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In this study, activation of the mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated
kinase (ERK) signalling pathway was analyzed in proliferating rat hepatocytes both in vivo after partial
hepatectomy and in vitro following epidermal growth factor (EGF)-pyruvate stimulation. First, a biphasic
MEK/ERK activation was evidenced in G1 phase of hepatocytes from regenerating liver but not from sham-
operated control animals. One occurred in early G1 (30 min to 4 h), and the other occurred in mid-late G1,
peaking at around 10.5 h. Interestingly, the mid-late G1 activation peak was located just before cyclin D1
induction in both in vivo and in vitro models. Second, the biological role of the MEK/ERK cascade activation
in hepatocyte progression through the G1/S transition was assessed by adding a MEK inhibitor (PD 98059) to
EGF-pyruvate-stimulated hepatocytes in primary culture. In the presence of MEK inhibitor, cyclin D1 mRNA
accumulation was inhibited, DNA replication was totally abolished, and the MEK1 isoform was preferentially
targeted by this inhibition. This effect was dose dependent and completely reversed by removing the MEK
inhibitor. Furthermore, transient transfection of hepatocytes with activated MEK1 construct resulted in
increased cyclin D1 mRNA accumulation. Third, a correlation between the mid-late G1 MEK/ERK activation
in hepatocytes in vivo after partial hepatectomy and the mitogen-independent proliferation capacity of these
cells in vitro was established. Among hepatocytes isolated either 5, 7, 9, 12 or 15 h after partial hepatectomy,
only those isolated from 12- and 15-h regenerating livers were able to replicate DNA without additional growth
stimulation in vitro. In addition, PD 98059 intravenous administration in vivo, before MEK activation, was
able to inhibit DNA replication in hepatocytes from regenerating livers. Taken together, these results show that
(i) early induction of the MEK/ERK cascade is restricted to hepatocytes from hepatectomized animals,
allowing an early distinction of primed hepatocytes from those returning to quiescence, and (ii) mid-late G1
MEK/ERK activation is mainly associated with cyclin D1 accumulation which leads to mitogen-independent
progression of hepatocytes to S phase. These results allow us to point to a growth factor dependency in mid-late
G1 phase of proliferating hepatocytes in vivo as observed in vitro in proliferating hepatocytes and argue for a
crucial role of the MEK/ERK cascade signalling pathway.

In adult rodents, hepatocytes have a long life span and rarely
divide under normal conditions. However, under certain phys-
iopathological stress situations such as partial hepatectomy
(PHT), viral infection, toxic injury induced by administration
of chemicals such as carbon tetrachloride, thioacetamide, and
galactosamine, and choline-deficient diet, they are able to di-
vide in response to liver mass loss. Among these situations,
liver regeneration triggered by PHT represents a well-estab-
lished in vivo model to dissect hepatocyte growth control
mechanisms (17). Indeed, surgical removal of 70% of the liver
mass induces a synchronized growth response in most hepato-
cytes from the remaining tissue, and the cell cycle is charac-
terized by a quick G0/G1 transition after liver removal, fol-
lowed by a long G1 phase of about 18 h (16, 23, 40).

Different growth factors regulate this process by providing
both stimulatory and inhibitory signals for cell growth. Imme-
diately after PHT, hepatocytes enter in a state of prereplicative
competence before they can fully respond to growth factors.

This priming step is an initiating event that involves increased
DNA binding activity of NF-kB and activation of other tran-
scription factors such as STAT3, C/EBPb, and AP1, presum-
ably induced by tumor necrosis factor alpha and other cyto-
kines, mainly interleukin-6, which results in cell entry in G1
phase (13, 14, 50, 57, 58, 62). These initiated cells are able to
further progress in early G1 phase. However, they require a
growth factor stimulation to progress up to late G1 and enter
in S phase, thereby defining a growth factor-dependent restric-
tion point which has been precisely localized in vitro in mid-
late G1 in primary rat hepatocytes (39). The signal mediators
that could be involved at this restriction point are epidermal
growth factor (EGF), transforming growth factor alpha, and
mainly hepatocyte growth factor (6, 20, 40, 51). However, the
mechanisms of regulation that specifically control progression
from the priming step in very early G1 to late G1 in hepatocytes
remain poorly elucidated. Analysis of the transduction signals
to the nucleus could lead to a better understanding of these
specific mechanisms of regulation in the liver.

It is well established that mitogen-activated protein kinases
(MAPKs) are activated in response to external stimuli in
numerous cell types and play a central role in many signal
transduction pathways. Extracellular signal-regulated kinases
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(ERKs) are activated by phosphorylation of threonine and
tyrosine residues. Two highly related mammalian MAPKs, p44
and p42, also called ERK1 and ERK2, have been cloned and
found to be ubiquitously expressed in vertebrates and highly
homologous to yeast kinases (42). Their phosphorylation is
catalyzed by protein kinases known as MEKs, which display
extremely high substrate selectivity toward p42/p44 MAPKs.
MEKs are also rapidly phosphorylated by c-Raf on serine
residues that are necessary and sufficient for MEK activation
(63). A number of studies have provided strong evidence for a
role of MEK/ERK pathway in proliferation of rodent fibro-
blasts (12, 47, 53). The general assumption that the activated
MAPK cascade may influence the expression of some early
genes such as c-fos has been assessed (28, 31). In addition,
several results support the idea that other MAPK cascades also
drive specific cell cycle responses to extracellular stimuli, in-
cluding P38 and JNK, which may positively or negatively in-
fluence DNA synthesis (36, 49).

