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To investigate the contribution that ERK/mitogen-activated protein kinase signalling makes to cell cycle
progression and gene expression, we have constructed cell lines to express an inducible version of activated
MEK1. Using these cells, we show that activation of MEK leads to the expression of Fra-1 and Fra-2 but not
c-Fos. Treatment of Ras-transformed cells with the MEK inhibitor PD098059 blocks expression of Fra-1 and
Fra-2, showing that in Ras transformation ERK signalling is responsible for Fra-1 and Fra-2 expression. Ac-
tivation of MEK1 in growth-arrested cells leads to DNA synthesis; however, ERK activation alone is insufficient
because the induction of DNA synthesis is blocked by inhibition of phosphatidylinositol 3-kinase (PI3-kinase).
Activation of PI3-kinase is indirect, perhaps through autocrine growth factors, and is required for the induc-
tion of cyclin D1.

The ERK/mitogen-activated protein kinase (MAP kinase)
pathway has been identified as a major signalling pathway
activated through p21Ras (12). This signalling pathway has
been shown to be required for growth factors to stimulate cell
proliferation via Ras (10, 15, 47). However much evidence has
accumulated demonstrating that activation of ERKs is only
one of the effector pathways of Ras signalling. At least 10
proteins have been identified which are candidates for effectors
of Ras signalling because they interact with Ras only in the
active GTP-bound form. These candidate effector proteins in-
clude Ras GTPase-activating proteins (1, 38), Raf family pro-
tein kinases (60, 64, 70), phosphatidylinositol 3-kinases (PI3-
kinases) (51), guanine nucleotide exchange factors for Ral
family GTPases (24, 29, 37, 59, 67), protein kinase C-zeta (14),
MEKK-1 (53), and proteins of unknown function (61). The use
of effector mutants of Ras which selectively interrupt interac-
tions with some of these proteins has strongly suggested roles
for Raf-1 (65), PI3-kinase (52), and the Ral GTPase activator
Ral-GDS (66) in cell transformation. Similarly, effector mu-
tants have been used to show that activation of multiple sig-
nalling pathways by Ras is required to stimulate DNA synthesis
(28, 65). In contrast to these studies with Ras effector mutants,
the observation that activated forms of Raf and MEK act as
oncoproteins suggests that activation of the ERK pathway may
be sufficient to stimulate DNA synthesis (10, 35).

Signalling through the ERK/MAP kinase pathway is thought
to depend at least in part on the activation of gene expression.
ERK/MAP kinases have been shown to phosphorylate tran-
scription factors of the ELK/SAP family as well as the Ets
family and STAT family (23). Phosphorylation of Elk-1 by
ERK/MAP kinases has been shown to be required for tran-
scriptional activation of the immediate-early gene product c-

Fos (36). Ras-transformed cells have been shown to have ele-
vated levels of Fra-1, Fra-2, c-Jun, and JunB, which contribute
to elevated AP-1 activity (41). However, c-Fos expression is not
elevated in Ras-transformed cells even though ERK/MAP ki-
nase activity is raised (41). Blocking of AP-1 activity in Ras-
transformed cells has been shown to suppress transformation
(34). The signalling pathways that result in elevated Fra-1,
Fra-2, c-Jun, and JunB expression have not been elucidated, so
the mechanism by which these Fos and Jun family members
are upregulated in Ras-transformed cells is not clear.

To address these issues, we have constructed inducible forms
of activated MEK1 to see whether induction of MEK activity is
sufficient to permit entry into DNA synthesis and induction of
Fra-1, Fra-2, c-Jun, and JunB. Ras-mediated activation of Raf
activates MEK (13, 25, 31), which is the immediate upstream
activator of ERK1 and ERK2 (45). To date, no substrates of
MEK other than ERKs have been identified. Inducible ver-
sions of activated signalling components have an advantage
over constitutive expression in that long-term effects of expres-
sion of an activated signalling molecule can be avoided and the
kinetics of responses can be monitored. Using cells with an
inducible activated MEK, we show that MEK activation in-
duces DNA synthesis in quiescent NIH 3T3 cells. However,
induction of DNA synthesis in this system also requires par-
ticipation of the PI3-kinase pathway. Activation of MEK ap-
pears to act as a switch which not only directly activates the
ERK intracellular signalling pathway but also may indirectly
activate other signalling pathways.

