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The c-Jun/AP-1 transcription complex is associated with diverse cellular processes such as differentiation,
proliferation, transformation, and apoptosis. These different biological endpoints are likely achieved by the
regulation of specific target gene expression. We describe the identification of Ras guanine nucleotide exchange
factor 1, Ras-GRF1, by microarray analysis as a c-Jun/AP-1 regulated gene essential for anchorage-indepen-
dent growth of immortalized rat fibroblasts. Increased Ras-GRF1 expression, in response to inducible c-Jun
expression in Rat1a fibroblasts, was confirmed by both real-time PCR and Northern blot analysis. We show
that c-Jun/AP-1 can bind and activate the Ras-GRF1 promoter in vivo. A 75-kDa c-Jun/AP-1-inducible protein,
p75-Ras-GRF1, was detected, and the inhibition of its expression with antisense oligomers significantly blocked
c-Jun-regulated anchorage-independent cell growth. p75-Ras-GRF1 expression occurred with a concomitant
increase in activated Ras (GTP bound), and the activation of Ras was significantly inhibited by antisense
Ras-GRF1 oligomers. Moreover, p75-Ras-GRF1 could be coprecipitated with a Ras dominant-negative gluta-
thione S-transferase (GST) construct, GST-Ras15A, demonstrating an interaction between p75-Ras-GRF1 and
Ras. A downstream target of Ras activation, Elk-1, had increased transcriptional activity in c-Jun-expressing
cells, and this activation was inhibited by dominant-negative Ras. In addition, c-Jun overexpression resulted
in an increase in phospho-AKT while phosphorylation of ERK1/2 remained largely unaffected. The inhibition
of phosphatidylinositol 3-kinase (PI3K)-AKT signal transduction by Ly294002 and wortmannin significantly
blocked c-Jun-regulated morphological transformation, while inhibition of basal MEK-ERK activity with
PD98059 and U0126 had little effect. We conclude that c-Jun/AP-1 regulates endogenous p75-Ras-GRF1
expression and that c-Jun/AP-1-regulated anchorage-independent cell growth requires activation of Ras-PI3K-
AKT signal transduction.

The proto-oncogene c-jun is one of the major components of
the transcription factor AP-1 and has a key role in a variety of
cellular processes, including growth, differentiation, apoptosis,
and survival (2, 4, 11). AP-1 is also implicated in tumorigenic
processes such as angiogenesis, deregulated proliferation and
apoptosis, invasion, and metastasis (31). AP-1 achieves this
functional diversity by binding tetradecanoyl phorbol acetate
response elements in the promoters and enhancers of a large
number of AP-1-regulated target genes (51). Transformation
by oncogenes such as Ras (38) and Raf (18) results in the
induction of expression of c-Jun and others in the AP-1 family
of proteins (31). c-Jun/AP-1 activity is essential for cellular
transformation by the Ras oncoproteins as dominant-negative
mutants of c-Jun inhibit Ras-regulated transformation of NIH
3T3 cells (43). Not only is c-Jun required for Ras-induced
transformation, its overexpression as a single gene is sufficient
to induce transformation of the immortalized rat fibroblast cell
line, Rat1a (44). c-Jun overexpression in Rat1a cells induces
cell morphology changes (33) which mimic those observed by
v-Jun (40) and K-RasV12 (27).

The accepted position of c-Jun/AP-1 during oncogenesis is
at the end of signal transduction cascades initiated at the cell
membrane by growth factors and cytokines or in the cytoplasm
by oncogenes, such as those coding for H-Ras and v-Src (46,
49). The mechanism resulting in increased expression and ac-
tivation of AP-1 occurs via the activation of the mitogen-acti-
vated protein kinase (MAPK) signaling pathways. Erk activa-
tion increases Fos expression (25, 29) as well as phosphorylation
of Fra1 and Fra2 (25). In this context, the Fos/Fra transcription
factors, together with c-Jun, may result in c-jun autoregulation by
interacting with the AP-1 binding site in the c-Jun promoter (25,
29). ERK activates the MEF2 transcription factors, which can
contribute to c-Jun expression (15, 28). In addition, activation of
JNK causes phosphorylation of c-Jun at Ser63 and Ser73 (32).
This event is essential for the full activation of c-Jun and its role
in cellular transformation (7, 8). Upon activation, c-Jun-contain-
ing AP-1 complexes regulate the expression of target genes in
both a positive and negative manner and in this way have a role
in a diverse set of cellular functions.

To date, few c-Jun/AP-1 target genes have been identified
(50, 51). Based on the hypothesis that c-Jun-induced biologic
activities are dependent upon transcriptional activation of tar-
get genes, we used c-Jun expression under the control of a
tet-on vector in Rat1a fibroblasts as a model system to identify
such genes. Using the Affymetrix rat oligonucleotide array,
RG_U34A, we identified a number of potential c-Jun-regu-
lated candidate genes (34). One of these target genes is the
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gene coding for Ras-GRF1, a guanine-nucleotide exchange
factor (GEF) important in signal transduction via activation of
Ras (5, 42, 53). Based on the known function of Ras-GRF1, we
evaluated the significance of its regulation by c-Jun/AP-1. In-
terestingly, we established that c-Jun regulated the expression
of p75-Ras-GRF1 that was associated with an increase in GTP-
Ras and phosphatidylinositol 3-kinase (PI3K) activity. Both
p75-Ras-GRF1 expression and PI3K were essential for c-Jun/
AP-1-regulated anchorage-independent growth of rat fibro-
blasts. Collectively, our data show that c-Jun/AP-1 is a tran-
scriptional regulator of proteins such as p75-Ras-GRF1, which
may generate feedback loops for the sustained activation of
specific signal transduction pathways required for deregulated
cell growth and survival.

