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Mitogen-activated protein (MAP) kinase, extracellular-signal-regulated kinases (ERKs) play an important
role in activating AP-1-dependent transcription. Studies using the JB6 mouse epidermal model and a trans-
genic mouse model have established a requirement for AP-1-dependent transcription in tumor promotion.
Tumor promoters such as 12-O-tetradecanoylphorbol-13-acetate (TPA) and epidermal growth factor induce
activator protein 1 (AP-1) activity and neoplastic transformation in JB6 transformation-sensitive (P�) cells,
but not in transformation-resistant (P�) variants. The resistance in one of the P� variants can be attributed
to the low levels of the MAP kinases, ERKs 1 and 2, and consequent nonresponsiveness to AP-1 activation. The
resistant variant is not deficient in c-fos transcription. The purpose of these studies was to define the targets
of activated ERK that lead to AP-1 transactivation. The results establish that the transactivation domain of
Fra-1 can be activated, that activation of Fra-1 is ERK dependent, and that a putative ERK phosphorylation
site must be intact for activation to occur. Fra-1 was activated by TPA in ERK-sufficient P� cells but not in
ERK-deficient P� cells. A similar activation pattern was seen for c-Fos but not for Fra-2. Gel shift analysis
identified Fra-1 as distinguishing mitogen-activated (P�) from nonactivated (P�) AP-1 complexes. A second
AP-1-nonresponsive P� variant that underexpresses Fra-1 gained AP-1 response upon introduction of a Fra-1
expression construct. These observations suggest that ERK-dependent activation of Fra-1 is required for AP-1
transactivation in JB6 cells.

The transcription factor AP-1 (activator protein 1) consists
of members of the Jun and Fos family of proteins (2, 23, 56, 57,
65). AP-1 binds DNA target sites as Jun/Jun homodimers and
Jun/Fos heterodimers, and activation of the AP-1 proteins can
lead to an increase or decrease in transcription of AP-1 target
genes. AP-1 can be activated by a variety of stimuli, including
cytokines, growth factors, stress, and UV light (2, 40, 67). AP-1
regulates multiple cellular functions, including proliferation,
differentiation, and cell death. Elevation of AP-1 activity can
be oncogenic (11, 26–28, 47, 71).

The AP-1 family of proteins is characterized by a b-zip
domain that consists of a basic region adjacent to a leucine
zipper domain. The leucine zipper directs the dimerization of
family members and positions these dimers for high-affinity
binding to AP-1 target sites (sequence TGAC/GTCA) (32).
AP-1 proteins also contain a transactivation domain. Deletion
of the transactivation domain of c-Jun can lead to the forma-
tion of a dominant negative mutant, indicating that the trans-
activation domain is essential for AP-1 activity (11). The com-
position of the AP-1 dimer and the activation status of the
component Jun and Fos proteins may be instrumental in de-
termining which target genes are activated by AP-1.

Mouse epidermal JB6 cells have proven to be valuable in
elucidating the mechanisms leading to activation of AP-1 and
the role of AP-1 in tumor promotion, a rate-limiting step in

multistage carcinogenesis. The JB6 model includes variants
stably trapped in a promotable stage (7, 19–21). These variants
are sensitive to AP-1-regulated neoplastic transformation by
various mitogens, including 12-O-tetradecanoylphorbol-13-ac-
etate (TPA) and epidermal growth factor (EGF). Exposure of
transformation-sensitive (P�) cells to these tumor promoters
produces an increase in AP-1 activity, followed by neoplastic
transformation. In contrast, in resistant (P�) JB6 cells, AP-1 is
not activated and cells are not transformed by TPA or EGF,
although these cells do show a similar mitogenic response (21).

Neoplastic transformation requires activation of AP-1. Ex-
pression of a transactivation mutant c-jun (TAM67) or expo-
sure to AP-1-transrepressing retinoids is sufficient to block
TPA-induced AP-1 activation and transformation in culture
(27, 46). AP-1 transactivation is also required for tumor pro-
motion in vivo. Transgenic mice expressing the dominant neg-
ative c-jun in mouse skin are protected from the tumorigenic
effects of 9,10-dimethyl-1,2-benzanthracene (DMBA)/TPA ex-
posure (71). Elevated AP-1 activity is required for mainte-
nance of the tumor phenotype in human keratinocytes (47).
Thus, the observation that AP-1 is instrumental in promoting
carcinogenesis made initially in JB6 cells has been validated
and extended to other cell culture and in vivo models.

Mitogens like TPA and EGF activate the AP-1 transcription
factor via the mitogen-activated protein kinase (MAPK) path-
way (31, 37, 66). The MAPK family includes the extracellular
signal-regulated protein kinase (ERK), c-Jun N-terminal ki-
nase/stress-activated kinases (JNK/SAPK), and p38 kinase (9,
10, 24, 44, 58). ERKs (ERK 1 and ERK 2) are activated by
mitogen stimulation through a cascade of kinases, including
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Ras, Raf, and MAPK kinase (MEK). Examination of mitogen
stimulation of the MAPK pathway in JB6 cells showed that the
P� variant Cl 30.7b was deficient in ERK 1 and 2 proteins
compared to P� cells (37). Restoration of ERK levels by trans-
fecting P� cells with an ERK 2 expression vector reconstituted
TPA- and EGF-induced activation of AP-1 and transformation
response in these cells. Conversely, inhibition of ERK activity
in JB6 P� cells blocked TPA-induced activation of AP-1 and
transformation (66). These results indicate that activation of
ERK 1 and/or 2 is required for mitogen activation of AP-1 and
thus for neoplastic transformation.

The MAPK cascade plays an important role in the control of
cell proliferation and differentiation (3, 17, 36, 38, 39, 50, 63,
67). Once activated, ERK relocalizes to the nucleus, where it
can activate transcription factors and the basal transcription
complex (14, 16, 45). Among ERK’s major nuclear targets are
the ternary complex factor (TCF), Elk-1, and Sap-1a (33, 39,
49, 67). Activation of TCF produces induced transcription of
immediate-early genes like c-fos, although c-fos transcription is
not dependent solely on ERK (41). ERK activation has also
been implicated in potentiating AP-1 activity (22, 31, 37, 62,
66).

Except for the induction of c-fos transcription, little is known
of the ERK-dependent events that are required for AP-1 ac-
tivation. Interestingly, the AP-1-nonresponsive, ERK-deficient
P� 30.7b cells are not inhibited for c-fos transcription (4). In
order to better understand the pathway(s) from mitogen-acti-
vated ERK to activation of AP-1 and neoplastic transforma-
tion, we compared the activation of AP-1 proteins using Gal4
fusions in ERK-deficient P� and ERK-sufficient P� JB6 cells.
We show that the transactivation domain of Fra-1 can be
activated in mouse epidermal JB6 cells, that Fra-1 activation is
ERK dependent, and that Thr-231 is required for Fra-1 acti-
vation. c-Fos activation is also ERK dependent. Considering
the composition of activated AP-1 as determined by electro-
phoretic mobility shift assays (EMSAs) and the ability of Fra-1
to restore AP-1 transactivation response in Fra-1-deficient
variants, we conclude that Fra-1 is a pivotal AP-1 protein
required for mitogen activation of AP-1.

