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Aberrant iNOS signaling is under genetic control in rodent liver cancer and potentially
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Mounting evidence underlines the role of inducible nitric oxide
synthase (iNOS) in hepatocellular carcinoma (HCC) develop-
ment, but its functional interactions with pathways involved in
HCC progression remain uninvestigated. Here, we analyzed in
preneoplastic and neoplastic livers from Fisher 344 and Brown
Norway rats, possessing different genetic predisposition to HCC,
in transforming growth factor-a (TGF-a) and c-Myc–TGF-a
transgenic mice, characterized by different susceptibility to
HCC, and in human HCC: (i) iNOS function and interactions
with nuclear factor-kB (NF-kB) and Ha-RAS/extracellular
signal-regulated kinase (ERK) during hepatocarcinogenesis;
(ii) influence of genetic predisposition to liver cancer on these
pathways and role of these cascades in determining a susceptible
or resistant phenotype and (iii) iNOS prognostic value in human
HCC. We found progressive iNos induction in rat and mouse liver
lesions, always at higher levels in the most aggressive models rep-
resented by HCC of rats genetically susceptible to hepatocarcino-
genesis and c-Myc–TGF-a transgenic mice. iNOS, inhibitor of kB
kinase/NF-kB and RAS/ERK upregulation was significantly higher
in HCC with poorer prognosis (as defined by patients’ survival
length) and positively correlated with tumor proliferation, genomic
instability and microvascularization and negatively with apoptosis.
Suppression of iNOS signaling by aminoguanidine led to decreased
HCC growth and NF-kB and RAS/ERK expression and increased
apoptosis both in vivo and in vitro. Conversely, block of NF-kB
signaling by sulfasalazine or short interfering RNA (siRNA) or
ERK signaling by UO126 caused iNOS downregulation in HCC
cell lines. These findings indicate that iNOS cross talk with NF-
kB and Ha-RAS/ERK cascades influences HCC growth and prog-
nosis, suggesting that key component of iNOS signaling could rep-
resent important therapeutic targets for human HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most frequent and
deadliest human cancers worldwide. Current therapies do not improve
significantly the prognosis of patients with unresectable HCC (1,2).
This emphasizes the need to investigate the molecular mechanisms
responsible for HCC development to identify new targets for early
diagnosis, chemoprevention and treatment.

Numerous genes regulating susceptibility to HCC and controlling
growth, progression and redifferentiation of preneoplastic and neo-
plastic lesions have been mapped in rodents (3). Decrease in growth
ability and/or marked redifferentiation of preneoplastic lesion char-
acterizes rodent strains resistant to hepatocarcinogenesis (3,4). Con-
sequently, studies on the mechanisms underlying the acquisition of
a phenotype susceptible/resistant to hepatocarcinogenesis in rodent
strains, carrying preneoplastic lesions differently prone to progress
to HCC, may lead to the discovery of prognostic markers and ther-
apeutic targets for the human disease. Dysplastic nodules and HCC
induced in susceptible Fisher 344 (F344) rats show upregulation of
c-Myc, Cyclin D1, E and A and E2f1 genes, increased cyclin
D1–Cdk4, cyclin E–Cdk2 and E2f1–Dp1 complexes and retinoblas-
toma protein (pRb) hyperphosphorylation (4–6). These changes are
absent or less pronounced in liver lesions from resistant Brown Norway
(BN) rats, where a block of G1–S transition occurs. Interestingly, alter-
ations similar to those of F344 rats also occur in aggressive HCCs from
c-Myc–transforming growth factor-a (TGF-a) double-transgenic mice
(7) and human hepatocellular carcinoma with poorer prognosis (HCCP)
(8), whereas the expression patterns in HCCs from BN rats roughly
resemble those of human hepatocellular carcinoma with better prog-
nosis (HCCB). This suggests that the basic mechanisms of hepatocar-
cinogenesis are similar in rodents and humans (4,7).

Inducible nitric oxide synthase (iNOS) produces sustained nitric
oxide (NO�) concentrations in response to proinflammatory agents.
NO� is a major mediator of chronic inflammation and may modu-
late tumorigenesis by regulating cell proliferation, survival, migra-
tion, angiogenesis, drug resistance and DNA repair (9–11). In
particular, iNOS might promote unrestrained cell growth via its
ability to inactivate the retinoblastoma (pRb) pathway (9). NO�
effects depend on its concentration and its interaction with other
free radicals, metal ions, proteins and cell type that it targets (11).
Thus, NO� can both activate the p53-suppressive pathway and in-
duce oncogenic mutations in the p53 gene (11,12). Some observa-
tions envisage a cross talk between iNos and inhibitor of kB kinase
(IKK)/nuclear factor-kB (NF-kB) and RAS/extracellular signal-
regulated kinase (ERK) pathways. The IKK complex and NF-kB
activities are strongly reduced in iNos knockout mice (12). NO�
activates Ha-RAS/ERK pathway in T lymphocytes (13). Phosphor-
ylated ERK activates iNOS in melanoma (14) and NF-kB in HeLa
cells (15). Although the role of NO� has been defined in inflamma-
tory cells, chronic inflammation, oxidative damage, usually associ-
ated with viral hepatitis and HCC, and elevated NO� plasma levels
are present in patients with cirrhosis and HCC (16); the regulation
of NO� production and interactions of iNOS with signaling path-
ways in hepatocarcinogenesis remain poorly investigated. iNOS,
NF-kB, RAS and ERK are upregulated in preneoplastic rat liver
lesions (17), dysplastic and neoplastic liver from c-Myc–TGF-a
transgenic mice (18) and human HCCs (19,20), but the functional
interactions between iNOS, NF-kB and Ha-RAS/ERK signaling and
their role in HCC predisposition, development and progression have
never been proved. Furthermore, their prognostic role has not been
evaluated.

