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LIVER CANCER.

c-Fos overexpression increases the proliferation of human
hepatocytes by stabilizing nuclear Cyclin D1
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Abstract

AIM: To investigate the effect of stable c-Fos over-
expression on immortalized human hepatocyte (IHH)
proliferation.

METHODS: IHHs stably transfected with c-Fos (IHH-
Fos) or an empty vector (IHH-C) were grown in me-
dium supplemented with 1% serum or stimulated
with 10% serum. Cell proliferation was assessed by
cell counts, 3H-thymidine uptake and flow cytometry
analyses. The levels of cell cycle regulatory proteins
(Cyclin D1, E, A) cyclin dependent kinases (cdk) cdk2,
cdk4, cdk6, and their inhibitors p15, p16, p21, p27, to-
tal and phosphorylated GSK-3p and epidermal growth
factor receptor (EGF-R) were assayed by Western blot-
ting. Analysis of Cyc/in D1 mRNA levels was performed
by reverse transcription-polymerase chain reaction and
real-time polymerase chain reaction (PCR) analysis.
Stability of Cyclin D1 was studied by cycloheximide
blockade experiments.

RESULTS: Stable c-Fos overexpression increased cell
proliferation under low serum conditions and resulted
in a two-fold increase in [*H]-thymidine incorpora-
tion following serum addition. Cell cycle analysis by

flow cytometry showed that c-Fos accelerated the cell
cycle kinetics. Following serum stimulation, Cyclin D1
was more abundantly expressed in c-Fos overexpress-
ing cells. Cyclin D1 accumulation did not result from
increased transcriptional activation, but from nuclear
stabilization. Overexpression of c-Fos correlated with
higher nuclear levels of inactive phosphorylated GSK-
3B, a kinase involved in Cyclin D1 degradation and
higher levels of £GF-R mRNA, and EGF-R protein com-
pared to IHH-C both in serum starved, and in serum
stimulated cells. Abrogation of EGF-R signalling in IHH-
Fos by treatment with AG1478, a specific EGF-R tyro-
sine kinase inhibitor, prevented the phosphorylation of
GSK-3B induced by serum stimulation and decreased
Cyclin D1 stability in the nucleus.

CONCLUSION: Our results clearly indicate a positive
role for c-Fos in cell cycle regulation in hepatocytes.
Importantly, we delineate a new mechanism by which
c-Fos could contribute to hepatocarcinogenesis through
stabilization of Cyclin D1 within the nucleus, evoking a
new feature to c-Fos implication in hepatocellular car-
cinoma.

© 2008 The WIG Press. All rights reserved.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most com-
mon cancer in the world, with an increasing number of
new cases emerging each year. Etiologically it is linked
to chronic viral infections (hepatitis B and C viruses),
alcohol-related cirrhosis or aflatoxin B1 exposure, which
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all cause disruptions in signal transduction cascades lead-
ing to abnormalities in gene expression.

The proto-oncogene ¢-fos is an important member
of the activating protein 1 (AP-1) transcription factor
involved in major cellular functions such as transforma-
tion, proliferation, differentiation and apoptosis“’z]. Such
a large variety of functions is achieved by the combina-
tion of different Jun (c-Jun, JunB or JunD) and Fos (c-
Fos, FosB, AfosB, Fra-1, Fra-2) family members forming
various AP-1 homo and heterodimers. ¢fos is an immedi-
ate early gene whose expression is rapidly and transiently
induced after mitogenic stimulation”. The role of c-Fos
in cell proliferation and transformation remains contro-
versial. c-Fos is required during all phases of the cell cycle
in exponentially growing cells and is a potent inducer of
cell pro]iferationm. However, some studies have suggested

that c-Fos poorly contributes to proliferation[s]

, was totally
dispensable for or even down-regulated, cell growthp’gl.
Overexpression of c-Fos leads to morphological transfor-
mation of fibroblasts™" and to osteosarcoma formation
1 Apart from one study describing a
negative role for c-Fos in hepatocellular turnorigenesis[gl,
several reports rather support a potential positive role for

c-Fos in this process. High expression levels of c-Fos were

in transgenic mice

determined in tumour tissue compared to the adjacent
non-tumour liver in human HCC™™, as well as in several
models of HCC in rodents"*"". A recent study in humans
identified a subtype of HCC sharing gene expression pat-
terns with foetal hepatoblasts which can be distinguished
from another HCC subtype closer to adult hepatocytes'”.
Interestingly, c-Fos, but not c-Jun expression was higher
in the foetal subtype which displayed a poorer prognosis
and a greater tendency to invasion than the adult subtype.
In addition, the expression of DNA 5-methylcytosine
transferase, a c-Fos target gene involved in DNA methyla-
s increased in human tumour cells and in HCCs®',
Despite these studies showing that c-Fos overexpression

tion’

might be an important step towards the development of
liver cancer, its precise role in hepatocarcinogenesis re-
mains ill-defined.