MATERIALS AND METHODS

Cell culture and transfections. JB6 mouse epidermal cell lines were cultured
in monolayers at 37°C and 5% CO2 using Eagle’s minimal essential medium
(EMEM) containing 4% fetal calf serum (FCS) (Life Technologies), 2 mM
L-glutamine, and 25 �g of gentamicin per ml as described previously (7, 66). For
transfection with Lipofectamine (Invitrogen), 5 � 104 cells were plated into each
well of a 24-well dish. The following day, the cells were incubated in Optimem
(Invitrogen) for 2 to 4 h. Transfections with Gal4 fusions were done in batch
mixtures by adding 50 ng of Gal4 fusion construct and 12.5 ng of Gal4-luciferase
reporter per well to 1 �l of Lipofectamine per well and incubating at 25°C for 15
to 45 min. The Lipofectamine-DNA mixture was then diluted in 0.3 ml of
Optimem per well and added to the cells. After 6 h the cells were washed, and
complete medium was added. Alternatively, 0.4 �g of pcDNA3 or pFC-MEK1
(Stratagene) DNA was added to the Gal4 fusion and reporter mix and then
mixed with 1.2 �l of Fugene (Roche). The Fugene-DNA mix was added to the
cells in rich medium. Following transfection, the cells were starved for 24 h in
medium containing 0.2% FCS. The cells were then treated with TPA (10 ng/ml
in dimethyl sulfoxide [DMSO]) for 6 h and lysed with passive lysis buffer (Pro-
mega), and luciferase activity was measured with 25 �l of cell lysate according to
the manufacturer’s recommendation (Promega). Luciferase activity was read
with a Dynex 96-well luminometer.

Lipofectamine-Plus was used for transfection with 4� AP-1 luciferase and
CMV-fra-1. For these assays, 0.4 �g of 4� AP-1 luciferase and 0.2 to 0.8 �g of
CMV-fra-1 were mixed with 3 �l of Lipofectamine and 1.2 �l of Lipofectamine-

Plus according to the manufacturer’s recommendation. Total DNA was main-
tained at 1 �g with the addition of pcDNA3. The DNA-Lipofectamine mix was
added to 104 cells seeded 24 h earlier in 24-well dishes. Cells were transfected as
described above except that luciferase activity was determined 18 h after TPA
treatment. For Western analysis of Gal4 fusions, 8 �g of DNA was mixed with 3.6
�l of Fugene and added to 106 cells in 150-mm dishes. Nuclear extracts were
harvested as described below.

Plasmids. The PathDetect trans-reporting system (Strategene) was used to
elucidate the activation status of various AP-1 proteins in both P� and P� cells.
PathDetect vectors express a fusion protein that contains the activation domain
of the protein of interest fused to the DNA-binding domain of Saccharomyces
cerevisiae Gal4 (residues 1 to 147). The luciferase reporter construct contains a
promoter that carries four tandem repeats of the Gal4 binding site (upstream
activation sequence [UAS]). The PathDetect trans-reporting plasmids c-Fos and
Elk-1 were purchased from Stratagene.

Gal4 fusions containing Jun-D (amino acids [aa] 1 to 210) and Fos-B (aa 220
to 361) were gifts from Tim Bowden (59). Gal4 fusions containing the transac-
tivation domain from rat Fra-1 (aa 132 to 275) and rat Fra-2 (aa 148 to 326) (18,
30) were constructed by inserting DNA fragments generated by PCR of CMV-
fra-1 and CMV-fra-2 into the pFA-CMV vector (Stragene). The oligonucleotides
used to prime PCR synthesis for the inserts for Gal4–Fra-1 were CGCGGATC
CCGCGAGCTGACAGACTTCCTGCAG and CCGGAATTCCGGTCACA
AAGCCAGGAGTGTAGG, and those for Gal4–Fra-2 were CGCGGATCC
CGCGAGCTGACAGAGAAGCTGCAGGCG and CCGGAATTCCGGTT
ACAGCCGTAGAAGTGTCGG. PCR-generated fragments were digested with
BamHI and EcoRI, gel purified, and ligated in frame into pFCMV (Stratagene).
Expression of the Gal4–Fra-1 and –Fra-2 fusions was confirmed by Western blot
analysis. CMV-fra-1, CMV-fra-2, and antisense fra-1 were gifts from R. Bravo.

Point mutations in the Gal4–Fra-1 and the CMV-fra-1 vectors were created
with the Quickchange mutagenesis kit (Stratagene) and the following oligonu-
cleotides: S209AF (CCTTGCATCTCCCTTGCTCCAGGACCCGTAC), S209AR
(GTACGGGTCCTGGAGCAAGGGAGATGCAAGG), T244AF (GTTTTCA
CCTATCCTAGCGCACCAGAACCTTGCTCCTCC), T244AR (GGAGGAG
CAAGGTTCTGGTGCGCTAGGATAGGTGAAAAC), T231AF (CTCATGA
CCACACCCTCTCTGGCTCCTTTTACTCCGAGTCTG), T231AR (CAGA
CTCGGAGTAAAAGGAGCCAGAGAGGGTGTGGTCATGAG), S269AF
(CCCTCCTCCGACCCCCTGGGCGCTCCTACACTCCTGGCTTTGTG),
and S269AR (CACAAAGCCAGGAGTGTAGGAGCGCCCAGGGGGTCGG
AGGAGGG). Mutated vectors were sequenced to confirm that mutagenesis was
restricted to designated sites.

Preparation of nuclear extracts. JB6 cells were collected after 24 h of starva-
tion in 0.2% fetal bovine serum (FBS) followed by induction with TPA (10 ng/ml)
for the indicated times. The collected cells were lysed with lysis buffer containing
25 mM HEPES (pH 7.7), 50 mM KCl, 2 mM phenylmethylsulfonyl fluoride
(PMSF), 100 �M dithiothreitol (DTT), and 0.5% NP-40, plus 2 �g of leupeptin
and 4 �g of aprotinin per ml. The resulting nuclei were washed with the above
buffer minus NP-40 and subsequently disrupted with extraction buffer containing
25 mM HEPES (pH 7.7), 500 mM KCl, 1 mM PMSF, 100 �M DTT, and 10%
glycerol plus 1 �g of leupeptin and 2 �g of aprotinin per ml. All of the above
procedures were performed at 4°C, and aliquots of nuclear extracts were stored
at �70°C. Total protein levels were determined by the bovine serum albumin
(BSA) assay (Pierce).

EMSA. Oligonucleotides containing the AP-1 consensus sequence (CGCTTG
ATGACTCAGCCGGAA) were purchased from Santa Cruz Biotechnology.
Fifty nanograms of double-stranded oligonucleotide was end labeled with
[32P]ATP and T4 polynucleotide kinase (Roche Molecular Biochemicals). Nu-
clear extracts (1 to 2 �g of protein) diluted in binding buffer containing 20 mM
Tris-HCl (pH 7.5), 50 mM KCl, 1 �M DTT, 2 �M EDTA, and 4% glycerol were
added to the EMSA reaction mixture containing 50,000 cpm of labeled and
purified oligonucleotides and 1 �g of poly(dI-dC) (Roche Molecular Biochemi-
cals) per ml. The reactions were incubated at room temperature for 30 min. The
protein-DNA complexes were resolved on a 6% TBE (Tris-borate-EDTA) gel
(Novex) and visualized by autoradiography. Antibody supershifts were per-
formed by mixing nuclear extracts with labeled nucleotides and incubating for 15
min at 4°C. These extracts were then added to 1 �l of selected antibody (Trans-
Cruz Gel Supershift reagent at 2 �g/�l; Santa Cruz Biotechnology) and incu-
bated for 15 min at room temperature. The specificity of the DNA-protein
interaction was determined using 1 ng or 1 �g of unlabeled oligonucleotide.

