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Mitogens activate cell signaling and gene expression cascades that culminate in expression of cyclin D1
during the G0-to-G1 transition of the cell cycle. Using cell cycle arrest in response to oxidative stress, we have
delineated a dynamic program of chromatin trafficking of c-Fos and Fra-1 required for cyclin D1 expression
during cell cycle reentry. In serum-stimulated lung epithelial cells, c-Fos was expressed, recruited to chroma-
tin, phosphorylated at extracellular signal-regulated kinase 1- and 2 (ERK1,2)-dependent sites, and degraded
prior to prolonged recruitment of Fra-1 to chromatin. Immunostaining showed that expression of nuclear c-Fos
and that of cyclin D1 are mutually exclusive, whereas nuclear Fra-1 and cyclin D1 are coexpressed as cells
traverse G1. Oxidative stress prolonged the accumulation of phospho-ERK1,2 and phospho-c-Fos on chroma-
tin, inhibited entry of Fra-1 into the nucleus, and blocked cyclin D1 expression. After induction of the
immediate-early gene response in the presence of oxidative stress, inhibition of ERK1,2 signaling promoted
degradation of c-Fos, recruitment of Fra-1 to chromatin, and expression of cyclin D1. Our data indicate that
termination of nuclear ERK1,2 signaling is required for an exchange of Fra-1 for c-Fos on chromatin and
initiation of cyclin D1 expression at the G0-to-G1 transition of the cell cycle.

Quiescent cells that reenter the cell cycle in response to
mitogens execute a series of cell signaling cascades that acti-
vate transcription factors required for the expression of genes
involved in cell cycle progression. The activation of receptor
tyrosine kinases by growth factors in quiescence signals to
downstream effector kinase cascades which induce the imme-
diate-early gene (IEG) response (25, 36). Transcription factors
encoded by these early response genes regulate the expression
of delayed-response genes, and proteins encoded by these
genes in turn support chromatin remodeling, gene transcrip-
tion, reorganization of the cytoskeleton, and other modifica-
tions required for cell cycle progression (19). Hence, the IEG
response represents a classical regulatory lattice in which mi-
togenic signals are amplified and dispersed to multiple targets.
Understanding the dynamics of the regulation of the IEG
products is critical to understanding how mitogenic signals
regulate cell cycle reentry.

A critical regulator of the IEG response following mitogenic
stimulation is the extracellular signal-regulated kinase (ERK)
cascade. The ERK 1 and 2 (ERK1,2) isoforms initiate the IEG
response by activating c-Fos transcription within minutes after
mitogenic stimulation (25, 54), but sustained ERK1,2 activity is
required for cell cycle reentry (6, 13, 53). Newly synthesized
c-Fos dimerizes with Jun (c-Jun, JunB, and JunD) family pro-
teins to form AP-1 transcription factor complexes (49). These
Fos-containing AP-1 dimers enter the nucleus, where c-Fos

undergoes a series of phosphorylation events that enhance its
transcriptional potential. Initial phosphorylation events on the
C terminus of c-Fos caused by ribosomal S6 kinase and
ERK1,2 appear insufficient for full activation (12). Recent
work indicates that sustained ERK1,2 signaling exposes an
ERK1,2 docking domain (DEF domain) on c-Fos, leading to
phosphorylation at threonines 325 and 331, and that these
modifications determine the biological outcome of c-Fos (i.e.,
S-phase entry) activity in the IEG signal cascade (42). A hall-
mark of the c-Fos mitogenic response, however, is its transient
nature. In most cells by 4 to 6 h after addition of mitogen c-Fos
is exported from the nucleus and degraded (31, 32). Hence,
temporal coordination of ERK1,2 signaling with the timing of
c-Fos expression may explain why the strength and duration of
ERK1,2 activation are important for cell cycle progression (6,
36, 42).

Cyclin D1 represents an important target for regulation by
ERK1,2 and the IEG response by linking mitogenic signaling
to the cell cycle machinery via the retinoblastoma protein
(pRb) pathway. Sustained activation of ERK1,2 is required for
cyclin D1 transcription in most cell types (28). As expected for
a gene that integrates information from diverse signaling path-
ways in many cell types, the cyclin D1 promoter contains func-
tional regulatory elements for a large number of growth-re-
sponsive transcription factors, including NF-�B (23, 26), TCF/
Lef (50), E2F (33, 52), CREB (15), and AP-1 (24). Although
the relative contribution of these factors to cyclin D1 expres-
sion is dependent on cell type and the nature of the mitogenic
stimulus (35, 45), AP-1 has been linked directly to transcrip-
tional regulation of cyclin D1 in many contexts (2, 9).

Fos family proteins are implicated in regulation of cyclin D1.
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In mice, simultaneous disruption of the fosB and c-fos genes
results in defects in proliferation due, at least in part, to failure
to express cyclin D1 (9). Interestingly, ectopic expression of
c-Fos inhibits cyclin D1 expression (3, 40). In contrast, reporter
gene and other assays suggest that, of the Fos family members,
the delayed-response gene product Fra-1 may be the most
potent activator of cyclin D1 expression (6, 38). For example,
ectopic expression of Fra-1 upregulates cyclin D1 and bypasses
the IEG response of c-Fos or FosB (38), suggesting that c-Fos
and FosB act upstream of Fra-1 in regulating cyclin D1 expres-
sion. Despite considerable investigation, however, the precise
role of individual Fos family proteins in regulating cyclin D1
transcription is unknown.

Reactive oxygen and nitrogen species (ROS-RNS) were long
considered solely toxic by-products of metabolism or environ-
mental insults, a view supported by the plethora of antioxidant
defenses that are conserved during evolution (21). Over the
past decade, however, it has become apparent that ROS-RNS
function as bona fide second messengers in many cell signaling
processes, including mitogenesis in response to growth factors
(20). Entry into the S phase in response to epidermal growth
factor (EGF) and platelet-derived growth factor requires the
transient production of hydrogen peroxide (H2O2) (5, 51). One
mechanism of action for transient bursts of intracellular H2O2

in the response to growth factors is the inhibition of tyrosine
phosphatases, thereby tipping the balance in favor of receptor
phosphorylation and accentuating signaling to downstream ef-
fectors (20, 21).

The effect of ROS-RNS on cell growth is concentration
dependent, with low levels promoting proliferation, moderate
levels causing cell cycle arrest, and high levels promoting cell
death (37). We are interested in targets of ROS-RNS that
control cell cycle progression, cell cycle arrest, and apoptosis.
Identification of redox-dependent targets in these processes
may reveal new mediators of cellular growth and death and
provide avenues for intervention in disease states associated
with chronic oxidative stress. Here we have used fluxes of
ROS-RNS to dissect events required for quiescent lung epi-
thelial cells to reenter the cell cycle. These studies reveal a
dynamic and temporally regulated program of chromatin traf-
ficking of selected AP-1 family members during cell cycle pro-
gression and indicate that a switch from c-Fos to Fra-1 on
chromatin is required for cyclin D1 expression.

