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1. INTRODUCTION

The incidence of hepatocellular carcinoma (HCC) is increasing in the United
States (1) and elsewhere (2). Because of its late presentation, its aggressiveness,
and its limited response to therapy, HCC is a major cause of cancer death with
possibly up to 1 million deaths yearly attributed to HCC worldwide (3). Current
treatment modalities for HCC are only modestly successful with orthotopic liver
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transplantation or resection offering the best hope for long-term survival in select
patients (3).

Human HCC is commonly associated with underlying chronic liver disease
and cirrhosis caused by persistent infection with hepatitis B virus (HBV) and/or
hepatitis C virus (HCV), alcohol abuse, or certain metabolic diseases including
hereditary hemochromatosis or α-1-antitrypsin deficiency (4). Although
each of these disease processes appears to increase the risk of subsequent
HCC development, neither the exact causative insult(s) nor the overall
risk posed by these diseases is clearly defined. In general terms, increased
hepatocyte replication accompanied by DNA damage and outgrowth of
clonal cell populations appears to underlie hepatocarcinogenesis caused
by known HCC risk factors. However, it is unclear whether the DNA dam-
age that accompanies the increased mitotic rate is the result of replication
errors imparted by abnormal and rapid progression through the cell cycle
and/or owing to mutagenesis of the hepatocyte genome directly by toxins
or through oxidative stress induced by inflammation or other mechanisms
(5). The question of whether similar mechanisms of hepatocyte transfor-
mation are shared among the various predisposing conditions or whether
unique pathways are employed is under intense scrutiny.

To this end, substantial efforts have been made to understand the
genetic basis of HCC, and multiple avenues of research are now converg-
ing to offer insight into the molecular mechanisms of liver cancer. It is
proposed that five to six separate genetic events are necessary for trans-
formation of a normal hepatocyte into a malignant cell (6), and the use of
animal models of HCC, as well as analysis of human HCC tissue samples,
has yielded important clues about the molecular steps that lead to the
development of HCC. Although mismatch repair mechanisms may play
a role in some human HCCs (7), genomic instability characterized by
repeated losses and gains of particular chromosomal regions in HCC
cells occurs more frequently. Nonrandom losses of heterozygosity (LOH)
have been noted on chromosomes 1p, 4q, 6q, 8p, 9p, 10q, 13q, 16p, 16q,
and 17p in HCCs, whereas gains of genomic material were identified on
chromosomes 1q, 6p, 8q, and 17q (8). The regions of loss or gain are
thought to harbor tumor suppressor genes and oncogenes, respectively,
and in some instances, these changes correlate with underlying disease
condition, tumor differentiation, or patient outcome. Identification of the
potential genes lying within the regions has been the focus of many stud-
ies, and from them and other experimental evidence such as that obtained
from gene expression profiling using cDNA/oligonucleotide micro-
arrays or serial analysis of gene expression (SAGE), some recurrent
themes are emerging that may direct the development of novel therapies.
Aberrant signaling via cell surface receptors and intracellular effector
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molecules, deregulation of the cell cycle and apoptosis, extracellular
matrix remodeling, and induction of vascular remodeling and growth all
appear to contribute to the neoplastic transformation, growth, and/or
subsequent invasion of hepatocellular carcinoma. These pathways in
human HCC are highlighted here.

2. HEPATIC MITOGENS IN HCC

Most peptide growth factors bind to and activate cell growth, motility.
and survival pathways through cell surface tyrosine kinase-bearing
receptors. Their importance to hepatic homeostasis has been a focus of
study over the last quarter century, and several growth factors such as
hepatocyte growth factor (HGF), epidermal growth factor (EGF), and the
EGF-related protein, transforming growth factor (TGF)-α are likely to be
important in vivo regulators of hepatocyte growth (9). Other modulators
such as insulin-like growth factor (IGF)-I and IGF-II have been demon-
strated to stimulate hepatocyte DNA synthesis in vitro (10).

2.1. Hepatocyte Growth Factor
In cultured hepatocytes, HGF induces motility (11), causes the adop-

tion of complex hepatic architecture (12), and acts as an anti-apoptotic
agent (13,14). It is also the most potent known mitogen for hepatocytes in
culture and is thought to be one of the key stimulants of hepatocyte rep-
lication in vivo following surgical removal of the liver (9). The biological
actions of HGF are mediated through the receptor tyrosine kinase, Met
(15). The importance of HGF and Met in liver biology is highlighted by
the fact that animals null for HGF or Met die in utero with liver, placental,
and other abnormalities (16–18).

Several studies show that Met expression is upregulated in human
HCC tissues (19–21) and, when abundantly overexpressed, may corre-
late with the presence of intrahepatic metastases and poor patient out-
come (20). Activating mutations of the met gene (22) and gains of
chromosome 7 or 7q (or portions thereof) (23,24), where both HGF and
Met reside (7q21.1 and 7q31.2, respectively), have been occasionally de-
tected in human liver tumors. HGF expression in human HCC is not
consistently upregulated (21,25); however, in vivo experimental models
of HGF production in mouse hepatocytes demonstrate that HGF has
HCC promoting activity in an autocrine manner in transgenic mice (26).

2.2. EGF and TGF-α
Both EGF and the closely related molecule TGF-α bind to and activate

the EGF receptor (EGFR), a tyrosine kinase-bearing transmembrane pro-
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tein (27). Like HGF, EGF also stimulates hepatocyte motlility (11), and EGF
and TGF-α induce morphogenic changes in hepatocytes (12). This growth
factor pair is postulated to provide growth signals to hepatocytes as well
as to other hepatic constituents during the regenerative process (9).

Studies have demonstrated enhanced EGF mRNA and/or protein
expression in regenerative hepatic nodules (28) and in HCCs (29), but
analysis of six human HCC cell lines revealed only very low expression
of EGF by tumor cells (30). Much data, however, implicate TGF-α in HCC.
Mice overexpressing TGF-α in the liver develop HCC after 12 months of
age (31,32). Collectively, more than 55% (54 of 94) of human HCCs stained
strongly for TGF-α  protein as compared to nontumorous adjacent tissue
(33–35). TGF-α  mRNA abundance was also elevated in HCC tissues and
was correlated with HBV infection (36). Hsia et al. (33) observed a similar
correlation with TGF-α  protein and HBV infection. Contradictory data
regarding EGFR levels in human HCCs exist, however; levels were
reportedly increased in some studies (37,38) but unchanged in others
(39,40).

