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Abstract
Fra-1 as an integral part of AP-1 (Jun/Fos) drives transcriptional programs involved in several
physiologic and pathologic processes. It is also critical for tumor cell motility and metastasis. We
have previously shown that two critical elements of Fra-1 promoter, the upstream TPA response
element (TRE) and the SRE are necessary for its induction in response to phorbol esters in human
pulmonary epithelial cell lines. Here, we have investigated the roles of various MAP kinases in
regulating Fra-1 expression in response to TPA. Using pharmacologic and genetic tools, we
demonstrate a prominent role for ERK1/2, but not JNK1/2 and p38, signaling in the TPA-induced
activation of specific transcription factors that bind to the AP1 site and the SRE. Inhibition of ERK1/2
pathway suppresses Elk1 activation, and c-Jun and Fra-2 recruitment to the promoter.
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INTRODUCTION
Members of the AP-1 (Jun and Fos) family regulate the expression of genes involved in cell
proliferation, differentiation, inflammation, host defenses and malignant transformation [1].
Among the Fos (c-Fos, Fra-1, Fra-2 and Fos-B) subfamily of proteins, a prominent role for
Fra-1 in regulating tumor progression and metastasis has been well established in a variety of
cancer cells [2;3]. In steady state, the expression of Fra-1 in lung tissues is low. However, upon
exposure to tumor-promoting phorbol esters, mitogens, and pro-inflammatory cytokines these
cells express a very high level of Fra-1 [4;5]. In addition, we and others have shown induction
of Fra-1 expression in the lung tissue/cell types by pro-carcinogenic and pro-oxidant
environmental stimuli, such as cigarette smoke [6;7], diesel exhaust particles [8], and asbestos
[9]. Although the exact roles of Fra-1 in malignant and non-malignant lung diseases are not
clearly established in vivo, some cell culture studies have shown that this transcription factor
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regulates asbestos-induced malignant mesothelioma [9;10]. We have recently shown that
ectopic Fra-1 expression in a human type II-like adenocarcinoma cell line (A549) induces
fibroblastoid characteristics and greatly enhances the cell motility and invasion in vitro, and
tumor metastasis in vivo [11].

Indeed, a number of independent studies showed that Fra-1 regulates the motility and invasive
behavior of various tumorigenic cells by altering gene expression [12]. For example, ectopic
Fra-1 has been shown to induce the expression matrix mettaloproteinases-1 and -9, and
urokinase-type plasminogen activator receptor, through TPA response elements (TREs) [13].
Consistent with these results, we have found that ectopic expression of Fra-1 in A549 cells
upregulates gene expression associated with metastasis and tumor progression (unpublished
data). Although studies by us and others [2;3] have further reinforced the significance of Fra-1
in epithelial cancer cell progression, the exact mechanisms that result in its induction have not
been understood.

Our studies demonstrated that the TPA –induced binding of c-Jun to a TRE located at −318
bp of the Fra-1 promoter is critical for its transcriptional induction in human lung epithelial
cells [4;5]. The temporally later induction of Fra-1 than c-Fos was mainly due to the lack a
functional serum response element (SRE) in the proximal promoter region [14]. However, we
demonstrated that human Fra-1, like c-Fos, contains a functional SRE and the flanking ATF
site (located at position −276/−237) which is constitutively occupied by the member of ternary
complex factor (TCF) such as Elk1, SRF, and CREB/ATF-1. Mutations within the SRE and
ATF sites or −318 TRE abolished the promoter activity suggesting that protein interactions
occurring at these elements are critical for TPA stimulated Fra-1 transcription [4;5]. Here, we
have further investigated the impact of MAP kinase signaling on the TPA induced recruitment
of transacting factors to the Fra-1 promoter. We report that ERK1/2 signaling, but not JNK1/2
and p38 pathway, is critical for this process. We demonstrate that ERK1/2 signaling, besides
TCF activation, modulates the binding of AP-1 proteins (c-Jun and Fra-2) to the promoter in
response to TPA stimulation.