MATERIALS AND METHODS

Cell lines, cell cycle synchronization, oxidant exposures, and fluorescence-
activated cell sorting analysis. C10 mouse type II alveolar cells (34) were grown
in CMRL 1066 medium with 10% fetal bovine serum (FBS; HyClone), 100 U of
penicillin/ml, and 100 �g of streptomycin/ml. Cells were made quiescent by
serum deprivation for 72 h. The medium was then replaced with Dulbecco
modified Eagle medium–F-12 medium containing 10% FBS to induce cell cycle
reentry. Cell cycle progression was monitored by flow cytometry as described
previously (55). The inhibitors PD98059, U0126, LY-294,002, SB 203580, and
wortmannin (Calbiochem) were dissolved in dimethyl sulfoxide (DMSO; Sigma)
prior to dilution into tissue culture medium. For oxidant exposures SIN-1 (3-
morpholinosydnonimine; Calbiochem) was dissolved in water immediately be-
fore use. Recombinant glucose oxidase (GO; Roche) was dissolved in 10 mM
phosphate buffer, pH 7.4, and stored at �20°C. Both SIN-1 and GO were diluted
in Dulbecco modified Eagle medium–F-12 containing 10% FBS immediately
before addition to quiescent cells. Cell culture reagents were from Invitrogen
unless noted otherwise.

Chromatin binding analysis, Western blotting, and antibodies. The chromatin
binding assay was performed as described previously (17). Briefly, approximately
4 � 106 cells per sample were rinsed with phosphate-buffered saline (PBS) and
then with ice-cold CSK buffer (10 mM HEPES [pH 7.4], 300 mM sucrose, 100
mM NaCl, 3 mM MgCl2). Cells were scraped from the plate, pelleted by cen-
trifugation at 500 � g, and lysed in CSK-Triton buffer (CSK buffer containing
0.5% Triton X-100, 1 �g of leupeptin/ml, 1 �g of aprotinin/ml, 1 mM NaF, 1 mM
Na3VO4, and 1 mM phenylmethylsulfonyl fluoride) at 107 cells/ml for 10 min on
ice. Nuclei were pelleted (designated fraction P1) by centrifugation at 1,500 � g
for 5 min at 4°C. Supernatants (fraction S1), containing cytoplasmic and un-
bound nuclear proteins, were removed and further clarified by centrifugation at
16,000 � g for 10 min at 4°C. The pelleted nuclei then were washed with 1 ml of
CSK-Triton buffer, pelleted by centrifugation, and suspended in CSK-Triton
buffer at 107 nuclei/ml. The washed nuclei were then either used for Western
blotting analysis directly (see Fig. 6) or treated with nuclease to release chro-
matin-bound proteins. For the nuclease treatments washed nuclei were resus-
pended at 107 nuclei/ml in CSK-Triton buffer containing 160 U of DNase I/ml
and 50 mM MgCl2 and incubated on ice for 10 min. Nuclear remnants were then
pelleted by centrifugation as before, and the proteins released into the superna-
tant (fraction S2) by the nuclease treatment were separated from the proteins
remaining in the pellet (fraction P2).

For total-cell lysates, cells were rinsed twice with PBS and then lysed with E1A
lysis buffer (50 mM HEPES [pH 7.0], 250 mM NaCl, 5 mM EDTA, 0.1% NP-40,
1 mM dithiothreitol, 1 �g of leupeptin/ml, 1 �g of aprotinin/ml, 1 mM NaF, 1
mM Na3VO4, and 1 mM phenylmethylsulfonyl fluoride) on ice for 30 min, and
insoluble debris was removed by centrifugation. Protein concentrations were
determined using the Bio-Rad protein assay (Bio-Rad Laboratories). Equivalent
amounts of lysate were mixed with sodium dodecyl sulfate (SDS) sample buffer
and heated to 95°C for 5 min. Proteins were resolved on SDS-polyacrylamide gels
and transferred to Immobilon P (Millipore) membranes for immunoblotting.

Antibodies used to detect c-Fos (sc-7202), Fra-1 (sc-605), c-Jun (sc-1694),
JunB (sc-46), JunD (sc-74), ATF2 (sc-187), cyclin D1 (sc-450), and CDK4 (sc-
601) were obtained from Santa Cruz Biotechnology. The antibody used to spe-
cifically detect c-Fos phosphorylated on threonine 325 was a gift from L. Murphy
and J. Blenis and has been described previously (42). Antibodies to total and
phosphorylated Akt (9271 and 9272), total and phosphorylated ERK (9101 and
9102), and CREB (9192) were obtained from Cell Signaling Technologies. An-
tibodies directed against �-actin (ab6276) and Rb (14001A) were obtained from
Abcam and PharMingen, respectively. Western blots were developed using an
enhanced chemiluminescence reagent system (Perkin-Elmer).

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared
from C10 cells as described previously (11). For binding reactions, 5 �g of
nuclear extract was diluted in binding buffer (final concentrations, 25 mM
HEPES [pH 7.4], 75 mM NaCl, 25 mM KCl, 1 mM MgCl2, 1 mM dithiothreitol,
0.1 mM EDTA, and 12.5% glycerol), and the samples were incubated at room
temperature for 20 min with 1 �g of poly(dI � dC) as nonspecific competitor.
32P-end-labeled double-stranded oligonucleotide probes containing consensus
binding sequences for AP-1, NF-�B, CRE/ATF2, or TCF/LEF-1 were added,
and the samples were incubated at room temperature for an additional 20 min.
Samples were resolved on a 4% nondenaturing polyacrylamide gel in 0.25�
Tris-buffered EDTA buffer, pH 8.0, and signals were visualized by autoradiog-
raphy.

Immunofluorescence microscopy. C10 cells plated on glass coverslips were
treated as indicated, washed with PBS, and fixed for 10 min with 4% parafor-
maldehyde in PBS at 4°C. The fixed cells were washed with Tris-buffered saline,
pH 7.5 (TBS); permeabilized with 0.2% Triton X-100 in PBS for 5 min at room
temperature; blocked with 5.0% normal goat serum (NGS); and probed with
primary antibody diluted to 1 �g/ml in TBS with 3% NGS for 1 h. Secondary
antibodies were Alexa Fluor 488-conjugated goat anti-rabbit antibody for phos-
phorylated ERK, c-Fos, and Fra-1, and Alexa Fluor 647-conjugated goat anti-
mouse antibody for cyclin D1 (Molecular Probes) diluted to 1 �g/ml in TBS–3%
NGS. Images were generated using a Bio-Rad MRC 1024 confocal imaging
system and processed using Adobe Photoshop 7.0.

Luciferase reporter assays. The luciferase reporters for the wild-type human
cyclin D1 gene promoter (�963CD1) and AP-1 site mutant (�963CD1AP1mut)
cloned into the pA3Luc vector have been described previously (3). Cells were
transfected using Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions with 1.25 �g of plasmid per 60-mm-diameter dish. Twenty-four
hours after transfection cells were trypsinized, washed once with medium, and
plated at 104 cells/well in 24-well dishes. Transfected cells were synchronized by
serum starvation and released from quiescence with or without oxidant or in-
hibitor treatment in triplicate. Wells were washed once with PBS, cells were lysed
in 1� passive lysis buffer, and luciferase activity was determined using the
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luciferase assay system (Promega) according to the manufacturer’s instructions
with a Lumat LB 9507 luminometer (Berthold Industries). Luciferase activity
was normalized to protein concentration as determined by the Bio-Rad protein
assay to determine the relative luciferase activity (relative luciferase units) per
microgram of protein lysate.

