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Cyclooxygenase-2 (COX-2) has been associated with cell
growth regulation, tissue remodeling, and carcinogene-
sis. Ectopic expression of COX-2 in hepatocytes consti-
tutes a nonphysiological condition ideal for evaluating
the role of prostaglandins (PGs) in liver pathogenesis.
The effect of COX-2-dependent PGs in chronic liver dis-
ease, hepatitis, fibrosis, and chemical hepatocarcino-
genesis, has been investigated in transgenic (Tg) mice
that express human COX-2 in hepatocytes and in Tg
hepatic human cell lines. We have used three dif-
ferent complementary approaches: i) diethylnitro-
samine (DEN)-induced chemical hepatocarcinogenesis
in COX-2 Tg mice, ii) DEN/phenobarbital treatment of
human COX-2 Tg hepatocyte-like cells, and iii) COX-2 Tg
hepatocyte-like cells implants in nude mice. The data
suggest that PGs produced by COX-2 in hepatocytes pro-
moted mild hepatitis in 60-week-old mice, as assessed
by histological examination, but failed to contribute to
the development of liver fibrogenesis after methionine-
and choline-deficient diet treatment. Moreover, liver in-
jury, collagen content, and hepatic stellate cell activa-
tion were equally severe in wild-type and COX-2 Tg
mice. The contribution of COX-2-dependent PGs to the
development of DEN-induced hepatocarcinogenesis
was evaluated in Tg mice, Tg hepatocyte-like cells, and
nude mice and the analysis revealed that COX-2 expres-
sion favors the development of preneoplastic foci with-
out affecting malignant transformation. Endogenous

COX-2 expression in wild-type mice is a late event in the
development of hepatocellular carcinoma. (Am J Pathol

2011, 178:1361–1373; DOI: 10.1016/j.ajpath.2010.11.074)

Hepatocellular carcinoma (HCC) is a neoplasm with in-
creasing incidence worldwide.1 Epidemiological studies
suggest that the major risk factors for HCC are persistent
infection with hepatitis B and C virus and exposure to
genotoxic and cytotoxic chemicals. All these factors
cause chronic liver injury and inflammation, conditions in
which hepatocytes die and resident inflammatory cells
(Kupffer cells), as well as newly recruited inflammatory
cells (macrophages, neutrophils, and natural killer and
natural killer T cells), are activated to produce cytokines
that conduct the compensatory proliferation of surviving
hepatocytes.2

Cyclooxygenases 1 and 2 (COX-1 and COX-2) cata-
lyze the first step in prostanoid biosynthesis. COX-1 is
constitutively expressed in many tissues; COX-2 is in-
duced by a variety of stimuli such as growth factors,
proinflammatory stimuli, hormones, and other cellular
stresses.3 Adult hepatocytes fail to induce COX-2 ex-
pression, regardless of the proinflammatory factors used;
however, Kupffer, stellate, hepatoma mouse liver cells,
and fetal hepatocytes retain the ability to express COX-2
on stimulation with lipopolysaccharide and pro-inflamma-
tory cytokines.4,5 In the case of hepatocytes, and only
under prolonged aggression, COX-2 is expressed as a
result of the drop of C/EBP� levels, among other condi-
tions.6 Thus, ectopic expression of COX-2 in hepatocytes
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constitutes an ideal condition for evaluating the role of
prostaglandins (PGs) in liver pathogenesis. In this re-
gard, we and others demonstrated that partial hepatec-
tomy7 induced COX-2 in hepatocytes and contributed to
the progression of cell cycle after partial hepatectomy.8,9

In addition to liver regeneration after partial hepatectomy
or hepatotoxic agents, expression of COX-2 has been
detected in animal models of cirrhosis,10 in human hep-
atoma cell lines,11,12 after hepatitis B virus and hepatitis
C virus infection,13,14 and in human HCC.15 High levels of
COX-2-derived prostaglandin E2 (PGE2) lead to a de-
crease in apoptosis, a modulation of the immune system
and a stimulation of cell migration, proliferation, and an-
giogenesis.16 Nonetheless, even though COX-2 expres-
sion is elevated in the early stages of HCC, many ques-
tions remain unsolved regarding the contribution of COX-
2-dependent PGs to induce tumorigenesis.

Studies with genetically altered mice have revealed
many genes associated with HCC. Such genes fall into
two categories: i) those that augment spontaneous HCC
and ii) those that increase the susceptibility to chemically
induced HCC. The HCC develops spontaneously in
transgenic mice overexpressing hepatitis B virus surface
antigen (HBsAg), transforming growth factor � the c-Myc
proto-oncogene,17 or the I�B kinase (IKK) subunit NEMO/
IKK�.18 HCC development is also augmented in mice
deficient in the Mdr2 P-glycoprotein transporter19 or car-
rying a lymphotoxin-transgene.20 Most of these mouse
strains display enhanced susceptibility to chemical car-
cinogens such as diethylnitrosamine (DEN), although the
molecular and cellular mechanisms involved are not well
understood.

To clarify the role of COX-2 in liver tumorigenesis, we
used transgenic mice expressing human COX-2 consti-
tutively in hepatocytes under the control of the human
ApoE promoter (COX-2 Tg)21 and hepatic human cell
lines carrying the COX-2 transgene. We sought to exam-
ine the response of the COX-2 transgenic (Tg) mice to the
DEN-induced HCC model. Our results show that COX-2
expression in hepatocytes caused mild hepatitis in aged
mice, but was not involved in the development of liver
fibrosis. COX-2 favored the development of preneoplas-
tic foci and adenomas, but it was not sufficient to signif-
icantly increase the malignant transformation induced by
DEN. Furthermore, endogenous COX-2 expression in
wild-type (WT) mice is a late event in the development of
HCC induced by DEN.

Materials and Methods

Chemicals

Antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA), Sigma-Aldrich (St. Louis, MO), Cell
Signaling Technology (Danvers, MA), and Cayman
Chemical (Ann Arbor, MI). Reagents were from Roche
Diagnostics (Mannheim, Germany) or Sigma-Aldrich.
DFU [5,5-dimethyl-3(3-fluorophenyl)-4-(4-methylsulfonyl)
phenyl-2(5H)-furanone] was from Merck (Darmstadt,

Germany). Reagents for electrophoresis were obtained
from Bio-Rad (Hercules, CA). Tissue culture dishes were
from Falcon (Becton Dickinson Labware, Franklin Lakes,
NJ). Tissue culture media were from Gibco (Invitrogen,
Grand Island, NY).

