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Primary liver cancer, which consists predominantly of
hepatocellular carcinoma (HCC), is the fifth most com-
mon cancer worldwide and the third most common
cause of cancer mortality. HCC has several interesting
epidemiologic features including dynamic temporal
trends; marked variations among geographic regions,
racial and ethnic groups, and between men and women;
and the presence of several well-documented environ-
mental potentially preventable risk factors. Moreover,
there is a growing understanding on the molecular
mechanisms inducing hepatocarcinogenesis, which al-
most never occurs in healthy liver, but the cancer risk
increases sharply in response to chronic liver injury at
the cirrhosis stage. A detailed understanding of epide-
miologic factors and molecular mechanisms associated
with HCC ultimately could improve our current con-
cepts for screening and treatment of this disease.

rimary liver cancer is the fifth most common cancer

worldwide and the third most common cause of cancer
mortality.! Hepatocellular carcinoma (HCC) accounts for be-
tween 85% and 90% of primary liver cancers. HCC has several
interesting epidemiologic features including dynamic tempo-
ral trends; marked variations among geographic regions, racial
and ethnic groups, and between men and women; and the
presence of several well-documented environmental potentially
preventable risk factors. Moreover, there is a growing under-
standing of the molecular mechanisms that induce hepatocar-
cinogenesis, which almost never occurs in the healthy liver but
the cancer risk increases sharply in response to chronic liver
injury at the cirthosis stage. In this review we summarize
epidemiologic factors, disease-specific factors, molecular mech-
anisms, and current concepts for screening, diagnosis, and
treatment of HCC.

Global Incidence of HCC
Distribution

Liver cancer burden is not distributed evenly
throughout the world (Figure 1). Most HCC cases (>80%)

occur in either sub-Saharan Africa or in Eastern Asia. China
alone accounts for more than 50% of the world’s cases
(age-standardized incidence rate: men, 35.2/100,000;
women, 13.3/100,000). Other high-rate (>20/100,000) ar-
eas include Senegal (men, 28.47/100,000; female, 12.2/
100,000), Gambia (male, 39.67/100,000; female, 14.6/
100,000), and South Korea (male, 48.8/100,000; female,
11.6/100,000).

North and South America, Northern Europe, and Oce-
ania are low-rate (<5.0/100,000) areas for liver cancer
among most populations. Typical low incidence rates are
those of Canada (male, 3.2/100,000; female, 1.1/100,000),
Colombia (male, 2.2/100,000; female, 2.0/100,000),
United  Kingdom  (male, 2.2/100,000; female,
1.1/100,000), and Australia (male, 3.6/100,000; female,
1.0/100,000). Southern European countries, typified by
rates in Spain (male, 7.5/100,000; female, 2.4/100,000),
Italy (male, 13.5/100,000; female, 4.6/100,000), and
Greece (male, 12.1/100,000; female, 4.6/100,000) are me-
dium-rate (5.0-20.0/100,000).2

An exception to the predominance of HCC among
primary liver cancer is the Khon Kaen region of Thailand,
which has one of the world’s highest rates of liver cancer
(annual age-standardized incidence rate during 1993 to
1997 men, 88.0/100,000; women, 35.4/100,000).>2 How-
ever, because of endemic infestation with liver flukes, the
major type of liver cancer in this region is intrahepatic
cholangiocarcinoma rather than HCC.3

Encouraging trends in liver cancer incidence have been
seen in some of these high-rate areas.* Between 1978 and
1982 and 1993 and 1997, decreases in incidence were
reported among Chinese populations in Hong Kong,
Shanghai, and Singapore.? In addition to these areas,

Abbreviations used in this paper: AFB,4, aflatoxin B4; Cl, confidence
interval; GST, glutathione S-transferase; IGF2R, insulin-like growth
factor 2 receptor; NAFLD, nonalcoholic fatty liver disease; NASH, non-
alcoholic steatohepatitis.
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Figure 1. Regional variations in the mortality rates of HCC categorized by age-adjusted mortality rates. The rates are reported per 100,000 persons.

Japan also began to experience declines in incidence rates
among males for the first time between 1993 and 1997.

Many high-rate Asian countries now vaccinate all new-
borns against hepatitis B virus (HBV) and the effect on
HCC rates already has become apparent.> A Chinese
government program started in the late 1980s to shift the
staple diet of the Jiangsu Province from corn to rice may
have limited exposure to known hepatocarcinogen afla-
toxin B; (AFB,) in this area.

In contrast, registries in a number of low-rate areas
reported increases in HCC incidence between 1978 and
1982 and 1993 and 1997. Included among these registries
are those in the United States, United Kingdom, and
Australia.* Reasons for both the decreased incidence in
high-rate areas and the increased incidence in low-rate
areas are not yet clear, suggesting that each area will be
an important case study. It has been hypothesized, how-
ever, that increased incidence in low-rate areas may be
related to a greater prevalence of hepatitis C virus (HCV)
infection within these areas.

Race/Ethnicity

HCC incidence rates also vary greatly among dif-
ferent populations living in the same region. For exam-
ple, ethnic Indian, Chinese, and Malay populations of
Singapore had age-adjusted rates ranging from 21.21/
100,000 among Chinese males to 7.86/100,000 among
Indian males between 1993 and 1997.2 The comparable
rates for females were 5.13/100,000 among ethnic Chi-
nese and 1.77/100,000 among ethnic Indians. Another
example is the United States where, at all ages and among
both sexes, HCC rates are 2 times higher in Asians than

in African Americans, whose rates are 2 times higher than
those in whites. The reason for this ethnic variability
likely includes differences in the prevalence and acquisi-
tion time of major risk factors for liver disease and HCC.

Sex

In almost all populations, males have higher liver
cancer rates than females, with male:female ratios usually
averaging between 2:1 and 4:1. At present, the largest
discrepancies in rates (>4:1) are found in medium-risk
European populations. Typical among these ratios are
those reported from Geneva, Switzerland (4.1:1), and
Varese, Italy (5.1:1). Among 10 French registries listed in
Volume VIII of Cancer in Five Continents, 9 report male:
female ratios of >5:1. In contrast, typical ratios currently
seen in high-risk populations are those of Qidong, China
(3.2:1), Osaka, Japan (3.7:1), Gambia (2.8:1), and Harare,
Zimbabwe (2.4:1). Registries in Central and South Amer-
ica report some of the lowest sex ratios for liver cancer.
Typical ratios in these regions are reported by Colombia
(1.2:1) and Costa Rica (1.6:1).

The reasons for higher rates of liver cancer in males
may relate to sex-specific differences in exposure to risk
factors. Men are more likely to be infected with HBV and
HCV, consume alcohol, smoke cigarettes, and have in-
creased iron stores. However, experiments show a 2- to
8-fold increase in HCC development in male mice.” These
data support the hypothesis that androgens influence
HCC progression rather than sex-specific exposure to risk
factors. Nonenvironmental endogenous factors that may
affect male risk adversely include higher body mass index
and higher levels of androgenic hormones. Several stud-
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Figure 2. Liver cancer has the fastest growing death rate in the United
States. The overall cancer mortality rate has declined in the United
States (top horizontal bar). However, annual per change in mortality rate
is increasing in few cancer sites, the fastest of which is liver cancer.

ies conducted in Taiwan®® reported a positive association
between increased circulating testosterone levels and
HCC in HBV-infected men.