Protein isolation and Western blot analysis. P� 30.7b, P� SC21, and P� clone
(Cl) 41 cells (2 � 105) were seeded into six-well dishes. The following day the
cells were serum starved in 0.2% FCS for 24 h. Following starvation, TPA (10
ng/ml) was used to activate the mitogen pathway for 30 min. The cells were lysed
in 2% sodium dodecyl sulfate (SDS) lysis buffer, and protein concentrations were
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determined with a Micro-BCA protein assay (Pierce). Whole-cell extracts (4 to
6 �g) were denatured by heating at 100°C and sonicated. Proteins were fraction-
ated on a 10% Bis-Tris polyacrylamide gel (Novex) and then transferred to
nitrocellulose membranes using Novex transfer buffer and a semidry transfer
apparatus. Membranes were blocked with 5% nonfat milk proteins in Tris-
buffered saline (TBS)–0.5% Tween 20.

For detection of phosphorylated ERKs, the phosphospecific antibody to
MAPK P42/44 (Cell Signaling Technology) was used at a dilution of 1:1,000.
Anti-ERK (Promega) was used for detection of total ERK 1 and 2. For detection
of AP-1-specific protein, nuclear extracts were denatured in sample buffer and
fractionated as above. Antibodies from Santa Cruz were used at a dilution of
1:1,000. Gal4 fusions were detected in nuclear extracts with anti-Gal4(DBD)
from Santa Cruz at a 1:1,000 dilution. Antibody-bound proteins were detected by
chemiluminescence (ECL; Amersham).

RESULTS

ERK deficiency does not limit induction of c-fos mRNA. The
mouse JB6 model includes variants that are sensitive (P�) and
resistant (P�) to neoplastic transformation by tumor promot-
ers. In transformation-sensitive P� JB6 cells, exposure to tu-
mor promoters such as TPA and EGF produces activation of
the MAPK-ERK cascade, leading to transactivation of AP-1
and cellular transformation. In one of the JB6 P� variants, Cl
30.7b, resistance to AP-1 activation and thus to transformation
can be attributed to a deficiency in ERK levels (37, 66). We
now show in a second JB6 P� variant, Cl SC21, that the levels
of ERK1/2 are similar to those in P� Cl 41 cells (Fig. 1A), yet,
like the P� Cl 30.7b variant, P� Cl SC21 cells are resistant to
TPA-induced activation of AP-1 (Fig. 1B) and neoplastic
transformation (15). These results suggest that some factor

downstream of ERK activation is deficient in the JB6 Cl SC21
cells.

Interestingly, mitogen induction of c-fos mRNA, thought to
occur through the ERK pathway, is not limited in the P�

ERK-deficient Cl 30 cells, as the level of TPA-induced c-fos
mRNA is slightly elevated in these cells relative to the P� Cl 41
variants (4) (see Fig. 2E). The c-fos promoter contains a serum
response element (SRE), to which the serum response factor
(SRF) and the Ets transcription factors Elk-1 and SAP-1a bind
(35). Activation of the MAPK cascade (either ERK or JNK)
can activate Elk-1 (and SAP), which in turn induces the tran-
scription of c-fos mRNA through the SRE (68).

In order to further analyze the ERK-dependent pathway
leading to activation of c-fos transcription in JB6 cells, we
measured TPA-induced activation of ERK substrate Elk-1 us-
ing a Gal4–Elk-1 fusion construct. These fusions, when acti-
vated, drive expression of luciferase from a Gal4-dependent
promoter. We also measured expression of luciferase from an
SRE-dependent promoter driven by a transcription factor
complex containing activated Ets family proteins such as Elk-1.

Treatment of serum-starved JB6 P� cells with TPA pro-
duced a significant induction of activated Elk-1, which was
blocked by the MEK-specific inhibitor U0126 (Promega) in a
dose-dependent manner (Fig. 2A and 2B). Elk-1 was also ac-
tivated in ERK-sufficient P� SC21 cells and in the ERK-defi-
cient 30.7b cells, although activation in 30.7b cells was not as
high as that seen in Cl 41 or SC21. A similar pattern was seen
for TPA induction of the SRE-driven luciferase (Fig. 2C and
2D). Thus, either the lower level of activated ERK present in
the ERK-deficient JB6 30.7b cells is sufficient to activate Elk-1-
and SRE-driven c-fos expression but is insufficient to activate
AP-1, or an alternative ERK-independent pathway is mediat-
ing the mitogen-induced expression of c-fos mRNA.

The reduction of both Elk and SRE activities below basal
levels in the ERK-sufficient P� cells by the MEK inhibitor (Fig.
2B and 2D) indicates that some level of activated ERK is
needed for activation of SRE-dependent transcription. Figure
2E summarizes the current and previously reported observa-
tions establishing that although the low ERK levels limit AP-1
activation in P� Cl 30.7b cells, they do not limit c-fos mRNA
expression and have little effect on the activation of Elk-1- or
SRE-dependent transcription.

TPA-induced AP-1 binding is enhanced in variants express-
ing elevated ERK. In transformation-sensitive P� JB6 cells,
exposure to tumor promoters like TPA and EGF produces
transactivation of AP-1, leading to transformation. In contrast,
in JB6 P� cells, exposure to TPA or EGF does not activate
AP-1. It has recently been shown by EMSAs that the lack of
AP-1 activation in the P� 30.7b cells could be attributed in part
to a deficiency in AP-1 proteins bound to DNA (8). The results
shown in Fig. 3A are consistent with these findings. P� Cl 30.7b
cells have less protein bound to an AP-1 consensus site before
and after TPA exposure than P� Cl 41 cells. TPA induction of
AP-1 binding is greater in the Cl 41 extracts (Fig. 3A, compare
lane 2 to lane 5 and lane 3 to lane 6).

Restoration of ERK levels in the 30.7b cells (30.7b/ERK) by
stable transfection elevated the basal and TPA-induced AP-1/
DNA-binding levels to levels as high as or higher than those of
Cl 41 (Fig. 3A, lanes 7 and 8). The increase in the basal level
of activated AP-1-bound complex is likely due to the higher

FIG. 1. AP-1-nonresponsive JB6 P� variants include both ERK-
deficient and ERK-sufficient cells. (A) Whole-cell extracts from JB6
cells serum starved for 24 h and treated with TPA (10 ng/ml) or DMSO
for 30 min were analyzed by Western blot analysis with antibody
specific to phosphorylated (p) ERK 1 and 2 or to total ERK. An equal
amount of total protein was added to each lane. Independent experi-
ments show similar results. (B) JB6 cells were transiently transfected
with a 4� AP-1 luciferase reporter. Cells were serum starved for 24 h
and then treated with TPA for an additional 16 h. Cells were lysed, and
luciferase activity (relative luminescence units) was determined with a
Dynex 96-well luminometer.
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level of activated ERK seen in these 30.7b/ERK cells (37). The
composition of the faster-migrating complex, evident in long-
er-run gels as shown in Fig. 3A (arrowhead), has not been
identified. We and others have previously shown the specificity
of AP-1 protein binding to this AP-1 oligonucleotide, as indi-
cated by competition with unlabeled oligonucleotide and by
the lack of binding to a mutant AP-1 oligonucleotide (Fig. 3A)
(8, 42). These results suggest that the deficiency in ERK levels
in the P� 30.7b cells causes a deficiency in DNA binding of
AP-1 complex to the AP-1 consensus site compared with ERK-
sufficient P� Cl 41 cells, although other contributing factors
cannot be excluded.

TPA-induced activated AP-1 complexes in P� cells are dis-
tinguished from P� complexes by the content of Fra-1. The
AP-1 complex that binds to DNA can consist of either a Jun/
Jun homodimer or a Jun/Fos heterodimer. In order to charac-
terize the mitogen-activated AP-1 complexes seen in the
EMSA, supershift assays were performed with antibodies spe-
cific to each of the Fos family proteins (Fig. 3B). In the unin-
duced serum-starved cells, the addition of antibodies to Fra-1
and Fra-2 produced a supershift in the AP-1-bound DNA (Fig.
3B, lanes 5 to 10), suggesting that the AP-1 complex in resting
cells consists of Jun/Jun, Jun/Fra-1, or Jun/Fra-2 dimers. Fos-B
is absent from AP-1 complexes in JB6 cells (8) (data not
shown). Interestingly, the addition of antibodies to c-Fos pro-

duced a decrease in DNA binding (a blocked shift) in both
untreated cell types without mobility shifting the bound com-
plex (Fig. 3B, lanes 3 and 4).