Cell Culture

The human liver cell line CCL-13 [Chang liver (CHL)], an
immortalized nontumor cell line derived from normal liver,
was purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA). Cells were grown on Falcon
tissue culture dishes in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (FBS)
and antibiotics (50 �g/ml each of penicillin, streptomycin,
and gentamicin) at 37°C in a humidified, 5% CO2-en-
riched atmosphere.

Characterization of COX-2 Vectors

pEGFP-N1 was obtained from Clontech (Mountain View,
CA) and pPyCAGIP was a gift from Dr. I. Chambers
(University of Edinburgh, Edinburgh, Scotland). Human
COX-2 ORF was amplified by PCR from human full-length
COX-2 cDNA cloned into pcDNA1/Amp, a gift from Dr. S.
Prescott (Huntsman Cancer Institute, Salt Lake City, UT).
The PCR product was cloned into the XhoI-EcoRI restric-
tion site of pEGFP-N1 vector, so that it is in lecture frame
with the green fluorescent protein (GFP) coding se-
quence. We then subcloned the hCOX-2/GFP fusion se-
quence into the XhoI-NotI restriction site of pPyCAGIP
vector. pPyCAGIP-GFP construct was obtained by re-
striction digestion and subcloning from pEGFP-N1 vec-
tor. The orientation and integrity of the constructs were
determined by sequencing.

Generation of Stable hCOX-2 Cells

For plasmid transfections, attached CHL cells at 50%
confluence were exposed for 24 hours to Fugene 6 re-
agent (Roche Applied Science, Indianapolis, IN) contain-
ing pPyCAGIP-hCOX-2-GFP or control vector pPyCAGIP-
GFP. At the end of this period, the transfection medium
was replaced with fresh medium containing 10% FBS; on
the second day after transfection, the cells were plated at
25% confluence in medium supplemented with 3 �g/ml
puromycin. Single colonies of resistant cells were detect-
able after approximately 12 days and were selected and
subcultured for 30 days. Subsequent cultures of selected
cells were grown in the presence of puromycin. Cells
stably expressing hCOX-2-GFP or GFP proteins were
termed CHL-C and CHL-V, respectively. At 18 hours be-
fore experiments, the culture medium was replaced with
fresh medium containing 1% FBS. For the in vitro pheno-
barbital (PB)/DEN protocol, CHL-C and CHL-V cells were
incubated with 1.5 mmol/L PB for 16 hours followed by 15
mmol/L DEN for 24 to 48 hours. These cells were also

used for tumorigenesis experiments in nude mice.
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Animal Experimentation

Hepatocyte COX-2 transgenic mice (25 to 30 g body
weight; 4 months of age) on a C57BL6J � DBA back-
ground were used in this study, along with corresponding
age-matched WT mice.21 The animals were housed on a
12-hour light/dark cycle in an air conditioned room at
25°C with food and water available ad libitum and were
treated according to the Institutional Care Instructions
(Bioethical Commission, Spanish National Research
Council–CSIC). In some experiments, 60-week-old mice
were analyzed. Liver fibrosis was induced by feeding the
animals with a diet deficient in methionine and (MCD diet)
(TD 90262; Harlan Laboratories, Madison, WI). The ani-
mals were sacrificed after 15 weeks of treatment, and
their body weights were recorded before the liver tissues
were used for analysis (n � 8 to 9).

To induce HCC, DEN (25 mg/kg; Sigma-Aldrich) was
injected intraperitoneally into 14-day-old mice. Mice were
sacrificed at 10, 25, or 40 weeks after DEN treatment.
Body and liver weights were recorded, and livers were
removed and separated into individual lobes. Exter-
nally visible tumors (�0.5 mm) were counted and mea-
sured by stereomicroscopy. It is relevant to note that
DEN is a poor carcinogen on its own in mice of a C57BL6
genetic background, but the hybrid genetic background
C57BL6J � DBA that we used is much more susceptible
to DEN treatment.22 Liver tissues were snap-frozen in
liquid nitrogen, stored at �80°C, and collected in a so-
lution containing 30% sucrose in PBS or fixed in 10%
buffered formalin. Plasma was obtained by puncture of
the retro-orbital venous plexus.

Female athymic nu/nu mice (6 weeks old) were ob-
tained from Charles River Laboratories (Wilmington, MA).
The animals were kept under pathogen-free conditions
and were given an autoclaved standard diet and water ad
libitum. CHL-C or CHL-V cells (4 � 106) suspended in
PBS were injected in one flank of the nu/nu mice, along
with the corresponding control, depending on the treatment
of the cells in the other flank (4 mice per condition). Tumor
growth was monitored weekly by two-dimensional measure-
ments using a vernier caliper. The formula (L/2) � (W/2) �
� (where L is the maximum diameter of each tumor and W
is the length at right angles to L) was used to calculate the
maximal tumor surface area. After 32 days, mice were sac-
rificed by cervical dislocation before the tumor burden
caused any obvious morbidity. The final tumor size and
weights were recorded.23

RNA Isolation

Total RNA of liver biopsy samples was extracted by using
TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA (1
�g) was reverse-transcribed using a Transcriptor first
strand cDNA synthesis kit according to the manufactur-
er’s instructions (Roche Applied Science). For transcrip-
tional profiling analyses, total RNA was further cleaned
using the Qiagen RNeasy mini kit (Valencia, CA; Hilden,
Germany) with one step of DNase I digestion according

to the manufacturer’s instructions. Three micrograms
RNA were used for cDNA synthesis with the RT2 First
Standard kit (SuperArray Bioscience, Frederick, MD).

Quantitative Real-Time PCR Analysis

The qPCR analysis was performed with a MyiQ real-time
PCR system (Bio-Rad) sequence detector using the Sso-
Fast EvaGreen polymerase method (Bio-Rad) and d(N)6
random hexamer with the following primers: hCOX-2 F
5=-CGCAGTACAGAAAGTATCACAGGC-3= and R 5=-GCG-
TTTGCGGTACTCATTAAAA-3=;36b4F5=-ACTGGTCTAG-
GACCCGAGAAG-3= and R 5=-TCCCACCTTGTCTCCAG-
TCT-3=; Ccne1 F 5=-TTCTGCAGCGTCATCCTCT-3= and R
5=-TGGAGCTTATAGACTTCGCACA-3=; and Myc F 5=-CCTA-
GTGCTGCATGAGGAGA-3= and R 5=-TCTTCCTCATCTTCT-
TGCTCTTC-3=.Specific primers were purchased from Invitro-
gen. PCR thermocycling parameters were 95°C for 30
seconds, 40 cycles of 95°C for 5 seconds, and 60°C for 10
seconds. Each sample was run in triplicate and was normal-
ized to 36b4 RNA. The replicates were then averaged, and
fold induction was determined in a ��CT-based fold-change
calculations.

