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Preface to 2nd Edition

You are not obliged to complete the task,
Nor are you free to stop trying.

—Talmud, Avot

Hepatocellular carcinoma (HCC) used to be regarded as a rare disease.
The increasing numbers of chronic HCV carriers in the USA and subse-
quent increased incidence of HCC seen in most large medical centers mean
that it is no longer an uncommon disease for gastroenterologists or oncol-
ogists to encounter, and its incidence and epidemiology are changing (new
chapter). This has been enhanced by the appreciation that obesity (NASH or
NAFL)-associated cirrhosis is also a cause of HCC, as are many metabolic
syndromes (new chapter), in addition to carcinogens in the environment
(new chapter), hepatitis B (new chapter), and hepatitis C (new chapter).
Associated with this has been a clearer understanding of the many mech-
anisms involved in carcinogenesis of the liver (new chapter). During the
period when liver resection and systemic chemotherapy were the only real
therapeutic modalities available, the outcomes were generally dismal, espe-
cially since most patients presented with advanced-stage tumors. Several
recent factors seem to have changed this. They include the more frequent
use of aggressive surveillance by ultrasound and CT scanning in patients
who have chronic hepatitis or cirrhosis from any cause and thus are known
to be at risk for subsequent development of HCC in order to detect tumors
at an earlier and thus more treatable stage. Advances in CT scanning, par-
ticularly the introduction of multi-head fast helical scans, mean that these
vascular tumors can often be detected at an earlier stage or multiple lesions
can now be appreciated, when only large single lesions were formally seen,
so that unnecessary resections are not performed. Helical CTs have also
largely replaced the more invasive CT arteriography. Furthermore, advances
in MRI scanning (new chapter) have started to measure changes in tumor
blood flow as a result of anti-angiogenic therapies (new chapter); so has
dye-enhanced ultrasonography (new chapter). Liver transplantation has had
a profound effect on the therapeutic landscape. There have always been two
hopes for this modality, namely to eliminate cirrhosis as a limiting factor for
surgical resection and also to extend the ability of the surgeon to remove
ever-larger tumors confined to the liver. The organ shortage for patients
with HCC who could be transplanted has been alleviated in part by two

vii
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new factors. They are the MELD criteria, which give extra points to patients
with small tumors, and the introduction of live donor transplants (new chap-
ter), which obviate the need for long waits for a cadaveric donor. Regional
chemotherapy and hepatic artery chemoembolization have been around for
a long time and have been practiced mainly in the Far East and in Europe.
There has not been a consensus on which drug or drug combinations are
best or even whether embolization is important, and if so, what type and size
of embolizing particle might be optimal. While there is still no consensus
on these matters, it has recently become clear from two randomized con-
trolled clinical trials that hepatic artery chemoembolization for unresectable,
non-metastatic HCC seems to bestow a survival advantage compared with
no treatment. The high recurrence rates after resection have led numerous
investigators to evaluate pre-resection and post-resection chemotherapy in
the hope of decreasing recurrence rates. Only recently have clinical trials
begun to provide evidence of enhanced survival for multimodality therapy
involving resection with added chemotherapy or !3!1 lipiodol. The introduc-
tion of °°Y microspheres (Theraspheres) appears to offer the promise of rel-
atively non-toxic tumoricidal internal radiotherapy to the liver and appears
to be a major therapeutic addition to our treatment choices, and its role alone
or in combination with other therapies is just beginning to be explored. The
advent of multiple clinical trials for new agents that inhibit either the cell
cycle or angiogenesis or both (new chapter) has diminished enthusiasm for
chemotherapy, since these agents appear to be less toxic and may enhance
survival, even for advanced disease. Some of these agents are taken orally,
which makes them even more attractive. In addition, we are beginning to
enter the phase of genomics (new chapter) and proteomics (new chapter) as
applied to many tumor types, including HCC. This raises the possibility of
being able to categorize patients into prognostic subsets, prior to any ther-
apy. We are just at the beginning of the age of cell cycle modulating factors
including hormones, growth factors, and growth factor receptor antagonists
and agents that specifically alter defined aspects of the cell cycle. Since the
mechanisms of many of these agents are known, we are entering the era of
personalized medicine and the rational selection of suitable treatment drugs
for an individual patient. For all these reasons, it seemed reasonable to us to
produce a book that presents much of current therapy and current thinking
on HCC. This is an exciting time to be in the field of HCC basic science
as well as clinical management, since so many changes are simultaneously
occurring at multiple levels of our understanding and management of the
disease, and suddenly there are many new choices of therapy to offer our
patients. All the original chapters have also been updated and enhanced.

Philadelphia, PA Brian I. Carr
March, 2009



Preface to 1st Edition

You are not obliged to complete the task,
nor are you free to desist from trying.

—Talmud, Avot

Hepatocellular carcinoma (HCC) used to be regarded as a rare disease.
The increasing numbers of chronic hepatitis C virus carriers in the United
States and subsequent increased incidence of HCC seen in most large med-
ical centers means that it is no longer an uncommon disease for most gas-
troenterologists or oncologists to encounter.

During the times when liver resection or systemic chemotherapy were
the only real therapeutic modalities available, the outcomes were gener-
ally dismal, especially because most patients presented with advanced-stage
tumors. Several recent factors seem to have changed this. They include the
more frequent use of aggressive surveillance by ultrasound and computed
tomography (CT) scanning in patients who have chronic hepatitis or cirrho-
sis from any cause (and thus are known to be at risk for subsequent devel-
opment of HCC) to detect tumors at an earlier and therefore more treatable
stage. Advances in CT scanning, particularly the introduction of multihead
fast helical scans, mean that this vascular tumor can often be detected at
an earlier stage, or multiple lesions can be diagnosed when only large sin-
gle lesions were formerly seen, so that unnecessary resections are not per-
formed.

Liver transplantation has had a profound effect on the therapeutic land-
scape. There have always been two hopes for this modality: namely, to elim-
inate cirrhosis as a limiting factor for surgical resection and also to extend
the ability of the surgeon to remove ever-larger tumors confined to the liver.
Regional chemotherapy and hepatic artery chemoembolization have been
around for a long time and have been practiced mainly in the Far East and
Europe.

There has not been a consensus for which drug or drug combination is
best or whether embolization is important and, if so, what type and size
of particle are optimal. Although there is still no consensus on these mat-
ters, it has recently become clear from two randomized controlled clin-
ical trials that hepatic artery chemoembolization for unresectable non-
metastatic HCC seems to bestow a survival advantage compared to no
treatment. The high recurrence rates after resection have led numerous
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investigators to evaluate preresection and postresection chemotherapy in
the hope of decreasing recurrence rates. Only recently have clinical trials
begun to provide evidence of enhanced survival for multimodality ther-
apy involving resection and either chemotherapy or 131I-lipiodol. The
introduction of 90Yttrium microspheres, which appear to offer the promise
of relatively nontoxic tumoricidal therapy to the liver, appears to be a major
therapeutic addition to our treatment choices, and its role alone or in combi-
nation with other therapies is just beginning to be explored.

In addition, we are beginning to enter the phase in which proteomics is
applied to many tumor types, including HCC. This raises the possibility of
being able to categorize patients into prognostic subsets, prior to any therapy.
We are also just at the beginning of the age of cell cycle modulating factors
including hormones, growth factors, and growth factor receptor antagonists
and agents that specifically alter defined aspects of the cell cycle.

For these reasons, it seemed reasonable to produce a book that represents
much of the current therapy and thinking on HCC. Admittedly, there is a
bias toward expressing the experience of one center, the Liver Cancer Cen-
ter at the University of Pittsburgh Starzl Transplant Institute, in which over
250 new cases of HCC have been seen each year for the last 15 years. This
is an exciting time to be in the field of HCC basic science as well as clini-
cal management because so many changes are simultaneously occurring at
multiple levels of our understanding and management of the disease.

Brian I. Carr, MD, FRCP, PhD
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1 Epidemiology of Hepatocellular

Carcinoma

Donna L. White, PhD, MPH, Amir
Firozi, MD, and Hashem B. El-Serag,
MD, MPH

CONTENTS

GLOBAL INCIDENCE OF HEPATOCELLULAR
CARCINOMA

RISK FACTORS OF HEPATOCELLULAR
CARCINOMA

GENETIC EPIDEMIOLOGY OF HCC

REFERENCES

ABSTRACT

Hepatocellular carcinoma (HCC) affects more than half a million indi-
viduals per year worldwide. It is a largely preventable disease. Most cases
are related to hepatitis B virus infection in sub-Saharan Africa and Eastern
Asia (except Japan). Hepatitis C virus has emerged as an important cause
of HCC particularly in North America and some parts of Europe, where a
recent sharp increase in HCC has been reported. There is growing evidence
of an association between obesity and diabetes and increased risk of HCC;
however, the causal link is still unclear. The striking geographic and racial
variations in the occurrence of HCC are partly explained by the distribution
of HBV and HCV infections. Additional established risk factors for HCC
include older age, male sex, heavy alcohol intake, aflatoxin exposure, iron
overload related to hemochromatosis, and possibly tobacco smoking. The
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role of diet except for alcohol drinking and aflatoxin contamination in the
etiology of HCC in human populations is largely unknown. Host genetic
factors are being examined but definitive data are lacking. Most of these risk
factors operate by promoting the development of cirrhosis which is present
in most HCC cases. The annual risk of HCC in cirrhosis ranges between 1
and 7%. This review discusses in detail the epidemiology of HCC from a
global perspective.

Key Words: Hepatitis C; hepatitis B; cirrhosis; incidence; prevalence; risk;
genetic association; coffee; insulin resistance; liver cancer; epidemiology;
determinants; risk factors

1. GLOBAL INCIDENCE OF HEPATOCELLULAR
CARCINOMA

1.1. Overview

Primary liver cancer is the fifth most common cancer worldwide and the
third most common cause of cancer mortality (/). Globally, over 560,000
people develop liver cancer each year and an almost equal number, 550,000,
die of it. Liver cancer burden, however, is not evenly distributed through-
out the world (Fig. 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 (ASR) male:
35.2/100,000; female: 13.3/100,000). Other high-rate (>20/100,000) areas
include Senegal (male: 28.47/100,000; female: 12.2/100,000), The Gam-
bia (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 Oceania are low-
rate (< 5.0/100,000) areas for liver cancer among most populations. Typ-
ical incidence rates in these areas are those of the United States (male:
4.21/100,000; female: 1.74/100,000), Canada (male: 3.2/100,000; female:
1.1/100,000), Colombia (male: 2.2/100,000; female: 2.0/100,000), the
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 of medium rate (5.0-20.0/100,000) (2).

HCC accounts for between 85 and 90% of primary liver cancer. One note-
worthy exception is the Khon Kaen region of Thailand, which has one of
the world’s highest rates of liver cancer (ASR993_1997 male: 88.0/100,000;
female: 35.4/100,000) (3). However, due to endemic infestation with liver
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B3 3356 | 5610 [10-15 1599

Fig. 1. Regional variations in the incidence rates of hepatocellular carcinoma catego-
rized by age-adjusted incidence rates.

flukes, the major type of liver cancer in this region is intrahepatic cholangio-
carcinoma rather than HCC (4).

Encouraging trends in liver cancer incidence have been seen in some of
these high-rate areas (5). Between 1978-1982 and 1993-1997, decreases
in incidence were reported among Chinese populations in Hong Kong,
Shanghai, and Singapore (3). In addition to these areas, Japan also began
to experience declines in incidence rates among males for the first time
between 1993 and 1997 (Fig. 2).

Many high-rate Asian countries now vaccinate all newborns against HBV
and the effect on HCC rates has already become apparent. In Taiwan, where
national newborn vaccination began in 1984, HCC rates among children
aged 6-14 years declined significantly from 0.70/100,000 in 1981-1986 to
0.36/100,000 in 1990-1994 (6). 1t is too soon yet for HBV vaccination to
have had an effect on adult rates, but other public health measures may have
contributed to declines in HCC incidence in high-risk areas of China. A Chi-
nese 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 aflatoxin B1 (AFB1) in this area (7). Similarly, another
Chinese public health campaign initiated in the early 1970s to encourage
drinking of well water rather than pond- or ditch water may have decreased
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Fig. 2. Recent changes in the incidence of HCC. The incidence of HCC has been declin-
ing in some “high-incidence” areas, such as China and Hong Kong. On the other hand,
HCC incidence in several “low and intermediate incidence” areas has been increasing.
Modified from McGlynn et al. (5).

consumption of microcystins, cyanobacteria-produced compounds demon-
strated to be hepatocarcinogenic in experimental animals.

In contrast, registries in a number of low-rate areas reported increases in
HCC incidence between 1978-1982 and 1993-1997. Included among these
registries are those in the United States, the 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 widely hypothesized, however, that
increased incidence in low-rate areas may be related to greater prevalence of
HCYV infection within these areas.

1.2. Race/Ethnicity

HCC incidence rates also vary greatly among different populations living
in the same region. For example, ethnic Indian, Chinese, and Malay pop-
ulations 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 (3). The comparable rates for females were 5.13/100,000 among
ethnic Chinese and 1.77/100,000 among ethnic Indians. Another example is
the United States where, at all ages and among both genders, HCC rates are
two times higher in Asians than in African-Americans, which are themselves
two times higher than those in whites. The reason(s) for this interethnic
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variability likely include differences in prevalence and acquisition time of
major risk factors for liver disease and HCC.

1.3. Gender

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, nine report
male:female ratios >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);
The Gambia (2.8:1); and Harare, Zimbabwe (2.4:1). Registries in Central
and South America 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 gender-
specific differences in exposure to risk factors. Men are more likely to be
infected with HBV and HCV, consume alcohol, smoke cigarettes, and have
increased iron stores. Higher levels of androgenic hormones, body mass
index, and increased genetic susceptibility may also adversely affect male
risk.

1.4. Age

The global age distribution of HCC varies by region, incidence rate, gen-
der and, possibly, by etiology (3). 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 (e.g., the United States, Canada, the United Kingdom),
the highest age-specific rates occur among persons aged 75 and older.
A similar pattern is seen among most high-risk Asian populations (e.g.,
Hong Kong, Shanghai). In contrast, male rates in high-risk African pop-
ulations (e.g., The Gambia, Mali) tend to peak between ages 60 and 65
before declining; while female rates peak between 65 and 70 before declin-
ing. These variable age-specific patterns are likely related to differences in
the dominant hepatitis virus in the population, the age at viral infection
and the existence of other risk factors. Notably, while most HCV carriers
became infected as adults, most HBV carriers became infected at very young
ages.

Exceptions to these age patterns occur in Qidong, China, where liver can-
cer rates are among the world’s highest. Age-specific incidence rates among
males rise until age 45 and then plateau, while among females, rates rise
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until age 60 and then plateau. The explanation for these younger peak ages is
unclear, but may be due to existence of other hepatocarcinogenic exposures.

1.5. 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 is
largely acquired by maternal-child transmission, while sibling-to-sibling
transmission at young ages is more common in Africa. Consumption of afla-
toxin B-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 hepatitis
C (HCV). HCV began to circulate in Japan shortly after World War 1II (8).
Consequently, HCC rates began to sharply increase in the mid-1970s with an
anticipated peak in HCV-related HCC rates projected around 2015, though
recent data suggests the peak might have already been reached.

In low-rate HCC areas, increasing numbers of persons living with cirrho-
sis is the likely explanation for rising HCC incidence. This has resulted from
a combination of factors including rising incidence of cirrhosis due to 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 Cen-
tral Europe in the 1960s and the 1970s as a result of intravenous drug use
(9). The virus then moved into national blood supplies and circulated until
a screening test was developed in 1990, after which time rates of new infec-
tion dropped dramatically. Currently, it is estimated that HCV-related HCC
in low-rate countries will peak around 2010.

1.6. HCC in the United States

Age-adjusted HCC incidence rates increased more than 2-fold between
1985 and 2002 (10) (Fig. 3). Average annual, age-adjusted rate 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 (11). The increase in HCC
started in the mid-1980s with greatest proportional increases occurring dur-
ing the late 1990s. The largest proportional increases occurred among whites
(Hispanics and non-Hispanics), while the lowest 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 (pre-
dominantly Asian). During recent years as incidence rates increased, the age
distribution of HCC patients has shifted toward relatively younger ages, with
greatest proportional increases between ages 45 and 60.
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Fig. 3. Average yearly, age-adjusted incidence rates for HCC in the United States shown
for 3-year intervals between 1975 and 2002. Whites include approximately 25% His-
panic while other race is predominantly Asian (88%).

Four published studies examined secular changes in HCC risk factors
in the United States (/2—15). Two studies were from large, single referral
centers where viral risk factor ascertainment was based on serology find-
ings, while the other two were from national databases in which risk fac-
tors were ascertained from ICD-9 codes in billing or discharge records. In
all four studies, the greatest proportional increases occurred in HCV-related
HCC, while HBV-related HCC had the lowest and most stable rates. Overall,
between 15 and 50% of HCC patients in the United States have no estab-
lished risk factors.

2. RISK FACTORS OF HEPATOCELLULAR CARCINOMA

HCC is unique in that it largely occurs within an established back-
ground of chronic liver disease and cirrhosis (~70-90% of all detected
HCC cases) (Fig. 4). Major causes of cirrhosis in patients with HCC include
hepatitis B, hepatitis C, alcoholic liver disease, and possibly, non-alcoholic
steatohepatitis.

2.1. Hepatitis B Virus

Globally, HBV is the most frequent underlying cause of HCC with an esti-
mated 300 million persons with chronic infection worldwide. Case—control
studies have demonstrated that chronic HBV carriers have a 5- to 15-fold
increased risk of HCC compared to the general population.
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Fig. 4. Estimated progression rates to cirrhosis and hepatocellular carcinoma in hepatitis
C infection.

The great majority, between 70 and 90%, of HBV-related HCC devel-
ops in a background of cirrhosis. HBV DNA is found in the host genome
of both infected and malignant hepatic cells. HBV may, therefore, initi-
ate malignant transformation through a direct carcinogenic mechanism by
increasing likelihood of viral DNA insertion in or near proto-oncogenes or
tumor-suppressor genes. However, despite initial excitement accompanying
this discovery, subsequent research has failed to show a unifying mechanism
by which integration of HBV DNA leads to HCC.

The increased HCC risk associated with HBV infection particularly
applies to areas where HBV is endemic. In these areas, it is usually trans-
mitted from mother to newborn (vertical transmission) and up to 90% of
infected 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 parenteral routes (horizontal transmission) with >90% of acute
infections resolving spontaneously. The annual HCC incidence in chronic
HBYV carriers in Asia ranges between 0.4 and 0.6%. This figure is lower in
Alaskan natives (0.26%/year) and lowest in Caucasian HBV carriers (16).

Several other factors have been reported to increase HCC risk among
HBYV carriers including male gender; older age (or longer duration of infec-
tion); Asian or African race; cirrhosis; family history of HCC; exposure to
aflatoxin, alcohol, or tobacco; or coinfection with HCV or HDV. HCC risk is
also increased in patients with higher levels of HBV replication, as indicated
by presence of HBeAg and high HBV DNA levels. In addition, it has been
suggested in Asian studies that genotype C is associated with more severe
liver disease than genotype B (/7).

In the natural history of chronic HBV infection, spontaneous or treatment-
induced development of antibodies against HBsAg and HBeAg leads to
improved clinical outcomes. A meta-analysis of 12 studies with 1,187
patients who received interferon and 665 untreated patients followed for
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5 years found lower HCC incidence in treated 1.9% (95% CI 0.8-3.0%)
than untreated patients 3.2% (95% CI 1.8-4.5%). However, this difference
was not statistically significant (18).

Using sensitive amplification assays, many studies have demonstrated
that HBV DNA persists as “occult HBV infection” for decades among
persons with serological recovery (HBsAg negative) from acute infection.
Occult HBV is associated with anti-HBc and/or anti-HBs (/9). However, in
a significant proportion of individuals, neither anti-HBc nor anti-HBs can
be detected. A single multinational investigation found prevalence of occult
HBYV 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 propor-
tion of individuals with HCV infection who develop HCC have demonstra-
ble HBV DNA and proteins in their neoplastic and adjacent non-neoplastic
liver tissue. However, although some studies have linked development of
HCC in individuals with chronic HCV infection to occult HBV, others have
not found an association.

2.2. Hepatitis C Virus

Chronic HCV infection is a major risk factor for development of HCC.
Markers of HCV infection are found in a variable proportion of HCC cases;
for example, 44—66% in lItaly, (20, 21) 27-58% in France, 60-75% in
Spain, and 80-90% in Japan (8). A higher but undefined proportion of HCC
patients might have had HCV detected by PCR testing of liver tissue and/or
serum, even if antibody to HCV (anti-HCV) was non-detectable. 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) (22).

The likelihood of development of HCC among HC V-infected persons is
difficult to determine due to the paucity of adequate long-term cohort stud-
ies; however, the best estimate is from 1 to 3% after 30 years (Fig. 5). HCV
increases HCC risk by promoting fibrosis and eventually cirrhosis. Once
HCV-related cirrhosis is established, HCC develops at an annual rate of
1-4%:; though rates up to 7% have been reported in Japan. Rates of cirrho-
sis 25-30 years post-infection range between 15 and 35% (23). The highest
incidence rates were observed in HCV-contaminated blood or blood prod-
ucts recipients (14 and 1 per 1000 person-years for cirrhosis and HCC,
respectively) and in hemophiliacs (5 and 0.7 per 1000 person-years). The
lowest rates have been reported in women who received a one-time contam-
inated anti-D immune globulin treatment (1 and O per 1000 person-years,
respectively).
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foci of HCC

Fig. 5. Cirrhosis and hepatocellular carcinoma. Explanted liver showing features of cir-
rhosis and multiple small foci of HCC throughout the liver in a miliary pattern (arrows).