Few studies have been reported on activation of transduc-
tion signals in hepatocytes, and to our knowledge, they have
used mainly primary hepatocyte cultures (1, 7, 29, 32, 55, 56).
Reports indicate that EGF may stimulate hepatocyte growth
through two distinct pathways, either dependent on or inde-
pendent of Raf, which lead to activation of MAPKs (19). An
age-related decline in MAPK activity in EGF-stimulated rat
hepatocytes has also been described (38), and the importance
of the JNK pathway has been emphasized by Auer et al. (5).
Recently, altered expression of p42/p44 MAPK in human and
rat hepatocellular carcinoma has been reported (27, 43, 52).
There has been much interest in the kinetics of cell cycle-
associated proteins, namely, cyclins and Cdks, and their asso-
ciation in complexes and activation in mitogen-stimulated
hepatocytes. In that respect, in some studies, increased levels
of cyclin D1 were found to accompany hepatocyte entry in G1,
while in many others, cyclin D1 induction correlated with cell
progression through the mitogen-associated restriction point
in mid-late G1 (3, 33, 39, 41). However, the mechanisms in-
volved in this regulation have not been identified in hepato-
cytes.

In this work, we determined the kinetics of MEK/ERK ac-
tivation in hepatocytes induced to proliferate in vivo after liver
PHT and in vitro by exposure to growth factors. Activation was
correlated with cell progression from early to late G1 phase,
raising the question of whether this MEK/ERK cascade plays
a role in the decision of hepatocytes to progress toward the
G1/S boundary.

MATERIALS AND METHODS

Chemicals. [g-32P]ATP (3,000 Ci/mmol) and [methyl-3H]thymidine (5 Ci/
mmol) were from Amersham Corp. (Buckinghamshire, England); sodium pyru-
vate and insulin I-5500 were from Sigma (Saint Quentin Fallavier, France);
recombinant human EGF was from Promega (Madison, Wis.); PD 98059 in the
solvent dimethyl sulfoxide (DMSO) was from Calbiochem (La Jolla, Calif.).

Antibodies. Anti-MEK1 and MEK2 antibodies are rabbit polyclonal antisera
directed against the carboxy terminus of rat MEK1 and the amino terminus of
human MEK2 proteins (Santa Cruz Biotechnology). Anti-phospho-MEK1/2,
anti-phospho-ERK1/2, and anti-phospho-P38 antibodies were rabbit polyclonal
antisera directed to a synthetic phosphoserine 217/221 peptide corresponding to
residues 214 to 226 of human MEK1, a synthetic phosphotyrosine peptide cor-
responding to residues 196 to 209 of human p44 MAPK, and a synthetic phos-
photyrosine 180/182 peptide corresponding to residues 341 to 360 of human P38,
respectively (New England Biolabs).

Animals. Female Sprague-Dawley rats (weighing around 200 g) were pur-
chased from Charles River France (Saint Aubon les Elbeuf, France). Animals
were offered food and water ad libitum, and experiments were carried out in
accordance to the French laws and regulation. Surgical removal of 70% of the
liver induces a synchronized growth response involving almost only hepatocytes
during the first wave of replication. Remnant livers were collected after PHT
according to a predetermined kinetics previously described (25, 40). Laparoto-
mies were performed as controls (sham operations). At different times following

PHT, animals were sacrificed; the livers were harvested, immediately frozen in
liquid nitrogen, and stored at 280°C until analysis.

Administration of PD 98059. Intravenous PD 98059 administration via the
jugular vein was performed in rats 10 h after PHT as follows. Five milliliters of
saline containing 75 mM PD 98059 in 0.37% DMSO was injected (0.5 ml/min);
5 h later (15 h after PHT), hepatocytes were isolated by collagenase perfusion
and cultured in the absence of growth factor. In control animals, the same
volume of saline–10.37% DMSO was injected into the jugular vein as in PD
98059 experiments. Cell viability was similar in PD 98059 and control experi-
ments.

Cell cultures. Hepatocytes were isolated from Sprague-Dawley male (150 to
200 g) rat livers by the two-step perfusion procedure using 0.025% collagenase
(Boehringer) buffered with 0.1 M HEPES (pH 7.4) as previously described (24).
They were plated at a density of 105 cells per cm2 in 35-mm-diameter dishes in
2 ml of minimal essential medium 199 (3:1 [vol/vol]) containing penicillin (100
IU/ml), streptomycin (100 mg/ml), insulin (5 mg/ml) and bovine serum albumin
(BSA; 1 mg/ml) (basal medium) and supplemented with 10% fetal calf serum.
Four hours after plating, the medium was replaced with fresh basal medium
without fetal calf serum; 48 h later, hepatocytes were stimulated or not with EGF
(50 ng/ml) and sodium pyruvate (10 mM). Control culture was performed in
basal medium for 24 h; then the medium was renewed in the absence of insulin,
and hepatocytes were stimulated at 48 h with EGF alone (50 ng/ml). Media were
renewed every day. At the indicated times, PD 98059 in DMSO was added at
defined concentrations. All control features were changed at the same time as
that of PD 98059-treated cells.