Age

The global age distribution of HCC varies by re-
gion, incidence rate, sex, and, possibly, by etiology.? In
almost all areas, female rates peak in the age group 5
years older than the peak age group for males. In low-risk
populations (eg, United States, Canada, and United King-
dom), the highest age-specific rates occur among persons
aged 75 and older. A similar pattern is seen among most
high-risk Asian populations (eg, Hong Kong and Shang-
hai). In contrast, male rates in high-risk African popula-
tions (eg, Gambia, Mali) tend to peak between ages 60
and 65 before declining, whereas female rates peak be-
tween 65 and 70 before declining. These variable age-
specific patterns likely are related to differences in the
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dominant hepatitis virus in the population, the age at
viral infection, and the existence of other risk factors.
Notably, although most HCV carriers became infected as
adults, most HBV carriers became infected at very young
ages.

Distribution of Risk Factors

Major risk factors for HCC vary by region. In most
high-risk areas, the dominant risk factor is chronic HBV
infection. In Asia, HBV infection largely is acquired by
maternal-child transmission, whereas sibling-to-sibling
transmission at young ages is more common in Africa.
Consumption of AFB; -contaminated foodstuffs is the
other major HCC risk factor in most high-rate areas.

Unlike the rest of Asia, the dominant hepatitis virus in
Japan is HCV. HCV began to circulate in Japan shortly
after World War II.1° Consequently, HCC rates began to
increase sharply in the mid-1970s, with an anticipated
peak in HCV-related HCC rates projected around 2015,
although recent data suggest the peak already might have
been reached.

In low-rate HCC areas, the increasing number of per-
sons living with cirrhosis is the likely explanation for the
increasing incidence of HCC. This has resulted from a
combination of factors including an increasing incidence
of cirrhosis caused by HCV and, to a lesser extent, HBV
infection, as well as a general improvement in survival
among cirrhosis patients. It has been estimated that HCV
began to infect large numbers of young adults in North
America and South and Central Europe in the 1960s and
1970s as a result of intravenous drug use.!! The virus
then moved into national blood supplies and circulated
until a screening test was developed in 1990, after which
time rates of new infection decreased dramatically. Cur-
rently, it is estimated that HCV-related HCC in low-rate
countries will peak around 2010.12
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Figure 4. Temporal trends in the age distribution of HCC in the United

States. A shift toward younger ages is observed concomitant with the
recent increase in the overall incidence of this malignancy.

HCC in the United States

HCC is the fastest growing cause of cancer-related
death in men in the United States (Figure 2). Age-
adjusted HCC incidence rates increased more than 2-fold
between 1985 and 2002 (Figure 3).!314 The average an-
nual, age-adjusted rates of HCC verified by histology or
cytology increased from 1.3 per 100,000 during 1978-
1980 to 3.3 per 100,000 during 1999-2001.1 The in-
crease in HCC started in the mid-1980s, with the greatest
proportional increases occurring during the late 1990s.
The largest proportional increases occurred among
whites (Hispanics and non-Hispanics), whereas the low-
est proportional increases occurred among Asians. The
mean age at diagnosis is approximately 65 years, 74% of
cases occur in men, and the racial distribution is 48%
white, 15% Hispanic, 13% African American, and 24%
other race/ethnicity (predominantly Asian) (Figure 3).
During recent years as incidence rates increased, the age
distribution of HCC patients has shifted toward rela-
tively younger ages, with the greatest proportional in-
creases between ages 45 and 60 (Figure 4).

Four published studies examined secular changes in
HCC risk factors in the United States.!®-1° Two studies
were from large, single-referral centers where viral risk
factor ascertainment was based on serology findings,
and the other 2 studies were from national databases
in which risk factors were ascertained from Interna-
tional Classification of Diseases 9th revision codes in
billing or discharge records. In all 4 studies, the great-
est proportional increases occurred in HCV-related
HCC, whereas HBV-related HCC had the lowest and
most stable rates (Figure 5). Overall, 15%-50% of HCC
patients in the United States have no established risk
factors.

Risk Factors of HCC

HCC is unique in that it largely occurs within an
established background of chronic liver disease and cir-
rhosis (~70%-90% of all detected HCC cases) (Table 1).
Major causes of cirrhosis in patients with HCC include
hepatitis B, hepatitis C, alcoholic liver disease, and pos-
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sibly nonalcoholic steatohepatitis. Less common
causes include hereditary hemochromatosis, a-1 anti-
trypsin deficiency, autoimmune hepatitis, and some
porphyrias.

HBV

Globally, HBV is the most frequent underlying
cause of HCC, with an estimated 300 million persons
with chronic infection worldwide. Case-control studies
have shown that chronic HBV carriers have a 5- to 15-fold
increased risk of HCC compared with the general popu-
lation. The great majority, between 70% and 90%, of
HBV-related HCCs develop in patients with cirrhosis.
However, HBV is a notorious cause for HCC in the
absence of cirrhosis.

The increased HCC risk associated with HBV infection
particularly applies to areas where HBV is endemic. In
these areas, it usually is transmitted from mother to
newborn (vertical transmission) and up to 90% of in-
fected persons follow a chronic course. This pattern is
different in areas with low HCC incidence rates where
HBV is acquired in adulthood through sexual and par-
enteral routes (horizontal transmission), with more than
90% of acute infections resolving spontaneously. The
annual HCC incidence in chronic HBV carriers in Asia
ranges between .4% and .6%. This figure is lower in Alas-
kan natives (26%/y), and is lowest in Caucasian HBV
carriers.?0

Several other factors have been reported to increase
HCC risk among HBV carriers including male sex;
older age (or longer duration of infection); Asian or
African race; cirrhosis; family history of HCC; exposure
to aflatoxin, alcohol, or tobacco; or co-infection with
HCV or hepatitis D virus (HDV). HCC risk also is
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Figure 5. Progression of HCV-related liver disease. Modified from
Hassan et al. (Reprinted with permission from J Clin Gastro [http://
lww.com]).18
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Table 1. Incidence of HCC in Patients With Compensated

Cirrhosis
Study A Study B Study C
Number of patients 384 112 103
Follow-up period, y 5.0 4.5 3.3
Decompensation, % per year 3.9 4.4 5.0
HCC, % per year 1.4 2.3 3.3

NOTE. Results are from 3 cohort studies conducted in 3 countries
(study A, Italy; study B, United States; and study C, France). Study A
data from Fattovich et al,182 study B data from Hu and Tong,*83 and
study C data from Serfaty et al.33

increased in patients with higher levels of HBV repli-
cation, as indicated by the presence of hepatitis B e
antigen (HBeAg) and high HBV-DNA levels. In addi-
tion, it has been suggested in Asian studies that geno-
type C is associated with more severe liver disease than
genotype B.2!

In the natural history of chronic HBV infection, spon-
taneous or treatment-induced development of antibodies
against hepatitis B surface antigen (HBsAg) and HBeAg
leads to improved clinical outcomes. A meta-analysis of
12 studies with 1187 patients who received interferon
and 665 untreated patients followed up for S years found
a lower HCC incidence in treated (1.9%; 95% confidence
interval [CI], .8%-3.0%) than untreated patients (3.2%;
95% CI, 1.8%-4.5%). However, this difference was not
statistically significant.??

