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Abstract
Studies on rodents and humans demonstrate an inherited 
predisposition to hepatocellular carcinoma (HCC). Analysis 
of the molecular alterations involved in the acquisition of 
a phenotype resistant or susceptible to hepatocarcinogen-
esis showed a deregulation of G1 and S phases in HCC 
of genetically susceptible F344 rats and a G1-S block in 
lesions of resistant Brown norway (BN) rats. Unrestrained 
extracellular signal-regulated kinase (ERK) activity linked 
to proteasomal degradation of dual-specificity phospha-
tase 1 (DUSP1), a specific ERK inhibitor, by the CKS1-SKP2 
ubiquitin ligase complex occurs in more aggressive HCC 
of F344 rats and humans. This mechanism is less active in 
HCC of BN rats and human HCC with better prognosis. Up-
regulation of iNos cross-talk with IKK/NF-kB and RAS/ERK 
pathways occurs in rodent liver lesions at higher levels in 
the most aggressive models represented by HCC of F344 
rats and c-Myc-TGF-α transgenic mice. iNOS, IKK/NF-kB, 
and RAS/ERK upregulation is highest in human HCC with a 
poorer prognosis and positively correlates with tumor pro-
liferation, genomic instability and microvascularization, and 
negatively with apoptosis. Thus, cell cycle regulation and 
the activity of signal transduction pathways seem to be 
modulated by HCC modifier genes, and differences in their 
efficiency influence the susceptibility to hepatocarcinogen-
esis and probably the prognosis of human HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of  the most 
frequent human cancers, with 1 million of  newly 
diagnosed cases each year. The highest frequencies 
are found in sub-Saharan Africa and far eastern Asia, 
where hepatitis B virus (HBV) and hepatitis C virus 
(HCV) infections are endemic, and in regions where 
food contaminated with Aflatoxin B1 is consumed[1-3]. 
Other risk factors associated with the development 
of  HCC include: long term use of  oral contraceptive 
(female), high dose of  androgen steroids, type 2 
diabetes, genetic disorders such as hemochromatosis, 
hereditary tyrosinemia, glycogen storage disease (types 
1 and 2), α1-antitrypsin deficiency, Wilson’s disease; 
porphyria cutanea tarda, galactosemia, orotic aciduria, 
congenital cholestatic syndrome, and environmental 
agents (Thorotrast, Aflatoxins, Cycasin, Pyrrolizidine 
alkaloids, Vinyl chloride, tobacco smoke, N-nitrosylated 
compounds). HCC incidence appears to be rising, 
even in countries with relatively low incidence[4]. HCC 
is prevalently male associated with M:F ratios ranging 
from 1.3 to 12.9 according to the geographic area[1]. It is 
a rapidly fatal disease, with a life expectancy of  about 6 
mo from the time of  diagnosis. Partial liver resection or 
liver transplantation are potentially curative, but only a 
minority of  the cases is amenable to these treatments.

The frequency of  HCC, similarly to that of  other 
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tumor types, shows great differences within a human 
population as a response to environmental risk agents[5]. 
This suggests that additional environmental and/or 
genetic factors may be involved in the pathogenesis of  
the disease. Genetic polymorphisms of  Cytochromes 
P450 2E1 and 2D6, Aldehyde dehydrogenase, Arylamine 
N-acetyltransferase 2, Epoxide hydrolase and L-MYC, 
and mutation of  the Glutathione S-transferase gene have 
been associated with increased risk of  HCC[6-10]. The 
genetic susceptibility has been shown to be one of  the 
factors involved in familial aggregations of  HCCs, even 
in HBV endemic areas where perinatal transmission of  
HBV is mainly responsible of  familial HBV clustering[11]. 
The absence of  an obviously inherited predisposition to 
the majority of  liver cancers and of  familial aggregations 
of  HCC, independent of  environmental agents such as 
HBV and HCV infections indicates that high-penetrance 
mutations are rare for this tumor, and suggests instead 
the involvement of  low-penetrance genetic variants. 
Indeed, studies of  families at risk seem to confirm 
the implication of  a polygenic control of  cancer 
incidence[12,13], and are in keeping with a polygenic model 
of  autosomal recessive inheritance with a major gene 
involved in the genetic predisposition of  HCC onset at 
an earlier age[14].

The development of  cancers in mammals depends 
on accumulation within somatic cells of  a number 
of  genetic alterations including activation of  proto-
oncogenes and inactivation of  oncosuppressor genes. 
Genetic instability plays an important role in the 
accumulation of  these alterations[1]. Although various 
interindividual and interspecies differences have been 
documented, several morphological, biochemical and 
biological commonalties have been found in human and 
rodent preneoplastic and neoplastic liver lesions[3,15-17]. 
This suggests that the basic mechanisms of  HCC 
development, in different species, are closely similar. 
Furthermore, studies with experimental models of  
complex diseases, different from cancer, indicate that 
the genetic variants controlling susceptibility map to 
orthologous regions of  the mouse and human genomes, 
and various diseases are caused by polymorphism of  
equivalent mouse and human genes[18]. On the basis of  
these observations and considerations; in recent years, 
mouse and rat hepatocarcinogenesis models have been 
used to map susceptibility genes, define the genetic 
model responsible for an increased risk of  HCC, and 
examine the effector mechanisms of  tumor susceptibility 
genes.

RESISTANT PHENOTYPE
Liver carcinogenesis is a multistage process[1,15-17,19]. 
The clonal expansion of  carcinogen-initiated cells 
(promotion) leads to the development of  foci of  altered 
hepatocytes (FAHs) that, in the rat, can be identified 
by immunohistochemical staining of  glutathione 
S-transferase 7-7 (GST 7-7). Most liver preneoplastic 
lesions re-differentiate or no further evolve to cancer, 
whereas a subset of  lesions acquires the capacity 

of  autonomous growth and progress to neoplastic 
nodules (dysplastic nodules, adenomas) and HCCs[19,20]. 
Genomic instability, up-regulation of  oncogenes and 
downregulation of  oncosuppressor genes, and in late 
stages, alteration of  cell adhesion mechanisms drive the 
process evolution[15,21].

A striking behavior of  rodents’ genetic resistance 
to hepatocarcinogenesis is the fact that resistance 
genes apparently do not affect the initiation of  the 
process, but only the capacity of  initiated cells to 
grow autonomously[22-25]. In recent years the Brown 
norway (BN) [26] and Copenhagen (Cop) [27,28] rat 
strains have been shown to be strongly resistant to 
hepatocarcinogenesis. Both strains, crossed with F344 
rats, susceptible to hepatocarcinogenesis, dominantly 
transmit their resistance to (BN × F344) F1 (BFF1) 
and (Cop × F344) F1 (CFF1) rats. Treatment of  rats 
with DENA/AAF/partial hepatectomy, according 
to the “resistant hepatocyte” model of  hepatocarci
nogenesis[19], results in the development in the liver 
of  resistant strains of  an elevated number of  fast-
growing early preneoplastic lesions, positive for GST 
7-7 expression. After exhaustion of  the promoting 
stimulus, GST 7-7 positive lesions undergo a progressive 
decrease in growth capacity and intensive phenotypic 
reversion (remodeling)[29], thus showing inability to grow 
autonomously. In carcinogen-treated Cop rat strain, the 
block of  progression of  preneoplastic lesions exclusively 
depends on re-differentiation, whereas DNA synthesis in 
these lesions proceeds at the same rate as in the lesions 
of  susceptible strains[27,28,30]. The analysis of  BN and 
Cop rats excluded apoptosis in the preneoplastic lesions 
as a mechanism of  resistance to hepatocarcinogenesis 
and attributed a preeminent role to redifferentiation[26-28]. 
However, apoptosis occurs in HCC from the resistant 
BN[31] and DHB[32] rats. These observations indicate that 
in the presence of  dominant resistance alleles the subset 
of  autonomously growing preneoplastic lesions, selected 
during promoting treatments, is very small or absent.