Exposure to mitogens like TPA produces an increase in
AP-1 DNA-binding activity and transactivation. Figure 3B
shows the Fos family components of the AP-1 complexes 3 h
after TPA treatment. Fra-1, Fra-2, and c-Fos were present in
the AP-1 DNA-bound complexes 3 h after TPA induction. The
level of Fra-2 in the AP-1 complex of both P� and P� cells
changed little in response to TPA treatment. Three hours after
TPA treatment, an anti-c-Fos supershifted band was seen in
both P� and P� cells, with the level of c-Fos slightly higher in
P� 30.7b cells (Fig. 3B, lanes 3 and 4). The amount of c-Fos
detected in the AP-1 complex in ERK-deficient Cl 30.7b cells
1.5 h after TPA exposure was also higher than in Cl 41 cells (8).
More obvious, however, was the significant increase in the
amount of Fra-1 found in the AP-1 complex in Cl 41 cells
compared to Cl 30.7b cells 3 h after TPA exposure (Fig. 3B,
lanes 5 and 6). These results suggest that exposure to TPA
produces an increase in AP-1 binding at 3 h and that the
activated AP-1 seen in the ERK-sufficient P� cell complex
contains Fra-1, Fra-2, or c-Fos complexed with a Jun protein.

After 18 h of exposure to TPA, the level of Fra-1 found in
the complex remained significantly higher in the P� cells than
in the P� cells (Fig. 3B, lanes 5 and 6), while c-Fos was

FIG. 2. MAPK-regulated serum response pathway is functional in ERK-deficient JB6 cells. (A) Activation of Elk-1 is not lacking in ERK-
deficient cells. JB6 cells transiently transfected with a Gal4–Elk-1 fusion and a Gal4-luciferase reporter were serum starved for 24 h and then
treated with TPA for 6 h. Cell extracts were analyzed for luciferase activity. (B) Inhibition of ERK activity blocks activation of Elk. Cl 41 cells
transiently transfected with Gal4–Elk-1 and Gal4-luciferase were treated with the MEK inhibitor U0126 (Promega) or DMSO 1 h before TPA
exposure. Luciferase activity was determined 6 h after TPA exposure. (C) ERK levels have little effect on activation of SRE. JB6 cells were
transiently transfected with an SRE-luciferase reporter, serum starved for 24 h, and then treated with TPA for 3 h. (D) SRE activation is ERK
activation dependent. Cl 41 cells transiently transfected with SRE-luciferase were treated with the MEK inhibitor U0126 or DMSO for 1 h before
TPA treatment. Luciferase activity was measured 3 h later. Fold activation is defined as TPA-induced luciferase activity relative to the uninduced
level. The average of three transfections is shown. Similar results were seen in multiple experiments. (E) c-fos mRNA expression is not limiting
in ERK-deficient P� cells. The activation of Elk-1, SRE, and c-fos expression relative to that in the ERK-sufficient Cl 41 cells is shown. The values
for Elk-1 and SRE activation are from panels A and C above. The values for c-fos expression are from Ben-Ari et al. (4) and data not shown.
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undetectable. These results indicate that at 18 h after TPA, a
time when AP-1 luciferase activity is at a peak, Fra-1 is the
major Fos family protein in the activated AP-1 complex.

Fra-1 binding in the AP-1 complex is ERK dependent. The
significant difference in Fra-1 content between the activated
AP-1 complex in the ERK-sufficient P� cells and the ERK-
deficient P� cells suggests that Fra-1’s role in the activated
AP-1 complex is ERK dependent. To determine the ERK
dependency of Fra-1 binding, P� Cl 41 cells were treated with
5 �M MEK-1 inhibitor 1 h prior to TPA exposure. Nuclear
extracts were collected 3 h after TPA treatment and analyzed
by EMSA for the presence of Fra-1 in the TPA-activated AP-1
complex (Fig. 3C). Clearly, the increased level of Fra-1 in the
activated complex was reduced by inhibiting ERK activation
(Fig. 3C, lanes 4 to 6). In contrast, AP-1 DNA binding (Fig. 3C,
lanes 2 and 3) and the level of Jun-D in the bound complex
were unaffected by 5 �M MEK inhibitor treatment of TPA-
treated cells (Fig. 3C, lanes 7 to 9).

The amount of MEK inhibitor (5 �M) used in these exper-
iments was able to inhibit activation of Elk-1 as well as tran-
scriptional activation of the SRE and AP-1 promoters (Fig. 2
and data not shown). Figure 3C also shows that inhibition of
ERK activation leads to a lack of TPA-induced Fra-1 protein
expression. Inhibition of ERK-dependent Fra-1 expression by
MEK inhibitor has been shown previously (22, 62). Taken
together, these results suggest that although different ERK
activation thresholds may be operative, the synthesis of Fra-1
(Fig. 3C) and the incorporation of Fra-1 into an activated AP-1
complex (Fig. 3B) are ERK dependent.

TPA-induced activation of c-Fos protein is ERK dependent.
TPA-induced expression of c-fos mRNA and c-Fos protein is
not limited by the ERK deficiency in 30.7b (4, 8), yet mitogen-
induced activation of AP-1 in 30.7b cells is limited. Since mi-
togen-induced activation of c-Fos protein can occur through
the MAPK/ERK pathway (12, 61), it is possible that c-Fos
protein is not activated in 30.7b cells. Thus, the lack of TPA-
induced transactivation of AP-1 might arise from an inability to
activate c-Fos protein due to the deficiency of ERK in the
30.7b cells.

FIG. 3. (A) AP-1 DNA binding is enhanced by ERK activation.
The left panel shows 30.7B, Cl 41, and 30.7B/ERK cells that were
serum starved for 24 h and then treated with TPA for 0, 3, and 18 h.
Nuclear extracts were isolated and analyzed for DNA-binding activity
by EMSA. The right panel shows the specificity of DNA binding.
Unlabeled (cold) AP-1-binding oligonucleotide (1 ng and 1 �g) was
used to compete with the labeled oligonucleotide. The bracket marks
the broad (multiband) AP-1 complex. The arrowhead shows a faster-
migrating band seen predominantly in ERK-sufficient cells. Electro-
phoresis conditions in which the free probe was visible on the gel
(right) were not sufficient to separate the faster-migrating band from
the major band, as seen on the left. To separate the faster-migrating
band, the free probe was run off the gel. Representative gels from
multiple experiments are shown. (B) TPA-activated AP-1 complex
from P� cells contains more Fra-1 than the complex from ERK-
deficient P� cells. Fra-2 is also present in the AP-1 complex. Nuclear
extracts were harvested from 30.7B (P�) and Cl 41 (P�) cells that had
been serum starved for 24 h and then treated with TPA for 0 (top), 3
(middle), and 18 (bottom) h. Extracts were analyzed by supershift
EMSA with Fos-specific antibodies as indicated. Higher antibody con-
centrations produced no greater shifts. It should be noted that neither