The risk of HCC is substantially lower in persons who
are immune to HBV. Many studies have shown, by using
sensitive amplification assays, that HBV DNA persists as
occult HBV infection for decades among persons with
serologic recovery (HBsAg negative) from acute infection.
Occult HBV is associated with anti-HBc and/or anti-
HBs.23 A single multinational investigation found the
prevalence of occult HBV in liver tissue to be 11% in Italy,
5%-9% in Hong Kong, and 0% in the United Kingdom.
Supporting an association with occult HBV, a high pro-
portion of individuals with HCV infection who develop
HCC have demonstrable HBV DNA and proteins in their
neoplastic and adjacent nonneoplastic liver tissue. Mild
hepatitis and fibrosis have been reported in some subjects
more than 10 years after recovery from an acute HBV
infection.?* However, although some studies have linked
the development of HCC in individuals with chronic
HCYV infection to occult HBV, others have not found an
association. For example, in the seminal study by Beas-
ley,?5 the incidence of HCC was significantly lower in
immune persons compared with carriers (5 vs 495 per
100,000 per year).?

Hepatitis B vaccination is widely recognized as the
most effective measure to prevent HBV infection. Con-
firming mortality reductions from HBV-associated com-
plications, including HCC, in adults may require several
decades. However, the results in the Taiwanese children
provide the first evidence that HCC is preventable via
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effective vaccination.2® Ten years after the initiation of
the immunization program, the incidence of HCC
among 6- to 14-year-olds in Taiwan declined dramati-
cally. The average incidence of HCC declined from .7 per
100,000 children from 1982 to 1986 to .36 from 1990 to
1994. There was a similar decline in the mortality asso-
ciated with HCC. One study?” that used mathematic
modeling estimated that for the year 2000, there were
620,000 persons who died worldwide from HBV-related
causes: 580,000 (94%) from chronic infection-related cir-
rhosis and HCC. In the surviving birth cohort for the year
2000, the model estimated that without vaccination, 64.8
million would become HBV infected and 1.4 million
would die from HBV-related disease. Routine infant hep-
atitis B vaccination, with 90% coverage and the first dose
administered at birth, would prevent 84% of global HBV-
related deaths.

HCV

Chronic HCV infection is a major risk factor for
the development of HCC. Markers of HCV infection are
found in a variable proportion of HCC patients; for
example, 44%-66% in Italy,?82° 27%-58% in France, 60%-
75% in Spain, and in 80%-90% of HCC patients in Ja-
pan.’® A higher but undefined proportion of HCC pa-
tients might have had HCV detected by polymerase chain
reaction testing of liver tissue and/or serum, even if
antibody to HCV (anti-HCV) was nondetectable. In a
meta-analysis of 21 case-control studies in which second-
generation enzyme immunoassay tests for anti-HCV were
used, HCC risk was increased 17-fold in HCV-infected
patients compared with HCV-negative controls (95% CI,
14-22).30

The likelihood of the development of HCC among
HCV-infected persons is difficult to determine because of
the paucity of adequate long-term cohort studies; how-
ever, the best estimate is from 1% to 3% after 30 years
(Figure 6). HCV increases HCC risk by promoting fibrosis
and eventually cirrhosis. Once HCV-related cirrhosis is
established, HCC develops at an annual rate of 1% to 4%;
although rates of up to 7% have been reported in Japan.
Rates of cirrhosis 25-30 years after infection range be-
tween 15% and 35%.3' The highest incidence rates for
cirrhosis and HCC were observed in HCV-contaminated
blood or blood-products recipients (14 and 1 per 1000
person-years for cirrhosis and HCC, respectively) and in
hemophiliacs (5 and .7 per 1000 person-years, respec-
tively). The lowest rates have been reported in women
who received a one-time contaminated anti-D immune
globulin treatment (1 and 0 per 1000 person-years, re-
spectively).

In HCV-infected patients, host and environment fac-
tors appear to be more important than viral factors in
determining progression to cirrhosis. These factors in-
clude older age, older age at the time of acquisition of
infection, male sex, heavy alcohol intake (>50 g/day),
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Figure 6. Proportion of patients with HCC related to viral hepatitis. In
this study all US-born patients who were seen at MD Andersen Medical
Center in Houston, Texas, were tested for serologic evidence of HCV
and HBV. Only HCV-positive HCC increased during the study period.
Reprinted with permission from Hassan et al.20

diabetes, obesity, and co-infection with human immuno-
deficiency virus or HBV.32 There is no strong evidence
that HCV viral factors such as genotype, load, or quasi-
species are important in determining the risk of progres-
sion to cirrhosis or HCC.

Successful antiviral therapy in patients with HCV-
related cirrhosis may decrease HCC risk moderately
among patients treated with interferon,?82%31-38 but the
evidence is weak because it comes mostly from observa-
tional and nonrandomized clinical trials. The lack of
randomization in most of these studies may exaggerate
treatment benefits because it is likely healthier patients
who tend to get treated more frequently than those with
advanced liver disease (who are known to be more likely
to develop HCC).

Alcohol

Heavy alcohol intake, defined as ingestion of more
than 50-70 g/day for prolonged periods, is a well-estab-
lished HCC risk factor. It is unclear whether risk of HCC
is altered significantly in those with low or moderate
alcohol intake. Although heavy intake is associated
strongly with the development of cirrhosis, there is little
evidence of a direct carcinogenic effect of alcohol other-
wise.

There is also evidence for a synergistic effect of heavy
alcohol ingestion with HCV or HBV, with these factors
presumably operating together to increase HCC risk by
more actively promoting cirrhosis. For example, Donato
et al3° reported that among alcohol drinkers, HCC risk
increased in a linear fashion with daily intake of more
than 60 g. However, with the concomitant presence of
HCYV infection, there was an additional 2-fold increase in
HCC risk over that observed with alcohol use alone (ie, a
positive synergistic effect).
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Toxic Exposures

Aflatoxin. AFB; is a mycotoxin produced by the
Aspergillus fungus. This fungus grows readily on food-
stuffs such as corn and peanuts stored in warm, damp
conditions. Animal experiments showed that AFB; is a
powerful hepatocarcinogen, leading the International
Agency for Research on Cancer to classify it as
carcinogenic.3?

Once ingested, AFB, is metabolized to an active interme-
diate, AFB; -ex0-8,9-epoxide, which can bind to DNA and
cause damage, including producing a characteristic muta-
tion in the p53 tumor-suppressor gene (p53 249sr )40
This mutation has been observed in 30%-60% of HCC
tumors in aflatoxin-endemic areas.*!:42

Strong evidence that AFB; is a risk factor for HCC has
been supplied by person-specific epidemiologic studies
performed in the past 15 years. These studies were per-
formed after the development of assays for aflatoxin
metabolites in urine, AFB; -albumin adducts in serum,
and detection of a signature aflatoxin DNA mutation in
tissues.

The interaction between AFB; exposure and chronic
HBYV infection was shown in short-term prospective stud-
ies in Shanghai, China. The urinary excretion of aflatoxin
metabolites was associated with a 4-fold increase in HCC
risk whereas HBV infection increased the risk 7-fold.
However, individuals who both excreted AFB; metabo-
lites and were HBV carriers had a dramatic 60-fold in-
creased risk of HCC.*3

In most areas where AFB; exposure is a problem,
chronic HBV infection also is highly prevalent. In addi-
tion to HBV vaccination as the major preventive tactic,
persons already chronically infected could benefit by
eliminating AFB; exposure. Efforts to accomplish this
goal in China® and Africa*? have been launched.

Vinyl chloride. An association has been estab-
lished between vinyl chloride exposure in factory workers
and angiosarcoma of the liver, but not with other histo-
logic liver tumors. A meta-analysis conducted by Boffetta
et al** summarized the results from studies of the asso-
ciation between occupational exposure to vinyl chloride
in relation to cancer mortality. The Standardized Mor-
tality Ratio for liver cancers other than angiosarcoma
(based on 2 large cohorts) was 1.35 (95% CI, 1.04-1.77).45
However, these nonangiosarcoma liver tumors included
HCC, bile ducts, gallbladder, and liver cancer of un-
known histology. Given the small number of cancers,
potential for tumor misclassification, and the borderline
statistical significance, a significant association between
HCC and other nonangiosarcoma tumors and vinyl chlo-

ride exposure is highly unlikely.