EXPERIMENTAL PROCEDURES
Cell culture and reagents

Human lung adenocarcinoma cell line, A549, was grown in RPMI 1640 medium supplemented
with 5% fetal bovine serum and antibiotics. Mouse embryonic fibroblasts (MEFs) lacking the
erk1 gene (erk1−/−) [15] and isogenic wildtype (erk1 +/+) cells (kindly provided by J
Pouyssegur, France) were cultured as previously described [16]. c-Jun (SC-45X), Fra-1
(SC-605X), JNK1 (SC-474), ERK2 (SC-154), Elk1 (SC-355), and phospho-Elk1 (ser 383,
SC-8406) antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
The JNK (T183/Y185), c-Jun (Ser73) and ERK (T202/Y204) antibodies were purchased from Cell
Signaling Technology, Inc. (Danvers, MA). Pharmacologic inhibitors PD98059, UO126,
SP600125, and SB203580 were obtained from EMD Chemicals, Inc. (NJ, USA). Unless
indicated otherwise, they were used at 10 µM concentration (SB203580 at 20 µM) in most
experiments.

Gene expression analyses
For immunoblot analyses, total protein (30–40 µg) isolated from cells was separated on a 10%
SDS-PAGE, transferred to PVDF membranes (Millipore, Inc) and probed with specific
antibodies. For Northern blot analysis, 32P-labeled cDNAs specific for Fra-1 and 28S RNA
were used as probes and Fra-1 mRNA expression was quantified as described previously [4].
Quantitative real time PCR (qRT-PCR) analysis was performed using TaqMan® assays
specific for human and mouse Fra-1 (Applied Biosystems, CA). The threshold cycle (Ct)
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values of sample (n=3) for each gene were normalized to that of β-actin. The relative value for
the vehicle-treated (control) cells was set as one arbitrary unit (AU).

Reporter assays
Cells were transfected with the human Fra1 promoter (−379 to +32 bp )placed upstream of a
luciferase reporter gene, (hereafter notated as 379-Luc, for details see [4]) along with the
Renilla luciferase (pRL-TK) vector (Promega Corp, Madison, WI). After overnight incubation,
cells were serum-starved for 24 h and then treated with either vehicle (DMSO) or TPA (50 ng/
ml) for 5 h. Luciferase activity was quantified as described previously [4].

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts (2–3 µg) from control and TPA-treated cells were incubated with a 32P-labeled
DNA probe that bore the −318 TRE of human Fra-1 promoter and EMSA was carried out
[4]. In some experiments, nuclear extracts were incubated with 2 µg of specific antibodies or
non-immune IgG on ice for 2 h prior to their use in EMSA to demonstrate the presence of
specific proteins in the complexes.

Chromatin immunoprecipitation (ChIP) assays
Cells (~ 1×107) were treated with TPA for 60 min, and nucleo-protein complexes were cross
linked with formaldehyde, soluble chromatin was prepared using a commercially available kit
(Upstate Biotechnology Inc., NY) and incubated with specific antibodies. DNA recovered from
the immunoprecipitated (IP) products was used as a template for PCR reactions with Fra-1
promoter-specific primers as detailed elsewhere [5].

Statistical Analysis
All assays were performed with triplicates in each experiment, and data from several
experiments was used for plotting. Data are represented as mean ± S.D. Statistical significance
of the differences between the control and the corresponding treated samples was determined
Student’s t-test.