In order to clarify c-Fos implication in hepatocar-
cinogenesis, we examined the effect on proliferation
of stable c-Fos overexpression in immortalized human
hepatocytes IHH). We show, for the first time, that a
positive role for c-Fos on hepatocyte proliferation can
be attained by stabilization of Cyclin D1 in the nuclear
compartment, a mechanism which has not been de-
scribed as a c-Fos related process in any cell type to date.

MATERIALS AND METHODS

Cell culture and reagents

IHH were cultured in Williams’ medium E (Invitrogen,
Cergy Pontoise, France) supplemented with 100 mL/L
fetal calf serum (FCS) (Biochrom AG, Cambridge,
UK), 1% penicillin-streptomycin, 1% Glutamax and
1% DMEM sodium pyruvate (Invitrogen). Specific re-
agents were AG1478 (Calbiochem, San Diego, CA) and
cycloheximide (CHX) (Euromedex, Souffelweyersheim,
France).

www.wjgnet.com

Generation of stably transfected cells

The human ¢fos cDNA was inserted into the cytomega-
lovirus driven pClneo expression vector (Promega,
Charbonnieres, France) containing a neomycin resistance
gene to obtain the pClneo-¢fos vector. Cells were stably
transfected by electroporation (230V, 960 pF) in PBS-
Hepes Buffer 10 mmol/L, pH 7.4 with the empty vector
(pClneo) or with pClneo-¢fos. Two days post-transfec-
tion, stable clones were selected in media containing 500
ug/mL of G418 (Invitrogen). The resistant clones wete
pooled after 3 wk of selection, and maintained with
G418. c-Fos overexpression was verified by Western blot
analysis as shown in Figure 1A.

Growth curve analysis

Cells were plated in triplicate at a density of 1.0 X 10°
per well in six-well plates, and cultured in low serum (1%
FCS) conditions for 5 d. Triplicate cultures were tryp-
sinized and diluted in an equal volume of trypan blue
solution (Invitrogen). Viable cells were counted daily in a
haemocytometer counting chamber.

[*H]-thymidine incorporation

DNA synthesis was determined by measuring ["H]-
thymidine incorporation. Cells were plated onto 24-well
plates at a density of 1.0 X 10° cells/well in quadruplets.
Cells were serum deprived for 24 h, and serum stimu-
lated in culture media containing 1.5 pCi/mL tritiated
thymidine ("H]dT) (specific activity of 740 GBq/mmol)
(Perkin-Elmer, Waltham, Ma) for 4 h. Cells were fixed
and washed in ice-cold 10% trichloroacetic acid. DNA
was solubilized in 0.1 mol/L NaOH for 1 h at 37°C.
[’H]dT incorporated into the DNA was measured using
liquid scintillation counting.

Flow cytometry

DNA cell cycle analysis was measured by 5-bromode-
oxyuridine (BrdU) incorporation and propidium iodide
staining of the nuclei by flow cytometry (FACScalibur,
BD Biosciences, Mansfield, MA) and analyzed with the
ProCellQuest software provided by the manufacturer.
Cell cycle progression was measured by pulse/chase ex-
periments. Cells plated at a density of 5 X 10’ per 6-cm
dish were serum starved for 24 h, serum stimulated for
12 h and stained with BrdU (30 pg/mL) for 1 h. Cells
were then chased with BrdU free medium for 0, 3, 6,
9, 12 h, stained with propidium iodide and harvested
in 70% ethanol. Cells were then treated with 2 N HCI
and pepsin (0.2 mg/mL) for 30 min. BrdU content was
analyzed using a FITC-labeled monoclonal antibody to
BrdU (BD Pharmingen, Le-Pont-de-Claix, France). La-
beled cells were washed and resuspended in PBS contain-
ing propidium iodide (10 pg/mlL) for 30 min prior to

flow cytometric analysis.