MATERIALS AND METHODS

Construction of the MEK/DNEE-ER fusion gene expression vector. Rabbit
MEK1 cDNA, which contains the mutations that lead to replacement of serine
by glutamic acid at positions 218 and 222 (2), was digested with StuI and
subsequently religated to generate the activating deletion in the amino terminus
(amino acids 32 to 51) (35). The construct was then linearized with BamHI and
partially digested with EagI. The BamHI-EagI MEK1 cDNA fragment and an
EagI-SalI fragment encoding the mutant hormone binding domain of the mouse
estrogen receptor (ER) were ligated into BamHI- and SalI-digested pBABEpuro
(43).
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Cell culture and transfection. NIH 3T3 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% donor calf serum (DCS) (Gibco-
Life Sciences), and v-Ras-transformed NIH 3T3 cells were grown in DMEM
containing 5% DCS. For transfection with Lipofectamine (Gibco-Life Sciences),
1.5 3 105 cells were plated into 30-mm-diameter tissue culture dishes. On the
following day the cells were washed with serum-free medium, and DNA-Lipo-
fectamine complexes (0.4 mg of DNA and 5 ml of Lipofectamine) were added to
the cells in 1 ml of serum-free medium. The cells were incubated for 6 h in the
presence of the DNA-Lipofectamine complexes, washed, and incubated in 10%
DCS–DMEM. After 24 h, the cells were trypsinized and plated at low densities
in the presence of 2.5 mg of puromycin (Sigma) per ml. Cell clones were picked
with sterile cotton buds and characterized for MEK/DNEE-ER expression by
Western blot analysis and immunofluorescence.

4-Hydroxytamoxifen (4-OHT) (Research Biochemicals International) was
made up as a 1 mM stock solution in ethanol and stored at 220°C. PD098059 was
provided by A. Saltiel (Parke-Davis), made up as a 1 mM stock solution in
dimethyl sulfoxide, and stored at 220°C. LY294002 was purchased from Biomol
Research Laboratories, made up as a 50 mM stock solution in ethanol, and
stored at 220°C.

Antibodies. ERK2 polyclonal rabbit antiserum no. 122 was generated against
a C-terminal ERK2 peptide (32), MEK1 polyclonal rabbit antiserum no. 179 was
raised against recombinant glutathione S-transferase–MEK1 (2). Mouse mono-
clonal antibodies against MEK1 and p27Kip1 were from Transduction Labora-
tories. Anti-RSK1 was a gift from P. Cohen, Dundee, United Kingdom. Anti-
cFos, anti-FosB, anti-Fra-1, anti-Fra-2, anti-cJun, and anti-JunB were purchased
from Santa Cruz Biotechnology. Phospho-specific anti-protein kinase B (PKB)/
Akt rabbit polyclonal antiserum (against serine 473) was kindly provided by J.
Downward, Imperial Cancer Research Fund, London, United Kingdom. Anti-
cyclin D1 antibody was from G. Peters, ICRF. Anti-CDK2 and anti-CDK4 were
from Santa Cruz Biotechnology or from C. Sherr, Memphis, Tenn.

Preparation of cell extracts and analysis by Western blotting. Cells were
washed twice in ice-cold phosphate-buffered-saline (PBS) and lysed in 20 mM
Tris (pH 8.0)–40 mM sodium pyrophosphate–50 mM sodium fluoride–5 mM
MgCl2–100 mM sodium vanadate–10 mM EGTA–1% Triton X-100–0.5% so-
dium deoxycholic acid–20 mg of leupeptin per ml–20 mg of aprotinin per ml–1
mM phenylmethylsulfonyl fluoride. Cell debris was removed by centrifugation at
12,000 rpm in an Eppendorf microcentrifuge and protein concentrations were
determined by the Bradford protein assay (Bio-Rad). Cell extracts (50 mg) were
electrophoresed through sodium dodecyl sulfate (SDS)-polyacrylamide gels and
Western blotted onto nitrocellulose. Western blots were probed with the appro-
priate dilutions of primary antibodies for at least 1 h at room temperature.

DNA synthesis assay. DNA synthesis was determined by uptake and incorpo-
ration of bromodeoxyuridine (BrdU) (Amersham Life Sciences) from the culture
medium. Cells were made quiescent either by incubation for 48 h in serum-free
DMEM or by contact inhibition in the presence of 5% DCS. After 20 to 24 h of
exposure to 10 mM BrdU, cells were fixed and permeabilized for immunofluo-
rescence as described below. BrdU incorporation into DNA was detected by
incubating the fixed cells with a mouse monoclonal antibody against BrdU
(Boehringer Mannheim) at 5 mg/ml in the presence of 1 mg of DNase I per ml
for 1 h at 37°C.

Immunofluorescence. Cells were fixed in 4% formaldehyde in PBS for 15 min,
washed in several changes of PBS for 30 min, permeabilized in 0.2% Triton
X-100 in PBS for 15 min, and blocked by incubation in 10% fetal bovine serum
in PBS for 30 min. Primary antibody incubations were performed for 1 h at room
temperature; after a 15-min wash in PBS, the cells were incubated with appro-
priate fluorescent second antibodies (Jackson Immunoresearch Laboratories)
for 1 h at room temperature. Stained preparations were mounted under glass
coverslips and examined with a Bio-Rad MRC 1000 or 1024 confocal imaging
system in conjunction with a Nikon Diaphot epifluorescence microscope.