2.3. Insulin-Like Growth Factors
The growth and pro-survival substances known as IGF-I and IGF-II

have been implicated in hepatic tumor development; as mentioned, they
can effect hepatocyte DNA synthesis in cultured cells (10). The IGFs are
secreted peptide factors whose relative extracellular concentrations and
activities are determined by their interaction with insulin growth factor-
binding proteins (IGFBPs) (41). The IGFs signal primarily through the
tyrosine kinase containing IGF-I receptor (IGFIR) (42). Tyrosine kinase
activity stimulated by IGFs is in part propagated by insulin receptor
substrates (IRS-1 through IRS-4) (43).

The human IGF-II gene is genomically imprinted with expression pro-
ceeding from only one allele (the paternal allele) in adult tissues (44),
except for the liver where biallelic expression is seen (45). The reappear-
ance of monoallelic IGF-II gene expression (46,47) with IGF-II fetal-type
promoter usage and production of fetal-type transcripts (48,49) in human
HCCs suggests that IGF-II gene regulation is aberrant in hepatic tumors.
Enhanced IGF-II protein and mRNA expression was also detected in
human HCCs (48,49) and appeared to positively correlate with HBV sta-
tus (50).

Another mechanism to regulate the function of IGFs in human HCCs
may involve altering the relative abundance of IGF-binding proteins; for
example, reduced mRNA levels for IGFBPs (IGFBP-1, -3, and -4) (51–53)
have been detected in human HCCs. Because of the dual effects some
IGFBPs like IGFBP3 may have on IGFs (41), it is unclear whether reduced
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IGFBP expression in HCCs potentiates or inhibits IGF activity. However,
IGFBP3 is a particularly attractive target to be downregulated in tumors
given its ability to inhibit IGF-mediated survival as well as inhibit cell
growth in an IGF-independent manner. To this end, reduced plasma
levels of IGFBP3 are generally associated with an increased risk of some
cancers (42).

IRSs are intracellular proteins that become tyrosine phosphorylated
after associating with stimulated receptors such as IGFIR; they then
couple with effector molecules to activate the mitogen-activated protein
kinase (MAPK) and phosphatidylinositol-3-kinases (PI3K) pathways to
promote cell survival mechanisms (43). In the liver, IRS-1 is phosphory-
lated during liver regeneration in the rat (54), and 3-month-old mice
overexpressing human IRS-1 in the liver under the direction of the albu-
min promoter showed enhanced hepatocyte DNA synthesis but no tumor
formation (55). Regarding human liver tumors, the human homologue of
IRS-1 was originally cloned from human hepatocellular carcinoma cells
and showed upregulated mRNA expression in HCC tumor tissues as
compared to adjacent liver (56).

3. THE PI3K–AKT/PKB PATHWAY IN HCC

PI3Ks comprise a large family of lipid kinases that phosphorylate the
inositol moiety in phosphoinositides (PI). Class Ia PI3K signaling stimu-
lated by interaction with tyrosine kinases launches pro-survival, -prolif-
eration, -growth, -motility and -metabolic programs in cells. PI3Ks in this
subclass consist of heterodimers containing one of three p110 enzymatic
subunits (α, β, or δ) which is regulated by a p85 subunit (α or β); PI3K can
also associate with ras (57). Activation of PI3K in cells causes phospho-
rylation of the D3 position in the inositol ring of PI(4,5)P2 leading to a rise
in PI(3,4,5)P3 levels, which in turn recruits and stimulates Akt/protein
kinase B (Akt/PKB), a serine/threonine kinase that is responsible for
amplifying and specifying signals from PI3K (58). For full enzymatic
activation of Akt/PKB, phosphorylation by protein-dependent kinase
(PDK) is required (59). Phosphatidylinositide phosphatases (PIPases)
such as phosphatase and tensin homolog (PTEN) and SH2-containing
inositol 5'-phosphatases (SHIPs) control the level of PI(3,4,5)P3 generated
by PI3K (60). PTEN is a lipid and protein phosphatase that reduces the
amount of PI(3,4,5)P3 by dephosphorylating this phospholipid at the 3'
position (61). SHIPs are also lipid phosphatases, but they convert
PI(3,4,5)P3 to PI(3,4)P2  (60).

Studies demonstrate that the PI3K-Akt/PKB pathway becomes acti-
vated in normal cultured hepatocytes and liver under various conditions



28 DeFrances and Michalopoulos

such as in response to growth factor stimulation (62) and during liver
regeneration following partial hepatectomy (63), respectively. Interest-
ingly, mice that have been engineered to produce no p85 α-species die
perinatally of liver necrosis and other findings (64). In human HCC, a role
for the PI3K–Akt/PKB pathway in tumor growth and survival is sup-
ported (65). For example, mutation of the PTEN gene, the major PIPase
that downregulates the levels of PI3K-generated phospholipids, has been
found in some human HCCs (66), whereas analysis of 60 human HCCs
and paired nontumorous liver tissues demonstrated diminished PTEN
mRNA levels in the malignant component of most cases as determined
by Northern blot (67). In other studies, more than 40% (43 of 105) of
human HCCs were found to have reduced or absent levels of PTEN pro-
tein by immunohistochemistry as compared to adjacent liver tissue.
Reduced PTEN staining correlated with higher tumor grade, poorer sur-
vival, and increased recurrence (68). Similarly, mice with targeted disrup-
tion of one PTEN allele developed tumors in the liver and other organs (69).

4. WNT/β-CATENIN SIGNALING IN HCC

The Wnt/β-catenin signaling pathway is critical to proper embryonic
axis development and organogenesis (70). In the adult rat liver, partial
hepatectomy stimulates β-catenin nuclear translocation (71) suggesting
that it regulates physiologic hepatocyte growth. β-Catenin is a multifunc-
tional protein that complexes with a seemingly diverse array of proteins
including the cell adhesion molecule, E-cadherin; several proteins in-
volved in β-catenin degradation consisting of axin, glycogen synthase
kinase-3 β, protein phosphatase 2A, and adenomatous polyposis coli
(APC) protein; transcription factors including lymphoid-enhancing fac-
tor (LEF)/T-cell factor (Tcf) (72); the Met tyrosine kinase receptor (73),
and others.

The amount of unbound free β-catenin in the cytosol is tightly regu-
lated by its degradation by GSK-3 β through serine/threonine phospho-
rylation of β-catenin’s N-terminal domain (72). Wnt protein, when
present, binds to its cell surface receptor frizzled and, via dishevelled,
GSK3β-mediated phosphorylation of β-catenin is inhibited. Thus, β-
catenin protein dissociates from the axin-containing complex, accumu-
lates in the cytoplasm, and then translocates to the nucleus (70). There, it
associates with LEF/Tcf to stimulate transcription of target genes such as
c-myc (74) and cyclin D1 (75).