To address this issue, we analyzed in preneoplastic and neoplastic
liver lesions differently prone to progression, induced in rats and mice
with different predisposition to HCC, and in human HCC subtypes
with different prognosis: (i) the role of the interactions of iNOS with
IKK/NF-kB and Ha-RAS/ERK signaling during different stages of
hepatocarcinogenesis; (ii) the influence of genetic or molecular pre-
disposition to HCC on these pathways and their role in determining
a phenotype susceptible or resistant to HCC and (iii) the potential
prognostic significance of changes in iNOS/IKK/NF-kB and iNOS/
Ha-RAS/ERK signaling in human HCC.

Abbreviations: AG, aminoguanidine; BN, Brown Norway; ERK, extracellular
signal-regulated kinase; F344, Fisher 344; GS2, Glyco-SNAP-2; GTP, guano-
sine triphosphate; HCC, hepatocellular carcinoma; HCCB, hepatocellular car-
cinoma with better prognosis; HCCP, hepatocellular carcinoma with poorer
prognosis; IFN-c, interferon-c; IKB, inhibitor of kB; IKK, inhibitor of kB
kinase; IL, interleukin; iNOS, inducible nitric oxide synthase; mRNA, mes-
senger RNA; MVD, microvessel density; NF-kB, nuclear factor-kB; NO�,
nitric oxide; pRb, retinoblastoma protein; siRNA, short interfering RNA; SL,
surrounding liver; Sulfa, sulfasalazine; TGF-a, transforming growth factor-a;
TNF-a, tumor necrosis factor-a.
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Materials and methods

Tissue specimens, cell lines and treatments

F344 and BN rats were fed, housed and treated according to the ‘resistant
hepatocyte’ protocol (21) including a 150 mg/kg intraperitoneal dose of dieth-
ylnitrosamine followed by 15 days feeding of a 0.02% 2-acetylaminofluorene
containing hyperprotein diet, with a partial hepatectomy at the midpoint of this
feeding. Rats were killed by bleeding through thoracic aorta, under ether
anesthesia, and preneoplastic liver (4–12 weeks after initiation), nodules (32
weeks) and HCCs (57–60 weeks) were collected and used for experiments.
Generation of MT/TGF-a single-transgenic (TGF-a) and Alb/c-Myc/MT/
TGF-a (c-Myc–TGF-a) double-transgenic mice has been described elsewhere
(22,23). Dysplastic livers were obtained at 4 months from male mice of both
transgenics. HCC developed at 8 and 14 months in c-Myc–TGF-a and TGF-a
transgenics, respectively. Aminoguanidine (AG) treatment was performed as
reported previously (24). In brief, 10 male c-Myc–TGF-a transgenic mice
received drinking water containing AG hemisulfate (Sigma Chemical Co.,
St Louis, MO) at 2000 p.p.m., from the age of 5 weeks, whereas the control
group (10 males) received tap water. Animals’ water consumption was checked
twice a week and remained unaffected by the presence of AG. Treated and un-
treated animals were killed at 10 months of age, when 100% of untreated
c-Myc–TGF-a transgenic mice display HCC (25). Animals received human care,
and study protocols were in compliance with National Institutes of Health guide-
lines for the use of laboratory animals.

Six normal livers and two HCC subclasses of 39 and 46 HCC, characterized
by a shorter (,3 years) or longer (.3 years) patients’ survival length following
liver partial resection, respectively, and corresponding surrounding non-tumor
liver tissues were used. All patients selected for the present study died of HCC
recurrence, whereas the patients deceased of liver failure were excluded from
the study. Patients’ clinicopathological features are shown in supplementary
Table 1 (available at Carcinogenesis Online). Liver tissues were kindly pro-
vided by Dr Snorri S.Thorgeirsson (Laboratory of Experimental Carcinogen-
esis, National Cancer Institute, Bethesda, MD). Institutional Review Board
approval was obtained at participating hospitals and the National Institutes
of Health.

HuH7 and HepG2 human HCC cell lines were maintained as monolayer
cultures in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. Cell lines were plated at a density of 2.0 � 106 cells in 10 cm
dishes and treated with 50, 100 and 200 lM AG (iNOS inhibitor; Cayman
Chemical, Ann Arbor, MI) or Glyco-S-nitroso-N-acetyl penicillamine-2 (GS2)
(NO� donor), 2 mM sulfasalazine (Sulfa) (IKK inhibitor; EMD Biosciences,
San Diego, CA) and 20 mM UO126 (mitogen-activated kinase kinase (MEK)
inhibitor; Cell Signaling Technology, Danvers, MA). A total of 2.0 � 103 cells
were plated in 96-well plates and grown for 12 h. Subsequently, cells were
subjected to serum deprivation for 24 h. iNOS and p65 short interfering RNA
(siRNA) experiments were performed as reported (26,27). Transient transfection
with either Ha-Ras complementary DNA (wild-type) or Ha-Ras (dominant-
negative mutant, S17N) complementary DNA in a pUSEamp plasmid (Millipore,
Billerica, MA) was performed following the manufacturers’ protocols.

Histology and immunohistochemistry

Rat and mouse liver tissues were fixed in neutral-buffered paraformaldehyde
and processed for hematoxylin and eosin staining, glutathione S-transferase,
7–7 isoform, or iNOS immunohistochemistry (5). Number and volume of
glutathione S-transferase 7–7 isoform-positive liver lesions were calculated
by morphometric analysis (5). In mouse samples, tumor size was measured
in mm2 on hematoxylin and eosin-stained sections obtained from the central
part of HCC using the ImageJ software as described previously (28).