In HCV-infected patients, factors related to host and environment/lifestyle
appear to be more important than viral factors in determining progres-
sion to cirrhosis. These factors include older age, older age at the time
of acquisition of infection, male gender, heavy alcohol intake (>50g/day),
diabetes, obesity, and coinfection with HIV or HBV (24). There is no
strong evidence that HCV viral factors like genotype, viral load, or qua-
sispecies are important in determining the risk of progression to cirrhosis or
HCC.

Successful antiviral therapy in patients with HCV-related cirrhosis may
reduce future risk of HCC, but the evidence is weak. There is only
one prospective, randomized, controlled trial that examined the effects of
antiviral therapy on HCC, a Japanese trial in which 100 patients were
randomized to receive either 6 million units of interferon alfa thrice
weekly for 3—6 months or were followed without treatment (25). After
a 2- to 7-year follow-up period, HCC was significantly reduced in the
treated (4%) compared to the non-treated control group (38%), a 93%
reduction in adjusted risk. However, much of this risk reduction was
a result of the unusually high HCC rate among these controls. Other
studies, mostly retrospective and non-randomized, suggested moderately
decreased HCC risk among HCV-infected patients treated with interferon
(26-37).

In general, reported preventive effects of interferon therapy were less
marked in European compared to Japanese studies. However, the lack of
randomization in most of these studies may exaggerate treatment benefits
as it is likely that healthier patients tend to get treated more frequently
than those with advanced liver disease (who are known to be more likely
to develop HCC). In addition to a role in primary prevention of HCC among
HCV-infected patients, a few Japanese reports suggest interferon may also
be effective for secondary prevention in individuals who have previously
undergone resection for HCC.
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2.3. Alcohol

Heavy alcohol intake, defined as ingestion of >50-70 g/day for pro-
longed periods, is a well-established HCC risk factor. It is unclear whether
risk of HCC is significantly altered in those with low or moderate alcohol
intake. Although heavy intake is strongly associated with development of
cirrhosis, there is little evidence of a direct carcinogenic effect of alcohol
otherwise.

There is also evidence for a synergistic effect of heavy alcohol inges-
tion with HCV or HBV, with these factors presumably operating together
to increase HCC risk by more actively promoting cirrhosis. For example,
Donato et al. (22) reported that among alcohol drinkers, HCC risk increased
in a linear fashion with daily intake >60 g. However, with concomitant pres-
ence of HCV infection, there was an additional 2-fold increase in HCC
risk over that observed with alcohol usage alone (i.e., a positive synergis-
tic effect).

2.4. Aflatoxin

Aflatoxin B (AFB) is a mycotoxin produced by the Aspergillus fun-
gus. This fungus grows readily on foodstuffs like corn and peanuts stored
in warm, damp conditions. Animal experiments demonstrated that AFB is
a powerful hepatocarcinogen leading the International Agency for Research
on Cancer (IARC) to classify it as carcinogenic (30).

Once ingested, AFB is metabolized to an active intermediate, AFB-exo-
8,9-epoxide, which can bind to DNA and cause damage, including produc-
ing a characteristic mutation in the p53 tumor-suppressor gene (p53 2495°)
(29). This mutation has been observed in 30-60% of HCC tumors in afla-
toxin endemic areas (27, 36).

Strong evidence that AFB; is a risk factor for HCC has been sup-
plied by person-specific epidemiological studies performed in the last 15
years. These studies were permitted by development of assays for aflatoxin
metabolites in urine, AFB{-albumin adducts in serum, and detection of a
signature aflatoxin DNA mutation in tissues.

Interaction between AFB; exposure and chronic HBV infection was
revealed in short-term prospective studies in Shanghai, China. Urinary
excretion of aflatoxin metabolites increased HCC risk 4-fold while HBV
infection increased risk 7-fold. However, individuals who both excreted
AFB| metabolites and were HBV carriers had a dramatic 60-fold increased
risk of HCC (38).

In most areas where AFB| exposure is a problem, chronic HBV infec-
tion is also highly prevalent. Though HBV vaccination is these areas should
be the major preventive tactic, persons already chronically infected will not
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benefit from vaccination. However, HBV carriers could benefit by eliminat-
ing AFB; exposure. Efforts to accomplish this goal in China (7) and Africa
(36) have been launched.

2.5. Non-alcoholic Fatty Liver Disease (NAFLD)
and Non-alcoholic Steatohepatitis (NASH)

Studies in the United States evaluating risk factors for chronic liver dis-
ease or HCC have failed to identify HCV, HBV, or heavy alcohol intake
in a large proportion of patients (30—40%). It has been suggested that many
cryptogenic cirrhosis and HCC cases, in fact, represent more severe forms of
non-alcoholic fatty liver disease (NAFLD), namely non-alcoholic steatohep-
atitis (NASH). Potential risk factors such as diabetes, obesity, and possibly
HCYV are likely to increase HCC risk at least partly by promoting NAFLD
and NASH.

One difficulty in epidemiological studies attempting to elucidate the asso-
ciation between NASH and risk of HCC in humans, however, is that once
either cirrhosis or HCC is established, it is difficult to identify pathological
features of NASH. Several clinic-based case—control studies have, in fact,
indicated that HCC patients with cryptogenic cirrhosis tend to have clinical
and demographic features suggestive of NASH (predominance of women,
diabetes, obesity) than age- and sex-matched HCC patients of well-defined
viral or alcoholic etiology (2—4). For example, Regimbeau et al. examined
210 patients who underwent resection for HCC of whom 18 (8.6%) had
no identifiable cause for chronic liver disease and found higher prevalence
of obesity (50% vs. 17% vs. 14%) and diabetes (56% vs. 17% vs. 11%)
compared to patients with alcoholic and viral hepatitis, respectively (39).
Evidence of progression from NAFLD to HCC from prospective studies
is scant. There are case reports (5, 6) and a small case series describing
development of HCC several years following NASH diagnosis (40). In a
community-based retrospective cohort study, 420 patients diagnosed with
NAFLD in Olmsted County, MN, were followed 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 seven (1.7%) subjects. Twenty-one (5%) patients
were diagnosed with cirrhosis of whom two developed HCC (5, 6, §).

2.6. Diabetes

Diabetes, particularly type II diabetes, has been proposed to be a risk fac-
tor for both chronic liver disease and HCC through development of NAFLD
and NASH. It is known to contribute significantly to hepatic steatosis (9, 10)



Chapter 1 / Epidemiology of Hepatocellular Carcinoma 13

with development of increased levels of steatosis associated with more
severe necroinflammatory activity (//, /2) and fibrosis (/6—18). Fibrosis
progression rates have also appeared to be higher when marked steatosis was
present (19), with some studies suggesting that the increase in steatosis itself
may be an indicator of fibrosis progression (/3). Additionally, liver disease
occurs more frequently in those with more severe metabolic disturbances,
with insulin resistance itself demonstrated to increase as liver disease pro-
gresses (20).

Several case—control studies from the United States, Greece, Italy,
Taiwan, and Japan examined the association between diabetes, mostly type
II, and HCC. At least eight studies found a significant positive association
between diabetes and HCC, two found a positive association that did not
quite reach significance, and one found a significant negative association. A
potential bias in cross-sectional and case—control studies, however, is diffi-
culty in discerning temporal relationships between exposures (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, diabetes may also be the
result of cirrhosis.

Cohort studies, which are intrinsically better suited to discern tempo-
ral relationships between exposure and disease, have also been conducted.
All compared HCC incidence in cohorts of diabetic patients to either the
expected incidence given HCC rates in the underlying population or the
observed HCC incidence among a defined cohort without diabetes (41/).
Three studies conducted among younger or smaller cohorts found either no
or low number of HCC cases. At least four other cohort studies examined
large number of patients for relatively long time periods, with three studies
finding significantly increased risk of HCC with diabetes (risk ratios ranging
between 2 and 3) (2/-23). We recently conducted a study of HCC incidence
in a large cohort of VA patients (n = 173,643 with and n = 650,620 without
diabetes). The findings of this study indicate HCC incidence doubled among
patients with diabetes and was higher among those with longer duration of
follow-up (41) (Fig. 7).

While most studies have been conducted in low-HCC rate areas, diabetes
has also been found to be a significant risk factor in areas of high HCC inci-
dence like Japan. Further, although other underlying risk factors like HCV
may confound the association between diabetes and HCC, they do not seem
to fully explain it. Taken together, available data suggest that diabetes is a
moderately strong risk factor for HCC (42). However, additional research is
needed to more fully examine how any excess risk conveyed by diabetes is
mediated by such potentially confounding factors as duration and treatment
of diabetes, family history of diabetes, and current and historical levels of
obesity and physical activity.
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2.7. Obesity

Obesity, especially abdominal obesity, is strongly correlated with insulin
resistance and type Il diabetes, a state of clinically diagnosable advanced
insulin resistance that has itself been associated with HCC risk. Some evi-
dence in support of a direct contribution of obesity-mediated metabolic
errors in hepatocarcinogenesis comes from experimental research in a genet-
ically obese ob/ob knockout mouse model of NAFLD that demonstrated
hepatic hyperplasia even at very early stages of disease and without evidence
of cirrhosis (25).

The effect of obesity on HCC risk has been examined in several cohort
studies. In a large prospective cohort study of more than 900,000 individu-
als from around the United States followed for a 16-year period, liver cancer
mortality rates were five times greater among men with the greatest base-
line BMI (35-40) compared to those with normal BMI (43) (Fig. 6). In the
same study, the risk of liver cancer was not as elevated in women with a
relative risk of 1.68 (0.93-3.05). Two other population-based cohort stud-
ies from Sweden and Denmark found excess HCC risk (elevated relative
risk of 2- to 3-fold) in obese men and women compared to those with nor-
mal BMI (44, 45). The effects of obesity on HCC risk may vary accord-
ing to the presence of other underlying risk factors for HCC; however, the
data are consistent. In a large prospective cohort study in Taiwan, obesity
(BMI 30+) conveyed excess risk of HCC even after controlling for other
metabolic risk factors including presence of diabetes mellitus (26). The
greatest increase in risk with obesity was observed in the context of HCV
infection (HR = 4.10, 95% CI 1.38-12.4). While a 2.4-fold excess risk
that approached significance was also observed among persons who were
negative for both HBV and HCV infection, obesity conveyed only a very
modest and non-significant 1.4-fold excess risk among persons with HBV
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Fig. 6. Obesity and liver cancer. In both men and women, a higher body mass index
(BMI) is significantly associated with higher rates of death due to cancer of the liver.
Modified from Calle et al. (43).
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infection. There was, however, evidence of very strong synergism between
obesity and diabetes which, when both conditions occurred together, con-
veyed a 100-fold excess HCC risk with obesity in the context of either HBV
or HCV infection. In a retrospective study of over 19,000 registry-listed indi-
viduals in the United states with cirrhosis who received a liver transplant,
the effect of obesity on HCC risk also varied according to disease etiol-
ogy (46). Specifically, obesity conveyed strong and significant excess risk of
HCC even after controlling for presence of diabetes among transplant recip-
ients with cryptogenic or alcoholic cirrhosis (OR = 11.1, 95% CI 1.5-87.4
and OR = 3.2, 95% CI 1.5-6.6, respectively). However, obesity was not
an independent predictor of HCC risk among those with other disease eti-
ologies including HCV or HBV infection, biliary cirrhosis, or autoimmume
hepatitis.

Several case—control studies have also evaluated the association between
BMI and risk of HCC. In a study in Japan conducted in chronically HCV-
infected patients, the incidence of HCC was significantly increased among
those with a higher BMI. Further, there was also evidence of a dose-
dependent relationship with a significant 1.8-fold excess HCC risk in HCV+
cases who were overweight (BMI 25—<30) that increased to a 3.1-fold excess
in those who were obese (BMI 30+) in comparison to lean HCV+ cases (33).
Another case—control study conducted in a regional medical center in the
United States compared the prevalence of obesity among 70 HCC cases to
that observed among 140 age- and gender-matched controls (n = 70 with cir-
rhosis and n = 70 without liver disease) (47). HCC cases were significantly
more likely to be obese than either patients with cirrhosis or normal controls
(OR =4.3,95% CI 2.1-8.4 and OR = 47.8,95% CI1 9.6-74.5). Further, there
was evidence of significant synergism or particularly increased risk of HCC
among those with obesity (BMI 30+) who also had more than 100 drinks
and smoked more than 100 cigarettes during their lifetime (OR = 7.4, 95%
CI 2.1-14.6). Although this study did not include adjustment for presence
of diabetes, the overall prevalence of diabetes was similar among the HCC
case, cirrhotic case, and normal control groups.

Taken together the data suggest that obesity conveys excess risk of HCC
beyond that conveyed by diabetes. However, the actual magnitude of risk and
the specific subgroups of chronic liver disease patients in whom its presence
may be most salient in promoting HCC risk varied across studies. Future
research with evaluation of additional factors that may influence obesity-
mediated risk of HCC including timing and duration of obesity as well as
family history of obesity and diabetes may be helpful in identifying sub-
groups of obese chronic liver disease patients who may particularly benefit
from enhanced surveillance and therapeutic interventions.

In conclusion, many developing countries are in the midst of a burgeon-
ing obesity epidemic. This is particularly apparent in the United States where
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a recent national study found that 30% of all adults (60+ million) are obese
(i.e., BMI 30+) (48) and 16% of all children (9+ million) are overweight (i.e.,
BMI-for-age > 95th percentile per CDC Growth Charts) (49). Although the
exact magnitude and mechanisms of obesity-mediated HCC risk are cur-
rently unknown, even small increases in obesity-mediated risk could trans-
late into a large number of HCC cases.

2.8. Tobacco

The relationship between cigarette smoking and HCC has been exam-
ined in more than 50 studies in both low- and high-rate areas. In almost
all countries, both positive association and lack of association findings have
been reported. Among studies reporting positive associations, several found
effects were limited to population subgroups defined by HBV status, HCV
status, genetic polymorphism, or other exposure. 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. However, because two
studies conducted exclusively among women reported positive associations,
it has been suggested that attributable risk among women may be higher than
that in men (50, 51).

2.9. Oral Contraceptives

The association between oral contraceptives use and HCC risk was exam-
ined in at least 12 case—control studies (n = 740 cases and n = 5,223
controls) (52). The pooled estimator was OR = 1.43 (95% CI 0.90-2.26,
p = 0.13). Six studies showed a significant 2- to 20-fold increase in HCC
risk with longer durations (>5 years) of oral contraceptives use. Whether
newer, low-dose oral contraceptives convey similar potential risks is cur-
rently unknown.

2.10. Diet

The role of diet, except for alcohol drinking and aflatoxin contamination,
in the etiology of HCC in human populations is largely unknown. Dietary
anti-oxidants including selenium as well as retinoic acid and beta-carotene
have been shown to inhibit hepatocarcinogenesis in animals. However, epi-
demiologic data are fairly limited and in some places conflicting. In a cohort
study of men in Taiwan, higher baseline levels of serum retinol were asso-
ciated with a decreased risk of developing HCC in HBV carriers. In the
same cohort, a lower vegetable intake was significantly associated with an
increased risk of HCC; however, this effect was limited to individuals who
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were both chronic hepatitis B carriers and cigarette smokers (53). In a sub-
sequent report from the same cohort, low baseline serum levels of selenium
were also predictive of increased HCC risk (54). In another large cohort
study in Japan, the only foods whose consumption conveyed significantly
decreased risk of HCC in subjects without a known history of liver dis-
ease was fish, while the only food that conveyed decreased risk in subjects
with a history of liver disease was coffee. Another study among Japanese
atomic bomb survivors reported an approximately 50% reduction in HCC
risk among those with high consumption of miso soup and tofu, both rich
in the antioxidant isoflavones, after adjusting for HBV and HCV viral infec-
tions (55).

Several studies performed in Southern Europe, predominantly in Italy,
have also evaluated various dietary factors as potential risk or protective fac-
tors for HCC. A favorable effect of high intake of specific foods including
milk and yogurt, white meats, eggs, and fruits and of selected macronutrients
including beta-carotene was reported by a multicenter hospital-based case—
control study in Italy (56). A similar inverse association between vegetable
and fruit consumption and risk of HCC was also demonstrated in another
much smaller case—control study in Italy. On the other hand, a smaller case—
control conducted in Athens, Greece, did not support an association between
vegetable intake or any other specific foods or nutrients with risk of HCC,
with the possible exception of milk/dairy products which conveyed a mod-
estly decreased risk that closely approached significance (57).

Coffee Drinking: One of the most extensively studied dietary factors in
relation to HCC risk in human populations is coffee drinking. Several epi-
demiological studies have previously reported coffee drinking reduces risk
of elevated liver enzymes and of cirrhosis, while animal studies suggest that
coffee reduces liver carcinogenesis. Further, coffee drinking has also been
associated with reduced insulin levels as well as reduced risk of type II dia-
betes, itself considered to be a risk factor for HCC (42). At least nine epi-
demiological studies conducted in Japan and Southern Europe specifically
evaluated the relationship between coffee consumption and HCC risk. Cof-
fee drinking was associated with reduced HCC risk in at least five case—
control studies (25-75% risk reduction with two to four cups of coffee
per day as compared to none) (42, 58-61). Three cohort studies have also
reported on the association between coffee intake and subsequent risk of
HCC (62-64). Of those, two studies showed significant reduction in HCC
risk with coffee intake of one or more cups of coffee, and of those, with
one further showing a dose-response relationship (20% reduction with one
to two cups and 75% reduction with five or more cups) (63). Although the
third publication reporting on two cohorts also showed reduced HCC risk
with coffee drinking, its findings were only of borderline significance (62).
One potential limitation of most of these studies is that they used general
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population controls, which may not be the most appropriate comparator
group given their low background risk for HCC as well as for chronic liver
disease. However, the inverse association between coffee consumption and
HCC persisted in the studies that presented results stratified by liver dis-
ease (42, 60, 62, 65) or used a second control group of patients with liver
disease (61). Taken together these data suggest a modest reduction of HCC
risk with coffee drinking. However, the specific components of coffee and
the exact mechanisms by which they act to reduce HCC risk are not well
established.

Overall, there is increasing evidence suggesting that dietary factors may
play a role in promoting hepatocarcinogenesis. However, there are impor-
tant gaps in the epidemiologic literature that limit broad generalizations
about the role specific dietary factors may play in HCC risk both within
and across populations. First, studies published to date have used a variety
of instruments to assess dietary intake. Even with use of validated instru-
ments, there is well-known difficulty in reliably measuring dietary intake
which is further complicated by differences in the relevant time period
for which dietary intake was assessed. Second, many studies did not ade-
quately account for factors that may confound the relationship between
actual and biologically effective intake of specific micro- and macronu-
trients including obesity and physical activity. Finally, most studies have
been performed in Southeast Asian and Southern European populations. It
is unclear whether results obtained solely within those populations would
generalize to other populations including those of Northern Europe and
North America where there are differences in the underlying risk factors for
HCC, dietary patterns, and potentially confounding factors like obesity and
diabetes.

3. GENETIC EPIDEMIOLOGY OF HCC

Although a very small minority of HCC cases are associated with familial
disorders of Mendelian inheritance like hereditary hemachromatosis, alpha-
1-antitrypsin deficiency, or porphyrias, epidemiological research has con-
vincingly demonstrated that the great majority of adult-onset HCC cases
are sporadic (i.e., have no similarly affected first-degree relative) and that
many have at least one established non-genetic risk factor like habitual alco-
hol abuse or chronic infection with hepatitis B or C viruses. However, most
people with these known environmental risk factors for HCC never develop
cirthosis or HCC, while a sizable minority of HCC cases develop among
individuals without any known environmental risk factors.

Genetic variation has long been suspected to influence the variable risk
for HCC observed both within and across populations. Familial clusters of
disease have been observed in HCC in the context of HBV infection (66, 67)
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as well as among those without established risk factors (68). As most HCC
cases are sporadic or have no similarly affected first-degree relative, interest
in the role commonly inherited genetic variants may play as potential risk
factors for HCC has grown.

Currently, far fewer genetic epidemiological studies have been reported
for HCC than for other more common cancers in developed countries, like
lung, prostate, or breast cancers. Most studies in area of HCC have been
case—control studies conducted in populations with high HCC rate (Asian,
African) or medium rate (European). Typically, they have examined only a
limited number of polymorphisms within a few genes selected because of
(1) their role in the key liver function of detoxification including Phase I
and Phase II enzymes like cytochrome P-450s (CYPs), N-acetyltransferases
(NATs), and glutathione S-transferases (GSTs); (2) their role in biologi-
cal pathways potentially relevant in chronic liver disease and carcinogen-
esis including inflammatory response (e.g., interleukins (ILs) 18, IRN) and
DNA repair (e.g., XRCC1); or (3) their role in mitigating or exacerbating
the effects of exposure to specific etiologic risk factors for HCC like alcohol
or aflatoxin (e.g., ADH3, ALDH2, EPHX1).

Results from the genetic epidemiology studies evaluating varied poly-
morphisms, including CYPs (69-71), NATs (72, 73), GSTs (74, 75), ILs
(76, 77), and ALDH?2 (78, 79), as risk factors for HCC have largely been
equivocal, with findings of a positive association, association only within a
limited subset of the population, or no or negative association all reported.
The lack of reproducibility is a phenomenon widely reported in the broader
field of genetic epidemiology. It has been widely attributed to inadequate
sample sizes to reliably detect the likely small effects of common genetic
variants on risk, particularly within a background of strong environmen-
tal risk factors and with likely polygenic influences on development of
disease (80, 81). Furthermore, virtually 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 interactions. Other contributing factors include popula-
tion stratification or population-based differences in the relative distribution
of alleles (e.g., among different racial groups), use of non-representative
control groups, variable genetic penetrance, and potential differences in rel-
evant genes based on underlying etiology of liver disease (e.g., alcohol or
hepatitis related).