ERK2 assay. Fifty micrograms of cell lysate was diluted to a volume of 200 ml
with lysis buffer and immunoprecipitated for 90 min with 5 ml of ERK2 antiserum
(no. 122) applied to 20 ml of protein A-agarose (Bio-Rad) on a revolving wheel
at 4°C. The reaction mixture was washed twice with lysis buffer, once with 30 mM
Tris (pH 8.0), and once with kinase buffer (30 mM Tris [pH 8.0], 20 mM MgCl2,
2 mM MnCl). The washed immunoprecipitates were drained of excess liquid and
incubated with 30 ml of kinase buffer containing 10 mM ATP (Sigma), 0.25 mg of
myelin basic protein (Sigma), and 66 mCi of [g-32P]ATP (Amersham) per ml at
30°C for 30 min. The reaction was stopped by the addition of SDS sample buffer
(80 mM Tris [pH 6.8], 2% SDS, 10% glycerol, 100 mM dithiothreitol, 0.02%
bromophenol blue), boiled for 5 min, and analyzed on an SDS–15% polyacryl-
amide gel. The gel was blotted onto nitrocellulose which was subsequently
autoradiographed and analyzed on a Molecular Dynamics PhosphorImager,
using ImageQuant software.

RSK assay. Two hundred micrograms of cell lysate was immunoprecipitated
for 90 min with 2.7 mg of RSK1 antiserum applied to 20 ml of protein G-
Sepharose (Sigma) on a revolving wheel at 4°C. The reaction mixture was washed
twice with lysis buffer, once with 50 mM MOPS (morpholinepropanesulfonic
acid) (pH 7.0), and once with kinase buffer (50 mM MOPS [pH 7.0], 10 mM
MgCl2, 0.1 mM EGTA). The washed immunoprecipitates were drained of excess
liquid and incubated with 50 ml of kinase buffer containing 50 mM ATP (Sigma),
30 mM peptide KKKNRTLSVA, and 50 mCi of [g-32P]ATP (Amersham) per ml
at 30°C for 15 min. The reactions were terminated by spotting 40 ml of the

reaction mixture onto P81 paper (Whatman), which was subsequently washed
five times with 75 mM orthophosphoric acid. RSK1 activity was quantified by
counting the radioactivity on the P81 paper in a Cerenkov counter.

Assays for CDK activity. Serum-starved cells were lysed in 100 mM HEPES
(pH 7.0)–500 mM NaCl–10 mM EDTA–20 mM b-glycerophosphate–20 mM
sodium fluoride–2 mM sodium vanadate–0.5 mM dithiothreitol–0.2% Triton
X-100–20 mg of aprotinin per ml–20 mg of leupeptin per ml–1 mM phenylmeth-
ylsulfonyl fluoride. Lysates were centrifuged at 12,000 rpm to remove insoluble
material, and protein concentrations were determined with the Bradford assay
(Bio-Rad). Five hundred micrograms of cleared extract was immunoprecipitated
with antibodies coupled to protein G-Sepharose (Sigma) for 90 min at 4°C.
Immune complexes were washed three times with lysis buffer, once with 50 mM
HEPES (pH 7.4), and then once with kinase buffer (50 mM HEPES, 10 mM
MgCl2, 10 mM MnCl2, 10 mM b-glycerophosphate, 1 mM dithiothreitol, 20 mg
of aprotinin per ml, 20 mg of leupeptin per ml, and 1 mM phenylmethylsulfonyl
fluoride). CDK4-associated kinase activity was measured by using as a substrate
0.5 mg of a glutathione S-transferase fusion protein containing amino acids 763
to 928 of human pRb (a generous gift of S. Mittnacht) in 20 ml of kinase buffer
with 50 mM ATP and 5 mCi of [g-32P]ATP. For CDK2 assays the substrate was
2 mg of histone H1 (Boehringer Mannheim). After 15 min of incubation at 30°C,
reactions were stopped by addition of SDS sample buffer, and the mixtures were
boiled and resolved by SDS-polyacrylamide gel electrophoresis. After electro-
phoresis, proteins were transferred to polyvinylidene difluoride membranes (Im-
mobilon; Millipore), and radioactivity was detected with a PhosphorImager (Mo-
lecular Dynamics). Radioactivity was quantitated by the ImageQuant program.

RESULTS

Morphological transformation induced by regulatable MEK1.
In order to analyze the role of MEK1 in cell transformation
and cell cycle regulation, we established a conditionally acti-
vated MEK1 by fusion to the hormone binding domain of a
mutant mouse ER which responds to 4-OHT but not to estra-
diol (33). A variety of constructs were generated, in which
different activating mutations were combined with the ER ei-
ther amino terminal or carboxy terminal to MEK1. Placement
of the hormone binding domain of the ER at the C terminus of
an activated MEK1 generated by mutation of the amino acids
serine 218 and 222 to glutamic acid in the catalytic domain,
which mimics the activating phosphorylations (2, 10), and de-
letion of a region in the amino terminus (amino acids 32 to 51)
which has been described to enhance further the kinase activity
of the mutant MEK (16, 35) created the most effective version
(Fig. 1A). Deletion of amino acids 32 to 51 also removes the
nuclear export signal of MEK1 (17); however, the MEK/
DNEE-ER fusion protein was present only in the cytoplasm
(Fig. 1C), presumably as a consequence of fusion to the ER.

We established NIH 3T3 cell clones stably expressing this
conditionally active form of MEK1 (NIH:MEK/DNEE-ER cells).
Western blotting analysis and immunofluorescence staining
showed that there was a significant increase in the level of the
fusion protein detectable after 4-OHT induction over time
(Fig. 1B and C). Similar observations showing an increase in
the levels of an ER fusion protein with time were described by
Samuels et al. with a Raf-ER fusion protein (55).