[3H]thymidine incorporation. The rate of DNA synthesis was measured in
animals following PHT or sham operation as described elsewhere (40). In cell
cultures, 2 mCi of [methyl-3H]thymidine (5 Ci/mmol) was added for given periods
of time prior to cell harvesting. Cells were washed twice in phosphate-buffered
saline, scraped from the petri dish, and aliquoted for protein content determi-
nation and [3H]thymidine counting following precipitation and washing in tri-
chloroacetic acid.

EGF receptor phosphorylation and detection. For every time point, a liver
biopsy was homogenized in homogenization buffer and adjusted to a concentra-
tion of 5 mg of protein/ml; 50-mg aliquots of proteins were then adjusted to final
concentrations of 60 mM b-glycerophosphate, 30 mM nitrophenylphosphate, 25
mM morpholinepropanesulfonic acid (pH 7.0), 5 mM EGTA, 15 mM MgCl2, 1
mM dithiothreitol, and 0.1 mM orthovanadate in a mixture containing 2 mg of
oligopeptide EGF receptor substrate and 1 mCi of [g-32P]ATP and incubated for
20 min at 30°C as recommended by the manufacturer (Amersham). Addition of
60 ml of sample buffer stopped the reaction.

The samples were boiled for 5 min, and phosphoproteins were separated by
one-dimension sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 20% gels (35). Labeled phosphoproteins were detected by autora-
diography of dried gels. Oligopeptide-specific bands were excised, and radioac-
tivity was quantified by scintillation counting.

Immunoblotting. After SDS-PAGE, proteins were transferred onto nitrocel-
lulose membranes by using a transblot cell apparatus (Millipore) for 20 min at 2.5
mA/cm2 in transfer buffer as specified by the manufacturer. Subsequently, filters
were rinsed in Tris-buffered saline (TBS; pH 7.4), blocked with TBS–3% BSA for
30 min at room temperature, and incubated overnight at 4°C with diluted anti-
serum in TBS–3% BSA. After three washes in TBS, membranes were incubated
with horseradish peroxidase-conjugated secondary antibody for 2 h at room
temperature. After three washes in TBS, proteins were detected by the Amer-
sham ECL (enhanced chemiluminescence) kit procedure, and membranes were
subjected to ECL. Optimal electrophoretic conditions were obtained by perform-
ing SDS-PAGE on 10% gels at 45 V for 14 h followed by 2 h at 100 V.

Transfection assays and Northern blotting. Hepatocytes were maintained in
basal medium for 24 h and then transfected by a cationic liposome-mediated
method (DOTAP liposomal transfection reagent; Boehringer Mannheim) as
described by the manufacturer. The constitutively activated MEK1 phosphory-
lation site mutant Asp218, Asp222 (MEK1-DDER), and the corresponding empty
vector were used as described by Greulich and Erikson (22). Cells were lysed 36,
48, and 60 h after transfection, RNA was extracted with the Qiagen RNeasy kit,
and Northern blotting was performed as described previously (40).

RESULTS

Cyclin D1 induction in G1 phase in proliferating hepato-
cytes after PHT. Both DNA synthesis starting at 18 h after
surgery and Cdc2 transcripts accumulating from 16 h after
PHT allowed us to estimate that the G1 phase of proliferating
hepatocytes lasted up to 16 to 18 h in our experimental con-
ditions (Fig. 1A and B). In hepatocytes, Cdc2 accumulation has
been associated to S phase progression in both in vivo and in
vitro models (39, 40).

We studied cyclin D1 expression at different time points
during the G1 phase. Two peaks of mRNAs were evidenced: an
early one at around 10 min after PHT, lasting 1 h, and a second
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one 12 h later (Fig. 1B). A detailed kinetic analysis allowed us
to pinpoint the second induction in mid-late G1 phase between
11 and 12 h (Fig. 1C). This latter peak of cyclin D1 could be
compared to that occurring in mid-late G1 and associated with
a mitogen-dependent restriction point in EGF-stimulated
hepatocytes in vitro (39). The presence of cyclin D1 protein
was also demonstrated by Western blotting (data not shown).

In contrast, in sham-operated control animals, in which both
DNA synthesis and Cdc2 mRNAs were undetectable, cyclin
D1 transcripts transiently accumulated only once, early after
laparotomy, and then returned to a very low level after 2 h,
remaining low thereafter; this result indicated that liver paren-
chymal cells in sham-operated animals entered G1 but did not
further progress in the cell cycle or reverted to G0. These
nonproliferating hepatocytes were used as controls for all fur-
ther experiments.