RESULTS

Expression of cyclin D1 in C10 cells requires activation of
the phosphatidylinositol 3-kinase (PI3-kinase) and ERK1,2
pathways. Previously we showed that exposure of lung type II
epithelial cells (C10 cells) to the RNS nitrogen dioxide and
SIN-1 (a generator of RNS) during serum stimulation induces
cell cycle arrest upstream of cyclin D1 transcription (55). Ar-
rest was rescued by cellular uptake of the antioxidant catalase,
showing that arrest by RNS was due to sustained production of
intracellular H2O2 (55). In subsequent studies we observed for
any level of exposure to environmental RNS that �90% of
serum-stimulated cells that are able to express cyclin D1 later
enter the S phase (data not shown), indicating that transition
from G0 to G1 represents the primary target of RNS in serum-
stimulated cells. Similar results were obtained with fluxes of
ROS and crocidolite asbestos, suggesting that RNS and ROS
act through common targets to impede cell cycle progression.

To assess the requirement for PI3-kinase and ERK1,2 for
C10 cell cycle progression in response to serum, serum-stimu-
lated cells were treated with specific inhibitors and cyclin D1
expression was assessed by immunoblotting. In response to
serum, Akt and ERK1,2 were phosphorylated within 1 h (Fig.
1A). The MEK-1 inhibitor PD98059 impeded ERK1,2 activa-
tion without affecting phosphorylation of Akt, whereas the
PI3-kinase inhibitor LY-294,002 blocked phosphorylation of
Akt without affecting phosphorylation of ERK1,2 (Fig. 1A).
Wortmannin inhibited the phosphorylation of both Akt and
ERK1,2 (Fig. 1A). All three inhibitors prevented the expres-
sion of cyclin D1, phosphorylation of Rb, and S-phase entry
(Fig. 1B and data not shown), establishing that serum-starved
C10 lung cells require activation of both Akt and ERK1,2 for
cell cycle progression in response to serum.

Cell cycle reentry is blocked by SIN-1 and hydrogen perox-
ide. While H2O2 is often added directly to cells in culture, cells
respond differently to a bolus of H2O2 than they do to more
physiological exposures to low levels of oxidative stress over
time (16, 51). To provide low-level fluxes of RNS or ROS
during cell cycle reentry, two generating systems were used,
SIN-1 and glucose-GO. SIN-1 spontaneously decomposes into
superoxide radical and nitric oxide, which then react to form
the RNS peroxynitrite (14). At neutral pH, 5.0 mM SIN-1
causes the linear generation of approximately 70 nmol of per-
oxynitrite per ml/min (30). Measurement of H2O2 production
by GO in complete culture medium showed that 15 mU/ml
generates approximately 300 nM H2O2 per min (data not
shown). To examine the effect of fluxes of ROS-RNS on cell
cycle reentry, C10 cells were arrested in G0 by serum depriva-
tion and then stimulated to reenter the cell cycle by the addi-
tion of 10% FBS with or without SIN-1 or GO. Dose-response
studies were used to identify concentrations of both agents that
induce cell cycle arrest without inducing apoptosis (data not
shown).

Serum induced about 65% of the C10 cell population to
enter the S or G2/M phase of the cell cycle by 16 h (Fig. 2A).

In the presence of 1.0 mM SIN-1 or 15 mU of GO/ml, C10 cells
remained in G0/G1 (Fig. 2A). Immunoblotting showed that
over time cells treated with RNS did not express cyclin D1 in
response to 10% FBS or the C10 cell mitogen EGF (Fig. 2B).
ROS also blocked cyclin D1 expression (Fig. 2C, lane 5). As
shown previously, the block in expression occurred at the level
of transcription as assessed by RNase protection assays (ref-
erence 55 and data not shown). SIN-1 and GO blocked cyclin
D1 expression in a redox-dependent manner, for catalase res-
cued cell cycle progression (Fig. 2A) and cyclin D1 expression
as assessed by immunoblotting (Fig. 2C, lanes 4 and 6). C10
cells import catalase from culture medium, where it prevents
the accumulation of intracellular H2O2 in response to SIN-1
(55). Catalase also rescues cell cycle progression from expo-
sure to GO but in this instance by directly detoxifying H2O2

generated in culture medium (data not shown). Therefore,
although the site of H2O2 generation differs between SIN-1
and GO (intracellular versus extracellular), both inhibit cell
cycle progression is a dose-dependent manner through H2O2.

Differential effects of ROS-RNS on ERK1,2 and Akt signal-
ing. Because a previous report showed that exposure to SIN-1
and peroxynitrite inhibits serum- and platelet-derived growth

FIG. 1. ERK and PI3-kinase–Akt signaling are required for cyclin
D1 expression in C10 cells. C10 cells were arrested in G0 by serum
deprivation for 72 h and then pretreated with either PD98059 (50 �M),
LY-294,002 (25 �M), wortmannin (300 nM), or an equal volume of
DMSO as a vehicle control for 30 min. Media containing 10% FBS and
inhibitors or DMSO at the same concentrations were added. Total-cell
lysates were prepared 1 h (A) or 8 h (B) after serum stimulation and
analyzed for total and phosphorylated forms of Akt and ERK, cyclin
D1 expression, and phosphorylation of retinoblastoma protein by im-
munoblotting. CDK4 was used as a loading control.
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factor-induced Akt activation (30), we examined the activation
of Akt during cell cycle reentry in the presence of SIN-1. In
serum-stimulated C10 cells, phosphorylation of Akt peaked at
1 to 2 h after addition of serum and diminished thereafter (Fig.
3A, lanes 1 to 7). Cyclin D1 expression did not commence until
phospho-Akt decreased to control levels (Fig. 3A, lane 7). In
the presence of SIN-1, the pattern of Akt phosphorylation over
time was identical to that of control cells, but cyclin D1 was not
expressed (Fig. 3A, lanes 8 to 13), indicating that failure to
express cyclin D1 after serum stimulation in the presence of 1.0
mM SIN-1 was not related to inhibition of Akt signaling.