MATERIALS AND METHODS

Cell culture and doxycycline induction. Rat1a-c-Jun4 and Rat1a-c-Myc fibro-
blasts were grown in Dulbecco’s modified Eagle’s medium (GIBCO/BRL, Bur-
lington, Ontario, Canada) containing 10% fetal bovine serum and penicillin (100
U/ml)-streptomycin (100 �g/ml) at 37°C in a 5% CO2 incubator. The cells were
maintained in selection medium containing 5 �g of blasticidin per ml. For
experiments, subconfluent Rat1a-c-Jun4 cells were trypsinized with 0.5% tryp-
sin–0.53 mM EDTA in Hanks balanced salt solution (GIBCO/BRL) and plated
in 10% fetal bovine serum (FBS)-containing media in the absence or presence of
2 �g of doxycycline per ml to induce c-jun expression. For nonadherent growth
conditions, 106 cells/ml were plated on PolyHeme-coated dishes.

Protein extraction and Western blotting. Total cell protein was isolated from
cells with radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM NaCl,
1% Triton X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 10 mM
Tris [pH 7.4], containing 0.1 mM phenylmethylsulfonyl fluoride [PMSF], and 100
�g each of aprotinin and leupeptin per ml). RIPA lysis buffer (with low SDS
concentration) was prepared with Tris that was pH adjusted to 7.4 at room
temperature. The cells were harvested on ice to prevent protein degradation.
The lysed cells were sonicated and centrifuged to remove debris, and protein
concentrations were determined with the Bradford assay (Bio-Rad). Samples
were stored at �20°C until required. Doxycycline-induced Ras-GRF1 gene ex-
pression was monitored by Western blot analysis with the antibody sc224 (Santa
Cruz Biotechnology) at dilutions recommended by the supplier. Western blots
for tubulin levels (sc9104; Santa Cruz Biotechnology) were done to correct for
protein loading. To determine the inhibition of MEK activity by PD98059, and
U0126 and PI3K activity with Ly294004 and wortmannin, the following antibod-
ies from Cell Signaling were used: phopsho-Erk1/2 (no. 9101), Erk1/2 (no. 9102),
phospho-Akt (no. 9271), and Akt (no. 9272) at dilutions recommended by the
manufacturer. Densitometric analysis of Western blots was done with a Bio-Rad
scanner and software.

For sense and antisense Ras-GRF1 experiments, 10 �M oligomers (sense,
5�-AACCAAAACTCCCCACATGA-3�; antisense, 5�-TCATGTGGGGAGTTT
TGGTT-3�) was added at the time of plating and proteins were harvested 48 h
later.

Ras activation assays. GTP-bound Ras was immunoprecipitated with a Ras
activation assay kit (Upstate). All buffers were supplied in the kit, and the
manufacturer’s protocols were followed. Briefly, cells were lysed in MLB (125
mM HEPES [pH 7.5], 750 mM NaCl, 5% Igepal CA-630, 50 mM MgCl2, 5 mM
EDTA, 10% glycerol) and 400 �g of the lysate was precleared with glutathione
agarose. The precleared lysate was then incubated with 10 �g of Raf-1 RBD agarose
for 1 h at 4°C, and the beads were washed three times with MLB. The samples were
then suspended in LDS loading dye containing �-mercaptoethanol and boiled for 5
min. The captured GTP-Ras complexes were loaded on 4 to 12% NuPAGE gels and
visualized by immunoblots for Ras (Ras10 antibody; Upstate).

Cell proliferation assays. To determine anchorage-independent cell growth,
10,000 cells/well in a 96-well plate were grown in 1.5% methylcellulose in 10%
FBS-containing media and plated on poly(2-hydroxyethyl methacrylate) (Poly-
Heme) (Sigma)-treated dishes to prevent adhesion to the dish. Growth in the
absence and presence of 2-�g/ml doxycycline, PD98059, U0126, Ly294002, and
wortmannin and sense and antisense Ras-GRF oligomers was measured with
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assays
(Promega). For sense and antisense Ras-GRF1 experiments, 10 �M oligomers
was added to the cell culture medium at the time of plating followed by the

addition of 4 �M oligomer daily for an additional 3 days prior the end of the
experiment.

To observe colony formation, the cells were stained with 1 mg of p-iodo-
nitrotetrazolium violet per ml for 16 h at 37°C to detect live cells in colonies. The
colonies were photographed by bright-field microscopy at a magnification of
�100.

Reporter assays. Transient transfection assays were performed with FuGene6
reagent (Roche). TRE2-luciferase, Gal-Elk-1, 5� Gal-Luc, and pCMV-RasN17
in FuGene6 reagent were added to cells plated in 60-mm-diameter tissue culture
dishes. The pRL-TK plasmid was cotransfected as a control for transfection effi-
ciency. The mouse Ras-GRF1 promoter constructs pGL2-84f, pGL2-84�A, and
pGL2-84�BC were previously described and kindly provided by C. Plass (19). Cells
were incubated for 24 h, trypsinized, and plated under nonadherent conditions for
48 h in the absence and presence of 2 �g of doxycycline per ml. Proteins were

FIG. 1. c-Jun/AP-1 regulates Ras-GRF1 expression in rat fibro-
blasts. (A) Two micrograms of total RNA from Rat1a-GFP control
cells and Rat1a-c-Jun4 cells grown in suspension without (�) and with
(�) doxycycline treatment for 3 days was used in Northern blots
probing for Ras-GRF1 and c-Jun expression. 28S RNA was used as a
loading control. (B) Northern blot analysis of time-dependent induc-
tion of Ras-GRF1 and stromelysin expression in response to doxycy-
cline treatment of Rat1a-c-Jun4 cells. (C) Immunoblots showing doxy-
cycline-induced p75-Ras-GRF1 protein expression in Rat1a-c-Jun4
cells. Tubulin was used as a control for loading. (D) Immunoblots of
Ras-GRF1 expression in GFP- and c-Jun-expressing cells after 3 days
of treatment with doxycycline.
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harvested in passive lysis buffer (Promega), and firefly and Renilla luciferase activity
was determined sequentially with the Promega dual luciferase assay kit.