Proliferation and apoptosis indices

In human and mouse HCC, proliferation and apoptotic indices were deter-
mined as reported (29). Cultured cell viability and apoptosis were determined
by the WST-1 Cell Proliferation Reagent and the Cell Death Detection Elisa
Plus Kit (Roche Diagnostics, Indianapolis, IN), respectively. Apoptosis was
induced in HuH7 cells with either 68 lM etoposide plus 10 lM quinidine
(inhibiting etoposide efflux by the multidrug resistance protein) for 48 h or
1 lM staurosporine for 4 h as described previously (30).

Evaluation of microvessel density

Human HCCs were stained with mouse monoclonal anti-CD34 antibody (Vector
Laboratories, Burlingame, CA) as reported (31). The four highest microvessel
density (MVD) areas for each tumor were photographed at high power (�200)
and the size of each area was standardized using the ImageJ software. MVD
was expressed as the percentage of the total CD34-stained spots per section
area (0.94 mm2).

Quantitative reverse transcription–polymerase chain reaction

Polymerase chain reactions were performed as reported (6). Primers for human
and rat iNOS and RNR-18 genes were chosen with the assistance of the ‘Assay-
on-DemandTM Products’ (Applied Biosystems, Foster City, CA).

Immunoprecipitation

Rat and human tissue samples were processed as reported previously (6).
Aliquots of 500 lg of tissue lysates were immunoprecipitated with specific
antibodies (supplementary Table 2, available at Carcinogenesis Online). Im-
munoprecipitates were revealed via enhanced chemiluminescence (Santa Cruz
Biotechnology, Santa Cruz, CA), and bands were quantified in arbitrary units
by the Molecular Imager ChemiDoc XRS, using the Quantity One 1-D Anal-
ysis Software, and normalized to b-actin levels.

Electrophoretic mobility shift assay and supershift analysis

Proteins were extracted and electrophoretic mobility shift assay was performed
as described (17). Briefly, nuclear extracts were incubated for 30 min with 1 lg
of poly(dI-dC) (GE Health Care, Milano, Italy) in binding buffer containing
2 lg of consensus NF-kB probe [consensus binding sites of NF-kB: 5#-AGTTG-
AGGGGACTTTCCCAGGC (Santa Cruz Biotechnology)] end labeled with
[c-32P]adenosine triphosphate by T4 polynucleotide kinase (Roche Diagnostics).
Samples were separated on non-denaturating 4.5% polyacrylamide gel. Dried
gels were analyzed by Instant Image Analyzer (Packard Bioscience, Milano,
Italy). NF-kB activation in human and mouse liver tissues was determined by
the TransAMTM NF-kB p65 kit (Active Motif, Carlsbad, CA) following the
manufacturer’s protocol.

Determination of Ha-RAS activity

Levels of activated Ha-RAS [Ha-RAS–guanosine triphosphate (GTP)] bound to
v-raf1 murine leukemia viral oncogene homolog 1 were determined using the
Ras Activation Assay Kit (Millipore) following the manufacturer’s instructions.

Random amplified polymorphic DNA analysis

Twenty-two previously designed primers were used to score genomic altera-
tions in mouse and human HCC, and random amplified polymorphic DNA
analysis reaction was performed as described (28). Differences were scored
in case of change in the intensity, absence of a band or appearance of a new
band in HCC when compared with corresponding non-tumorous livers. The
frequency of altered random amplified polymorphic DNA analysis profiles was
calculated for each liver lesion as reported (32).

Statistical analysis

Student’s t-test and Tuckey–Kramer test were used to evaluate statistical sig-
nificance. Fisher’s exact test was used for comparative analysis of the survival
of HCC patient subgroups. Multiple regression analysis was performed to
calculate correlation coefficient (R) using GraphPad InStat 3 (http://
www.graphpad.com). Values of P , 0.05 were considered significant. Data
are expressed as means ± SDs.

Results

Development of rat neoplastic liver lesions

Four and six weeks after initiation of F344 and BN rats with dieth-
ylnitrosamine, glutathione S-transferase 7-7(þ) foci of altered hepa-
tocytes developed, occupying 40–58% of the liver without interstrain
differences, in agreement with previous reports (6). Further evolution
of foci to early nodules was more pronounced in F344 than BN rats,
and at 12 weeks, clear/eosinophilic cell nodules occupied 94 ± 5.6
and 49 ± 2.1% of liver in F344 and BN rats, respectively
(P , 0.0001, n 5 10). Dysplastic nodules/well-differentiated HCCs
and moderately/poorly differentiated HCCs were present at 32 and 57
weeks in F344 rats. Different from F344 liver lesions, nodules of BN
rats did not show atypical features and consisted only of clear/eosin-
ophilic cells. Well-differentiated/moderately differentiated HCC de-
veloped in BN rats at 60 weeks.

Genetic susceptibility influences iNos expression and NF-kB and Ha-
Ras activity in rat lesion

Progressive rise in iNos messenger RNA (mRNA) and protein levels
occurred in F344 and BN preneoplastic liver, 4–12 weeks after initi-
ation, with respect to normal control, without major interstrain differ-
ences (Figure 1). iNos remained almost unchanged in nodules and
HCCs of BN rats, whereas a sharp and progressive upregulation
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occurred in corresponding lesions from F344 rats. iNos immunoreac-
tivity was limited to preneoplastic and neoplastic lesions of both F344
and BN rats (supplementary Figure S1, available at Carcinogenesis
Online). In agreement with immunoprecipitation data, no interstrain
differences in iNos immunolabeling were found at 4 and 12 weeks,
whereas lower density and/or extension of iNOS immunoreactivity
were detected in 32 weeks nodules and HCC of BN than in corre-
sponding F344 rat lesions.