Histochemistry Analysis

Samples of liver were fixed in 10% buffered formalin,
embedded in paraffin wax, sectioned at 4-�m thick-
ness, and stained with H&E. Histopathology analysis
was performed by the Department of Medicine and
Animal Surgery from Faculty of Veterinary, Madrid, Spain.
Immunohistochemical staining was performed using the
streptavidin-biotin-peroxidase complex method as de-
scribed previously.24 Histological sections were stained
following standard procedures with an antibody against
the active form of caspase 3 (R&D Systems, Minneapolis,
MN) or Ki-67 (Novocastra, Newcastle Upon Tyne, UK).
Five entire areas of each tissue section (500 cells) were
counted.

Western Blot Analysis

Extracts from tissue samples (50 to 100 mg) or cells (2 to
3 � 106) were obtained as previously described.21 For
Western blot analysis, whole-cell extracts were boiled for
5 minutes in Laemmli sample buffer, and equal amounts
of protein (20 to 30 �g) were separated by 10% to 15%
SDS-polyacrylamide electrophoresis gel. The relative
amounts of each protein were determined with the follow-
ing polyclonal or monoclonal antibodies: COX-2 and
COX-1 (from Cayman Chemical and Santa Cruz Biotech-
nology); cyclin E, PCNA, p53, and c-Jun (Santa Cruz
Biotechnology); p38MAPK (Thr180/Tyr182), p38 MAPK,
p-Erk (Thr202/Tyr204), Erk, p-JNK (Thr183/Thy185), JNK,
p-Stat3 (Tyr705), Stat3, and cleaved caspase-3 (Cell Sig-
naling Technology); MMP-9 (Chemicon International, Te-
mecula, CA); and �SMA (Sigma-Aldrich) After incubation
with the corresponding anti-rabbit or anti-mouse horserad-
ish peroxidase conjugated secondary antibody, blots were
developed by the enzymatic chemiluminescence protocol
(Amersham–GE Healthcare, Chalfont St. Giles, UK). Target

protein band densities were normalized with �-actin. The



1364 Llorente Izquierdo et al
AJP March 2011, Vol. 178, No. 3
blots were revealed, and different exposition times were
performed for each blot with a charged coupling device
camera in a luminescent image analyzer (Gel-Doc; Bio-
Rad) to ensure the linearity of the band intensities. Densito-
metric analysis was expressed in arbitrary units.

Cell Viability

To perform the growth rate analysis, cells were trypsinized
and stained with trypan blue at the indicated times, and the
cells that excluded trypan blue were counted under the
microscope. Cell viability was measured using the MTT
assay, 3-(4,5-dimethylthiazol-2-yl)-2,5=-diphenyltetrazo-
lium bromide. Cells (3 � 103) were seeded on 96-well
plates in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS. After incubation with the PB/DEN-
protocol, cells were treated with 10 �L of MTT solution (0.3
mg/ml) for 1 hour at 37°C. The medium was removed and
dimethyl sulfoxide was added to dissolve the blue formazan
residue. The optical density was measured at 550 nm.

Determination of Metabolites

PGE2 was determined in liver tissue by specific immuno-
assay (GE Healthcare).21 Alanine transaminase, aspar-
tate transaminase, alkaline phosphatase, and lactate de-
hydrogenase were assayed spectrophotometrically in
plasma at the School of Clinical Biochemistry, Faculty of
Pharmacy, Complutense University, Madrid, Spain. Pro-
tein levels were determined with Bradford reagent (Bio-
Rad). To quantify collagen content, hepatic hydroxypro-
line was assayed according to the instructions of a
hydroxyproline ELISA kit (Antibodies-online, Aachen,
Germany).
Measurement of Oxidative DNA Damage and
Intracellular Redox State

Oxidative damage of DNA was analyzed in cultured cells
under different treatments by measuring the levels of 8-hy-
droxy-2-deoxyguanosine (8-OH-dG) by immunoassay ac-
cording to the manufacturer’s instructions (StressMarq Bio-
sciences, Victoria, BC, Canada). The oxidation-sensitive
fluorescent probe 2=,7=-dichlorodihydrofluorescein diace-
tate (H2DCFDA) and the oxidative-insensitive analog car-
boxy-DCFH-DA (Invitrogen) were used to analyze the total
intracellular content of reactive oxygen species (ROS);
the analog is a nonoxidable fluorescent probe that does
not change its fluorescence in the presence of ROS. The
fluorescent probe monochlorobimane (Sigma-Aldrich)
was used to analyze the total intracellular content of re-
duced glutathione. After treatment and at the indicated
times, cells were incubated with 2.5 �mol/L H2DCFDA
(30 minutes, 37°C), 2.5 �mol/L carboxy-DCFH-DA, or 2
mmol/L monochlorobimane (1 hour, 37°C) in Hanks’ bal-
anced salt solution without phenol red, lysed with a buffer
containing 25 mmol/L HEPES pH 7.5, 60 mmol/L NaCl,
1.5 mmol/L MgCl2, 0.2 mmol/L EDTA, and 0.1% Triton
X-100 (10 minutes, 4°C), and then transferred in dupli-
cate into a 96-well plate. Fluorescence was measured in
a microplate fluorescence reader and normalized with
protein content.

Soft Agar Assays

Cells (3 � 104) were suspended in 1.5 ml of Dulbecco’s
modified Eagle’s medium containing 0.4% of low-melting-
point agarose (type VII; Sigma-Aldrich) and 10% FBS,
and seeded onto a coating of 1% low-melting-point aga-

Figure 1. Aged COX-2 Tg mice developed sub-
clinical hepatitis. A: Human COX-1 and COX-2
protein expression in liver homogenates from
WT and Tg animals at 16 and 60 weeks of age
detected by Western blot and normalized with
�-actin. B: qPCR analysis of COX-2 mRNA expres-
sion. COX-2 mRNA amounts were calculated as
relative quantity (RQ) and normalized to the ex-
pression of 36b4 mRNA. Values represent fold
change relative to COX-2 Tg 16 weeks. C: Intrahe-
patic PGE2 concentration was determined by en-
zyme immunoassay in liver homogenates. D: Plasma
levels of aspartate transaminase (AST) and alanine
transaminase (ALT) were assayed spectrophoto-
metrically E: H&E staining of liver sections of 16-
and 60-week-old WT and Tg mice. Inflammatory
foci are indicated with arrows. Micrographs
were taken with a Color View Camera in a
Vanox Olympus microscope at 20� magnifica-
tion. Scale bar � 100 �m (for all images). Data
are reported as means � SD of six animals per
condition. **P � 0.001 vs the corresponding
matched animals. Wk, week.
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rose in complete culture medium. Every 4 days, the me-
dium was removed and replaced with fresh medium.
Cells were incubated for 21 days; the colonies containing
more than 50 cells were counted after stained with 0.5%
MTT for 1 hour at room temperature. The number of
colonies was quantified by soft agar analysis with the
software Analysis auto from Olympus (Wendenstrasse,
Hamburg, Germany).