Given genetic epidemiology studies are often highly underpowered, meta-
analysis has been recognized as an important tool to more precisely define
the effect of individual polymorphisms on relative risk of disease and
to identify potentially important sources of between-study heterogeneity
(82, 83). We recently completed a meta-analysis evaluating the effect of
the two most frequently evaluated polymorphisms for HCC risk to date,
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the dual deletion of GST polymorphisms GSTMI (n = 14 studies) and
GSTTI (n = 13 studies) (84). Individual studies for both polymorphisms
reported variable findings and therefore the observed heterogeneity necessi-
tated use of a random-effects model. Pooled estimators suggested a possi-
ble small excess risk with either GSTM1 or GSTTI null genotypes, though
findings approached significance only for GSTTI (ORgstym; = 1.16, 95%
CI 0.89-1.53, ORgsrri = 1.19, 95% CI 0.99-1.44). Exploratory meta-
regressions suggested source of the controls was a possible source of
observed between-study heterogeneity, with greater risk among hospital-
based controls for both polymorphisms. Year of publication was an addi-
tional source of between-study heterogeneity for GSTMI only. Although
overall pooled estimators for GSTM1 and GSTT1 suggest a possible small
excess of HCC with the null genotype, additional studies with larger sam-
ples and conducted in other populations are needed to further clarify the
role of both polymorphisms in the etiology of HCC and to investigate gene—
environment interaction.

The epidemiologic literature evaluating selected SNPs as HCC risk fac-
tors is currently limited to case—control studies of only small to modest size.
Therefore, a particularly noteworthy recent advance in the field of genetic
epidemiology is the development of large-scale cohorts or DNA “biobank”
cohorts that will be prospectively followed for development of disease (e.g.,
biobanks in the United Kingdom (n = 500,000) and Mexico (n = 200,000))
(85). These large-scale genetic cohort studies offer many important advan-
tages over traditional case—control studies including the ability to validly
discern temporal relationships between exposure and disease and the avail-
ability of an appropriate control group. However, in spite of their impres-
sive sample size, given the rarity of HCC and the considerable latency until
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disease onset, they are unlikely to generate enough HCC cases to fully
replace genetic case—control and disease-based registry studies.

Overall, as in other areas of genetic epidemiology, results of studies in
HCC have fallen short of early expectations that they would rapidly and
unequivocally result in identification of genetic variants conveying substan-
tial excess risk of disease and thereby establish the groundwork for effective
genetic screening for primary prevention. However, recent identification of
genetic risk factors for some chronic diseases such as Alzheimer’s disease
and breast cancer, development of multidisciplinary efforts to address the
considerable complexity in identifying genetic risk factors, and the increas-
ing accessibility to technology to concomitantly evaluate many thousands of
SNPs across the genome (i.e., genome-wide association studies) have con-
tributed to a “cautious optimism” (85) that genetic epidemiology will ulti-
mately provide important information on etiopathogenesis of many chronic
diseases. Efforts within the field of gastroenterology to promote use of best
practice in genetic epidemiologic research may facilitate identification of
genetic risk factors for particular diseases of interest including HCC (86).
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this nearly always fatal disease is much higher in the economically less
developed countries of Asia and sub-Saharan Africa. This chapter will
review the significant data that link exposures to specific environmental
carcinogens and the development of HCC in many parts of the world. These
epidemiologic studies have been made possible by devising biomarkers
reflective of exposure and risk. The translation of these basic science find-
ings to an understanding of the etiology of HCC has also provided guidance
for the development of preventive interventions in high-risk populations.
Thus, the consistency of the experimental animal and human data points to
the important role that environmental exposures play in gender differences
in HCC risk.

Key Words: Hepatocellular carcinoma (HCC); Cholangiocarcinoma; afla-
toxin By (AFB); environmental exposures; biomarkers; hepatitis B surface
antigen (HBsAg); hepatitis B virus (HBV); hepatitis C virus (HCV)

1. INTRODUCTION

Collectively liver cancer, including hepatocellular carcinoma (HCC) and
cholangiocarcinoma, accounts for 5.7% of all reported cancer cases and is
the sixth most common cancer diagnosed worldwide (/). The incidence of
liver cancer varies enormously globally and unfortunately the burden of this
nearly always fatal disease is much higher in the economically less devel-
oped countries of Asia and sub-Saharan Africa (Fig. 1) (2). HCC is also the
most rapidly rising solid tumor in the United States and is overrepresented
in minority communities, including African-Americans, Hispanic/Latino-
Americans, and Asian-Americans (3). Overall, there are more than 650,000
new cases each year and over 200,000 deaths annually in the People’s
Republic of China (PRC) alone (4, 5). In contrast with most common can-
cers in the economically developed world where over 90% of cases are diag-
nosed after the age of 45, in high-risk regions for liver cancer onset begins
to occur in both men and women by 20 years of age and peaks between 40
and 49 years of age in men and between 50 and 59 years of age in women
(1, 6, 7). This earlier onset of HCC might be attributable to exposures that
are both substantial and persistent across the life span. Gender differences
in liver cancer incidence have also been described and the worldwide annual
age-standardized incidence rate among men is 15.8 per 100,000 and 5.8 per
100,000 among women (8). These epidemiologic findings are also similar
to experimental animal data for one potent liver carcinogen linked to human
HCC, aflatoxin, and male rats have been found to have an earlier onset of
cancer compared to female animals (9). Thus, the consistency of the experi-
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Fig. 1. Age-standardized incidence of liver cancer in men worldwide (8).

mental animal and human data points to the important role that environmen-
tal exposures play in gender differences in HCC risk.

This chapter will review the significant data that link exposures to spe-
cific environmental carcinogens and the development of HCC in many parts
of the world. These epidemiologic studies have been made possible by devis-
ing biomarkers reflective of exposure and risk. The translation of these basic
science findings to an understanding of the etiology of HCC has also pro-
vided guidance for the development of preventive interventions in high-risk
populations. We will review a number of these major investigations to pro-
vide an overview of this very active field of research.

2. MOLECULAR BIOMARKERS FOR ENVIRONMENTAL
CARCINOGENS

Molecular biomarkers are typically used as indicators of exposure, effect,
or susceptibility for both individuals and communities. A biomarker of expo-
sure refers to measurement of the specific compound of interest, its metabo-
lite(s), or its specific interactive products in a body compartment or fluid,
which indicates the presence and magnitude of current and past exposure.
A biomarker of effect indicates the presence and magnitude of a biological
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response from exposure to an environmental agent. Such a biomarker may be
an endogenous component, a measure of the functional capacity of the sys-
tem, or an altered state recognized as impairment or disease. A biomarker of
susceptibility is an indicator or a metric of an inherent or acquired ability of
an individual to respond to the challenge of exposure to a specific toxicant.
Such a biomarker may be the unusual presence or absence of an endogenous
component, or an abnormal functional response to an administered challenge
(10). Measures of these biomarkers through molecular epidemiology studies
have great utility in addressing the relationships between exposure to envi-
ronmental agents and development of clinical diseases, and in identifying
those individuals at high risk for the disease (//, 12). These data also help
to inform the risk assessment process, where the effectiveness of regulations
can be tested against biological measurements of exposure and effect.

The validation of any biomarker—effect link requires parallel experimen-
tal and human studies (/3). Following the development of a hypothesis of an
exposure disease linkage, there is the need to devise the analytical method-
ology necessary to measure these biological markers in human and experi-
mental samples. Conceptually, an appropriate animal model is often used to
determine the associative or causal role of the biomarker in the disease or
effect pathway, and to establish relations between dose and response. The
putative biomarker can be validated in pilot human studies, where sensitiv-
ity, specificity, accuracy, and reliability parameters can be established. Data
obtained in these studies can then be extended to assess intra- or interindivid-
ual variability, background levels, relationship of the biomarker to external
dose or to disease status, as well as feasibility for use in larger population-
based studies. To fully interpret the information that the biomarker provides,
prospective epidemiological studies may be necessary to demonstrate the
role that the biomarker plays in the overall pathogenesis of the disease or
effect. Finally, these biomarkers can be translated as intermediate endpoints
in interventions in both experimental models and high-risk human popula-
tions to optimize agent selection, dose, and schedule and other parameter
influencing efficacy.

3. ENVIRONMENTAL ETIOLOGY OF HCC

As described above, HCC is among the leading causes of cancer death
in most parts of the economically developing world. The unequal distribu-
tion of this disease is depicted by the map in Fig. 1 based upon the JARC
cancer database (8). Since the level of HCC is also coincident with regions
where aflatoxin exposure is high, many efforts starting over 40 years ago
examined this possible association. These initial studies were hindered by
the lack of adequate data on aflatoxin intake, excretion, and metabolism in
people, the underlying susceptibility factors such as diet and viral exposure,
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as well as by the incomplete statistics on worldwide cancer morbidity and
mortality. Despite these deficiencies, early studies did provide data illustrat-
ing that increasing HCC rates corresponded to increasing levels of dietary
aflatoxin exposure (/4). The commodities most often found to be contam-
inated by aflatoxin were common human food staples including: peanuts,
cottonseed, corn, and rice (/5). The requirements for aflatoxin production
are relatively non-specific since molds can produce these toxins on almost
any foodstuff and the final levels in the grain product can vary from micro-
gram to tens of milligrams (/6). Indeed, in a recent case of aflatoxin-related
deaths in rural villages in Kenya, daily exposures were estimated to be over
50 mg (17). Because contamination of foodstuffs is so heterogeneous, the
measurement of human exposure to aflatoxin by sampling foodstuffs or by
dietary questionnaires is extremely imprecise. The development and vali-
dation of specific aflatoxin biomarkers represents a significant advance for
accurate assessment of exposure in biofluids such as urine and blood.

Concurrent with the early aflatoxin research were a series of studies
describing a role for the hepatitis B virus (HBV) in HCC pathogenesis. A
number of investigations found that chronic carriers of HBV, as indicated by
sequential hepatitis B surface antigen (HBsAg) positivity at 6-month inter-
vals, were at increased risk of developing HCC (18). Further, the age of
initial infection was directly related to development of the chronic carrier
state and subsequent risk for HCC. Approximately 90% of HBV infections
acquired in infancy or early childhood become chronic, whereas only 10%
of infections acquired in adulthood become chronic, and less than 50% of
chronic carriers progress to HCC (5, /9-21). Finally, the global burden of
HBYV infection varies geographically and China, Southeast Asia, and sub-
Saharan Africa have some of the highest rates of chronic HBV infection
in the world, with prevalence of over 10% (22). The public health signifi-
cance of HBV as a risk factor for HCC is staggering with the consideration
that there are over 400 million viral carriers and between 10 and 25% of
these individuals are likely to develop HCC (5, 23, 24). The biology, mode
of transmission, and epidemiology of this viral infection continues to be
actively investigated and has been recently reviewed (22, 23, 25).

To date, the overwhelmingly significant etiological factors associated
with development of HCC in the economically developing world are infec-
tion in early life with hepatitis B virus (HBV) and lifetime exposure to
high levels of aflatoxin B; (AFB) in the diet (26, 27). Indeed, the multi-
plicative interaction between HBV and AFB; has been documented in two
separate cohorts at high risk for HCC (28-30). Over the past 20 years, an
appreciation for the role of the hepatitis C virus (HCV) has also emerged.
HCYV is contributing to HCC being the most rapidly rising solid tumor in the
United States and Japan (37). Detailed knowledge of the etiology of HCC
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has spurred many mechanistic studies to understand the pathogenesis of this
nearly always fatal disease (2, 26, 32).

A number of other environmental exposures have been epidemiologically
associated with HCC (33). Vinyl chloride exposure in occupational settings
has been associated with the development of HCC in workers and there are
now the classic studies associating vinyl chloride exposure with angiosar-
comas in the liver (34-36). Recently, studies have found a multiplicative
interaction between vinyl chloride exposure in the workplace and alcohol
consumption in the enhancement of HCC (37). Finally, a synergistic inter-
action between vinyl chloride workplace exposure and HBV status has been
reported in a cohort in Taiwan (38).

Alcohol is a recognized human carcinogen and has been causally linked to
HCC. Alcoholic cirrhosis and heavy alcohol use have been repeatedly asso-
ciated with an increase in HCC risk (39). However, it is unclear if alcohol
use in the absence of cirrhosis influences HCC development (40). Several
studies have demonstrated an increased risk of HCC up to 5-fold with con-
sumption of more than 80 g of alcohol per day or approximately 67 drinks
per day (39). The risk of HCC ranges from borderline significant to dou-
bled with chronic alcohol consumption of less than 80 g/day (39). A syner-
gism between alcohol and HBV and HCV infections has also been described
(39, 41). In addition to the association of alcohol and HCC, in economically
developed countries the dramatic rise in obesity and nonalcoholic fatty liver
disease has also been related to increased HCC (42—44).

Cigarette smoke is a recognized human carcinogen, however, a causal role
in HCC is unclear (45). A recent hospital-based case—control study in Italy
found no independent effect for tobacco and HCC risk (46). However, a com-
posite analysis of tobacco exposure and cancer risk consistently shows a risk
for liver cancer and smoking (47). Finally, the role of hormones in the devel-
opment of HCC is unclear; however, in some studies, an increased risk of
HCC was observed among users of oral contraceptives (48—50). Collectively,
these hormonal-related increases in HCC are only seen in low incident coun-
tries where exposures to the other major risk factors for this cancer are rare.

4. METHODS FOR BIOMARKER MEASUREMENT

In the case of AFB1, the measurement of the DNA and protein adducts
were of major interest because they are direct products of (or surrogate mark-
ers for) damage to a critical cellular macromolecular target. The chemical
structures and metabolic pathways leading to the formation of the major
aflatoxin macromolecular DNA and protein adducts were known (Fig. 2)
(51, 52). The finding that the major aflatoxin—nucleic acid adduct AFB|—
N’-Gua was excreted exclusively in urine of exposed rats spurred interest
in using this metabolite as a biomarker of both exposure and risk. This
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Fig. 2. Structures of aflatoxin biomarkers.

adjunct, however, has a short half-life in the body (~8 h) (53). The serum
aflatoxin—albumin adduct was also examined as a biomarker since the longer
half-life of albumin (~3 weeks) integrates exposures over longer time peri-
ods. Studies in experimental models found that the formation of aflatoxin—
DNA adducts in liver, excretion of the urinary aflatoxin—nucleic acid adduct,
and formation of the serum albumin adduct were highly correlated (54).

Many different analytical methods were available for quantitation of
chemical adducts in biological samples (55-57). Each methodology has
unique specificity and sensitivity and, depending on the application, the user
can choose which is most appropriate. For example, to measure a single afla-
toxin metabolite, a chromatographic method can resolve mixtures of aflatox-
ins into individual compounds, providing that the extraction procedure does
not introduce large amounts of interfering chemicals. Antibody-based meth-
ods were often more sensitive than chromatography, but immunoassays are
less selective because the antibody may cross-react with multiple metabo-
lites. A recent inter-laboratory collaboration used identical serum sample
sets to analyze for aflatoxin—albumin adducts by ELISA, high-performance
liquid chromatography (HPLC) with fluorescence detection (HPLC-f), and
HPLC with isotope-dilution mass spectrometry (IDMS). Overall, this study
showed an excellent correlation between these three independent method-
ologies conducted in different laboratories (58).

An immunoaffinity cleanup/HPLC procedure was developed to iso-
late and measure aflatoxin metabolites in biological samples (59-61).
With this approach, we performed initial validation studies for the dose-
dependent excretion of urinary aflatoxin biomarkers in rats after a single



34 J.D. Groopman et al.

exposure to AFB; (62). A linear relationship was found between AFB;
dose and excretion of the AFB-N’-Gua adduct in urine over the initial
24 h period of exposure. In contrast, excretion of other oxidative metabo-
lites, such as AFP; showed no linear association with dose. Subsequent
studies in rodents that assessed the formation of aflatoxin macromolecular
adducts after chronic administration also supported the use of DNA and
protein adducts as molecular measures of exposure (63, 64). Recent stud-
ies using isotope-dilution mass spectrometry with liquid chromatography
separation have demonstrated an increase in sensitivity of at least 1,000-fold
over technologies used for the detection of aflatoxin biomarkers 15 years
ago (65-67). Further, repeated analysis of serum collected in 1983 from
aflatoxin-exposed people has demonstrated that the aflatoxin-lysine adduct
in albumin is stable under a range of temperature storage conditions (68).

An area of considerable importance, that has received far less attention
than it should, has been in the area of internal standard development. All
quantitative measurements require the use of an internal standard to account
for sample to sample variations in the analyte recoveries. In the case of mass
spectrometry, internal standards generally employ an isotopically labeled
material that is identical to the chemical being measured. Obtaining such
isotopically labeled materials requires chemical synthesis, if they are not
commercially available, and has impeded the application of internal stan-
dards in many studies. In the case of immunoassays, internal standards pose
a different challenge since the addition of an internal standard that is recog-
nized by an antibody results in a positive value contribution. The dynamic
range is usually less than 100 in immunoassays, and therefore great care
must be taken to spike a sample with an internal standard so one can obtain
a valid result. In contrast, most chromatographic methods result in dynamic
ranges of analyses that can be over a 10,000-fold range of levels. The mass
spectrometry methods are not only applicable for the quantitation of small
molecules such as aflatoxin, but it has also been extended for use to measure
mutations in DNA fragments found circulating in plasma that are mechanis-
tically linked to the etiopathogenesis of HCC, such as p53 (69-72).

5. VALIDATION OF BIOMARKERS OF ENVIRONMENTAL
CARCINOGENS

In the early 1980s studies to identify effective chemoprevention strategies
for aflatoxin carcinogenesis was initiated. The hypothesis was that reduc-
tion of aflatoxin—-DNA adduct levels by chemopreventive agents would be
mechanistically related to and therefore predictive of cancer preventive effi-
cacy. Preliminary data with a variety of established chemopreventive agents
demonstrated that after a single dose of aflatoxin, levels of DNA adducts
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were reduced (73). A more comprehensive study using multiple doses of
aflatoxin and the chemopreventive agent, ethoxyquin, was carried out to
examine the relationships between levels and rates of DNA adduct for-
mation and removal and hepatic tumorigenesis in rats. At 3 months after
aflatoxin treatment, it was observed that co-treatment with ethoxyquin had
reduced both area and volume of liver occupied by presumptive preneoplas-
tic foci by >95%. This same protocol also dramatically reduced binding
of AFB; to hepatic DNA, from 90% initially to 70% over the course of
a 2-week carcinogen-dosing period. Intriguingly, no differences in residual
DNA adduct burden, however, were discernible several months after dosing
despite the profound reduction in tumor burden.

The experiment was then repeated with several different chemopreven-
tive agents and in all cases aflatoxin-derived DNA and protein adducts
were reduced; however, even under optimal conditions, the reduction in
the macromolecular adducts always under-represented the magnitude of the
diminution in tumor burden (74, 75). These macromolecular adducts can
track with disease outcome on a population basis, but in the multistage pro-
cess of cancer the absolute level of adduct provides only a necessary but
insufficient measure of tumor formation.

Experimental validation of the role of human HBV in HCC etiopathogen-
esis has been compromised by the very restricted nature of the number of
species that can become infected with this virus. The chimpanzee and tree
shrew can be infected by human HBV but neither has proven to be a cost-
effective model for extensive investigation, while the woodchuck and duck
can be infected with similar yet distinct HBV strains (76—78). Transgenic
mouse models have also been developed that generate a 100% probability of
developing HCC (79). These transgenic mice have been used to explore the
interaction of the HBV transgene with AFB; (80). Collectively, these models
are extremely valuable for the study of the underlying molecular pathways
in the virally induced cancers but they have to date been of limited value in
recapitulating the more complex etiology of human HCC.

Using the chemopreventive agent oltipraz, Roebuck et al. (74) estab-
lished correlations between reductions in levels of AFB|—-N’-Gua excreted
in urine and incidence of HCC in aflatoxin-exposed rats. Overall, reduc-
tion in biomarker levels reflected protection against carcinogenesis, but
these studies did not address the quantitative relationship between biomarker
levels and individual risk. Thus, in a follow-up study, rats dosed with
AFB; daily for 5 weeks were randomized into three groups: no interven-
tion; delayed-transient intervention with oltipraz during weeks 2 and 3
of exposure; persistent intervention with oltipraz for all 5 weeks of dos-
ing (81). Serial blood samples were collected from each animal at weekly
intervals throughout aflatoxin exposure for measurement of aflatoxin—
albumin adducts. The integrated level of aflatoxin—albumin adducts over
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the exposure period decreased to 20% and 39% in the delayed-transient
and persistent oltipraz intervention groups, respectively, as compared with
no intervention. Similarly, the total incidence of HCC dropped signif-
icantly from 83 to 60% and 48% in these groups. Overall, there was
a significant association between integrated biomarker level and risk of
HCC. When the predictive value of aflatoxin—serum albumin adducts
was assessed within treatment groups, however, there was no association
between integrated biomarker levels and risk of HCC. These data clearly
demonstrated that levels of the aflatoxin—albumin adducts could predict
population-based changes in disease risk, but had no power to identify
individuals destined to develop HCC. Because of the multistage process of
carcinogenesis, in order to determine individual risk of disease, a panel of
biomarkers reflecting different stages will be required.

6. BIOMARKERS IN HUMAN INVESTIGATIONS

Extensive cross-sectional epidemiologic studies have been conducted in
high-risk groups for HCC. The HBV biomarkers were developed and vali-
dated using the HBsAg biomarker. This work directly led to the research that
resulted in a vaccine effective against HBV. Indeed, this vaccine has been
reported to reduce HCC in a cohort of young children in Taiwan (82). Fur-
ther the serology of HBV has been extensively described and developed (25).
The work on AFB| exposures and its role in HCC etiology has taken a far
longer time period to come to fruition. Initial studies in the Philippines (83)
demonstrated that an oxidative metabolite of aflatoxin could be measured
in urine and thus had potential to serve as an internal dose marker. Subse-
quent work conducted in the People’s Republic of China and The Gambia,
West Africa, areas with high incidences of HCC, determined that the levels
of urinary aflatoxin biomarkers showed dose-dependent relationships with
aflatoxin intake. Gan et al. (84) and Wild et al. (85) also monitored lev-
els of aflatoxin serum albumin adducts and observed a highly significant
association between intake of aflatoxin and level of adduct. Many of the
aflatoxin studies used different analytical methods and therefore the quan-
titative comparison of different data sets has been extremely problematic.
However, a recent study compared methods of ELISA and mass spectrome-
try (MS) and found high correlation between these two methods (r = 0.856,
p <0.0001) (66).