To assess the effect of iNos upregulation on Ikk/NF-kB and Ras/Erk
cascades, iNos interconnections with these pathways were evaluated
in dysplastic nodules and HCC of F344 and BN rats. In nodules and
HCCs of F344 rats, marked iNos induction was paralleled by in-
creases in Ikk-a/b, nuclear and phosphorylated p65 and NF-kB target
gene, Bcl-xL (Figure 2A and supplementary Figure S2A, available at
Carcinogenesis Online). Furthermore, decrease in inhibitor of kB
(Ikb)-a was coupled to the rise in its ubiquitinated form. In BN rat

lesions, small increase in iNos expression was associated with no
change in Ikk-a/b level, slight decrease in IkB-a and small changes
in ubiquitinated IkB-a. In addition, increases in total and activated
Ha-Ras (Ha-Ras-GTP) occurred in nodules and HCCs of F344 rats,
whereas significantly lower increases or no increase occurred in cor-
responding BN rat lesions.

Low NF-kB activation in BN rat lesions was confirmed by rela-
tively low increase in nuclear and phosphorylated p65 and Bcl-xL
(Figure 2A and supplementary Figure S2A, available at Carcinogen-
esis Online) and by interstrain differences in NF-kB binding to DNA
(supplementary Figure S3, available at Carcinogenesis Online). Bind-
ing activity progressively increased from nodules to HCCs of both
strains, but always at higher levels in F344 rat lesions.

iNos signaling in TGF-a and c-Myc–TGF-a transgenic mice

iNos interplay with Ikk/NF-kB and Ras/Erk signaling evaluation in
transgenic mice (Figure 2B and supplementary Figure S2B, avail-
able at Carcinogenesis Online) showed progressive iNos protein
upregulation from dysplastic liver to HCC, with highest values in
c-Myc–TGF-a double transgenics. Very low increase in Ha-Ras
levels occurred, whereas progressive rises from dysplastic liver to
HCC, with highest values in double-transgenic mice, occurred for
Ha-Ras-GTP, pErk1/2, Ikk-a/b, nP65 and the complex E2f1–Dp1.
Increase in phosphorylated pRb also occurred in dysplastic and
neoplastic liver of both transgenic mice (with highest levels in
double transgenics), whereas decreased Ikb-a expression was de-
tected in dysplastic and neoplastic lesions of both transgenic mice.
NF-kB activation in dysplastic and neoplastic lesions of transgenic
mice underwent remarkable and progressive increase from dysplas-
tic to neoplastic liver with highest values in c-Myc–TGF-a trans-
genics (supplementary Figure S4A, available at Carcinogenesis
Online).

iNOS signaling correlates with growth of human liver and patients’
survival

The results from rodent models suggest a relationship between iNOS
signaling and liver lesions propensity to progress. Thus, we tested this
possibility in human HCC from patients with different survival rates
(Figure 2C and supplementary Figure S2C, available at Carcinogen-
esis Online). Upregulation of iNOS, total and activated Ha-RAS,
IKK-a/b, total and nuclear P65, BCL-xL, phosphorylated PRb and
E2F1–DP1 complexes and decrease in IKB-a occurred in all human
HCCs when compared with normal liver and was highest in HCCP.
Lower but significant increases occurred in surrounding liver (SL)
without differences linked to HCC subtype. These changes were as-
sociated with a sharp and progressive increase in NF-kB activation in
SL and HCCs, with the highest values in HCCP (supplementary Fig-
ure S4b, available at Carcinogenesis Online). In HCC, iNOS mRNA
levels were 1.8-fold higher in HCCP than HCCB (N target � 103:
2.32 ± 1 and 1.23 ± 0.4, means ± SDs; n 5 46 and 39 for HCCP and
HCCB, respectively, P , 0.0001). Similarly, iNOS protein levels
were 3-fold higher in HCCP than in HCCB (arbitrary units:
473.43 ± 158.62 and 150.53 ± 40.4; n 5 46 and 39, P , 0.0001).
Moreover, �2-fold higher proliferation index and MVD and �3-fold
lower apoptotic index occurred in HCCP than HCCB (supplementary
Table 1, available at Carcinogenesis Online). Since these parameters,
similar to gene expression data, are linked to HCC prognosis, we
evaluated their correlation with iNOS expression (Figure 3). iNOS
protein levels positively correlated with proliferation index, MVD
and genomic instability and negatively with apoptotic index and pa-
tients’ survival. No other clinicopathological parameters, including
patients’ age, presence of cirrhosis, tumor size and grade and serum
a-fetoprotein levels, were correlated with proliferation and apoptotic in-
dices, MVD and survival length. However, survival length was inversely
correlated with the proliferation index (r2 5 0.5862, P , 0.0001) and
directly correlated with the apoptosis index (r2 5 0.5277, P , 0.0001).