these antibody concentrations nor higher concentrations (8, 42, 48) of
specific AP-1 antibodies produced complete shifts in previous studies
of JB6 cells in our laboratory or others. Pre-Im, preimmune; SS,
supershifted bands. Unlabeled brackets mark nonsupershifted AP-1
complexes. Labeled oligonucleotide was added to the nuclear extract,
and the extracts were then aliquoted to tubes containing the indicated
antibodies. EMSA samples were run on two gels per sample time
point. All six gels were run simultaneously. The 0-h and 3-h autora-
diographs were analyzed by phosphorimaging. The 18-h autoradio-
graph was exposed to X-ray film and digitally rearranged for clarity. A
representative autoradiogram of multiple EMSAs is shown. (C) Fra-1
recruitment to AP-1 complex is ERK dependent. JB6 cells treated for
1 h with 5 �M MEK inhibitor U0126 or DMSO were exposed to TPA
for 3 h. Nuclear extracts were harvested and analyzed for AP-1 binding
by supershift EMSA or for Fra-1 expression by Western blot. The left
panel shows the antibody-induced supershift EMSA with preimmune
(lanes 1 to 3), Fra-1 (lanes 4 to 6), and Jun-D (lanes 7 to 9) antibodies.
SS, supershifted band; the bracket indicates unshifted complexes. The
right panel shows the Western blot analysis of nuclear extracts de-
tected with anti-Fra-1. NS, nonspecific cross-reactive protein to the
Fra-1 antibody. Equal protein levels, as determined by the BSA assay,
were loaded.
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In order to determine whether c-Fos can be activated by
TPA in these cells, a Gal4-c-Fos fusion construct in which the
c-Fos transactivation domain is fused to the yeast Gal4 DNA-
binding domain was cotransfected with a Gal4-luciferase re-
porter, and the c-Fos activation response to mitogen was de-
termined. c-Fos protein was activated in the ERK-sufficient P�

Cl 41 and P� SC21 cells (though to a lesser extent), but not in
the ERK-deficient P� 30.7b cells (Fig. 4A). Cl 41 and SC21
cells showed a greater than twofold increase in luciferase ac-
tivity 6 h after exposure to TPA. In contrast, in the ERK-
deficient P� 30.7b cells, c-Fos was not activated by TPA. Ac-
tivation of the Gal4–Elk-1 fusion (see Fig. 2) was used in all
assays as a control for mitogen activation.

Expression of the constitutively activated ERK-specific
MAPK kinase 1 (MEK-1) in Cl 41 and SC21 cells produced a
4-fold and a 3.5-fold activation of Gal4-c-Fos, respectively,
whereas MEK-1 produced little or no activation of c-Fos in
ERK-deficient 30.7b cells (Fig. 4B). These results indicate that
activation of c-Fos occurs ERK dependently. Activation of the
MAPK/ERK with either TPA or ERK 1- and 2-specific MEK-1
leads to the activation of c-Fos protein in the ERK-sufficient
cells but not in the ERK-deficient cells. The level of ERK in
the 30.7b cells, while low, may be sufficient to support the
activation of Elk-1, which leads to expression of c-fos mRNA,

but this level of ERK may not be sufficient to activate c-Fos
protein.

Fra-1 activation occurs ERK dependently. The elevated
level of Fra-1 seen in the activated AP-1 complex in AP-1-
responsive Cl 41 P� cells and the low level of c-Fos in the P�

relative to the P� complex (Fig. 3) suggest that Fra-1 may play
a more prominent role in AP-1 activation than does c-Fos. It
has been reported, however, that the transactivation domain in
Fra-1 is not functional (5, 69), and it has been suggested that
the presence of Fra-1 in the AP-1 complex may act as a dom-
inant negative inhibitor (70).

In order to determine whether the transactivation domain of
Fra-1 is functional in JB6 cells, it was fused to the Gal4 binding
domain (Fig. 5A). TPA treatment of Cl 41 and Cl SC21 cells
cotransfected with the Gal4–Fra-1 fusion and the Gal4-lucif-
erase reporter produced 6.3- and 3.1-fold increases in Fra-1
activity, respectively (Fig. 5B). On the other hand, Fra-1 was
not activated in ERK-deficient Cl 30.7b cells after TPA treat-
ment. Western blot analysis of P� and P� cells transfected with
the Gal4–Fra-1 fusion shows that the failure to activate Fra-1
in the Cl 30.7b P� cells is not attributable to a lack of synthesis
or to an increase in degradation of the Gal4 fusion in these
cells (Fig. 5B, inset). Cotransfection with the constitutively
activated MEK-1 (no TPA) also activated Fra-1 in the ERK-
sufficient and not in the ERK-deficient cells (Fig. 5C). Activa-
tion of Fra-1 in Cl 41 was blocked in a dose-dependent manner
when ERK activation was inhibited by the MEK inhibitor
U0126 (Fig. 5D). Pretreatment of TPA-treated P� cells with 1
�M U0126, a concentration that substantially inhibits Fra-1
activation, resulted in no loss of the Gal4–Fra-1 fusion protein
(Fig. 5D, inset), and 10 �M U0126 pretreatment produced
complete loss of the Gal4–Fra-1 fusion protein (not shown).

The Gal4–Fra-2 fusion, which contains sequence (aa 148 to
197) nearly identical to that of the Fra-1 fusion (aa 132 to 180)
and differs only in the C-terminal transactivation domain (Fig.
5A), was not activated by TPA or by MEK-1 in any of the JB6
variants (Fig. 5B and data not shown). Expression of the Gal4–
Fra-2 fusion was confirmed by Western blot analysis (data not
shown). The mitogen-dependent activation of Fra-1 can there-
fore not be attributed solely to a sequence shared with Fra-2.
The Gal4 fusion with Jun-D, the major Jun family protein in
the AP-1 complex (8), was activated by TPA in both the ERK-
deficient Cl 30.7b (2.5-fold) and ERK-sufficient Cl SC21 (2.8-
fold) and Cl 41 (1.8-fold) cells, suggesting that activation of
Jun-D protein is not limiting for AP-1 activation in the ERK-
deficient cells. c-Jun was not activated by TPA treatment in
either cell type.

These results show that the Fra-1 transactivation domain,
when fused to the Gal4 DNA-binding domain, can be tran-
scriptionally activated, apparently in an ERK-dependent man-
ner. Thus, the presence of Fra-1 in the activated AP-1 complex
of ERK-sufficient cells (Fig. 3B and C), coupled with ERK-
dependent activation of Fra-1’s transactivation domain (Fig.
5), suggests that activation of Fra-1 may be necessary for AP-1
transactivation in JB6 cells.

Identification of ERK-dependent activation sites in the
Fra-1 transactivation domain. Fra-1 appears to be the pre-
dominant Fos family member in the activated AP-1 complex in
ERK-sufficient P� cells (Fig. 3B), and the transactivation do-
main of Fra-1 can be activated in an ERK-dependent manner

FIG. 4. c-Fos protein is activated by TPA or MEK-1 in ERK-
sufficient but not ERK-deficient cells. (A) JB6 cells transiently trans-
fected with a Gal4-luciferase and either a Gal4-c-Fos fusion or the
empty Gal4 vector pFCMV (DBD) were serum starved for 24 h and
then treated with TPA or DMSO. Luciferase activity was measured 6 h
later. (B) JB6 cells transiently transfected with a Gal4-luciferase, Gal4-
c-Fos, or empty pFCMV (DBD) plus activated MEK or pcDNA3 were
serum starved for 24 h, and luciferase activity was measured. The
average for three transfections � standard deviation is shown. Similar
results were seen in multiple experiments. Activation of the Gal4–
Elk-1 fusion (see Fig. 2) was used as a control for mitogen activation.
� and ��, statistically significant difference between TPA- or MEK-
induced c-Fos-transfected cells and uninduced cells as determined by
Student’s t test (�, P � 0.05; ��, P � 0.01).
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(Fig. 5). To determine which site in the transactivation domain
of Fra-1 is required for activation, we performed site-directed
mutagenesis on the Gal4–Fra-1 fusion construct.