MAPPING OF THE LOCI CONTROLLING 
THE SUSCEPTIBILITY TO 
HEPATOCARCINOGENESIS
Linkage analysis experiments, made in various models 
of  rodent hepatocarcinogenesis, led to the identification 
of  different hepatocarcinogenesis susceptibility (Hcs) 
and resistance (Hcr) loci[25]. Mouse Hcs1, Hcs2, and 
Hcs3 loci were identified on chromosomes 7, 8, and 
12, respectively, in urethane-treated F2 male mice 
generated by crossing the susceptible C3H/HeJ strain 
with the resistant A/J strain[33]. Interspecific testcrosses 
between the phylogenetically distant C3H/HeJ and 
Mus spretus mice, followed by the cross of  the resulting 
F1 with the resistant C57BL/6J (B6) strain, to increase 
interstrain polymorphism[23], led to the identification of  
3 additional Hcs loci (numbered from 4 to 6), mapping 
to chromosomes 2, 5, and 19, respectively. More 
recently a seventh Hcs locus (Hcs7) was mapped to 
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distal chromosome 1 by analysis of  the backcrosses and 
intercrosses between the susceptible C3H/HeJ or CBA/J  
strains and the resistant B6 strain[35]. Congenic B6.C3H 
(D1Mit5-D1Mit17) and B6.BR (D1Mit5-D1Mit17) 
were generated in which a approximate 70 cm segment 
(between D1Mit5 and D1Mit17) from C3H or C57BR/
cdj (Br) susceptible strains, was introgressed onto a B6 
background. These recombinant congenic strains (RCSs) 
develop more liver tumors than B6 mice, indicating that 
distal chromosome 1 carries potent modifier gene(s) 
sufficient to confer susceptibility to liver cancer.

Two loci involved in the susceptibility to HCC 
have been identified in crosses between BR and B6 
mice[35]. BR females are extremely sensitive to HCC 
induction, since they are genetically insensitive to the 
inhibition of  hepatocarcinogenesis exerted by ovarian 
hormones. This property is dominantly transmitted to 
B6BRF1 and BRB6F1 mice. BR alleles at two loci, on 
chromosomes 17 and 1, identified in backcrosses and 
F2 progeny, are associated with increased susceptibility 
in both sexes. They were denominated Hcf1 and Hcf2 
(hepatocarcinogenesis in females) loci. Hcf1 and at a 
lower extent Hcf2 accounted for the higher sensitivity of  
BR mice to hepatocarcinogenesis.

In addition to susceptibility loci, two resistance loci, 
with negative phenotypic effects have been discovered 
in mouse genome. Hcr1 and Hcr2 loc i map on 
chromosomes 4 and 10, respectively[36]. Further work[37] 
has shown that a resistant F1 mouse may be generated 
by crossing the resistant BXD-15 recombinant inbred 
mouse, presumably carrying Hcr genes contributed by 
the parental strain DBA/2J, to susceptible recombinant 
BXD-11 mice, which should carry DBA/2J Hcs genes. 
This strongly suggests that Hcr genes may modify the 
activity of  several sensitivity loci.

The genome of  the BALB/c mouse strain provides 
alleles that semi dominantly inhibit hepatocellular 
tumor development in F1 crosses with the highly 
hepatocarcinogenesis-susceptible C3H/He strain[39]. 
Recent genome-wide linkage analysis in a F2 population 
produced by intercrossing the BALB/c to the C3H/He 
mouse strain revealed a hepatocarcinogen resistance 3  
(Hpcr3) locus with a major role in the resistance to 
urethane-induced hepatocarcinogenesis[40]. This locus, 
mapping to central Chromosome 15, accounts for 
40% of  the phenotypic variance. A gene expression 
profile of  normal adult mouse liver showed a significant 
association with susceptibility of  BALB/c, C3H/He, 
and F1 mice to hepatocarcinogenesis, and identified the 
genes expressed in the Hpcr3 locus region. This analysis 
implicated the E2F1 pathway in the modulation of  the 
phenotype susceptibility to hepatocarcinogenesis.

The first locus regulating the susceptibility of  rats to 
chemical hepatocarcinogenesis, denominated rcc locus, 
has been identified in the telomeric end of  chromosome 
20 of  MHC-recombinant rat strains, congenic for 
the MHC genes and its linked region grc (growth 
reproduction complex)[41,42]. The rcc+ locus has many 
properties in common with tumor-suppressor genes: it is 
recessive, its deletion causes phenotypic susceptibility to 

various carcinogens, and it inhibits tumor development 
in many organs and tissues, including liver, skin, kidney 
and mesenchyma[41].

Numerous other loci have been identified by linkage 
analysis of  male backcrosses and intercrosses of  
resistant BN and/or Cop rats to susceptible F344 rats. 
Seven susceptibility loci have been identified: rat Hcs1 
and Hcs2 loci on chromosomes 7 and 1 respectively, in 
BN × BFF1 backcross progeny[43], Hcs3 and Hcs4 loci 
in BFF2 rats[44], and Hcs3, Hcs5, Hcs6 and Hcs7 in CFF2 
intercrosses[45]. Hcr loci numbered 1 to 3 have been 
mapped to chromosomes 10, 4, and 8, respectively, in 
BN × BFF1 backcrosses[43]. Four additional Hcr loci, 
numbered from 9 to 12, (Rat genome database, www.
rgd.mcw.edu/; previously numbered from 4 to 7) were 
identified on chromosomes 4, 6, and 8 of  BFF2 rats[44]. 
Hcr13 and Hcr14 (RGD; previously numbered 8 and 9) 
were mapped to chromosomes 4 and 18 of  CFF2 rats[45].

The results of  genomic scanning of  crosses of  
BN and Cop rats with F344 rats are consistent with 
some observations on a resistant mutant of  Donryu 
rats strain, the DRH rats[46,47], indicating the presence 
of  two clusters of  genes on chromosomes 1 and 4 of  
(DRH × F344) F2 rats, designated collectively as Drh1 
and Drh2, and considered to be resistance genes. These 
genes are transmitted dominantly from DHR rats to the 
F2 progeny. The Drh1 locus affects the development of  
FAH induced by 3’-Me-DAB[46,47], whereas Drh2 seems 
to control the progression of  FAH to carcinoma. On 
the basis of  the chromosomal localization, Dhr2 seems 
to correspond to Hcr2 on chromosome 4, while Drh1 
corresponds to Hcs3 and Hcs5.