Biomarker development in HCC has been further advanced by the molec-
ular biological studies on the TP53 tumor suppressor gene, the most com-
mon mutated gene detected in human cancer (86, 87). Many studies of p53
mutations in HCC occurring in populations exposed to high levels of dietary
aflatoxin have found high frequencies of guanine to thymine transversions,
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with clustering at codon 249 (88, 89). In contrast, no mutations at codon
249 were found in p53 in HCC from Japan and other areas where there was
little exposure to aflatoxin (90, 91). The occurrence of this specific mutation
has been mechanistically associated with AFB; exposure in experimental
models including bacteria (92) and through demonstration that aflatoxin-
8,9-epoxide could bind to codon 249 of p53 in a DNA plasmid in vitro (93).
Mutational analysis of the p53 gene in human HepG?2 cells and hepatocytes
exposed to AFB; found preferential induction of the transversion of guanine
to thymine in the third position of codon 249 (94, 95 96, 97). In summary,
studies of the prevalence of codon 249 mutations in HCC cases from patients
in areas of high or low exposure to aflatoxin suggest that a G—T transition at
the third base is associated with aflatoxin exposure and in vitro data would
seem to support this hypothesis.

Although useful, cross-sectional epidemiological studies have the least
power to relate an exposure to disease outcome since these studies only
provide a view during a short time frame. Data from the cross-sectional
aflatoxin biomarker studies demonstrated short-term dose-response effects
for a number of the aflatoxin metabolites, including the major nucleic acid
adduct, serum albumin adduct, and AFM; This information could then be
used in follow-up studies to test a number of hypotheses about risk to indi-
viduals having high exposures, the efficacy of exposure remediation, and
interventions and mechanisms underlying susceptibility.

Longitudinal studies are extremely important in the development and vali-
dation process for biomarkers. These investigations permit an understanding
of the stability in storage and the tracking potential of each biomarker, which
are essential for the evaluation of the predictive power of the biomarker.
While long-term stability of many of the HBV markers have been well-
established (98), we needed to know whether the aflatoxin metabolites were
stable over the long term. The stability of aflatoxin biomarkers was mon-
itored by supplementing urine samples with aflatoxins at the time of col-
lection and then analyzing repeated samples over the course of 8 years.
Similarly, aflatoxin—albumin adducts, as described above, in human sera
were found to be stable for at least 15 years when stored at —20°C (68).
Therefore, at least for some of the aflatoxin biomarkers, degradation over
time was not a major problem; however, similar studies are required for all
chemical-specific biomarkers.

An objective in development of any biomarker is to use them as predic-
tors of past and future exposure status in people. This concept is embodied
in the principle of tracking, which is an index of how well an individual’s
biomarker remains positioned in a rank order relative to other individuals in
a group over time. Tracking within a group of individuals is expressed by the
intraclass correlation coefficient. When the intraclass correlation coefficient
is 1.0, a person’s relative position, independent of exposure, within the group
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does not change over time. If the intraclass correlation coefficient is 0.0,
there is random positioning of the individual’s biomarker level relative to the
others in the group throughout the time period. The tracking concept is cen-
tral to interpreting data related to exposure and biomarker levels and requires
acquisition of repeated samples from subjects. Unfortunately, data on the
temporal patterns of formation and persistence of aflatoxin macromolecu-
lar adducts in human samples are very limited. Obviously, chemical-specific
biomarkers measured in cross-sectional studies cannot provide information
on the predictive value or tracking of an individual’s marker level over time.
In contrast to the aflatoxin situation, the HBV biomarker tracking has been
well characterized and forms the basis for defining chronic infection sta-
tus (98).

Tracking is important in assessing exposure and this information is essen-
tial in the design of intervention studies. In all these situations it is critical
to know how many biomarker samples are required and when they should
be obtained. For example, if exposure remains constant and the tracking
value for a marker changes over time, it might be assumed that the change
in tracking is due to a biological process, such as an alteration in the balance
of metabolic pathways responsible for adduct formation. On the other hand,
lack of tracking can be attributable to great variance in exposure. Therefore,
to determine unequivocally the contributions of intra- and interindividual
variations to biomarker levels, experiments must assess tracking over time.

Many published case—control studies have examined the relation of afla-
toxin exposure and HCC. Compared with cohort studies, case—control stud-
ies are both cost- and time-effective. Unfortunately, case—control studies are
often initiated long after exposure has occurred and it cannot be assumed
that the exposure has not appreciably changed over time. Also, such studies
involve assumptions in the selection of controls, including that the disease
state does not alter metabolism of aflatoxin. Thus, matching of cases and
controls in a specific biomarker study is much more difficult than in a case—
control study involving genetic markers.

One of the first case—control studies compared the dietary intake of afla-
toxin in cases of HCC in the Philippines with intake in age- and sex-matched
controls. Bulatao-Jayme et al. (99) found that the mean aflatoxin expo-
sure per day in cases of HCC was 4.5 times higher than in the controls;
however, alcohol consumption was a confounder in this study that may
have enhanced this effect. In the Guangxi Autonomous Region of China
(100, 101) the interaction between HBV infection and dietary aflatoxin
exposure dichotomized for heavy and light contamination was examined.
Those individuals who were positive for HBsAg and had heavy aflatoxin
exposure had an incidence of HCC 10-fold higher than did people living
in areas with light aflatoxin contamination (/00). In a case—control study
in Taiwan, two biomarkers, aflatoxin—albumin adducts and aflatoxin—-DNA
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adducts in liver tissue samples, were measured (/02). The proportion of sub-
jects with a detectable level of aflatoxins—albumin adducts was higher for
cases of HCC than for matched controls (odds ratio 1.5). There was also
a statistically significant association between detectable level of aflatoxin—
albumin adduct and risk of HCC among men younger than 52 years old
(multivariant adjusted odds ratio 5.3). Although a number of negative case—
control studies of aflatoxin and HCC have been reported (15), the over-
whelming evidence from many investigations pointed to an etiological role
for aflatoxin in human HCC.

Data obtained from cohort studies have the greatest power to determine
a true relationship between an exposure and disease outcome because one
starts with a healthy cohort, obtains biomarker samples, and then follows
the cohort until significant numbers of cases are obtained. A nested study
within the cohort can then be designed to match cases and controls. An
advantage of this method is causation can be established (due to the longitu-
dinal nature of cohort studies, there is no temporal ambiguity) and selection
bias is minimized. A major disadvantage, however, is the time needed in
follow-up (often years) to accrue the cases, especially for chronic diseases
such as HCC. This disadvantage can be overcome in part by enrolling large
numbers of people (often tens of thousands) to ensure case accrual at a rea-
sonable rate.

To date two major cohort studies with aflatoxin biomarkers have demon-
strated the important role of this carcinogen in the etiology of HCC. The first
study, comprising more than 18,000 men in Shanghai, examined the inter-
action of HBV and aflatoxin biomarkers as independent and interactive risk
factor for HCC. The nested case—control data revealed a statistically signif-
icant increase in the adjusted relative risk (RR) of 3.4 [95% CI: 1.1.-10.0]
for those HCC cases where urinary aflatoxin biomarkers were detected. For
HBsAg-positive people only the RR was 7 [95% CI: 2.2.-22.4], but for
individuals with both urinary aflatoxins and positive HBsAg status the RR
was 59 [95% CI: 16.6.-212.0] (103, 104). These results strongly support a
causal relationship between the presence of the chemical and viral-specific
biomarkers and the risk of HCC.

Subsequent cohort studies in Taiwan have substantially confirmed the
results from the Shanghai investigation. Wang et al. (/05) examined HCC
cases and controls nested within a cohort and found that in HBV-infected
people there was an adjusted odds ratio of 2.8 [95% CI] for detectable com-
pared with non-detectable aflatoxin—albumin adducts and 5.5 [95% CI] for
high compared with low levels of aflatoxin metabolites in urine. In a follow-
up study, there was a dose—response relationship between urinary AFM| lev-
els and risk of HCC in chronic HBV carriers. Similar to the Shanghai study,
the HCC risk associated with AFB; exposure was more striking among the
HBYV carriers with detectable AFB1—N”-gua in urine.
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Many studies across the globe have explored the relationship between
HBYV infection and HCC and the risk estimates range from 3 to 30 in
case—control studies and from 5 to 148 in cohort studies (49). In the nested
case—control study cited above the risk of HCC was 7.3 times higher among
HBsAg-positive individuals compared to HBsAg-negative individuals, con-
trolled for smoking and aflatoxin exposures (29). A small hospital-based
case—control study from northeast Thailand showed an adjusted odds ratio
(OR) of 15.2 for the presence of HBsAg among HCC patients (/06). An
adjusted OR of 13.5 was reported from a case—control study in The Gambia
(22). The risk of HCC among HBsAg positive individuals in Korea from
a prospective cohort study of government workers was 24.3 among men
and 54.4 among women, adjusted for age, smoking, alcohol use, and dia-
betes (107). A similar prospective study from Taiwan found men positive for
HBsAg were 223 times more likely to develop HCC than men with HBsAg
negative (20).

The contribution of HBV to the pathogenesis of liver cancer is multifac-
torial and is complicated by the identification of mutant variants in HBV
that modulate the carcinogenesis process (108, 109). The HBV genome
encodes its essential genes with overlapping open-reading frames; there-
fore, a mutation in the HBV genome can alter the expression of multiple
proteins. In many cases of HCC in China and Africa a double mutation in
the HBV genome, an adenine to thymine transversion at nucleotide 1762
and a guanine to adenine transition at nucleotide 1764 (17627/1764%), has
been found in tumors (//0—112). This segment of the HBV genome contains
an overlapping sequence for the base core promoter and the HBV X gene;
therefore, the double mutation in codon 130 and 131 of the HBV X gene
reported in human HCC is identical to the 1762 and 1764 nucleotide changes
(113). The increasing occurrence of these mutations have been also associ-
ated with the increasing severity of the HBV infection and cirrhosis (1171,
112). This acquired mutation following HBV integration into hepatocytes
was originally characterized in HBV e antigen negative people (//4). The
17627/1764% double mutation occurs more frequently in people infected
with the genotype C strains of HBV, which is the most common genotype
found in East Asian patients (//5—117). This double mutation tracks with
an increased inflammatory response that becomes stronger as the progres-
sion of liver damage transits through chronic hepatitis and into a cirrhosis
stage (//8). The underlying mechanism of the effects of HBV e antigen on
the biology of inflammation and cirrhosis are still unclear, but there are sub-
stantial data that point to modulation of the immune surveillance system and
immune tolerance in the presence and absence of this protein (//8-120).
The 17627/1764” double mutation has also been demonstrated to affect an
increase in the rate of HBV genome synthesis in cellular models (108, 109).
In cellular studies the 17627/1764” double mutation increased the replica-



Chapter 2 / Environmental Carcinogens and Risk for Human Liver Cancer 41

tion of the viral genome 2-fold and in the case of some of the rarer triple
mutations, an 8-fold increase in genome replication was found (108, 120).
Recent data have also shown that there is a sequential accumulation of these
mutations in people during the course of the progression to cancer (121).

7. INTERVENTION TRIALS USING AFLATOXIN
BIOMARKERS

Clinical trials and other interventions are designed to translate findings
from human and experimental investigations to public health prevention.
Both primary (to reduce exposure) and secondary (to alter metabolism and
deposition) interventions can use specific biomarkers as endpoints of effi-
cacy. Such biomarkers can be applied to the preselection of exposed indi-
viduals for study cohorts, thereby reducing study size requirements. They
can also serve as short-term modifiable endpoints (/22). In a primary pre-
vention trial the goal is to reduce exposure to aflatoxins in the diet. Interven-
tions can range from attempting to lower mold growth in harvested crops
to using trapping agents that block the uptake of ingested aflatoxins. In sec-
ondary prevention trials one goal is to modulate the metabolism of ingested
aflatoxin to enhance detoxification processes, thereby reducing formation of
DNA adducts and enhancing elimination.

The use of aflatoxin biomarkers as efficacy endpoints in primary pre-
vention trials in West Africa has been recently reported (/23). This study
assesses postharvest measures to restrict aflatoxin contamination of ground-
nut crops. Six hundred people were monitored and in control villages mean
aflatoxin—albumin concentration increased postharvest (from 5.5 pg/mg
[95% CI: 4.7-6.1] immediately after harvest to 18.7 pg/mg [17.0-20.6] 5
months later). By contrast, mean aflatoxin—albumin concentration in inter-
vention villages after 5 months of groundnut storage was much the same as
that immediately postharvest (7.2 pg/mg [6.2-8.4] vs. 8.0 pg/mg [7.0-9.2]).
At 5 months, mean adduct concentration in intervention villages was less
than 50% of that in control villages (8.0 pg/mg [7.2-9.2] vs. 18.7 pg/mg
[17.0-20.6], p < 0.0001). Thus, primary prevention may be an effective
means to reduce HCC burden, especially in areas where single foodstuffs
such as groundnuts are major components of the diet.

Aflatoxin biomarkers were also used as intermediate biomarkers in a
Phase Ila chemoprevention trial of oltipraz in Qidong, PRC (/24-126). This
was a placebo-controlled, double-masked study in which participants were
randomized to receive placebo or 125 mg oltipraz daily or 500 mg oltipraz
weekly. Urinary AFM; levels were reduced by 51% compared with the
placebo group in persons receiving the 500 mg weekly dose. No signifi-
cant differences were seen in urinary AFM; levels in the 125 mg group
compared with placebo. This effect at the higher dose was thought to be
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due to inhibition of cytochrome P450 1A2 activity. Median levels of AFB|—
mercapturic acid (a glutathione conjugate derivative) were elevated 2.6-fold
in the 125 mg group, but were unchanged in the 500 mg group. Increased
AFB-mercapturic acid reflects induction of aflatoxin conjugation through
the actions of glutathione S-transferases. The apparent lack of induction in
the 500 mg group probably reflects masking due to diminished substrate for-
mation for conjugation through the inhibition of CYPIA2 seen in this group.

This strategy was extended to chlorophyllin, an anticarcinogen in exper-
imental models when given in large molar excess relative to the carcinogen
at or around the time of carcinogen exposure. Chlorophyllin cuts by forming
molecular complexes with carcinogens such as aflatoxin in the gastrointesti-
nal tract, thereby blocking bioavailability. One hundred eighty healthy adults
from Qidong were randomly assigned to ingest 100 mg chlorophyllin or a
placebo three times a day for 4 months. The primary endpoint was modu-
lation of levels of aflatoxin—N’-guanine adducts in urine samples collected
3 months into the intervention measured using sequential immunoaffinity
chromatography and liquid chromatography—electrospray mass spectrome-
try. Chlorophyllin consumption at each meal led to an overall 55% reduction
in median urinary levels of this aflatoxin biomarker compared to those taking
placebo (127). Recently, we tested whether drinking hot water infusions of
3-day-old broccoli sprouts, containing defined concentrations of glucosino-
lates as a stable precursor of the anticarcinogen sulforaphane, could alter the
disposition of aflatoxin. Sulforaphane, like oltipraz, acts to increase expres-
sion of aflatoxin detoxication enzymes in the liver and other tissues. Two
hundred healthy adults drank infusions containing either 400 or < 3 pmol
glucoraphanin nightly for 2 weeks. Urinary levels of AFB;-N’-Gua were
not different between the two intervention arms. However, measurement
of urinary levels of dithiocarbamates (sulforaphane metabolites) indicated
striking interindividual differences in bioavailability. Presumptively, there
were individual differences in the rates of hydrolysis of glucoraphanin to
sulforaphane by the intestinal microflora of the study participants. Nonethe-
less, an inverse association was observed for excretion of dithiocarba-
mates and aflatoxin—-DNA adducts in individuals receiving broccoli sprout
glucosinolates (128).

8. DNA MUTATIONS MEASURED IN HUMAN PLASMA
AND HCC

The development and validation of biomarkers for early detection of dis-
ease or for the identification of high-risk individuals is a major translational
effort in cancer research. a-Fetoprotein is widely used as a HCC diagnos-
tic marker in high-risk areas because of its ease of use and low cost. (/29)
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However, this marker suffers from low specificity due to its occurrence in
diseases other than liver cancer. Moreover, no survival advantage is seen
in populations when a-fetoprotein is used in large-scale screening (/30).
Such inadequacies have contributed to the need to identify other molecu-
lar biomarkers that are possibly more mechanistically associated with HCC
development, including hypermethylation of the p16 gene, p15 gene, GSTP1
promoter regions, and codon 249 mutations in the p53 gene (/37-134).
Results from investigations of p16, p15, GSTP1 promoter hypermethyla-
tion, and p53 mutations indicate that these markers are prevalent in HCC,
but there is as of yet limited information on the temporality of these genetic
changes prior to clinical diagnosis.

Several studies have now demonstrated that DNA isolated from serum
and plasma of cancer patients contains the same genetic aberrations as DNA
isolated from an individual’s tumor (70, 135, 136). The process by which
tumor DNA is released into circulating blood is unclear but may result from
accelerated necrosis, apoptosis, or other processes (/37). While the detec-
tion of specific p53 mutations in liver tumors has provided insight into the
etiology of certain liver cancers, the application of these specific mutations
to the early detection of cancer offers great promise for prevention (/38).
In a seminal report, Kirk et al. (139) reported the detection of codon 249
pS53 mutations in the plasma of liver tumor patients from The Gambia; how-
ever, the mutational status of the tumors was not known. These authors also
reported a small number of cirrhosis patients having this mutation and given
the strong relation between cirrhosis and future development of HCC, raised
the possibility of this mutation being an early detection marker. Jackson et
al. (140) used short oligonucleotide mass analysis (SOMA) in lieu of DNA
sequencing for analysis of specific p53 mutations in HCC samples. Analy-
sis of 20 plasma and tumor pairs showed 11 tumors containing the specific
mutation, 6 of the paired plasma samples exhibited the same mutation.

The temporality of the detection of this mutation in plasma before and
after the clinical diagnosis of HCC was facilitated by the availability of
longitudinally collected plasma samples from a cohort of 1,638 high-risk
individuals in Qidong, PRC, that have been followed since 1992 (141).
The results showed that in samples collected prior to liver cancer diagno-
sis, 21.7% of the plasma samples had detectable levels of the codon 249
mutation. The persistence of this prediagnosis marker was borderline statis-
tically significant. The codon 249 mutation in pS3 was detected in 44.6% of
all plasma samples following the diagnosis of HCC. Collectively these data
suggest that nearly one half of the potential patients with this marker can be
detected at least 1 year and in 1 case 5 years prior to diagnosis.

Using a novel internal standard plasmid, plasma concentrations of p53
codon 249-mutated DNA were quantified by SOMA in 89 hepatocellular
carcinoma cases, 42 cirrhotic patients, and 131 nonliver diseased control
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subjects, all from highly aflatoxin-exposed regions of The Gambia (72). The
hepatocellular carcinoma cases had higher median plasma concentrations of
the p53 mutation (2,800 copies/mL; interquartile range: 500-11,000) com-
pared with either cirrhotic (500 copies/mL; interquartile range: 500-2,600)
or control subjects (500 copies/mL; interquartile range: 500-2,000). Levels
of >10,000 copies of p 53 codon 249 mutation/mL plasma were also signifi-
cantly associated with the diagnosis of HCC (odds ratio, 15; 95% confidence
interval, 1.6—-140) when compared with cirrhotic patients. Potential applica-
tions for the quantification of this alteration of DNA in plasma include esti-
mation of long-term, cumulative aflatoxin exposure and selection of appro-
priate high-risk individuals for targeted intervention.

In many cases of HCC in China and Africa a double mutation in the
HBYV genome, an adenine to thymine transversion at nucleotide 1762 and
a guanine to adenine transition at nucleotide 1764 (1762T/1764A), has
been found in tumors (142, 143). Kuang et al. (/144) examined, with mass
spectrometry, the temporality of an HBV 1762T/1764A double mutation
in plasma and tumors. Initial studies found 52 of 70 (74.3%) tumors
from Qidong, PRC contained this HBV mutation. Paired plasma samples
were available for six of the tumor specimens; four tumors had the HBV
1762T/1764A mutation while three of the paired plasma samples were also
positive. The potential predictive value of this biomarker was explored
using stored plasma samples from a study of 120 residents of Qidong
who had been monitored for aflatoxin exposure and HBV infection. After
10 years passive follow—up, there were six cases of major liver disease and
all had detectable levels of the HBV 1762T/1764A mutation up to 8 years
prior to diagnosis. Finally, 15 liver cancers were selected from a prospective
cohort of 1,638 high-risk individuals in Qidong and the HBV 1762T/1764A
mutation was detected in 8 of the 15 cases prior to cancer. The persistence
of detection of this mutation was statistically significant. We have therefore
found that a prediagnosis biomarker of specific HBV mutations can be mea-
sured in plasma and suggest this marker for use as an intermediate endpoint
in prevention and intervention trials.

9. SUMMARY

HCC is a slowly developing process involving progressive genetic insults
and their resulting genomic changes (/45, 146). HCC may not become evi-
dent until over 30 years after chronic infection with HBV, HCV, and/or afla-
toxin exposure. Chronic hepatitis and cirrhosis may only develop 5 years
before HCC is evident and globally, 70-75% of all HCC is accompanied by
cirrhosis (110, 145). This genomic heterogeneity may be a reflection of the
different etiologies of HCC and their effect upon the molecular regulation of
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hepatocytes (146). Over the past 25 years, the development and application
of molecular biomarkers reflecting events from exposure to manifestation
of clinical diseases has rapidly expanded our knowledge of the mechanisms
of HCC pathogenesis. These biomarkers will have increasing potential for
early detection, treatment, and prevention.