Transcriptional Profiling of COX-2 Tg Liver after
DEN Treatment

The mouse cancer PCR array was performed according
to the manufacturer’s protocol, using the Profiler PCR
array system and the SYBR Green/fluorescein qPCR
master mix (SuperArray Bioscience) on a MyiQ Real-Time
PCR System (Bio-Rad). Gene expression was compared
using a Web-based software package for the PCR array
system (http://www.sabiosciences.com/pcr/arrayanalysis.
php); this software automatically performs all ��CT based
fold-change calculations from the specific uploaded raw
threshold cycle data.

Figure 2. COX-2 expression in hepatocytes did not mediate the developme
14) and Tg (n � 14) mice after the MCD diet. C: H&E and Masson’s trichrom
15 weeks. Micrographs were taken with a Color View Camera in a Vanox Oly

E: �-SMA, MMP-9, COX-2 protein expression measured by Western blot (D) and hyd
diet. Data are reported as means � SD of six animals per condition.
Data Analysis

Statistical analyses were performed using the SPSS
package version 17 (SPSS, Chicago, IL). Data are ex-
pressed as means � SD. Statistical significance of dif-
ferences between the control and transgenic groups was
evaluated by the U of the Mann-Whitney U-test. The as-
sociation of histological analysis was assessed using
Fisher’s exact test. Curves for overall survival were gen-
erated using the Kaplan-Meier method. All tests were
calculated two-tailed, and the significance level was set
at P � 0.05.

Results

COX-2 Tg Mice Developed Subclinical Hepatitis

hCOX-2 mRNA and protein were detected in COX-2 Tg
mice, and intrahepatic PGE2 levels were threefold higher
compared with WT mice. The expression of hCOX-2,
COX-1, and PGE2 was similar between 16- and 60-week-
old COX-2 Tg mice (Figure 1, A–C). No significant differ-
ences were observed between old WT and Tg mice in
body weight (38.8 � 2.3 g vs 41.1 � 1.8 g), liver weight

er fibrosis. Survival curves (A) and the loss of body weight (B) of WT (n �
ing of liver sections of WT and Tg mice after the MCD diet and sacrificed at
icroscope at 20� magnification. Scale bar � 100 �m (for all images). D and
nt of liv
e stain
mpus m
roxyproline levels analyzed by ELISA (E) in WT and Tg liver after the MCD

http://www.sabiosciences.com/pcr/arrayanalysis.php
http://www.sabiosciences.com/pcr/arrayanalysis.php
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(1.9 � 0.1 g vs 2.1 � 0.1 g), and alanine transaminase
and aspartate transaminase (Figure 1D). Nevertheless,
inflammatory foci, composed mainly of lymphocytes,
were seen in the livers of 60-week-old Tg mice, com-
pared with WT mice, indicating that the expression of the
COX-2 transgene causes subclinical hepatitis at 60
weeks of age (Figure 1E).

COX-2 Expression in Hepatocytes Did Not
Mediate the Development of Liver Fibrosis

Similar survival curves and changes in body weight were
observed in WT and COX-2 Tg mice fed with the MCD
diet (Figure 2, A and B). Feeding with the MCD diet for 15
weeks induced significantly higher plasma alanine
transaminase levels than in the corresponding control
(320 � 20 vs 40 � 7 UI/L and 250 � 32 vs 25 � 4 UI/L for
WT and Tg mice, respectively). Liver histology of WT
and Tg mice fed with the MCD diet (Figure 2C) showed
fatty liver degeneration, although Masson’s trichrome
staining (collagen content) did not show significant
differences between WT and Tg mice. To evaluate liver
fibrosis in a quantitative manner, the levels of hydroxy-
proline and the amount of �-smooth muscle actin (�-
SMA) and matrix metalloproteinase 9 (MMP-9) were
measured as markers of hepatic stellate cell activation
and liver fibrotic stage. The MCD diet induced both
�-SMA and MMP-9 expression (control levels of �-SMA
and MMP-9 without the MCD diet were undetectable;
data not shown) and increased hydroxyproline content

Figure 3. Effects of hepatic COX-2 expression
on tumor development. A: Survival curves of WT
and Tg mice injected with DEN (25 mg/kg) at 2
weeks of age (n � 36). B: Gross liver features
after 10, 25, and 40 weeks of DEN treatment in
WT and Tg mice. C: H&E staining of liver sec-
tions in WT and Tg mice after 10, 25, and 40
weeks of DEN treatment. Lesions are indicated
by arrows. Inset: Lung metastases. Micrographs
were taken with a Color View Camera in a Vanox
Olympus microscope at 20� magnification. Scale
bar � 100 �m (for all images in C). D: Cell prolif-
eration and apoptosis were analyzed in liver sec-
tions from WT and Tg mice after DEN treatment by
Ki-67 and active caspase 3 staining. Inset: Positive
control of murine thymic lymphoma section. A
representative Western blot of cleaved caspase 3
is shown. C� is a liver extract from WT mice
treated with lipopolysaccharide (35 �g/kg)/
D-Galn (1g/kg). The percentage of mitotic cells
was quantified at 25 and 40 weeks after DEN
treatment. Data are reported as means � SD of
five sections per animal (n � 3). E: Endogenous
COX-2 expression was detected in tumor tissue
from WT liver at 40 weeks after DEN treatment.
Data are reported as means � SD of 12 animals
per condition. *P � 0.05 and **P � 0.001 tumor
vs paired control tissue.
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(Figure 2, D and E); however, COX-2 expression in Tg
mice did not affect liver fibrosis. Endogenous COX-2
expression was slightly induced by the MCD diet in
WT mice.