Activation of MEK/ERK in early and mid-late G1 of hepa-
tocytes in regenerating liver. The kinetics of MEK/ERK pro-
tein activation were assessed by using antibodies against the
phosphorylated forms of MEK1/2 and ERK1/2, at different
times from early (Fig. 2A and B) through mid-late (Fig. 2C) G1
up to the G1/S phase transition (Fig. 2D) after PHT. Phospho-
MEK and phospho-ERK followed the same kinetics: two
peaks of phosphorylation were observed. One occurred early
in G1 at 1 h, reaching a maximum at 2 h and decreasing after
4 h to near to zero; the second peak at 10 h 15 min was
maximum at 10.5 h and returned to basal level after 11 h. This
latter peak was close to but preceded cyclin D1 mRNA induc-

tion in mid-late G1, as shown in Fig. 1B and C. A slight
increase of phosphorylation was observed around 20 h after
PHT, at the G1/S phase transition. No activation was detected
in sham-operated animals. In addition, we looked for MEK/
ERK cascade kinase activity. ERK kinase activity was defined
by measuring its ability to phosphorylate EGF receptor oli-
gopeptide, a specific substrate of both ERK1 and ERK2 (10).
ERK substrate appeared phosphorylated both early after PHT
with a maximum at 2 h and in mid-late G1 with a maximum at
10.5 h (Fig. 3A). Moreover, no phosphorylation was found in
sham-operated control animals (Fig. 3B).

MEK/ERK activation is associated with mitogen stimula-
tion in primary hepatocyte cultures. To correlate MEK acti-
vation to growth factor stimulation and DNA replication, we
compared MEK behavior in hepatocyte cultures stimulated or
not in vitro by EGF. It was previously shown that hepatocytes
in primary culture progress in G1 independently of growth
factor stimulation until the restriction point located in mid-late
G1 phase (42 h), where they remain arrested in the absence of
mitogenic signal (15, 26, 39). We used 48-h-old hepatocyte
cultures maintained in the absence of mitogen and conse-
quently arrested at the mitogen restriction point, providing a
high synchrony of hepatocyte population. They were stimu-
lated or not by EGF addition. They underwent DNA synthesis
from 16 to 18 h after mitogenic stimulation and then pro-
gressed until mitosis (Fig. 4A). In parallel, phosphorylated

FIG. 1. (A) Time course of [methyl-3H]thymidine incorporation into DNA of
regenerating rat liver tissues following PHT. (B) Kinetics of cyclin D1 and Cdc2
mRNA expression in livers from rats after PHT and in sham-operated control
animals at the indicated times (hours after surgery). NL, normal liver. (C) Cyclin
D1 mRNA expression at times around the mitogen-dependent restriction point
(8 to 12 h).

FIG. 2. Kinetics of MEK and ERK protein phosphorylation during G1 phase
in regenerating liver. Western blot analysis using specific antibodies directed
against the phosphorylated forms of MEK1/2 and ERK1/2 proteins was per-
formed at the indicated times after PHT (H) or sham surgery (S) used as control.
(A) In early G1 (30 min to 2 h); (B) in mid-G1 (2 h to 9 h 45 min); (C) in mid-late
G1 (9 h 45 min to 13 h); (D) in late G1 (11 h to 20 h).
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MEK1/2 and ERK1/2 forms were clearly evidenced within 5
min after stimulation at the restriction point by using anti-
phospho-MEK1/2 and -ERK1/2 antibodies. MEK phosphory-
lation was maximum at 10 to 15 min, while no phosphorylation
was detected in unstimulated hepatocytes (Fig. 4B). The high-
est level of ERK activation was also observed at around 10
min. Then, the amount of phosphorylated forms of the two
MAPKs slightly decreased but remained still detectable 2 h
after growth factor stimulation (Fig. 4C and D).

MEK inhibition by PD 98059 resulted in hepatocyte growth
arrest. To examine the role of the MEK/ERK cascade activa-
tion in hepatocyte progression through the restriction point
after mitogen stimulation, we analyzed the effects of the MEK
inhibitor PD 98059 on DNA synthesis in primary hepatocyte
cultures. When both PD 98059 and EGF were added to 48-h-
old hepatocyte cultures, hepatocyte DNA replication was abol-
ished (Fig. 5A). A PD 98059 dose-dependent response was
obtained: 10 and 25 mM inhibited DNA synthesis, by 50%,
whereas 50 mM decreased [methyl-3H]thymidine incorporation
to 80% and 75 mM abolished DNA replication. However, re-
newal of the medium with 50 mM inhibitor added every 12 h
resulted in complete inhibition of DNA synthesis (see Fig. 7A).
Moreover, using optimal electrophoretic conditions, we
showed that PD 98059 specifically inhibited MEK1 phosphor-
ylation whereas MEK2 isoforms were not affected. Indeed,
Western blotting using anti-phospho-MEK1/2 revealed three

bands in EGF-stimulated cells, whereas one band disappeared
upon addition of PD 98059. This band was attributed specifi-
cally to the phosphorylated MEK1 form, as observed by com-
paring the expression patterns of MEK1 and MEK2 proteins
obtained from the same gel (Fig. 5B). As expected, ERK1/2
was found to be strongly inhibited by PD 98059 in EGF-stim-
ulated hepatocytes (Fig. 5C).

Since insulin and pyruvate used as comitogens in the basal
culture medium for hepatocytes could contribute to the MEK/
ERK signal activation, the same experiments were performed
in the absence of these factors. Under these conditions, hepa-
tocytes were able to replicate DNA after EGF stimulation, and
PD 98059 also inhibited this replication in a dose-dependent
manner (Fig. 6A and B). Increased cell sensitivity to the in-
hibitor was noticeable, as PD 98059 used at a concentration as
low as 20 mM was able to block most of DNA synthesis fol-
lowing EGF stimulation. In addition, this inhibition was found
to correlate with a disappearance of ERK1/2 phosphorylation
also in a dose-dependent manner (Fig. 6C).