Individual NIH:MEK/DNEE-ER cell clones were analyzed
for their morphology. In the absence of 4-OHT, the cells are
flat and untransformed, but the induction of the MEK1-ER
fusion protein by addition of 4-OHT results in a refractile
phenotype (Fig. 1C) and disruption of actin stress fibers (data
not shown). The first morphological changes are detectable
about 16 h after addition of 4-OHT; after 24 to 30 h, the
transformed phenotype is complete. MEK1-induced transfor-
mation occurs in the presence and absence of serum with sim-
ilar kinetics. The morphological transformation induced by
MEK/DNEE-ER was blocked with the MEK-specific inhibitor
PD098059 (15) in a concentration-dependent manner. Treat-
ment of the cells with 30 mM PD098059 completely prevented
MEK-induced transformation (data not shown).

Activated MEK1 induces low levels of ERK and RSK activ-
ities. In order to characterize the downstream events after
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induction of activated MEK, we analyzed the activity of the
MEK substrate ERK2 after stimulation of MEK/DNEE-ER
with 4-OHT (Fig. 2A). Between 1 and 5 h after 4-OHT addi-
tion, endogenous ERK2 activity was induced twofold; at 16 to
24 h after induction, ERK2 activity was increased to three- to
fourfold. After 48 h, the level of ERK2 activity was further
increased to approximately sixfold. In comparison, the induc-
tion of ERK2 activity after stimulation with 10% serum for 1 h
was about 30-fold. Thus, activation of inducible MEK1 with
4-OHT leads to a sustained but very weak activation of ERK2.
Similar results were obtained for ERK1 activation (data not
shown).

Because the induction of endogenous ERK activity by acti-
vated MEK1 was so low, we wished to determine whether it led
to activation of downstream signalling events. Figure 2B shows
that the ERK activity is sufficient to lead to the subsequent
activation of the ERK substrate RSK1. Between 1 and 5 h after
addition of 4-OHT, the kinase activity of endogenous RSK1
was stimulated about twofold. At 16 to 24 h after 4-OHT
induction, RSK activity was induced approximately threefold,
and it was further increased up to sixfold after 48 h. The level

of endogenous RSK kinase activity after induction of the
MEK/DNEE-ER fusion protein was low compared to that af-
ter induction with 10% serum for 1 h (sixfold). However, these
results show that the low level of ERK2 activity after induction
of the MEK/DNEE-ER fusion protein with 4-OHT is sufficient
to activate the downstream target RSK1. Analysis of several
other cell clones expressing the MEK/DNEE-ER fusion pro-
tein gave similar results (data not shown).

Inducible activated MEK1 stimulates DNA synthesis. Given
that induction of MEK activates endogenous ERK only two- to
sixfold, it was of interest to determine if this was sufficient to
induce DNA synthesis. When passaged in the absence of 4-
OHT, MEK/DNEE-ER-expressing cells, like wild-type NIH
3T3 cells, enter proliferation arrest when they are grown to
confluency in 5% serum or incubated in serum-free medium.
In order to analyze whether the induction of activated MEK1
leads to cell cycle progression, quiescent MEK/DNEE-ER cells
were induced with 1 mM 4-OHT. DNA synthesis was measured
by the incorporation of BrdU after different labelling peri-

FIG. 1. 4-OHT-dependent morphological transformation of NIH 3T3 cells
expressing inducible activated MEK1 (MEK/DNEE-ER). (A) Activated MEK1
was generated by replacement of serines 218 and 222 with glutamic acid in the
catalytic domain in combination with the activating deletion in the amino ter-
minus (amino acids 32 to 51) and fused to the mutant hormone binding domain
of the murine ER (amino acids 281 to 599). (B and C) NIH 3T3 cells were stably
transfected with the MEK/DNEE-ER fusion gene construct, and individual cell
clones were selected. The expression of the MEK/DNEE-ER fusion protein was
analyzed by Western blotting (B) and immunofluorescence (C [bottom panels]
with a monoclonal antibody against MEK1. In the absence of 4-OHT, the cells
are flat and untransformed; induction with 4-OHT leads to morphological trans-
formation (C [top panels]).

FIG. 2. Activation of ERK2 and RSK1 by inducible MEK. After serum
deprivation, cells were stimulated with 1 mM 4-OHT or 10% serum for the
indicated times. (A) Endogenous ERK2 was immunoprecipitated from equal
amounts of protein and assayed for myelin basic protein kinase activity. (B) In a
parallel assay, the lysates were immunoprecipitated with RSK1 antibody, and the
immunoprecipitates were assayed for their kinase activity by using an RSK-
specific peptide as the substrate. The averages from three independent experi-
ments are shown; error bars represent standard deviations.
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ods following 4-OHT induction (Fig. 3A). Activation of
MEK/DNEE-ER with 4-OHT was mitogenic, leading to ap-
proximately 40% of the cells incorporating BrdU over the time
course of stimulation under serum-free conditions. When cells
were arrested by contact inhibition in the presence of serum,
activation of MEK/DNEE-ER cells led to 60% of the cells
beginning DNA synthesis, which is comparable to serum stim-
ulation of uninduced cells (data not shown). In the presence of
the solvent control, ethanol, approximately 5 to 15% of the
NIH:MEK/DNEE-ER cells incorporated BrdU. Consistent
with the start of DNA synthesis, Fig. 3B shows that induction
of MEK/DNEE-ER led to a decrease in the level of the cyclin-
dependent kinase inhibitor p27Kip1, degradation of which is
associated with reentry into the cell cycle (48).