In contrast, exposure of C10 cells to SIN-1 induced persis-
tent phosphorylation of ERK1,2 (Fig. 3B). In serum-stimu-
lated control cells, the levels of phospho-ERK1,2 increased
rapidly by 30 min and decreased by 4 to 6 h (Fig. 3B, lanes 1 to
6). In cells exposed to SIN-1, phospho-ERK1,2 appeared by 30
min but remained elevated for at least 6 h (Fig. 3B, lanes 7 to
12). Immunoblotting showed that SIN-1 induced prolonged
expression of phospho-c-Jun and phospho-c-Fos (Fig. 3C,
lanes 7 to 12). Recently, sustained activation of ERK1,2 was
shown to promote phosphorylation of c-Fos on threonines 325
and 331 (42), resulting in a slowly migrating hyperphosphory-
lated form of c-Fos. Treatment of whole-cell lysates with calf
intestinal phosphatase (CIP) showed that SIN-1 induced the
accumulation of highly phosphorylated c-Fos, consistent with
phosphorylation at these sites (Fig. 3D), and this was con-

firmed with an antibody specific for c-Fos phosphorylated at
threonine 325 (Fig. 3E). Note that catalase rescued normal
metabolism of c-Jun and c-Fos (Fig. 3C, lanes 13 to 18) without
diminishing the levels of phospho-ERK1,2 detected in whole-
cell lysates (Fig. 3B, lanes 13 to 18). Despite normal activation
of Akt and prolonged activation of ERK1,2, signaling events
normally associated with cell cycle progression, and prolonged
phosphorylation of c-Jun and c-Fos, events linked to transcrip-
tional activation, cyclin D1 was not expressed under these
conditions, and cells failed to enter the S phase.

DNA binding activity of cyclin D1 transcription factors is
not affected by oxidative stress. Given that the two primary
signaling pathways linked to cyclin D1 expression were acti-
vated in the presence of SIN-1, we next examined the DNA
binding activity of a series of transcription factors implicated in
cyclin D1 transcription (Fig. 4A). Surprisingly, EMSAs with
nuclear extracts from treated and untreated cells showed no
significant differences in the binding activities of AP-1, TCF/
Lef, CREB, or NF-�B (Fig. 4B). For example, the transient
increase in binding of NF-�B complexes that peaked at 0.5 to
1 h in extracts from control cells was also observed in extracts
from treated cells (Fig. 4B, compare lanes 6 to 11 to lanes 12
to 16). The DNA binding activities of TCF/Lef-1 and CREB as
assessed by EMSAs were also unchanged (Fig. 4B). Moreover,
AP-1 binding either to consensus elements (Fig. 4B) or to
DNA fragments from the cyclin D1 promoter region (data not

FIG. 2. Inhibition of cyclin D1 expression and cell cycle progression by fluxes of either RNS or ROS is dependent upon generation of H2O2.
(A) Quiescent C10 cells were treated with medium containing 10% FBS alone or with the addition of SIN-1 (1 mM) or GO (15 mU/ml) with or
without catalase (2,000 U/ml). Cultures were incubated for 16 h and then processed for cell cycle analysis by flow cytometry. (B) Quiescent cells
were treated with medium containing 10% FBS or 10 ng of EGF/ml, with or without the addition of SIN-1 (1 mM). Total-cell lysates were prepared
at the indicated times and examined for expression of cyclin D1 and CDK4. (C) Serum-starved C10 cells were treated with SIN-1 or GO, with or
without catalase, during serum stimulation as described above. Total-cell lysates were prepared after 8 h and assessed for expression of cyclin D1
and CDK4 by immunoblotting.
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shown) also showed no differences in activities in EMSAs at
any time point (Fig. 4B, compare lanes 6 to 11 to lanes 12 to
16). In addition, supershift assays with a panel of specific an-
tibodies showed that the Jun constituents of AP-1 DNA bind-
ing complexes generated under these experimental conditions
also were unchanged, with no significant change in the ratios
between c-Jun and JunB in binding complexes (data not
shown).

ROS-RNS disrupt chromatin trafficking of ERK1,2 and c-
Fos. Despite activation of the Akt and ERK1,2 signaling path-

ways, accumulation of phosphorylated forms of c-Jun and c-
Fos associated with transcription activation, and apparently
normal levels of transcription factor DNA binding complexes,
cyclin D1 was not expressed in cells exposed to ROS-RNS. We
therefore sought an alternative assay to assess alterations in
the activity of AP-1 and other factors in response to oxidative
stress. To this end we used chromatin binding assays to assess
the abundance of factors associated with chromatin as a func-
tion of time during cell cycle reentry, with the assumption that
factors bound to chromatin reflect that subset of nuclear pro-

FIG. 3. Oxidants prolong activation of ERK and perturb the metabolism of c-Fos and c-Jun during cell cycle reentry. Serum-starved C10 cells
were stimulated with medium containing 10% FBS, 10% FBS with 1 mM SIN-1, or 10% FBS with SIN-1 and 2,000 U of catalase/ml as indicated.
Total-cell lysates were prepared at the indicated times after serum stimulation and analyzed by immunoblotting for the expression of phosphor-
ylated Akt, total Akt, and cyclin D1 (A); phosphorylated ERK1,2, total ERK1,2, and �-actin (B); and total c-Jun and total c-Fos (C). (D and E)
Quiescent C10 cells were stimulated with medium containing 10% FBS for 1 h. (D) Total-cell lysates were prepared and treated with CIP (25 U)
or CIP and sodium orthovanadate (NaVO4, 10 mM), and the electrophoretic mobility of c-Fos was examined by immunoblotting. (E) Phosphor-
ylation of c-Fos on threonine 325 was confirmed with an antibody specific for this modification.
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teins actively engaged in regulating gene expression. This pro-
cedure has been previously used by other investigators for the
study of chromatin trafficking of replication and transcription
factors (4, 17, 22, 39).

The chromatin binding assay was validated two ways. First,
quiescent C10 cells were serum stimulated for 1 h, a time point
at which c-Fos expression is maximal (Fig. 3C, lane 3), and cells
were lysed and separated into soluble and chromatin-bound
fractions as described in Materials and Methods. As expected,
c-Fos primarily associated with the P2 nuclear fraction (Fig.
5A, lane 4). Akt, a cytosolic kinase, was recovered exclusively
in the S1 soluble fraction. To confirm that the c-Fos recovered
in the P2 fraction was bound to chromatin, the P2 fraction was
incubated with DNase I and then separated into soluble (S3)
and insoluble (P2) fractions by centrifugation. Nearly all the
c-Fos was recovered in the nuclease soluble fraction (Fig. 5A,
lane 5), indicating that it was associated with chromatin and
not the nuclear matrix.

Second, the recovery of pRb in chromatin-bound or soluble
fractions was analyzed as a function of the C10 cell cycle.
Although pRb is constitutively nuclear in location, only de-
phosphorylated pRb is associated with chromatin (Fig. 5B,
lane 3), while phosphorylated pRb is recovered primarily in the
soluble fraction (lane 5). These results are consistent with
previous reports that show that the dissociation of pRb from
chromatin is dependent on its phosphorylation (41).

Taken together, these results indicated that this procedure
provided a simple and direct means of fractionating chromatin-
bound and soluble proteins for analysis of specific transcription

factor binding under nonreducing conditions. This notion was
validated further by examining the association and dissociation
of c-Fos with chromatin in response to 10% FBS or to 10%
FBS with SIN-1. As shown in Fig. 5C, c-Fos accumulated on
nuclease soluble chromatin to high levels by 1 h and then was
lost from chromatin by 4 to 6 h. Loss of c-Fos correlated with
the appearance of highly phosphorylated forms of c-Fos, which
appeared preferentially in the soluble fraction. By 6 h, c-Fos
was degraded and not observed in any fraction. In the presence
of SIN-1, highly phosphorylated forms of c-Fos continued to
accumulate on chromatin for at least 6 h (Fig. 5C, lanes 7 to
11).