To demonstrate that PD 98059 specifically inhibited the
MEK/ERK cascade, we analyzed P38 protein belonging to
another signalling pathway. P38 activation was induced by
EGF treatment. However, addition of MEK inhibitor did not
influence the phosphorylation activity of this pathway even at
the concentration (20 mM) at which DNA replication was

FIG. 3. ERK activity in regenerating (A) and nonregenerating sham-oper-
ated (B) rat livers. 32P incorporation into EGF receptor oligopeptide specific for
ERK kinase from liver tissues extracted at the indicated times (30 min to 24 h)
was analyzed. For each sample, phosphorylation was quantified by scintillation
counting of the amount of phosphorylated EGF receptor oligopeptide separated
by SDS-PAGE on 20% gels. The same 32P incorporation profiles were obtained
in three independent experiments. Standard errors above 3% are shown.

FIG. 4. Kinetics of MEK and ERK protein phosphorylation in EGF-stimulated
and unstimulated hepatocyte primary cultures. (A) Time course of [methyl-3H]
thymidine incorporation into DNA in unstimulated (Basal) and EGF-stimulated
(EGF) hepatocyte cultures. (B to D) Western blotting with anti-phospho-
MEK1/2 (P-MEK) (B and C) and anti-phospho-ERK1/2 (D) antibodies. Primary
cultures were maintained for 48 h in basal medium, then stimulated with the
growth factor (EGF plus pyruvate), and analyzed at the indicated times.
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strongly abolished while ERK1/2 phosphorylation was inhib-
ited at this dose (Fig. 6D).

MEK inhibition suppressed cyclin D1 induction at the re-
striction point. To provide evidence that cells remained
blocked at the restriction point in the presence of the MEK
inhibitor, reversion experiments were carried out. As shown in
Fig. 7A, upon removal of the inhibitor after 12 h of exposure,
the cells were able to progress to S phase and to undergo DNA
synthesis with a corresponding 12-h delay. This result indicated
that cells treated with the MEK inhibitor were unable to re-
spond to EGF and behaved as if they remained blocked at the
restriction point. This inference was assessed by comparing the
kinetics of DNA synthesis in 48-h-old hepatocytes cultured in
the absence of mitogen and maintained for an additional 12-h
period at the restriction point without EGF and MEK inhibitor
to those in cultures treated for the same time with EGF plus
MEK inhibitor before stimulation by EGF alone (Fig. 7B). The
kinetics of DNA synthesis were strictly identical in both con-
ditions.

In different model systems, cyclin D1 transcription was re-
cently reported to directly depend on MEK/ERK activation
after mitogenic stimulation (2, 36, 37). Therefore, we com-
pared the cyclin D1 mRNA accumulation in EGF-stimulated
hepatocytes in the presence or absence of MEK inhibitor. As
expected, in 48-h-old cultures arrested at the restriction point,
cyclin D1 mRNAs rapidly accumulated after mitogen addition.
In contrast, in cells exposed to a medium with EGF plus MEK
inhibitor renewed every 6 h, cyclin D1 mRNAs were main-
tained at levels as low as in mitogen-unstimulated control cul-
tures (Fig. 8A). This effect correlated with the complete inhi-
bition of DNA synthesis (data not shown). The same results
were obtained with a medium deprived of insulin and pyruvate
in the presence of 20 mM MEK inhibitor (Fig. 8B), indicating
that agonist induction pathways did not interfere in cyclin D1
mRNA regulation of cultured hepatocytes. As an additional
argument, evidence of a direct relationship between MEK/
ERK activation and cyclin D1 induction was provided by per-

FIG. 6. Specificity of the PD 98059 inhibitory effect toward EGF growth
signal (A and B) and MEK/ERK cascade signalling (C and D). Dose-dependent
inhibition by PD 98059 of DNA replication in EGF-stimulated hepatocytes in the
absence of the comitogen insulin and pyruvate is shown. Hepatocyte primary
cultures were maintained for 48 h in a basal medium lacking insulin and then
stimulated with EGF alone in the presence of increasing concentrations (5, 10,
and 20 mM [A] and 10, 50, and 75 mM [B]) of PD 98059. (C) Western blotting
of activated ERK proteins. The membrane was probed with an anti-phospho-
ERK1/2 antibody. Hepatocyte culture conditions were as described in panels A
and B. Cells were harvested 10 min, 20 min, and 3 h after EGF stimulation. PD
98059 was used at concentrations of 5, 50, and 75 mM. (D) P38 and ERK1/2
phosphorylations were analyzed by using anti-phospho-P38 and anti-phospho
ERK1/2 antibodies in 48-h-old hepatocytes stimulated for 20 min with EGF in
the absence (2) or presence (1) of 10 and 20 mM PD 98059. Culture conditions
were as described for panels A and B.