Western blot analysis

Nuclear proteins were extracted as described”. Total
proteins wete extracted with lysis buffer [1% (v/v) SDS,
1 mmol/L Na,VO,, 10 mmol/L Ttis pH 7.4, 1% ben-
zonase) for 10 min at room temperature and heated for
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Figure 1 Overexpression of c-Fos accelerates the cell cycle. A: IHH-C and IHH-Fos were grown in 1% FCS, cultured for 5 d and counted daily. Cell growth
was determined by counting the number of attached cells every day. Results are the mean + SE of three independent experiments; B: [°H] thymidine incorporation
into DNA. Non-synchronized IHH-C or IHH-Fos serum starved for 24 h then serum stimulated for 4 h were incubated with [°H] thymidine for 4 h. DNA was extracted
as described in materials and methods, and [*H] thymidine incorporation into DNA was assessed by scintillation counting. Results are expressed as percentage of
increase of [°H] thymidine incorporation in serum-stimulated cells over that of quiescent cells for each cell population. Results are the mean + SE of six independent
experiments; C: Flow cytometry analysis for quantification of cell cycle phase distribution and progression through cell cycle. IHH-C or IHH-Fos serum starved for 24 h
were incubated with BrdU for 1 h and stained with propidium iodide 0, 4, 8 and 24 h after serum stimulation. The percentage of cells in each phase is plotted against
time. Results of a representative experiment are shown (out of 3); D: IHH-C or IHH-Fos serum starved for 24 h were serum stimulated for 12 h, BrdU pulsed for 1 h,
chased with fresh medium for 0, 3, 6, 9, 12 h, and then stained with propidium iodide. The percentage of BrdU-negative cells in the G1 phase (G1 exit) (left panel) and
of the BrdU-positive cells in the G1 phase (G1 entry) (right panel) of the cell cycle is plotted against time. Results are representative of four independent experiments.

5 min at 100°C. Equal quantities of nuclear proteins
were fractionated on a SDS-polyacrylamide gel and
transferred onto nitrocellulose membranes by electrob-
lotting. The antibodies used in this study were as follows:
c-Fos, Cyclin D1, Cyclin E, Cyclin A, cdk2, cdk4, cdk6,
p15, pl6, p21, p27 and EGF-R (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), GSK3[ (Affinity BioReagents,
Golden, CO), Phospho-GSK3f (Serine9) (Abcam, Paris,
France). Immunoreactive bands were visualized using
the ECL kit (Amersham BioSciences, Saclay, France) ac-
cording to the manufacturet's instructions.

Reverse transcription-polymerase chain reaction (RT-
PCR) and real-time quantitative PCR analysis

mRNA was isolated from cells by Nucleospin RNA
IT kit (Macherey-Nagel, Hoerdt, France) following the
manufacturer’s instructions. RNA (1 pg) was reverse
transcribed using ThermoScriptTM RT-PCR System (In-
vitrogen, Cergy-Pontoise, France). Real-time quantitative
PCR was performed using the following primers: Cyclin
D7: forward 5'-GCATGTTCGTGGCCTCTAAGA-3,
reverse 5'-CGGTGTAGATGCACAGCTTCTC-3',

EGF-R: forward 5'-GCGTCTCTTGCCGGAATGT-3'
and reverse 5'-GGCTCACCCTCCAGAAGGTT-3".
Real-time quantitative PCR was performed with an
ABI PRISM 7700 instrument (Applied Biosystems,
Foster City, CA)) using SYBRGreen PCR core reagents
(Applied Biosystems). Fold changes in mRNA were
calculated by the AAC, method using ¢yelophilin A (for-
ward: 5'-CAAATGCTGGACCCAACACA-3'"; reverse:
5"TGCCATCCAACCACTCAGTCT-3") as a standard.
All PCR reactions were done in triplicate.

Statistical analysis
Data were expressed as means = SE. Student’s #test was
performed and statistical significance was considered as

P < 0.05.