The phenotypic effect of  Hcs3 locus in BFF2 
rats, consisting in a marked increase in the volume 
of  neoplastic nodules, accounts for 49% of  the total 
phenotypic traits[44]. In CFF2 rats, Hcs3 and Hcs5 loci 
apparently account for only 14.6% and 8.4% of  the 
phenotypic trait, respectively, consisting in about a 100% 
rise in number of  non-remodeling nodules[45]. These 
nodules represent less than 20% of  the total lesions in 
these rats. Thus, a diluting effect of  the large number of  
remodeling lesions may be responsible for the apparently 
low penetrance of  the C allele at the Hcs3 locus. In DRH 
rats, the presence of  F alleles at the Drh1 locus has a 
dominant positive effect on the number of  FAH (about 
100% increases)[46]. These phenotypic effects of  Hcs3/
Drh1 have been recently confirmed in a congenic DRH.
F344-Drh1 strain in which an about 43 cm segment of  
Drh1 from F344 rats has been introgressed onto a DRH 
background[32]. Above observations are consistent with a 
major role of  Hcs3 in the predisposition to liver cancer. 
It should be noted that the analysis of  phenotypic effects 
of  susceptibility/resistance loci in rats showed the 
presence of  susceptibility loci in resistant BN rats. Given 
that BFF1 rats, heterozygous at all loci, are resistant to 
hepatocarcinogenesis[26], the behavior of  backcross rats 
suggests the existence of  inhibitory mechanisms of  
susceptibility genes in these animals.

Interestingly, the Hpcr3 locus in the middle region 
of  mouse chromosome 15 is synthetic to the rat Hcs1 
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locus which has been linked with dominant resistance 
to hepatocarcinogenesis in a backcross between the 
genetically resistant BN and the susceptible F344 rat 
strains[43]. Thus, it is possible that the mouse Hpcr3 
and the rat Hcs1 locus modify hepatocarcinogenesis 
susceptibility by functional alleles of  the same gene 
in both species. Moreover, both the mouse Hpcr3 and 
the rat Hcs1 regions are homologous to the human 
chromosome 8q region which undergoes frequent 
structural alterations in HCCs, including copy number 
gains that have been associated with tumor growth[48-50]. 
Consistent with these findings, the gain of  chromosome 
15 occurs in primary HCCs of  B6C3F1 mice[51]. These 
findings suggest that Hpcr3 represents a major modifier 
locus for hepatocarcinogenesis.

The progressive disappearance of  molecular markers 
of  preneoplastic lesions, followed by the disappearance 
of  histological evidence of  these lesions (phenotypic 
reversion, remodeling), during rat liver carcinogenesis, 
has been interpreted, at least in some instances, as 
re-differentiation[19,20,26-28]. The regulation of  marker 
expression may involve the activity of  various genes. We 
have identified in BFF2 rats’ two loci, denominated liver 
neoplastic nodule remodeling, Lnnr1 and Lnnr2 whose 
phenotypic effect was the reduction in the percentage 
of  remodeling lesions[52]. Due to an intensive remodeling 
of  preneoplastic lesions in the Cop strain, more detailed 
information was obtained by genomic scanning of  CFF2 
rats, in which four Lnnr loci were discovered: Lnnr3 
downregulated the number of  remodeling neoplastic 
nodule, whereas Lnnr4 and Lnnr5 had the opposite 
effect. An additional locus, on chromosome 6, Lnnr6, 
had a negative phenotypic effect on the volume of  
remodeling nodules[45]. These observations are consistent 
with a model of  hepatocarcinogenesis in which only 
a relatively small subset of  early preneoplastic lesions 
is genetically programmed to evolve to HCC, whereas 
the remainder undergoes phenotypic reversion. The 
importance of  this phenomenon is underlined by the 
observation of  hepatocarcinogenesis prevention by 
compounds inducing remodeling[20], as well as by its 
implication in some cases of  spontaneous regression of  
liver nodules and carcinomas in humans[53].

The recent construction of  the F344.BN-Hcs4 RCS, 
by introgressing a 4.41 cm portion of  Hcs4 from BN 
strain in an isogenic F344 background, allowed the 
important identification of  a high penetrance gene(s), 
activated by estrogens and inhibited/unaffected by 
testosterone, conferring resistance to females towards 
liver cancer[54]. The volume and positivity for Proliferating 
Cell Nuclear Antigen (PCNA) were much higher in 
chemically induced preneoplastic lesions of  F344 than 
BN rats, of  both sexes. These parameters were lower 
in females than males. It was found that lesion volume 
and PCNA values of  male RCS were similar to those of  
F344 rats, but corresponded in females to those of  BN 
females. Carcinomatous nodules and HCC developed, at 
32 and 60 wk, respectively, in male F344 and congenics 
and, rarely, in F344 females. Gonadectomy of  congenic 
males, followed by β-estradiol administration, caused 

decrease in Ar (Androgen receptor) gene expression, 
increase in Er-α  (Estrogen receptor-α) expression, and 
development of  preneoplastic lesions comparable to 
those from BN females. Administration of  testosterone 
to gonadectomized females leads to Ar increase and 
development of  preneoplastic lesions as in F344 males. 
This indicates a role of  homozygous B alleles at Hcs4 in 
determination of  phenotypic patterns of  female RCS.

Research on rodent models of  liver cancer have 
clearly shown a model-based on the polygenic inheritance 
of  low penetrance genes with a few predominant 
susceptibility/resistance loci. Furthermore, the study of  
epistatic interactions between microsatellite loci, inducing 
phenotypic effects not predictable on the basis of  the 
sum of  their separate effect, resulted in the identification 
of  several novel tumor modifier loci in rats, indicating that 
gene-gene interactions have a major role in hepatocarci
nogenesis[25]. We can envisage the existence of  different 
subsets of  low-penetrance genes at play in different 
subsets of  population.

Overall, these findings prove the existence of  a great 
complexity of  the inherited predisposition to liver cancer. 
A complex combination and interplay of  susceptibility 
or resistance alleles determines the individual risk. 
Some individuals may inherit a predominance of  
susceptibility alleles and/or a major allele and may be 
highly cancer prone. However, since human individuals 
are generally casually assorted, independently of  genetic 
factors, a situation of  high or low genetic risk should 
be rare, and most humans should be at average risk. A 
corollary of  this situation is that the effect of  polygenic 
inheritance can be masked by a predominant presence 
of  environmental high risk factors. Nevertheless, taking 
into account the effect of  susceptibility/resistance 
genes on the proliferative activity and re-differentiation 
of  initiated cells, it may be expected that the genetic 
substrate largely influences the prognosis. 

PUTATIVE TARGETS OF 
SUSCEPTIBILITY/RESISTANCE GENES
Cell cycle deregulation
The deregulation of  signal transduction pathways, 
cell cycle control, and genes involved in cell death 
signals characterizes initiated cells and influences their 
evolution to malignancy[1-3,15]. Several genes implicated 
in these activities, in mouse and rats, can be targeted 
by the susceptibility/resistance genes. This mechanism 
could be responsible for the acquisition of  a phenotype 
susceptible or resistant to HCC development.

According to recent evidence HCCs developing in 
c-Myc transgenic mice undergo sustained regression, 
associated with re-differentiation of  tumor cells, 
following inactivation of  c-Myc transgene expression[55]. 
The re-differentiation is not terminal, and tumor growth 
starts again after restoration of  c-Myc expression. 
These results, linking re-differentiation of  tumor 
cells to the expression of  c-Myc, a gene located at 
Lnnr1 [52], are in keeping with the observation that 
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inhibition of  c-Myc expression by antisense strategy 
contributes to the deregulation of  E2f1 expression, 
and blocks in vitro growth of  human and rat HCC 
cells[56]. In addition, in vivo studies have shown c-Myc 
hypomethylation in preneoplastic and neoplastic rat liver 
lesions[57]. The decrease in c-Myc expression, induced 
by prolonged administration of  the methyl donor 
S-adenosylmethionine to rats, is associated with growth 
restraint and re-differentiation of  liver lesions[20,57,58]. 
No differences in c-Myc expression occur in the liver 
of  normal F344 and BN rats[56,58,59]. However, the 
expression of  this gene is much higher in preneoplastic 
and neoplastic lesions of  F344 rats than in the lesions 
of  BN rats[56,58,59]. c-Myc is frequently amplified in 
preneoplastic and neoplastic lesions of  the susceptible 
strain, but not in the lesions of  the resistant BN and 
Wistar strains[60]. Taken together, these observations 
suggest the existence of  some connections between 
c-Myc and the susceptibility genes that regulate re-
differentiation.