Several mechanisms that lead to the reactivation of the Wnt/β-catenin-
signaling pathway in human HCC have been proposed. The first is
through mutation of the β-catenin gene in exons encoding for the GSK-
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3β phosphorylation sites, especially exon 3. This is seen in up to 44% of
human HCCs examined by single-strand conformational polymorphism
(SSCP) (76,77); however, other estimates of the β-catenin mutation rate
place it at about 22% on average in human HCCs (8). Interestingly, a
study of 25 dysplastic hepatocellular nodules showed no detectable
mutations in the β-catenin gene nor enhanced β-catenin cytoplasmic or
nuclear staining (78). β-Catenin gene mutation is particularly common in
HCCs from HCV-infected patients (76) and, in a separate study, from
non-HBV-positive patients (77); it is also associated with a favorable
prognosis (77). However, examination of 23 HCC tumors from Malay-
sian patients showed no β-catenin mutations suggesting that the β-catenin
gene may be differentially targeted for mutation depending on the
underlying HCC risk factor(s) and/or genetic composition of the popu-
lation (79).

Nuclear accumulation of β-catenin protein has also been identified in
the absence of β-catenin gene mutation. Although the APC gene is fre-
quently lost or mutated in solid tumors such as colon carcinoma and has
been linked to abnormal accumulation of β-catenin, APC is not consid-
ered to be a major target in HCCs (80); however, Piao et al. (81) noted that
20% of human HCC cases had LOH of the APC gene. Interestingly, a case
report has documented a patient harboring a germline mutation for APC
as the only risk factor for development of HCC. The tumor showed so-
matic mutation of the remaining APC allele suggesting that patients who
inherit an APC mutation may be at risk of developing HCC (82). Because
APC may not be a common target for mutation in human HCC, axin has
been evaluated. Studies of human HCC have shown that the chromo-
some arm that harbors the axin1 gene (16p) often displays LOH, although
mutation (consisting of point mutations, small deletions, or small inser-
tions) of the axin1 allele has been identified in less than 10% of cases
(83,84).

Augmentation of the Wnt/β-catenin-signaling pathway may occur
through modifying β-catenin’s transactivating properties. To this end, a
scaffolding protein known as EBP50 was recently shown to associate
with β-catenin and enhance β-catenin’s transcriptional activity in in vitro
assays. Immunohistochemical staining revealed that EBP50 was over-
expressed in 21 of 38 (55%) human HCC tumors as compared to adjacent
nontumorous tissues and that increased EBP50 protein accumulation
correlated positively with nuclear β-catenin immunostaining (85) sug-
gesting that EBP50 and β-catenin could cooperate in promoting liver
tumorigenesis.

Another mechanism for abnormal intracellular accumulation of β-
catenin protein has been proposed by Cui et al. (76) who described an
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enhanced in situ hybridization signal for β-catenin mRNA in the cyto-
plasm of some human HCCs lacking β-catenin gene mutations in exon 3.
They suggest that translational activity of abnormally high levels of β-
catenin mRNA in HCCs results in an overabundance of β-catenin pro-
tein, which ultimately overwhelms the GSK-3β ubiquitination pathway
and promotes β-catenin accumulation.

Reactivation of the Wnt/β-catenin-signaling pathway may also occur
through downregulation of E-cadherin. Human HCCs commonly show
allelic imbalance on chromosome 16q, particularly in the vicinity of the
E-cadherin gene (16q22.1) (86,87), and downregulation of E-cadherin
protein expression has been seen in HCCs as well (87,88). Although no
mutations of the E-cadherin gene have been reported, CpG methylation
of the E-cadherin promoter in HCC (89), increased expression of a puta-
tive transcriptional repressor (i.e., Snail) of the E-cadherin gene in HCC
cell lines (90) and polymorphic differences in E-cadherin-promoter nucle-
otides (91) as possible means of downregulating its gene expression have
been postulated.

Currently available transgenic mouse models of β-catenin expression
in the liver unfortunately do not clarify the role of β-catenin in hepatic
tumorigenesis. Studies have demonstrated that stabilized forms of β-
catenin either lacking the N-terminus including the GSK-3β phosphory-
lation and the α-catenin-binding sites (92) or engineered to undergo
deletion of the third exon containing the GSK-3β phoshorylation sites
through cre-mediated recombination (93) are associated with hepatome-
galy related to increased hepatocyte proliferation in one model (92) and
mitochondrial dysfunction in the other (93) as compared to control ani-
mals. Because of enhanced morbidity and limited survival of either set of
transgenic animals (3 to 4 weeks for those with N-terminal deletion of β-
catenin and more than 6 months for the animals undergoing adenovirus-
mediated cre recombination), the mice could not be fully evaluated for
the development of hepatic tumors (92,93); however, Harada et al. (93)
speculate, based on their findings in mice expressing a dominant form of
β-catenin lacking the GSK-3β phosphorylation sites via deletion of exon
3, that stabilized β-catenin expression alone is insufficient to induce liver
tumors. These results will require further in vivo evaluation.

5. THE RAS SUPERFAMILY IN HCC

The superfamily of small GTP-binding proteins including ras and rho
family members is involved in regulation of normal cell proliferation by
controlling the expression and activities of regulatory molecules such as
cyclin D1, p21Waf1/Cip1, and p27Kip1 following exposure to mitogens
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or other stimuli (94). Regarding normal liver, ras is involved in hepato-
cyte replication under in vitro culturing conditions (95) as well as during
regeneration following partial hepatectomy in rodents (96,97).

Three closely related members, H-, K- and N-ras, make up the imme-
diate family of ras molecules and are all commonly targeted in human
cancer. Of the three members, the gene for K-ras is more often found to
be mutated than the others (98). Humans occupationally exposed to vinyl
chloride may develop HCC as a consequence (99), and K-ras mutation
may be an integral step in the process. HCC tumors from individuals
exposed to vinyl chloride were examined for K-ras mutation, and 33% (6
of 18) of cases were found to be positive. In two of six cases of suspected
vinyl chloride-induced HCC that harbored K-ras mutation, adjacent liver
tissue showed K-ras mutation as well. HCCs from patients with other
known etiologies (viral infection or ethanol) showed a K-ras mutation
rate of 15% in this study (100). However, other researchers have rarely
detected K-ras mutations in human HCC (101,102).

Mutation of the H-ras gene, like the K-ras gene, is uncommonly
detected in human HCCs (102,103); surprisingly, however, LOH in the
vicinity of the H-ras locus on the short arm of chromosome 11 (11p15.5)
was found to be prevalent in one study of human HCC, seen in about 42%
of cases by Southern blot analysis (103). Others have shown that the
intensity of immunostaining for ras in human HCCs appears to be dimin-
ished in more poorly differentiated lesions as compared to cirrhotic liver
or well-differentiated tumors (104,105), suggesting that ras plays a role in
the early stages of carcinogenesis.