MAPKs catalyze the phosphorylation of substrates contain-
ing a proline in the �1 site relative to the serine or theronine
being phosphorylated. A proline in the �2 or �3 position can
confer specificity for ERK 1 and 2 (53, 54). The potential ERK
phosphorylation sites in the transactivation domain of the
Gal4–Fra-1 fusion are shown in Fig. 6A. Ser-209, Thr-231,
Thr-244, and Ser-269 were mutated to Ala by site-directed
mutagenesis. Mutated constructs were then cotransfected into
P� Cl 41 cells, and activation of Fra-1 was determined (Fig. 6B
and C).

Mutagenesis of Ser-209 and Thr-244 to Ala produced a
slight but insignificant decrease in TPA-induced activation of
Fra-1. Fra-1 activity was not affected by changing Ser-269 to
Ala. Mutation of Thr-231 to Ala resulted in nearly complete
loss of activity. Increasing the amount of the T231A fusion
two- and fourfold failed to restore activity, suggesting that the
lack of activation was not due to insufficient protein. Expres-
sion of the mutated Gal4–Fra-1 constructs was confirmed by
Western blot (Fig. 6D). Exposure to TPA of Gal4–Fra-1–
T231A-transfected cells produced no lack of expression of
mobility-shifted Gal4–Fra-1 bands (Fig. 6D, right), similar to
that seen with the wild-type Fra-1 fusion. This suggests that the
unphosphorylated status of Thr-231 does not destabilize the
protein. These results support the hypothesis that the transac-
tivation domain of Fra-1 is activated by an ERK-dependent
phosphorylation of Thr-231. Together with the data presented
in Fig. 3 and 5, these results suggest that the ERK-dependent
activation of Fra-1 in JB6 P� cells is required for transactiva-
tion of AP-1.

Expression of endogenous Fra-1 is required for activation of
AP-1 in JB6 cells. Activation of the Gal4–Fra-1 fusion in the
ERK-sufficient AP-1-responsive cells and not in the ERK-
deficient AP-1-nonresponsive cells leads to the expectation
that Fra-1 plays an important role in the activation of AP-1 in
JB6 cells. To determine whether endogenous Fra-1 is required
for activation of AP-1 in JB6 P� cells, Cl 41 cells were tran-
siently transfected with antisense fra-1 cDNA. Figure 7 shows
that expression of antisense fra-1 blocked both basal and TPA-
induced activation of AP-1 in a dose-dependent manner.

P� Cl SC21 cells show levels of activated ERK similar to
those of Cl 41 cells, yet they are resistant to mitogen-induced
activation of AP-1 and neoplastic transformation (Fig. 1) (15).
These results suggest that SC21 cells are deficient in signaling
from activated ERK to activation of AP-1. As shown above,
TPA induces activation of the Gal4–Elk-1 fusion and the SRE-
luciferase reporter in SC21 cells (Fig. 2), suggesting that tran-
scription from the SRE-regulated c-fos promoter is not defi-

FIG. 5. Fra-1 is activated by TPA or MEK-1 in ERK-sufficient cells
but not ERK-deficient cells. (A) Gal4 fusions. The Fra-1 and Fra-2
Gal4 fusions contain the yeast Gal4 DNA-binding domain (DBD)
(solid box) fused to C-terminal residues of the rat Fra-1 (aa 132 to 275;
NCBI accession no. NP037085) or Fra-2 protein (aa 148 to 326; ac-
cession no. P51145). Gal4-c-Fos is encoded by pFA-Fos and contains
the C-terminal transactivation domain from c-Fos (aa 208 to 313)
fused to the Gal4 DNA-binding domain (Stratagene). The hatched
regions show the homologous domain in Fra-1, Fra-2, and c-Fos. (B)
Fra-1 activation. JB6 cells transiently transfected with a Gal4–Fra-1 or
Gal4–Fra-2 fusion and a Gal4-luciferase reporter were serum starved
for 24 h and then treated with TPA for 6 h. Cell extracts were analyzed
for luciferase activity. The inset shows a Western blot of 30.7b and Cl
41 cells transiently transfected with Gal4–Fra-1 and detected with
anti-Gal4 antibody. (C) JB6 cells transiently transfected with Gal4–
Fra-1 or empty pFCMV (DBD), activated MEK-1, or pcDNA3 and
Gal4-luciferase were serum starved for 24 h, and luciferase activity was
measured. (D) Fra-1 activation is ERK dependent. Cl 41 cells were
transfected with Gal4–Fra-1 fusion and the Gal4-luciferase vector,
serum starved for 24 h, and treated with MEK inhibitor U0126 or
DMSO for 1 h before being exposed to TPA for 6 h. Cell extracts were
analyzed for luciferase activity. Assays were done in triplicate, and a

representative of multiple assays is shown. Activation of the Gal4–
Elk-1 fusion (see Fig. 2) was used as a control for mitogen activation.
The inset shows a Western blot of Cl 41 cells transfected with Gal4–
Fra-1 and detected with anti-Gal4 antibody. � and ��, statistically
significant difference between TPA- or MEK-induced Gal4–Fra-1-
transfected cells and uninduced cells as determined by Student’s t test
(�, P � 0.05; ��, P � 0.01). The P values for the inhibition of Fra-1
activation with U0126 were all �0.001.
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cient. Western blot analysis, however, showed that the TPA-
induced levels of Fra-1 in the SC21 cells were lower than those
seen in 30.7b and Cl 41 (Fig. 8A). These results suggest that
insufficient expression of fra-1 or increased sensitivity to pro-
teolysis in the SC21 cells may render them nonresponsive to
TPA for activation of AP-1. Expression of Fra-1 in SC21 cells
following transfection with a cytomegalovirus (CMV) promot-

er-driven fra-1 expression vector restored the MAPK cascade
leading to TPA-induced activation of AP-1 in these cells (Fig.
8B). These results suggest that synthesis of Fra-1 and not Fra-1
proteolysis is the limiting factor rendering the SC21 cells re-

FIG. 6. Thr-231 is required for activation of Fra-1. (A) Sequence of
the C terminus of Fra-1 that comprises the Gal4–Fra-1 fusion. Ser/
Thr-Pro sites are underlined. Mutated residues are in boldface and
indicated under the sequence. (B) Fra-1 activation. Cl 41 cells cotrans-
fected with Gal4 fusions containing wild-type or mutant Fra-1 and the
Gal4-luciferase reporter were serum starved for 24 h and then un-
treated or treated with TPA (10 ng/ml) for 6 h. Cells were harvested,
and luciferase activity was determined. A representative assay, the
average of three tranfections, is shown. (C) Fold activation of Fra-1
activity was determined from the average of three individual assays.
The fold activation for three separate experiments of three transfec-
tions each is shown. �, statistically significant difference between wild-
type Ga14–Fra-1 and mutant Ga14–Fra-1–T231A as determined by
Student’s t test (P � 0.011). (D) Expression of Gal4–Fra-1 and Gal4–
Fra-1 mutants in Cl 41 cells. Cl 41 cells were transfected with Gal4–
Fra-1 or Gal4–Fra-1 mutants, and nuclear extracts were harvested 48
h later (DBD) (pFCMV) (left panel). Cl 41 cells transfected with
Gal4–Fra-1 or Gal4–Fra-1–T231A and serum starved overnight were
treated with TPA for 6 h. Nuclear extracts were harvested and ana-
lyzed by Western blot (right panel). Gal4 fusions were detected with
anti-Gal4 antibody.