Since c-Myc regulates the pRb-E2F pathway, we 
evaluated cell cycle gene expression in neoplastic nodules 
and HCCs, induced by initiation/selection protocols, 
40 and 70 wk after diethylnitrosamine treatment, in 
susceptible F344 rats, and resistant Wistar and BN 
rats[59]. No interstrain differences in gene expression were 
observed in normal livers. Overexpression of  c-Myc, 
Cyclins D1, E, and A, and E2f1 genes, at mRNA and 
protein levels, rise in Cyclin D1-Cyclin-dependent kinase 
4 (CDK4), Cyclin E-CDK2 and E2f1-DP1 complexes, 
and pRb hyperphosphorylation occurred in nodules 
and HCCs of  F344 rats. In nodules and/or HCCs 
of  Wistar and BN rats, low or no increases in c-Myc, 
Cyclins D1, E, and A, and E2f1 expression, and Cyclin-
CDKs complexes formation were associated with pRb 
hypophosphorylation. These results are consistent with 
a deregulation of  the G1 and S phases in liver lesions of  
susceptible rats, and a block of  G1-S transition in lesions 
of  resistant strains, which explains their low progression 
capacity.

Autonomous ly g rowing preneoplas t i c l iver 
nodules develop in susceptible rat strains, initiated by 
diethylnitrosamine and subjected to the initiation/
selection treatments of  the “resistant hepatocyte” 
protocol , af ter the cessat ion (about 6 wk after 
initiation) of  the promotion stimulus represented 
by partial hepatectomy[19,20,61]. In contrast, only very 
few preneoplastic lesions of  resistant BN rats grow 
autonomously after the end of  the promoting stage; 
the majority of  lesions remodel or no further evolve 
to neoplasia[61]. To evaluate the molecular mechanisms 
underlying the appearance of  the resistant phenotype 
in BN rats[61], the behavior of  the p16INK4A and some 
genes regulating cell cycle inhibition by p16INK4A have 
been analyzed. Preneoplastic liver (7 wk after initiation), 
neoplastic nodules (32 wk) and HCC (57 wk) showed 
high p16INK4A expression at mRNA and protein levels, 
in both F344 and BN rat strains. This was associated 
with increase in the expression of  Heat shock protein 
90 (Hsp90) and Cell division cycle 37 (Cdc37) protein, 

and Cdc37-Cdk4 complex. The HSP90-CDC37 complex 
protects several kinases, including Cdk4 and Cdk6 from 
the formation of  inhibitory complexes with p16INK4A[62-64] 
(Figure 1). Consequently, the increase in Cdc37-Cdk4 
complex resulted in a decrease in p16INK4A-Cdk4 complex 
in the lesions of  F344 rats, whereas lower/no changes 
occurred in BN rats[61].

The transcription factor E2f4, is a p16INK4A effector, 
acting as a growth repressor[65], equally expressed in 
the lesions of  both F344 and BN rats. Required for 
chromosome region maintenance 1 protein (Crm1) is 
a receptor for various proteins containing a specific 
nuclear export sequence, including E2f4[66]. Crm1 
and the cytoplasmic E2f4-Crm1 complex are highest 
in preneoplastic and neoplastic lesions of  F344 rats. 
This indicates more elevated nuclear E2f4 eff lux 
in the susceptible rats leading to a decrease in the 
interaction of  p16INK4A with G1 kinases (Figure 1).  
Fur ther more, lower P16 INK4A leve l and h ighest 
upregulation of  the HSP90/CDC37, and E2F4/CRM1 
systems occur in human HCCs with a poorer prognosis 
(HCCP), based on survival rate, compared to HCCs 
with a better prognosis (HCCB)[61]. Accordingly, the 
P16INK4A-CDK4 complex is higher in HCCB than in 
HCCP, whereas the complexes of  CDK4 with HSP90 
and CDC37 are higher in HCCP than in HCCB. 
Consistent with a protective role of  CDC37 against 
growth inhibition is the observation that a decrease 
in its expression, induced by specific siRNAs, leads to 
inhibition of  DNA synthesis in HepG2 cells, without 
modifying P16INK4A expression[61]. This suggests that 
CDC37 could be a target for HCC chemoprevention and 
therapy. These findings underline the role of  the Hsp90/
Cdc37 and E2f4/Crm1 systems in the acquisition of  a 
susceptible or resistant phenotype in rats and suggest 
that the protection by CDC37 and CRM1 against cell 
cycle inhibition by P16INK4A may influence the prognosis 

www.wjgnet.com

Feo F et al . Genetic control of signaling pathways in liver cancer                                                                  6605

CRM1

E2F4
CRM1

E2F4 P1
6

P1
6

E2F4

CDK4/6

CDK4/6

CDC37

Hsp90

CDK4/6

CycD

CycD

pRb

pRb

E2F1

E2F1

pRbP
P P P

P

G1

S

P

Figure 1  Cell cycle protection from inhibition by P16INK4A through the 
CDC37-HSP90 complex and CRM1 transporter protein. P16INK4A forms 
complexes with CDK4 and CDK6 which, as a consequence, cannot by 
activated by Cyclin D1 and cannot phosphorylate pRb. The chaperons CDC37 
and HSP90 form complexes with CDKs protecting them from inactivation by 
P16INK4A. CRM1 forms a complex with E2F4, a P16INK4A effector, transporting it 
outside of the nucleus, thus inactivating P16INK4A.



of  human HCC.
Overall, these observations indicate that susceptible 

F344 rats develop various adaptive mechanisms for 
protection against stress-responsive tumor suppressors, 
such as p16INK4A, that confer to their liver cells the ability 
to proliferate under stressful conditions, such as hypoxia, 
oxidative stress, DNA damage, abnormal conditions of  
growth and differentiation, inappropriate extracellular 
matrix, and improper cell-to-cell contracts. In the 
resistant BN strain, a shut off  of  these mechanisms, 
associated with cell cycle deregulation and growth 
inhibition, occurs in coincidence with the exhaustion of  
promoting stimuli.

Mitogen activated protein kinase pathway
The best characterized RAS effector promoting cell 
cycle progression is the mitogen activated protein kinase 
(MAPK) pathway[67] (Figure 2). Active RAS (RAS-GTP) 
drives the RAF1-MAPK kinase kinase 1/2 (MEK1/2)-
extracellular signal-regulated kinase 1/2 (ERK1/2) 
cascade which mediates proliferative and survival signals 
and, through the binding to RAS association domain 
family 1A (RASSF1A) and the related protein Novel 

RAS effector 1A (NORE1A), may induce apoptosis[68,69]. 
RASSF1A and NORE1A are members of  the RASSF 
family of  RAS inhibitors and form homo- and hetero-
dimers, which activate the mammalian sterile twenty 
kinase 1 (MST1 kinase), an upstream effector of  
the p38MAPK and JNK pathways[67-72]. Following 
activation, phosphorylated MST1 induces apoptosis via 
caspase-dependent and -independent mechanisms[60-72]. 
Furthermore, RASSF1A may inhibit the ERK pathway 
by its association with the plasma membrane calcium 
pump (PMCA) 4b protein[73]. Finally, p38MAPK may be 
also activated by Disabled homolog 2 (DAB2)-interacting 
protein (DAB2IP), a RAS-GTP inhibitor, via activation 
of  Apoptosis signal-regulating kinase 1 (ASK1), which 
phosphorylates p38MAPK[74].