Effects of Hepatic COX-2 Expression on Tumor
Development

To determine the role of COX-2 in HCC induction, WT and
Tg mice were injected with DEN (25 mg/kg) at postnatal
day 14 and were sacrificed at 10, 25, or 40 weeks after
treatment. The survival of mice, the liver/body weight
ratio, and tibial size are shown in Figure 3A and Table 1.
A macroscopic view of representative WT and COX-2
livers is shown in Figure 3B. Analysis of plasma levels of
liver injury markers after DEN treatment are given in Table
1. There was an important increase of aspartate transam-
inase, alanine transaminase, and LDH after DEN treat-
ment in the Tg mice, but liver injury was similar in WT and
Tg mice. Morphometric analysis revealed no differences
in the number, size, or volume of detectable tumors (Ta-
ble 2). Histological analysis confirmed that all tumors at
40 weeks after DEN treatment, both in WT and Tg mice,
corresponded to liver carcinoma (Figure 3C). The histo-
pathological analysis of the liver biopsies indicated that
the incidence of preneoplastic lesions was higher in
COX-2 Tg than in WT mice 10 weeks after DEN treatment
(25% vs 8%), but these changes did not reach statistical

Table 1. Body and Liver Weight, Tibia Length, and Plasma Leve
Treatment

Treatment
Body weight

(g)
Liver weight

(g)
Tibia leng

(cm)

WT
DEN10 32.6 � 4.1 1.6 � 0.2 2.2 � 0.1
DEN25 41.8 � 2.8 2.7 � 0.7 2.3 � 0.1
DEN40 36.7 � 0.7 5.3 � 1.4 2.3 � 0.1

Tg
DEN10 30.5 � 2.7 1.5 � 0.1 2.2 � 0.1
DEN25 42.7 � 6.1 2.5 � 0.7 2.3 � 0.1
DEN40 37.1 � 9.4 4.2 � 0.8 2.3 � 0.1

Both WT and Tg mice were given diethylnitrosamine starting at 2 wee
DBA background were used, along with corresponding age-matched WT
ALT, alanine transaminase; AST, aspartate transaminase; DEN, diethylni

*Plasma levels of AST, ALT, and LDH were assayed spectrophotomet
and LDH of WT vs Tg mice were 84 � 16 vs. 71 � 12 UI/L, 39 � 7 vs. 2

Table 2. Morphometric Analysis and Incidence of Pathological S

Treatment
Sample

size

Tumors,
�0.5 mm

(no.)

Tumor
area
(%)

Maxim
size
(mm

WT
DEN10 12 0 0 0
DEN25 12 42.5 � 9.4 8.0 � 2.6 6.8 �
DEN40 12 38.7 � 0.5 43.7 � 3.9 19.3 �

Tg
DEN10 12 0 0 0
DEN25 12 59.2 � 11.8 8.8 � 2.38 5.5 �
DEN40 12 43.0 � 6.3 43.5 � 6.0 14.7 �
*P � 0.05 vs. WT.
significance (P � 0.053). At the end of DEN treatment (40
weeks), similar HCCs were detected in WT and Tg liver,
although a high pulmonary metastatic incidence was
seen in Tg mice (Table 2).

Next, we measured the apoptotic rate in WT and Tg
liver at 25 and 40 weeks after DEN treatment by quanti-
fying the percentage of cells with active caspase 3 and
the mitotic index measured by Ki-67 immunohistochem-
istry. Caspase 3 staining was not detected, nor cleaved
caspase 3 (measured by Western blotting), and Ki-67
was similar in both WT and Tg liver (Figure 3D). DEN
treatment has been reported to decrease CYP2E1 lev-
els,25 but in the present study the expression was similar
between WT and Tg mice, suggesting that COX-2 does
not affect DEN bioactivation (data not shown). Of note,
endogenous COX-2 expression was detected in tumors
of WT mice at 40 weeks after DEN treatment (Figure 3E).

COX-2 Tg Liver Tumors Showed an Increase in
Cyclin E1 and c-Myc

To better understand how COX-2 accelerates the initial
events of liver tumorigenesis induced by DEN, cell cycle
regulators and tumor suppressors in tumor and nontumor
samples were analyzed. No changes were observed in the
protein levels of p53, PCNA, cyclin E1, and c-Jun at 10
weeks after treatment (Figure 4A). At 25 weeks, significant
differences were observed in cyclin E levels in tumor versus

ver Injury Markers in WT and COX-2 Tg Mice after DEN

Liver/body
ratio

AST*
(UI/L)

ALT*
(UI/L)

LDH*
(UI/L)

0.05 240 � 120 95 � 60 500 � 260
0.07 215 � 70 100 � 30 1015 � 310
0.15 160 � 50 160 � 30 630 � 220

0.05 300 � 180 83 � 60 470 � 290
0.06 230 � 140 97 � 40 1080 � 580
0.11 210 � 130 195 � 140 1140 � 750

e for 10, 25, or 40 weeks. Hepatocyte COX-2 Tg mice on a C57BL6J �
1 Results are reported as mean � SD of 10 to 12 animals per condition.
e; LDH, lactate dehydrogenase; Tg, transgenic; WT, wild type.

t the indicated times after DEN treatment. The control levels of AST, ALT,
UI/L, and 47 � 9 vs. 33 � 6 UI/L, respectively.

Livers of WT and COX-2 Tg Male Mice after DEN Treatment

Preneoplastic
lesions, no.

(%)

Adenomas,
no.
(%)

Hepatocellular
carcinomas,

no. (%)

Lung
metastasis,

no. (%)

1 (8) 0 (0) 0 (0) 0 (0)
1 (8) 11 (92) 0 (0) 0 (0)
0 (0) 0 (0) 12 (100) 3 (25)

3 (25) 0 (0) 0 (0) 0 (0)
0 (0) 12 (100) 0 (0) 0 (0)
0 (0) 0 (0) 12 (100) 8 (67)*
ls of Li

th

ks of ag
mice.2

trosamin
igns in

al

)

1.5
2.4

1.1
0.7
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normal tissue. Furthermore, cyclin E levels were significantly
increased in Tg versus WT liver. At 40 weeks after DEN
treatment, a significant decrease of p53 and a significant
increase of PCNA, cyclin E, and c-Jun levels were detected
in tumor versus paired control tissue from both WT and Tg
liver and in Tg liver versus WT (Figure 4, A and B).

To gain further insight into the response to DEN in WT
and Tg liver, a specific mouse cancer microarray was
used. The magnitude of changes and the corresponding
statistical significance of the 84 genes analyzed are sum-
marized in Figure 4, C and D, and in Table 3. We sorted
the candidate genes whose expression threshold after
DEN treatment was altered more than twofold (Figure
4D), including Ccne1 (cyclin E1), Chek2, Myc, Tnfrsf10b,

and Thbs1 in Tg mice at 25 weeks after DEN treatment, all
of them related with cell proliferation. These results were
validated by qPCR (Figure 4E).