Our finding that DNA synthesis is induced following induc-
tion of MEK is in contrast to the conclusions of a recent study
that showed, for a different inducible MEK system, that acti-
vation of MEK is insufficient to stimulate DNA synthesis in
quiescent cells (7). However, Cheng et al. (7) analyzed the
effects of MEK activity only up to 20 h after induction. In our
system DNA synthesis occurred only after 20 h of induction of

MEK activity (Fig. 3A). Supporting the observation that stim-
ulation of DNA synthesis by the inducible MEK/DNEE-ER
fusion protein was a delayed event, increases in CDK4 and
CDK2 kinase activities were apparent only at later time points,
whereas serum treatment of uninduced cells activated CDK4
and CDK2 within 16 h (Fig. 3C and D). While the level of
CDK4 and CDK2 activity following activation of inducible
MEK was much less than that produced by serum stimulation,
it was of a magnitude similar to that associated with cell cycle
reentry resulting from activation of an inducible B-Raf–ER
construct (68).

Previous work by McCarthy et al. has shown that induction
of Raf activity can lead to the indirect stimulation of other
signalling pathways through the induction of autocrine growth
factors (40); therefore, it was possible that activation of MEK
in our system was leading to the activation of other signalling
pathways. Since stimulation of DNA synthesis by some growth
factors has been shown to be blocked by inhibition of PI3-
kinase (50), we investigated whether induction of DNA syn-
thesis by inducible MEK was blocked by treatment with the
PI3-kinase inhibitor LY294002 (63). Figure 4A shows that

FIG. 3. Activated MEK induces DNA synthesis. NIH:MEK/DNEE-ER cells were grown to confluency and then serum starved (SFM) for 48 h. Cells were treated
with 1 mM 4-OHT, 10% serum, or ethanol (EtOH) and incubated with BrdU for three different labelling periods as indicated. (A) DNA synthesis was assessed by the
incorporation of BrdU. Three separate experiments gave similar results. (B to D) In parallel experiments cell lysates were prepared at the time points indicated. After
standardization for protein amounts, lysates were analyzed by Western blotting for expression of p27Kip1 (B) or assayed for CDK4 (C) and CDK2 (D) kinase activity.
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treatment with LY294002 blocked induction of DNA syn-
thesis, demonstrating that signalling pathways in addition to
ERK activation are required for activated MEK to induce
DNA synthesis. Figure 4B shows that PI3-kinase activity was
required for the earliest step in cell cycle progression: the
induction of cyclin D1 expression following activation of MEK.
To investigate the kinetics of induction of PI3-kinase, we mon-
itored the phosphorylation of PKB, a downstream signalling
event involving PI3-kinase (11). While platelet-derived growth
factor (PDGF) stimulation of PKB in a PI3-kinase-dependent
manner occurs within 5 min of treatment, phosphorylation of
PKB following induction of MEK becomes apparent only at
16 h following induction. This phosphorylation of PKB was
dependent on PI3-kinase, as shown by its sensitivity to
LY294002 (Fig. 4C), and parallels the induction of cyclin D1
expression. The effect of LY294002 on cyclin D1 expression
and DNA synthesis was not due to downregulation of expres-
sion of MEK/DNEE-ER (Fig. 1B) or suppression of ERK2
activation by the inducible MEK (Fig. 4D). The slow kinetics
of PKB phosphorylation following the 4-OHT induction of
MEK suggest that this is indirect. Evidence for indirect acti-
vation of PI3-kinase via autocrine production following ERK
activation is provided by the observation that MEK/DNEE-
ER-induced PKB phosphorylation is partially blocked by treat-
ment with suramin (4), an inhibitor of autocrine pathways
(data not shown). Consistent with the delay before PI3-kinase
activation, entry into DNA synthesis following activation of

MEK was delayed compared to that for cells stimulated with
serum.