Studies on the role of  the inhibitors of  RAS/ERK 
pathway in the acquisition of  a phenotype resistant or 
susceptible to hepatocarcinogenesis, showed moderate 
activation of  Ras, Raf1, and Mek1/2 proteins, paralleled 
by strong induction of  Dab2 and Raf  kinase inhibitory 
protein (Rkip) inhibitors, in neoplastic nodules and HCC 
of  both F344 and BN rats, induced by the “resistant 
hepatocyte” protocol[31]. This is compatible with the 
limitation of  Ras-GTP-mediated activation of  Raf1 
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Figure 2  Schematic representations of the activated RAS-MAPK, RASSF1A/NORE1A, and Dab2IP/ASK1 pathways, iNOS signalling, and FOXM1-related 
pathways involved in the dysregulation of cell growth and apoptosis in HCC. Active Ha-RAS (GTP-RAS) triggers the MAPK pathway leading to activation of 
ERK1/2. Active ERK can down-regulate DUSP1 by phosphorylation at ser296 allowing the formation of the SKP2/CSK1/DUSP1 complex, which facilitates DUSP1 
ubiquitination and proteasomal degradation. In addition, ERK may further contribute to DUSP1 proteolysis via induction of its target FOXM1, leading to transcriptional 
activation of SKP2 and CKS1. These mechanisms result in decreased inhibition of ERK by DUSP1 (blunt arrow). Moreover, FOXM1 favors the growth of neoplastic 
cells by targeting genes involved in G2 

←

 M transition, genomic instability, angiogenesis, NF-kB activation, and anti-apoptosis. iNOS activates IKK that allows 
proteasomal degradation of the NF-kB inhibitor, IkB-α. This results in NF-kB activation. iNOS also activates Ha-RAS, thus triggering the MAPK pathway leading to 
activation of ERK1/2. NF-kB activation by ERK may occur through AURORA-A (AURKA) which inhibits IkB-α. NF-kB activates various antiapoptotic genes (XIAP, 
cIAP1, BCL-xL) and inhibits the proapoptotic gene JNK. The inhibition of RAS activation by DAB2IP leads to the activation of ASK1, whereas active RAS favors the 
formation of the RASSF1-NORE1A complex. Both the ASK1 and RASSF1-NORE1A complexes trigger pro-apoptotic pathways. ASK1: Apoptosis signal-regulating 
kinase 1; BCL-Xl: BCL2-related protein, long isoform; CDC37: Cell division cycle 37; CKS1: CDC28 protein kinase 1b; cIAP: Iinhibitor-of-apoptosis protein 1; DAB2: 
Disabled homolog 2; DAB2IP: DAB2-interacting protein; DUSP1: Dual-specificity phosphatase 1; EPO: Erythropoietin; ERK: Extracellular signal-regulated kinase; 
GLI1: Glioblastoma associated oncogene 1; HIF-1α: Hypoxia-inducible factor 1 α; HSP90: Heat shock protein 90; HXK Ⅱ: Hexokinase Ⅱ; IKK: Inhibitor of kB kinase; 
iNOS: Inducible nitric oxide synthase; MST1: Mammalian sterile twenty kinase 1; NEK2: NIMA-related kinase 2; NF-kB: Nuclear factor-kB; NORE1A: Novel RAS 
effector 1A; RASSF1A: RAS association domain family 1A; RKIP: RAF kinase inhibitory protein; SKP2: S-phase kinase-associated protein 2; VEGF-α: Vascular 
endothelial growth factor α; XIAP: Inhibitor of apoptosis, X-linked. Pointed and blunt arrows indicate activation and inhibition, respectively.
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due to the upregulation of  the Raf1 inhibitor, Dab2[31,75] 
(Figure 2). Indeed, in the lesions developed in the 
resistant BN strain, lower Dab2 expression is associated 
with relatively low Ras-GTP and Raf1 expression and, 
consequently, low pRaf1 level[31]. Presumably, similar 
mechanisms may be envisaged for the inhibitory effect 
of  Rkip1 on Mek activation[76] and determine the absence 
of  interstrain differences in pMek1/2 expression[31]. 
However, the possibility that other phosphatases 
interfere with Raf  and Mek activation, during rat liver 
carcinogenesis, cannot be excluded and should be the 
object of  further research.

High levels of  Dual-specificity phosphatase 1 
(Dusp1), a specific Erk inhibitor (Figure 2), may 
be found only in neoplastic nodules and HCC of  
the resistant BN rat lesions, leading to modest Erk 
activation, whereas a progressive Dusp1 decline occurs in 
corresponding lesions from susceptible F344 rats and is 
accompanied by elevated Erk activation[31]. Interestingly, 
Dusp1 is slightly upregulated in preneoplastic liver of  
both F344 and BN strain, but its level progressively 
decreases in early liver nodules (12 wk after initiation), as 
well as in neoplastic nodules and HCC of  F344 rats[31], i.e. 
in coincidence with the development of  autonomously 
growing lesions in susceptible rats[25,61]. In contrast, 
Dusp1 further increases in the lesions of  BN rats after 
the 12th week. This suggests that even in the presence 
of  a limited increase in the levels of  upstream activators 
(Raf1, Mek1/2) of  Erk1/2, a failure of  Dusp1 induction 
might sustain Erk1/2 activation and contributes to the 
development of  autonomously growing liver lesions 
in F344 rats. This conclusion is further substantiated 
by the observed overexpression of  pErk1/2 target 
genes, such as Hif1-α  (hypoxia-inducible factor 1α) 
and Vegf-α  (Vascular endothelial growth factor α), 
regulating angiogenesis, and Hxk Ⅱ [31] (Hexokinase Ⅱ).  
The latter gene is a key glycolytic enzyme whose 
expression is correlated with Hif1-α  mRNA, and may 
promote HCC development by different mechanisms, 
including enhanced energy production, overproduction 
of  antiapoptotic enzymes and metabolic precursors 
for cell growth[77]. In BN rats, progressive increases in 
Dusp1 expression in preneoplastic and neoplastic lesions 
is associated with low expression of  pErk1/2 and its 
target genes. This could contribute to the low propensity 
of  BN rat lesions to progress.

T he mechan i sms unde r l y i ng the e f f e c t o f  
susceptibility genes on the deregulation of  the inhibitors 
of  Ras/Erk cascade in rat hepatocarcinogenesis are 
not yet completely known. The progressive rise in 
expression of  the inhibitors of  Ras/Erk pathway, 
including Dab2 and Rkip, in preneoplastic and neoplastic 
liver lesions of  F344 rats, suggests a compensatory 
mechanism controlling (at least in part) Ras-GTP, pRaf1, 
and pMek1/2 upregulation in this rat model. Sustained 
Erk activation in F344 nodules and HCC promotes the 
phosphorylation of  Dusp1 at the ser296 residue. This is 
followed by proteasomal degradation of  Dusp1[78,79] (see 
below) and enhancement of  Erk-driven HCC growth. 
The presence of  Dusp1 overexpression in late lesions of  

BN rats speaks in favor of  a possible low proteasomal 
disruption of  Dusp1 protein, thus resulting in a further 
inhibition of  pErk1/2. These findings support the 
hypothesis that Dusp1 is at least one of  the genes 
involved in the acquisition of  a resistant phenotype. 
Interestingly, Dusp1 co-localizes with the resistance locus 
Hcr1 on chromosome 10, in correspondence of  the 
LOD score peak, a region frequently affected by loss of  
heterozygosis (LOH) during rat hepatocarcinogenesis[80]. 
Nevertheless, the existence of  localization and functional 
plausibil ity does not prove per se that Dusp1 is a 
hepatocarcinogenesis “modifier” gene[25]. Dusp1 could be 
indeed controlled by modifiers of  hepatocarcinogenesis. 
In accordance with the latter statement, the absence of  
functional polymorphisms at the Dusp1 in F344 and BN 
rat liver tissues as detected by DNA sequencing (Feo  
et al, unpublished data) speaks against a role of  Dusp1 
as a tumor modifier gene. Further work is necessary to 
clarify this point.