Nonalcoholic Fatty Liver Disease

It has been suggested that many cryptogenic cirrho-
sis and HCC cases represent more severe forms of nonalco-
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holic fatty liver disease (NAFLD), namely nonalcoholic ste-
atohepatitis (NASH). Studies in the United States
evaluating risk factors for chronic liver disease or HCC have
failed to identify HCV, HBV, or heavy alcohol intake in a
large proportion of patients (30%-40%). Once cirrhosis and
HCC are established, it is difficult to identify pathologic
features of NASH. Several clinic-based case-control studies
have indicated that HCC patients with cryptogenic cirrhosis
tend to have clinical and demographic features suggestive of
NASH (predominance of women, diabetes, and obesity) as
compared with age- and sex-matched HCC patients of well-
defined viral or alcoholic etiology.4¢-48 For example, Regim-
beau et al* examined 210 patients who underwent resec-
tion for HCC, of whom 18 (8.6%) had no identifiable cause
for chronic liver disease, and found a higher prevalence of
obesity (50% vs 17% vs 14%) and diabetes (56% vs 17% vs
11%) compared with patients with alcoholic and viral hep-
atitis, respectively.*® Evidence of progression from NAFLD
to HCC from prospective studies is scant. There are case
reports®%S! and small case series describing the development
of HCC several years after the NASH diagnosis.>? In a
community-based retrospective cohort study, 420 patients
diagnosed with NAFLD in Olmsted County, Minnesota,
were followed up for a mean duration of 7.6 years. In that
study, liver disease was the third leading cause of death (as
compared with the 13th leading cause of death in the
general Minnesota population), occurring in 7 (1.7%) sub-
jects. Twenty-one (5%) patients were diagnosed with cirrho-
sis, of whom 2 developed HCC.53

However, the most compelling evidence for an associ-
ation between NASH and HCC is indirect and comes
from studies examining HCC risk with 2 conditions
strongly associated with NASH: obesity and diabetes.

Obesity

In a large prospective cohort study of more than
900,000 individuals in the United States followed up for

Calle EE, & et al, N Engl J Med 2003

Relative risk of death (95% confidence interval)

a 16-year period, liver cancer mortality rates were 5 times
greater among men with the greatest baseline body mass
index (range, 35-40) compared with those with a normal
body mass index>* (Figure 7). In the same study, the risk
of liver cancer was not as increased in women, with a
relative risk of 1.68.5% Two other population-based co-
hort studies from Sweden and Denmark found excess
HCC risk (increased relative risk, 2- to 3-fold) in obese
men and women compared with those with a normal
body mass index.4+55

Strongly associated with obesity, especially abdominal
obesity, insulin resistance is known to contribute signif-
icantly to hepatic steatosis.’>5” The development of in-
creased levels of steatosis has been associated with more
severe necroinflammatory activity*>5% and fibrosis.>859-64
Fibrosis progression rates also have appeared to be higher
when marked steatosis was present,®> with some studies
suggesting that the increase in steatosis itself may be an
indicator of fibrosis progression.>® Finally, liver disease
occurs more frequently in those with more severe meta-
bolic disturbances,®® with insulin resistance itself shown
to increase as the disease progresses.®¢

Several developed countries, most notably the United
States, are in the midst of a burgeoning obesity epidemic.
Although the evidence linking obesity to HCC is rela-
tively scant, even small increases in risk related to obesity
could translate into a large number of HCC cases.

Diabetes Mellitus

Diabetes has been proposed as a risk factor for
both chronic liver disease and HCC through the devel-
opment of NAFLD and NASH.

Several case-control studies from the United States,
Greece, Italy, Taiwan, and Japan examined the associa-
tion between diabetes, mostly type II, and HCC. At least
8 studies found a significant positive association between
diabetes and HCC, 2 studies found a positive association
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Figure 8. Diabetes and the risk of HCC. The study examined 173,463
patients with diabetes and 650,620 without diabetes. No patient had
acute or chronic liver disease recorded before, during, or within 1 year
of his or her index hospitalization. Reprinted with permission.8

that did not quite reach significance, and 1 study found
a significant negative association. A potential bias in
cross-sectional and case-control studies, however, is dif-
ficulty in discerning temporal relationships between ex-
posures (diabetes) and outcomes (HCC). This problem is
relevant in evaluating HCC risk factors because 10%-20%
of patients with cirrhosis have overt diabetes and a larger
percentage have impaired glucose tolerance. Thus, diabe-
tes also may be the result of cirrhosis.

Cohort studies, which intrinsically are better suited to
discern temporal relationships between exposure and dis-
ease, also have been conducted. All compared HCC inci-
dence in cohorts of diabetic patients with either the
expected incidence given HCC rates in the underlying
population or with the observed HCC incidence among a
defined cohort without diabetes.®” Three studies con-
ducted among younger or smaller cohorts found either
no or a low number of HCC cases. At least 4 other cohort
studies examined a large number of patients for relatively
long time periods, with 3 studies finding a significantly
increased risk of HCC with diabetes (risk ratios, 2-3).67-6°
We recently conducted a study of HCC incidence in a
large cohort of VA patients (173,643 patients with and
650,620 patients without diabetes). The findings of this
study indicated that HCC incidence doubled among pa-
tients with diabetes and was higher among those with a
longer duration of follow-up evaluation (Figure 8).67

Although most studies have been conducted in low-
HCC rate areas, diabetes also has been found to be a
significant risk factor in areas of high HCC incidence
such as Japan. Although other underlying risk factors
such as HCV may confound the association between
diabetes and HCC, they do not seem to fully explain
observed associations between diabetes and HCC. Taken
together, available data suggest that diabetes is a moder-
ately strong risk factor for HCC.”7® Additional research is
required to examine issues related to the duration and
treatment of diabetes, as well as possible confounding by
diet and obesity.
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Tobacco

The relationship between cigarette smoking and
HCC has been examined in more than 50 studies in both
low- and high-rate HCC areas. In almost all countries,
both positive-association and lack-of-association find-
ings have been reported. Among studies reporting posi-
tive associations, several found effects were limited to
population subgroups defined by HBV status, HCV sta-
tus, genetic polymorphism, or other exposure. Given the
concurrence of tobacco smoking and alcohol drinking,
the confounding effect of alcohol cannot be excluded
completely. Taken together, available evidence suggests
that any effect of smoking on HCC is likely to be weak
and limited to a subset of the general population. How-
ever, because 2 studies conducted exclusively among
women reported positive associations, it has been sug-
gested that attributable risk among women may be
higher than that in men.”%72

Oral Contraceptives

There is experimental rationale for a possible role
of oral contraceptives (OCs) in liver neoplasia. Nuclear
estrogen receptors exist in hepatocytes and are increased
in HCC, suggesting a hormonal responsiveness of hepatic
neoplastic tissue. Estrogen and progesterone compo-
nents of OCs have been shown to induce and promote
liver tumors in animals.” Estrogens are thought to cause
liver neoplasia by increasing proliferation rates, thereby
increasing rates of spontaneous mutations.”