Using a modification of the chromatin binding assay in
which proteins in the P2 fraction were prepared for electro-
phoresis by lysis in SDS sample buffer, we examined the bind-
ing of AP-1 family members to chromatin during cell cycle
reentry. Analysis of binding of c-Fos to chromatin by this
method yielded the same results (compare Fig. 5C to Fig. 6A),
with c-Fos accumulating on chromatin by 1 h in serum-stimu-
lated cells and diminishing thereafter. As before, c-Fos in this
fraction was observed to be phosphorylated at multiple sites
during the course of the experiment. Based on these results
immunoblotting of the P2 fraction and immunofluorescence
microscopy were used to document binding of proteins to
chromatin under various conditions.

In contrast to c-Fos, Fra-1 did not begin to accumulate on
chromatin until 2 h, and high levels of Fra-1 remained on
chromatin until S phase (Fig. 6A). Like c-Fos, treatment of
extracts with CIP showed that the form of Fra-1 bound to

FIG. 4. RNS do not alter the binding of AP-1, NF-��, TCF, and CREB/ATF to their cognate recognition sites in vitro. (A) Schematic
representation of selected promoter-proximal cis-acting elements that bind transcription factors implicated in the regulation of cyclin D1
expression. (B) Serum-starved C10 cells were stimulated with medium containing 10% FBS with or without SIN-1 (1 mM). Nuclear extracts were
prepared at the indicated times and analyzed for DNA binding activity of AP-1, NF-�B, TCF, or CREB/ATF2 by EMSA with 32P-labeled
oligonucleotides containing consensus binding sequences. Extracts prepared after 4 h of serum stimulation were treated with either a 100-fold
excess of unlabeled competitive probes (Comp) or unlabeled noncompetitive probes (Non-comp) to ascertain the specificity of each DNA binding
complex.
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chromatin was highly phosphorylated, resulting in multiple
slower-migrating bands shown by Western blot analysis (data
not shown). c-Jun and JunB were recruited to chromatin by 1 h
and remained on chromatin for many hours (Fig. 6B). Chro-
matin-bound c-Jun and JunB also were phosphorylated (Fig.
6B and data not shown). Although C10 cells express JunD, it
was not associated with chromatin during cell cycle reentry.
Interestingly, though the levels of ATF2 detected in whole-cell
extracts increased during the first 4 h after serum stimulation,
the amount of ATF2 bound to chromatin did not show the
same fluctuation (Fig. 6B).

These results indicated that c-Fos is lost from chromatin
before cyclin D1 is expressed, whereas Fra-1 is recruited to
chromatin during the interval in which cyclin D1 is actively
transcribed. To assess this possibility further, cells were exam-
ined by immunofluorescence microscopy for expression of cy-
clin D1 and c-Fos or Fra-1 during cell cycle reentry. By 1 h
expression of c-Fos was evident in serum-stimulated cells and
staining was lost by 4 to 6 h (Fig. 6C), a result in agreement
with c-Fos expression levels as detected by immunoblotting.
Few cells were observed that expressed both nuclear c-Fos and
cyclin D1. Cells with nuclear Fra-1 appeared by 4 h after serum
stimulation, and at later times all cells in G1 that expressed
Fra-1 also expressed cyclin D1 (Fig. 6C). These results indicate
that degradation of c-Fos precedes recruitment of Fra-1 to
chromatin and that this switch is associated with expression of
cyclin D1 during the G0-to-G1 transition.

As shown above, in cells treated with SIN-1 dissociation of
c-Fos from chromatin was completely blocked (Fig. 7A, lane
3). ROS generated by GO also induced the accumulation of
phosphorylated c-Fos on chromatin (Fig. 7A, lane 5). Under

these conditions, recruitment of Fra-1 to chromatin was im-
paired by SIN-1 and completely blocked by GO (Fig. 7A, lanes
3 and 5, respectively). c-Fos that accumulated on chromatin in
response to either ROS or RNS was phosphorylated on thre-
onine 325 (Fig. 7B and data not shown), a modification con-
sistent with prolonged activation of ERK1,2. Catalase, which
rescued cyclin D1 expression and S-phase entry (Fig. 2), re-
stored the loss from chromatin and degradation of c-Fos in
response to SIN-1 and GO and promoted recruitment of Fra-1
to chromatin in the presence of either SIN-1 or GO (Fig. 7A,
lanes 4 and 6). Catalase did not affect chromatin binding of
c-Fos in response to 10% FBS alone (Fig. 7A, lane 2). Fra-1
was expressed in the presence of GO but accumulated in the
cell cytoplasm and failed to enter the nucleus (Fig. 7C), sug-
gesting that ROS-RNS prevent the switch from c-Fos to Fra-1
on chromatin that normally occurs at 2 to 4 h after serum
stimulation. The form of Fra-1 associated with chromatin was
phosphorylated, whereas Fra-1 recovered in the soluble frac-
tions was not (Fig. 7A). The effect of ROS-RNS on chromatin
trafficking of c-Fos and Fra-1 was specific, as the phosphory-
lation state and subcellular trafficking of CREB were unaf-
fected by exposure to SIN-1 (data not shown).

ROS-RNS alter the subcellular localization of phospho-
ERK. Because phosphorylation of c-Fos on threonine 325 re-
quires sustained activation of ERK1,2 (42) and ERK1,2 phos-
phorylation was prolonged in response to SIN-1 or GO (Fig.
3B), we examined the trafficking of ERK1,2 in cells treated
with ROS-RNS. SIN-1 induced a marked increase in chroma-
tin binding of phospho-ERK1,2 during cell cycle reentry, as
well as an increase in total ERK1,2 levels (Fig. 8A, lanes 5 to
7). GO also induced accumulation of phospho-ERK1,2 on