RESULTS

Growth rate and cell cycle regulation by c-Fos
overexpression

To determine whether c-Fos could modulate hepato-
cyte growth, we carried out growth curve assays. While
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cell growth was similar in the presence of 10% FCS in
IHH-C and IHH-Fos (data not shown), we observed
that the growth pattern of the two cell lines differed in
low serum conditions (1% FCS). While the number of
IHH-Fos increased exponentially over 5 d in culture,
IHH-C number increased slowly during the first 3 d of
culture, and then reached a plateau, due to the induction
of cell death by serum deprivation (Figure 1A and data
not shown). Thus, c-Fos overexpression correlated with
a more rapid growth in low serum conditions. The effect
of c-Fos overexpression on cell proliferation was further
established by measuring [SH]dT incorporation following
4 h serum stimulation of cells deprived of serum for 24 h.
The increase of [SH]dT incorporation induced by serum
was 2.2 times higher in IHH-Fos than in IHH-C (231%
and 107%, respectively), and the difference was statisti-
cally significant (P < 0.001) (Figure 1B). To further ana-
lyze the role of c-Fos on the cell cycle, cell cycle phase
distribution and cell cycle kinetics were analyzed by flow
cytometry. Following serum stimulation, the percentage
of cells in the G1 phase decreased, while the percent-
age of cells in the S-phase increased 24 h after serum
stimulation. However, the percentage of cells in the dif-
ferent stages of the cell cycle was comparable in IHH-
Fos and IHH-C (Figure 1C). Cell cycle progression was
measutred by BrdU pulse/chase experiments. The rate at
which BrdU positive cells progress into G1 indicates the
rate of transit through S, G2 and M phases. Similatly, the
rate at which BrdU negative cells become depleted from
the G1 pool indicates the transit rate through G1. We
show that IHH-Fos quit (Figure 1D, left panel) and enter
(Figure 1D, right panel) G1 faster than IHH-C, which re-
flects a global increase in cell cycle kinetics. The fact that
the cell cycle profile was not altered by c-Fos indicates
that the acceleration is proportional in all phases of the
cycle. These data taken together indicate that c-Fos over-
expression increases the growth of exponentially grow-
ing cells cultured in low serum medium as well as the
proliferation response induced by serum refeeding.

Induction of cell cycle regulatory proteins by c-Fos

The levels of various cell cycle regulatory proteins be-
fore and after serum stimulation of IHH-C and ITHH-
Fos were analyzed by Western blotting experiments. In
both cell lines, serum addition induced an increase in the
nuclear levels of Cyclin A, cdk2 and cdk4, but no change
in Cyclin E. Of interest, the nuclear levels of Cyclin D1
were increased after 8 h of stimulation in IHH-Fos, but
not in IHH-C (Figure 2A). In addition, the levels of p27
were higher in the absence of serum stimulation or fol-
lowing serum stimulation in IHH-Fos than in IHH-C
(Figure 2B).

Quantitative RT-PCR analysis was performed to
determine whether the increase of Cyclin D1 at 8 h of
serum stimulation in IHH-Fos was controlled transcrip-
tionally. Interestingly, a similar 2-fold increase in Cyclin
D7 mRNA 2 h following serum stimulation was ob-
served in IHH-Fos and IHH-C, without any significant
differences at any of the time points (Figure 2C), indi-
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Figure 2 Induction of cell cycle regulatory proteins after serum refeeding.
IHH-C or IHH-Fos were serum starved for 24 h. Nuclear (A) or total (B)
extracts prepared before or after serum stimulation for 8 h or 24 h were
immunoblotted with antibodies, as indicated. Loading of nuclear or total extracts
was normalized using a SnRNP or a B-actin antibody, respectively. Results of a
representative experiment are shown (out of 3); C: Quantitative real time PCR
of Cyclin D1 mRNA levels in quiescent IHH-C or IHH-Fos serum stimulated for
the indicated times. Bars indicate mean + SE of three independent experiments
each performed in triplicate.

cating that the higher levels of Cyclin D1 in the nucleus
in IHH-Fos are not due to transcriptional mechanisms.

Cyclin D1 stabilization in the nucleus

We next determined whether post-translational
regulations could explain the increase of nuclear Cyclin
D1 in serum-stimulated IHH-Fos. CHX, a translational
inhibitor, was used to block protein synthesis. While
in IHH-C, nuclear Cyclin D1 protein levels started to
decline as from 1 h, and decreased by 85% after 2 h of
CHX treatment, Cyclin D1 nuclear levels were decreased
by only 20% upon 2 h of CHX treatment in IHH-
Fos (Figure 3), indicating that c-Fos overexpression
correlates with increased stability of nuclear Cyclin D1.