Northern blot analysis. Total RNA was isolated from cells with Trizol reagent
(Life Technologies, Inc.), and 2 �g was used in Northern blot analysis. The
Ras-GRF1 probes were generated from IMAGE clones UI-R-Y0-vk-d-08-UI
and UI-R-CA1-bje-k-12-0-UI (Research Genetics, Huntsville, Ala.) by PCR with
the M13 forward and M13 reverse primers. The clones were sequence confirmed
with UI-R-Y0-vk-d-08-UI, corresponding to the C-terminal region of p140-Ras-
GRF1, and UI-R-CA1-bje-k-12-0-UI, which contains part of the N-terminal
region. Hybridizations were performed in UltraHyb solution (Ambion) accord-
ing to the manufacturer’s protocol.

ChIP. Chromatin immunoprecipitation (ChIP) was performed as follows.
Rat1a-HA-Jun cells expressing hemagglutinin (HA)-tagged c-Jun were seeded at
a density of 10 � 106 cells in 150-mm-diameter PolyHeme-coated tissue culture
dishes in the presence and absence of 2 �g of doxycycline per ml and incubated
for 4 days at 37°C. Protein-DNA complexes were cross-linked with 1% formal-
dehyde added directly to the culture medium at room temperature for 15 min
followed by the addition of 0.125 M glycine, pH 2.5, for 5 min. Cells were pelleted
at 200 � g for 5 min at 4°C and washed once with ice-cold phosphate-buffered
saline (PBS). The cell pellet was resuspended in 300 �l of lysis buffer (1% SDS,
5 mM EDTA, 50 mM Tris [pH 8], 100 �g of aprotinin per ml, 100 �g of leupeptin
per ml, 1 mM PMSF) and incubated on ice for 10 min. The solution was then
sonicated three times for 15 s each on maximum power, and cell debris was
pelleted by centrifugation for 5 min at 16,000 � g. Twenty microliters of the

soluble chromatin was set aside as the input fraction, and the remainder was
diluted 1:10 in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl,
20 mM Tris [pH 8], 100 �g of aprotinin per ml, 100 �g of leupeptin per ml, 1 mM
PMSF). The diluted soluble chromatin (1 ml) was precleared with 2 �g of
sheared herring sperm DNA, 20 �l of preimmune serum, and 45 �l of protein
G-agarose beads (50% slurry in 10 mM Tris [pH 8], 1 mM EDTA) for 2 h at 4°C,
and the beads were pelleted by centrifugation at 16,000 � g for 1 min. Two
micrograms of antibodies to HA (71-5500; Zymed Laboratories, Inc., San Fran-
cisco, Calif.) or control rabbit immunoglobulin G (IgG) (sc-2027; Santa Cruz
Biotechnology, Santa Cruz, Calif.) was added, and the solution was incubated
overnight at 4°C. Following this incubation, 45 �l of protein G-agarose beads and
2 �g of sheared herring sperm DNA were added and this mixture was incubated
for an additional 1 h at 4°C. The beads were pelleted by centrifugation and
washed sequentially for 10 min each with TSE I (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris [pH 8], 150 mM NaCl), TSE II (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris [pH 8], 500 mM NaCl), buffer III (0.25 M LiCl,
1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris [pH 8]), and TE (10 mM
Tris [pH 8], 1 mM EDTA). DNA was eluted from the beads with 100 �l of
elution buffer (1% SDS, 0.1 M NaHCO3), and the cross-links were reversed by
incubation at 65°C overnight. DNA was purified with the Qiaquick PCR purifi-
cation kit (QIAGEN, Valencia, Calif.) as per the manufacturer’s instructions.
One microliter of the ChIP DNA was amplified by real-time PCR with Ras-

GRF1 promoter primers F1 (5�-GATCCAGCCAACAGACTAAGA-3�) and R1

FIG. 2. Ras-GRF1 promoter activation by c-Jun/AP-1. (A) Mouse Ras-GRF1 promoter constructs used in transient transfection assays.
Construct 84f spans from �1270 to �1130 of the promoter region and encompasses both of the putative AP-1 binding sites. Construct 84�A
includes the �489 to �1130 promoter region, and 84�BC contains the �1270 to �489 promoter region. All promoter fragments were cloned into
pGL2-Basic. (B) Transient transfection on the Ras-GRF1 promoter constructs into Rat1a-c-Jun4 cells grown with (�dox) and without (�dox)
doxycyline. (C) 84�BC activity in Rat1a-GFP and Rat1a-c-Jun4 cells grown as described for panel B. (D) 84�BC activity in the presence of
cotransfected c-Jun in the human, rat, and mouse glioblastoma cell lines, T98GBM, G6, and Neuro2a, respectively, compared to activity in
Rat1a-c-Jun4 cells. The results show the mean � standard deviation of triplicate experiments. *, P 	 0.05.
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(5�-AATGATGCTGCCTTGGGCACA-3�) on an iCycler real-time detection
system (Bio-Rad Laboratories, Inc., Hercules, Calif.) with the Quantitect SYBR
green PCR kit (QIAGEN, Inc., Valencia, Calif.) as per the manufacturers’
instructions. The fold change was calculated by the 2���CT method as previously
described (35).