Deletions of human chromosome 8p, particularly at 8p21.3-22 (106),
are frequently identified in HCC and are associated with the presence of
metastatic hepatocellular carcinoma (107), suggesting that a tumor-sup-
pressor gene involved in aggressive HCC behavior resides in the region.
To this end, cloning of a possible target gene in the region 8p21.3-22
named deleted in liver cancer-1 (DLC-1) was carried out (108). DLC-1 is
related to the rat p122 RhoGAP gene, the product of which negatively
regulates the activity of rho. Approximately 50% of human HCCs exam-
ined showed loss of heterozygosity of the DLC-1 gene (108), whereas in
other studies, 20 to 67% of cases lacked mRNA expression of DLC-1 in
tumors (109,110). Enhanced methylation at a CpG island 5' to the DLC-
1 gene, which may account for reduced DLC-1 gene transcription, was
found in 24% (6 of 25) of HCC cases as compared to adjacent liver tissues
(110). A homolog to DLC-1, deleted in liver cancer-2 (DLC-2), has been
identified. It likewise has signatures of RhoGAP. The gene for DLC-2 is
localized to 13q12.3 in humans, a site commonly found to undergo LOH
in HCC (111). More than 35% of informative human HCC cases showed
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LOH for two markers flanking DLC-2, whereas reverse transcriptase
polymerase chain reaction carried out on those samples showing LOH
demonstrated a reduction in DLC-2 mRNA levels in about 18% of tumors
compared to adjacent liver tissues (112). Recently, gene expression pro-
filing of human HCCs revealed that the expression of a gene for a small
GTPase known as ARHC (RhoC) and a gene for a putative small GTPase-
regulating protein known as ARHGAP8 (RhoGAP8) were preferentially
up- and downregulated, respectively, in a survey of invasive HCCs as
compared to noninvasive tumors (52) suggesting that vascular invasion
of HCC cells may involve the uncontrolled activity of Rho proteins.

6. C-MYC IN HCC

The myc family of nuclear proteins, to which c-myc belongs, has a wide
repertoire of biological functions including growth control, apoptosis,
and differentiation, and when deregulated, tumorigenesis. How the
members carry out their routine functions is complex and may involve
regulation of histone acetylation/deacetylation in the promoter regions
of target genes as well as sequestration and inhibition of transcriptional
activators (113). Through these interactions, it is proposed that myc,
under normal circumstances, protects cells from unregulated growth by
simultaneously promoting proliferation while sensitizing cells to
apoptosis without directly activating the apoptotic cascade (114).

In the liver, c-myc gene expression has been extensively studied in in
vitro and in vivo models. Rat HCCs induced by various carcinogenic
regimens often show amplification of the c-myc gene (115,116) and, when
c-myc was overexpressed in the livers of transgenic mice under an induc-
ible promoter, HCCs resulted (117). In the woodchuck model of HCC,
which is induced by infection with woodchuck hepatitis virus (WHV),
integration of WHV DNA into the woodchuck genome is often seen in the
vicinity of the N-myc (118) and c-myc (119) genes resulting in their gene
activation.

In humans, a fairly robust percentage of HCCs demonstrate gain of
genetic material on chromosome 8q by comparative genomic hybridiza-
tion (CGH) (8). An increase in gene copy number for c-myc, which resides
at 8q24 was seen cumulatively in about 39% (24 of 62) of human HCCs,
and was associated with a poor prognosis and with moderately and
poorly differentiated tumors (120, 121). Analysis of c-myc mRNA and
protein levels demonstrated a progressive increase from normal liver,
nontumorous liver, cirrhotic liver, well-differentiated HCC to poorly
differentiated HCC (122), but another study did not observe this pattern
(123).
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7. CELL CYCLE REGULATORS IN HCC

Progression through the cell cycle is a highly orchestrated event
employing numerous regulatory proteins. Some of the most well known
of these proteins, such as p53 and Rb, are also clearly involved in tumori-
genesis of various organs. Cyclin-dependent kinases (cdks), cyclins and
cdk inhibitors such as p27 Kip1, p21Waf1/Cip1, and p16INK4A drive the
cell cycle through phosphorylation and/or degradation of key substrates
(124). As the identities and functions of other cell cycle regulators are
revealed, it is becoming obvious that they too can participate in tumor
development.

7.1. p53
In human HCC, the short arm of chromosome 17 is perhaps the most

frequent chromosome targeted for deletion (6), particularly at 17p13,
which harbors the gene for the tumor suppressor molecule p53. Under
normal circumstances, cell cycle arrest or apoptosis can result from p53
activation following cellular stress, and this is owing in part to p53-me-
diated transcriptional regulation of target genes such as p21Waf1/Cip1,
14-3-3σ and Bax (125). Loss of heterozygosity at the p53 locus was seen
in 57% (8 of 14) of human HCCs in one study, and more than half (63%)
of the cases displaying p53 LOH in tumors showed allelic loss of p53 in
adjacent liver tissues as well (126). Mutation of the p53 gene occurs with
some regularity in HCCs and is associated with higher grade lesions
(127), vascular invasion (128), and lower survival rate (129), although the
latter is under question (130). In human HCCs worldwide, p53 gene
mutation has been reported to occur in about 28% of cases on average (8),
but this incidence increases in certain geographic areas. In patients from
regions of China and Africa, HCCs harbor p53 mutations in an estimated
55% of cases with specific mutation at codon 249 (G to T transversion) of
p53, accounting for up to 82% of all p53 mutations in these populations
(6). It is suspected that aflatoxin, a carcinogenic compound produced by
certain members of the Aspergillus genus of fungi, contaminates food
grains from these regions and induces DNA adducts in hepatocyte DNA
following consumption. Codon 249 of the p53 gene is believed to be par-
ticularly susceptible to aflatoxin-induced mutagenesis (6,131). HBV
infection, which is highly prevalent in these geographic areas, may
synergize with aflatoxin to promote hepatocarcinogenesis (132). To this
end, Hbx, an HBV-encoded protein, has been shown to bind to and inhibit
the activity of p53 (133,134) and DNA repair proteins (135), which may
allow the DNA of infected hepatocytes to accumulate mutations (6), but
this remains speculative.
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Although mutation in the coding region of the p53 gene is not uncom-
mon, other rare mechanisms for inactivating p53 such as promoter
methylation (136) and mutation of the p53 gene at the intron-exon bound-
ary (137) have been reported. Altered activity or expression of p53-modu-
lating proteins is another mechanism to affect wild-type p53 function. As
mentioned, the viral protein Hbx can reduce p53 action through physical
association; murine double minute clone 2 (mdm-2) protein is another
candidate. It binds to p53 masking its transactivation domain and targets
it for degradation; mdm-2 also associates with other proteins such as Rb
and E2F1 and may modulate gene expression (125). The abundances of
mdm-2 mRNA (138) and protein (139) are noted to be increased in about
a 25 to 50% of human HCC cases, and increased mdm-2 expression
appears to correlate with reduced survival. Interestingly, the abundance
of mdm-2 mRNA in tumor tissues as compared to adjacent nontumorous
tissues was found to be particularly elevated in tumors lacking p53 gene
mutation at codon 249 as compared to those with p53 gene mutation at
this location, supporting the hypothesis that mdm-2 is upregulated to
inhibit wild-type p53 in tumors lacking mutant p53 (138).