Inactivation of GSK-3 in IHH-Fos contributes to Cyclin
D1 stabilization

Previous studies have indicated that Cyclin D1 degra-
dation is triggered by GSK-3B-induced phosphorylation
on a single threonine residue (Thr-286)*. Of note,
phosphorylated GSK-3f is the inactive form of
the proteinm]. We, therefore, compared the level of



Glller M et al. c-Fos stabilizes nuclear Cyclin D1

6343

CHX treatment (min) 0 60 120
Cyclin D1 h—- —_—

HA-C | snrivp e T Y
Cyclin DL — A —

IHH-Fos j— - -
SHRNP  — e S m—

> 1.2 -

o 08

©

2 061 o mHC

B 04  _m IHH-Fos

2 02

0.0
0 30 60 120

Time (min) CHX treatment

Figure 3 Nuclear Cyclin D1 stability is increased by c-Fos overexpression.
IHH-C or IHH-Fos serum starved for 24 h were serum stimulated for 6 h and
then treated with CHX (30 pg/mL) for 30 min, 1 h or 2 h. Nuclear extracts were
immunoblotted with an antibody against Cyclin D1, and normalized with a
SnRNP antibody, as indicated (Upper panels). The Cyclin D1 over SnRNP ratios
were quantified by densitometric analysis of the immunoreactive bands (Lower
panel). The results are the mean + SE of three independent experiments.

phosphorylated GSK-3f3 between the two cell lines
by Western blot analysis. As shown in Figure 4A, the
levels of GSK3[ phosphorylation were much higher
in the nucleus of IHH-Fos than in IHH-C, both in
unstimulated and in serum stimulated conditions,
indicating higher basal, and induced levels of inactive
GSK-3p in IHH-Fos (Figure 4A). Therefore, a decrease
in active GSK-3f in IHH-Fos could be responsible for
the increased stability of nuclear Cyclin D1 after serum
stimulation.

Several signaling pathways are able to induce GSK-
3B phosphorylation, including the two main cascades
targeted by tyrosine kinase receptors: the phosphatidyl
inositol 3-kinase (PI3K) and the Ras/mitogen activated
protein kinase pathways”". Since the epidermal growth
factor receptor (EGF-R) is a known transcriptional target
of AP-1%?" we tested the hypothesis that overexpression
of EGF-R might contribute to high levels of GSK-3[3
phosphorylation in IHH-Fos. Quantitative RT-PCR analy-
sis revealed a 2.2-fold increase in the basal level of EGF-R
mRNA in IHH-Fos compared to IHH-C (Figure 4B).
Higher levels of EGF-R protein were also observed in
serum starved and serum-stimulated IHH-Fos compared
to IHH-C (Figure 4B), strongly indicative of increased
EGF-R signaling in c-Fos-overexpressing cells. Altogether,
these data suggest that increased EGF-R signaling might
contribute, at least partly, to increased levels of GSK-3[3
phosphorylation in IHH-Fos cells.

To demonstrate the implication of EGF-R in GSK-
3B-mediated Cyclin D1 stabilization, IHH-Fos cells were
treated with AG1478, a specific inhibitor of the EGF-R
tyrosine kinase before serum stimulation. Western blot
analysis indicated that AG1478 treatment did block the
phosphorylation of GSK-3f induced by serum (Figure
4C). Interestingly, the decrease in the nuclear level of
Cyclin D1 protein observed after a 2 h-CHX treatment
of IHH-Fos cells stimulated by serum was more impoz-
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Figure 4 Stimulation of EGF-R signaling by c-Fos overexpression. A: Total
and phosphorylated levels of nuclear GSK-B. IHH-C or IHH-Fos were serum
starved for 24 h. Nuclear extracts prepared from unstimulated (0 h), 8 h or 24 h
serum stimulated IHH-C or IHH-Fos, were immunoblotted with an antibody
against phosphorylated or total GSK3p. B: Upper panel, detection of EGF-R
mRNA in IHH-C and IHH-Fos by quantitative real time PCR analysis of mMRNA
isolated from cells grown in the presence of serum. Lower panel, Western blot
analysis of EGF-R in total cell extracts from IHH-C and IHH-Fos cells serum
starved for 24 h (0) or stimulated with serum for the indicated times; C: Serum
deprived IHH-Fos were pre-treated (+) or not (-) with AG1478 (10 umol/L) for 1 h.
Nuclear proteins were prepared from non stimulated and 8 h serum-stimulated
cells. Phosphorylated and total GSK3p levels were detected by Western blot;
D: Serum-deprived IHH-Fos were pretreated or not with AG1478 (10 umoliL)
for 1 h, then serum-stimulated for 6 h. Nuclear proteins were extracted before
(0 h, filled columns) or after 2 h (empty columns) of CHX treatment (30 pg/mL).
Cyclin D1 levels were quantified by Western blotting. The immunoreactive
bands were quantified by densitometric analysis after loading normalization of
the blot using a SnRNP antibody. The results are expressed as the % of Cyclin
D1/SnRNP expression and are the mean + SE of 3 independent experiments.
The lower panel illustrates one representative experiment.