A gradual increase of  Rassf1A/Nore1A/Mst1-driven 
apoptosis has been detected in HCC of  both F344 and 
BN strains, with highest levels in BN HCC, whereas loss 
of  Dab2IP (Figure 2) occurs only in F344 rat HCC[31]. 
These changes are associated with significantly higher 
apoptosis in BN than F344 HCC. Taken together, these 
results indicate a control of  the Ras/Erk pathway, as 
well as of  the pro-apoptotic Rassf1A/Nore1A and 
Dab2IP/Ask1 pathways by HCC susceptibility genes. 
Dusp1 possesses a prominent role in the acquisition of  
the phenotype resistant to HCC by BN rats, whereas late 
activation of  RassF1A/Nore1A and Dab2IP/Ask1 axes 
is implicated in the highest apoptosis characteristic of  
BN HCC[31].

Sustained ERK activity is associated with various 
types of  human tumors, including lung, breast, colon, 
pancreas, and kidney[81-83]. This frequently depends on 
upregulation of  the RAS/MEK cascade. However, 
constitutive ERK overexpression may also occur 
independently of  the RAS/MEK signaling[84,85]. Recent 
studies[86] indicate that prolonged activation of  ERK 
promotes phosphorylation at the Ser296 residue of  
DUSP1. Phosphorylation of  this specific residue renders 
the DUSP1 protein susceptible to ubiquitination and 
proteasomal degradation by the Skp1/Cul1/F-box 
protein SKP2 (SCFSKP2)[79]. On the other hand, 
constitutive ERK expression may induce SKP2/CSK1 
ubiquitin ligase which can phosphorylate DUSP1 and 
determine its ubiquitination (Figure 2). This mechanism, 
which contributes to maintain elevated ERK expression, 
could be at least partially attributed to induction by ERK 
of  the FOXM1 (Forkhead box M1B)[86,87] (Figure 2)  
which, in turn, upregulates the SKP2/CSK1 ligase[88]. 
It should be noted, however, that transient activation 
of  ERK induces the catalytic activation of  DUSP1, 
followed by inactivation of  ERK[87,88]. This body of  
evidence indicates that DUSP1 feedback inhibits its 
activation by ERK and that DUSP1 might be a crucial 
regulator of  ERK activity in the cell. DUSP1 inactivation 
is frequent in prostate and urothelial tumors[89,90], and 
recent observations indicate that immunohistochemical 
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positivity for DUSP1 in human HCC is associated with 
longer patients’ survival[91].

The interactions of  DUSP1 with CKS1-SKP2 
ubiquitin ligase have been recently evaluated in human 
HCC subtypes with different survival times, in the 
attempt to correlate the effects of  DUSP1 molecular 
interactions with tumor growth and patients’ survival, 
and explore DUSP1 prognostic role[92]. It was found 
that the levels of  DUSP1 are significantly higher in 
HCCB when compared with both normal and non-
tumorous surrounding livers, whereas DUSP1 protein 
expression sharply declines in HCCP[92]. In the latter 
subtype, DUSP1 inactivation is due to either ERK/
CKS1/SKP2-dependent ubiquitination or promoter 
hypermethylation associated with loss of  heterozygosity 
at the DUSP1 locus. Notably, expression levels of  
DUSP1 inversely correlate with those of  activated ERK 
as well as with HCC proliferation index and microvessel 
density, and directly correlate with HCC apoptosis and 
patients’ survival rate. Functional studies revealed that 
DUSP1 reactivation leads to suppression of  ERK, 
CKS1 and SKP2 activities, inhibition of  proliferation 
and induction of  apoptosis in human hepatoma cell 
lines. Taken together, these data indicate that ERK 
achieves unrestrained activity during HCC progression 
by triggering ubiquitin-mediated proteolysis of  its 
specific inhibitor DUSP1. Thus, DUSP1 may represent 
a valuable prognostic marker and ERK, CKS1 or SKP2 
potential therapeutic targets for human HCC.

FOXM1: A pleiotropic regulator of hepatocarcinogenesis
FOXM1 transcription factor is a major downstream 
effector of  ERK whose overexpression occurs in 
various experimental and human tumors[93,94]. FOXM1 
promotes cell proliferation through its ability to 
influence various cell cycle phases. Indeed, FOXM1 
triggers the activation of  SKP2/CKS1 ubiquitin ligase, 
which targets P21WAF1, P27KIP1 and P57KIP2 proteins for 
degradation during the G1-S transition[93-98] (Figure 2).  
Furthermore, FOXM1 induces transcription of  genes 
promoting cell cycle progression (AURKA, CDC2, 
CYCLIN B1, NEK2, and CDC25B), genomic instability 
generators (NEK2, CDC25B), suppressors of  cell 
cycle inhibitors (SKP2, CKS1), and apoptosis inhibitors 
(SURVIVIN)[93-97]. In the mouse liver, Foxm1 depletion 
results in block of  proliferation and resistance to hep
atocarcinogenesis[98-102]. Recently, the role of  FOXM1 
during hepatocarcinogenesis has been studied in both, 
the susceptible/resistant comparative rat model and the 
human HCC (Feo et al, unpublished results). Activation 
of  Foxm1 and its targets (AurkA, Cdc2, Cyclin B1, Nek2) 
occurs earlier and is most pronounced in liver lesions 
from F344 than BN rats, leading to highest Cdc2-Cyclin 
B1 complexes (implying highest G2-M transition) in 
F344 rats. In humans, FOXM1 is ubiquitously and 
progressively induced from surrounding non-tumorous 
liver to HCC, reaching highest levels in tumors with 
poorer prognosis and its expression levels directly 
correlate with proliferation index, genomic instability 

rate, and microvessel density, and inversely correlate with 
apoptosis. Interestingly, the strong correlation between 
FOXM1 levels and both genomic instability rate and 
adverse outcome in HCC agrees with the existence of  a 
molecular signature, including FOXM1 overexpression, 
which is significantly associated with degree of  genomic 
instability and accurately predicts patients survival in 
multiple tumors[87,103,104].

Some reports showed FOXM1 upregulation following 
either ERK or Glioblastoma associated oncogene 1 
(GLI1) induction[105-107] (Figure 2). FOXM1 is a direct 
transcriptional target of  GLI1[105,106]. GLI family proteins, 
including GLI1, 2, and 3, are the terminal effectors of  
the Hedgehog signaling[107,108]. The interaction of  Sonic 
hedgehog (SHH) with its plasmamembrane receptor 
PTCH1, releases PTCH-induced inhibition of  the 
membrane protein Smoothened (SMO). This results in 
GLI proteins activation and nuclear translocation, where 
they activate target gene transcription[109]. According to 
recent observations GLI2 is overexpressed in some HCC 
cell lines, and its inhibition by antisense oligonucleotides 
inhibits cell proliferation[110]. GLI1 overexpression occurs 
in a lower number of  HCC cell lines and its inhibition 
causes lower decrease in growth rate[110].