Fig. 1. Expression of iNos mRNA and protein during rat liver carcinogenesis
in F344 (F, white columns) and BN (B, gray columns) rats. Preneoplastic
liver (4–6 weeks after initiation), early nodules (12 weeks), dysplastic
nodules (N, 32 weeks) and HCC (H, 56–60 weeks) were induced by the
resistant hepatocyte protocol. (A) iNos mRNA levels were determined
by quantitative reverse transcription–polymerase chain reaction. N Target 5
2�DCt � 103; DCt 5 CtRNR-18 � Ct target gene. Data are means ± SDs of
N target of at least five rats for control (C), preneoplastic liver and neoplastic
lesions. Tuckey–Kramer test: dot refers to carcinogen treated versus control,
P , 0.001; dagger refers to BN versus F344, P , 0.001. (B) Upper panel:
representative immunoprecipitation analysis of iNos in preneoplastic and
neoplastic rat liver. Protein lysates were immunoprecipitated with specific
antibodies and separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis. Lower panel: chemiluminescence analysis showing mean ± SD
of at least five rats for liver lesions. Optical densities of the peaks were
normalized to b-actin values and expressed in arbitrary units. Tuckey–
Kramer test: dot refers to carcinogen-treated versus control, at least
P , 0.01; dagger refers to BN versus F344, at least P , 0.001.

iNos deregulation in hepatocarcinogenesis

1641

 at N
ew

 Y
ork U

niversity on M
ay 7, 2015

http://carcin.oxfordjournals.org/
D

ow
nloaded from

 

supplementary Figure S8
supplementary Figure S5A
supplementary Figure S5A
supplementary Figure S8
supplementary Figure S5B
supplementary Figure S5A
supplementary Figure S6C
supplementary Figure S4b
supplementary Figure S4b
supplementary Table 1
supplementary Table 1
http://carcin.oxfordjournals.org/


Manipulation of iNOS production influences proliferation of HCC
cells in vitro

Above results suggest a role for iNOS expression and NO� produc-
tion in deregulation of HCC growth. To test this hypothesis, we
evaluated the effect of an iNOS inhibitor, AG (24), and a NO� pro-
ducer, GS2, on the growth rate of HuH7 and HepG2 human HCC cell
lines. A significant dose-dependent inhibition of cell proliferation
by AG and an enhancing effect of NO� production were obtained
(Figure 4). These effects were enhanced when apoptosis inducers
such as etoposide (Figure 4 insets) or staurosporine (data not pre-
sented) were added to the culture medium. Furthermore, AG admin-
istration to c-Myc–TGF-a transgenic mice induced 5-, 2.8- and
1.9-fold decreases in iNos protein expression, genomic instability
and proliferation rate of HCC, respectively, and a 15-fold rise in apo-
ptotic index (Figure 5). This was associated with a 3.5- and 1.8-fold
reduction in HCC yield per mouse and tumor size, respectively, as
well as with �2-fold decrease in expression of growth-related genes
such as active Ha-Ras-GTP, pErk1/2, np65 and phosphorylated
pRb. The sharp increase in apoptosis following iNOS inhibition
was associated to decrease in the levels of antiapoptotic proteins
Bcl-xL, Xiap and ciap1 and a rise in the proapoptotic pJnk.

Analysis of iNOS cross talk with IKK/NF-kB and Ha-RAS/ERK
cascades

Next, we examined the interactions of iNOS/IKK/NF-kB and iNOS/
Ha-RAS/ERK axes by manipulating NO� production and inhibiting
some key steps in NF-kB and ERK synthesis, such as IKK-a/b and
MEK, respectively, in the same HCC cell lines (Figure 6 and supple-
mentary Figures S5 and S6, available at Carcinogenesis Online).
iNOS inhibition by AG (Figure 6A and supplementary Figure S5A,
available at Carcinogenesis Online) resulted in 50–65% decrease in
IKK, free P65 and BCL-xL, phosphorylated PRb, XIAP and cIAP1
and rise in IKB-a expression and P65–IKB-a immunocomplexes and
pJNK. A decline in total and Ha-RAS-GTP also occurred, but only at
the highest AG concentration. Similar results were obtained with
siRNA against iNOS, which also inhibited pERK1/2 (Figure 6B and
supplementary Figure S5B, available at Carcinogenesis Online). In
contrast, stimulation of NO� production by GS2 (Figure 6C and sup-
plementary Figure S5C, available at Carcinogenesis Online) in-

creased Ha-RAS activation, without changing Ha-RAS total levels,
and pERK1/2 expression. This was paralleled by 50% reduction in
IKB-a levels, marked upregulation of total and nuclear P65, phos-
phorylated PRb, rise in antiapoptotic proteins and decrease in pJNK.
Opposite results were found when HCC cells were treated with the
IKK inhibitor Sulfa (23): �250% rise in IKB-a and 60–70% decrease
in total and nuclear P65 occurred (Figure 6D and supplementary
Figure S5D, available at Carcinogenesis Online). This was associated
with iNOS downregulation, which confirms iNOS gene targeting by
active NF-kB (33) and inhibition of the Ha-RAS/ERK signaling, as
shown by decrease in Ha-RAS-GTP and pERK1/2 levels. Finally,
NF-kB inhibition by siRNA (Figure 6E and supplementary Figure
S5E, available at Carcinogenesis Online) induced a fall in iNOS,
Ha-RAS-GTP and pERK1/2 expression.

Activation of RAS/ERK signaling by transient Ha-RAS transfection
promoted sharp Ha-RAS and pERK1/2 upregulation, associated with
120 and 30% rise in iNOS and NF-kB expression, respectively, whereas
the same genes were downregulated following transient transfection
with dominant-negative mutated Ha-Ras (Figure 6F and G and supple-
mentary Figure S6A and B, available at Carcinogenesis Online). Sim-
ilarly, suppression of the Ha-RAS/pERK1/2 signaling by the MEK
inhibitor UO126 (34) triggered a strong decrease in pERK1/2 associ-
ated with a 37–70% decrease in iNOS expression (Figure 6H and
supplementary Figure S6C, available at Carcinogenesis Online), sup-
porting iNOS targeting by pERK1/2, and rise in IKB-a paralleled by
decrease in P65 expression.