Effect of DEN on CHL Cells Expressing a COX-2
Transgene

To investigate more deeply the molecular mechanisms
triggered by COX-2/PGE2 in the chemical carcinogenesis
induced by DEN, a human CHL cell line stably trans-
fected with an hCOX-2-GFP expression vector or control
vector and treated with an in vitro PB/DEN induction pro-
tocol. The hCOX-2 was expressed only in CHL-C cells
(Figure 5, A and B). Moreover, CHL-C cells released

Figure 4. COX-2 Tg liver tumors showed an
increase in cyclin E1 and c-Myc. A: Nontumor
liver (NT) and HCC (T) were analyzed for cell
cycle and tumor suppressors associated pro-
teins. Representative Western blots showing the
expression of p53, PCNA, cyclin E and c-Jun in
WT and Tg mice. B: Densitometric analysis of
the expression of the proteins in WT and Tg
mice after DEN treatment. Data are reported as
means � SD of 12 animals per condition.
*P � 0.05 and **P � 0.001 tumor vs paired
control tissue. ***P � 0.05 COX-2 Tg vs WT mice
treated under identical conditions. C and D: Col-
orimetric diagram of 84 cancer-related genes
(C) and fold change (D) for genes whose tran-
scription is up- or down-regulated twofold in
COX-2 Tg mice at 25 weeks after DEN treat-
ment. Data are reported as means of four an-
imals per condition. E: Validated array results
from qPCR analysis. mRNA amounts were cal-
culated as RQ and were normalized to the
expression of 36b4 mRNA. *P � 0.05 and **P �
0.001 for COX-2 Tg or WT after DEN treatment
vs WT mice without treatment. ***P � 0.001 for
COX-2 Tg vs WT mice treated under identical
conditions.
significantly greater quantities of PGE2 into the culture
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medium than did CHL-V (Figure 5C). The contribution of
COX-2 to this process was confirmed by the inhibition of
PGE2 synthesis after treating the cells with 5 �mol/L DFU.
The CHL-C cell number after 72 hours of culture in 10%
(v/v) FBS was greater (150%) than that of CHL-V (Figure
5D). COX-2/PGE2 levels were not modified by the effect
of PB/DEN treatment (data not shown).

Next, we evaluated the contribution of COX-2 activity to
cell viability after PB/DEN treatment, assessed by the
MTT reduction assay. No significant differences were
found between CHL-V and CHL-C cells, although DEN
treatment decreased cell survival by approximately 50%
(Figure 5E). Similar results were obtained when LDH ac-
tivity was measured (data not shown). Oxidative damage
of DNA was analyzed by measuring the 8-OH-dG levels,
and CHL-C cells exhibited a higher content (1.6 fold) of
8-OH-dG than CHL-V after DEN treatment (Figure 5F).
ROS production was analyzed in CHL-V and CHL-C cells
after DEN treatment, and ROS production was signifi-
cantly increased in CHL-C cells, compared with CHL-V
without DEN treatment (1.5 fold) (Figure 5G). No differ-
ences in fluorescence between cells were found when
carboxy-DCFH-DA was used (0.52 vs 0.48 fluorescence
units/mg protein for CHL-V and CHL-C, respectively). As
expected, the levels of glutathione were lower in the CHL-C
cells without treatment (Figure 5H). To identify signaling path-
ways that affect hepatocyte proliferation, we examined the
phosphorylation of several protein kinases. An increase in the
p-JNK1/JNK1, p-Erk/Erk, p-p38/p-38, and p-Stat3/Stat3 ratios
was observed in both CHL-V and CHL-C cells after 2 to 4
hours of PB/DEN treatment, with some significant differences
(Figure 6, A and B).

Transforming Activity and Growth of CHL Cells
Implants in Nude Mice

The proliferation of CHL-V and CHL-C cells with and
without PB/DEN treatment was compared by soft-agar
colony formation assays. The number and size of the
colonies formed by CHL-C cells treated with PB/DEN

Table 3. Heat Map Data for Gene Expression

Layout 1 2 3 4 5 6

A Akt1 Akt2 Angpt1 Apaf1 Atm Bad
�1.16 �1.42 �1.01 1.02 �1.09 1.17

B Ccnd1 Ccne1 Cdc25a Cdh1 Cdk2 Cdk4
1.00 4.19 1.15 1.03 �1.68 1.38

C E2f1 Egfr Ets2 Fas Fgf1 Fgfr2
1.35 �1.13 �1.01 1.22 �1.26 �1.31

D Itga2 Itga3 Itga4 Itgav Itgb1 Itgb3
1.27 1.10 1.43 1.20 �1.08 1.05

E Mmp2 Mmp9 Mta1 Mta2 Muc1 Myc
1.52 �1.15 �1.18 1.15 �1.37 2.78

F Pik3r1 Plau Plaur Pten Raf1 Rb1
1.30 1.52 1.38 �1.07 �1.17 1.03

G Tgfb1 Tgfbr1 Thbs1 Timp1 Tnf Tnfrsf10
1.38 �1.06 2.37 �1.20 �1.45 2.07

Gene expression between Tg and WT mice at 25 weeks after DEN
package for the Profiler PCR array system (SABiosciences-Qiagen, Fre
automatically performs all ��CT-based fold-change calculations from the
were similar to those formed by CHL-V (Figure 7, A–C).
Finally, we evaluated the growth of transplanted CHL-V
and CHL-C cells with and without PB/DEN treatment in
nude mice. PB/DEN treatment increased the tumor area
at the end of the treatment by 1.7 and 3.2 fold in CHL-V
and CHL-C, respectively (Figure 7D). Of note, a signifi-
cant increase in tumor area due to the effect of COX-2-
dependent PGs was observed (2.2 fold) (Figure 7E).

Discussion

In the present study, we analyzed the role of COX-2 in the
development of chronic liver disease, hepatitis, fibrosis,
and chemical hepatocarcinogenesis, by using both in
vivo and in vitro models of constitutive COX-2 expression
and elevated PGE2 synthesis in the hepatocyte. Our re-
sults demonstrate that aged COX-2 Tg mice develop
mild hepatitis, but COX-2 does not appear to mediate the
development of liver fibrosis. COX-2 favors early assess-
ment of preneoplastic foci, but it is not sufficient to enhance
malignant transformation and HCC induced by DEN.