High levels of  phosphorylated ERK1/2 (pERK1/2) 
and Gli1 proteins occur in neoplastic nodules and 
HCC induced by the resistant hepatocyte protocol in 
F344 rats and, at a lower extent, in BN rats (Feo et al, 
unpublished results). Furthermore, pERK1/2 and GLI1 
expression are higher in human HCC than normal and 
non-neoplastic surrounding livers, and most pronounced 
in HCCP. Silencing of  either ERK2 or GLI1 via siRNA 
in human HCC cell lines, leads to strong decreases 
in FOXM1 levels, whereas forced ERK2 or GLI1 
overexpression results in a remarkable elevated rise in 
FOXM1 level[107]. These findings suggest a reciprocal 
activation of  ERK2 and GLI1, but the mechanisms 
underlying this phenomenon and its role in the activation 
of  Hedgehog signaling are unclear and require further 
investigation.

Interestingly, a recent report implies the combined 
overexpression of  HSP90 and CDC37 in sustaining 
elevated Fused Homolog expression[111]. Accordingly, a 
previous report from our laboratory showed a strong 
induction of  HSP90 and CDC37 in F344 rat liver lesions 
and human HCCP[61]. Thus, it might be hypothesized 
a role of  HSP90 and CDC37 combined activity in the 
highest activation of  GLI1 observed in F344 neoplastic 
lesions and human HCCP.

The observation that FOXM1 induces SKP2 and 
CKS1 expression, involved in DUSP1 degradation, 
underlines the role of  FOXM1 in the active proliferation 
of  HCC cells, though its implication in a positive 
feedback loop reinforcing ERK cascade, by its ability to 
inhibit DUSP1[78] (Figure 2).

Inducible nitric oxide synthase signaling
Inducible nitric oxide synthase (iNOS) produces 
sustained nitric oxide (NO) concentrations in response 
to pro-inflammatory agents. NO is a major mediator of  
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chronic inflammation and may modulate tumorigenesis 
by regulating cell proliferation, survival, and migration, 
angiogenesis, drug resistance, and DNA repair[112,113]. 
In particular, iNOS might promote unrestrained cell 
growth via its ability to inactivate the retinoblastoma 
(pRb) pathway[114]. Some observations envisage a cross 
talk between iNOS and inhibitor of  kB kinase (IKK)/
nuclear factor-kB (NF-kB) and RAS/ERK pathways. 
The Ikk and NF-kB activities are strongly reduced in iNos 
knockout mice[115]. NO activates Ha-RAS/ERK pathway 
in T lymphocytes[116]. Phosphorylated ERK activates iNos 
in melanoma[117] and NF-kB in HeLa cells[118].

iNOS, NF-kB, RAS, and ERK are upregulated 
in preneoplastic rat liver lesions[119], dysplastic and 
neoplastic liver from c-Myc/TGF-α transgenic mice[120], 
and human HCCs[121,122], and elevated NO plasma levels 
are present in patients with cirrhosis and HCC[123]. A 
recent analysis of  iNos function and interactions with 
NF-kB and Ha-RAS/ERK signalling was performed 
during hepatocarcinogenesis in F344 and BN rats, 
possessing different genetic predisposition to HCC, 
and TGF-α and c-Myc-TGF-α transgenic mice, 
characterized by different susceptibility to HCC[124]. 
iNos upregulation was found always at higher levels in 
the most aggressive preneoplastic and neoplastic liver 
lesions of  F344 rats and c-Myc-TGF-α transgenic mice. 
Moreover, the determination of  iNOS expression in 
human HCC shows highest values in HCC with poorer 
prognosis[124]. The suppression of  iNOS signaling by 
Aminoguanidine[125] in c-Myc/Tgf-α mice and human 
HCC cell lines results in decreased HCC growth and 
NF-kB and RAS/ERK expression, and increased 
apoptosis[124]. In contrast, NO production by Glyco-
S-nitroso-N-acetyl penicillamine 2 (Glyco-Snap-2) 
inhibits apoptosis of  in vitro growing human HCC 
cells. Conversely, the block of  NF-kB signalling by 
Sulfasalazine[126] or siRNA, or ERK signaling by the 
MEK inhibitor UO126[127] causes iNOS downregulation 
in HCC cell lines. 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 BCL2-related 
protein, long isoform (BCL-xL), Inhibitor of  apoptosis, 
X-linked (XIAP), and Inhibitor-of-apoptosis protein 
1 (cIAP1), and inhibits the proapoptotic pJNK[124]. 
Accordingly, iNOS suppression by Aminoguanidine 
triggers downregulation of  NF-kB and antiapoptotic 
proteins, and upregulation of  pJNK, in c-Myc/TGF-α 
and HCC cell lines. However, these findings cannot 
exclude the contribution of  other mechanisms to the 
antiapoptotic action of  iNOS.

Above 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 (Figure 2). They also 
imply a cross-talk between iNOS and Ha-RAS/ERK. 
The mechanism of  NF-kB regulation by pERK1/2 is 
not fully understood. Recent observations show that 
pERK1/2 activates AURORA-A (AURKA), which 

in turn may activate NF-kB through Inhibitor of  kB 
(IKB-α) inhibition[128]. The possibility that pERK1/2 
contributes to NF-kB upregulation via direct activation 
of  iNOS may also be taken into account, but requires 
experimental support.

The observation that the expression of  iNOS and 
its downstream targets is highest in HCCs prone to 
progression both in rodents and humans, and that 
iNOS levels are directly correlated with genomic 
instability, proliferation rate and microvessel density 
of  HCC, and inversely correlated with apoptosis and 
patients’ survival[124], suggests that iNOS upregulation 
and changes in iNOS/NF-kB and iNOS/Ha-RAS/
ERK cross-talks are prognostic markers for HCC. 
These results agree with the observation of  a significant 
association of  iNOS and Metalloproteinase-9 expression 
with HCC recurrence[121], and iNOS overexpression 
with poor prognosis for gastric cancer[129], adenoid cystic 
carcinoma of  salivary glands[130], fibrous histiocytoma[131], 
colorectal cancer[132]. These iNOS effects seem to be 
mediated by its angiogenic properties and intensified by 
Cycloxygenase 2 (COX2) upregulation[133]. However, no 
correlation of  iNOS overexpression with prognosis has 
been reported for pancreatic and ovarian tumors[134,135]. 
Fu r the r more , iNos ab l a t i on d id no t p r even t 
hepatocarcinogenesis induced by a choline-deficient, 
L-aminoacid-deficient diet in mice[136], suggesting a 
relatively minor role of  iNOS signaling. In this model of  
hepatocarcinogenesis, high production of  lipid peroxides 
in hepatocyte nuclei[137] may cause DNA damage and 
contribute to HCC development via generation of  
genomic instability in an iNOS-independent manner.