Role of cytokines

To verify the role of inflammatory cytokines, which are known to be
involved in iNOS activation (11), we determined the expression of
interleukin (IL)-1B, IL-6, tumor necrosis factor-a (TNF-a) and in-
terferon-c (IFN-c) in human and mice liver lesions (supplementary
Figure S7, available at Carcinogenesis Online). Cytokine mRNA lev-
els underwent sharp increases in dysplastic and neoplastic liver of
both TGF-a and c-Myc–TGF-a transgenics when compared with nor-
mal liver (P , 0.0001). In general, cytokine expression was higher in
HCC than dysplastic liver, but this difference reached the level of sig-
nificance only in TGF-a transgenics, for IL-1B, and in c-Myc–TGF-a
transgenics, for other cytokines. TNF-a and IFN-c levels were 1.6-fold

Fig. 2. Representative immunoprecipitation analysis of the expression of iNos and members of the IKK–NF-kB and Ha-RAS/ERK cascades in preneoplastic and
neoplastic lesions of F344 and BN rats, TGF-a and c-Myc–TGF-a transgenic mice and human HCC. (A) Dysplastic nodules (32 weeks after initiation) and HCCs
(56–60 weeks) were induced in rats by the resistant hepatocyte protocol. (B) Dysplastic liver was collected at 4 months from both TGF-a and c-Myc–TGF-a
transgenics; HCCs were collected at 8 and 14 months from c-Myc–TGF-a and TGF-a transgenics, respectively. (C) SL and HCC subtypes with better and poorer
prognosis were collected from patients with .3 and ,3 years survival length, after partial liver resection, respectively (see supplementary Table 1, available at
Carcinogenesis Online). Protein lysates were immunoprecipitated with specific antibodies and separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis. Ubiquitinated Ikb-a was determined through immunoprecipitation with anti-ubiquitin antibody and probing the membranes with the anti-Ikb-a
antibody. The E2F1–DP1 complexes were determined through immunoprecipitation with the anti-E2F1 antibody and probing the membranes with the anti-DP1
antibody. Abbreviations: C, control (normal liver); F and B, F344 and BN rats, respectively; D and H, dysplastic liver and HCC, respectively; SLB/HCCB and SLP/
HCCP, human SL/HCC with better and poorer prognosis, respectively.
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higher in HCC of TGF-a than c-Myc–TGF-a transgenics. IL-1B, IL-6
and TNF-a increased in human SL and HCC, reaching highest values in
HCCP. Increase in IFN-c also occurred in human lesions when com-
pared with normal livers, but higher values were found in surrounding
non-tumorous liver than in HCC.

Discussion

Our results assign a role to iNOS upregulation in the control of the
proliferative phenotype of preneoplastic and neoplastic liver cells
through the activation of the IKK/NF-kB axis (supplementary Figure
S8, available at Carcinogenesis Online). This is shown by (i) the
association of marked iNos overexpression with Ikk and NF-kB
upregulation and Ikb-a downregulation in HCC from F344 rats and
c-Myc–TGF-a double-transgenic mice, susceptible to hepatocarcino-
genesis, and human HCC; (ii) the association of the inhibition of iNos
activity by AG in double transgenics in vivo with growth restraint, in-
crease in apoptosis and fall in tumor yield and inhibition of Ikk/NF-kB
signaling; (iii) the observation that in vitro inhibition of iNOS
activity by AG or siRNA results in increased IKB-a, decreased IKK
expression, NF-kB activation, phosphorylated (inactive) pRb and cell
growth, whereas the opposite occurs with the NO� producer, GS2, and

(iv) the association of IKK inhibition by Sulfa and consequent rise in
IKB-a and decrease in NF-kB with iNOS fall, in agreement with a role
of NF-kB in the control of iNOS expression (33).

Our results also imply a cross talk between iNOS and Ha-RAS/
ERK in rat, mouse and human HCC. Indeed, iNOS upregulation in
these lesions is associated with increase in active Ha-RAS. NO� over-
production, induced by elevated oxidative stress in c-Myc–TGF-a
transgenic mice (18) and by GS2 in HCC cell lines, triggers Ha-
RAS and ERK upregulation, whereas iNOS inhibition by AG or
siRNA is associated with decreased Ha-RAS activation. Furthermore,
Ha-RAS and pERK1/2 overexpression in HCC cell lines transfected
with Ha-Ras is associated with iNOS and NF-kB upregulation,
whereas inhibition of pERK1/2 activation by UO126 (34) or trans-
fection of the dominant-negative mutant Ha-Ras downregulates iNOS
and strongly reduces NF-kB activation. These observations implicate
a role of the activation of Ha-RAS/ERK signaling by iNOS in the
regulation of NF-kB activity. Conversely, the inhibition of IKK/NF-kB
axis by Sulfa or p65 siRNA results in a great iNOS fall, suggestive of
iNOS expression regulation by the IKK/NF-kB axis. This agrees
with recent evidence indicating a role of active ERK, mediated by
NF-kB, on bacterial lipopolysaccharide-induced iNOS expression
in RAW264.7 cells (35). In addition, dominant-negative mutant of

Fig. 3. Correlation of iNOS protein levels with proliferation index, MVD, genomic instability, apoptosis index and patients’ survival in 39 human HCCB and 46
HCCP. Proliferation and apoptotic indices were determined in human HCC by counting Ki-67-positive cells and apoptotic figures and expressed as percentage of
total hepatocytes. MVD was determined by counting cells stained with anti-CD34 antibody. Genomic instability represents the percentage of DNA alterations as
evaluated by random amplified polymorphic DNA analysis.
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p21RAS inhibits both iNOS induction by bacterial lipopolysaccharide
and NF-kB activation in primary astrocytes (36). The mechanism of
NF-kB regulation by pERK1/2 is not fully understood. Recent obser-
vations show that pERK1/2 activates Aurora-A, which in turn may
activate NF-kB through IKB-a inhibition (37). The possibility that
pERK1/2 contributes to NF-kB upregulation via direct activation of
iNOS may also be taken into account (14), but requires experimental
support.