Several human studies have reported an increased risk
of developing benign liver tumors, such as hepatic cell
adenoma and focal nodular hyperplasia in women using
OCs.”S OC use also has been linked in small case series to
malignant liver tumors such as HCC, mixed hepatocel-
lular and ductal carcinoma, cholangiocarcinoma, and
hepatoblastoma.”¢

The epidemiologic evidence for an association between
OCs and increased risk of HCC is unclear. Several studies,
generally using small sample sizes, investigated a possible
link between OCs and HCC. The association between OC
use and HCC risk recently was examined in a review of 12
case-control studies that included 739 cases and 5223
controls.”” The pooled estimate of ORs (age- and sex-
matched only) from all 12 studies was 1.57 (95% CI,
.96-2.54, P = .07). Eight of these studies reported ad-
justed ORs (in addition to age and sex); the pooled
estimate was 1.45 (95% CI, .93-2.27, P = .11). Six studies
showed a significant 2- to 20-fold increase in HCC risk
with longer durations (>5 y) of OC use. The evidence is
inconclusive to establish a relation between OCs and the
risk of HCC. Furthermore, there is no information on
newer, low-dose OCs.

Hemochromatosis

There are very few population-based risk estimates
of HCC in individuals homozygous for known HFE mu-
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tations, and no information on the risk in carriers (het-
erozygous). A population-based study conducted in Swe-
den using multiple national data sources indicated a
1.7-fold increase in the incidence of HCC among 1800
individuals with hereditary hemochromatosis (mostly
homozygous for the C282Y mutation). Much higher
HCC risk estimates were reported from selected samples
of patients with hemochromatosis who were seen in
referral centers; however, these estimates are likely to be
inflated as a result of selection bias. The proportion of
patients with HCC who have HFE mutations is unclear
and is likely to be small for homozygous mutations (3%
in a small referral-based case series,”® and 5% in a series of
144 cases”®). Whether the prevalence of HFE mutations is
higher than expected in patients with HCC in the absence
of cirrhosis has been suggested but remains unclear.8°
Similarly, there is only preliminary evidence, which needs
to be confirmed in larger studies, for a positive interac-
tion between HFE mutations and viral hepatitis to in-
crease the risk of HCC.8! The proportion of HCC cases
heterozygous for HFE is larger but whether significantly
greater than controls is not clear. The prevalence of
C282Y heterozygotes in clinical case series has ranged
from 4%,82 to as high as 11.8%,7 and 12.5.8% In compar-
isons with controls with cirrhosis (and no HCC), studies
have shown conflicting findings between failure to show
a statistically significant association,®? and a 3-fold in-
crease.®> There is no evidence for an increased prevalence
of H63D mutations in HCC cases as compared with
controls.83

Diet

The role of diet, except for alcohol drinking and
aflatoxin contamination, in the etiology of HCC is
unclear. Dietary anti-oxidants, specifically selenium
and retinoic acid, have been shown to inhibit liver
tumors in animals. In a cohort study of men in Taiwan,
lower vegetable intake was associated significantly with
an increased risk of HCC and this effect was limited to
hepatitis B virus chronic carriers and cigarette smok-
ers.®* In that study, baseline levels of serum retinol
were associated inversely with future risk of HCC in
chronic hepatitis B carriers. In another report on the
same cohort, low baseline serum levels of selenium
were also predictive of increased HCC risk.85 A favor-
able effect of high intakes of milk and yogurt, white
meats, eggs, and fruits has been suggested by a hospi-
tal-based case-control study.8¢ Another study among
Japanese atomic bomb survivors reported an approxi-
mately 50% HCC risk reduction in those with high
consumption of isoflavone-rich miso soup and tofu,
adjusting for HBV and HCV viral infections.8” On the
other hand, a smaller case-control conducted in Ath-
ens, Greece, did not support an association of specific
food groups or particular nutrients with the risk of
HCC.
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Coffee drinking. Several epidemiologic studies
have reported a reduced risk of increased liver enzyme
levels and a reduced risk of cirrhosis. Animal studies have
suggested that coffee reduces liver carcinogenesis. Fur-
ther, coffee drinking also has been associated with re-
duced insulin levels and risk of type 2 diabetes. At least 9
epidemiologic studies conducted in Japan and Southern
Europe reported on the association between coffee intake
and HCC. Coffee drinking has been associated with a
reduced risk of HCC in at least 5 case-control studies
(25%-75% risk reduction with 2-4 cups of coffee/day as
compared with none).88-2 Three cohort studies have
reported on the association between coffee intake and
future risk of HCC.23-25 Of those, 2 studies showed a
significant reduction in HCC risk with coffee intake of 1
or more cups of coffee, and the second study showed a
dose-response relationship (20% reduction with 1-2 cups
and a 75% reduction with =5 cups®*). The third publi-
cation reporting on 2 cohorts showed a reduced HCC
risk with coffee drinking that was of borderline signifi-
cance.”® Overall, the data suggested a modest reduction
of HCC risk with coffee drinking. Most of these studies
examined general population controls, which may not be
the most appropriate comparator given their low risk for
HCC and chronic liver disease. However, the inverse as-
sociation between coffee consumption and HCC per-
sisted in the studies that presented results stratified by
liver disease®%93-95 or used a second control group of
patients with liver disease.”®

Genetic Epidemiology of HCC

Epidemiologic research has shown convincingly
that the great majority of adult-onset HCC cases are
sporadic and that many have at least 1 established non-
genetic risk factor such as alcohol abuse or chronic HCV
and HBV infection. However, most people with these
known environmental risk factors never develop cirrhosis
or HCC, whereas a sizable minority of HCC cases develop
among individuals without any known risk factors.

Genetic variation has long been suspected to influence
the variable risk for HCC observed both within and
across populations. There is preliminary evidence indi-
cating that host genetic factors may contribute to pro-
gression of HCV. A large study (500 patients with cirrho-
sis and 500 pair-matched controls with nonhepatic
disease) reported a significant increase in the prevalence
of cirrhosis among first-degree relatives of patients with
cirrhosis, mostly HCV-related (odds ratio, 17; 95% CI,
4.2-12.9).%¢ Another study reported familial clustering
and potential maternal linkage for insulin resistance for
NAFLD, cirrhosis, and among patients with NAFLD (as
compared with healthy controls).®” In addition, numer-
ous familial HCC clusters have been reported; such fam-
ilies also tend to show clustering of hepatitis B carriers.
However, 2 analyses have found evidence of genetic sus-



2566 EL-SERAG AND RUDOLPH

ceptibility to HCC, while taking into account HBV infec-
tion.%89?

It has, however, only recently become possible to per-
form large-scale epidemiologic studies to evaluate genetic
risk factors given rapid advances within the field of
genomics including completion of the Human Genome
Project, public accessibility to information on millions of
human single-nucleotide polymorphisms, development
of high-throughput DNA microarrays, and a dramatic
reduction in the cost of genetic testing.100-105

The majority of HCC studies have been case-control
studies conducted in populations with a high HCC rate
(Asian and African) or a medium HCC rate (European).
Typically, they have examined only a few polymorphisms
in a few genes selected because of the following: (1) their
role in the key liver function of detoxification including
phase I and phase II enzymes such as cytochrome P-450s,
N-acetyl transferases, and glutathione S-transferases
(GSTs), (2) their role in biological pathways potentially
relevant in chronic liver disease and carcinogenesis in-
cluding inflammatory response (eg, interleukin 13, IRN)
and DNA repair (eg, XRCC1), or (3) their role in mitigat-
ing or exacerbating the effects of exposure to specific
etiologic risk factors for HCC such as alcohol or aflatoxin
(eg, ADH3, ALDH2, EPHX1).