In conclusion, iNOS overexpression contributes 
to growth deregulation in preneoplastic and neoplastic 
liver cells through a cross-talk with Ha-RAS/ERK 
and IKK-NF-kB axis. This does not exclude per se the 
activation of  iNOS signaling by other mechanisms, 
such as inflammatory cytokines or the Wnt/β-catenin 
signaling[138]. However, the role of  Wnt/β-catenin 
signaling in iNOS upregulation seems to be unlikely 
due to the observation of  equal β-catenin activation 
(nuclear localization) in HCCs from both F344 and 
BN rats (M. Frau, unpublished data) expressing sharply 
different iNos mRNA levels. β-Catenin activation 
also occurs in a lower percentage of  HCC cells from 
c-Myc/TGF-α than TGF-α transgenics (12% vs 
30%)[139]. The highest iNos expression occurs in HCC 
from double transgenic mice.

The association of  the block of  iNOS signaling 
by a specific inhibitor such as Aminoguanidine 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 may 
contribute to create networked biological therapies[140]. 
Thus, determination of  iNOS immunoreactivity status 
can be proposed as a promising candidate for the 
identification of  high risk patients who may benefit from 
new anticancer drugs targeting iNOS and its interplay 
with IKK/NF-kB and Ha-RAS/ERK signalling.
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CONCLUSION
Studies on mouse and rat models of  hepatocarcino-
genesis have shown the existence of  a great complexity 
of  the inherited predisposition to liver cancer, and 
support a model based on the polygenic inheritance of  
low penetrance genes, with several gene-gene interactions 
and a main susceptibility locus (i.e. Hcs7, Hpcr3 for mice, 
and Hcs3/Hcr5 for rats)[25]. A complex combination 
and interplay of  susceptibility or resistance alleles 
determines the individual risk. It has been proposed that 
the polymorphic variants of  these “cancer modifier” 
genes can foster phenotypic expression of  previously 
unexpressed alleles with consequent positive or negative 
influences on cell growth and differentiation[25]. Thus, 
the type of  influence of  modifiers on the carcinogenesis 
process may largely depend on interindividual differences 
in gene polymorphism, gene-gene interactions and gene-
environment interactions. Epidemiologic and segregation 
studies strongly suggest a similar genetic model for the 
inherited predisposition to human HCC[11-14]. Taking 
into account the effect of  susceptibility/resistance 
genes on the proliferative activity and re-differentiation 
of  initiated cells, it may be expected that the genetic 
substrate largely influences the prognosis.

The mechanisms underlying the acquisition of  the 
resistant phenotype have not been completely defined, 
as yet. A lower genomic instability of  liver lesions 
developing in the resistant animals compared to the 
susceptible strains has been documented[80,141,142]. This 
may be tentatively attributed to interstrain differences 
in the activity of  care taker and DNA repair genes, 
resulting in the prevention of  the accumulation of  DNA 
damage by initiated cells of  the resistant rat strains. 
This hypothesis, however, needs experimental support. 
Nevertheless, accumulating evidence indicates that the 
predominance of  susceptibility or resistance genes in 
individuals can largely influence the molecular control 
of  cell proliferation and cell death. The susceptible rats 
develop various adaptive mechanisms for protection 
against stress-responsive tumor suppressors, such as 
p16INK4A, that confer to their liver cells the ability to 
proliferate under stressful conditions. In the resistant 
BN strain, a shut off  of  these mechanisms, associated 
with strong cell cycle deregulation and growth inhibition, 
occurs in coincidence with the exhaustion of  promoting 
stimuli.

Among the e f f ec to r s p romot ing ce l l c yc l e 
progression, ERK achieves unrestrained activity during 
HCC progression by triggering ubiquitin-mediated 
proteolysis of  its specific inhibitor DUSP1. This 
mechanism is much more active in neoplastic nodules 
and HCC of  susceptible rats than in the lesions of  the 
resistant rats. The observation that FOXM1 induces the 
expression of  CKS1-SKP2 ligase, involved in DUSP1 
degradation, underlines the role of  FOXM1 in the active 
proliferation of  HCC cells, though its implication in 
a positive feedback loop reinforcing ERK cascade, by 
its ability to inhibit DUSP1[77]. These data indicate that 
FOXM1 upregulation is associated with the acquisition 

of  a susceptible phenotype in rats and may influence 
human HCC development and prognosis. A role in the 
control of  the proliferative phenotype of  preneoplastic 
and neoplastic liver cells has been also assigned to higher 
iNos upregulation, inducing higher activation of  the 
IKK/NF-kB and Ha-RAS/ERK signaling, in neoplastic 
nodules and HCCs of  susceptible than resistant rats[124]. 
In the latter rats, HCC growth is also contrasted by 
relatively high cell death by apoptosis, which, at least 
in part depends on the activation of  pro-apoptotic 
Rassf1A/Nore1A and Dab2IP/Ask1 pathways. Thus, 
Dusp1 possesses a prominent role in the acquisition 
by BN rats of  a phenotype resistant to HCC. Late 
activation of  RassF1A/Nore1A and Dab2IP/Ask1 axes 
is implicated in the highest apoptosis of  BN HCC.

Importantly, most of  the alterations responsible for 
the acquisition of  a resistant or susceptible phenotype 
by rats have also been found in human HCC with better 
of  poorer prognosis. A link between fast growth and 
signaling deregulation characterizes human HCC with 
poor prognosis, whereas the behaviour of  HCC with 
better prognosis is more similar to that of  the lesions 
of  resistant rats. This does not necessarily imply a 
genetic regulation of  signaling pathways in humans like 
that found in rodents. Further studies are needed to 
clarify the influence of  susceptibility genes on signaling 
pathways supporting tumor growth and progression in 
humans.

The study of  signal transduction pathways in rats 
differently predisposed to HCC development and 
prone to HCC progression, allowed the identification 
of  numerous potent ia l prognost ic markers of  
hepatocarcinogenesis, such as the cell cycle protective 
mechanisms against p16INK4A, represented by CDC37-
HSP90 complex and CRM1 protein, the ERK inhibitor 
DUSP1, iNOS, FOXM1. The prognostic role of  these 
proteins was confirmed by analyzing the correlation of  
their expression with clinicopathological parameters of  
human HCC[91,124]. They therefore represent promising 
candidates for the identification of  high risk patients 
who may benefit from new anticancer drugs against key 
components of  signaling pathways.

Future work should focus on HCC prevention 
obtained by blocking key compounds of  s ignal 
transduction network. Early blockage of  signaling 
pathways may result in more efficient prevention, and 
rodent models may be useful to identify progression 
markers and therapeutic targets in early stages of  the 
process, and in a large number of  HCC subtypes. 
The study of  experimental models recapitulating early 
preneoplastic alterations of  human liver carcinogenesis 
may lead to the discovery of  biomarkers of  the risk 
of  cirrhosis evolution to full malignancy, as well as 
of  new key genes and signal transduction pathways 
involved in hepatocarcinogenesis. The existence of  
numerous interspecies commonalties in the biological 
behaviour and molecular changes of  preneoplastic and 
neoplastic liver lesions[1-3,15,25] underlines the usefulness 
of  this approach. The complexity of  molecular changes 
of  HCC predicts the impossibil i ty to cure HCC 
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development by interfering with only one signaling 
pathway. To overcome this difficulty and the occurrence 
of  resistance to therapy, networked biologic therapies 
have been proposed[140,143,144] in which a combination 
of  non-cytotoxic interventions must be performed 
to interrupt the damage. These interventions may 
be directed to interfere with different cell survival 
pathways, enhance apoptosis, block angiogenesis and 
extrahepatic fibrosis, induce the lysis of  tumor cells, 
stimulate antitumor immunity, decrease HBV and HCV 
replication, etc. Furthermore, the combination of  gene 
therapy with conventional therapeutic approaches with 
cytotoxic drugs may improve the treatment and reduce 
the doses of  toxic compounds.
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