RESULTS
The ERK1/2 pathway is essential for TPA-induced Fra-1 expression

To determine the role of MAP kinases in regulating Fra-1 expression, we first determined the
activation of JNK1/2, ERK1/2, and p38 kinase in response to TPA using phospho-specific
antibodies in immunoblot analyses (Fig. 1A). As anticipated, TPA robustly stimulated ERK1/2
phosphorylation, which persisted up to 120 min (top). In contrast to this, JNK1/2 was
maximally activated by 30min, which returned to basal line by 120 min. The activation of p38
was barely detected under these conditions. We next analyzed the impact of MAP kinase
inhibition on TPA stimulated Fra-1 mRNA expression using Northern analyses. As shown in
Fig. 1B, UO126 (ERK1/2 pathway inhibitor) and SP600125 (JNK-inhibitor) strongly blocked
the TPA-induced expression of Fra-1. The effect of UO126 on TPA-induced Fra-1 mRNA
expression was further verified using qRT-PCR (Fig. 1C). TPA strongly stimulated
Fra-1expression (bar 2), but this stimulation was suppressed in the presence of UO126 (bar
4). Thus, ERK1/2 pathway appears to be critical for TPA induced Fra-1 expression.

We have previously shown that a fragment bearing human −379 to +32 bp of Fra-1 promoter
contains required cis-elements for TPA inducible expression [4]. To assess the importance of
ERK1/2 signaling on this promoter, we transfected cells with the 379-Luc and the TPA-
stimulated luciferase activity was analyzed in the presence or absence of kinase inhibitors. The
TPA induced luciferase activity, was blunted only in the presence of UO126; but not SP600125
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or SB203580 (Fig. 1D). Therefore, ERK1/2 signaling appears to be important for the TPA
induced expression of Fra-1.

The effect of MAP kinase inhibition on TPA induced AP-1 protein binding to the −318 TRE
We have previously shown that Elk1 and ATF/CREB proteins are constitutively bound to the
human Fra-1 promoter at a putative SRE and TPA treatment did not markedly affect it [5]. In
contrast, we observed an enhanced recruitment of c-Jun to the −318 TRE of Fra-1 promoter
following TPA stimulation [5]. Therefore, we next examined the effects of various MAP
kinases on AP-1 protein binding to the −318 TRE (Fig. 2). In previous studies we have clearly
established the specificity of AP-1 complex binding to this site [4;5]. As expected, we noticed
the formation of a specific AP-1 complex formed with this −318 TRE, which was induced
further upon TPA treatment (Fig. 2A, compared lanes 1 and 2 to lanes 6 and 7). MAP kinase
inhibition did not significantly affect the AP-1 complex formed under steady state. However,
UO126 (lane 8) significantly decreased TPA-induced AP-1 complex formation in contrast to
DMSO-treatment (lanes 6 and 7). The p38 (lane 9) or JNK1/2 (lane 10) inhibitors had no such
inhibitory effect. This result suggests that ERK pathway regulates TPA-induced AP-1 binding
to the −318 TRE.

We next used antibodies specific for c-Jun, Jun-B and Jun-D in EMSA-complex supershift
analyses to determine whether ERK1/2 pathway affects the binding of specific member of the
c-Jun family to the −318 TRE. Prior to TPA-treatment, these proteins were not detected in the
AP1 complex (Fig. 2B, lanes 2–4). However, anti-c-Jun (lane 6) and anti-Jun-B (lane 7)
antibodies supershifted AP-1 protein complex formed in response to TPA treatment. Under
these conditions, Jun-D binding (lane 8) was barely detected. As shown in Fig. 2C, inhibition
of ERK pathway completely blocked the binding of c-Jun (top panel) and Jun-B (middle panel)
to the TRE (lane 4); however, the p38 (lane 6) or JNK1/2 (lane 8) inhibitors had no effect on
either c-Jun or Jun-B binding to the −318 TRE. These results suggest that the ERK pathway
regulates the binding of c-Jun and Jun-B to the −318 TRE following TPA stimulation.