FIG. 5. Inhibition of DNA replication and of MEK/ERK phosphorylation by
the specific MEK inhibitor PD 98059. (A) Hepatocyte primary cultures were
maintained for 48 h in basal conditions and then stimulated with EGF plus pyru-
vate in the presence of increasing concentrations (10, 25, 50, and 75 mM) of PD
98059. PD 98059 was added 1 h before EGF stimulation. DMSO, control of
inhibitor solvent added at the highest concentration used in the 75 mM PD 98059
solution. (B) Western blotting of MEK1 and MEK2 10 and 20 min after addition
of EGF plus pyruvate alone (EGF) or with PD 98059 (EGF1inhi). The mem-
brane was probed with anti-phospho-MEK, stripped, and reprobed with anti-
MEK1 or anti-MEK2. Bands I and III correspond to MEK1 and MEK2, respec-
tively, whereas band II represents both MEK1 and MEK2. Note the disappearance
of a phosphorylated MEK1 form (band I) in the presence of EGF plus inhibitor
(arrows on the right). (C) Western blotting of ERK1 and ERK2 in hepatocytes
cultured as described for panel B. The membrane was probed with anti-phospho-
ERK1/2 antibody. PD 98059 was used at the concentration of 75 mM.
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forming transfection of hepatocytes by a constitutively acti-
vated MEK1 known to exhibit elevated kinase activity (22).
Twenty-four-hour hepatocyte cultures were transfected by the
MEK1 (DDER) or by the empty vectors and analyzed 36, 48,
and 60 h later for cyclin D1 mRNA expression by Northern
blotting. From the kinetics of three independent experiments,
a twofold increase of cyclin D1 expression was observed
around 60 h in activated MEK1 (DDER) transfected hepato-
cytes compared to that of control cells (empty vector) (Fig.
8C).

Localization of a growth signalling-dependent point in re-
generating liver. To determine whether the MEK/ERK cas-
cade activation was associated with a growth signalling in mid-
late G1 in regenerating hepatocytes in vivo as observed in cells
stimulated in vitro, we designed the two following experiments.

First, hepatocytes were isolated from regenerating livers
during the G1 phase at 5, 7, 9, 12, and 15 h after PHT and
placed in culture up to 2 or 3 days in the absence of growth
factor (Fig. 9). Hepatocytes obtained from regenerating livers
5, 7, and 9 h after PHT synthesized only very low levels of
DNA, while cells isolated 12 and 15 h after PHT synthesized
high levels of DNA without addition of growth factor. [3H]thy-
midine incorporation into DNA started 2 to 10 h after estab-

lishment of the culture and remained high until 42 h. These
results demonstrated that hepatocytes 12 h after PHT had
crossed a growth factor restriction point in vivo and were
programmed to synthesize DNA without additional growth
factor stimulation in vitro. This growth factor regulatory check-
point located in mid-late G1 phase correlated well with the
peak of MEK/ERK activation which also closely preceded cy-
clin D1 mRNA induction.

Second, intravenous administration of PD 98059 was per-
formed in vivo 10 h after PHT, a time closely preceding the

FIG. 7. In vitro MEK inhibitor signal localization. (A) Time course of [meth-
yl-3H]thymidine incorporation into DNA of 48-h-old hepatocyte primary cultures
maintained in basal medium (basal), stimulated by EGF (EGF), or treated with
EGF plus 50 mM PD 98059 throughout the culture period (EGF1inhi) or only
for 12 h and then exposed to EGF alone, i.e., without inhibitor (EGF1 12 h with
inhi). Media with or without MEK inhibitor were renewed every 12 h. (B) Time
course of [methyl-3H]thymidine incorporation into DNA in hepatocyte primary
cultures untreated (2EGF2inhi) or pretreated with EGF and PD 98059
(1EGF1inhi) between 48 and 60 h before stimulation by EGF alone.

FIG. 8. Cyclin D1 mRNA expression in 48-h-old hepatocyte primary cultures
stimulated by EGF in the presence or absence of MEK inhibitor (PD 98059).
Experiments were performed in presence (A) or absence (B) of insulin and
pyruvate. The MEK inhibitor at a concentration of 75 (A) or 20 (B) mM was
added at 48 h of culture and renewed every 6 h. Cyclin D1 mRNA expression was
analyzed by Northern blotting in unstimulated control hepatocytes (lanes 1) and
EGF-stimulated hepatocytes in the presence (lanes 2) or absence (lanes 3) of
MEK inhibitor at the indicated times after stimulation. (C) Transfection of
24-h-old hepatocycte primary cultures maintained in basal medium without EGF
by the constitutively activated MEK1 cDNA (DDER) or the empty vector (vec-
tor) for 6 h. Cyclin D1 mRNA accumulation was defined by Northern blotting at
the indicated times after transfection. Three independent experiments were
performed.

FIG. 9. Time course of [methyl-3H]thymidine incorporation into DNA of
hepatocytes isolated from livers 5, 7, 9, 12, and 15 h after PHT and cultured in
the absence of growth factor. Two independent experiments were performed for
each time after PHT.

6008 TALARMIN ET AL. MOL. CELL. BIOL.



growth factor regulatory checkpoint. Hepatocytes were iso-
lated from these animals 15 h after PHT and placed in culture
without EGF. In contrast to cells from untreated animals (Fig.
9), 15 h after PHT, thymidine incorporation was completely
abolished by MEK inhibitor (Fig. 10). DMSO used for PD
98059 solution at the concentration of 0.37% was injected to
animals as controls. It resulted only in slightly delaying the
DNA replication compared to untreated animals. These results
suggested that the MEK/ERK activation pathway is essential
for hepatocyte proliferation in vivo.