RESULTS

Increased Ras-GRF1 expression in c-Jun-expressing cells.
We have previously shown that the conditional expression of
c-Jun in Rat1a fibroblasts results in morphology changes and

FIG. 3. ChIP assays identify the rat Ras-GRF1 promoter as an AP-1 target gene. (A) The rat Ras-GRF1 promoter equivalent to that of the
mouse 84�BC region (�1270/�489). Two potential AP-1 binding sites were identified, and primers (F1 and R1 and F2 and R2) flanking these sites
were designed for ChIP analysis. (B) ChIP of c-Jun was performed with Rat1a cells with doxycycline-inducible HA-c-Jun. Chromatin from control
(�dox) and HA-c-Jun-expressing (�dox) cells was immunoprecipitated with the HA antibody or nonspecific IgG. PCR was performed with primer
sets (F1 and R1 and F2 and R2) specific for the rat Ras-GRF1 promoter regions spanning the potential AP-1 binding sites. (C) Real-time PCR
analysis using ChIP DNA and primers F1 and R1. The data shown were corrected for nonspecific interactions detected with the IgG control ChIP
assay. The results represent the mean � standard error of five independent ChIP assays. P � 0.05.
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FIG. 4. p75-Ras-GRF1 expression is essential for c-Jun/AP-1-regulated anchorage-independent growth. (A) Sense and antisense Ras-GRF1
oligomers (10 �M each) were incubated with nonadherently grown Rat1a-c-Jun4 cells in the presence of 2 �g of doxycycline per ml for 48 h.
Proteins were resolved by SDS-polyacrylamide gel electrophoresis and immunoblotted for Ras-GRF1 and tubulin expression. The fold change in
p75-Ras-GRF1 compared to the level in the control (without doxycycline) is shown. (B) Anchorage-independent growth of Rat1a-c-Jun4 cells in
1.5% methylcellulose in the presence of doxycycline and 10 �M Ras-GRF1 sense and antisense oligomers for 5 days. Cell growth was measured
with MTT assays (Promega) and is representative of the mean � standard deviation of triplicate samples. *, P � 0.01 compared to growth without
doxycycline. Growth in the presence of doxycycline and antisense oligomers was not significantly different from that in the absence of doxycycline
(**, P � 0.05). The data shown are representative of three independent experiments. OD595, optical density at 595 nm. (C) Cells grown as
described in panel B were stained with p-iodonitrotetrazolium violet for 16 h at 37°C to observe colony formation. (D) Effect of antisense (as) and
sense (s) Ras-GRF1 oligomers on anchorage-independent growth of Rat1a-c-Jun4 and Rat1a-c-Myc cells. Rat1a-c-Myc cells contained constitutive
c-Myc expression. The cells were grown with sense and antisense oligomers as described for panel B. (E) Western blot analysis for p75-Ras-GRF1
expression in Rat1a-c-Jun4 cells treated with decreasing concentrations of doxycycline. Decreasing the concentration of doxycycline resulted in a
decrease in p75-RasGRF1 expression. Tubulin is shown as a loading control. The fold change in p75-RasGRF1 corrected for protein loading
compared to the level in the control (without doxycycline) is shown. (F) Anchorage-independent cell growth of Rat1a-c-Jun4 cells grown in the
absence and presence of doxycycline at different concentrations for 6 days. Cell growth was measured by MTT assays as described in Materials and
Methods. Results are the mean � standard deviation of growth in 8 wells of a 96-well plate per condition.
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anchorage-independent growth (33). Microarray analysis using
the Affymetrix Rat U34A chip to identify c-Jun/AP-1-regulated
genes identified significant Ras-GRF1 expression in c-Jun-
expressing cells relative to that in controls (34). These results

were corroborated by Northern blot analysis (Fig. 1A) and
quantified by real-time RT-PCR that demonstrated an eight-
fold increase in Ras-GRF1 expression in doxycycline-treated
Rat1a-c-Jun4 cells. Northern blot analysis with a probe con-

FIG. 4.—Continued
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taining the C-terminal region of Ras-GRF1 revealed a tran-
script of approximately 2 to 3 kb was induced in a time-depen-
dent manner after doxycycline-regulated c-Jun expression and
reached maximal levels within 24 h (Fig. 1B). Ras-GRF1
mRNA transcripts similar in size have previously been identi-
fied in adult and fetal human tissue. These transcripts are
shorter than the 5 kb encoding p140-Ras-GRF1 and are pro-
posed to be alternate forms of Ras-GRF1 that retain the 3�
catalytic domain (26). mRNA transcripts were not detected by
Northern blot analysis with a probe recognizing the N terminus
of Ras-GRF1 (data not shown), suggesting that the Ras-GRF1
transcript induced in c-Jun-expressing Rat1a cells lacks the
N-terminal region but retained the C-terminal catalytic do-
main encoding region. The expression kinetics of c-Jun-regu-

lated Ras-GRF1 was similar to that of the gene coding for
stromelysin 1 (Fig. 1B), a previously described c-Jun/AP-1-
responsive gene (3), HMGI/Y (30), and other potential AP-1
targets described by us (33, 34). These results suggest a se-
quence of events, with induced c-Jun protein occurring maxi-
mally between 4 and 8 h (33), followed by an increase in
Ras-GRF1 mRNA expression starting at approximately 8 h. To
determine the levels of Ras-GRF1 protein in c-Jun-expressing
cells, Western blot analysis was performed with proteins ex-
tracted from Rat1a-c-Jun4 cells grown in the absence and
presence of doxycycline for various times. An increase in the
expression of a 75-kDa protein, p75-Ras-GRF1, was detected
within 8 h of doxycycline treatment (Fig. 1C). The antibody
(sc224) used to detect p75-Ras-GRF1 was raised against a
peptide mapping near the C terminus of Ras-GRF1 of rat
origin. This would suggest that c-Jun/AP-1-induced p75-Ras-
GRF1 contains the C-terminal catalytic domain of Ras-GRF1.
A corresponding protein was not observed in green fluorescent
protein (GFP)-expressing Rat1a-GFP control cells, even after
3 days of doxycline treatment (Fig. 1D). We did not detect
other Ras-GRF1 isoforms described previously (13).

c-Jun/AP-1 binds and activates the Ras-GRF1 promoter.
The mouse Ras-GRF1 promoter has previously been identified
and contains two putative AP-1 binding sites located at �675
and �424 (Fig. 2A) (19). To determine if c-Jun/AP-1 regulates