Ectopic expression of COX-2 in hepatocytes consti-
tutes a nonphysiopathological condition26 and, therefore,
the generation and characterization of COX-2 genetically
altered mice models may help to clarify the phenotypic
changes related to COX-2 activity in normal hepatocytes
and might facilitate the identification of the mechanisms
by which COX-2 contributes to liver pathology. In previ-
ous work, we generated and partially characterized the
first model of Tg mice carrying human hCOX-2 under the
control of the human Apo E promoter.21 Prostaglandin
synthesis in hepatocytes exerted an efficient protection
against acute liver injury by antiapoptotic/antinecrotic
mechanisms and by accelerating early hepatocyte pro-
liferation.27 Recently, two other models of COX-2 Tg mice
have been published, in which COX-2 is expressed un-
der the control of the transthyretin promoter28 or the al-
bumin enhancer promoter29; on challenge with proinflam-
matory stimuli, the animals behave very differently.
Expression of COX-2 under the albumin-enhancer pro-
moter produces very low levels of PGE2, and animals

7 8 9 10 11 12

x Bcl2 Bcl2l1 Birc5 Brca1 Casp8
1.08 1.14 1.20 1.27 1.12 1.32
kn1a Cdkn2a Cflar Chek2 Col18a1 Ctnnb1
1.75 1.36 1.23 2.8 1.28 �1.27
f Fos Grb2 Hgf Ifnb1 Igf1
1.29 �1.64 1.09 1.10 �1.20 �1.50
n Kiss1 Map2k1 Mcam Mdm2 Met
1.61 �1.28 1.08 1.29 �1.12 �1.22
am1 Nfkb1 Nfkbia Nme4 Pdgfa Pdgfb
1.04 1.07 �1.17 �1.31 �1.04 1.09
00a4 Serpinb2 Serpine1 Syk Tek Tert
1.30 �1.20 �1.19 1.42 1.12 �1.66
frsf1a Trp53 Twist1 Vegfa Vegfb Vegfc
1.05 �1.03 �1.03 1.03 1.48 1.36

t was compared using RT2 Profiler version 3.2, a Web-based software
MD; http://www.sabiosciences.com/pcr/arrayanalysis.php); this software

ic uploaded raw threshold cycle data.
Ba
�

Cd
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over, in the same model, this COX-2 transgene acceler-
ates endotoxin-induced acute liver failure29 but prevents
Fas-induced liver injury.30 The expression of hCOX-2 un-
der the transthyretin promoter produced the highest lev-
els of intrahepatic PGE2 and induced hepatitis in animals
more than 12 months of age, characterized by the acti-
vation of NF-�B, stimulation of the secretion of proinflam-
matory cytokines, and enhanced macrophage and lym-
phocyte infiltration.28 These data are in agreement with

the results we observed in aged animals.
Chronic liver injury can promote fibrosis, characterized
by proliferation of hepatic stellate cells and their change to
myofibroblast-like cells, leading to extracellular matrix and
collagen accumulation. Activated hepatic stellate cells but
not quiescent hepatic stellate cells express COX-2, sug-
gesting that this pathway has an active role in hepatic fibro-
genesis. Nonetheless, data regarding the role of COX-2 on
liver fibrotic process are controversial, with reports describ-
ing both exacerbation of fibrogenesis31 and amelioration of

Figure 5. Characterization of CHL cells express-
ing COX-2 after DEN treatment. CHL cells were
stably transfected with empty pPyCAGIP-GFP
vector (CHL-V) or pPyCAGIP-hCOX-2-GFP en-
coding human COX-2 (CHL-C). For in vitro PB/
DEN protocol, CHL-C and CHL-V cells were in-
cubated with 1.5 mmol/L PB for 16 hours
following by 15 mmol/L DEN for 24 to 48
hours. A: hCOX-2-GFP and COX-1 expression
in whole cell extracts were detected by West-
ern blot and normalized with �-actin. B: qPCR
analysis of COX-2 mRNA expression. COX-2
mRNA amounts were calculated as RQ and
normalized to the expression of 36b4 mRNA.
Values represent fold change relative to
CHL-V. C: PGE2 production determined by en-
zyme immunoassay in the culture medium of
CHL-V and CHL-C cells. D: Growth rate of
CHL-V and CHL-C cells. E: Cell viability was
measured after PB/DEN treatment at 24 and 48
hours as indicated in Materials and Methods
using the MTT assay. F: Oxidative damage of
DNA was analyzed in cultured cells under PB/
DEN treatment by measuring the levels of
8-OH-dG by immunoassay. Intracellular con-
tent of ROS (G) and glutathione (GSH) (H)
were measured by using the fluorescent
probes H2DCFDA and monochlorobimane, re-
spectively. Data are reported as means � SD
of four independent experiments. *P � 0.05
and **P � 0.001 vs the CHL-V control cells
treated under identical conditions. ***P � 0.05
vs CHL-C cells without DFU treatment.
fibrogenesis, through the induction of celecoxib-mediated
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apoptosis of hepatic stellate cells.32 Our results, however,
and those of others33 using COX-2 Tg mice clearly demon-
strate that COX-2 expression did not influence liver fibro-
genesis even after feeding with the MCD diet.

Several lines of evidence suggest that COX-2 signaling
is implicated in hepatocarcinogenesis and that COX-2
inhibitors prevent HCC cell growth in vitro and in animal
models.23 Increased COX-2 expression has been found
in human HCC, in which COX-2 is highly expressed at
early stages but is down-regulated in advanced
stages, and with changes in the areas of expression in
tumor versus nontumor adjacent tissue.15 To clarify the
contribution of COX-2 to the development of HCC, we
used three complementary approaches: i) DEN-in-
duced chemical hepatocarcinogenesis in COX-2 Tg
mice, ii) PB/DEN treatment of human COX-2 Tg hepa-
tocyte-like cells, and iii) COX-2 Tg hepatocyte-like cells
implants in nude mice.
Both p53 and JNK are well known markers of the
genotoxic and cytotoxic effects induced by DEN.2 Of
note, both WT and COX-2 Tg mice exhibited an important
decrease of p53 (involved in G1 cell arrest) and an in-
crease of c-Jun levels after DEN treatment. COX-2 has
been reported to promote tumorigenesis by functional
inactivation of p53 under genotoxic stress,34 and p53
expression declined notably in hepatocytes expressing
COX-2.35 The levels of p53 declined in our models with
DEN treatment, but COX-2 expression did not modify
these changes.

