH
3T3 cells. As we observed that the c-Fos TAD represents a
target for PDGF receptor signaling, we next asked whether the
transactivating effect of PDGF on c-Fos through ERK may
have biological consequences, taking advantage of the high
transforming potential of c-sis, which encodes the B-chain of
PDGF (18), when expressed in NIH 3T3 cells. Indeed, as
shown in Fig. 9A, even though c-Fos does not transform NIH
3T3 cells alone (37), it increased remarkably the number of
foci induced by c-sis. Moreover, we also observed that foci
initiation was dramatically accelerated, as foci induced by c-sis
were visible 8 to 10 days after transfection whereas c-sis foci
became evident as soon as 5 days of culture when c-fos and c-sis
were expressed together. As expected from the autocrine action of PDGF resulting from c-sis expression, cells derived
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FIG. 6. (A) MAPK sites are required for c-Fos phosphorylation
induced by PDGF. As indicated, NIH 3T3 cells were transfected with
pCEFL–AU5–c-Fos or pCEFL–-AU5–c-Fos-m (2 g/well), pretreated
with U0126 (10 M) or vehicle for 30 min, and stimulated with PDGF
for an additional 30 min. Cells were lysed, resolved by SDS-PAGE, and
blotted using anti-c-Fos antibodies (top panel). Phospho-ERK and
total ERK immunoreactivities from the same samples are shown below
(middle and bottom panels). (B) MAPK sites are required for c-Fos
phosphorylation by ERK2. Cell lysates from c-Fos- or c-Fos-m-overexpressing cells in the absence or presence of MEKEE⫹ERK2, as
indicated, were subjected to PP2A digestion as described in Materials
and Methods. c-Fos expression was detected by Western blotting using
anti-c-Fos antibodies.
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from c-sis foci expressed c-Fos under a hyperphosphorylated
state (data not shown). This synergistic effect of c-sis and c-fos
in promoting cell transformation suggested a functional role
for c-Fos in the control of cell growth by PDGF.
Cooperation between c-fos and c-sis in cell transformation
requires ERK phospho-acceptor sites in the c-Fos TAD. As
ERK mediates c-Fos activation by PDGF, we decided to examine whether the ERK cascade was involved in c-fos- and
c-sis-induced transformation by using a dominant negative
form of MEK1, MEK1AA. The specificity of this dominant
interfering molecule has been previously documented (33). As
shown in Fig. 9B, MEK1AA diminished the number of c-sisinduced foci, as well as the number resulting from c-sis and
c-fos coexpression. These data suggested that c-fos cooperates
with c-sis in transformation in an ERK-dependent manner.
Nevertheless, other mechanisms might be also involved, as foci
formation was not totally inhibited by cotransfecting MEK
dominant negative molecules. Thus, to address more directly

whether c-Fos phosphorylation on the TAD was required for
the ability of c-sis to cooperate with c-fos in transformation, we
examined the influence of c-Fos individual mutations on Thr232, Thr-325, Thr-331, and Ser-374 on c-sis-induced focus formation. We observed that these single c-Fos point mutants
increased the transforming efficiency of c-sis similarly to the
c-fos wild type (data not shown). In contrast, the mutant c-fos
carrying mutations in all ERK target sites, c-fos-m, was much
less efficient in cooperating with c-sis than the wild-type c-fos
(Fig. 9C). Of interest, when examined under identical experimental conditions, add-back mutants of c-Fos bearing single
ERK phosphorylation sites behaved nearly identical to c-Fos-m
(data not shown). These results are consistent with the idea
that c-Fos acts downstream from PDGF receptors in a signaling route leading to normal and/or unregulated cell growth and
that the ERK signaling pathway mediates the activation of
c-Fos through the concerted phosphorylation of multiple sites
on the c-Fos TAD.
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FIG. 7. ERK2 phosphorylates c-Fos in vitro and in vivo. (A and B) Bacterially expressed c-Fos TADs, six-His c-FosTAD-wt, and six-His
c-FosTAD-m were purified and assayed as substrates for an immunoprecipitated (A) or recombinant purified (b) preparation of ERK2. In vitro
kinase assays were performed as described in Materials and Methods. The purified six-His substrates (A and B, lower panels) and the HA-tagged
ERK2 (A, middle panel) used in the kinase reactions were detected by Western blotting with the indicated antibodies. (C) In vitro cold kinase assay
using purified six-His c-Fos TAD as a substrate for recombinant ERK2. Reaction products were analyzed by Western blotting using anti-c-Fos
antibodies or anti-phospho-T/P antibodies. (D) HEK-293T cells were transfected with pCEFLc-Fos (1 g/well) alone or in combination with
ERK2⫹MEKEE (0.5 g each). Total lysates were analyzed by Western blotting using anti pCEFL–AU5–c-Fos antibodies (left panel) or
immunoprecipitated with anti-c-Fos and immunoblotted using anti-phospho-T/P antibodies (right panel).