FIG. 5. p75-Ras-GRF1 is required for the activation of Ras in
response to c-Jun/AP-1. (A) p75-Ras-GRF1 and Ras interaction was
determined by pull-down experiments with GST-Ras15A-agarose
beads. The pulled-down complexes were separated by SDS-PAGE and
immunoblotted with antibodies against Ras-GRF1 and GST. Lanes 1
and 2 represent control (without doxycycline) and c-Jun-containing
(with doxycycline) extracts incubated with GST-Ras15A-agarose
beads, and lane 3 shows p-75-Ras-GRF1 in the total protein lysate.
Lane 4 represents c-Jun-containing extracts incubated with GST-aga-
rose beads as a negative control. The top panel shows immunoblots for
Ras-GRF1, and the bottom panel shows immunoblots for GST. (B and
C) GTP-bound Ras was extracted from control (without doxycycline)
and c-Jun-expressing (with doxycycline) Rat1a-c-Jun4 cells grown un-
der adherent (B) and anchorage-independent (C) conditions with Raf-
1-RDB agarose beads. The complexes were immunoblotted with a Ras
monoclonal antibody. Equal amounts of total Ras were present in
control and doxycycline-treated cell lysates. (D) Activated Ras pull
down assays using protein extracts from Rat1a-c-Jun4 cells grown in
suspension for 48 h with and without doxycycline in the presence of 10
�M sense or antisense Ras-GRF1 oligomers. Immunoblots with Ras
antibody are shown. The results are representative of triplicate exper-
iments.

FIG. 6. Elk-1 activation is Ras dependent in c-Jun-overexpressing
cells. (A) Rat1a-GFP and Rat1a-c-Jun4 cells were transiently cotrans-
fected with plasmids encoding Gal–Elk-1 fusion protein and the re-
porter construct 5� Gal-Luciferase (Gal5-Luciferase). The cells were
grown nonadherently for 48 h in the absence (�) or presence (�) of 2
�g of doxycyline per ml. Renilla luciferase activity was used to control
for transfection efficiencies. Luciferase activities were measured with
the Promega dual luciferase assay kit. Data are represented as a fold
change relative to controls (�dox). *, P � 0.01 relative to controls
(�dox). (B) Transient transfection with a construct containing two
AP-1 DNA-binding sequences fused to the luciferase reporter gene
(TRE2-Luciferase). The results show the mean � standard deviation
of at least three independent experiments, each performed in tripli-
cate. *, P 	 0.05.
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the Ras-GRF1 promoter, we performed transient transfections
into Rat1a-c-Jun4 cells with promoter constructs 84f (�1270/
�1130), 84�A (�487/�1130), and 84�BC(�1270/�487). The
results revealed that c-Jun/AP-1 activated the constructs con-
taining the �1270/�1130 and the �1270/�487 promoter re-
gions, while no response was observed with the �487/�1130
construct (Fig. 2B). Activation of the �1270/�487 promoter
construct was not observed in Rat1-GFP control cells (Fig.
2C). Comparable results of �1270 to �487 Ras-GRF1 pro-
moter activation in response to the presence of c-Jun/AP-1
were also observed in the human, rat, and mouse glioblastoma
cell lines, T98GBM, G6, and Neuro2a, respectively (Fig. 2D).
These results imply that c-Jun/AP-1 has a role in the expres-
sion of the Ras-GRF1 promoter.

To identify the rat homologous region to the mouse Ras-
GRF1 �1270/�487 promoter, we performed a BLAST search
with the mouse sequence of the rat genome database (Ensembl
Genome Browser). This region showed 80% homology be-
tween the rat and mouse sequences, and a search for putative
AP-1 binding sites (MatInspector) (41) in the rat sequence
revealed two potential sites (Fig. 3A). To verify that c-Jun
bound the Ras-GRF1 promoter in Rat1a cells in vivo, we per-
formed ChIP assays with antibodies to HA-tagged Jun with
extracts from control and inducible HA-Jun-expressing cells.
We used primers flanking the two putative AP-1 binding sites
to amplify the immunoprecipitated DNA (Fig. 3A). The results
obtained showed that a specific Ras-GRF1 promoter PCR
product was obtained with the F1/R1 primer set with anti-HA
antibody ChIP DNA (Fig. 3B). This result suggests that c-Jun/
AP-1 interacts with the Ras-GRF1 promoter. No PCR product
was obtained with the F2/R2 primer set. Quantitative real-time
PCR was used to accurately determine the increase in c-Jun/
AP-1 binding to the endogenous rat Ras-GRF1 promoter be-
tween control and c-Jun-expressing cells. A significant increase
in binding of approximately fivefold above the control was
identified (Fig. 3C). Taken together, these results provide ev-
idence suggesting that c-Jun/AP-1 binds and activates the Ras-
GRF1 promoter in vivo.

p75-Ras-GRF1 expression is necessary for c-Jun-regulated
anchorage-independent growth. To determine whether p75-
Ras-GRF1 was required for anchorage-independent growth of
Rat1a-c-Jun4 cells, the cells were treated with 10 �M antisense
oligomers to inhibit Ras-GRF1 expression. c-Jun-induced p75-
Ras-GRF1 was inhibited approximately 50% by the antisense
oligomer, while the sense oligomer had no effect (Fig. 4A). The
inhibition of p75-Ras-GRF1 expression was associated with
the inhibition of c-Jun-regulated anchorage-independent
growth by antisense Ras-GRF1 (Fig. 4B). Cells incubated with
the sense oligomer grew similarly to those expressing c-Jun
only. Colony formation in the presence of c-Jun was also in-
hibited by antisense Ras-GRF1 oligomers, while the sense oli-
gomers had little effect (Fig. 4C). To exclude that the Ras-
GRF1 antisense oligomers are not general blockers of
anchorage-independent growth in transformed Rat1a cells, the
effect of these oligomers on the growth of Rat1a cells consti-
tutively expressing the c-Myc oncoprotein (Rat1a-c-Myc) was
determined. Antisense oligomers to Ras-GRF1 had no effect
on anchorage-independent growth of Rat1a-c-Myc cells (Fig.
4D). This suggested that the antisense oligomer was specifi-
cally inhibiting c-Jun-regulated anchorage-independent growth