Analysis of cell cycle proteins in WT and COX-2 Tg
liver showed a significant difference of cyclin E levels.
These results suggest that the presence of COX-2 ac-
celerated early hepatocyte proliferation in this in vivo
model of HCC, corroborating previous results, and that
COX-2 expression could be related to its anti-apoptotic

Figure 6. Signaling pathways implicated in pro-
liferation in CHL cells expressing COX-2 after
DEN treatment. A: Representative Western blots
showing the phosphorylation of JNK, Erk, p38,
and Stat3 in CHL-V and CHL-C cells after PB/
DEN treatment at the indicated times. The ex-
pression of target proteins was normalized to
that of �-actin. B: Densitometric analysis of the
expression of the ratios p-JNK/JNK, p-Erk/Erk,
p-p38/p38, and p-Stat3/Stat3 in CHL-V and
CHL-C cells after DEN treatment. Data are re-
ported as means � SD of four independent ex-
periments. *P � 0.05 vs the CHL-V control cells
treated under identical conditions.

Figure 7. Soft agar colony formation and
growth of CHL-V and CHL-C cells implants in
nude mice. A: CHL-V and CHL-C cells without or
with PB/DEN treatment protocol were main-
tained 72 hours with 10% FBS, plated in soft agar
as described in Materials and Methods and were
incubated for 21 days. A representative experi-
ment is shown. The number (B) and size (C) of
colonies were quantified by soft agar analysis.
D: CHL-V and CHL-C cells without or with PB/
DEN treatment were injected in nude mice as de-
scribed in experimental procedures and tumor
area was measured. E: The ratio between treated
vs untreated CHL-V or CHL-C cells, related to tu-
mor area. Data are reported as means � SD of
three different experiments or four animals per
conditions. *P � 0.05 vs the CHL-V or the CHL-C
cells without treatment. **P � 0.05 vs CHL-V con-
trol cells.
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effect and inflammatory phenomena in the early
phases of HCC.27

Enhancement of liver tumorigenesis by DEN adminis-
tration was seen after hepatocyte-specific ablation in
IKK�, p38�, and IKK�/NEMO deficient mice.18 It was
proposed that enhanced liver damage and hepatocyte
death driven by ROS accumulation could explain aug-
mented HCC development in all these mouse genetic
models.36 In agreement with these data, in the present
study COX-2 Tg hepatocyte-like cells exhibited elevated
oxidative stress and ROS accumulation after DEN admin-
istration, together with an important decrease in the levels
of glutathione. Indeed, ROS production may cause oxi-
dative DNA damage, reflected by a higher level of anti-
8-OHdG reactivity in COX-2 Tg cells.

The JNKs are activated by stress signals, pro-inflam-
matory stimuli, and some mitogenic signals and are re-
quired for hepatocyte proliferation after partial hepatec-
tomy.37 JNK1-deficient mice are much less susceptible
to DEN-induced HCC development, whereas prolonged
activation of JNK1 is a principal mechanism by which the
absence of hepatocyte IKK� results in increased suscep-
tibility to DEN-induced hepatocarcinogenesis.38 Erk,
JNK/SAPK, and p38 contribute to COX-2 expression, and
the anti-inflammatory activity of many compounds is a
function of COX-2 inhibition via JNK and p38 MAPK in-
activation.39 The effect of COX-2-dependent PGs on
these signaling pathways have been recently studied
using cell lines stably overexpressing COX-2.40 Our data
in COX-2 Tg hepatocyte-like cells verify moderate activa-
tion of JNK, Erk, and p38 in CHL-C cells.

How hepatocyte death promotes HCC development is
not clear, but it was proposed that necrotic hepatocytes
release IL-1�, which induces IL-6 production by Kupffer
cells, and that this response drives the compensatory
proliferation of surviving hepatocytes, involving Stat3 ac-
tivation.36 He et al,41 using liver-specific Stat3 knockout
mice, found that this transcriptional target for IL-6 is re-
quired for HCC development and that hepatocyte NF-�B
inhibits tumor promotion and progression by preventing
oxidative stress-driven Stat3 activation. Furthermore, ex-
pression of IL-6, a major Stat3 activator in the liver, is
elevated in cirrhosis and in HCC.42 Moreover, activation
of COX-2/PGE2 enhances Stat3 phosphorylation through
EP-1 receptor-induced activation of c-Src and EGFR in
human cholangiocarcinoma cells and in non-small-cell
lung cancer.43 We observed a moderate increase of
Stat3 phosphorylation in CHL-C cells, in agreement with
an elevated oxidative stress and ROS accumulation, to-
gether with a significant decrease in the levels of gluta-
thione even without PB/DEN treatment.

Targets of PGs through their EP receptors are the PI3K
and the Akt/PKB (protein kinase B) pathways. Akt im-
proves cellular energy stores by accelerating cell prolif-
eration and size, and induces anti-apoptotic effects by
phosphorylation and inactivation of the proapoptotic pro-
tein Bad and up-regulation of Bcl-2 and Mcl-1.44 Our
previous studies showed that, in COX-2 Tg hepatocyte-
like cells and in COX-2 Tg liver, Akt phosphorylation is
enhanced, compared with WT cells, indicating a rein-

forcement of survival pathways.27,35 The present data
show that COX-2 moderately increased the growth of
CHL cell implants in nude mice, which may be due to the
modulation of Akt and JNK-c-Jun pathways.23

Tumor initiation occurred in the present study through
DEN-induced mutagenesis, which induces genetic chan-
ges that cause proto-oncogene activation (c-Myc) and/or
loss of tumor suppressors (p53). After initiation, tumor
promotion is needed for expansion of altered cells into
premalignant lesions that progress into malignant tumors.
Our results show that, although COX-2 induces changes
in different signaling pathways implicated in the initiation,
promotion, and expansion of liver cells, other genes be-
sides the COX-2 gene are needed to enhance liver tu-
morigenesis caused by DEN. Furthermore, COX-2 was
detected in WT tumor tissue at the end of DEN treatment,
indicating that endogenous COX-2 expression is a late
event in HCC development. These results, together with
the high pulmonary metastatic incidence of HCC in Tg
mice and the promotion and migration of HCC cells in-
duced by PGE2,12 suggest that COX-2 might be impli-
cated in the expansion and metastatic phase of HCC.

In conclusion, our results demonstrate that COX-2 Tg
mice develop subclinical hepatitis, but that COX-2 does not
appear to mediate the development of liver fibrosis in the
absence of a broad proinflammatory onset. COX-2 expres-
sion is not sufficient to enhance malignant transformation
induced by DEN, and it is a late event in the development
of HCC.
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