DISCUSSION

In this study, we show that the MEK/ERK cascade is acti-
vated at two time points of the G1 phase progression in mature
rat hepatocytes. The first occurs in early G1 between 30 min
and 4 h after partial hepatectomy; the second occurs between
10 and 11 h in mid-late G1 phase and is associated with induc-
tion of cyclin D1 (3, 33, 40). Evidence is provided that induc-
tion of the MEK/ERK cascade is strictly restricted to hepato-
cytes undergoing a prereplicative competency and contributes
to the control of hepatocyte progression up to the G1/S bound-
ary through the induction of cyclin D1 at the mitogen-depen-
dent restriction point.

MEK/ERK is transiently activated in early G1 phase in
parenchymal cells from regenerating liver but not in cells from
sham-operated control animals. It is generally assumed that
the G0/G1 transition occurs immediately after PHT. Then, the
priming step in early G1 is an initiating event that is presum-
ably induced by tumor necrosis factor alpha and other cyto-
kines (14, 44, 57). Hepatocytes then enter in a state of repli-
cative competence before they can fully respond to growth
factors (17, 39). Hepatocyte entry into and progression
through G1 are characterized by the early induction of onco-
genes such as c-fos, c-jun, and then others, including c-myc and
D-jun, as previously described (21, 34, 45, 54). Early changes of
several transcription factors such as NF-kB, C/EBPs, and
STAT3 and cell cycle proteins such as cyclin D1 have also been
reported (3, 40, 57). We show here that cyclin D1 accumulates
early both after PHT and in sham-operated animals. The sig-

nificance of this cyclin induction is not clear. Since the MEK/
ERK cascade is not activated in sham-operated animals, this
early expression should be not dependent on MAPK MEK/
ERK but associated with another transduction signal such as
JAK/STAT or P38, which can be early induced by different
cytokines (14, 36, 46, 58). Recent results showing changes in
P38 phosphorylation status immediately after surgery in both
sham and PHT liver argue for the role of this pathway in early
G1 phase (unpublished results). Cyclin D1, as well as several
other early oncogenes, is observed in liver from sham-operated
animals; therefore, it can be postulated that while their expres-
sion might be necessary for cell entry in G1, they are not
sufficient by themselves for further progression in G1 phase.

The MEK/ERK cascade is rapidly and transiently activated
between 30 min and 4 h in early G1 phase of hepatocytes, as
shown by Western blotting and specific substrate phosphory-
lation analyses. Because MEK/ERK activation is observed only
in regenerating hepatocytes, it appears to represent one of the
first markers of regeneration after PHT and could therefore
reflect an early control of hepatocyte cycling. Prolonged acti-
vation up to 2 h of the MEK/ERK cascade has also been
reported for other cell types such as breast cancer and Rat-1
cells (11) and appeared necessary for further progression in G1
phase (30). Chen et al. also reported recently that p42/p44
reached a peak at 5 h after PHT (8). However, this first peak
of MEK/ERK activation restricted to cells from regenerating
liver is not sufficient to induce their progression through the
restriction point up to the G1/S boundary. This was assessed by
our experiments showing that hepatocytes isolated 5, 7, and 9 h
after PHT were not able to progress up to S phase in the
absence of growth factor.

A second MEK/ERK activation located at the mitogen-de-
pendent restriction point in mid-late G1 is critical for progres-
sion to the G1/S boundary. A second peak of MEK/ERK ac-
tivation was observed in regenerating liver. This peak occurred
around 10 h after PHT and lasted for at least 1 h. Similarly, a
peak of MEK phosphorylation was detected in primary hepa-
tocyte cultures stimulated by EGF. This observation is in
agreement with other reports showing an acute MAPK activa-
tion by EGF, HGF, and nerve growth factor in primary hepa-
tocyte cultures (1, 19, 29, 55, 56, 59, 61) and indicated that
MEK activation in mid-G1 could be directly related to growth
factor signalling. On the other hand, a chronic activation was
recently found to inhibit this process (59). The p42/p44 MAPK
cascade has been shown to be essential for the propagation of
growth factors and differentiating signals. The fact that addi-
tion of PD 98059, a MEK inhibitor, to EGF-stimulated hepa-
tocytes inhibited DNA synthesis in hepatocytes strongly sug-
gests a crucial role of this kinase in regulatory processes that
control progression to the G1/S boundary in these cells. Vari-
ous data argue for the high specificity of PD 98059: it efficiently
inhibits DNA synthesis in the absence of any comitogens such
as insulin and pyruvate; it selectively blocks MEK1 activation,
while MEK2 remains intact. This observation agrees with pre-
vious reports showing that PD 98059 binds to MEK1 and to a
lesser extent MEK2 form, thus preventing their activation by
upstream activators, while it fails to inhibit MEK3, SEK
(MKK4), or MKK6 and related family members (4, 48). Fur-
thermore, it does not influence phosphorylation of other pro-
teins like P38, which belongs to another, parallel signalling
pathway. In addition, MEK inhibitor was found to inhibit he-
patocyte proliferation in vivo during regeneration. Altogether,
these results lead to the conclusion that MEK1 activation is a
major factor for late G1 progression and G1/S transition of
proliferating hepatocytes.