FIG. 7. Dominant-negative RasN17 inhibits c-Jun-regulated acti-
vation of Elk-1 activity. (A) Rat1a-c-Jun4 cells were transfected with
pCMV-RasN17 or pCMV control vector as described in the legend to
Fig. 4. Reporter 5� Gal5-Luciferase (Gal5-Luciferase) activation was
corrected for transfection efficiency with Renilla luciferase, and the
fold change relative to controls (�dox) is shown. *, P 	 0.05 compared
to with doxycycline. (B) TRE2-luciferase activity in the presence of
pCMV-RasN17 and pCMV vector at the concentrations shown. *, P 	
0.05, significantly down-regulated compared to with doxycycline; **, P

 0.05, not significantly different from with doxycycline. Results are
representative of the mean � standard deviation of assays performed
in triplicate. (C) Elk-1 activation of the 5� Gal5-Luciferase construct
in the presence of doxycycline and sense and antisense Ras-GRF1
oligomers. Ras-GRF1 oligomers were added before transfection and
included at a concentration of 10 �M for the duration of the assay.
Results represent the mean � standard deviation of assays performed
in triplicate.
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via inhibition of p75-Ras-GRF1 expression. Modulating the
amounts of p75-Ras-GRF1 expression by decreasing the con-
centration of doxycycline (Fig. 4E) resulted in a similar reduc-
tion in anchorage-independent cell growth (Fig. 4F). These
results imply that p75-Ras-GRF1 expression is necessary for
c-Jun-regulated transformation of Rat1a cells.

Ras-GRF1 is a GEF involved in the cycling of Ras to its
active, GTP-bound state. Based on this function, we predicted
(i) a Ras–p75-Ras-GRF1 interaction, (ii) the detection of ac-
tivated Ras, GTP-Ras, and (iii) activation of signal transduc-
tion pathways downstream of Ras in c-Jun-overexpressing
cells.

p75-Ras-GRF1 interacts with Ras in c-Jun-expressing cells.
The identity of p75-Ras-GRF1 and its interaction with Ras
were confirmed by using GST-Ras15A, a GST-dominant-neg-
ative Ras fusion protein that inhibits Ras function by binding
GEFs (16, 20) in pull-down assays. GST-Ras15A-agarose
beads pulled down p75-Ras-GRF1 in protein lysates from
doxycyline-treated Rat1a-c-Jun4 cells, while an equivalent pro-
tein band was not detected in the control lysates (�dox) (Fig.
5A, lanes 1 and 2). The interaction between p75-Ras-GRF1
and GST-Ras15A is specific since a corresponding band was
not detected in doxycycline-treated extracts incubated with
GST-agarose beads alone (Fig. 5A, lane 4). This piece of data
shows that p75-Ras-GRF1 is capable of interacting with Ras in
c-Jun-expressing cells.

Ras activation requires c-Jun-induced Ras-GRF1 expres-
sion. We next sought to determine if p75-Ras-GRF1 could be
connected to activation of Ras in Rat1a-c-Jun4 cells. A signif-
icant increase in GTP-bound Ras was detected in protein ex-
tracts isolated from c-Jun-expressing cells grown under both
adherent (Fig. 5B) and anchorage-independent (Fig. 5C) con-
ditions. Antisense oligomers to Ras-GRF1 inhibited the in-
crease in GTP-Ras, while sense oligomers had little effect (Fig.
5D). Taken together, these results suggest that Ras activation
in c-Jun-expressing rat fibroblasts is associated with increased
p75-Ras-GRF1 expression. Inhibition of Ras activation by
Ras-GRF1 antisense oligomers may explain the inhibition of
anchorage-independent growth seen in Fig. 4B.

Elk-1 is activated in the presence of c-Jun overexpression.
To investigate the downstream effects of Ras activation in
c-Jun-expressing cells, the activation of Elk-1 was determined.
Rat1a-c-Jun4 and GFP control cells grown with and without
doxycycline were transiently cotransfected with a plasmid ex-
pressing a Gal4-Elk-1 fusion protein and the 5� Gal-luciferase
reporter construct. A significant increase in Elk-1 activity was
observed in c-Jun-containing cells and not in GFP-expressing
control cells (Fig. 6A). The presence of increased AP-1 in
doxycycline-treated Rat1a-c-Jun4 cells was confirmed by the
activation of a reporter plasmid containing two AP-1 DNA-

binding sites fused to luciferase, TRE2-luciferase (Fig. 6B).
Elk-1 activity in c-Jun-expressing cells was significantly inhib-
ited in a dose-dependent manner by cotransfection with dom-
inant-negative RasN17 (Fig. 7A). Similar concentrations of
RasN17, however, had less effect on c-Jun/AP-1 activation of
the TRE2-luciferase (Fig. 7B). Thus, c-Jun overexpression in
Rat1a cells results in Elk-1 activation that requires Ras activity.
Cotransfection assays with sense and antisense oligomers to
Ras-GRF1 with Elk-1 and the 5� Gal-luciferase reporter re-
vealed a slight inhibition of Elk-1 activation with the antisense
oligomer; however, this was not significant (Fig. 7C). Elk-1
activation is one of the far-downstream events of signal trans-
duction pathways; it is hence possible that other factors regu-
lated by c-Jun overexpression may impact its activation.