tant in cells treated with AG1478 (50% decrease) than
in untreated cells (10% decrease), and the difference was
statistically significant (P < 0.05, Figure 4D), confirming
that blockade of EGF-R induced signaling in IHH-Fos
leads to a more rapid nuclear Cyclin D1 degradation.

DISCUSSION

Our results indicate that c-Fos overexpression accelerates
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cell growth under reduced serum concentration
suggesting that hepatocytes overexpressing c-Fos become
relatively independent of the presence of growth factors.
We show that c-Fos enhances DNA synthesis after
serum stimulation, and accelerates hepatocyte cell cycle
progtession without altering the overall distribution of
cells in each phase due to a proportional acceleration of
cell cycle kinetics in all phases.

Our results are at variance with those obtained in im-
mortalized murine hepatocytes™. In this model, c-Fos
conditional expression for 48 h was shown to decrease
cell growth and ["H]dT incorporation of cells grown in
serum-supplemented medium. Besides species differ-
ences (murine 5 human cells), the discrepancy in results
can be explained by the use of very different cellular
models which cannot be compared. The human hepa-
tocytes used in our study were immortalized by SV40
T antigen while murine hepatocytes were immortalized
using truncated c-Met?, Opverexpression of c-Fos in
our model was permanently established as the result of
stable transfection, while in Mikula’s study a c-Fos-estro-
gen receptor fusion protein was expressed for a limited
period (1-3 d) following estradiol treatment of the cul-
¥l Furthermore, the function of the conditionally
expressed c-Fos protein may have been modified, since

tures

gene fusion has been shown to alter the function of Fos
family proteins™,

We aimed to determine whether the positive role of
c-Fos on hepatocyte proliferation depicted in our study
was mediated through changes in cell cycle regulation.
Different studies have reported an effect of ¢fos gene de-
letion or c-Fos protein overexpression on Cyclin D1
Cyclin EPY or Cyclin AP? expression, depending on the
cell type studied. In our study, while the levels of Cyclin
E and A and their associated kinases varied with a similar
pattern in both cell types following serum stimulation, nu-
clear Cyclin D1 levels were higher in IHH-Fos compared
to IHH-C 8 h after serum re-feeding, Contrary to previ-
ous reports describing c-Fos as a transcriptional activator
of Cyclin D1"", the higher levels of nuclear Cyclin D1 in
IHH-Fos than in IHH-C wete not due to differences in
transcriptional regulation, but to increased protein stability
in the nucleus. A similar lack of correlation between Cy-
clin D1 mRNA and protein expression has been previous-
Iy described in an 7 vivo experimental model of HCCH.
Our results strongly suggest a mechanism whereby c-Fos
induces nuclear accumulation of Cyclin D1 without af-
fecting the total cellular amount of the protein.

The Cyclin D1 protein is quite unstable, with a half-
life of less than 30 min"". Tt accumulates in the nucleus
during the G1 phase and exits into the cytoplasm during
the S phase. Nuclear export of Cyclin D1, and its subse-
quent ubiquitination and proteolysis, are dependent on
phosphorylation on a single threonine residue (Thr-2806)
performed mainly by GSK—3BW], a protein kinase active
only when dephosphorylated. In contrast to Cyclin D1,
GSK-3p is predominantly cytoplasmic during G1 phase,
but a considerable amount becomes nuclear during S
phase™. We show herein that phosphorylated levels of
nuclear GSK-3f are higher in IHH-Fos than in IHH-C.