FIG. 5. Assay for the chromatin binding of transcription factors. (A) Quiescent C10 cells were stimulated with medium containing 10% FBS
for 1 h, and the nuclei were purified as described in Materials and Methods. After cell lysis, soluble cytoplasmic and unbound nuclear proteins
(fraction S1) were removed and pelleted nuclei were washed. The washed nuclei (P1) were then split into two aliquots, with one incubated in the
presence of DNase I and the other incubated under the same conditions without the addition of the nuclease. Material not solubilized by DNase
I was then recovered by centrifugation (P2 fraction), and supernatants (S2 fraction) were removed. The distribution of c-Fos and Akt was
determined by Western blotting of the protein from the equivalent of 5 � 105 cells or nuclei from each fraction. (B) Nuclei were prepared from
either serum-starved C10 cells (lanes 1 to 3) or S-phase cells 20 h after serum stimulation (lanes 4 to 6), and the amount of chromatin-bound (S2
fraction) versus bound Rb (P2 fraction) was analyzed by immunoblotting. (C) Quiescent cells were stimulated with medium containing 10% FBS
with or without the addition of SIN-1 (1 mM). Chromatin fractionation was performed with the equivalent of 5 � 105 cells, and the recovery of
c-Fos in cytoplasmic (or free) fractions (S1) and nuclease-soluble chromatin fractions (S2) was analyzed by immunoblotting.
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chromatin during serum stimulation (Fig. 8B). As with the
trafficking of c-Fos, catalase completely restored the pattern of
chromatin trafficking of phospho-ERK1,2, but without reduc-
ing the increased levels of total or phospho-ERK induced by
SIN-1 (Fig. 8A, compare lanes 5 to 7 to lanes 8 to 10). Immu-
nofluorescence microscopy showed that by 4 to 6 h after serum
stimulation the nuclear signal for phospho-ERK1,2 was mark-
edly diminished or absent, and most of the phospho-ERK1,2
was located in the cell periphery (Fig. 8C). In cells treated with
SIN-1 the levels of phospho-ERK1,2 in the cell periphery were
reduced and phospho-ERK1,2 continued to be detected in the
nucleus (Fig. 8C). In addition to restoring normal chromatin
trafficking of ERK1,2, catalase restored the localization of
phospho-ERK1,2 to the cell periphery at 4 to 6 h after serum

stimulation. Moreover, the level of phospho-ERK1,2 associ-
ated with the plasma membrane was increased in cells rescued
from arrest by catalase, a result in agreement with the levels of
phospho-ERK1,2 detected by immunoblotting (Fig. 8A).

Termination of ERK signaling restores trafficking of c-Fos
and Fra-1 and cyclin D1 expression. Exposure of C10 cells to
ROS-RNS during serum stimulation prevented degradation of
c-Fos and recruitment of Fra-1 to chromatin as cells exited G0.
Because phosphorylation at threonine 325 in c-Fos requires
sustained activation of ERK1,2, we considered the possibility
that termination of nuclear ERK1,2 signaling is required for
the switch from c-Fos to Fra-1 on chromatin and subsequently
cyclin D1 expression. To test this, C10 cells were exposed to
FBS or FBS with SIN-1 for 3 h and then ERK signaling was

FIG. 6. AP-1 family members display a dynamic, temporal pattern of chromatin binding during cell cycle reentry. (A and B) chromatin-bound
extracts were prepared from C10 cells at the indicated times after serum stimulation and analyzed by immunoblotting for binding of the indicated
member of the AP-1 protein family. Reprobing with an antibody specific for �-actin was used to demonstrate equal loading, and a representative
blot is shown. As c-Fos dissociated from chromatin and was degraded at 2 to 4 h (lanes 4 to 6), Fra-1 levels on chromatin increased and persisted
until S phase (data not shown). (C) To assess the relationship between levels of nuclear c-Fos and Fra-1 and cyclin D1 expression, C10 cells were
plated on glass coverslips, arrested in G0 by serum deprivation for 72 h, and then stimulated to reenter the cell cycle by adding fresh medium with
10% FBS. Cells were fixed at the indicated times and stained for either c-Fos (green) and cyclin D1 (blue) or Fra-1 (green) and cyclin D1 (blue).
Nuclei were stained with propidium iodide (red).
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inhibited by the addition of the MEK inhibitor U0126 for a
further 3 h. In cells treated with FBS alone, inhibition of
ERK1,2 phosphorylation by U0126 after 3 h was dose depen-
dent and had minimal effect on cyclin D1 expression as as-
sessed at 6 h (Fig. 9A, lanes 1 to 6). In cells treated with FBS
and SIN-1 inhibition of ERK1,2 phosphorylation was also dose
dependent (Fig. 9B, lanes 1 to 3), but in this instance modest
increases in expression of cyclin D1 were observed at interme-
diate doses of drug (lanes 3 to 5). Inhibition of ERK1,2 activity
after ROS-RNS treatment also reduced the levels of c-Fos
(Fig. 9B).

To determine if termination of ERK1,2 signaling is related
to expression of cyclin D1, C10 cells transfected with cyclin
D1-luciferase reporter constructs were deprived of serum and
then treated under various conditions during cell cycle reentry
(Fig. 9C). A reporter construct lacking the AP-1 response
element did not respond to serum stimulation, indicating that
AP-1 is required for cyclin D1 expression in C10 cells. FBS
activated cyclin D1 expression four- to fivefold, and this re-
sponse was accentuated by catalase treatment (Fig. 9C). Both
SIN-1 and GO blocked luciferase expression in response to
serum, and catalase restored expression to control levels (Fig.
9C), as it did cyclin D1 expression (Fig. 2C). To assess the
effects of signaling by ERK1,2 on cyclin D1 expression, cells
were stimulated with 10% FBS with or without SIN-1 or GO,
and after 3 h an inhibitor of the ERK1,2 pathway (U0126) or
of the related mitogen-activated protein kinase p38 pathway
(SB 203580) was added to the cells. After an additional 6 h,
lysates were prepared and assayed for luciferase activity (Fig.
9D). In the presence of 10% FBS alone, inhibition of ERK1,2
or p38 after 3 h had no effect on the activity of the cyclin D1
reporter gene. In response to FBS and GO, luciferase activity
was markedly inhibited at 9 h, as expected from earlier exper-
iments (Fig. 9C). Treatment with U0126, but not SB 203580,
after 3 h restored luciferase activity to control levels, indicating
that termination of ERK1,2 signaling is required for cyclin D1
expression. SIN-1 was not as effective in inhibiting cyclin D1
reporter gene activity, but U0126 also promoted expression
under these conditions, whereas SB 203580 did not.

Finally, to assess these effects at the level of individual cells,
C10 cells treated with U0126 after exposure to ROS-RNS were
stained for cyclin D1. U0126 markedly increased the fraction
of ROS-RNS-treated cells that express cyclin D1 at 6 h (Fig.
10A), indicating that prolonged signaling by nuclear ERK1,2
mediates cell cycle arrest by interfering with normal trafficking
of c-Fos and Fra-1. Although U0126 completely restored the
ability of cells to degrade c-Fos, it was only partially effective in
promoting complete relocalization of Fra-1 from the cytoplasm
to the nucleus (Fig. 10B).

DISCUSSION

A universal property of signaling pathways is the reversibility
of protein modifications or conformational states that mediate
signaling, thereby permitting proteins to act as molecular
switches (18). One of the most prominent signaling questions
under current investigation is how cells interpret the strength
and duration of signals to mediate different biological out-
comes. This question is of particular importance in under-
standing signaling through ERK1,2, which has been tied in

FIG. 7. Oxidative stress induced by either RNS or ROS perturbs
chromatin trafficking of c-Fos and Fra-1. (A) Chromatin and free
fractions were prepared from quiescent C10 cells that had been stim-
ulated for 6 h with medium containing 10% FBS alone or containing
SIN-1 (1 mM) or GO (15 U/ml) without (�) or with (�) the addition
of catalase (2,000 mU/ml) and analyzed by immunoblotting for c-Fos
or Fra-1. (B) Serum-stimulated C10 cells were treated with GO as
described above for 4 h, and chromatin lysates were analyzed by im-
munoblotting for total c-Fos as before or for c-Fos specifically phos-
phorylated on Thr-325 with a phosphospecific antibody. (C) Serum-
starved C10 cells were treated with medium containing 10% FBS with
or without GO (15 mU/ml) for 6 h prior to fixation and immunostain-
ing for either c-Fos or Fra-1 (green). Nuclei were stained with pro-
pidium iodide (red).
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diverse systems to cell proliferation, survival, and apoptosis
(29).