Induction of AP-1 components by inducible MEK1. The
transcription factor AP-1 has been described to be involved in
cell proliferation. Dysregulation of the AP-1 component c-Fos
or c-Jun leads to cell transformation, suggesting that AP-1
plays an important role in the process of transformation.
The ERK/MAP kinase pathway has been described as being
involved in the regulation of the expression of c-Fos (23). In
order to analyze whether the activation of MEK1 is suffi-
cient to induce members of the Fos and Jun families, we
induced serum-starved NIH:MEK/DNEE-ER cells with 4-
OHT for different lengths of time and analyzed the expres-
sion of endogenous AP-1 components by Western blotting
(Fig. 5). The c-Fos gene product was undetectable at all
time points we analyzed. However, using the same cell clone,
we were able to detect c-Fos expression after induction with
10% serum for 1 h. Furthermore, induction of activated MEK1
did not suppress the ability of serum to induce c-Fos. We then
examined the expression of the other Fos family members:
FosB, Fra-1, and Fra-2. Previous studies demonstrated that
serum stimulation leads to a distinct pattern of expression of
the individual Fos proteins. c-Fos and FosB are expressed
transiently with similar kinetics, whereas the expression of
Fra-1 and Fra-2 is delayed but the proteins are expressed for a
prolonged time period (9, 30, 46). Activation of MEK1 did not
lead to the induction of FosB; however, the Fos-related gene

FIG. 4. MEK-induced DNA synthesis is PI3-kinase dependent. (A) NIH:MEK/DNEE-ER cells were arrested in serum and induced with 1 mM 4-OHT in the
absence or presence of 10 mM LY294002, 10% serum, or ethanol. Cells were incubated with BrdU for two different labelling periods as indicated and DNA synthesis
was assessed by the incorporation of BrdU. (B) Serum-deprived NIH:MEK/DNEE-ER cells were induced with 1 mM 4-OHT for different lengths of time in the presence
or absence of 10 mM LY294002 as indicated. Equal amounts of protein extracts were separated by SDS-polyacrylamide gel electrophoresis, and the induction of cyclin
D1 was determined by Western blotting. (C) After serum deprivation, NIH:MEK/DNEE-ER cells were induced with 1 mM 4-OHT for the indicated times or for 5 min
with PDGF (50 ng/ml) in presence or absence of 10 mM LY294002. Activated PKB/Akt (P-PKB) was detected by Western blotting with a phospho-specific PKB/Akt
antibody. The Western blot showing PDGF-induced PKB/Akt phosphorylation is a shorter exposure than that for PKB/Akt phosphorylation induced by activated
MEK1. (D) Serum-starved NIH:MEK/DNEE-ER cells were induced as described for panel C, and endogenous ERK2 was immunoprecipitated from equal amounts
of protein and assayed for MBP kinase activity.
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products Fra-1 and Fra-2 were induced between 4 and 8 h after
induction of the MEK/DNEE-ER fusion protein with 4-OHT,
and their expression was sustained (Fig. 5A). Thus, activation
of the ERK/MAP kinase pathway induces expression of the
Fos-related gene products Fra-1 and Fra-2 but not that of
c-Fos and FosB. The elevated expression of Fra-1 and Fra-2
following activation of the inducible MEK did not require
PI3-kinase activity, because it was unaffected by treatment with
LY294002 (Fig. 5B). These results demonstrated that activa-
tion of MEK1 and thereby ERK1 and ERK2 leads to expres-
sion of Fra-1 and Fra-2. Consistent with the lack of a require-
ment for PI3-kinase activity for Fra-1 and Fra-2 expression,
elevated levels of Fra-1 and Fra-2 could be detected at 4 to 8 h,
before PKB activation or cyclin D1 expression could be de-
tected (16 h). To determine whether MEK activation is re-
quired for growth factor-mediated activation of Fra-1 and
Fra-2, we used the MEK inhibitor PD098059. Serum-induced
expression of Fra-1 and Fra-2 was blocked by treatment with
PD098059 (Fig. 5C). We could also detect a drastic decrease in
c-Fos expression when MEK1 was blocked with the inhibitor.

We therefore conclude that the induction of Fra-1 and Fra-2
and also c-Fos by serum requires ERK activation but that
c-Fos induction requires additional signals.

The induction of MEK1 led to a significant mobility shift of
Fra-2 (Fig. 5A), which has been shown to result from phos-
phorylation (19). When we blocked the ERK/MAP kinase
pathway in serum-stimulated cells with the MEK inhibitor, we
observed a drastic decrease of the slower-migrating forms of
Fra-2 and also c-Fos (Fig. 5C). These results indicate that the
phosphorylation of c-Fos and Fra-2 is at least partially medi-
ated by the ERK/MAP kinase pathway.

All four Fos family members can heterodimerize with mem-
bers of the Jun family to form the transcription factor AP-1.
We examined the role of MEK1 in regulation of the induction
of Jun family members. Like that of Fra-1 and Fra-2, expres-
sion of JunB became apparent between 4 and 8 h after induc-
tion of the MEK/DNEE-ER fusion protein with 4-OHT. Even
in quiescent cells c-Jun was apparent, but after 16 h of 4-OHT
treatment the level of c-Jun increased (Fig. 5D). Although this
delayed elevation of c-Jun expression may reflect an indirect