Our results substantiate a clear antiapoptotic effect of NO� pro-
duction in our experimental conditions. Indeed, iNOS inhibition by
AG resulted in sharp increase in apoptosis in c-Myc–TGF-a trans-
genics and HCC cell lines, whereas NO� production by GS2 inhibited
apoptosis of in vitro growing HCC cells, both in basal conditions and
in the presence of either etoposide or staurosporine, two apoptosis
inducers. In transgenic mice and human HCC cell lines, iNOS anti-
apoptotic effect seems to be mediated by the NF-kB cascade. The
latter induces various antiapoptotic proteins, such as BCL-xL, XIAP
and cIAP1, and inhibits the proapoptotic pJNK (33). Accordingly,
iNOS suppression by AG triggered downregulation of NF-kB and
antiapoptotic proteins and upregulation of pJNK, in c-Myc–TGF-a
and human HCC cell lines. However, the present findings cannot
exclude the contribution of other mechanisms to the antiapoptotic
action of iNOS.

Upregulation of iNOS and its downstream targets are highest in
HCCs prone to progression as those of susceptible F344 rats and
c-Myc–TGF-a transgenic mice and in human HCCP. Furthermore,
iNOS levels are positively correlated with genomic instability, pro-
liferation rate and MVD of HCC and negatively correlated with ap-
optosis and patients’ survival. This body of evidence suggests that
iNOS upregulation and changes in iNOS/NF-kB and iNOS/
Ha-RAS/ERK cross talks are prognostic markers for HCC. Previous

studies on the prognostic value of iNOS were often contradictory and
only few of them regarded human HCC. An association of iNOS
overexpression with poor prognosis has been found for gastric cancer
(38), adenoid cystic carcinoma of salivary glands (39), fibrous histio-
cytoma (40) and colorectal cancer (41) and seems to be mediated by
its angiogenic properties and intensified by cyclooxygenase 2 upre-
gulation (41,42). However, no correlation of iNOS overexpression
with prognosis (43,44) or even its protective effect through induction
of apoptosis (45,46) has been reported for various tumors. In HCC,
a significant association of iNOS and metalloproteinase-9 expression
with HCC recurrence has been described (19). This apparently con-
trasts with the absence of significant differences in the proliferation
and apoptosis indices in two human HCC subpopulations distin-
guished on the basis of the presence or absence of the iNOS transcript
as determined by semiquantitative reverse transcription–polymerase

Fig. 5. Effect of AG on development and phenotypic and genotypic changes
of HCC in c-Myc–TGF-a transgenic mice. (A) Ten c-Myc–TGF-a transgenic
mice received drinking water containing AG hemisulfate at 1500 p.p.m.,
from the age of 5 weeks up to killing (10 months). The control group
(n 5 10) received instead tap water. (A) HCC incidence (number of tumors
per mice), HCC size (in mm2), genomic instability (GI, percentage of DNA
alterations as evaluated by random amplified polymorphic DNA analysis)
and proliferation and apoptosis indices (PI and AI, percentage of Ki-67-
positive cells and apoptotic figures in HCCs) were expressed as means ± SDs.
Tuckey–Kramer test: AG versus control, at least P , 0.001. (B)
Representative immunoprecipitation analysis (left) of the expression of iNos
and members of the IKK–NF-kB and Ha-RAS/ERK pathways. Protein
lysates were immunoprecipitated with specific antibodies and separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Right:
chemiluminescence analysis showing mean ± SD. Optical densities of the
peaks were normalized to b-actin values and expressed in arbitrary units.
Tuckey–Kramer test: AG versus control. At least P , 0.001 for all genes,
except for Ha-Ras protein level that was not affected by AG.

Fig. 4. Effect of AG and GS2 on in vitro growth and apoptosis of human
HCC cells. HuH7 cells were cultured for the times indicated in the presence
of 0–200 lM AG or GS2. Insets: the effects of AG and GS2 were tested on
HuH7 cells, whose apoptosis was induced by etoposide plus quinidine
(inhibiting etoposide efflux by the multidrug resistance protein). Dotted line
refers to untreated cell without etoposide. Data are means of three different
cultures. Tuckey–Kramer test: 50 lM, P , 0.001 at 48 and 72 h; 100 and
200 lM, P , 0.001 at 24–72 h. Equivalent results obtained in HepG2 cells
are not shown. Insets: 48 h, AG/GS2 at all concentrations versus controls
(etoposide alone), at least P , 0.05.
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chain reaction (20). However, we found, by highly sensitive quanti-
tative reverse transcription–polymerase chain reaction, iNOS mRNA
expression in human normal liver and all HCCs, with highest values in
HCCP. These results were confirmed at iNOS protein level, which was
positively correlated with the proliferation index and negatively cor-
related with the apoptotic index. Presumably, the discrepant results
may either depend on the heterogeneity of the two subgroups exam-
ined in the previous research (20), as shown by the high variability of
proliferation and apoptosis indices in those HCC subgroups, or on the
sensitivity of the method used to detect iNOS levels. Another obser-
vation apparently arguing against a prominent role of iNos in hepa-
tocarcinogenesis is that iNos gene ablation does not prevent HCC
development in mice fed a choline-deficient, L-amino acid-deficient
diet (47). Delayed liver regeneration occurring in iNos knockout mice
was attributed to the absence of NO� protection against cytokine-
induced liver steatosis, necrosis and apoptosis (48). However, in the
methyl-deficient model of hepatocarcinogenesis, high production of
lipid peroxides in hepatocyte nuclei occurs (49). This, in addition to

massive liver injury, may cause DNA damage and genomic instability
in an iNos-independent manner. Selective growth of initiated cells,
resistant to oxidative damage (49), favors their evolution to cancer.