Inhibition of ERK1/2 blocks TPA-induced recruitment of c-Jun but not Jun-B to the Fra-1
promoter in vivo

EMSA results suggest the ERK1/2 pathway regulates the recruitment of c-Jun and Jun-B with
the −318 TRE. To verify whether c-Jun and Jun-B recruitment to the promoter is similarly
affected in vivo, we performed a ChIP assay with the human Fra-1 promoter specific primers
spanning the −318 TRE (see schematic Fig. 3A). As shown in Fig. 3B, TPA strongly induced
the recruitment of c-Jun and Jun-B to the Fra-1 promoter (compare lane 1 to lanes 2 and 3).
However, in the presence of UO126 c-Jun binding to the promoter was suppressed (lanes 5
and 6). In contrast to EMSA results, UO126 did not affect Jun-B binding to the endogenous
promoter. We have previously shown that Fra-2 binds to the Fra-1 promoter following TPA
stimulation both in vitro and in vivo [4]. Therefore, we have examined whether ERK1/2
signaling also controls Fra-2 binding to the endogenous Fra-1 promoter. Consistent with the
previous results, TPA stimulated the binding of Fra-2 to the endogenous Fra-1 promoter, which
was inhibited by UO126. We examined the effect of ERK inhibition on Elk1 activation
following TPA stimulation by western blot analysis. We chose not to perform ChIP assays as
Ekl1 constitutively bind to the Fra-1 promoter and this binding was altered upon mitogenic
stimulation. Following serum starvation overnight cells were treated with vehicle or UO126
and then stimulated TPA for 30 min. Cell lysates were prepared and probed with
phosphospecific Elk1 antibodies by immunoblot analysis. As shown in Fig. 3C, TPA strongly
induced Elk1 phosphorylation (lane 1), but such activation was blocked by ERK1/2 inhibitor
UO126 (lane 4).
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ERK1 kinase regulates Fra-1 induction by TPA
To firmly establish the roles of the ERK1 and ERK2 kinases in the regulation of Fra-1 induction
by TPA, we have utilized MEFs lacking the erk1 gene (Erk1 −/−). The extent of Fra-1 induction
by TPA in these cells was compared to that of wildtype (Erk1 +/+) cells. First, we examined
TPA-stimulated ERK1/2 activation by immunoblot analysis using phosphospecific antibodies.
As shown in Fig. 4A, TPA strongly stimulated ERK1/2 phosphorylation in Erk1 +/+ cells
(compare lanes 1 and 2). As anticipated, only ERK2 was activated in Erk1 −/− cells (lanes 4–
6). We next performed a Northern blot analysis to determine the effect of Erk1-deficiency on
TPA-stimulated Fra-1 expression, TPA strongly stimulated Fra-1 mRNA expression in
erk1/2 +/+ cells (lanes 9–11), and UO126 blocked it (lanes 14 and 15). TPA-stimulated
expression of Fra-1 in Erk1 +/+ cells (lanes 9–11) and it was inhibited by UO126. However,
Fra-1 induction was remarkably weaker Erk1 −/− cells (lanes 1–3) than the Erk1 +/+ cells (lanes
9–11). These results were confirmed using a qRT-PCR analysis of the Fra-1 transcripts (data
not shown). These results collectively support a prominent role for ERK1 kinase in regulating
the TPA induced expression of Fra-1.

DISCUSSION
In the present study, we have demonstrated that ERK signaling plays an important role in
regulating tumor promoter TPA stimulated Fra-1 transcription in human lung epithelial cells.
Inhibition of either JNK1/2 or p38 signaling failed to suppress TPA-stimulated Fra-1
expression. Moreover, using MEFS lacking erk1 gene, we have provided genetic evidence for
a prominent role played by erk1 signaling in regulating the induction of Fra-1. Importantly, in
the present study we have demonstrated that inhibition of ERK pathway blocks the recruitment
of c-Jun and Fra-2 transcription factors at the endogenous Fra-1 promoter following TPA-
stimulation. We have previously shown using ChIP assays that Elk1, SRF, and CREB/ATF
proteins, the well established targets of ERK signaling, are constitutively bound to a critical
SRE of the Fra-1 promoter in pulmonary epithelial cells, and treatment with either TPA or
cigarette smoke did not alter their DNA binding patterns [5;6] suggesting that ERK1/2 probably
stimulates phosphorylation of these factors after engagement with the promoter. Indeed, we
found that Inhibition of the ERK pathway suppresses TPA-induced Elk1 phosphorylation in
A549 cells (Fig. 3C). Thus, it seems that the ERK1/2 pathway controls Fra-1 transcription
both by regulating the activation of promoter bound Elk1 and facilitating an enhanced
recruitment of c-Jun and Fra-2 to the TRE.