Results from the genetic epidemiology studies eval-
uating varied polymorphisms, as risk factors for HCC
largely have been equivocal, with findings of a positive
association, association only within a limited subset of
the population, or no or negative association reported.
The lack of reproducibility is attributed to inadequate
sample sizes to reliably detect the likely small effects of
individual genes on risk within a background of strong
environmental risk factors and polygenic influences on
the development of disease.'9%1°4 Furthermore, virtu-
ally all of these studies have lacked power to detect
interactions; it is estimated that several thousand cases
and controls are required to adequately assess the
effects of gene-gene or gene-environment interac-
tions. Other contributing factors include population
stratification or population-based differences in the
relative distribution of alleles (eg, among different
racial groups), and the use of nonrepresentative con-
trol groups, and variable genetic penetrance.

Given genetic epidemiology studies often are highly
underpowered, meta-analysis has been recognized as
an important tool to define more precisely the effect of
individual polymorphisms on relative risk of disease
and to identify potentially important sources of be-
tween-study heterogeneity.106197 We recently com-
pleted a meta-analysis evaluating the effect of the 2
most frequently evaluated polymorphisms for HCC
risk to date: the dual-deletion GST polymorphisms
GST-M1 (14 studies) and GST-T1 (13 studies).108
Individual studies for both polymorphisms reported
variable findings and therefore the observed heteroge-
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neity necessitated the use of a random-effects model.
Pooled estimators suggested a possible small excess
risk with either GST-M1 or GSTT1 null genotypes,
although findings approached significance only for
GSTT1 (ORgsrmi, 1.16; 95% CI, .89-1.53; ORgsrri,
1.191; 95% CI, .99-1.44). Although overall pooled es-
timators for GSTM1 and GSTT1 suggest a possible
small excess of HCC with the null genotype, additional
studies with larger samples and conducted in other
populations are needed to clarify further the role of
both polymorphisms in the etiology of HCC and to
investigate gene-environment interactions.

Genetic epidemiology studies in HCC, similar to
several other conditions, have fallen short of early
expectations that they rapidly and unequivocally
would result in identification of genetic variants con-
veying substantial excess risk of disease and thereby
establish the groundwork for effective genetic screen-
ing for primary prevention. However, recent identifi-
cation of genetic risk factors for some chronic diseases
such as Alzheimer’s disease and breast cancer as well as
the small effect exerted by individual genes and hence
the very large sample size required to examine these
effects have given rise to cautious optimism!®3 that
genetic epidemiology ultimately will provide impor-
tant information on the etiopathogenesis of many
chronic diseases, including HCC.

Molecular Mechanisms of
Hepatocarcinogenesis

As we can see from the epidemiology, hepatocar-
cinogenesis is linked tightly to chronic liver damage but
rarely develops in healthy liver during normal aging. One
possible explanation for this tight correlation is that
cancer development in the liver requires cell division,
leading to the step-wise acquisition of genetic hits nec-
essary for cellular transformation. In favor of this hy-
pothesis, chemical-induced carcinogenesis in rodents is
accelerated when liver cell division is induced by partial
hepatectomy.’®® However, the frequency of replication
errors in human HCC is low, thus making it unlikely to
be a major mechanism of hepatocarcinogenesis.!!?
Instead, human HCCs are associated with a high preva-
lence of chromosome copy number alterations and trans-
locations.

The most common and unifying condition associated
with hepatocarcinogenesis is cirrhosis, which develops
after long latencies (20-40 y) of chronic liver disease.
HCC risk remains low during chronic liver disease but
exponentially increases at the cirrhosis stage. To under-
stand the molecular basis of hepatocarcinogenesis it is of
utmost importance to decipher the molecular mecha-
nisms that increase liver tumor formation at the cirrhosis
stage (Figure 9).
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Molecular Mechanisms Inducing

Hepatocarcinogenesis at the Cirrhosis

Stage

Liver cell proliferation is increased during chronic
hepatitis, but cirrhosis is characterized by decreasing he-
patocyte proliferation,'!! indicating that the regenerative
capacity of the liver exhausts at the cirrhosis stage. In the
following section we describe 3 basic mechanisms that
could accelerate carcinogenesis at the cirrhosis stage (Fig-
ure 9).

Telomere Shortening: Limitation of
Regenerative Reserve and Induction of
Chromosomal Instability

The telomere hypothesis of cellular aging provides
a rational explanation for the limited regenerative reserve
of liver cells. Telomere shortening limits the proliferative
capacity of primary human cells (including hepatocytes)
to a finite number of cell divisions.!!2113 Accelerated
telomere shortening of liver cells occurs during chronic
liver disease, resulting in an accumulation of senescent
hepatocytes at the cirrhosis stage.!’* When telomeres
reach a critically short length, chromosome uncapping
induces DNA damage signals, cell-cycle arrest, senes-
cence, or apoptosis.115116
Telomere dysfunction also activates DNA repair path-
ways leading to chromosomal fusions.'7:118 When cells
with fused chromosomes enter the cell cycle, breakage of
fused chromosomes can lead to chromosomal gains and
losses as well as chromosomal translocations in the
daughter cells.'*® It has been shown that telomere short-
ening accelerated the initiation of liver tumors in telom-
erase-deficient mice in response to carcinogen treat-
ment.’?° It is tempting to speculate that telomere
dysfunction also could induce chromosomal instability
in human hepatocytes at the cirrhosis stage, thereby
initiating HCCs.12! In support of this hypothesis, it has
been shown that telomeres are critically short in human
HCC122.123 and on the single-cell level telomere shorten-
ing correlated with increasing aneuploidy in human
HCC.124

Impaired Hepatocyte Proliferation: Cancer
Induction by Loss of Replicative Competition

The decrease in hepatocyte proliferation itself
could enhance cancer formation at the cirrhosis stage. In
accordance with this assumption, chemicals inhibiting
hepatocyte proliferation accelerate carcinogen-induced
liver tumor formation in rats!?’ as well as the expansion
and transformation of transplanted hepatocytes.'?6 Sim-
ilarly, leukemogenesis in mice was accelerated in the
context of impaired cycling of hematopoietic progenitor
cells.'?” It is conceivable that abnormally proliferating
hepatocytes would not expand in a healthy regenerating
liver but would expand quickly and eventually transform
in the growth-restrained environment of the cirrhotic
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liver. Telomere shortening and hepatocellular senescence
contribute to the loss of replicative reserve during cirrho-
sis.7128 p21 is the primary target of p53, inducing cell-
cycle arrest and senescence in response to telomere short-
ening.'?® In agreement with the hypothesis that impaired
hepatocyte proliferation induced by telomere shortening
could accelerate the cancer risk, a correlation between
increased p21 expression and HCC risk has been ob-
served in human cirrhosis.!3°

In addition to telomere shortening, aging itself impairs
hepatocyte proliferation in mice by inducing CCAAT/
enhancer binding protein a-mediated repression of E2
promoter binding factor.'3! A decrease in liver regenera-
tive capacity during aging could explain the acceleration
of cirrhosis progression in aged patients with chronic
hepatitis'32 and could promote hepatocarcinogenesis. In
agreement with this assumption, the clonogenic poten-
tial of transplanted hepatocytes is increased in liver of
aged rats compared with young rats.!33 Notably, activa-
tion of the phosphoinositide-3-kinase/protein kinase £
(PI3K)/Akt pathway—a frequent molecular alteration in
human HCC— can neutralize the growth-inhibitory activ-
ity of CCAAT/enhancer binding protein « in liver tu-
mors.134

Altered Miliew Conditions: Promoting Tumor
Cell Proliferation

Alterations of the microenvironment (local fac-
tors in the liver) and the macroenvironment (systemic
acting factors) could represent another factor increasing
the cancer risk at the cirrhosis stage.