Another important aspect of our results is the demonstration that
iNos-linked signaling in liver preneoplastic and neoplastic lesions is
largely influenced by the susceptibility to hepatocarcinogenesis either
dependent on susceptibility genes or genomic engineering. The re-
sistant phenotype is characterized by the incapacity of early preneo-
plastic lesions to acquire autonomous growth (5), resulting in a low
capacity of preneoplastic lesions to progress to HCC. Autonomous
growth of the lesions is supported, in susceptible rats, by marked
deregulation of the cell cycle (5,6) and Ras/Erk pathway (50). These
alterations are limited or absent in the lesions of resistant rats (5,6). In
this report, we found iNos upregulation in very early stages of hep-
atocarcinogenesis in both F344 and BN rats. However, after the sixth
week, when a high number of autonomously growing nodules appear
in the liver of F344 rats (6), iNos protein expression sharply and
progressively increased in nodules and HCC. Much lower changes

Fig. 6. Representative immunoprecipitation blots showing the effect of AG, GS2, Sulfa, UO126 and siRNAs against iNOS and P65 and transfection of active
Ha-Ras (Ha-Ras) and dominant-negative mutated Ha-Ras (Ha-Ras S17N) on gene expression in HuH7 cell line. (A) Cells grown 48 h in the presence of AG and
controls contained solvent (S) alone. (B and E) Cells grown 24 and 48 h in the presence of siRNA against iNOS and P65, respectively, or grown 48 h with scramble
(Scr) oligonucelotides. (C, D and H) Cultures grown 24 and 48 h in the presence of 200 lM GS2, Sulfa and UO126, respectively, or solvent alone. Untreated
control at 0 time (0). (F and G) Transient transfection of HuH7 cells was performed with Ha-Ras complementary DNA (wild-type) or Ha-Ras (dominant-negative
mutant, S17N) complementary DNA, respectively, in a pUSEamp plasmid. Cells were harvested 48 h after transfection. Controls are not transfected cells (0) and
cells transfected with vector alone (V). Equivalent results obtained in HepG2 cells are not shown. Protein lysates were immunoprecipitated with specific antibodies
and separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
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occurred in slow-growing nodules and HCC of BN rats. A link be-
tween fast growth and signaling deregulation characterizes human
HCCP, whereas the behavior of HCCB is more similar to that of the
lesions of resistant rats (5,6). This does not necessarily imply a genetic
regulation of signaling pathways in humans like that found in rodents,
in which polygenic inheritance with several low-penetrance genes and
a main gene regulates the genetic predisposition to HCC (4). Even if
a genetic model, similar to that of rodents, can influence human
hepatocarcinogenesis (51), further studies are needed to clarify the
influence of susceptibility genes on signaling pathways supporting
tumor growth and progression in humans.

In conclusion, we demonstrate that iNOS overexpression contributes
to growth deregulation in preneoplastic and neoplastic liver cells
through NF-kB activation and show for the first time the existence of
a cross talk between Ha-Ras/ERK and iNOS/IKK/NF-kB axis in these
lesions. This does not exclude per se the activation of iNOS signaling
by other mechanisms, such as inflammatory cytokines (11) or the Wnt/
b-catenin signaling (52). Indeed, IL-1B, IL-6, TNF-a and IFN-c ex-
pressions increase in dysplastic and neoplastic liver of transgenic mice,
with highest values for TNF-a and IFN-c, in double-transgenic HCC.
Rise in cytokine expression also occurs in human HCC and SL, with
highest values in HCCP, for IL-1B, IL-6 and TNF-a. The role of Wnt/
b-catenin signaling in iNOS upregulation seems to be unlikely, in our
experimental conditions, due to the observation of b-catenin activation
(nuclear localization) in �30% of HCCs from both F344 and BN rats
(M.Frau, unpublished data) expressing sharply different iNos mRNA
levels. b-Catenin activation also occurs in a lower percentage of HCC
from c-Myc–TGF-a than TGF-a transgenics (12 versus 30%) (28),
although highest iNOS expression was found in HCC from double-
transgenic mice. Similarly, b-catenin activation was most frequent in
human HCCB than HCCP (35 versus 10%; D.F.Calvisi, unpublished
data), although HCCB exhibited lower levels of iNOS expression. These
data, together with the finding of lack of transcriptional induction of
Wnt/b-catenin canonical targets (c-Myc, cyclin D1) in livers displaying
an activated form of b-catenin (53), suggest that b-catenin targets might
be different depending on the tissue and/or the model examined.

Our results strongly suggest a potential prognostic role of iNOS
signaling that should be tested by a large-scale clinical research. The
association of the block of iNOS signaling by a specific inhibitor such
as AG with a consistent decrease in HCC growth and increase in
apoptosis in vitro indicates that the key component of this pathway
could represent therapeutic targets that, in association with other tar-
gets, may contribute to create networked biological therapies (54).
Thus, determination of iNOS immunoreactivity status can be pro-
posed as a promising candidate for the identification of high-risk
patients who may benefit from the new anticancer drugs targeting
iNOS and its interplay with IKK/NF-kB and Ha-RAS/ERK signaling.

Supplementary material

supplementary Figures S1–S8 and Tables 1 and 2 can be found at
http://carcin.oxfordjournals.org/
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