Ras-PI3K-Akt signaling is activated and required for c-Jun-
regulated transformation of Rat1a cells. To determine which
Ras-mediated signaling pathways are active in c-Jun-express-
ing cells, we focused on the Ras-MEK-ERK and Ras-PI3K-
AKT pathways. Rat1a-c-Jun4 cells (without doxycycline) had a
low level of basal phospho-AKT that was increased approxi-
mately twofold in cells grown in the presence of doxycycline
(i.e., c-Jun overexpressing). This increase could be blocked by
the inhibition of PI3K activity with Ly294002 at concentrations
of 5 and 10 �M (Fig. 8A). Cells grown in the presence of
doxycycline and PD98059 (MEK inhibitor) retained phospho-
AKT levels similar to that of cells grown in the presence of
doxycycline only. The inhibition of AKT phosphorylation by
Ly294002 was associated with inhibition of c-Jun-regulated
anchorage-independent growth in Rat1a cells (Fig. 8B). c-Jun-
regulated colony formation and morphology changes were sim-
ilarly inhibited by Ly294002 (Fig. 8C and D). No significant
increase in ERK1/2 phosphorylation was observed in c-Jun-
expressing cells; however, basal phosphorylation levels could
be inhibited similarly by both 20 and 40 �M PD98059 (Fig.
9A). Interestingly, the inhibition of basal ERK phosphoryla-
tion by PD98059 had no effect on c-Jun-regulated anchorage-
independent growth and colony formation (Fig. 9B and C).
PD98059 also had no significant effect on c-Jun-induced cell
morphology changes (Fig. 9D). Similar results were obtained
with wortmannin, a PI3K inhibitor, and U0126, a MEK inhib-
itor, at concentrations sufficient to block phosphorylation of
AKT and ERK1/2 respectively (Fig. 10A and B). The inhibi-
tion of PI3K prevented c-Jun-regulated anchorage-indepen-
dent growth, while inhibition of MEK had little effect. These
results implicate c-Jun in the regulation of AKT phosphoryla-
tion and suggest that signaling via the Ras-PI3K-AKT pathway
may be activated and required for c-Jun/AP-1-regulated an-
chorage-independent growth.

Since the PI3K-AKT pathway is involved in cell survival
mechanisms, we addressed whether the effect of c-Jun induc-

FIG. 8. PI3K activity is required for c-Jun-regulated anchorage-independent cell growth. (A) Total proteins from Rat1a-c-Jun4 cells grown in the
absence (�) and presence (�) of 2 �g of doxycycline per ml for 48 h in suspension with Ly294002 and PD98059 at the indicated concentrations were
separated by SDS-polyacrylamide gel electrophoresis and immunoblotted with antibodies against p-AKT1 and total AKT1. The fold change in p-AKT1
(p-AKT1 relative to total AKT1) compared to the level in the control (without doxycycline) is shown. (B) Rat1a-c-Jun4 cells were grown in the absence
of doxycycline (� cJun), the presence of 2 �g of doxycycline per ml (� cJun), and the presence of doxycycline and 5 �M Ly294002 (� cJun � 5uM Ly).
Growth in media containing 10% FBS and 1.5% methylcellulose to maintain cells in an anchorage-independent state was assayed with the MTT assay.
OD595, optical density at 595 nm. (C) c-Jun-induced colony formation in 1.5% methylcellulose and (D) cell morphology changes are inhibited by 5 �M
Ly294002.
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FIG. 9. MEK activation of ERK1/2 is not required for c-Jun-regulated cell growth. (A) Western blots showing p-ERK1/2 and total ERK1/2
protein levels. (B) Rat1a-c-Jun4 cells were grown in the absence (�) or presence (■ ) of 2 �g of doxycycline per ml and the presence (Œ) of
doxycycline and 20 �M PD98059. Cells were assayed as described in the legend to Fig. 8A. The fold change in p-ERK1/2 (p-ERK1/2 relative to
total ERK1/2) compared to that of the control (without doxycycline) is shown. c-Jun-induced colony formation (C) and morphological changes
(D) were minimally affected by inhibition of MEK activity with 20 �M PD98059.
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tion on growth is due to increased proliferation in anchorage-
independent conditions, decreased death, or both. Based on
our previously published data, we have established that over-
expression of c-Jun in Rat1a cells resulted in an increase in
proliferation as measured by Trypan blue staining (33) (Fig.
11A). Caspase 9 assays as an indicator of cell death or anoikis
revealed that c-Jun-overexpressing cells grown under anchor-
age-independent growth conditions had decreased caspase 9
activity compared to control cells grown in the absence of
doxycycline (Fig. 11B). Taken together, these results imply that
overexpression of c-Jun in Rat1a cells grown under anchorage-
independent conditions was involved in both an increase in
proliferation and suppression of cell death.

DISCUSSION

The conventional position of c-Jun/AP-1 in signal transduc-
tion cascades has been closer to the end of MAPK pathways.
Signaling via these pathways converges on and activates c-Jun/
AP-1 such that downstream events can be initiated (50, 51).
Substantial evidence has placed AP-1 downstream of MAPK
signaling pathways such as ERK, JNK, and p38 (45, 46) and
that activation of c-Jun/AP-1 complexes by phosphorylation is
essential to its function as a transcriptional regulator (7). Ac-
tivation of other members of the AP-1 transcription factor
complex such as the Fos family of proteins is thought to be
necessary for the autoregulation of c-Jun expression (46). The
data presented here demonstrate that c-Jun/AP-1 can regulate
the expression of signal transduction molecules such as Ras-
GRF1, which are located upstream in the signal transduction
cascades. Ras-GRF1 is a GEF that catalyzes the GDP/GTP