7.2. Rb
Allelic imbalance is observed on chromosome 13q in about 30% of

human HCCs (8). Because the Rb tumor suppressor gene (13q14) resides
on this chromosomal arm, much attention has been focused on whether
Rb participates in HCC development. Rb regulates cell cycle progression
into S-phase following growth stimulation, is linked to apoptosis induc-
tion through a p53-dependent pathway, and is a common target in cancer
development (140). Two studies show that 42 to 73% of human HCCs
harbor specific loss of one Rb allele (141,142). This was notably accompa-
nied by LOH of Rb in surrounding cirrhotic tissues in about 70% (8 of 11)
of HCC cases (142). Identification of genetic alterations in cirrhotic tissues
is supported by others: Roncalli et al. (143) identified losses of chromo-
some 13q, as well as 1p, 4q, and 18q, in the cirrhotic livers of patients who
later went on to develop HCC, demonstrating that hepatocytes in cir-
rhotic nodules already take on clonal characteristics and suggesting that
the involved chromosomal regions harbor genes important to the early
stages of neoplastic transformation.

Given the prevalence of LOH at the Rb locus, mechanisms to inactivate
the other allele have been identified. Mutation (in the form of small
deletions) of the second Rb allele has rarely been detected in human
HCCs displaying LOH for Rb (141). Mutation of the Rb gene promoter
may be an unlikely contributor to loss of Rb expression in HCCs (144), but
a recent study suggests that 24 of 100 (24%) human HCCs of differing



Molecular Mechanisms of Hepatocellular Carcinoma 35

etiology (HCV, HBV, or alcohol-induced) harbored aberrant Rb gene-
promoter methylation (145). Other mechanisms, such as increased deg-
radation of Rb protein, have been proposed as means of reducing Rb
levels in tumor cells, and one protein, gankyrin, an oncogenic molecule
that induces Rb phosphorylation and speeds its destruction through the
ubiquitin–proteasome pathway, may play such a role. This is particularly
true in HCC, where gankyrin is reportedly overexpressed in all cases
studied (146). Recently, this finding was confirmed; 97% (62 of 64) of
human HCC samples showed moderately to markedly increased
gankyrin mRNA abundance as compared to adjacent nontumorous liver
tissues using Northern blot analysis (147).

Although Rb protein loss is observed in about one-fourth of human
HCCs (collectively 27 of 102 cases [141,148]), an increase in its abundance
in liver tumor tissues has been noted with nearly equal frequency (rang-
ing from 18 to 58% of tumors [148,149]). Hui et al. (148) found that alter-
ations in Rb levels in human HCCs, regardless of whether increased or
lost, were associated with later tumor stages or with the presence of HCC
metastases.

Rb controls S-phase entry by associating with the E2F family of tran-
scription factors such as E2F1. This interaction is mediated in a phospho-
rylation-dependent manner by a complex containing a cdk and a cyclin,
particularly the cdk-4/Cyclin D1 complex. Phosphorylated Rb no longer
binds to and sequesters E2F1, which is then free to alter transcription of
cell cycle-related genes (140). p16INK4A is an inhibitor of cdks such as
cdk-4 and as such indirectly reduces Rb phosphorylation. The p16INK4A
gene resides on human chromosome 9p21, an area that is lost in some
human HCC cell lines (150). Germ-line mutation of the p16INK4A gene
in humans is associated with familial melanoma (151), and in rodent
models, gene knockout studies in mice show that biallelic loss of the
p16INK4A homologue results in B-cell lymphomas and soft-tissue sarco-
mas (152). p14ARF/p19ARF, a regulator of mdm-2, shares exons of the
p16INK4A gene, and its expression is induced by E2F1, thus linking the
Rb and p53 pathways (153). Homozygous deletion of the p16INK4A locus
could therefore interfere with both Rb- (via cdk-4-mediated inactivation)
and p53- (via mdm-2-mediated inhibition of p53) dependent mecha-
nisms.

Evaluation of p16INK4A in human HCCs has revealed an absence of
functional p16INK4A in up to 70% of cases (154,155). Homozygous dele-
tion of the p16INK4A locus was detected in 60% of human HCCs in one
study (156). About 50% of HCCs examined for p16INK4A mRNA and
protein levels showed reductions (155,157), with abundances gradually
decreasing with increasing tumor stage (157,158). Additional mecha-
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nisms to downregulate p16INK4A, such as gene promoter
hypermethylation, somatic p16INK4 gene mutation, reduced p16INK4A
gene transcription through enhanced Id-1 transcriptional repressor
expression, and posttranscriptional mechanisms have been proposed
(145,157,159,160). Interestingly, four patients with HCC were found to
harbor germ-line mutation of one p16INK4A allele, and in two of the
patients, loss of the remaining p16INK4A allele in the tumor was detected,
suggesting that those with inherited mutations at the p16INK4A locus
are at risk for developing HCC (159).

At least two other cdk inhibitors (CDKIs) p21Waf1/Cip1 and p27Kip1
have been linked to human HCC. p21Waf1/Cip1 is a multifunctional
protein that modulates diverse cellular functions including cell cycle pro-
gression through direct interactions with cyclins, cdks, and E2F; DNA
synthesis by binding to proliferating cell nuclear antigen (PCNA);
apoptosis by binding to and inhibiting pro-caspase 3; and cell differentia-
tion (161). Levels of p21Waf1/Cip1 mRNA and protein have been
examined in human HCCs. Amounts of p21Waf1/Cip1 mRNA tended to
be reduced in tumor tissues as compared to adjacent nontumorous tis-
sues (162–165). p21Waf1/Cip1 protein overabundance, on the other
hand, was detected in 33 to 64% of HCCs (149,165).