c-Jun is a major target of JNK signaling. The requirement of c-Jun but not its upstream activator
JNK1/2 pathway in TPA-stimulated Fra-1 transcription strongly suggests that in the absence
of JNK1/2 activation, and ERK1/2 signaling can drive the Fra-1 transcription by regulating
the activation of AP-1 and TCF factors. Previously, we have shown that JNK pathway
minimally, if any, contributes to TNFα- stimulated Fra-1 transcription in A549 cells, despite
a high level of JNK activation by this pro-inflammatory cytokine. In the present study, we have
also shown that TPA strongly stimulates JNK1/2 phosphorylation, but inhibition of this
pathway had a minimal effect on TPA-stimulated Fra-1 mRNA expression and promoter
activity (Fig. 1). These results suggest that ERK1/2 pathway, but not JNK1/2, drives Fra-1
transcription in human lung cell lines. We have shown that mutations in either −318 TRE or
in the SRE cripples the mitogen-inducibility of the human Fra-1 promoter [5]. The diminished
levels of c-Jun binding at the Fra-1 promoter in the absence of ERK1/2 signaling suggest that
this MAP kinase pathway also plays a key role in the recruitment of c-Jun at the Fra-1 promoter
in response to TPA. Intriguingly, TPA has been shown to stimulate c-Jun phosphorylation via
ERK1/2 signaling, in the absence of JNK1/2 signaling [17].

We have also provided genetic evidence that ERK1-mediated signaling is critical for TPA-
stimulated Fra-1 transcription. Despite the elevated levels of ERK2 activation in response to
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TPA in the erk1−/− cells, the magnitude of Fra-1 induction by TPA is strikingly lower, as
compared to wildtype cells (Fig. 4). This result suggests that ERK1 and ERK2 distinctly
regulate gene transcription depending on promoter context. In support of this notion, erk1-
deficient mice display decreased levels of TPA-promoted incidence and progression of skin
cancer and mouse keraticocytes lacking erk1 proliferate poorly, as compared to their wildtype
counter parts [18]. Conversely, it has been shown that ERK2 but not ERK1 promotes Ras-
induced fibroblast cell transformation and tumor formation in nude mice [19]. However, our
current findings that ERK1 deficiency dampens tumor promoter induced Fra-1 expression and
that overexpression of Fra-1 greatly enhances malignant potential of lung cancer cells [11]
collectively support a potential role for ERK1/Fra-1 mediated transcriptional program in lung
cancer cell progression and invasion. Further studies using Fra-1 and Erk1/2 deficient genetic
mouse models are warranted to firmly establish this concept in vivo.