The molecular epidemiology investigations of aflatoxin, HBV, and HCC
probably represent one of the most extensive data sets in the field of environ-
mental carcinogenesis and this work may serve as a template for future stud-
ies of the role of other environmental agents in human diseases with chronic,
multifactorial etiologies (Fig. 3). The development of these biomarkers has
been based upon the knowledge of the biochemistry and toxicology of afla-
toxins gleaned from both experimental and human studies. These biomark-
ers have subsequently been utilized in experimental models to provide data
on the modulation of these markers under different situations of disease risk.
This systematic approach provides encouragement for design and successful
implementation of preventive interventions.
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effect
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genetic disorders can contribute to liver cancer development, ethanol and
dietary factors are known to contribute to its incidence and progression (3).
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The prevalence of liver cancer and its high mortality rate indicates the need
for appropriate animal models of this disease in order to develop treatment
and intervention strategies. In addition, the liver is the primary site for cancer
induction in the bioassays used for carcinogen testing indicating the neces-
sity for extrapolation of neoplasms that arise at this site in animals to man.
The utility of defining common biomarkers for the conversion of benign
to malignant transition will assist in developing appropriate inter-species
extrapolation for risk assessment. The inclusion of early lesions from pre-
clinical models will permit assessment of the ability of methods to develop
appropriate risk assessment. In addition, analysis of liver cancer develop-
ment is a useful model for study of the carcinogenic process of solid tumors
that arise in both humans and animals. The influence of genetic background
and environmental factors on neoplastic development is readily studied in
rodent models of this disease.

While genetic factors can contribute to primary liver cancer development,
environmental factors have an important role in human liver cancer devel-
opment. The liver is exposed to ingested materials and has a high level of
metabolism. The liver is susceptible to liver cancer development by chem-
icals and rodent liver has been used as a model to understand the role that
chemicals play in liver cancer development and progression. In the human,
cirrhosis is an important contributor to most primary liver cancer develop-
ment. Viral hepatitis can lead to cirrhosis and certain chemical exposures
to contribute to this baseline liver disease and can exacerbate the poten-
tial for liver cancer. These include aflatoxin, ethanol, and potentially other
dietary constituents (limited antioxidant intake (selenium, Vitamin E), iron
excess, and others). Ethanol and NASH can contribute to the development
of cirrhosis and likewise can lead to HCC development. Chemicals that can
increase the incidence of neoplasms in animals can be classified into geno-
toxic and nongenotoxic modes of action. The effects of agents with a car-
cinogenic potential are dose dependent. Understanding the biological basis
of the changes that occur during the cancer induction and progression pro-
cess, as well as the changes that chemicals induce in the liver will improve
our knowledge of the steps and stages in the pathogenesis of primary liver
cancer.

Key Words: Chemical carcinogens; primary liver cancer; HCC;
genotoxins; nongenotoxins

1. INTRODUCTION

The biology of the liver, the biological processes involved in cancer devel-
opment, and the etiological factors involved in liver cancer development
provide a focus on the early processes and signaling pathways important
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in primary liver cancer development. Perhaps, the most important point to
consider is the cell population at risk for initiation of the cancer process in
the liver. Since most hepatocytes are in Go phase, first proliferation must
be stimulated. Under normal conditions, single cell death is followed by
replacement of that hepatocyte. One hypothesis is that cancer stem cells
are bipotential and can be stimulated to proliferate (4). Their (oval cells)
outgrowth can occur under situations where a large percentage of the liver
is damaged. The stem cells then differentiate into hepatocytes or cholangio-
cytes depending on the degree and duration of damage. Agents that cause
extensive damage to the liver can result in neoplastic changes that are fetal
in nature. A second hypothesis is that mature hepatocytes are the cell popu-
lation at risk for early preneoplastic changes (5). Mature hepatocytes can
develop into focal areas of proliferation that in turn can become nodu-
lar areas of hyperplasia. In this case, both poorly differentiated, small cell
lesions (that are primarily diploid) and large cell, more highly differentiated
(tetraploid or higher ploidy) lesions develop (6). Understanding the etiol-
ogy, proliferative and differentiation cues for the liver, and the mechanisms
of the carcinogenesis process in the liver is key to understanding the role of
chemicals in the development of HCC (Table 1).

Chemical, biologic, and physical agents can contribute to cancer develop-
ment. Perturbations in single cells lead to the focal outgrowth of putatively
preneoplastic lesions. The altered areas can evolve into nodular hyperplasia,
focus in nodule pathology, and areas of frank malignancy (6). To determine
the contributions of chemicals to the carcinogenic process in the liver, a
variety of animal models have been developed. Since the liver is the pri-
mary site for cancer induction in the bioassays used for carcinogen testing,
there is a need for extrapolation of animal neoplasms that arise at this site
to man. The utility of defining common biomarkers for the conversion of
benign to malignant transition will assist in developing appropriate inter-
species extrapolation. The inclusion of early lesions from preclinical models
will permit assessment of the early changes that occur prior to the onset of
clinically detectable disease to our understanding of HCC.

2. LIVER CANCER IS AN IMPORTANT BIOLOGICAL
PROBLEM

Liver cancer is an important form of cancer worldwide ranking in the top
ten in both incidence and mortality (7, 8). Hepatocellular carcinoma (HCC)
is the primary form of liver cancer. Primary liver cancer is the sixth most
common form of cancer (626,000 cases/year) in terms of incidence (9). In
addition, it is the third most common cause of death (598,000 deaths/year)
from cancer (10), with 80% of cases (and deaths) occurring in developing
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Table 1
Different Chemicals and Their Role in Development of HCC
Chemical/toxin Mode of action Biological effects
Aflatoxin B1 AFB1 forms covalent bonds  Carcinogenic, mutagenic
with DNA, binds to free and toxic effects
amino groups of amino
acids
Alcohol abuse  Evidence for direct action is It is a risk factor for the

and tobacco

Oral contra-

ceptive

Dioxin

Phenobarbital

PPAR
agonists

not clear. The abuse
exacerbates the action of
HCYV, HBV,
cirrhosis-mediated HCC

Requires chronic exposure
(>5 years) to mestranol,
ethinyl estradiol.
Mechanism not clear

Acts via AhR which binds
to arnt and ultimately
results in overexpression
of many anti-apoptotic
genes. It also induces
many metabolizing
enzymes that are
responsible for toxic
intermediates

Mechanism is tightly linked
with induction of CYP2B1
and the activation of CAR.
Low levels of TGFB1 and
elevated levels of
anti-apoptotic Bcl2 have
been reported.

The agonists increase
TGFg1 aiding
hepatocarcinogenesis

progression of HCC

Benign hepatic adenomas.

Prolonged use with high
doses and potency leads to
HCC

Enhances proliferation and

inhibit apoptotic
processes. Causes increase
in the size of the liver and
ultimately causes liver
damage

PB is a liver tumor promoter

in rodents

PPAR« agonist produces

liver tumors in rodents. It
causes hepatomegaly and
cell proliferation

countries. Surveillance Epidemiology and End Results (SEER), the National
Cancer Institute’s statistical unit, estimated that 19,000 new cases of liver
and intrahepatic bile duct cancer were diagnosed and nearly 17,000 people
died from this disease in the United States in 2007 (2). Understanding the
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processes that contribute to the cancer development process are important
components of determining how and where certain compounds contribute to
liver cancer development and progression. Environmental influences, includ-
ing carcinogen exposure, are believed to contribute to the distinct geographi-
cal distribution pattern of primary liver cancer (/7). Another important cause
of primary liver cancer in humans is viral with both HCV and HBV infection
contributing to its incidence. According to NHANES 3, the number of indi-
viduals with chronic HCV infection is greater than 3 million in the part of
the US population sampled (/2; 13). Chronic infection with hepatitis C virus
(HCV) is known to be a major risk factor for development of hepatocellular
carcinoma (HCC). In general, HCC develops only after two or more decades
of HCV infection and in those with advanced fibrosis (/4). Cirrhosis is also
an important factor associated with the development of primary liver cancer
and hence is an important control for liver cancer biomarker development,
most liver cancer arises in the context of cirrhosis. In the United States, less
than 30% of HCC is viral in etiology. Excess alcohol use and diabetes mel-
litus are independent risk factors for liver cirrhosis and are associated with
liver cancer development in the United States (/5). In addition, smoking
may contribute to the risk of liver cancer development. The residual 10% of
attributable risk of HCC may be due to or influenced by hereditary metabolic
disease factors (such as hemochromatosis). Although rare genetic disorders
can contribute to liver cancer development, ethanol and dietary factors are
known to contribute to its incidence and progression (2, 3). The prevalence
of liver cancer and its high mortality rate indicates the need for appropriate
animal models of this disease in order to develop treatment and intervention
strategies. In addition, the pathogenesis of primary liver cancer development
for different etiologies needs to be better delineated. The influence of genetic
background and environmental factors on neoplastic development is readily
studied in rodent models of this disease.

3. CHEMICAL CARCINOGENS

Carcinogenesis can be induced by physical, biological, or chemical
means. Agents that act to increase the incidence of cancer in appropriate
organisms compared with concurrent and/or historic controls are consid-
ered carcinogens. The identification of a carcinogenic potential for an agent
delineates the conditions of exposure (dose, time, and duration) under which
the agent may induce cancer. Animals are surrogate models of humans
since they possess similar physiology and biochemistry. This similarity is
not absolute; hence any hazard detected must be examined in the con-
text of human relevance in order to understand the conditions of exposure
that may pose a plausible risk to humans. Each human HCC is detected
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at different points along the pathogenesis continuum. Several factors are
important for cancer development including a loss of normal growth control
with contributions from inhibition of apoptosis and enhanced but altered
proliferation control (/6). In addition, an altered differentiation status can
contribute to cancer development and progression. The morphology and cer-
tain aspects of the natural history of rodent and human cancer are coin-
cident although the etiology and the exact molecular pathogenesis may
diverge between rodents and man. Although several parallel pathways may
be induced, the pathway for cytogenetic alterations observed in a specific
cancer type is similar in rats, mice, and men. The latency period between
initiation of early precancer changes in a single cell and its selection for
malignant growth comprises the reversible stage of tumor promotion. In the
human, exposure to dietary contaminants such as aflatoxins, as well as calo-
rie overload, ethanol over use, and methyl deficiency can contribute to the
risk of primary liver cancer. Certain metals (iron and copper) have been asso-
ciated with an increased risk of primary liver cancer. Thus, a number of
classes of chemical agents can increase the incidence of hepatic neoplasms
depending on their dose and duration of exposure.

3.1. Genotoxic Carcinogens

Chemically induced carcinogenesis has been examined experimentally
for less than 100 years (/7, 18). Initial studies provided the compounds
typically in the diet for extended periods of time. For example, the studies
of Sasaki and Yoshida (/9) demonstrated that chemicals could cause hep-
atic neoplasms in animals. Provision of 0-aminoazotoluene in the diet led to
liver neoplasms in rats. Similarly, Kinoshita (20) demonstrated that feeding
4-dimethylaminoazobenzene to rats resulted in liver neoplasms. These find-
ings suggest that agents can be carcinogenic at sites distant from their initial
application. Importantly, analogues of these agents have also been examined
allowing some structural information to be gathered about the properties of
agents that have a carcinogenic potential (2/). There is some tissue speci-
ficity for carcinogenic action as polycyclic aromatic hydrocarbons are not
typically carcinogenic to the liver (except in some circumstances during
the neonatal period), while they are to the skin (22). Similarly, certain
azo dyes, while carcinogenic to the liver, do not have this activity in the
skin (23). The agent 2-acetylaminofluorene but not its related regioisomer,
4-acetylaminofluorene, is carcinogenic in the rodent liver (24). However,
dialkyl nitrosamines and several analogs are cytotoxic to the liver and are
carcinogenic in rodents and many other mammals (25). These activities are
dose dependent and high doses induce acute toxicity, while lower doses
are tolerated but can result in neoplasms if the dose and duration of exposure
is sufficient. Similarly, aflatoxin produced by the fungus Aspergillus flavus
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is acutely cytotoxic. This agent is also carcinogenic in all species examined,
although the mouse is relatively resistant to its carcinogenic action (26). A
variety of other agents in food can also be carcinogenic to the liver including
certain mycotoxins (27) in addition to aflatoxin (fumonisin in rodents) and
pyrrolizidine (28) alkaloids (found in comfrey and riddelline). In addition,
a dearth of antioxidants and a lack of lipotropes (29, 30) can lead to cancer
development in the rodent.

3.1.1. DNA ADDUCTS

This initial class of agents is capable of altering the genetic material either
directly, through one of its metabolites, or through perturbation of the pro-
cesses controlling its actions. Agents that modify the DNA can initiate the
carcinogenic process (37). These agents can be metabolized to form DNA
adducts or may directly form them. Alternatively, such agents can alter the
methylation status of the DNA. In each case, the DNA is modified in a man-
ner that results in heritable changes. In the case of DNA adducts coupled
with cell proliferation mutations can result (32). Such mutations can alter
the function of selected genes, in some cases inactivating them and in other
cases enhancing their activity (33). The dose and duration of exposure of an
agent is an important contributing factor to understanding the carcinogenic
risk of an agent at doses to which humans are exposed. Many agents with
a carcinogenic potential can be metabolized to an electrophilic form. These
reactive metabolites can bind to cellular nucleophiles including DNA, RNA,
proteins, and lipids (23). The biological consequences of these actions differ.
Early studies by James and Elizabeth Miller (34) demonstrated that certain
carcinogenic agents did not directly bind to proteins, but that following incu-
bation of the compound with tissue extract, the compound or some deriva-
tive could be found bound to protein in normal liver but not in the resulting
neoplasm. This harbinger of metabolic activation or reactive metabolite for-
mation would lead to the determination that the cell could metabolize some
compounds to a reactive form. For example, AAF is metabolized by ring
hydroxylation (35) and by N-hydroxylation (36). The N-hydroxy metabolite
can be demonstrated to be more carcinogenic than the parent AAF (23). The
N-hydroxy AAF is further metabolized by esterification with glucuronyl,
acetyl, and sulfate groups. Although conjugation can lead to inactivation of
reactive metabolites, in certain cases it can form more reactive agents with
facile leaving groups. This is the case for some esters of N-hydroxy AAF
(23). In addition to the formation of reactive metabolites, certain agents can
form free radicals (37). Free radicals have no charge, but have an unpaired
electron that makes them reactive. This process can be facilitated by the
presence of free iron or copper. Endogenous processes can form free radicals
and metabolism of certain carcinogenic agents can also lead to their genera-
tion (38). Many agents with a carcinogenic potential can be metabolized to
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reactive forms providing a mechanism to understand species differences and
individual risks. Understanding the structural basis for metabolic activation
permits the prediction of agents that are likely to be directly genotoxic or that
can be metabolized to a genotoxic form. In addition, it generates a physic-
ochemical basis for understanding mutagenesis at specific sites in the DNA
and in specific tissues. Careful analyses of structures that are positive in
rodent bioassays have yielded reactive groups that yield structural alerts for
carcinogenic risk (39, 40).
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3.1.2. MUTATIONS AND THEIR CONSEQUENCES

The reaction of electrophilic substances with the DNA results in physico-
chemical changes in the DNA. The high prevalence of cancer in individuals
with an inability to remove DNA adducts in DNA repair deficiencies indicate
the important role of DNA damage in cancer induction (4/). Similarly, the
high incidences of mutations in selected genes in animal models of cancer
further demonstrate that DNA damage is the basis of early cancer develop-
ment (33). Alkylation of DNA can occur by carcinogenic agents that can
be metabolized to reactive forms. In this case, the reactive metabolite can
covalently adduct to the DNA (42). For example, aflatoxin B1 can be
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metabolized to 8,9-epoxide of AFBI1, which then binds to N7 guanosine
leading to mutations (43). Mutation of G to T can occur at multiple sites,
most notably at 249Ser of P53 (44). Methylation, ethylation, and other alky-
lations can occur with each of the bases as well as the sugar and phosphate
backbone (45, 46). Direct-acting electrophiles can bind to the N7 of guanine,
while softer electrophiles can bind to the ring oxygens of the bases. Forma-
tion of bulky adducts can occur on the purine ring, while small alkylations
can occur more ubiquitously. At lower exposures, selective alkylation can
occur, which may or may not be repaired. The presence of DNA adducts
and the repair of these lesions can result in mutation. As the adduct burden
increases with increased dose/duration of exposure, the repair can be more
extensive and over a greater span of the DNA. In addition, as dose/duration
increases more cell types may become involved as metabolism shifts and
conjugation reserves are depleted. Repair can outpace adduct conversion to
mutations under some circumstances. When the lesion is repaired, either the
base is removed or a larger segment of DNA is removed. Each of these pro-
cesses can have different rates and consequences and each is dose dependent.

Point mutations, frameshift mutations, chromosome aberrations, and
aneuploidy can occur following chemical administration. Because of the
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degree of adduct formation, the site of adduct formation, the ability of
adducts to be repaired, and the degree of metabolism to reactive forms,
differential activity can be seen in individual cells, tissues, organisms, and
species. One consequence of the presence of DNA adducts is cell death.
Apoptosis is observed at lower concentrations followed at higher exposures
and degrees of damage by necrosis. Direct-acting carcinogens are reactive
without requiring metabolic activation and are often carcinogenic at the sites
of exposure in multiple species (47). Methylation or ethylation of DNA can
lead to base mispairing (45, 48). Because these simple alkylations are sim-
ilar to or can result from endogenous processes, they are not as actively
repaired. In part, the more persistent DNA adducts/lesions are the ones that
have an important mutagenic consequence. For example, ethylating agents
can adduct at O6 alkylguanine and O4 alkylthymidine. The O6 adduct is
readily repaired, while the O4 adduct is more persistent leading to base mis-
pairing with different consequences for both lesions (49, 50).

The consequence of bulky adduct presence is to block DNA synthesis
resulting in noncoding (46). However, the DNA synthetic machinery can
bypass such lesions placing in its stead the most abundant nucleotide, gen-
erally an adenine (5/). Since bulky adducts are typically at guanines, this
is a useful strategy that can, however, result in more marked consequences
when more than one base is affected or the adduct was not at guanine. Using
2-AAF as an example, the parent is not mutagenic, but it can be esterified
to the sulfate ester that is highly reactive; binding to the N7 of guanine as
well as the N3 of guanine (23). In contrast to the formation of a covalent
bulky adduct by 2-AAF that distorts the DNA structure, 2-aminofluorene,
which also forms bulky adducts at the same sites, sits outside of the helix
and does not distort it. As a consequence, 2-AF can induce point mutations,
while 2-AAF can lead to frameshift mutations (52). Biological consequence
of the presence of DNA adducts is a function of their persistence in the DNA
(53) and impacts their tissue and species specificity. The persistence of DNA
adducts in viable cells has consequences when cell proliferation occurs to
fix the mutation before repair can occur (32). Once the mutation is fixed, its
location in the genome, the expression of that DNA, and the importance of
the affected gene in that stage of the differentiation of the cell, both impact
its consequent mutation and the ultimate consequence of a given adduct.
Although susceptibility to cancer induction can be modified by polymor-
phisms in DNA repair genes (41), carcinogen metabolism (54), and immune
system (55) differences, genes that regulate cell growth and proliferation are
more frequently the targets of carcinogens. Both protooncogene and tumor
suppressor gene function can be altered by carcinogen exposure (56-58).
For example, oncogenes such as Ha-ras can be activated by a single point
mutation (59). Activation of Ha-ras is an important mechanism of HCC
induction and development in the mouse (33, 60), but not in rats or humans
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(18). In the liver, activation and mutation of B-catenin (and possibly axin) is
an important aspect of some types of liver cancer (61, 62). Similarly, muta-
tions in HNF1 can result in loss of differentiation status as evidenced by
loss of expression of a number of drug-metabolizing genes in the neoplasm.
Although mutations have been observed in a number of genes in HCC devel-
opment and progression, only a few genes have non-random mutations. The
genes found in HCC that contain mutations include p53, IGF2R, CycD,
CycA, BCL10, met, RB, TRa, or § (6). Etiologic agents have been examined
with respect to the resulting mutations observed in specific genes including
p53, B-catenin, and HNF1. There appear to be multiple pathways that can
lead to HCC initiation and progression (62).

Endogenous DNA modifications can be perturbed and this perturbation
can contribute to chemical carcinogenesis. Hydroxylation of DNA bases can
also occur both through endogenous processes and by certain DNA damag-
ing agents (63). Repair processes for oxidative damage are pervasive in most
cell types nonetheless oxidized bases can persist (64). Although all of the
DNA bases can be oxidized, the most common are 8-hydroxy deoxyguano-
sine (65) and 5-hydroxymethylthymine (66). These oxidative bases likely
arise through endogenous processes (67) and they are readily repaired. The
most prevalent endogenous modification of DNA is methylation of deoxy-
cytidine (68, 69). Chemical carcinogens can perturb this process by adduct
formation, altered one-carbon pools, single strand break formation, or inac-
tivation of the enzymes involved in the methylation process (70). Diets
deficient in lipotropes can result in marked steatosis followed in time by
HCC formation in rodents (30). Methyl-deficient diets can result in DNA
hypomethylation. Global hypomethylation results in re-expression of genes
in general, while hypermethylation results in their silencing (77). Perturba-
tion of nucleosomes, minor and major groove protein binding, and the DNA
repair process can likewise lead to DNA perturbations. The presence of a
DNA adduct does not mean that a mutation will occur, but it does increase
the probability.