The precise location in mid-late G1 phase of the second peak

FIG. 10. In vivo inhibition by MEK inhibitor of DNA replication after PHT.
Ten hours after PHT, 5 ml of a solution containing either PD 98059 (75 mM in
0.37% DMSO) or 0.37% DMSO alone was administered via jugular vein injec-
tion. Five hours later (15 h after PHT), hepatocytes were isolated by collagenase
perfusion and cultured in basal medium in the absence of growth factor. Two
independent experiments were performed for each injection. Each experimental
value corresponded to eight different thymidine incorporations, and experiments
were done twice for each injection.

VOL. 19, 1999 MAPK ACTIVATION IN DIVIDING HEPATOCYTES 6009



of MEK activity in regenerating liver appears to strictly corre-
late with the mitogen-dependent restriction point, a view sup-
ported by several observations: (i) phosphorylation occurred
within 5 min after EGF stimulation in 48-h-old hepatocyte
cultures blocked at this restriction point; (ii) in reversion ex-
periments, the time interval after removal of the inhibitor and
DNA synthesis was the same as in uninhibited cells, which are
known to be blocked at the restriction point in the absence of
mitogen; and (iii) MEK activation closely preceded cyclin D1
induction located in mid-late G1 of hepatocytes both in vivo
and in vitro.

Accumulation of cyclin D1 mRNAs at the restriction point
was found to depend on MEK activation by growth factor
stimulation. In the presence of MEK inhibitor, no cyclin D1
mRNA accumulation was observed and the cells did not
progress to S phase. Furthermore, transfection of a constitu-
tively activated MEK1 mutant resulted in a twofold increase in
cyclin D1 mRNA expression. Induction of cyclin D proteins,
mainly cyclin D1, at the restriction point has been reported for
various types of cells, including hepatocytes (3, 33, 39, 41). In
association with Cdks, it could be one of the major events that
drive the cells toward S phase. ERK1/2 activation has been
proposed to be required for cyclin D1 up-regulation following
cell growth induction after platelet-derived growth factor stim-
ulation of Chinese hamster fibroblasts (36, 37). In these cells
and in human breast cancer cells, inhibition of MEK by PD
98059 resulted in a loss of cyclin D1 expression (18, 60). Al-
banese et al. also reported that overexpression of either p42
MAPK or c-Ets-2 was able to stimulate the cyclin D1 promoter
(2). Interestingly, a recent report shows that constitutively ac-
tivated MEK results in up-regulation of cyclin D1 expression
and assembly of dependent kinase, thus establishing a direct
link between MEK1 and the cell cycle machinery in 3T3 fibro-
blasts (9, 22). Moreover, 22 of 25 cases of human hepatocel-
lular carcinoma exhibited positive correlation between MAPK/
ERK activation and cyclin D1 expression (27).

Finally, our observation that a growth factor dependency
might exist up to mid-late G1 phase, but not after this stage, in
hepatocytes from regenerating liver in vivo provides an addi-
tional argument in favor of the crucial role in vivo of the
MEK/ERK cascade activation and cyclin D1 induction in the
cell decision to progress to the G1/S boundary. Indeed, con-
trary to hepatocytes isolated 5, 7, or 9 h after PHT, cells from
12- and 15-h regenerating livers were able to progress in late
G1 and replicated DNA without additional growth factor stim-
ulation. A growth factor dependency could be defined in vivo
in mid-late G1 between 9 and 12 h after PHT. Moreover, DNA
synthesis could be blocked in regenerating hepatocytes isolated
15 h after PHT by intravenous administration of PD 98059
performed 10 h after PHT, a time preceding the growth factor
restriction point. These results indicated a MEK/ERK growth
factor dependency in mid-late G1 of proliferating hepatocytes
in vivo like that described in vitro. The apparent discrepancy
with the recent data of Spector et al. (55), who concluded that
the MEK cascade does not play a role in hepatocyte growth, is
probably due to the late stage (24 h after PHT) corresponding
to S phase chosen for analysis.

Taken together, these results lead to the conclusion that the
MEK/ERK cascade activation in proliferating liver in vivo is
biphasic and could control two main points of G1 progression
in the hepatocyte cycle. Other pathways must be important for
hepatocyte proliferation (5, 29, 55, 56), but our work shows
that the MEK/ERK cascade is a key signalling pathway essen-
tial for late G1 progression. The first activation, occurring very
early in G1, could be associated with the prereplicative com-
petence status, which enables the primed hepatocyte to

progress in G1. The second activation in mid-late G1 resulting
from growth factor stimulation is linked to cyclin D1 induction,
which allows for progression to the G1/S boundary. These
observations have helped us to determine a growth factor de-
pendency in mid-late G1 and to define a crucial role of MEK
signalling pathway in the process of liver regeneration and
raise the question of the control of its activation in hepatocar-
cinogenesis.

ACKNOWLEDGMENTS

We thank R. L. Erikson and H. Greulich for providing us the
constitutively activated MEK1 cDNA vector. We also thank J.-Y. Rob-
ert for expert technical assistance, F. McKenzie for fruitful sugges-
tions, and A. Guillouzo for critical reading of the manuscript.

This research was supported by the Institut National de la Santé et
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