Expression of the CDKI p27Kip1 (166), a protein that is structurally
related to p21Waf1/Cip1 and similarly targets the cdk-2/Cyclin E com-
plex in particular for negative regulation (167), has also been investigated
in HCCs. Unlike p21Waf1/Cip1 mRNA levels that seem to be markedly
downregulated in HCCs, p27Kip1 mRNA abundance appears to remain
roughly unchanged or slightly increased in tumor tissues as compared to
adjacent nontumorous tissues (168). However, multiple laboratories (168–
170) demonstrated reduced p27Kip1 protein levels in some HCCs, particu-
larly those having aggressive features such as higher tumor stage (168),
portal invasion, poor differentiation, and large size (169). Moreover, these
groups (168–170) also independently demonstrated a correlation between
reduced tumor staining for p27Kip1 protein and poor patient outcome.
That decreased p27Kip1 protein staining in HCCs repeatedly correlated
with poor patient outcome is a consistent finding for tumors originating in
other tissues such as carcinoma of the breast (171).

Amplification of the long arm of chromosome 11 has been identified in
human HCC (172). On this chromosomal arm resides the gene for cyclin
D1 (11q13), and up to 18% of HCC cases harbor an increased gene copy
number for cyclin D1 (145,173,174). Evaluation of cyclin D1 mRNA or
protein expression showed enhanced protein levels in HCC tumors that
displayed gene amplification as compared to tumors lacking amplifica-
tion or normal liver, which both demonstrated weak or negative staining.
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The presence of cyclin D1 gene amplification was identified in advanced
stage tumors with rapid growth suggesting a role for this cell cycle regu-
lator in promoting aggressive neoplastic behavior in some HCCs (174). It
should be noted, however, that reduced cyclin D1 gene expression was
observed by two groups analyzing global gene expression in human
HCCs by cDNA microarray (52) and serial analysis of gene expression
(175) techniques. Nonetheless, the oncogenic potential of cyclin D1 in the
liver has been verified in a transgenic mouse model in which the cyclin
D1 gene was placed under the control of the rat liver fatty acid-binding
protein promoter directing transgene expression to the liver and intes-
tines. Liver abnormalities characterized by hyperplastic changes at 3
months of age, hepatomegaly and dysplasia by 6 months, and adenomas
by 9 months were observed in the transgenic animals culminating in
HCC development in 31% of mice by 17 months (176).

8. GROWTH INHIBITORS AND APOPTOSIS MEDIATORS
IN HCC

Apoptosis is important to tissue homestasis and morphogenesis, and
when deregulated, can contribute to carcinogenesis (177). At least two
cellular pathways mediate apoptotic signals: the mitochondrial or intrin-
sic pathway and the death receptor or extrinsic pathway. Numerous pro-
and anti-apoptotic molecules such as bad, bax, and survivin appear to
modulate the final outcome (178). Under experimental conditions in vitro
and/or in vivo, normal hepatocytes are sensitive to growth inhibition
and/or apoptosis induced through activation of the Fas death receptor
(179,180), by exposure to TGF-β (181), or via other mechanisms.

8.1 TGF-β
TGF-β is cleaved intracellularly and secreted as a latent molecule.

Activation of TGF-β may involve interaction with plasmin,
metalloproteinases, or the M6P/IGFII receptor, among other molecules.
The signaling receptor system for active TGF-β is a heterodimer consist-
ing of the serine/threonine kinase containing TGF-β receptors I and II
(TGF-βRI and II). Intracellular signaling is mediated mostly by Smad
proteins (such as Smad2, 3, and 4) which target the nucleus to alter gene
transcription of cell cycle regulating and other genes in the capacity of co-
activators (182).

Experiments with cultured rodent liver epithelial cells demonstrated
that they undergo neoplastic transformation in the presence of TGF-β
presumably through selection of TGF-β resistant clones (183), and more
than half (59%) of transgenic mice overexpressing TGF-β in the liver
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spontaneously develop hepatic tumors by about 16 months of age (184).
In humans, HCCs have been shown to overexpress TGF-β (185), and
plasma levels of TGF-β in patients with HCC are elevated (186). Expres-
sion of TGF-βRI and II mRNA and protein are reduced by 49 and 60%,
respectively, in human HCCs as compared to the adjacent tissue (187)
and mutation of the TGF-βRII (188,189) and Smad (Smads2 and 4) genes
(190) occasionally occurs.

Analysis of the long arm of chromosome 6 (6q) in human HCCs has
shown that LOH is a common occurrence and may be associated with a
poor prognosis (84). Most work has centered on the region of 6q25-27,
which harbors the M6P/IGFIIR, a cell surface protein that promotes ac-
tivation of latent TGF-β (191) and facilitates lysomal degradation of IGF-
II (192). Several studies have shown that up to 64% of HCCs demonstrate
LOH in this region (193–195), although another study noted no LOH at
the M6P/IGFIIR locus in the examined cases (196). Concomitant mis-
sense mutations or major amino acid substitutions were identified in the
remaining M6P/IGFIIR allele in approx 25% of cases showing 6q25-27
LOH in one study (197). M6P/IGFIIR protein levels were also reduced in
about 65% of human HCCs examined (187).

8.2. Fas
The death receptor Fas (CD95) and its ligand, FasL, are well-character-

ized mediators of apoptosis in a variety of cell types and may also be
involved in liver disease (198). Cultured human HCC cells are resistant
to Fas-mediated apoptosis (199); however, in human HCCs, Fas, and
FasL expression levels are reportedly variable (200–203). Interestingly,
Lee et al. (202) saw LOH at the Fas locus on human chromosome 10q24.1
in 15% (5 of 34) of informative HCC cases, but no Fas gene mutations were
identified.

8.3. Other Apoptosis and Survival Regulators
The expression levels of a variety of other apoptosis regulating mol-

ecules have also been examined in human HCCs. Anti-apoptotic mol-
ecules such as soluble Fas (202), Fas-associated phosphatase-1 (202),
Bcl-xL (204), and survivin (205) were found to be expressed at normal or
elevated levels in human HCCs, whereas the expression of pro-apoptic
molecules such as bcl-2 (202), bid (206), and caspase 3 (207) were found
to be moderately reduced or absent (as in the case of bcl-2).

Because conventional therapeutic agents often rely on an intact
apoptotic mechanism to kill tumor cells (208), deregulated apoptosis in
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HCCs may provide one explanation as to why these agents are less than
successful in curtailing tumor growth.