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FIG. 8. ERK2 phosphorylation sites in the c-Fos TAD. (A) Mapping of c-Fos TAD phosphorylated sites by ERK2. The indicated
purified six-His c-Fos TAD wild-type (wt) or mutant proteins bearing
none (m) or a single potential ERK phosphorylation site were used as
substrates for recombinant ERK2 in in vitro kinase assays. Equal
amounts of purified proteins in each reaction mixture were confirmed
by Western blotting with anti-six-His antibody. Phosphorylated products (P-c-FosTAD) were resolved by SDS-PAGE. (B) Evaluation
of the role of ERK phospho-acceptor sites in the c-Fos TAD in the
transcriptional response of the c-Fos TAD to PDGF and ERK2 activation. Cells were transiently transfected with pGal4–c-FosTAD wildtype (wt) or mutant vectors bearing none (m) or single potential ERK
phosphorylation sites (2 ng/well), together with pGal4-Luc and pRLnull, and luciferase assays were performed. The top graph shows results with cells that were left untreated (control) or treated with PDGF
for 5 h (20 ng/ml). The bottom graph shows results with cells that were
transfected with pCDNAIII- ␤-gal (control) or MEKEE⫹ERK2 (0.5
g each). All Gal4 constructs were expressed at comparable levels
(data not shown). Reporter assay data represent the firefly luciferase
activity normalized by the Renilla luciferase activity present in each
sample. All values are the average ⫾ standard deviation of triplicate
samples from a typical experiment. In each case, similar results were
obtained in at least three additional experiments.

The activation of members of the AP-1 family of transcription factors, including c-Fos and c-Jun family members, is one
of the earliest nuclear events provoked by stimulation of fibroblasts with serum or PDGF (11), and AP-1 activity is required
for cell proliferation, as microinjection of antibodies blocking
components of the AP-1 complex, including c-Fos, impairs the
ability of serum-stimulated cells to reenter the S phase of the
cell cycle (27). However, the precise nature of the pathways
connecting PDGF to AP-1 is still not fully understood. In this
study, we provide evidence that PDGF regulates AP-1 activity
through the activation of ERK and the consequent stimulation
of the expression and transactivating activity of c-Fos. Thus,
the emerging picture is that PDGF receptors signal to c-Fos
through ERK in a two-step process, initially by stimulating the
activity of the c-fos promoter, thus promoting c-Fos expression,
and subsequently by regulating the posttranslational processing and transactivating activity of c-Fos by promoting its direct
phosphorylation (Fig. 10).
A number of kinases have been reported to phosphorylate
c-Fos, including protein kinases C and A, cdc2 (1), FRK (13),
and a novel MAPK, ERK7 (2). c-Fos phosphorylation by ERK1
and RSK on Ser-374 and Ser-362, respectively, within the Cterminal region of c-Fos has also been described to occur soon
after serum stimulation (8, 9), and while this study was in
progress Murphy et al. (36) described the existence of a docking site for ERK in c-Fos which facilitates the sequential
phosphorylation of c-Fos in multiple C-terminal sites upon
prolonged activation of ERK. However, the functional consequences of c-Fos phosphorylation are still poorly understood.
Collectively, our present findings indicate that the ERK-dependent phosphorylation of c-Fos results in a remarkable increase in its transactivating activity and that the C terminus of
c-Fos plays an important role in the transcriptional activation
of c-Fos by growth factors stimulating ERK.
This C-terminal region of c-Fos includes a TAD (42, 50).
When fused to the DBD of the yeast transcription factor
GAL4, the transcriptional activity of this c-Fos TAD was
greatly increased by PDGF in an ERK-dependent manner,
and direct activation of ERK resulted in an even greater
increase in its transcriptional activity in this heterologous
system. Similar results where obtained when the full coding
region of c-fos was fused to the GAL4 DBD, supporting that
the activity of ERK on the C-terminal region of c-Fos was
reflected in the activation of the full-length protein. Furthermore, c-Fos expression enhanced dramatically the activation of AP-1 by PDGF, and this effect was abolished by
inhibition of ERK, thus supporting the role of c-Fos and its
regulation by ERK in the pathway linking PDGF stimulation
to AP-1-mediated transcription.