3.1.3. THE ROLE OF CELL PROLIFERATION IN CANCER
INITIATION

The presence of DNA adducts coupled with cell proliferation can lead to
mutation. This process is called fixation wherein the mutation is fixed when
an adduct or other DNA alteration persists through a cycle of DNA synthesis
(32). Thus, the rate of cell proliferation and DNA synthesis can impact DNA
damage (72). In situations where repair processes are normal, high rates of
cell proliferation can still lead to mutations. Inherited defects in DNA repair
lead to an increased risk of neoplasia (46) in many cell types especially in the
GI tract with its high rate of exposure to potentially mutagenic agents and
its high rate of proliferation. Hepatocytes turn over slowly by comparison



66 S.P. Thyparambil et al.

except in circumstances of persistent inflammation induced by hepatitis
(viral, alcohol, or drug induced). DNA polymerases are not completely faith-
ful in their replication of the DNA (73, 74). Since a variety of types of DNA
damage can occur, many processes exist to remedy their activity. Excision
repair can remove either a modified base or nucleotide. The presence of
an adduct will result in excision and repair with more bases removed and
potentially misrepaired for nucleotide excision compared with base excision
repair. Single strand breaks are readily repaired. The repair of double strand
breaks is more problematic (75) and a nonhomologous end joining process
is used that is error prone (76). Mismatch repair can occur when bases are
mispaired or when it appears that they are mispaired due to the presence
of a DNA modification (77). Perturbation of the mismatch repair process
can result in mutations. Larger DNA damage including amplifications, dele-
tions, and aneuploidy can occur. Agents that lead to these lesions contribute
to the carcinogenesis process by altering gene dosage of critical genes and/or
perturbing their expression. Although mutations alone do not lead directly
to neoplasia, they can contribute to the process when they occur in genes
critical for cell survival, proliferation, apoptosis, and differentiation status.

3.2. Non-Genotoxic Mechanisms of Chemical Carcinogenesis

A variety of compounds other than mutagenic agents can contribute to
liver cancer development. These agents have in common the ability to alter
cell survival either by increasing cell proliferation or decreasing apopto-
sis. Agents that have this activity include those that cause cytotoxicity and
those that perturb signaling pathways associated with growth factors, some
of which act through nuclear receptors (18, 78). Certain agents are cytotoxic
at either high doses or with chronic administration (79). These agents such
as chloroform do not pose a risk when exposure occurs below the threshold
for cytotoxicity (80). For example, chronic high dose ethanol consumption
results in high levels of acetaldehyde generation (8/). Aldehydes can cova-
lent adduct to proteins through Schiff base reactions and with other cellular
components. In addition, CYP2E1 that generates acetaldehyde is loosely
coupled to oxidoreductase resulting in the generation of reactive oxygen
species. Acetaldehyde can result in exocyclic etheno DNA adducts (82).
The resulting oxidant damage and lipid peroxidation can lead to chronic
hepatitis. In addition, the marked steatosis that can occur in conjunction
with excess alcohol consumption may perturb the insulin/IGF1 signaling
pathway of cell survival in the liver (83). Similarly, the one-carbon cycle
with eventual folate/choline depletion can contribute to cancer development
(84). Ethanol overconsumption in conjunction with HCV increases the risk
of cancer development (85). In addition, alcohol abuse in the context of
hemochromatosis increases both cirrhosis and HCC risk (86). In part this
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may be due to increased oxidant stress in the presence of both increased
lipid deposition and increased iron. Low alcohol intake does not appear to
be associated with an increased risk of HCC, while higher levels are associ-
ated with an increase in risk of both cirrhosis and HCC (87). In some parts
of the world, alcohol is made with moldy food staples containing other liver
toxins that can compound the problem. Similarly, intake of high levels of
iron in conjunction with alcohol can similarly exacerbate the oxidant stress
in the liver leading to cirrhosis. Since cirrhosis is associated with more than
60% of HCC in the human (8), this is an important pathway through which
ethanol contributes to primary liver cancer development.

Studies in animal models indicate that agents that act through selected
nuclear receptors are associated with the ability to regulate cell prolifer-
ation/survival, apoptosis, and differentiation can promote tumor develop-
ment (18, 26, 78). Such agents can promote the outgrowth of cells with
genetic damage into preneoplastic lesions and hence can under certain
circumstances of exposure increase the incidence of hepatic neoplasia in
rodents and humans. Tumor-promoting agents are believed to alter the bal-
ance between proliferation and apoptosis in initiated cells relative to the
normal surrounding cells (88, 89). Studies with prototypical hepatic tumor-
promoting agents including phenobarbital, PPARa agonists, and ethinyl
estradiol indicate that a generalized mitosuppression of non-focal hepato-
cytes is an early and sustained activity of such agents. In addition, reversible
alteration of gene expression is associated with tumor promotion. Further-
more, tumor promotion is reversible and exhibits a threshold (26).

3.2.1. PHENOBARBITAL

Phenobarbital and related agents are not genotoxic, yet they can result
in the development of cancer in susceptible organisms (90). While selected
mouse strains can develop neoplastic lesions following chronic exposure to
phenobarbital or related agents, certain rat strains can develop adenomas and
rarely adenocarcinomas after chronic exposure. At therapeutic doses, man
does not appear susceptible to liver tumor development with chronic pheno-
barbital administration (c.f. (91)). Initiation—promotion studies indicate that
phenobarbital has a promoting action (92). Importantly, a dose-dependent
promoting activity is observed that exhibits a threshold (93). Interestingly,
phenobarbital and related agents can increase the background proliferation
rate transiently in the liver (94). Specifically, phenobarbital increases the
focal relative to the non-focal hepatic labeling index (95). Importantly, phe-
nobarbital promotes eosinophilic, but not basophilic lesions (96). In addi-
tion, a mitosuppression can be observed in the non-focal hepatocytes (97),
while the discrete focal hepatocytes have an increased rate of proliferation
compared with control hepatocytes or the surrounding normal appearing
ones (98, 99). Phenobarbital increased DNA synthesis and decreased
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apoptosis in hepatocytes in vitro (/00, 101). Studies with phenobarbital
showed that only the promoting dose resulted in changes in gene expression
associated with apoptosis suppression and cell proliferation, while dose-
dependent changes in selected drug-metabolizing agents were observed
(102). It has been suggested that the increased growth rate of the eosinophilic
lesions compared with the surround is due to the decreased responsive-
ness of the altered focal cells to TGFP family members responsible for
apoptosis (/03). IGF2R modulates cell proliferation in response to insulin
and IGF family members and apoptosis in response to TGFP. The expres-
sion pattern is altered in focal compared with non-focal areas of the liver
for IGF2R and TGFPR (104, 105). Phenobarbital can promote those initi-
ated cells with a low level of TGFBR, while increasing ligand expression in
surrounding hepatocytes (103, 105). TGF is a potent mitoinhibitor of hepa-
tocytes and phenobarbital increases this ligand in non-focal hepatocytes and
TGEFp is increased at the protein level during mitosuppression induced by
phenobarbital exposure (103, 106).

Previous work has demonstrated that phenobarbital-like compounds
cause the increase in gene expression of a number of genes includ-
ing CYP2B1/2 (107) and is transcriptionally regulated (/08). The tumor-
promoting action of this type of agent is correlated with the induction of
CYP2B1 (109); therefore, the mechanism underlying tumor promotion by
phenobarbital and related compounds has been associated with the mecha-
nism of CYP2B1 induction. Since a structurally diverse group of compounds
act in a similar manner, it has been under consideration as to whether a
receptor was responsible for this action. The constitutive androstane recep-
tor (CAR) plays a role in the induction of CYP2B family members (/10).
Agents that act to alter the metabolism of testosterone derivatives, specifi-
cally androstenedione, can alter endogenous activation of the CAR recep-
tor (111). There are two forms of CAR and phenobarbital can displace the
ligand from CARP (111). Agents such as phenobarbital activate the CAR
receptor to perturb gene expression (//2—114). Studies in knock-out mice
indicate that certain genes are expressed or repressed when the CAR recep-
tor is present while a separate set is affected when it is not present (1/5-116).
It is clear that CAR is associated with the gene expression acutely associated
with phenobarbital exposure, but how this is associated with tumor promo-
tion is unclear. CAR knock-out mice have been used to confirm that CYP2B
expression is dependent on CAR (1/4). Nonetheless, CAR knock-out mice
are resistant to phenobarbital-induced hepatic tumor promotion (/7). Inter-
estingly, chronic phenobarbital administration results in DNA hypomethy-
lation that is CAR dependent (//8). The mouse strain susceptible to
spontaneous and chemical carcinogenesis is sensitive to promotion by
phenobarbital, while the resistant strain C57B616 is resistant. The tumors
arising spontaneously in C3H mice are Ha-ras mutation positive (/79), lack
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CAR, and are not promoted by phenobarbital (/20). These tumors lack CAR,
but express f-catenin and are promoted by phenobarbital (120, 121).
Nuclear receptors are frequent targets of drugs and of environmen-
tal chemicals. The function of these ligand-activated transcription factor
receptors is to regulate endogenous metabolism; hence, homeostasis can
be perturbed when their function is modulated. Drugs and environmental
chemicals can alter the effects of multiple nuclear receptors due to their
broad and overlapping substrate specificity. The interaction of nuclear recep-
tors with coactivators and corepressors provides another level of control of
their function within cells. The constitutive androstane receptor (CAR) is a
nuclear receptor that regulates the expression of drug-metabolizing enzymes
(112-114). CAR is an important regulator of many genes involved in drug
metabolism including a number of P450s, phase 2 enzymes, and trans-
porters. Species specificity in response to CAR agonists has been detected
although that of phenobarbital (PB) is only 1.5-fold (the human is less sen-
sitive) and human CAR is not sensitive to the same bile acids as mice (122).

3.2.2. ESTROGENIC AGENTS

In the human, certain estrogenic formulations can result in adenoma
development and rarely in carcinomas. Estrogenic agents can be carcino-
genic to rat liver, but tend to inhibit cancer development in the mouse liver.
Estrogenic agents are clearly promoting toward the rat liver, but the basis for
this action is unknown (/23-128). Estrogenic agents can increase cell prolif-
eration in the rat liver and can induce focal proliferation with mitosuppres-
sion in the surrounding hepatocytes (129, 130). Examination of altered gene
expression during the mitosuppression observed with chronic ethinyl estra-
diol treatment demonstrated an increase in TGFf and IGF2R/M6PR without
a change in myc or CEBPa levels (131, 132). The increase in TGFp leads to
CKI induction that may lead more directly to the mitoinhibition (/33). Sim-
ilarly, EE exposure induces TGFB1 expression. Hepatocytes with decreased
levels of TGFBR are at a selective growth advantage compared to cells with-
out this characteristic (/05). Hepatocytes that survive TGFf exposure have
decreased HNF4q activity, but increased fos, jun, myc, and ras levels (/34).
Oncogene expression can confer tumor characteristics that TGFp respon-
siveness can limit (/35); thus, loss of TGFp responsiveness is permissive to
acquisition of the tumor phenotype. In certain, hepatocarcinogenesis proto-
cols administration of tamoxifen results in the regression of a component of
the lesions suggesting an estrogen (and estrogen receptor) dependence for
those lesions (136—138).

Sustained estrogen receptor activation is known to increase the incidence
of liver neoplasms in animals and humans. An increase in adenomas was
observed in young women taking an early form of oral contraceptives (with a
higher dose and different formulation to the current available forms). Rarely,
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HCC was observed in women taking early formulations of estrogens for
oral contraceptive purposes (/43). Estrogenic agents are effective tumor-
promoting agents in the rat liver and their action to initiate cells through
catechol estrogen formation (/44) or induction of aneuploidy (/45) needs to
be assessed at physiological concentrations. For example, certain estrogenic
agents can cause a burst of increased proliferation in the rodent liver (/46).
This transient increase in cell proliferation is associated with stimulation of
the estrogen receptor (126, 141). There is a mitosuppression in the normal
appearing hepatocytes, while the focal, putatively, preneoplastic hepatocytes
have a sustained increase in proliferation (131, 141, 146). Although the inci-
dence of HCC in humans following chronic (greater than 5 years) estrogen
exposure is low, the incidence is definable and permits one to anchor the
incidence in rats where a clear carcinogenic response to high dose, potent
carcinogens is observed under defined exposure conditions. This observa-
tion permits more accurate risk assessment from animal hazard identification
studies. Extrapolation of potential for risk across species could be performed
using the low incidence human tumor data as an anchor for the calculations.

Estrogenic agents have a carcinogenic potential at several sites includ-
ing the mammalian liver (/44). Estrogenic agents are known liver tumor-
promoting agents in the rat (/24, 125, 137) and in the human (/45). There
is an apparent threshold for promoting action (/46—148). The mechanism
of tumor promotion is not known although an increase in focal prolifer-
ation and a decrease in focal apoptosis have contributing roles. Although
tamoxifen has an estrogenic action in the liver that may contribute to its pro-
moting action, the phenotypes of the liver lesions that arise with mestranol
and tamoxifen treatment differ (/49). In addition, tamoxifen can inhibit the
development of mestranol-promoted lesions indicating a divergent mech-
anism of action (126, 137). The mechanism of estrogenic/antiestrogenic
action for tamoxifen is only incompletely understood. While this action
may in part be due to an interaction with the estrogen receptor, other fac-
tors may also be involved. For example, antiestrogens bind to sites other
than the estrogen receptor including covalent binding to P450s (/50), tubu-
lin (151), and other interactions with “antiestrogenic binding sites” (152).
In addition, antiestrogens inhibit protein kinase C and calmodulin activ-
ity (153). In addition, antiestrogens alter the production of several pep-
tide growth factors including TGFa (154), TGFp (155), and IGF1 (156),
and affect some calcium-dependent processes (/57). Estrogenic and antie-
strogenic agents additionally alter cholesterol metabolism (/52). Tamox-
ifen appears to promote the diploid hepatocyte population (158), similar to
ethinyl estradiol (/59). The triphenylethylene antiestrogens have differen-
tial effects on the hepatic proliferative rate in the rat (160, 161). In the liver
itself, triphenylethylene antiestrogens have an estrogenic action; however,
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these drugs are mixed agonist/antagonists in a species, strain, tissue, gene,
and hormone status basis.

Mestranol is a synthetic steroidal estrogen that is metabolized (162) to
the potent rat liver tumor-promoting agent, ethinyl estradiol (/54). Mestranol
use in oral contraceptives was associated with an increased incidence of hep-
atic adenomas and a few hepatocellular carcinomas in young women (/44,
163—165). Studies in rats indicate that mestranol and its active metabolite
ethinyl estradiol promotes the development of previously initiated liver cells
through induction of elevated cell proliferation levels. Mestranol does not
have a marked effect on P450 profiles in the liver (/66), but it can cause
cholestasis (/67) and clearly enhances liver growth (/66). Chronic admin-
istration of ethinyl estradiol results in mitosuppression of liver cells with
selection of resistant hepatocytes for outgrowth (729, 143) and this in com-
bination with its ability to increase cell proliferation (126, 168) is believed to
be responsible for its tumor-promoting properties (123, 125, 126, 129, 143,
148, 169, 170). Tumor promotion by ethinyl estradiol is effected through the
estrogen receptor, since it can be inhibited by tamoxifen (137, 138). At low
doses and for short durations of administration, ethinyl estradiol can increase
hepatic hypertrophy and a transient increase in cell proliferation (126, 168),
while with chronic administration a mitoinhibition is observed (126, 129).

3.2.3. PPAR AGONISTS

The peroxisome proliferators-activated receptors (PPARs) are members
of the steroid/retinoid receptor superfamily. Three mammalian nuclear
receptors of the PPAR class have been isolated including PPAR alpha, delta,
and gamma (/71). The PPARa receptor is a ligand-activated nuclear tran-
scription factor that is responsible for the regulation of lipid catabolism
(172). The PPARa receptor and the retinoid X receptor nuclear receptor
(RXR) can heterodimerize and bind to peroxisome proliferator response ele-
ments (PPRE) to alter the transcription of genes including those that are
involved in lipid metabolism (/73-175). Peroxisome proliferators include
structurally diverse chemicals that can activate the PPARa receptor includ-
ing industrial chemicals, plasticizers, herbicides, and some lipid-lowering
drugs (175—177). Agonists of PPARa induce peroxisome proliferation (177,
178), hepatomegaly (177, 179), cell proliferation (177, 180, 181), and liver
neoplasms in rodents (175, 181, 182). Although numerous theories exist
regarding the mechanism of hepatocarcinogenesis in the rodent following
chronic exposure to PPARa agonists, the mechanism is not fully understood.
In general, PPAR«a agonists are not genotoxic and demonstrate a promot-
ing activity (/83). Similar to other receptor-mediated, non-genotoxic rodent
carcinogens, PPARa agonists, including WY 14, 643, methylclofenapate,
nafenopin, and clofibric acid increase the TGFp1 ligand, while these agents
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excluding clofibric acid increase expression of the IGFII/Man6P receptor
(184). Sustained PPARa receptor activation is required for induction of liver
tumors, since PPARa knock-out mice do not develop hepatic neoplasms
even after a 1-year exposure to PPARa agonists (/85). Similarly, peroxi-
some proliferation and gene expression regulated by PPARa are not altered
by exposure to PPARa agonists in the knock-out mice (185). The lack of
carcinogenic action in the human relative to the rodent has been explored
with human PPARa receptor knock-in mice (/86). Although the precise
mechanism of the hepatocarcinogenesis of PPARa agonists in rodents is not
fully understood, it appears to be dependent upon PPARa receptor activa-
tion (187-189). Thus, PPARa agonists are non-genotoxic carcinogens that
function through receptor activation (/90) and appear to be carcinogenic in
the rodent, but not in primates.

3.2.4. AHR AGONISTS

The aryl hydrocarbon receptor (AhR) is structurally distinct from the
nuclear receptors and contains a bHLH-PAS domain (/97-193). The ligand-
bound receptor interacts with arnt and this dimerization partner regulates the
expression of specific genes. The ligand-binding domain of AhR is within
the PAS domain. The PAS domain of AhR binds ligand, binds to a repressor
(probably hsp90) and has some of the interaction function with arnt. The
function of excess AhR ligand may be to block the function at the other sites
of arnt binding. The low-affinity allele of AhR found in some mouse strains
is similar to that observed in humans (/94—196). In addition, the transac-
tivation domain part of AhR is highly divergent with only a 60% identity
between rat and human (796). This suggests that human gene expression in
response to an AhR ligand will differ qualitatively as well as in magnitude
from that in rats and mice containing the high-affinity AhR allele.

TCDD and related agents can induce a range of toxicities that may
be mediated by AhR (7/97). Dioxin lacks any genotoxic activity, yet
increases the incidence of hepatic neoplasms in rats (/97). Dioxin can
cause marked cytotoxicity at higher doses and this may contribute to its
tumor-promoting activity. Activation of arylhydrocarbon receptor (AhR) by
2,3,7,8-tetrachlorodibenzoparadioxin (TCDD) and related compounds of the
furan and PCB classes results in alterations in gene expression including an
induction of CYP1A1 (198). Although the role of CYP1A1, if any, in tumor
promotion is unclear, CYP1A1 expression is a useful marker for ascertain-
ing exposure to this class of compounds. Over 100 genes may be regu-
lated by AhR activation (199). Genetic differences between mouse strains
have been used to demonstrate that TCDD-mediated liver tumor promotion
is AhR dependent (200). Transgenic mice overexpressing a constitutively
active AhR are more sensitive to diethylnitrosamine initiation resulting in
a higher yield of preneoplastic lesions than the genetically matched control
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animals (201). Knock-out animals have been generated (202-204). The gene
expression patterns (205) and toxicity (206) have been examined after acute
but not chronic administration of TCDD to the knock-out animals. The
genetic background of the animal is important for its potential to develop
neoplasms in response to TCDD administration. Since a selection for neo-
plastic clones resistant to the toxic insult that permits their outgrowth occurs,
Ha-ras-mutated hepatocytes might be resistant to Ahr-dependent toxicity.
Liver tumors from TCDD-treated mice have a high incidence of Ha-ras
mutations (207) suggesting that the C3H background would be exquisitely
sensitive to TCDD-induced tumor promotion (1/21).

Initiation—promotion studies in the rat (208, 209) indicate that there is
a threshold for the promoting action of TCDD and related compounds. A
variety of studies indicate that TCDD causes a generalized mitosuppression
in the liver (210, 211). However, an increased cell turnover in focal lesions
was noted relative to the surrounding liver (2/2). The initiated cell popula-
tion is resistant to apoptosis (2/3). Interestingly, the AhR null hepatocytes
both secrete TGFp ligands and are quite sensitive to the apoptosis induced
by TGFp (214), indicating that AhR deficiency leads to increased TGFp lig-
and production wherein selection for resistance to its apoptotic effects would
permit promotion. Perhaps, TGFPR or processing of TGFf through IGF2R
would confer selective growth advantage to AhR—/— mouse hepatocytes that
secrete TGFp ligands. The AhR null mice have been used to demonstrate
that the gene induction profile associated with AhR activation are altered
(205) and the acute toxicities associated with AhR activation are dimin-
ished (206). For example, CAR is increased by AhR activation (275), while
growth hormone receptor and janus kinase 2 are decreased (276). Future
studies should address the question of carcinogenicity in mice with AhR
overexpressing and null alleles on different mouse strain backgrounds. In the
human, exposure to TCDD has been associated, but not causally linked to
an increased cancer risk (217, 218). In part, the human AhR receptor is less
sensitive to activation by AhR ligands (/96) and in part, the exposure level
in humans has been below that required to cause sustained tumor promotion
(219). Other agents in the class including certain polychlorinated biphenyls
and the tetrachlorofurans may act in part through an AhR-dependent mecha-
nism. Each agent has a unique contribution of AhR, CAR, and ER-dependent
activity as well as other actions including cytotoxicity that may contribute
to its carcinogenicity in rodents and provide a potential risk to the human.
Certain exposures to mixtures of PCBs and furans have been associated with
an increased risk of human liver disease and cirrhosis (220), but a causal link
has not been made to cancer. Even in worker populations, the low incidence
and lack of consistent dose trend prohibits the conclusion of causality (2217).
The risks at high dose exposure differ from the risks posed by ambient expo-
sures and should not be oversimplified.
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3.2.5. ETHIONINE

Ethionine, an antimetabolite of the amino acid methionine, when admin-
istered in the diet for extended periods can result in the development of liver
cancer in rats (29). This was the first example of direct interference with
the metabolism of a normal metabolic constituent, resulting in the devel-
opment of cancer. Ethionine induces marked steatosis that progresses to
NASH, cirrhosis, and HCC (30, 222). Its ability to disturb one-carbon pools
(rats are ten times more sensitive than humans to choline deficiency), folate
metabolism, and to induce steatosis is similar to alcohol-induced changes
that progress to cirrhosis and ultimately to HCC. This compound inter-
feres with methylation causing hypomethylation upon chronic administra-
tion (223). This agent is not used in the human.