9. EXTRACELLULAR PROTEASES IN HCC

The hepatocyte is normally surrounded by and secured to a scant
meshwork of extracellular matrix (ECM) proteins consisting mostly of
tenascin, fibronectin, and collagen types I, III, and IV (209,210). Integrins
anchor hepatocytes and other cells to the ECM (211) and regulate cellular
functions such as migration, survival, and anoikis by transmitting signals
to the nucleus from extracellular cues (212,213). These pathways may be
targeted in malignant transformation of cells to promote survival and
invasion (213). In the cirrhotic liver and in HCC, the composition of the
ECM is altered primarily through the enhanced deposition of collagen
type I (214) in the former, with addition of collagen type IV (215) and
laminin (216) in the latter; upregulation of the laminin receptor (integrin-
α6) on the hepatocyte surface is also seen in dysplasia and carcinoma
(215,216).

ECM remodeling appears to be a feature of the liver as it under-
goes repair and regeneration following loss of liver mass such as after
partial hepatectomy (210). In hepatocarcinogenesis, as in other tumors,
degradation/remodeling of the ECM is considered to be an integral step
in the development of intrahepatic and distant metastases (217,218).
Occasionally, even small HCCs have been shown to metastasize follow-
ing resection (219), suggesting that some hepatocytes aggressively
acquire the necessary repertoire of gene expression to effect growth, in-
vasion, and motility early in neoplastic development (220).

Numerous proteases such as the plasminogen activators (PAs) and
matrix metalloproteinsases (MMPs) have been implicated in ECM
remodeling in the liver during the regenerative response (221,222). Some
of these same proteases may also play a role in growth and invasion of
hepatic tumors (218). Urokinase-type plasminogen activator (uPA) and
the MMPs, particularly MMP-2 and -9, appear to be involved in both
processes. uPA is a serine protease that generates plasmin from plasmi-
nogen (223) and activates HGF (224). uPA activity is regulated by PA
inhibitors (PAI)-1 and PAI-2 (223). Plasmin, meanwhile, can activate
MMPs (225), which in turn degrade ECM proteins and activate growth
factors, among other functions (226).

The expression of the uPA receptor (uPAR), a protein that promotes
uPA activation and may mediate intracellular signals (223), has been
shown to be upregulated in human HCCs, and 75% of patients with high
uPAR expression in their tumors vs about 15% of those lacking uPAR
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tumor expression had HCC recurrence in one study (227) suggesting that
expression of uPAR by HCCs may be involved in development of recur-
rent disease. Several investigators have found that MMP-9 mRNA levels
are also upregulated in human HCCs (228–230). Giannelli et al. (231)
surveyed patients with and without metastatic HCC for the expression of
MMP-2 and tissue inhibitor of metalloproteinase (TIMP)-2 in primary
and/or metastatic HCC tissues as well as patients’ sera. They found that,
while MMP-2 levels in HCC tissues or serum were not statistically differ-
ent between those with or without metastases, the levels of TIMP-2 were
significantly elevated in tissues and sera of those lacking metastases and
correlated positively with survival outcome

10. PRO- AND ANTI-ANGIOGENIC FACTORS IN HCC

Blood vessel formation is essential to the expansion of solid tumors
(232). Numerous pro- and anti-angiogenic factors are known, and the
interplay between them may be a key component of HCC tumor angio-
genesis (233). As HCCs are highly vascular lesions, new blood vessel
formation is often exuberant. Early in HCC development the blood sup-
ply is often derived from the portal circulation and vascularity is less
prominent, but as tumors enlarge and lose their differentiation, the feed-
ing vessels become more pronounced and receive blood from the hepatic
artery (233). Two endothelial-specific pro-angiogenic classes of growth
factors have been identified: the vascular endothelial growth factor fam-
ily consisting of six members currently (VEGF-A through E, and placenta
growth factor) and the angiopoietins (Ang1 through 4) (233,234). Three
endothelial-expressed tyrosine kinase cell surface receptors exist for
VEGF including flt-1, KDR/flk-1, and flt-4. The activities of VEGF-A
appear to be mediated primarily through KDR/flk-1 (235).

In human HCCs, most studies suggest that VEGF expression is upregulated
(236–239), whereas data on the expression of its receptors are less clear. For
example, KDR/flk-1 mRNA abundance was upregulated in tumor tissues in
one study (240), but Ng et al. (236) saw preferential upregulation of Flt-1
mRNA rather than KDR/flk-1 mRNA in their cases of human HCC.

Angiopoietins (Ang) were recently discovered as ligands of the Tie2/
Tek vascular endothelium-specific receptor. Although Ang-1 can acti-
vate the Tie2/Tek receptor, Ang-2 appears to be an antagonist of Ang-1
and is incapable of inducing Tie2/Tek receptor phosphorylation (241).
Enhanced mRNA levels of Ang-2 were noted in HCC tumor tissues and
positively correlated with the degree of tumor vascularity as determined
presurgically by angiographic studies. Ang-1 mRNA levels were roughly
equal between tumorous and nontumorous tissue (242). Others have
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shown that Ang-2 protein expression as determined by immunohis-
tochemistry was upregulated in human HCCs as compared to normal
liver tissue from patients undergoing liver resection or autopsy for non-
liver-related disease and was most highly expressed in poorly differen-
tiated highly vascularized HCCs (239). These findings are consistent with
the proposed roles of Angs in angiogenesis in some organs: Ang-2
expression correlates with formation of nascent vessels, whereas that of
Ang-1 is associated with blood vessel stabilization (241). Evalulation of
Tie2/Tek expression by immunohistochemistry in human HCCs showed
that the vascular endothelium present in moderately and poorly differ-
entiated tumors stained more intensely than that of well-differentiated
tumors. Tie2/Tek-positive tumors also tended to be larger than Tie2/
Tek-negative tumors (243).

Endogenous anti-angiogenic factors have been discovered that inhibit
tumor vasculogensis. Interestingly, one protein with anti-angiogenic
properties is angiostatin, which is derived from plasminogen by enzy-
matic cleavage (244). MMP-12/human macrophage metalloelastase
(HME) (245) is one of several enzymes that cleave plasminogen to pro-
duce angiostatin. MMP-12/HME mRNA and angiostatin protein were
found to be expressed in more than half of HCC tumor samples. In pa-
tients whose tumors were negative for both MMP-12/HME and angio-
statin, poorer survival was seen (246).

11. MOLECULAR TARGETS OF HCC THERAPY

If untreated, hepatocellular carcinoma has a dismal prognosis with
death usually occurring within 6 months of diagnosis (3). Presently, per-
haps the best hope for extended survival in patients with small HCC and
cirrhosis is liver transplantation because it may effectively eliminate the
tumor(s), the risk of developing metachronous lesions in a cirrhotic liver,
and end-stage liver disease all at once (247); however, resection remains
a viable option, as well, for select patients (3). For those with advanced
disease, current treatment protocols have not been very successful in
improving patient outcome (248). Thus, other methods of prevention and
therapy are desperately needed.