FIG. 5. Induction of AP-1 components by inducible MEK. (A) After serum deprivation, NIH:MEK/DNEE-ER cells were induced with 1 mM 4-OHT or 10% serum
for the indicated times. Equal amounts of protein extracts were separated by SDS-polyacrylamide gel electrophoresis, and the induction of Fos family members was
analyzed by Western blotting with the appropriate antisera. (B) Fra-1 and Fra-2 expression was determined in NIH:MEK/DNEE-ER cell extracts from cells induced
with 4-OHT for the indicated times in presence or absence of 10 mM LY294002. (C) Serum-deprived wild-type NIH 3T3 cells were induced with 10, 5, or 2% serum
for the indicated times in the presence or absence of PD098059. Expression of c-Fos, Fra-1 and Fra-2 was analyzed by Western blotting. (D) Cell extracts were prepared
as described for panel A and Western blotted for the expression of JunB and c-Jun.
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effect, unlike the expression of cyclin D1 it is not via PI3-
kinase, as LY294002 had no effect (data not shown). By the
specific activation of the ERK/MAP kinase pathway with an
inducible MEK1 protein, we can show that activation of the
MAP kinase pathway leads to the induction of the Fos family
members Fra-1 and Fra-2 and the Jun family members c-Jun
and JunB.

It has been shown that Ras-transformed cells contain ele-
vated AP-1 activity but that only certain AP-1 components are
upregulated by Ras transformation. Mechta et al. (41) have
demonstrated that c-Jun, JunB, Fra-1, and Fra-2, but not c-
Fos, are upregulated in Ras-transformed cells. Since we could
show that the activation of MEK induces the expression of Fos
and Jun family members, we analyzed whether the upregula-
tion of these AP-1 components in Ras-transformed cells is also
mediated by the ERK/MAP kinase pathway. Figure 6 shows
that the expression of Fra-1, Fra-2, and c-Jun is elevated in
v-Ras-transformed cells. Treatment of these cells with the
MEK inhibitor PD098059 for different lengths of time led to
the downregulation of these AP-1 components to levels com-
parable to those in serum-starved wild-type NIH 3T3 cells.
JunB is not upregulated in these cells; therefore, treatment
with the MEK inhibitor has no effect. At 24 h after addition of
PD098059, the Ras- transformed cells were almost completely
morphologically reverted (data not shown).

DISCUSSION

We have established NIH 3T3 cell clones expressing a con-
ditionally regulatable version of activated MEK1. Induction of
the MEK/DNEE-ER fusion protein by 4-OHT leads to mor-

phological transformation and stimulates cell cycle entry.
These results show that activation of MEK1 results in cell cycle
progression in quiescent NIH 3T3 cells. Interestingly, induc-
tion of MEK/DNEE-ER with 4-OHT activates ERK at only
low levels (two- to sixfold) (Fig. 2), indicating that this low level
of ERK activation is sufficient to permit cell cycle entry. This
finding is consistent with the observation that cell cycle pro-
gression by a conditionally active form of Raf (DRaf-ER) is
dependent on the level of Raf activity. High levels of Raf ac-
tivity induce cell cycle arrest by the induction of the cyclin-
dependent kinase inhibitor p21Waf1/Cip1 (57, 68).

While we show that activation of inducible MEK in quies-
cent cells results in DNA synthesis, direct MEK signalling is
itself insufficient for cell cycle entry. Inhibition of PI3-kinase
blocks DNA synthesis following induction of MEK activity,
because PI3-kinase activity is required for expression of cyclin
D1. This activation of PI3-kinase appears to be indirect, be-
cause phosphorylation of PKB as a measure of PI3-kinase
signalling was detectable only at 16 h, whereas ERK activity
was elevated at 1 to 2 h postactivation of inducible MEK. A
possible explanation of this delayed activation of PI3-kinase is
that it is a consequence of signalling through autocrine growth
factors induced by ERK signalling. Previous work by McCarthy
et al. has shown that inducible Raf indirectly activates Jnks as
a consequence of Raf signalling leading to the expression of
autocrine heparin-binding epidermal growth factor (40). Treat-
ment of the inducible MEK/DNEE-ER-expressing cells with
suramin, which blocks autocrine signalling (4), partially blocked
MEK-induced PKB phosphorylation (data not shown), indi-
cating that activation of PI3-kinase is at least in part indirect
and mediated by autocrine growth factors.

In related studies using a different inducible MEK system,
Cheng et al. (7) also concluded that MEK signalling alone was
insufficient for DNA synthesis. However, in their system acti-
vation of MEK did not lead to DNA synthesis unless cyclin D1
and CDK4 were overexpressed to titrate out p27Kip1 (7). In
contrast to the studies of Cheng et al. (7), we detect down-
regulation of p27Kip1 (Fig. 3B). Furthermore, while Cheng et
al. (7) monitored induction of DNA synthesis up to 20 h, we
have found that DNA synthesis is induced only at later time
points when the PI3-kinase pathway has been activated. There-
fore, the differences between the studies reported here and
those of Cheng et al. (7) reflect in part the time period in which
DNA synthesis was examined but may also reflect differences
in ERK activation or culture conditions between the two in-
ducible systems. In our system ERK activation was low (a max-
imum of sixfold), whereas persistent high levels of ERK activ-
ity are known to elevate levels of p21Waf1/Cip1 such that DNA
synthesis is inhibited (57, 68). In the system described here,
p21Waf1/Cip1 was induced to similar levels by MEK/DNEE-ER
and serum (data not shown).