The restoration of liver mass is regulated tightly. In
mouse models, liver regeneration after partial hepatec-
tomy stops precisely when liver mass is restored. Simi-
larly, in human liver transplant recipients liver size
adapts to the recipient size. The molecular mechanisms
controlling the regulation of liver mass have not been
identified. Unlike the pancreas, liver organ size is not
regulated by the size of the stem cell pool generated
during development.'35 These findings indicate that liver
organ mass is controlled by an interplay of growth fac-
tors. A possible scenario for liver mass regulation sug-
gests that hepatic metabolites activate some feedback
mechanisms (growth factors) that induce the growth or
involution of the liver. In principle, it is possible that
these mechanisms become activated in response to loss of
liver cell mass and loss of liver function during cirrhosis,
thus creating a growth-stimulatory macroenvironment
that may accelerate cancer formation.

Cirrhosis also changes the microenvironment, which
impacts on tumor formation. One of the hallmarks of
cirthosis is the activation of stellate cells, resulting in
increased production of extracellular matrix proteins,
cytokines, growth factors, and products of oxidative
stress.!3¢ Many of these components have been shown to
alter the proliferation of hepatocytes and could promote
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Figure 9. Molecular mechanisms inducing hepatocarcinogenesis at the cirrhosis stage. Molecular mechanisms that could explain the increased
cancer risk at the cirrhosis stage are summarized. These mechanisms include cell-intrinsic and cell-extrinsic alterations. On the cell intrinsic level,
cirrhosis is associated with telomere shortening. Telomere shortening leads to an activation of the cell cycle and apoptosis checkpoints that restrain
the proliferative capacity of liver cells and in turn select for hepatocytes carrying deletions of checkpoint genes. In addition, telomere shortening
induces chromosomal instability, which can be accelerated further by loss of checkpoint function. On the cell extrinsic level, cirrhosis induces
alterations of the microenvironment including altered cytokine secretion from activated stellate cells as well as inflammatory signaling from infiltrating
immune cells. Moreover, the decrease in liver function at the cirrhosis stage could increase toxic metabolites in blood serum, inducing alteration of
the macroenvironment. Both alterations of the macroenvironment and the microenvironment could stimulate proliferation of hepatocytes, thus

leading to a further selection of genetically altered (pre-) malignant clones.

tumor formation.!3” Moreover, inflammatory responses
induced by the immune system and hepatitis could in-
fluence the progression of HCC. Along these lines, dele-
tion of suppressor of cytokine signalling-3 (SOCS3)—a
negative regulator of interleukin-6-related cytokines—
promoted hepatitis-induced hepatocarcinogenesis in
mice.’3® In addition, it has been shown that a unique
immune response signature of the liver microenviron-
ment correlates with venous metastases, recurrence, and
prognosis of human HCC.'3° The influence of inflamma-
tory signaling on hepatocarcinogenesis can be context
dependent; deletion of nuclear factor k B-dependent
inflammatory responses enhanced HCC formation in car-
cinogen-treated mice.'#° Similarly, deletion of NF-kappa
B essential modulator/I kappa 8 kinase (NEMO/IKK), an
activator of nuclear factor k B, induced steatohepatitis
and HCC in mice.'*! In contrast, inhibition of nuclear
factor k B impaired HCC progression in a mouse model
of cholestatic hepatitis.'4?

It has been shown that telomere shortening of human
fibroblast enhances secretion of proinflammatory pro-
teins that alter the proliferation and differentiation of
cocultured epithelial cells.’*3 Similar mechanisms could
be active in human cirrhosis characterized by hepatocyte
telomere shortening and senescence.!!4144

Molecular Alterations in HCC and Its
Possible Role in Promoting
Carcinogenesis at the Cirrhosis Stage

In the following section we briefly categorize some
of the most common molecular alterations in human
HCC and discuss the potential role of these alterations in
promoting cancer formation at the cirrhosis stage.

Loss of Cell-Cycle Checkpoints

Telomere shortening and the activation of cell-
cycle checkpoints impair hepatocyte proliferation during
cirrhosis.!'1114 The abrogation of DNA damage check-
points could represent a selective advantage allowing
clonal expansion of genetically altered hepatocytes at this
stage. An abrogation of cell-cycle checkpoints is one of
the hallmarks of hepatocarcinogenesis. Among the
most commonly affected checkpoints are as follows
(Figure 10).

p53, p14 alternate reading frame, mouse double
minute-2. The p53 pathway is a major tumor-suppressor
pathway that (1) limits cell survival and proliferation
(replicative senescence) in response to telomere shorten-
ing,'*5 (2) induces cell-cycle arrest in response to onco-
gene activation (oncogene-induced senescence),'4* and
(3) protects genome integrity. The p53 pathway is af-
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fected at multiple levels in human HCC as follows: (1)
p53 mutations occur in aflatoxin*-induced HCC (>50%)
and with lower frequency (20%-40%) in HCC not associ-
ated with aflatoxin, (2) microdeletions of p14ARF occur
in 15%-20% of human HCC but rarely in p53 mutant
HCC,'6 (3) increased Mdm2 expression has been ob-
served in human HCC,'7 (4) the vast majority of human
HCC overexpresses gankyrin,'#® which inhibits both Rb-
checkpoint (see later) and p53-checkpoint function.49:150
It has been shown that p53 mediates senescence in re-
sponse to telomere dysfunction in mouse liver cells.!s!
Thus, impairment of p53 checkpoint function at the cir-
rhosis stage could provide a selective advantage allowing
proliferation of hepatocytes with critically short telo-
meres. p53 deletion increases chromosomal instability
and epithelial cancer formation in telomere dysfunc-
tional mice.''® It seems likely that loss of p53 checkpoint
function at the cirrhosis stage would lead to an expan-
sion of hepatocytes with dysfunctional telomeres, chro-
mosomal instability (CIN), and initiation of HCC. In
agreement with this model, expression of p21 (a down-
stream target of p53) is increased during cirrhosis but is
lost in premalignant liver tumors (small cell changes) and
HCC.'23 In addition to its effect on p53 checkpoint
function, deletion of p14AR?7 also affects the expression
of p27.152 The down-regulation of p27 expression is a
negative prognostic factor in HCC.153

Rb/p16. The p16/Rb checkpoint is another major
pathway limiting cell proliferation in response to telo-

60%-100% of human HCC in-
cluding the p53, the Rb, the p27,
and the transforming growth fac-
tor B/IGF2R pathways.

mere shortening, DNA damage, and oncogene activa-
tion.!15145 In human HCC, the Rb pathway is disrupted
in more than 80% of cases, with repression of pl6 by
promoter methylation being the most frequent alter-
ation.’3* Moreover, expression of gankyrin (an inhibitor
of p53 and Rb checkpoint function) is increased in the
vast majority of human HCCs,'# indicating that the Rb
checkpoint is dysfunctional in the vast majority of hu-
man HCCs. It is conceivable that an impairment of the
Rb checkpoint would allow an expansion of hepatocytes
with dysfunctional telomeres at the cirrhosis stage. In
agreement with this assumption, an increase in p1l6 ex-
pression occurs in cirrhosis, but p16 expression is dimin-
ished in premalignant liver tumors (small cell changes)
and HCC.1?3 In addition, increased expression of Id1
(inhibitor of p16) correlated with the HCC risk in cirrho-
sis patients.!SS

Insulin-like growth factor 2 receptor. Loss of het-
erozygosity in the insulin-like growth factor 2 receptor
(IGF2R) locus is a frequent and early event in human
hepatocarcinogenesis occurring in more than 60% of dys-
plastic nodules and HCC.'¢ IGF2R impairs cell prolifer-
ation by promoting degradation of the IGF2 mitogen
and by activation of transforming growth factor B sig-
naling.’5” Loss of IGF2R could cooperate with IGF2 over-
expression, which is a common feature in human
HCCs.1%8 In addition, an abrogation of IGF2R could
represent a selective advantage at the cirrhosis stage by
impairing antiproliferative and proapoptotic signals in-
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duced by transforming growth factor 8, which is overex-
pressed in cirrhosis. Interestingly, IGF2R is located in the
subtelomeric region of chromosome 6 in human be-
ings,'s? indicating that telomere shortening could influ-
ence recombination rates and loss of heterozygosity of
this locus.