www.wjgnet.com

Lower levels of active GSK-3f3 would consequently lead
to a decrease in Cyclin D1 phosphorylation, resulting in
its nuclear accumulation in IHH-Fos. Since EGF-R is
a known transcriptional target of AP-1%77 we tested
the possibility that c-Fos overexpression increases the
activation of the pathways downstream to EGF signal-
ing. EGF-R activates both the PI3K and the mitogen-
activated protein kinase cascades”™, two upstream activa-
tors of GSK-3f3 phosphoryflation[24’3{']. In support of an
involvement of EGF-R signaling in GSK-3f3 inactivation
and nuclear cylin D1 stabilization, we show that IHH-
Fos display increased levels of expression of EGF-K
mRNA and protein than IHH-C. Furthermore, blocking
the activation of the EGF-R tyrosine kinase significantly
accelerates the rate of Cyclin D1 degradation assessed in
CHX experiments. Upregulated expression of EGF-R
is a frequent finding in HCCP™ and increased EGF-R
signaling has been associated with a poorer prognosis[m].
c-Fos is also frequently overexpressed in HCC tumoral
tissues” """ Our data, therefore, suggest that a causal
relationship could exist between c-Fos and EGF-R over-
expression in HCC.

Our finding of high levels of nuclear Cyclin D1 as-
sociated with c-Fos overexpression adds further support
for a contributing effect of c-Fos on HCC development.
Indeed, Cyclin D1 exit from the nucleus during S phase
is essential for regulated cell division, and its retention
in the nucleus is a cancer promoting or predisposing
event™. Thus, expression of a Cyclin D1 mutant that
cannot be phosphorylated by GSK-3f, and remains
nuclear throughout the cell cycle is highly transforming
[43]

and induces tumour growth in nude mice

32,44
P24 e also

In accordance with previous reports
found that p27 protein levels were higher in c-Fos over-
expressing cells. It is now well recognized that the family
of p21/p27 proteins plays a dual role in cell cycle regu-
lation. On one hand, they bind to cdk2 complexes and
inhibit their kinase activities. On the other hand, they are
able to promote the activation of Cyclin D1/cdk4-6 by
complex stabilization, and by facilitating the nuclear im-
port of these complexes, without inhibiting Cyclin D-as-
sociated kinase activity!” ™. In our study, higher levels
of p27 in IHH-Fos could, therefore, represent another
mechanism contributing to the increase in nuclear levels
of Cyclin D1, although the precise mechanisms linking
c-Fos and p27 overexpression are currently unknown.
Nevertheless, the mechanism is not at the level of tran-
scription, as indicated by our quantitative PCR analysis
(data not shown).

To conclude, our results clearly indicate a positive
role for c-Fos in cell cycle regulation in hepatocytes. Im-
portantly, we delineate a new mechanism by which c-Fos
could contribute to hepatocarcinogenesis through stabi-
lization of Cyclin D1 within the nucleus, evoking a new
feature to c-Fos implication in HCC.
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COMMENTS

Background

Human hepatocellular carcinoma (HCC) is the fifth most common cancer in
the world. Among the numerous genes potentially implicated in hepatocarcino-
genesis, the proto-oncogene c-Fos, a member of activating protein 1 (AP-1)
transcription factor is a good candidate. Apart from one study reporting a negative
role for c-Fos in hepatocellular tumorigenesis, several papers rather support a
positive role in this process. High expression levels of c-Fos were determined
in tumor tissue compared to the adjacent non-tumor liver in human HCC. How-
ever, in different cell types or tissues, the role of c-Fos in cell proliferation and/or
transformation remains controversial. This study was designed to determine
whether c-Fos could contribute to hepatocarcinogenesis by increasing cell
proliferation.

Research frontiers

The role of c-Fos on hepatocyte proliferation has never been studied in human
cells, but only in murine hepatocytes. These cells had been immortalized and
stably transfected by c-Fos using different techniques than those reported in the
present study. The authors showed that c-Fos overexpression led to decreased
hepatocyte proliferation. However, these results did not appear consistent with
most studies suggesting a positive role for c-Fos in hepatocarcinogenesis.
Innovations and breakthroughs

This study shows for the first time that c-Fos deregulates hepatocyte prolifera-
tion by stabilizing Cyclin D1 in the nucleus which is a cancer promoting or pre-
disposing event.

Applications

Strategies designed to suppress c-Fos expression in HCC could contribute
reducing hepatocyte proliferation and thereby cancer development.

Terminology

Human immortalized hepatocytes are hepatocytes which have been transfected
by SV40 T antigen, allowing them to proliferate when cultured contrary to nor-
mal hepatocytes. However these immortalized cells are not tumorigenic in vitro
and in vivo.

Peer review
This is an interesting study. Authors investigated the effect of stable c-Fos over-
expression on IHH proliferation.
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