FIG. 7. Antisense (AS) fra-1 blocks AP-1 activation in P� cells. Cl
41 cells were cotransfected with the 4� AP-1 reporter and antisense
fra-1 at the indicated concentrations. pcDNA3 was used to equilibrate
the DNA concentration used for transfection. At 24 h after transfec-
tion, cells were serum starved overnight and untreated or treated with
TPA for 6 h. � and ��, statistically significant difference between
antisense fra-1- and pcDNA3-transfected cells as determined by Stu-
dent’s t test (�, P � 0.05; ��, P � 0.01).

FIG. 8. P� SC21 cells are deficient in Fra-1. (A) Cl 30.7b, Cl SC21,
and Cl 41 cells were serum starved for 24 h and then treated with TPA
for 0 or 3 h. Nuclear extracts were harvested and analyzed for Fra-1
protein by Western blot. Lanes 1 to 6 show extracts from P� 30.7b, P�

SC21, and P� Cl 41 cells. Lanes 7 and 8 show extracts from SC21 cells
that have spontaneously converted to P� cells as determined by TPA-
induced AP-1 activation and transformation (data not shown). NS,
nonspecific cross-reactive protein to the Fra-1 antibody. Equal protein
levels, as determined by BSA assay, were loaded. (B) Expression of
fra-1 cDNA in SC21 cells restores AP-1 activation. SC21 cells were
transiently transfected with an AP-1 luciferase reporter and increasing
amounts of fra-1 cDNA. Cells were starved for 24 h and then treated
with TPA for 6 h. Fold activation is defined as TPA-induced luciferase
activity relative to uninduced levels. � and ��, statistically significant
difference between fra-1- and pcDNA3-transfected cells as determined
by Student’s t test (�, P � 0.05; ��, P � 0.01).
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sistant to AP-1 induction. Interestingly, in SC21 cells that spon-
taneously converted to transformation sensitivity, the level of
TPA-induced Fra-1 (Fig. 8A, lane 8) and AP-1 activation (not
shown) is similar to that seen in P� Cl 41 cells.

Expression of fra-1–T231A cDNA does not activate AP-1 in
P� cells. Overexpression of Fra-1 can activate transcription of
putative AP-1-regulated genes and enhance tumorigenesis (43,
52, 64). In JB6 P� Cl 41 cells, overexpression of fra-1 cDNA
results in a significant enhancement of AP-1-regulated tran-
scription (Fig. 9) (K. Suzukawa, T. J. Weber, and N. H. Col-
burn, submitted for publication).

To determine if Thr-231 is required for activation of AP-1 in
JB6 cells, Thr-231 in the fra-1 cDNA was mutated to Ala.
CMV-fra-1 was cotransfected into P� Cl 41 cells with increas-
ing amounts of CMV-fra-1-T231A and the AP-1 luciferase
reporter (Fig. 9). Transfection of Cl 41 cells with 0.2 �g of
CMV-fra-1 produced a slight increase in both basal and TPA-
induced AP-1 activation (compare lanes 1 and 2). Transfection
of Cl 41 with 0.8 �g of CMV-fra-1 produced a significantly
larger increase in TPA-induced activation of AP-1 (lane 8),
while transfection with 0.8 �g of CMV-fra-1-T231A did not
enhance either basal or TPA-induced activation of AP-1 (com-
pare lane 7 with lane 1). Expression of T231A-mutated Fra-1
does not, however, block the enhanced AP-1 activity associated
with overexpression of the wild-type cDNA (lanes 2 to 6), nor
does it lower AP-1 activation in cells expressing only the en-
dogenous wild-type fra-1 (lane 7). Thus, while CMV-fra-1-
T231A does not activate AP-1, it also does not function as a
dominant negative mutant blocking Fra-1 activation of AP-1.
The results shown in Fig. 9 as well as those shown in Fig. 6
suggest that Thr-231 is required for ERK-dependent activation
of AP-1 in JB6 cells.

DISCUSSION

These results establish that the transactivation domain of
Fra-1 can be activated by mitogen stimulation in the JB6
mouse epidermal cell model, that activation of Fra-1 is ERK
dependent, and that Thr-231 is required for activation. Fur-
thermore, these observations identify Fra-1 activation as an

ERK-dependent event that appears to be required for activa-
tion of AP-1-dependent transcription. This has particular sig-
nificance for the cases in which another ERK-dependent event,
c-fos transcription, is not a limiting factor for AP-1 transacti-
vation.

The finding that Fra-1 is activable in JB6 P� cells is note-
worthy, as it has been reported that Fra-1 and Fra-2 lack a
functional transactivation domain (5, 69). It is clear from these
reports that Fra-1 and Fra-2 lack a constitutively activated
transactivation domain needed for transformation of 208F
cells, but these results do not address the question of whether
the transactivation domain in Fra-1 and/or Fra-2 can be acti-
vated by mitogens or other stimuli. Similarly, mitogen activa-
tion of Fra-1 was not tested by Bergers et al. (5). In this report,
the complete coding sequence of Fra-1 when fused to the Gal4
DNA-binding domain was unable to activate the Gal4 reporter
in COS cells. Interestingly, however, Bergers et al. (5) reported
that overexpression of fra-1 in rat fibroblasts produced anchor-
age-independent growth in vitro and tumor development in
athymic mice, suggesting that Fra-1 might be activable.

In preneoplastic JB6 P� Cl 41 cells, overexpression of fra-1
cDNA results in a significant enhancement of AP-1-regulated
transcription and restores TPA-induced AP-1 activation in P�

Cl SC21 cells. Others have also shown that Fra-1 expression
can activate transcription of putative AP-1-regulated genes
and enhance tumorigenesis (5, 43, 52, 64). Thus, although
Fra-1’s function as an activator or repressor of transcription
appears to be cell type dependent, it is now clear that Fra-1 is
capable of being inducibly regulated as a transcription factor.

The increase in Fra-1 abundance seen in the activated AP-1
DNA-bound complex also appears to be ERK dependent.
Fra-1 was recruited to AP-1 DNA complexes in TPA-treated
ERK-sufficient P� cells to a much greater degree than in ERK-
deficient P� cells or in MEK inhibitor-treated P� cells. In
contrast, Rosenberger et al. (59) found that inhibition of ERK
did not alter AP-1 complex composition. In the report of
Rosenberger et al., the inducer (okadaic acid), the cells (308
papilloma cells), and the MEK inhibitor (PD 98059 at 50 �M)
were different. Moreover, the AP-1 complex differed, consist-
ing predominately of Fos-B and Jun-D, with little or no Fra-1.
In JB6 P� cells, AP-1 binding was reduced when the concen-
tration of the U0126 inhibitor was raised to 20 and 40 �M
(data not shown). The increase in Fra-1 abundance seen in the
activated AP-1 DNA-bound complex in the AP-1-responsive
JB6 P� cells along with the ERK-dependent activation of
Fra-1 in this variant is consistent with Fra-1’s role in tumor
promoter-induced AP-1 transactivation. Identifying AP-1-reg-
ulated genes required for tumor promotion will be important,
as will the characterization of Fra-1 target genes.

Fra-1 appears to have both unique functions and functions
shared by other Fos family proteins. Fra-1 can replace certain
c-Fos-dependent functions in mice (29, 51). By replacing the
c-fos coding sequence with the fra-1 coding sequence in c-fos
null mice, Fleischmann et al. (29) showed that Fra-1 rescues
the defects in bone development seen in c-fos null mice. Fra-1
was not able, however, to rescue expression of c-Fos target
genes in cultured fibroblasts isolated from the c-fos null mice.
The current observations, together with those above, are com-
patible with the notion that Fra-1 inducibly activates AP-1-

FIG. 9. Fra-1–T231A does not activate AP-1 in JB6 cells. Cl 41
cells were cotransfected with the 4� AP-1 reporter, CMV-fra-1, and/or
CMV-fra-1-T231A at the indicated concentrations. pcDNA3 was used
to equalize the DNA concentration. At 24 h after transfection, cells
were serum starved overnight and untreated or treated with TPA for
6 h. � and ��, statistically significant difference between fra-1- and
fra-1–T231A-transfected cells as determined by Student’s t test (�, P �
0.05; ��, P � 0.01).