Resistance to Apoptosis

The frequent inactivation of p53 in human HCC
indicates that abrogation of pS53-dependent apoptosis
could promote hepatocarcinogenesis. In agreement with
this assumption, it was shown that hepatoma subtracted-
cDNA library clone one (HSCO)—an inhibitor of p53-
dependent apoptosis—frequently is overexpressed in hu-
man HCC.1%0 In addition, p53-independent pathways can
induce apoptosis in response to telomere dysfunc-
tion.!'5161 The role of impairments of p53-independent
apoptosis for hepatocarcinogenesis remains to be de-
fined. It was shown that Hint2 (an apoptosis sensitizer

55%

26%

Developmental pathways
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acting at the mitochondria) is down-regulated in human
HCC, correlating with poor prognosis.162

The transforming growth factor 8 pathway frequently
is activated at the cirrhosis stage and induces apoptosis
by activating Smad3-mediated BCL2 repression.'®3 It re-
mains to be determined how tumor cells escape activa-
tion of this pathway during cirrhosis and whether it
involves the deletion of IGF2R. Apoptosis resistance also
could involve insulin-receptor signaling and activation of
the Akt pathway.1o4

Activation of Oncogenic Pathways

In general, the activation of oncogenic pathways
in human HCC appears to be more heterogeneous com-
pared with other cancer types. A possible explanation is
that oncogene activation may occur late in human hepa-
tocarcinogenesis as a consequence of chromosomal in-
stability induced by telomere shortening and checkpoint
dysfunction (see earlier). Some of the more frequently
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30-60%
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Figure 11. Alterations of developmental and oncogenic pathways associated with hepatocarcinogenesis. The most frequently occurring lesions
that lead to an activation of developmental and oncogenic pathways in human HCC are summarized. Four major pathways are activated in
20%-60% of human HCC including the Akt, the myc, the B-catenin, the hedgehog, and the met pathways. In addition, telomerase activation is a very
frequent event in human hepatocarcinogenesis. Although telomerase by itself is not an oncogene, it is an essential step during the immortalization

of tumor cells.
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found oncogenic pathways in human HCC include the
following (Figure 11).

Wnt/B-catenin. The B-catenin pathway is regu-
lated tightly during early liver development.'5 Activation
of the B-catenin pathway frequently occurs in mouse and
human HCC involving somatic mutations,'®® as well as
transcriptional repression of negative regulators.1¢” Liver-
targeted deletion of adenomatosis polyposis coli (APC)
and the consequent activation of the S-catenin pathway
is sufficient to induce hepatocarcinogenesis in mouse
models.1%® Other developmental pathways that have been
implicated in human HCC are the hedgehog pathway!®®
and the c-met proto-oncogene/hepatocyte growth factor
receptor (MET) pathway.17°

The activation of developmental pathways suggests
that some HCC may arise from liver stem cells. Normal
liver regeneration does not require stem cells because
somatic hepatocytes retain the ability to re-enter the cell
cycle. The growth-inhibitory environment in cirrhotic
liver may lead to an activation and transformation of
liver stem cells. First studies have provided evidence for
the existence of stem cell populations in human
HCC1'71172 and a stem cell gene expression signature in a
subset of human HCC.173

PI3BK/Akt. An activation of Akt signaling and im-
paired expression of phosphatase and tensin homolog
(PTEN) (a negative regulator of Akt) have been reported
in 40%-60% of human HCC.17* Activation of the Akt
pathway suppresses transforming growth factor B-in-
duced apoptosis and growth-inhibitory activity of
CCAAT/enhancer binding protein o (see earlier). Both
effects could promote tumor formation at the cirrhosis
stage. Activation of the Akt pathway has been linked to
an activation of fB-catenin signaling in intestinal stem
cells,'”5 suggesting that 2 of the most frequently acti-
vated oncogenic pathways in hepatocarcinogenesis might
be interconnected.

Myc is a potent oncogene inducing hepatocarcinogen-
esis in mouse models and it was shown that HCCs in-
duced by myc depend on continuous activation of the
oncogene.'”¢ The data on human HCC are heterogeneous
and further studies are required. A correlation between
myc-activation and tumor size/prognosis has been re-
ported.’”” One mechanism of myc activation in human
HCC is the amplification of the chromosome locus,!”8
which might be induced by telomere dysfunction and
dysfunctional checkpoints. Along these lines, increased
copy numbers of mouse chromosome 15 (carrying the
myc-gene locus) is a frequent aberration in murine HCC
induced in the context of p53 mutation and telomere
shortening. 16!

Given the similarities in mouse and human HCC, an
interspecies comparison will be a useful tool for fur-
ther identification of oncogenes and tumor suppres-
sors relevant to human hepatocarcinogenesis.'”® In ad-
dition, gene expression profiling represents a powerful
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approach to decipher the molecular pathways of
hepatocarcinogenesis.!7%:173,179

Tumor Cell Immortality

More than 90% of human HCC show an activa-
tion of telomerase, and up-regulation of telomerase re-
verse transcriptase is a bonafide marker of human
HCC.148 Telomerase can synthesize telomeres de novo
and expression of telomerase reverse transcriptase is the
rate-limiting step for activation of telomerase and im-
mortalization of human cells. Experiments on primary
human cells have shown that telomerase is an essential
component to generate transformed human cells with
unlimited proliferative potential.’8® Telomerase is inac-
tive in normal human liver but activation occurs during
the transition from premalignant lesions to HCC.148 Ex-
perimental data from mice have shown that telomere
shortening increases the initiation of liver tumors but
telomerase deficiency limits the progression of early le-
sions toward macroscopic tumors.!2° A current hypoth-
esis indicates that telomerase activation is necessary to
limit telomere dysfunction and to prevent the accumu-
lation of excessive levels of chromosomal instability and
DNA damage that would impair tumor growth indepen-
dent of p53 checkpoint function.161.181

Summary

The pathophysiology of hepatocarcinogenesis is
linked tightly to the evolution of cirrhosis. Several mech-
anisms at the cirrhosis stage appear to accelerate cancer
formation including the following: (1) telomere dysfunc-
tion inducing chromosomal instability, (2) a growth-
inhibitory environment selecting for proliferative cells,
(3) alterations of the microenvironment and macroenvi-
ronment stimulating cellular proliferation (Figure 10). A
detailed understanding of how these alterations select for
distinct molecular pathways during the development of
HCC could improve the screening, prevention, and treat-
ment of HCC in patients with chronic liver disease and
cirrhosis.
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