In conclusion, the present study demonstrates that ERK1/2 signaling plays a prominent role in
regulating tumor promoter induced Fra-1 proto-oncogene induction in human lung cancer
cells. Our results with erk1-deficient cells highlight a prominent role for ERK1 signaling in
mediating this process. Furthermore, we have dissected the mechanisms by which ERK
signaling regulates the Fra-1 induction and it seems that this appears to be regulated at least
at two levels: 1) through Elk1 activation, and 2) the binding of c-Jun and Fra-2 to the TRE.
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Figure 1. Effect of MAP kinase inhibition on TPA induced Fra-1expression
(A) Cells were stimulated with TPA for 0–120 min, cell extracts were isolated, and
immunoblotted and JNK1/2, ERK1/2 and p38 kinase activation was analyzed by
phosphospecific or native antibodies. (B) Cells were incubated with UO126 (UO) or SP600125
(SP6) for 30 min and then treated with DMSO (DM) or TPA for 3 h. Total RNA was isolated
and Fra-1 expression was analyzed by Northern blot analysis. A representative blot of two
independent experiments is shown. (C) Cells were incubated with UO126 (UO), SB203580
(SB), or SP600125 (SP6) inhibitors as in panel B for 30 min and then treated with TPA for 90
min, and Fra-1 mRNA expression was analyzed by real-time RT-PCR. Bars represent the mean
± SD (n = 3). * = p<0.001 (D) Cells were transfected with 379-Luc along with the pRL-TK.
Cells were serum-starved for 24 h and then stimulated without or with TPA for 5 h. The
promoter activity of the 379-Luc under basal condition (control) was set to one. Data represent
the mean ± SD (n = 3). * = p<0.03.
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Figure 2. The effects of MAP kinase inhibition on Jun protein binding to the −318 TRE
(A) The effect of MAP kinase inhibitors on AP-1 binding to the −318 TRE. Cells were
incubated with and without UO126 (UO), SB203580 (SB), or SP600125 (SP) for 30 min and
then stimulated with TPA (+) for 60 min. DMSO was used as vehicle control. Nuclear extracts
were isolated and EMSA analysis was performed using the labeled −318 TRE as a probe. Arrow
indicates the position of AP-1 complex. * indicates the position of non-specific complex. (B)
EMSA supershift analysis of the complexes formed at the −318 TRE was performed by
incubating nuclear extracts with the indicated Jun antibodies. IgG antibody was used as
negative control. The position of AP-1 and supershifted (SS) complexes is indicated. (C) The
effects of UO126 (UO), SB203580 (SB), or SP600125 (SP) inhibitors on c-Jun (top), Jun-B
(middle), and Jun-D (bottom) binding to the −318 TRE is shown.
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Figure 3. The effects of MAP kinase inhibition on Jun protein binding to the −318 TRE
(A) The position and sequence of the functional TRE of human Fra-1 promoter located at
position −318 is shown. Forward and reverse arrows indicate the position of the primers used
in ChIP assays (see Ref 2 for more details). (B) The effect of ERK inhibition on the recruitment
of c-Jun to the Fra-1 promoter. A549 cells were serum-starved for 24 h and incubated with
UO126 or DMSO for 30 min prior to treatment without (−) or with TPA (+). After a 60-min
incubation, chromatin protein-DNA complexes were cross-linked and ChIP assays were
performed using c-Jun and Fra-2 antibodies and non-immune IgG (data not shown).
Experiments were repeated at least twice to obtain reproducible results. (C) Immunoblot
analysis of Elk1 activation by TPA in the presence and absence of U0126. A549 cells were

Adiseshaiah et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



serum-starved for 12 h and then stimulated with TPA for 30 min, and Elk1 activation was
analyzed by Western blot analysis using phopshospecific (p) and native Elk1 antibodies.
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Figure 4. Erk1 signaling is critical for TPA-stimulated Fra-1 induction
(A) A Western blot showing the activation of ERK1 and ERK2 kinases by TPA in the wildtype
(Erk1+/+) and erk1- deficient (Erk1−/−) MEFs. The MEFs were serum-starved for 2 h and then
stimulated with TPA for 15 min, and ERK activation was analyzed by Western blot analysis.
(B) The effect of erk1-deficiency on TPA-stimulated Fra-1 expression. Erk1+/+ and Erk1−/−

cells were serum starved for 2 h and then stimulated with vehicle DMSO (−) or with (+) TPA
for 3 h. To determine, the effects of ERK1/2 inhibition on Fra-1 expression, Erk1+/+ cells were
incubated with DMSO or UO126 for 30 min prior to TPA stimulation. Northern blot was
performed using Fra-1 cDNA as a probe. 28S RNA stained with ethidium bromide is shown
as loading control.

Adiseshaiah et al. Page 12

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