The temporal sequence of events that mediate the G0-to-G1

transition is important for understanding how cells reenter the
cell cycle from a quiescent state and for dissecting the mech-
anism of transformation by oncogenes such as Fos and Jun that
act at this interval of the cell cycle. A principal link from
serum-induced activation of growth factor receptors on the cell
surface to increased AP-1 activity is via JNK and ERK.
ERK1,2 both induces the transcription of c-Fos and regulates
its activity and stability through multiple phosphorylation sites
(12, 44). Recently it was shown that sustained ERK1,2 signal-
ing during the IEG response is manifested in exposure of a
docking domain on c-Fos that facilitates phosphorylation at
C-terminal residues that mediate cytoplasmic-nuclear distribu-
tion and biological outcome (42). This study provided the first
direct link between the duration of ERK1,2 signaling and mod-

ification of a transcription factor (i.e., c-Fos) that regulates the
IEG response. Here oxidants that block cell cycle reentry were
used to define another critical step in cell cycle progression: the
termination of nuclear ERK1,2 signaling at the G0-to-G1 tran-
sition of the cell cycle. As for the activation of c-Fos through
sustained ERK1,2 signaling, we suggest a model in which c-Fos
and Fra-1 are sensors for the termination of nuclear ERK1,2
signaling (Fig. 11).

Blocking of c-fos activity by either antibody microinjection
or antisense RNA inhibits fibroblast cell proliferation (27, 43,
47). While c-fos�/� cells show no proliferative defect, simulta-
neous disruption of both the c-fos and fosB genes causes a
profound proliferative defect in mouse embryo fibroblasts in
vitro and significantly reduces body weights in fosB�/� c-fos�/�

mice (9). The primary cause of the proliferative defect in the
fosB�/� c-fos�/� mouse embryo fibroblasts appears to be the
failure to activate expression of cyclin D1 because restoration

FIG. 8. Oxidative stress induces the accumulation of phosphorylated ERK1,2 on chromatin and blocks its redistribution to the cell periphery
at the G0-to-G1 transition of the cell cycle. (A) Serum-starved cells were stimulated by the addition of fresh medium containing either 10% FBS
with or without SIN-1 (1 mM) or catalase (2,000 U/ml) as before. Chromatin binding fractionations were performed at the indicated time points
and analyzed by immunoblotting for phospho-ERK1,2 or total ERK1,2. Total-cell lysates were used to assess the total cellular levels of
phospho-ERK1,2 and total ERK1,2; actin was used as a loading control. Note that treatment with SIN-1 increased the total cellular levels of
ERK1,2. (B) Serum-starved C10 cells were incubated with medium containing 10% FBS with or without 15 mU/ml of GO for 4 h, and the amount
of phospho-ERK1,2 bound to chromatin was assessed by immunoblotting. (C) Cells plated on glass coverslips were serum starved for 72 h and then
incubated for 8 h with medium containing 10% FBS with or without 1 mM SIN-1 and catalase (2,000 U/ml) as before. Cells were fixed and stained
for phosphorylated ERK1,2 (green), and nuclei were stained with propidium iodide (red).
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of cyclin D1 expression rescues S-phase entry in these cells (9).
While AP-1 complexes containing both c-Fos and FosB are
capable of binding to the AP-1-responsive elements in the
cyclin D1 promoter and stimulating transcription from a cyclin D1
luciferase reporter construct (2, 9), ectopic expression of c-Fos
inhibits cyclin D1 expression (3, 40) and c-Fos is degraded well
before cyclin D1 is transcribed (6, 31, 32). Here immunostaining
and immunoblotting clearly show that c-Fos is degraded before
C10 cells express cyclin D1. Therefore, c-Fos must act indirectly
to activate cyclin D1 transcription in C10 cells.

After the initial stabilization and ERK1,2-dependent phos-
phorylation of c-Fos, phospho-ERK1,2 is not observed in the
nucleus but rather is localized in the cell periphery. As the
levels of nuclear phospho-ERK1,2 diminish, c-Fos is lost from

chromatin and degraded. Fra-1 is then recruited to chromatin
for the remainder of G1. Fra-1 is most likely the Fos family
member directly involved in cyclin D1 expression, since ectopic
expression of Fra-1 alone or in combination with c-Jun in
quiescent cells bypasses the need for c-Fos expression during
cell cycle reentry and results in the expression of cyclin D1 and
cell proliferation (38). In our studies, recruitment of Fra-1 to
chromatin coincided with the temporal activation of cyclin D1
after mitogenic stimulation, and immunostaining showed that
all cells expressing nuclear Fra-1 in G1 also expressed cyclin
D1.

Oxidative stress did not impair the expression of mRNA or
protein for either c-Fos or Fra-1. Indeed, in serum-stimulated
C10 cells exposed to fluxes of RNS or ROS that increase the

FIG. 9. Termination of ERK1,2 signaling rescues cyclin D1 expression in a subset of cells. (A) Three hours after stimulation with medium
containing 10% FBS with or without SIN-1 (1 mM), the culture medium was removed and replaced with medium containing 10% FBS and the
indicated concentration of U0126 or an equal volume of DMSO as a vehicle control. After an additional 3 h, cell lysates were prepared and
examined for levels of phospho-ERK and cyclin D1 by immunoblotting. CDK4 was used as a loading control. Immunoblotting showed that
inhibition of ERK signaling partially restored cyclin D1 expression; CDK4 was used as a loading control. (B) Serum-stimulated C10 cells were
treated with either SIN-1 or GO (15 mU/ml) for 3 h, the medium was removed, and cells were incubated in medium containing either 10% FBS
(�) or FBS with 5 �M U0126 (�) for an additional 3 h. Total-cell lysates were examined for the levels of c-Fos and phospho-ERK1,2. (C) Cells
were transfected with empty vector (pA3), CD1-963AP1mut, or CD1-963 luciferase reporter plasmids; replated; and then made quiescent by serum
starvation. Lysates were prepared prior to serum stimulation (Synch) or after stimulation with medium containing 10% FBS with or without
catalase (2,000 U/ml), SIN-1 (1 mM), or GO (15 mU/ml). (D) Cells were transfected with the CD1-963 reporter plasmid, serum starved, and
treated with medium with 10% FBS with or without SIN-1 or GO for 3 h. The medium was then removed and replaced with medium containing
5 �M U0126, 10 �M SB 203580, or an equal volume of DMSO and incubated for an additional 6 h before lysates were prepared. All samples were
assayed for luciferase activity and protein concentration. The results are expressed as relative luciferase units (RLU) per microgram of protein.
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intracellular levels of H2O2, c-Fos was expressed, recruited to
chromatin, and phosphorylated at C-terminal sites (Fig. 5, 6,
and 7), suggesting that the protein is fully activated for tran-
scription. Under these conditions Fra-1 was expressed but did
not gain access to chromatin, and cells failed to express cyclin

D1. While c-Fos and Fra-1 have many features in common,
they have different activation domains (8, 10), providing a
possibility for differential regulation. For example, c-Fos inter-
acts with the coactivator p300 (46). Ectopic expression of p300
has been shown to induce cell cycle arrest in G0/G1 (7), sug-
gesting that altered metabolism of p300 may represent one
mechanism for arrest. Interestingly, oxidative stress prolongs
the binding of p300 to chromatin during cell cycle reentry (data
not shown).