Because viruses (HBV and/or HCV) commonly underlie the develop-
ment of human HCC (3), preventing viral infection or curtailing viral
replication and progression to cirrhosis are logical long-term solutions,
and it has been suggested that serious effort be directed at the former
(249). These ideas have been placed into practice with promising results.
In Taiwan where HBV is prevalent and perinatal maternal–infant and
horizontal childhood transmission are common routes of infection, imple-
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mentation of a universal childhood vaccination program for HBV begun
in 1984 resulted in a drop in the average annual incidence of and mortal-
ity from HCC in children by roughly 50% in 13 years (250).

Unfortunately, vaccines for HCV have not yet been developed. One
treatment protocol for those with HCV infection is therapy with inter-
feron (IFN)-α, which is believed to inhibit viral replication and modulate
the immune response (251). Initially, IFN-α was used as a monotherapy;
however, combination therapy with ribavirin may be superior in achiev-
ing biochemical and virological responses (252). Evidence suggests that
treatment with IFN-α causes a reduction in progression of liver fibrosis
as well as HCC development; however, the effect on HCC has not been
noted by all investigators (251). Thus, long-term randomized clinical tri-
als are needed to evaluate the role of IFN in human HCC development.

Administration of acyclic retinoids to patients in the hopes of preventing
recurrent and metachronous HCCs following hepatic resection or percutaneous
ethanol therapy has been carried out in Japan. Improved survival and a reduc-
tion in second primary lesions were seen in patients receiving acyclic retinoids
(253,254). Possible mechanisms explaining the inhibitory effect of acyclic
retinoids on development of second primary HCCs include induction of
apoptosis and differentiation which has been observed in human HCC cells
cultured in the presence of these compounds. The effects of acyclic retinoids on
tumor cells may be mediated by retinoid X receptor(RXR)-α, a nuclear hormone
receptor involved in gene transcriptional regulation, which appears to become
aberrantly phosphorylated and inactivated in HCC cells and tissues. Phospho-
rylation coupled with reduction of endogenous retinoids in HCCs may inhibit
RXR-α-mediated transcription resulting in cell proliferation and dedifferentia-
tion, which is overcome by treatment with acyclic retinoids (255).

With the burgeoning of molecular information about human HCCs from
numerous research domains, there is hope that current therapies will be im-
proved and new treatments will be discovered. Albeit rare at this point in time,
this has clearly been the case with tumors of other organ systems. For example,
the fact that many different tumors show activation of the c-kit tyrosine kinase
receptor, particularly through mutation, led to the discovery and clinical use
of an inhibitor of kit tyrosine kinase, STI571. Therapeutic responses have been
seen in some patients with kit-positive tumors such as gastrointestinal stromal
tumors (GISTs) after STI571 administration (256) and suggests that these types
of pharmacogenetic approaches may be avenues for HCC researchers to pur-
sue. To this end, some of the pathways that appear to be involved in HCC
development are already the focus of studies by researchers assessing phar-
macological and genetic interventions for other tumors.

Although gene therapy protocols for the treatment of human tumors
like HCC initially generated great excitement, enthusiasm has been tem-
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pered somewhat by waning expression of transgenes, poor transfection
efficiency and specificity, and safety concerns (257). Hepatic tumors are
also innately difficult to transduce owing to formation of a blood–tumor
barrier that blocks vector diffusion to neoplastic cells (258). Because of the
various limitations of gene therapy that need to be overcome, targeting
key components of pathways important to neoplastic transformation
with small molecular inhibitors like STI571 in GISTs (256) or human-
mouse chimeric antibodies such as herceptin, an anti-Her-2/neu anti-
body, in metastatic breast cancer (259) is currently the trend. The
modifiers discussed here are examples of agents that may prove to be
useful in human HCC therapy, but this remains to be seen.

More than half of human HCCs overexpress TGF-α while simulta-
neously expressing normal or elevated levels of the EGFR, suggesting
that an autocrine loop between TGF-α and its receptor may operate in
HCC tumor development in the majority of cases. Thus, inhibition of
EGFR signaling may be one mechanism to regulate tumor growth. To this
end, a humanized chimeric antibody has been developed which appears
to bind to the EGFR, inhibit kinase activation, promote receptor internal-
ization, and increase p27KIP1 protein levels resulting in G1 cell cycle
arrest. Its administration to patients with various cancers yielded prom-
ising results, and further studies are underway. A small molecule inhibi-
tor of EGFR kinase activity has likewise been demonstrated to have some
clinical utility and is being investigated (260).

Normal apoptotic and cell cycle control mechanisms seem to be rou-
tinely circumvented in human HCCs, notably through mutation and loss
of the p53 and Rb genes as well as through alteration of the TGF-β- and Fas-
mediated pathways. One promising strategy that may be pertinent to HCC
therapy is the use of pharmacological molecules that promote normalized
function of mutant p53 proteins through their stabilization resulting in
growth arrest (208). Another strategy may be to inhibit the cdks-1 and -2 by
7-hydroxystaurosporine or flavopiridol, both of which are currently under
evaluation in humans with various cancers. They may work particularly
well in combination with conventional chemotherapeutic drugs (124).

The mechanisms causing hypervascularity and invasion of HCCs may
likewise provide good targets for small molecule therapy. Multiple en-
dogenous and synthetic anti-angiogenic molecules exist, and one of the
synthetic molecules has received considerable attention and is currently
being evaluated in humans with hematological as well as other malig-
nancies (261). This molecule was also shown to significantly inhibit tumor
growth in rat models of HCC (262), particularly during early phases of
HCC development. ECM remodeling and tumor growth and invasion
appear to be modulated by MMPs in human HCC (263). Despite promise
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in animal models including those of HCC (264), metalloproteinase inhibitors
have not been shown to be effective anti-tumor agents in humans and, in fact,
resulted in reduced patient survival in some instances (265).

12. CONCLUSIONS

Due to the rising incidence of HCC combined with the large number of
patients who present with advanced disease and the poor response rate of
these patients to current treatments, a search for alternative therapies to
HCC is underway. Molecular characterization of human HCCs has pointed
to numerous aberrant signaling and regulatory pathways, and dissecting
these pathways should provide a logical framework for new drug develop-
ment. To this end, a plethora of molecular agents that target some of them are
being clinically evaluated in patients with various tumors. For HCC as well
as other tumor types, it may be that a combinatorial approach using new and
established agents or multiple new agents, rather than the administration of
any single anti-cancer agent, will prove to be most effective because tumor
resistance to some small molecule monotherapies has been noted. Melding
the knowledge from molecular studies of HCC with the output of promising
novel therapies into targeted therapeutic strategies for those with HCC
should ultimately have a positive effect on patient care and outcome.
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