4. PATHOGENESIS OF HCC

The pathogenesis of human HCC has been examined extensively (6-8,
81). Generally, the neoplasms are detected at late stage when many con-
current genetic changes are apparent. Tracing the earliest genetic changes
in clinical samples has been limited. Studies using CGH arrays and gene
expression analysis indicate that multiple pathways and multiple mecha-
nisms lead to HCC development and progression due in part to different
etiologies and time during pathogenesis of clinical detection. Primary liver
cancer associated with cirrhosis evolves from precancerous lesions. Dysplas-
tic nodules have variable degrees of atypia and can exhibit a focus or nodule
in nodule appearance that can range from normal appearing to neoplastic in
appearance. The formation of dysplastic nodules is not required for HCC
development. Large cell dysplasia appears to be a response to injury and is
not strictly a preneoplastic lesion although it is associated with an increased
risk of HCC in a cirrhosis background of more than 3-fold (6). On the other
hand, small cell dysplasia seems more characteristic of preneoplastic change
with greater than a 6-fold risk (6). These small cell dysplastic cells are more
diploid and less differentiated in character than the large cell dysplasias.

4.1. Rodent Models of Hepatocarcinogenesis

Examination of the epidemiology of liver cancer in humans indicates that
both genetic and environmental factors are involved in the etiology and evo-
lution of this disease. Studies in rodents can provide insight into the various
factors involved in liver carcinogenesis. Early studies on rodents exposed
to carcinogens indicated that male rodents are more likely to develop liver
tumors (224, 225). Rats, although relatively resistant to the spontaneous
induction of liver neoplasms, will develop hepatic tumors later in life with
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a sex-bias in incidence that differs between strain and study (226). This
compilation of strain background effects on spontaneous liver tumors in
rats suggests that females have a slightly higher rate in Charles River
CD, Osborne-Mendel, and Fischer rats and the incidence in males being
marginally greater in the Wistar strain. Hepatic tumors can be readily
induced in the rat by a variety of carcinogenic agents, with the male gen-
erally more sensitive than the female. The cancer bioassay is performed in
two species of rodent, the rat and mouse. The sex specificity of liver tumor
induction is, however, carcinogen specific due in large part to the sex depen-
dence of the metabolic pathways.

4.2. Rat Models

The rat liver has been used extensively as a model of the carcinogenic
process (5, 17). Three basic protocols with numerous variations have been
described including resistant hepatocyte model, neonatal rat model, and the
partial hepatectomy model. These models couple carcinogen administration
with a period of rapid cell proliferation due to the intrinsic growth of the
tissue in the neonate, the wave of proliferation that occurs following sur-
gical resection, or the extensive necrosis induced by excessive carcinogen
administration. These studies can be used to examine very early changes in
the pathogenesis of preneoplasia in the rat liver. The initiation—promotion—
progression (IPI) model (227), the Solt—Farber model (228), and transgenic
(229) rat models can be used to analyze later focal hepatic lesions, adeno-
mas, and carcinomas. The utility of the rodent as a model lies in the ability
to assess the changes associated with early premalignant changes that would
not be detected in clinical samples that present late in the progression pro-
cess. In addition, rodents can be used to model gene—environment interac-
tions in a controlled manner. Thus, the early premalignant changes, as well
as the initial stages and pathways in progression of primary liver cancer are
tractable in rodent models, while human cases are more amenable to analysis
of later progression.

The rat has been used extensively as a model to examine the process of
liver cancer development and to ascertain which compounds can influence
cancer development in the liver. Studies by Bannasch (230) indicate that
two pathways that evolve toward HCC in the rat are thyroid mimetic and
insulin mimetic (insulin-signaling pathway) with resulting glycogen accu-
mulation phenotype. With progression, a shift from anabolic to catabolic
glucose utilization occurs in the insulin-dependent signaling pathway. Sim-
ilarly in humans, diabetes mellitus predisposes to HCC development as an
independent risk factor (/5). This effect is observed in livers of rats treated
with phenobarbital and related types of agents that promote eosinophilic
lesions, while a thyroid-like effect is observed for the basophilic lesions that
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arise with PPARa agonist administration. Although PGST has been used
as a marker of putatively preneoplastic lesions in the rat and is increased
in expression in single cells following carcinogen exposure, in focal lesions
with promotion, and in some neoplastic nodules and neoplasms, a deficiency
of glucose-6-phosphatase expression may be more representative of hepatic
lesions that will progress to neoplasia.

Analysis of the gene expression changes across the carcinogenesis pro-
cess and especially in preneoplastic lesions or following carcinogen expo-
sure can illuminate the processes impacted by carcinogens. Recently, gene
expression analysis has been applied to gain a clearer understanding of the
changes that accompany liver cancer development in the rat. Many of these
studies have been performed using variations on the Solt—Farber selection
model for rat liver cancer induction (228). Preneoplastic lesions have a
higher level of expression of genes that are anti-apoptotic (p53, NK-kB, and
Bcl-2 pathways) and pro-proliferation (2317). Proliferation gene changes are
also common in liver tumors, while apoptosis was decreased (232, 233).
Early nodules demonstrate a decrease in both growth hormone receptor and
growth hormone binding proteins (234). Specifically, IGF2 is expressed dur-
ing liver cancer development, while IGF1 is decreased during liver can-
cer development (235). These more fetal-like gene expression patterns are
observed during early tumor development (236). The increased expression
of TGFa and HGF and their respective receptors, EGFR and met, observed
in early nodules is lost with neoplastic progression (237). Gene expression
analysis demonstrates many genes in common between neoplastic nodules
and HCC with only a few genes uniquely observed in HCC (231, 237).

4.2.1. MULTISTAGE NATURE OF CANCER DEVELOPMENT

Molecular analysis of the pathogenesis of the natural history of liver can-
cer induction and progression has been extensively examined in the rodent.
In the rat, single hepatocytes aberrantly expressing glutathione-S-transferase
P (GSTP) can be observed within 2 days of carcinogen exposure (238-
243). Under many conditions, GST expression has been suggested to rep-
resent a population of initiated hepatocytes in the rat liver (240, 241, 243).
This is true for several types of genotoxic carcinogens including diethylni-
trosamine (238, 243), an alkylating agent, aflatoxin B1 (238) that results in
the formation of bulky DNA adducts, and choline-deficient diet that results
in depletion of methyl pools (242). Single GSTP-expressing hepatocytes
are found in a dose-dependent manner following carcinogen administration
(238). Some subset of these cells will grow into colonies of hepatocytes also
expressing GSTP. These findings suggest that the single GSTP-expressing
cells are precursors of those that form colonies and by definition of some
of those that will progress into hepatic neoplastic nodules and HCC. Sin-
gle hepatocytes expressing GST have the characteristics associated with
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initiated liver cells; namely, dose-dependent induction with carcinogen
administration, rapid appearance after carcinogen treatment, enhanced
intrinsic proliferation compared with surrounding apparently normal hep-
atocytes, and response to the selective growth pressure exerted by a pro-
moting agent (238). Expression of genes at the single cell level has been
inadequately characterized, but GSTP and GGT are increased in certain hep-
atocytes following carcinogen administration.

4.2.2. PROMOTION

The promotion stage of cancer development has been operationally
defined as the clonal expansion of the initiated cell population. The growth
kinetics of GST-expressing hepatocytes can be followed over time through
the analysis of the size and volume fraction of the liver occupied by GST-
expressing hepatocytes (238). The hepatocytes within AHF during promo-
tion are primarily diploid (244, 245) and additionally lack demonstrable
karyotypic changes (245). Promoting agents stimulate the growth of the
focal hepatocytes in a reversible manner and this can be determined by
assessment of the size of the observed (GST expressing) hepatic lesions
and by determination of focal increase in the expression of cell prolifer-
ation markers (246). The net growth rate of GST-expressing hepatocyte
colonies can be determined from the volume fraction occupied by such
lesions as a function of time. The net growth rate thus reflects the balance
between the birth and death rate within this population in relation to that
observed in the surrounding apparently normal cells. While many of the
GSTP-expressing lesions will regress, the nodules that concurrently express
GSTP and gamma-glutamyltranspeptidase (GGT) appear to be the ones that
progress. The loss of expression of glucose-6-phosphatase has also been
associated with progression, but it is unclear whether this is through a differ-
ent mechanism than for GSTP-expressing lesions. Gene expression has been
examined in these early putatively preneoplastic lesions that precede nodule
in nodule of HCC.

4.2.3. PROGRESSION

The stage of progression encompasses the spectrum of changes that occur
in the conversion of preneoplastic cells into malignant neoplasia (247).
There is not as yet a validated method for the quantitation of hepatocytes
in the stage of progression. This stage is characterized by an evolving kary-
otypic instability and aneuploidy indicating the necessity of understanding
alternative pathways in progression of liver neoplasia. Morphologically, the
focus in nodule configuration is the earliest endpoint for detection of pro-
gression in the liver (227, 248, 249).
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4.3. Mouse Models

Certain mouse strains are more susceptible to spontaneous (224) and
chemically induced (250) hepatic tumors than other strains. An upregula-
tion of c-jun may mark single altered cells in the mouse liver (2517) analo-
gous to the increased GSTP expression in the rat. The focal areas of change
can be detected in frozen sections by the loss of expression of glucose-6-
phosphatase. Alternatively, H&E stained sections demonstrate the presence
of two distinct lesion types (A and B). Discussions by Schwartz indicate that
one class contains Ha-ras mutations, while the other class contains p-catenin
mutations. The C57BI1/6 (resistant) and the C3H (sensitive) strains differ
in their susceptibility to spontaneous and chemically induced liver cancer
development (252). The hepatocarcinogenesis susceptibility allele (Hcs) is
autosomal and is inherited in a semi-dominant manner with the F1 between
the sensitive and resistant strain demonstrating an intermediate phenotype.
This phenotype is believed to be cell autonomous factor (253). In a study per-
formed by Drinkwater et al. (254), BXH (RI strains developed from a cross
between C57Bl/6 (B) and C3H (H) mice were subjected to neonatal ENU
administration. BXH strains 6, 14, and 10 were resistant, while BXH strains
8,9, 7, and 3 were sensitive to ENU-induced increases in liver tumor multi-
plicity. A number of susceptibility gene loci have been described genetically
for mouse liver cancer development. These cancer modifier loci have been
mapped to specific chromosomal locations based on the Mendelian inher-
itance patterns in inbred mouse strains that are sensitive and resistant to
cancer development (255). Strain differences in sensitivity to liver can-
cer development were described by Andervont (255a) indicating a genetic
component to the spontaneous development of liver cancer in mice. A
few of these genes have been identified by positional cloning approaches.
In addition, human homologues of cancer sensitivity and resistance alle-
les have been proposed. The C3H strain is susceptible to spontaneous and
carcinogen-induced liver cancer development, while the C57/B16 mouse is
by comparison resistant. The hepatocarcinogenesis sensitivity (HCS) and
resistance (HRS) alleles have been defined for the mouse. A hepatic sus-
ceptibility locus on mouse chromosome 1 accounts for 85% of the vari-
ance between these two mouse strains (252, 256). Studies with other mouse
strains and other carcinogens have also been performed (157).

The National Toxicology Program assesses cancer risk in the C3B6 F1
mouse that carries the dominant susceptibility allele for liver cancer develop-
ment. The most common experimental cancer assessment tool is the neona-
tal mouse model (257) as first described by Vesselinovitch (258). Numer-
ous models of human liver diseases exist. Many of these are developed
as a complicated toxin or carcinogen regimen (/7). In addition, geneti-
cally modified mice have been made against signaling pathway members
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believed important in liver cancer development (229). These rarely are
a complete recapitulation of the human disease, but are nonetheless use-
ful for modeling one component of the disease. The challenge is to cou-
ple etiologic agents, with pathway perturbations and disease models to
unravel components of the pathogenesis of human primary liver cancer
(17,229, 259).

Analysis of early and progressive lesions that arise in the mouse, rat, and
human will provide a mechanism by which to develop models of human
liver cancer development, pathogenesis, and progression.

5. ETIOLOGY IN THE HUMAN

Patients at risk for HCC include those with chronic hepatitis B virus
(HBV) and/or hepatitis C virus (HCV) infection (260), certain metabolic
liver diseases, such as hereditary hemochromatosis (267), Wilson’s disease,
alpha-1 antitrypsin deficiency, and porphyria cutanea tarda (7, 8). Individu-
als with cirrhosis are at risk of HCC (7, 262). Heavy alcohol consumption
is also a common major risk factor for developing HCC (7, 8, 83, 85, 262).
Other predisposing factors include gender (males are times more likely to
develop HCC than females), smoking, and diabetes (262). Environmental
influences, including carcinogen exposure and viral hepatitis prevalence, are
believed to contribute to its distinct geographical distribution pattern (8).
Specifically, chronic infection with HBV and exposure to aflatoxin in the
diet contribute to high-risk levels of HCC (263). Thus, primary liver can-
cer is a product of environmental exposures with genetic consequences. In
the United States, the largest cross-sectional study of HCC identified infec-
tion with HCV and/or HBV as the most common risk factor for HCC (47%
HCV, 15% HBYV, 5% both). Approximately, 33% of primary liver cancer in
the United States are not associated with HBV or HCV (8). The incidence
of HCC is increasing in the United States primarily due to an increase in
hepatitis C virus infection (8).

5.1. Cirrhosis

Individuals with cirrhosis, regardless of its etiology are at risk for HCC
(7, 262). Fibrosis of the liver can result as a response to liver injury or as
a component of selected genetic diseases (264, 265). Cirrhosis is the end
stage of fibrotic disease. Cirrhosis of the liver can occur during the progres-
sion of alcoholic hepatitis, non-alcoholic steatohepatitis (NASH), viral hep-
atitis, and cholestatic liver diseases (266). Viral hepatitis (HBV and HCV)
and alcohol are the primary causal factors in liver cirrhosis, while NASH,
certain genetic diseases (e.g., hemochromatosis), and immune-mediated
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damage provide other contributing factors (7, 8). There is an increased risk
of primary liver cancer in individuals with hepatitis C-associated cirrhosis
and diabetes mellitus (267). In some conditions, cirrhosis can progress to
hepatocellular carcinoma.

5.2. Non-alcoholic Steatohepatitis (NASH)

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of
elevated serum enzymes indicative of liver injury and may be due to many
etiologies (268—-270). An independent diagnostic test or disease marker is
not available for NAFLD. The NAFLD disease continuum, which has a
worldwide prevalence of 20%, is defined to exclude viral hepatitis, autoim-
mune diseases, metabolic changes due to hemochromatosis, alpha-1 antit-
rypsin, and ceruloplasmin changes, and alcoholic liver disease despite the
similarities of disease presentation. Steatosis appears to be a benign con-
dition, but steatohepatitis is progressive (268—270). Essentially all mor-
bidly obese individuals have NAFLD and approximately 25-50% exhibit
steatohepatitis. For non-alcoholic steatohepatitis (NASH) patients (preva-
lence of 1-5% in the general population) approximately 20% will progress
to cirrhosis, with a small percentage of these progressing to hepatocellular
carcinoma. Approximately 10% of individuals with NASH will die of liver-
related diseases (269). NASH is common in type 2 diabetes and has a preva-
lence of 60% (269-271). Morbid obesity is another risk factor for NASH.
Approximately, 2-3% of lean individuals exhibit NASH, while 15-20% of
obese individuals have steatohepatitis at non-liver initiated autopsies. Indi-
viduals that have insulin resistance are susceptible to the development of
steatosis (fatty liver) and its progression to non-alcoholic steatohepatitis
(NASH). In some individuals, steatohepatitis can progress to cirrhosis and
in a limited number of cases can progress to primary liver cancer (271).
Recently animal models of NAFLD and NASH have been developed, but
these do not completely recapitulate the pathogenesis of the related dis-
eases and do not progress to cirrhosis or HCC without additional provocation
(272). Current trends suggest that the NAFLD continuum is not as benign as
once thought and that progression to NASH, cirrhosis, and potentially HCC
can occur depending on the interaction of genetic, environmental factors,
and underlying disease including diabetes, HFE, among others (273-276).

5.3. Viral Hepatitis

Chronic infection with HBV or HCV is the predominant risk factor for
development of HCC, accounting for up to 80% of liver cancer cases in
geographic regions of high incidence of the disease (7, 8, 277). Although
much of the HCC incidence is attributable to chronic HBV infection, only a
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low percentage of individuals that are infected with HBV go on to develop
progressive liver disease even though 80% or more develop chronic infec-
tion. Approximately one third of individuals with chronic infection will
develop cirrhosis and HCC develops in less than 5% of those that develop
cirrhosis (278). Carriers of HBV have 100-fold risk of developing HBV
(277) that has been suggested to be closer to 5—-15-fold in case—control stud-
ies with a lifetime risk of 10-25%. The annual incidence in HBV carriers
is less than 1% (279). It increases to greater than 1% in those with hep-
atitis and to 2-3% in those with cirrhosis. Although rates of infection with
the viruses are similar in men and women, there is some evidence that pro-
gression of the disease is more likely to occur in men (7). Among chronic
carriers of hepatitis B surface antigen (HBsAg) in Taiwan, the ratio of men
to women was 1.2 for asymptomatic individuals, but there were six times
as many men as women among patients with chronic liver disease (278)
in concert with the greater prevalence of chronic hepatitis and cirrhosis in
men (278). A prospective study of liver cancer development among men in
Taiwan has indicated a relationship between serum testosterone levels and
risk for HCC (278-281). Men, whose testosterone levels were in the highest
tertile (>5.7 ng/ml), had a relative risk of 2 for development of HCC when
compared with men having lower testosterone levels (280). When other risk
factors, including HBsAg carrier status, anti-HCV positivity, and alcohol
consumption, were taken into account, the relative risk for men with high
testosterone levels was 4 (279, 281). However, this difference may have
been due to a higher proportion of HBsAg carriers among the liver can-
cer cases. In developed countries, HCV infection is a more prevalent risk
factor for HCC. HCV infection results in a 15-fold increase in risk of HCC
compared with uninfected individuals. Approximately, 90% of HCV carriers
develop hepatitis, while 20% of HCV carriers develop cirrhosis. Cirrhotic
HCYV patients develop HCC at a rate of 1-4% per year (7, 8, 279, 281). The
high rate of cirrhosis development results in a risk of HCC over the lifetime
of 1-3%. The risk of HCC is further increased in HCV carriers for alcohol
excess and HFE carriers (279, 281).

5.4. Aflatoxin and Other Dietary Carcinogens

A number of dietary factors have been associated with HCC risk includ-
ing exposure to aflatoxin (a fungal product of Aspergillus flavus and related
species). The risk of HCC is exposure (dose and duration) dependent (26,
282). The risk is heightened in those with HBV (283). This toxic substance
is produced by certain strains of the mold Aspergillus flavus. Aflatoxin B is
one of the most potent hepatocarcinogenic agent known and has produced
neoplasms in rodents and primates (26). This agent is a potential contami-
nant of many farm products (the common food staples, grain, and peanuts)
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that are stored under warm and humid conditions for some time. Aflatoxin
B and related compounds may cause some of the toxic hepatitis and hep-
atic neoplasia seen in various parts of Africa and the Far East (284). Thus,
an important environmental and experimental hepatocarcinogenic agent is
aflatoxin B. Other products of molds and fungi are potentially carcinogenic
in humans and animals including fumonisins (285). Other fungal (286, 287)
and microbial products (288) may similarly be associated with HCC risk.
Certain alkaloids are cytotoxic to the liver and may be associated with an
increased risk of liver cancer. A number of plants, some of which are edible,
also contain chemical carcinogenic agents whose structures have been elu-
cidated (289). These include the pyrrolizidine alkaloids which are found in
comfrey and riddelline (290). The use of Senecio, Crotalaria, Heliotropium,
and Symphytum species can result in veno-occlusive disorder. Acute toxicity
can occur with high dose exposure, but lower doses and longer durations of
treatment can result in chronic disease. While these agents are used as teas
and herbal remedies, they have been associated with acute toxicity and when
there is a genotoxic metabolite in addition to cytotoxicity the combination of
DNA adduct formation and cell proliferation permits mutation induction and
fixation. Similarly, a low intake of retinoids, selenium, vitamin E and other
antioxidants may also be associated with an increased risk when combined
with other risk factors (297-295).