As the TAD of c-Fos represents an effective in vivo substrate
of ERK, we took advantage of the ability of PDGF and ERK
activation to stimulate the c-Fos TAD to identify the most
likely biologically relevant phosphorylated residues. Within the
c-Fos TAD, Thr-232, -331, and -325 and Ser- 374 can be predicted as targets for ERK activity, and sequence alignment revealed that these residues are highly conserved in c-Fos sequences from distantly related species. However, when each of
these sites was mutated individually, we did not observe any
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changes in the ability of c-Fos to be activated through ERK. In
contrast, a c-Fos TAD mutant in which all sites were replaced
with alanines was no longer a substrate of ERK2 in vitro, and
this replacement abolished the response of the c-Fos TAD to
PDGF. Of interest, this mutant c-Fos still includes Ser-362, the
proposed target for RSK (8), suggesting that the sole phosphorylation by RSK may not be sufficient to stimulate the
transcriptional activity of c-Fos. These observations prompted
us to explore the use of an add-back approach, which consisted
of investigating the nature of the relevant phosphorylation sites
for ERK by returning each of the potential ERK targets one at
a time back to the original residue. Interestingly, when Thr-232
was the only such potential MAPK phospho-acceptor site, the
corresponding protein was not phosphorylated efficiently by
ERK2. In contrast, when Thr-325, Thr-331, and Ser-374 were
reintroduced in c-FosTAD-m, they each served as a substrate
for ERK2. In particular, Thr-232 has been proposed to be the
target of a yet-to-be-identified proline-targeted kinase, FRK,
which appears to be different from ERK (13). Nonetheless,
Thr-232 may serve as a substrate for ERK2 in vitro when
expressed as a short polypeptide fused to GST, as reported by
Bannister et al. (5). Thus, we cannot rule out that Thr-232 may
be phosphorylated in vivo by ERK2 in the context of the
full-length protein, or that FRK may act downstream from
ERK2, as suggested by the observation that when Thr-232 was
the only phospho-acceptor site in the c-Fos TAD it was sufficient to confer a partial, albeit limited, transcriptional response
to PDGF and active ERK2. Similarly, each of the other sites,
Thr-325 and -331 and Ser-374, was alone sufficient to promote
gene transcription when stimulated by PDGF or ERK2, but
less than with the wild-type c-Fos TAD. Thus, although the
nature of the c-Fos Thr-232 kinase is at the present unclear,

this residue is likely to act in concert with the other ERK
phosphorylation sites to achieve the full activation of the TAD
in vivo.
In line with the observation that a mutated c-Fos TAD
lacking all potential ERK phosphorylation sites fails to respond to PDGF, when these mutations were introduced into
the full-length c-Fos the resulting mutant showed a much more
limited effect on AP-1-dependent transcription in response to
PDGF or ERK stimulation. On the other hand, this c-Fos
mutant did not prevent the activation of AP-1 by PDGF or
ERK, likely because its overexpression results in increased
basal AP-1 activity, which might offset any counteracting activity resulting from preventing the activity of the phosphorylated endogenous c-Fos. Thus, although ERK phosphorylation
may not be required for the basal activity of c-Fos, phosphorylation of the C-terminal TAD might be required for the transcriptional response of c-Fos to extracellular stimuli impinging
on ERK activation, ultimately controlling the expression of
AP-1-regulated genes.
Several lines of evidence also indicate a direct correlation
between the transactivating activity of Fos proteins and their
ability to transform cells (38, 50). Of interest, in NIH 3T3 cells
c-Fos alone cannot induce the acquisition of a transformed
phenotype, as has been reported by others (37). Instead, we
observed that c-fos potentiated dramatically the focus-forming
ability of c-sis, which encodes the B-chain of PDGF (18), thus
supporting the notion that c-Fos represents a biologically relevant target for PDGF action. Consistent with this observation,
c-fos expression has been shown to be required for cell transformation when induced by sis (35), as well as by oncogenes
acting directly upstream of ERK, such as ras (31, 49) and raf
(23). Similarly, the mos oncogene, which encodes a serine/
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FIG. 9. c-fos potentiates the focus-forming activity of c-sis: requirement of ERK phosphorylation sites in c-Fos. (A) NIH 3T3 fibroblasts were
transfected with 1 g of c-fos expression vector (pCEFL–AU5–c-Fos) or pCDNAIII-␤-galactosidase (␤-gal) alone or in combination with 0.5 g
of c-sis (pcDNAIII–c-sis), as indicated. Cells were maintained in 5% calf serum and fixed and stained 25 days after transfection. Plates from a
representative experiment are shown. (B) Cells were transfected with pcDNAIII–c-sis (0.5 g/plate) alone or together with pCEFL–AU5–c-Fos
and/or MEKAA (1 g each). Transforming efficiency was estimated by counting the number of foci per dish after 25 days of transfection and
expressed as the percentage with respect to that observed in c-sis and c-fos transfections, which was taken as 100%. Results from a representative
experiment out of three independent ones are shown. (C) Cells were transfected with pcDNAIII–c-sis (0.5 g) with or without pCEFL–AU5–c-Fos
or pCEFL–AU5–c-Fos-m (1 g each). Foci were counted 25 days after transfection and are represented as described for panel B.
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threonine kinase that activates ERK, can cooperate with c-Fos
to transform NIH 3T3 cells (37). Replacement of the ERK
target sites in the C-terminal TAD of c-Fos, which as discussed
above does not impair its basal transactivating activity, diminishes dramatically its cooperating activity with c-sis, thus suggesting that c-Fos phosphorylation by ERK may represent a
biologically relevant mechanism whereby growth factors acting
on receptor tyrosine kinases can control cell growth. These
findings also raise the possibility that c-Fos may act downstream of ERK as an integral component of the transforming
pathway elicited by a large number of oncogenes that converge
in ERK activation to promote aberrant cell proliferation.
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