VOL. 22, 2002 Fra-1 TRANSACTIVATION REQUIRED FOR AP-1 ACTIVATION 595



dependent transcription in a fashion that may be both tissue
specific and gene specific.

Bacterially expressed Fra-1 can be phosphorylated in vitro
by ERK 1, and in vitro phosphorylation by ERK increased
Fra-1’s DNA-binding activity (34). However, the significance
of phosphorylation relative to transactivation was not ad-
dressed. Whether Fra-1 is a direct substrate of ERK in vivo is
not known. There is a potential ERK phosphorylation site
(PSLTP, residues 228 to 232) in the transactivation domain of
the Fra-1 protein. Mutation of Thr-231 to Ala in the Gal4–
Fra-1 fusion rendered the fusion inactivable by TPA. The same
mutation in fra-1 cDNA yields a Fra-1 protein that does not
activate AP-1 in JB6 cells. The homologous domain in the
chicken Fra-2 protein is phosphorylated on the same Thr by
ERK in vitro and in response to transfection with activated
MEK in culture (53).

Fra-1, like the other Fos family proteins, is also phosphor-
ylated in vitro by other kinases, including protein kinases C and
A and cdc2 (1, 34). Western blot analysis shows multiple Fra-
1-specific bands in P� and P� cells. TPA treatment also pro-
duces multiple slower-migrating bands of the Gal4–Fra-1 fu-
sion in both P� and P� cells and of the Gal4–Fra-1–T231A
fusion in P� cells. These results suggest that the posttransla-
tional modification of the Gal4–Fra-1 fusions is similar to that
of the endogenous Fra-1. Furthermore, the presence of both
endogenous Fra-1 and Gal4–Fra-1 in ERK-deficient P� cells
after TPA treatment indicates that the lack of Fra-1 activation
in these cells is not attributable to an increased sensitivity to
proteolysis. Interestingly, at a concentration of the MEK in-
hibitor U0126 (1 �M) that blocks activation of Gal4-Elk, SRE-
luciferase, and Gal4–Fra-1, posttranslational modification of
Gal4–Fra-1 and of endogenous Fra-1 was detected. It appears
that in P� cells the level of activated ERK is sufficient to
activate Elk and SRE but is not sufficient to activate Fra-1 and
transactivate AP-1.

Mitogen activation of c-Fos protein was also different in the
ERK-sufficient Cl 41 and Cl SC21 cells from that in the ERK-
deficient 30.7b cells. These results are consistent with previous
reports showing that activation of c-Fos occurs ERK depen-
dently (12, 13). c-Fos activity is regulated by multiple mecha-
nisms both transcriptionally and posttranslationally. Although
it is clear that c-Fos is an oncogene and events that lead to
enhanced expression or activation of c-Fos can be tumorigenic,
a role for c-Fos in tumor promotion has not been demon-
strated. In fact, c-fos null mice initiated with an activated ras
gene and treated with TPA develop benign premalignant tu-
mors at a rate similar to that of their c-fos�/� siblings, suggest-
ing that c-Fos does not function in tumor promotion in vivo
(60). Taken together, the lack of c-fos function in the classical
mouse skin tumor promotion model, the fact that c-fos tran-
scription does not limit AP-1 transactivation in P� cells (4),
and the fact that the level of c-Fos in the AP-1 complex is
higher in P� than in P� cells suggest that c-Fos does not
contribute to driving tumor promotion.

It is possible that c-Fos regulates fra-1 expression in JB6
cells, as seen in RAT-1A cells (5). In NIH 3T3 cells, however,
activation of ERK signaling by activated Ras increases fra-1
expression without inducing c-fos expression (62). The fact that
fra-1 is expressed in the ERK-deficient P� 30.7b cells at a level
similar to that seen in the P� Cl 41 cells (4, 6) suggests that

these cells contain sufficient ERK levels for c-Fos-regulated
synthesis of fra-1 and that activation of the c-Fos protein is not
needed to induce fra-1 mRNA synthesis. Inhibition of ERK
activity by the MEK-1 inhibitor at 5 �M must reduce the
threshold of activated ERK below the level required for syn-
thesis of fra-1 (see Fig. 3C). It should nevertheless be noted
that while expression of c-fos mRNA is not limiting in the P�

cells and c-Fos activation is not required for fra-1 expression,
the possibility that c-Fos activation may contribute to AP-1
activation in P� cells cannot be excluded.

It is interesting that c-fos mRNA expression is not curtailed
in the ERK-deficient cells. It has been well documented that
activation of the MAPK/ERK cascade leads to activation of
the SRE and an increase in c-fos transcription and that inhi-
bition of ERK activation leads to an inhibition of mitogen-
induced c-fos transcription (25, 55, 68). Although the 30.7b
cells are deficient in ERK protein and consequently in ERK
activation, they are not devoid of ERK protein. In fact, the
ERK that is present in these cells is phosphorylated in re-
sponse to TPA as efficiently as that seen in the P� cells (37).
Thus, it seems that a threshold level of activated ERK is
needed for mitogen-induced activation of AP-1 and neoplastic
transformation and that this threshold is above the level
needed to activate the TCF (Elk-1) and to induce c-fos tran-
scription.

Understanding the AP-1-dependent mechanisms by which
chronic exposure of initiated cells to tumor promoters leads to
tumorigenesis may provide methods for prevention and/or re-
versal of the tumor promotion process. Fra-1 appears to be
necessary to complete the signaling cascade leading to AP-1
activation, and a critical threshold level of ERK 1 and/or 2 is
needed to activate Fra-1 (Fig. 10). The level of ERK in all
three JB6 variants is sufficient for TPA-induced activation of
Elk-1 and gene expression from genes containing an SRE
promoter, such as c-fos (Fig. 10A). The level of ERK in P� Cl
30.7b is not sufficient for TPA-induced activation of Fra-1 and
gene expression from AP-1-regulated genes (Fig. 10B). In the

FIG. 10. MAPK ERK to AP-1 pathway. (A) All three JB6 variants
have sufficient ERK to drive activation of Elk-1 and transactivation of
the SRE promoter, leading to c-fos expression. (B) JB6 P� 30.7b cells
do not have sufficient ERK for activation of Fra-1 and/or transactiva-
tion of the AP-1 promoter. (C) P� SC21 cells have sufficient ERK for
activation of exogenously added Gal4–Fra-1 but lack sufficient endog-
enous Fra-1, rendering them resistant to mitogen-induced transactiva-
tion of AP-1. (D) P� Cl 41 cells have sufficient ERK and Fra-1 protein
to complete the signal cascade from ERK to AP-1. Shading indicates
activated proteins.
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P� Cl SC21, in which the level of ERK is similar to that of the
P� Cl 41 cells, the level of Fra-1 protein rather than its acti-
vation may limit the TPA-induced activation of AP-1 (Fig.
10C). Expression of fra-1 in SC21 cells is sufficient to restore
AP-1 activity. The level of both ERK and Fra-1 in the P� Cl 41
cells is sufficient to complete the signaling cascade from ERK
to AP-1 activation (Fig. 10D). Further characterization of the
MAPK/ERK cascade leading to activation of Fra-1 is necessary
to determine whether ERK or another kinase is phosphorylat-
ing Fra-1 directly and whether recruitment of coactivators to
the AP-1 complex occurs ERK dependently.
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