In order to delineate transcription factor induction mediated
by MEK activation, we investigated whether activation of the
ERK/MAP kinase pathway is sufficient to induce AP-1 com-
ponents. Although the ERK/MAP kinase pathway signalling
cascade has been described as being involved in the induction
of the immediate-early gene product c-Fos via phosphorylation
and activation of the ternary complex factor ELK1 (36), we
could not detect any induction of endogenous c-Fos protein
after activation of MEK1. FosB, another Fos family member,
which is induced with kinetics similar to those of c-Fos, was
also not induced by the ERK/MAP kinase pathway. However,
the expression of the immediate-early gene products c-Fos and
FosB was induced by stimulation of the same NIH:MEK/
DNEE-ER cell clone with serum (Fig. 5A), demonstrating that
the lack of c-Fos and FosB induction by MEK1 was not due to

FIG. 6. A MEK inhibitor blocks expression of AP-1 components in Ras-
transformed NIH 3T3 cells. After serum deprivation, v-Ras-transformed NIH
3T3 cells were either not treated or treated with 30 mM PD098059 for the
indicated times. The expression of AP-1 components was determined by Western
blotting with the appropriate antisera. The expression levels of these AP-1
components in serum-deprived (SFM) or cycling (in serum) wild-type NIH 3T3
cells are shown for comparison.
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a complete loss of inducibility of these genes as described for
Ras-transformed cells (41). In contrast to c-Fos and FosB, the
Fos-related gene products Fra-1 and Fra-2 were highly upregu-
lated after induction of activated MEK1. Fra-1 and Fra-2 in-
duction was rapid following MEK activation and was not
blocked by inhibition of PI3-kinase, arguing that it is a direct
signalling response to ERK activation, although we cannot rule
out an effect of other signalling pathways induced by activated
MEK.

The observation that the inducible MEK-expressing cells
begin DNA synthesis without induction of c-Fos is consistent
with the finding that knockout of the mouse c-Fos gene shows
that c-Fos is not essential for the viability, profileration,
and differentiation of most cell types (27). Correspondingly,
FosB2/2 mice are viable (5, 20). Furthermore, c-Fos2/2 fibro-
blasts grow with kinetics similar to those of Fos1/1 fibroblasts
(20) and can be transformed with oncogenic Ras (26), indicat-
ing again that c-Fos is not essential for cell proliferation and
also not necessary for cellular transformation induced by on-
cogenic Ras or MEK1. Furthermore, the expression of c-Fos
leads to morphological transformation independent of the cell
cycle (42).

It has been suggested that the induction of Fra-1 and Fra-2
by serum growth factors may be an indirect effect via induction
of c-Fos–c-Jun heterodimers acting on the TRE (3, 56, 58).
However, activation of MEK1 in NIH:MEK/DNEE-ER cells
leads to Fra-1 and Fra-2 induction in the absence of c-Fos
protein. This is consistent with the observation that Fra-1 is
inducible in Fos2/2 fibroblasts, although to a lesser extent than
in wild-type cells (6). Here we show that induction of the ERK/
MAP kinase pathway leads to phosphorylation of Fra proteins,
which may increase the transcriptional activity of Fra-Jun het-
erodimers (44) and result in the positive autoregulation of
Fra-1 and Fra-2 via AP-1 sites in their promoters. Although it
has been shown in some studies that Fra-1 and Fra-2 repress
AP-1 activity (58, 69), these results are contradictory to the
observation that Fra-1 and Fra-2 are overexpressed in Ras-
and v-Src-transformed cells and lead to an increased AP-1
activity (41, 44).

All four Fos family members are able to heterodimerize with
members of the Jun family to form AP-1 complexes. We show
that the induction of the MEK/DNEE-ER fusion protein in
NIH 3T3 cells induces not only the Fos family members Fra-1
and Fra-2 but also c-Jun and JunB expression. Similar to that
of Fra-1 and Fra-2, c-Jun gene expression is mediated by pos-
itive autoregulation via an AP-1 binding site present in its
promoter, which is recognized by c-Jun–ATF2 heterodimers
(62). An AP-1-independent mechanism of regulation via ERK
phosphorylation of Ets-2 may be responsible for Ras-induced
JunB expression (8, 18, 39).

The transcription factor AP-1 seems to be involved in the
regulation of many different processes, e.g., proliferation and
differentiation. It is likely that specificity is achieved by the
differential induction of individual AP-1 components and their
phosphorylation status. Previous studies showed that different
dimer combinations have different binding affinities which are
also dependent on the specific TRE sequence and the pro-
moter context (21, 22, 49, 54). AP-1 activity is increased in
Ras-transformed cells, and dominant negative Jun has been
shown to inhibit Ras transformation. Mechta et al. (41) have
shown that the elevated AP-1 activity in Ras-transformed cells
is a consequence of elevated expression of Fra-1 and Fra-2
together with c-Jun and JunB; however, the identity of the Ras-
dependent signalling pathway leading to elevated AP-1 activity
has not been clear. Our data obtained by using inducible MEK
and treatment of Ras-transformed cells with the MEK inhibi-

tor PD098059 show that ERK activation is the major Ras-de-
pendent signalling pathway leading to elevated AP-1 activity.
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