The requirement for nuclear ERK1,2 signaling and c-Fos
expression in cell cycle progression is transient in nature. Con-
sistent with this notion is the observation that after 3 h of
serum stimulation inhibition of ERK1,2 phosphorylation does
not block cyclin D1 expression in serum-stimulated cells (Fig.
9A). Moreover, treatment with the MEK inhibitor U0126 after
oxidant exposure diminished chromatin binding of phospho-c-
Fos, reduced its total abundance, and restored cyclin D1 ex-
pression, although not as efficiently as catalase did. If inhibition
of mitogen-activated protein kinase phosphatases by oxidant
was the primary mechanism for prolonged nuclear signaling by
ERK1,2, then phospho-ERK1,2 would be expected to persist
in the presence of the MEK1 inhibitor. As shown in Fig. 9A,
this does not appear to be the case, suggesting that oxidants act
primarily in this model by prolonging signaling to ERK1,2

FIG. 10. Termination of ERK1,2 signaling rescues cyclin D1 ex-
pression in cells with diminished nuclear c-Fos. (A) To assess the effect
of inhibition of ERK1,2 signaling on cyclin D1 expression in individual
cells subjected to oxidative stress, serum-starved C10 cells were treated
with medium containing 10% FBS with or without the addition of
SIN-1 (1 mM) or GO (15 mU/ml) for 3 h. The medium was then
replaced with medium containing 5 �M U0126 or an equal volume of
DMSO. The cells were incubated for an additional 3 h, fixed, and
stained for cyclin D1. (B) Cells were treated as described for panel A
and stained for c-Fos or Fra-1 (green) and cyclin D1 (blue). The nuclei
were stained with propidium iodide (red).

FIG. 11. ERK1,2 regulates chromatin trafficking of c-Fos and Fra-1
during cell cycle reentry. We propose a model in which sustained
activation of ERK1,2 in response to serum stimulation is required for
phosphorylation of c-Fos at C-terminal sites. At the G0-to-G1 transi-
tion nuclear ERK1,2 signaling diminishes, leading to dissociation from
chromatin and degradation of c-Fos. Termination of nuclear ERK1,2
signaling is followed by recruitment of Fra-1 to chromatin and cyclin
D1 expression. Oxidative stress induces cell cycle arrest by prolonging
chromatin binding of phospho-ERK, thereby inhibiting the switch
from c-Fos to Fra-1 on chromatin required for expression of cyclin D1.
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from upstream activators. Inhibition of ERK1,2 activity also
partially restored localization of Fra-1 to the nucleus, and this
increased cyclin D1 expression, albeit in a fraction of the total
cell population (Fig. 10). How cells regulate the nuclear entry
of Fra-1, and why it is inhibited by oxidative stress, is currently
under investigation. Nonetheless, from our data we conclude
that termination of nuclear ERK1,2 signaling is required for
exit from G0.

We are intrigued by the possibility that the redistribution of
phospho-ERK1,2 to the cell periphery also contributes to cy-
clin D1 transcription. Activation of the transcription factor
KLF8 by focal adhesion kinase occurs 4 to 6 h after serum
stimulation and, like binding of Fra-1 to chromatin, is sus-
tained throughout G1 (56). ERK1,2 has been localized to focal
adhesion complexes (48), suggesting that the redistribution of
phospho-ERK1,2 at 4 to 6 h may play a role in the timing of
signals from the plasma membrane or cytoskeleton that regu-
late this step in cyclin D1 expression. We do not know if the
change in the subcellular localization of phospho-ERK1,2 as
cells exit G0 represents relocalization of nuclear ERK to the
cytoplasm or if the two pools are regulated independently.
Interestingly, catalase fully rescued all aspects of c-Fos and
Fra-1 metabolism and promoted redistribution of phospho-
ERK1,2 to the cell periphery without reducing the increase in
total ERK caused by oxidative stress (Fig. 7A and C). There-
fore, it is the subcellular location, not the amount, of phospho-
ERK1,2 that is critical for cell cycle progression.

Oxidants can have a spectrum of effects on cellular function
depending on the dose and duration of the exposure. Oxidants
can cause cell death at relatively high doses, cause cell cycle
arrest at intermediate doses, and stimulate proliferation at
lower doses (37). A consensus view is emerging that the intra-
cellular production of oxidants is an integral and, in some
cases, obligate step in cell signaling and gene regulation (1, 20).
As with AP-1, oxidative stress did not alter the DNA binding
activity of several other transcription factors implicated in cy-
clin D1 expression (Fig. 4), but preliminary studies indicate
that it may influence the timing of the recruitment of p65 RelA
and other factors to chromatin (data not shown). Thus, the
conditions described here may be useful for dissecting the
order with which different transcription factors bind the cyclin
D1 promoter and the function of individual factors involved in
relief of repression, chromatin remodeling, and transcriptional
activation of the cyclin D1 gene as a function of time during
cell cycle reentry.

In summary, we present evidence for an additional level of
regulation for the duration of ERK1,2 signaling in the nucleus
during cell cycle reentry. Transient ERK1,2 activation results
in its kinase activity declining before c-Fos accumulates, and
under these conditions c-Fos is unstable and cells fail to enter
the S phase (42). Sustained ERK1,2 activation in the nucleus
for 2 to 4 h provides signals of sufficient duration to fully
stabilize and activate c-Fos, thereby driving cell cycle progres-
sion. Here termination of nuclear (but not cytoplasmic)
ERK1,2 signaling is shown to be required for expression of
cyclin D1. Termination may occur through downregulation of
upstream kinases, activation of phosphatases, or redistribution
of phospho-ERK1,2 to the cell periphery, among other mech-
anisms. Oxidants prolong the activation of nuclear phospho-
ERK1,2, prevent the dissociation from chromatin and degra-

dation of c-Fos, impede recruitment of Fra-1 to the nucleus,
and prevent cyclin D1 expression, thereby preventing S-phase
entry. Therefore, cell cycle progression requires not only the
activation of the IEG response but its timely completion. The
sensitivity of the transition from G0 to G1 to multiple sources
of oxidative stress also suggests that this transition may repre-
sent a universal redox-dependent checkpoint in cell cycle pro-
gression.
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