exchange required for activation of Ras (10, 17, 21). It was
initially discovered as a brain-specific 140-kDa protein with its
catalytic domain residing in the C-terminal region (37, 47, 52).
The functional domains of full-length p140-Ras-GRF1 include
a pleckstrin homology domain, a coiled-coil region, a calmod-
ulin-dependent activation domain, the ilimaquinon motif, a
DBL homology domain, a protein instability domain, and a
CDC25 domain, the catalytic domain (1). In this study, we
show that overexpression of c-Jun in rat fibroblasts is associ-
ated with an increase in the expression of a 75-kDa form of
Ras-GRF1, p75-Ras-GRF1. Without sequence information on
the c-Jun-induced p75 protein, we cannot conclusively com-
ment on the Ras-GRF1 domains contained in this protein. Our
Northern and Western blot data, however, suggest that p75-
Ras-GRF1 may contain the C-terminal region of Ras-GRF1
that contains the CDC25 catalytic domain. This may have
arisen due to an alternate splice variant, since Northern blot
analysis identified a transcript smaller than that encoding
p140-Ras-GRF. Alternative forms of Ras-GRF1, ranging in
size from approximately 50 to 140 kDa, have been identified in
various tissues and cell lines (14, 22, 26). The biological signif-
icance of the smaller forms of Ras-GRF1 is presently unclear.
However, overexpression of p75-78, p95, p120, and p140-Ras-
GRF1 results in transformation of NIH 3T3 cells (13). In
addition, N-terminally truncated versions of Ras-GRF1 that
retain the catalytic C-terminal domain appear to be more ef-
fective at GDP/GTP exchange of H-Ras than p140-Ras-GRF1
(6).

Based on our results, we propose that c-Jun regulates the
expression of p75-Ras-GRF1, which in turn activates Ras and
subsequent signal transduction in rat fibroblasts. Ras-mediated

FIG. 10. Effect of wortmannin and U0126 on c-Jun-regulated anchorage-independent growth. (A) Rat1a-c-Jun4 cells were grown in the
absence of doxycycline (�cJun), the presence of 2 �g of doxycycline per ml (�cJun), and the presence of doxycycline and 50 nM wortmannin
(�cJun � wortmannin). A total of 50 nM wortmannin was sufficient to inhibit phosphorylation of AKT1 and prevent c-Jun-regulated anchorage-
independent growth. (B) Cells grown in the absence of doxycycline (�cJun), the presence of 2 �g of doxycycline per ml (�cJun), and the presence
of doxycycline and 50 nM U0126 (�cJun � U0126). U0126 at 50 nM prevented phosphorylation of p-ERK1/2 but had little effect on
c-Jun-regulated anchorage-independent growth.
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signal transduction is increasingly complex and involves its
interaction with numerous effector molecules (12). We ex-
pected that signal cascades triggered by Ras activation would
include the Ras-PI3K-AKT and/or Ras-MEK-ERK pathway.
Our findings implicate c-Jun overexpression with an increase in
PI3K-AKT1 rather than MEK-ERK activation. This is sup-
ported by the observation that the Ras-MEK-ERK pathway
appears nonessential for c-Jun-regulated anchorage-indepen-
dent growth. It is likely that within a given cellular context,
such as increased AP-1 activity, the physiological relevance
may be that regulation of specific exchange factors results in
the activation of specific Ras subpathways. Ras-GRF1 in par-
ticular is capable of activating R-Ras, while SOS does not (24,
48). R-Ras in turn activates PI3K rather than MAPK signaling
pathways (36). Activation of PI3K by R-Ras is essential for its
biological activity in cellular transformation, adhesion, and sur-
vival (39). The increase in PI3K activity observed in c-Jun-
overexpressing cells is presumably related to survival and
transformation under otherwise unfavorable cell growth con-
ditions, such as anchorage independence, which would nor-
mally result in cell death, possibly by anoikis. Our finding that
MEK-ERK activation is not required for c-Jun-regulated an-
chorage-independent growth of rat fibroblasts was supported
by observations that ERK1/2 phosphorylation is significantly
decreased in cells growing under adherent conditions (V.
Leaner, unpublished data). These findings are in agreement
with those from a recent study showing that transformation of
chicken embryo fibroblasts with v-Jun results in activation of
Ras and, surprisingly, in deactivation of ERK-MAPK signaling
pathways (9). These authors suggest that activation of Ras in
v-Jun-expressing cells may be a result of the increased expres-
sion of a previously reported v-Jun target gene that codes for
heparin-binding epidermal growth factor-like growth factor
(HB-EGF) (23). While we have not determined whether HB-
EGF is a c-Jun target, our data showing an increase of Ras-
GRF1 in response to c-Jun expression and evidence for its
interaction with Ras and Ras activation suggest that p75-Ras-
GRF1 may be one of the factors contributing to Ras activation
in c-Jun-expressing cells. Black et al. (9) also propose that
ERK deactivation may be due to inhibition of signaling via

Ras-Raf and increased expression of MKP-1 and -2. In support
of their results, we have also identified MKP-1 as a c-Jun/AP-
1-regulated gene by microarray analysis (34).

To underscore the importance of p75-Ras-GRF1, we found
that it is essential for c-Jun-regulated cellular transformation,
since inhibition of its expression blocks anchorage-indepen-
dent growth. We are currently determining whether introduc-
tion of p75-Ras-GRF1 as a single gene may cause transforma-
tion of Rat1a fibroblasts. This, however, seems unlikely, since
the introduction of p140-Ras-GRF1 (kindly provided by L.
Feig) into Rat1a cells did not result in anchorage-independent
growth (V. Leaner, unpublished observations). This finding
was not surprising considering that very few AP-1 target genes
have been found to transform cells as single genes (reviewed by
Vogt in reference 51). It is thus feasible that p75-Ras-GRF1
expression may be necessary but not sufficient for cellular
transformation by c-Jun/AP-1. A combination of c-Jun/AP-1-
regulated genes may be required for cellular transformation.
These genes likely include c-Jun/AP-1 targets involved in cell
cycle, signal transduction, survival, and proliferation. The work
presented in this paper introduces an additional mechanism
for the role of c-Jun/AP-1 as a regulator of both upstream and
downstream signaling events, which may influence cell growth
and survival.
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