5.5. Alcohol and Tobacco

Alcohol abuse has been associated with HCC development that occurs in
a background of hepatitis and cirrhosis (81, 262). Alcohol abuse can poten-
tiate HCV and HBYV to increase the incidence of HCC (87). This incidence
is markedly increased in individuals with high AFP levels, high cell prolifer-
ation index, and in uncompensated patients with atypical macroregenerative
nodules. In those with compensated liver fibrosis, the risk of HCC is 3%
(87, 296, 297). Both case—control and prospective studies have indicated
that excessive alcohol consumption increases the risk of liver cancer devel-
opment by up to 3-fold, a result likely due to the induction of liver cirrhosis
(296, 298, 299). Liver cirrhosis due to excessive alcohol intake is an impor-
tant risk factor in countries with a low incidence of HCC. Since chronic
alcohol abuse is more prevalent among men than women, this risk factor
may also contribute to the higher incidence of HCC in men than women
(300). Alcohol abuse may be an independent risk factor for HCC in areas of
endemic HBV or HCV infection with an attributable risk of approximately
20% in one study (299). Alternatively, associations between gender and
lifestyle-associated risk factors, including smoking and alcohol consump-
tion, have been suggested as potential determinants of the sex difference in
HCC risk resulting in a male bias in the prevalence of this disease. There
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is a positive impact of cigarette smoking on HCC risk (30/-307). However,
higher rates of HCC are observed in heavy smokers when all other risk fac-
tors were taken into account (307). Thus, the lifestyle factors of smoking and
alcohol intake contribute to the induction and progression of HCC in a dose
dependent and synergistic manner in both high- and low-risk geographical
areas (304, 305). Alcohol abuse can increase the risk of HCC in hepatitis
virus carriers by at least 2-fold (87).

5.6. Steroids

The factors underlying the sex difference in human risk of developing
liver cancer have not been determined. However, the geographical and eth-
nic diversity in the populations at risk indicate that sex hormone-related
factors may underlie the higher incidence of liver cancer development in
men. Similarly elevated levels of testosterone result in an increased inci-
dence of hepatic adenomas (308). In men taking anabolic steroids, an
increased incidence of liver adenomas has also been observed (309-311)
and these lesions may or may not regress upon cessation of androgen therapy
(312-313). Oxymetholone, methyltestosterone, and danazol administration
were associated with hepatic neoplasms in certain cases. HCC was associ-
ated with oxymetholone and methyltestosterone in some patients, while ade-
nomas were associated with danazol exposure (371). These studies support
the potential for elevated testosterone levels to contribute to the development
of hepatocellular carcinoma development (263, 278). Significant associa-
tions have been observed between polymorphisms in three hormone-related
genes and HCC. These include androgen receptor, S-alpha reductase, and
cytochrome P450 17 alpha (263).

Exposure to either anabolic steroids or certain oral contraceptive for-
mulations has been associated with the increased incidence of hepatic
adenomas and in rare instances with HCC development in humans. The
earliest report of an association between liver cancer induction and expo-
sure to exogenous sex hormones described seven cases of benign hepatomas
in young women with a history of oral contraceptive use (3/4). Women of
child-bearing age appear to be sensitive to the induction of benign hepatic
adenomas and the induction of these liver tumors is enhanced by expo-
sure to oral contraceptives. These tumors respond to hormonal manipu-
lations such that they regress upon cessation of hormonal administration
(145) and grow or progress upon continued administration of these agents.
While a dose (estrogenic potency) and duration effect is seen for oral con-
traceptive use and adenoma development, the association with carcinoma
induction is very low and only detectable with greater than 8 years of
exposure (315). Several investigators reported that the relative risk for ade-
noma development increased sharply beyond 5 years of oral contraceptive
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use (316, 317). While formulations containing mestranol and ethinyl
estradiol have led to equivalent risks, the incidence of liver cancer among
women using high potency oral contraceptives was significantly greater
than that for users of low-potency formulations. Oral contraceptive use
has also resulted in an increased risk for malignant liver cancer (318).
Case—control studies in the United States, Britain, and Italy demonstrated
a 5-fold increased risk for hepatocellular carcinoma among women with
more than 5 years use of oral contraceptives relative to women with expo-
sures of shorter duration (315, 3/18-320). In contrast, estrogen replace-
ment therapy does not increase the risk for hepatocellular carcinomas (315).
Thus, excess exposure to hormonally active agents can increase the risk
of HCC.

5.7. Genetic Disorders

A number of metabolic diseases have been associated with an increased
risk of HCC (7, 8). These include hemochromatosis, tyrosinemia, citrulline-
mia, porphyrias, and alpha-1 antitrypsin. Individuals with cirrhosis and
genetic hemochromatosis have a markedly increased rate and shortened time
until HCC development that is exacerbated by viral infection and alcohol
abuse (263, 278). Other metabolic diseases can increase the risk of HCC but
to a lesser degree. These include Wilson’s disease, fructose intolerance, and
type I and III glycogen storage disease. Thus, the variety of the underlying
disease base that contributes to HCC demonstrates the multifactorial risk
profile for primary liver cancer development.

5.7.1. METAL OVERLOAD DISORDERS

Iron overload (260, 321) has been associated with hepatic fibrosis, cirrho-
sis, and hepatocellular carcinoma (HCC). Hereditary disturbances in iron
uptake (322—-324) and metabolism result in one form of iron overload and
dietary ingestion excess (325) a second. A variety of iron overload condi-
tions have been associated with HCC even in the absence of cirrhosis includ-
ing sideroblastic anemia and thalassemia (327, 326). In certain areas of
sub-Saharan Africa, the natives ingest drinks with concentrated iron. These
individuals have an increased incidence of both cirrhosis and HCC (325).
Porphyrias occur due to defects in the heme biosynthetic pathway. Both
acute intermittent porphyria and porphyria cutanea tarda have been asso-
ciated with an increased risk of HCC (324). The mechanism is unknown,
but the presence of free iron in the tissue may be a contributory factor. In
combination with HBV infection, HCV infection, alcohol cirrhosis, iron
overload induced an increase in lipid peroxidation and the rate of pro-
gression to steatohepatitis, cirrhosis, and HCC (86, 262). Underlying liver
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disease including cholestasis, steatosis, and cirrhosis can impact the degree
and latency to disease onset and progression with iron overload syndromes.

Hereditary hemochromatosis was first described as a hereditary disease
associated with HLA linkage and a form of pigment-associated cirrho-
sis typically associated with diabetes. A prevalent gene mutation (323)
was found to underlie hereditary hemochromatosis (HFE) and a knock-out
mouse (327). Although several genetic factors can be involved in iron over-
load, the most common is in HFE (85-90%). Although several polymor-
phisms exist, the most prevalent is C282Y (85-100% attribution to HFE).
The prevalence is 1 in 250 with an allelic frequency of 5%. The second
polymorphism allele that is common in HFE is H63D. Carriers of this allele
comprise 15-20% of the American population, but the consequence of this
allele is not known (323). The HFE is an MHC class 1 molecule that is asso-
ciated with B2 microglobulin (B2M) and the major polymorphism C282Y
prohibits this interaction. Studies in a B2M knock-out mouse demonstrate an
iron overload syndrome (328). In the HFE knock-out mouse, periportal iron
deposition occurs in conjunction with elevated transferrin saturation (327).
Interestingly, HFE and B2M which are in a complex with transferrin recep-
tor result in an increase in intestinal iron absorption. HFE mutation carriers
cannot facilitate iron uptake by transferrin receptor (329, 330). Transferrin
receptor Ser142 alleles are increased in liver cancer cases and in addition,
TfR expression is increased in hepatic preneoplasia and in HCC (330). The
odds ratio for C282Y allele carriers with TFR142Ser alleles for HCC is 17.2,
while it is 62.8 in those with cirrhosis for HCC development demonstrating
the contribution of TfR to risk of HCC (330).

The long-term consequences of iron overload on the liver include fibro-
sis and cirrhosis that can be exacerbated by the presence of underlying liver
disease (260, 321). The incidence of HCC in hereditary hemochromatosis
(HH) is increased over 100x relative to a comparative control population
(260, 331). Outcomes in heterozygotes for HFE seem similar to wildtype,
except for those 1-2% individuals who are compound heterozygotes with
C263Y/H63D (332, 333). The odds ratio of HCC in HFE C282Y carri-
ers or homozygotes is 3.5, while it is 7 in those with cirrhosis indicating
that HFE is a risk factor for HCC (333). The HCC population is enriched
for C282Y carriers than is found in the general population indicating a
possible risk factor for its development and progression (332-334). The
increased risk from HFE alleles is found in alcoholic cirrhosis and some
cases of HCV viral hepatitis, but not HBV viral hepatitis patients (322,
332, 334). Animal models of liver disease in combination with iron overload
also demonstrate an increase in disease progression. For example, transgenic
mice overexpressing the HCV polyprotein fed a diet enriched in iron develop
microvesicular steatosis indicative of mitochondrial damage and impaired
energy use with fatty acid retention and earlier onset of HCC than their
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littermates similar to those humans that develop fatty liver with HCV infec-
tion (335). A wide range of hepatic tumor phenotypes is observed in HFE
(336). Interestingly, a high incidence of p53 mutations has been observed in
one series of HCC from HFE patients (337). Importantly, epigenetic defects
are observed in liver tissue from 75% of the HFE patients examined prior
to the onset of cirrhosis with hypermethylation and hence gene expression
decreases (338).

Wilson’s disease or inherited copper overload disease can result in cirrho-
sis, hepatitis, and HCC. Wilson’s disease is found in 1:30,000 with a carrier
rate of 1:250 (339). Cerruloplasmin is decreased in the serum of Wilson’s
disease patients. This autosomal recessive disorder is due to a mutation in
the P-type ATPase responsible for biliary copper excretion (ATP7B) located
in the trans-Golgi network (340). The most prevalent mutation, H1069Q, is
observed in 30% of Wilson’s patients of European decent. Other mutations
of the ATP7B gene exist and can also result in Wilson’s disease (339). In
addition, modifier genes that impact the severity of the disease also exist.
Copper is normally ingested and absorbed through the GI tract and excreted
through the bile. Copper is transported in the serum bound to histidine.
Copper binds to glutathione or metallothionein, and cerruloplasmin. It is
excreted into the bile in part through a secretory pathway involving ATP7B.
The Long Evans Cinnamon rat is susceptible to non-viral hepatitis with sub-
sequent formation of liver neoplasms, the male is more susceptible to the
development of liver tumors (341, 342). The LEC rat is a model of Wilson’s
disease that develops a non-viral hepatitis due to copper overload. These
rats also have disturbances in iron metabolism. Those animals that survive
the hepatitis will develop HCC. The toxic milk mouse has a mutation in
M1356V and G712D, has defects in copper transport (343 ), and a knock-out
mouse (ATP7B) has also been generated (344). If intracellular copper accu-
mulates beyond the ability of the hepatocyte to buffer it, then hepatic damage
will ensue with copper release into the circulation and its accumulation in
other tissues.

5.7.2. ALPHA-1 ANTITRYPSIN

Alpha-1 antitrypsin (AAT) is a prevalent protease inhibitor (Pi) found in
the plasma (345). The most prevalent mutation is a Glu342Lys caused by
a G to A transition called the Z mutation (346, 347). Adult males that are
homozygous for the Z mutation (PiZZ) have an increased risk of cirrho-
sis and HCC (346—348). Alpha-1 antitrypsin results in an increased risk
of HCC in the absence of cirrhosis in homozygotes (348). Carriers (PiZ)
are also believed to be at an increased risk for HCC (349) especially in
combination with other risk factors (350, 351). While the mechanism of
a1 AT alleles on disease etiology is unclear, the altered protein structure may
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induce the unfolded protein response. Alternatively, this acute phase serum
protein, which acts as an inhibitor of elastase and is synthesized by the liver
and macrophage is retained in the liver resulting in a plasma insufficiency.
Retention in the liver and consequent polymerization can result in cirrhosis
and to HCC (346, 347).

5.7.3. HEREDITARY TYROSINEMIA

Tyrosinemia is an autosomal recessive disorder that can lead to HCC. This
inborn error of metabolism results (352) from inactivation of fumarylace-
toacetate hydrolase (FAH) resulting in the buildup of its substrate fumary-
lacetoacetate (FAA) and malylacetoacetate (MAA). As a consequence, these
individuals excrete high levels of succinylacetone into the urine (352). MAA
and more specifically FAA have multiple effects on liver cells including
apoptosis, ER stress response, redox balance including GSH depletion, and
cell cycle arrest. Since the last step in the catabolism of tyrosine is blocked,
tyrosine is elevated in the serum. These patients have a rapid conversion
from micro to macronodular cirrhosis and later conversion to dysplasia and
HCC. Without pharmacological (nitisinone) treatment or now surgical inter-
vention, the prognosis was poor with acute liver failure predominant, fol-
lowed by HCC (353, 354). A mouse model has been developed in which
FAH is knocked out (355). This mutant recapitulates the pathogenesis of
human hereditary tyrosinemia type 1 and can be protected by nitisinone
(356). Intervention with nitisinone does not reverse gene expression changes
associated with tyrosinemia (357). Thus, pharmacological treatment can
delay, but may not prevent HCC development. Genetic manipulation rever-
sal of double mutant FAH mice formed through ENU mutagenesis do not
develop preneoplastic lesions or HCC, suggesting that the lack of complete
reversal of the phenotype by pharmacological intervention is due to incom-
plete blockage of the formation of toxic intermediates (358).

5.7.4. CITRULLINEMIA

The inborn errors of disease associated with the urea cycle (359, 360);
namely, mutation of arginosuccinate results in acute liver toxicity (361).
Citrullinemia type I is an autosomal recessive disorder that is caused by
a deficiency in the rate-limiting enzyme in the urea cycle, argininosucci-
nate synthetase (ASS1). In severe cases, a hyperammonia can occur that
is fatal neonatally. An argininosuccinic aciduria with an increase in cit-
rulline and ammonia in the serum is observed. Since citrulline is essential
in nitrogen homeostasis, disruption of ammonia removal results in toxi-
city to the liver. There is a broad mutational pattern and each genotype
has different phenotypes (36/). A knock-out mouse has been generated
that has high citrulline blood levels and a severe hyperammonemic pheno-
type (362, 363). The aspartate—glutamate carrier (AGC), SLC25A13, gene
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mutations result in citrin deficiency (364) and may develop hepatic steatosis
and steatohepatitis (365). These type 2 citrullinemia patients have an
increased level of pancreas-derived trypsin inhibitor and are associated with
pancreatitis (364). A decrease in this mitochondrial ACG, citrin, results in
hepatic apoptosis through a caspase pathway in which the bax to bcl?2 ratio is
inverted (366). A knock-out model has been described, but does not recapit-
ulate all of the pathologies associated with adult-onset type 2 citrullinemia
(367). The citrin/mitochondrial glycerol-3-phosphate dehydrogenase double
knock-out mutant is a better model for type 2 citrullinemia (368). Urea cycle
disruption and perturbations of nitrogen removal can have adverse effects on
the liver as exemplified by citrullinemia.

5.8. Summary

Chemicals from a variety of chemical classes can initiate, promote, and
lead to the development or progression of HCC. The effects of chemical
agents occur on the backgrounds of a variety of genetic alterations and dis-
eases. Animal models have proven invaluable in the assessment of the early
pathogenesis of primary liver cancer by chemicals. The late stage neoplasms
analyzed from the human demonstrate that multiple etiologies, molecular
pathways, and genetic changes accompany neoplastic development in the
liver. Combinations of genetic factors, environmental exposures, and back-
ground liver disease will be modeled in increasing complex ways in the
future to better recapitulate the role of chemicals in HCC development and
progression. Systems biology tools as applied to the pathogenesis of HCC
will be informative about the pathways that chemicals dysregulate in dif-
ferent genetic and disease backgrounds to lead to HCC development and
progression.
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ABSTRACT

Hepatocellular carcinoma (HCC) is one of the most frequently occurring
human malignancies in the world and is associated with a high mortality
rate. As such, understanding the molecular underpinnings of this cancer in
order to identify novel diagnostic markers, therapeutic targets, and prog-
nostic indicators that aid in patient care is a major goal for clinicians and
researchers alike. Progress has been made on this front over the past sev-
eral years resulting in the development of drugs that specifically target pro-
cesses believed to propagate HCC cell transformation, growth, and metasta-
sis such as cell surface receptor—ligand interaction and signal transduction,
cell cycle and apoptosis progression, extracellular matrix remodeling, vas-
culogenesis, motility, histone modification, and others. Many of these agents
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have been assessed in pre-clinical animal models and are now being evalu-
ated in human clinical trials in the United States and elsewhere. This chapter
will discuss targeted therapies for HCC under study in humans as well as the
pathways they intercept.

Key Words: Hepatocellular carcinoma; gene expression; clinical trials;
targeted therapies; molecular mechanisms

1. INTRODUCTION

Hepatocellular carcinoma (HCC) is an aggressive malignant tumor of
the liver that accounts for about 80% of primary hepatic cancers in adults
(1). HCC is now the fifth most common type of malignancy and the third
leading cause of cancer mortality worldwide (2). The underlying deter-
minants of HCC are diverse and include a variety of viral, toxic, and
metabolic insults, most of which result in cirrhosis (3). Populations from
certain geographic regions such as Asia and Africa suffer disproportion-
ately from HCC reflecting a high incidence of hepatitis B virus (HBV)
infection and aflatoxin exposure (3). However, the number of HCC diag-
noses has been rising in low-incidence areas such as the United States,
Western Europe, and Japan, likely due to an increase in hepatitis C virus
(HCV) infection in these populations (3). Over 20,000 new diagnoses
of liver cancer in Americans were expected to be rendered in 2008 (4).
Without appropriate screening, HCC comes to clinical presentation late
in its course when surgical intervention is no longer an option; at any
stage, this tumor is notoriously resistant to standard systemic chemother-
apy as a result of innate tumor resistance as well as underlying liver dis-
ease making it a difficult malignancy to manage clinically (5). Due to
HCC’s aggressive behavior, insidious presentation, resistance to therapy, and
general prevalence, a concerted global effort has been put forth over the
past two decades to dissect the molecular mechanisms of HCC in order to
reveal clues to diagnosis, therapy, and prognosis. Because of these Herculean
efforts, novel diagnostic markers, therapeutic targets, and prognostic indi-
cators for HCC have been discovered, and although the clinical utility of
many of these newly identified molecular hallmarks must still be rigorously
assessed, it has become evident that some discoveries may well constitute
‘medical breakthroughs.’

Most major risk factors for HCC (such as HBV or HCV infection, afla-
toxin exposure, alcohol abuse or metabolic derangements like hereditary
hemochromatosis) (6) cause sustained hepatocyte damage by one mecha-
nism or another and incite repair. However, the healing process in the liver
may be incomplete rendering hepatocytes vulnerable to additional assault.
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Cycles of hepatocyte death and replication promote fibrous deposition, cir-
rhosis, hepatic insufficiency, and outgrowth of pre-neoplastic and frankly
malignant clonal cell populations (/). DNA damage that accumulates in cell
clones may result from replication errors inflicted by aberrant cell cycle tran-
sit, direct mutagenesis, oxidative stress triggered by inflammation, or a com-
bination of these mechanisms (7). Because HCC risk factors are so varied,
each is capable of eliciting unique pro-tumorigenic alterations substantiat-
ing the notion that, despite falling under the same histologic classification,
HCC:s are, in fact, quite heterogeneous (8). To this end, molecular ‘signa-
tures’ reflecting the inciting cause or recurrence pattern have been identi-
fied (9). However, it is also obvious that some molecular mechanisms are
activated in the majority of liver tumors, regardless of the underlying risk
factor. It is these candidates, in particular, that make attractive therapeutic
targets.

It has been proposed that transformation of a normal hepatocyte into
one with malignant potential requires at least five or six individual genetic
insults (/0). Numerous studies have been carried out comparing normal, cir-
rhotic, dysplastic, malignant, and metastatic liver tissues (//,12) in attempts
to categorize the genetic mutations associated with each step leading toward
malignancy. Due to HCC’s inherent heterogeneity, however, this has been
a difficult task. Depending on the type of molecular tool or test employed
(e.g., classic cytogenetics (1/3), CGH (14), SNP (15), expression (12), or
microRNA arrays (16), or proteomic approaches (/7)) and the type of tissue
tested (i.e., normal vs. tumor, dysplastic vs. malignant, solitary vs. multifo-
cal tumors, invasive vs. non-invasive tumors, HBV+ vs. HCV+ tumors, or
mouse vs. human tumors), HCCs can be subclassified into a multitude of
different categories. However, one intriguing HCC subclassification which
has been further substantiated in human and rodent HCC (/8-20) separates
tumors into two groups: those with mutant p53 and genomic instability and
those with beta-catenin aberrancy and cancer gene hypermethylation.

pS3 is a multifaceted transcription factor that is crucial to inducing cell
cycle arrest and eliciting apoptosis (27). Dysregulation of p53 in HCC occurs
through a combination of loss of heterozygosity (LOH) observed in over
half of HCCs (57%-8/14) (22) and mutation detected in about 28% of HCC
cases worldwide (23). In addition, upregulation of cellular and viral factors
that bind and sequester p53, such as mdm-2 (24,25) and hepatitis B virus X
protein (Hbx) (26,27), is seen in HCCs. Another key role of p53 is to main-
tain DNA integrity (2/) which is commonly lost in human HCC. Genomic
instability in HCC is characterized by non-random DNA losses on chromo-
somes 1p, 4q, 6q, 8p, 10q, 13q, 16p, 16q, and 17p and gains of genomic
material on chromosomes 1q, 5p, 59, 6p, 7q, 8q, 17q, and 20q (28). Specific
chromosomal losses and gains correlate with the underlying risk factor and
tumor differentiation (71).
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Beta-catenin is a multifunctional protein, the ultimate purpose of which
is to control gene transcription. It acts as a conduit linking signaling at
the plasma membrane where beta-catenin normally resides with the nucleus
where it transactivates a repertoire of gene targets, many of which are proto-
oncogenes including c-myc and cyclin D1. Under normal conditions, sol-
uble extracellular signals such as Wnt ligands, extracellular matrix inter-
actions, Met transmembrane receptor, and other determinants control beta-
catenin activation and localization (29). However, in HCC, several molec-
ular mechanisms leading to abnormal beta-catenin activation, such as beta-
catenin gene mutation seen on average in about 22% of human HCCs (23),
downregulation of E-cadherin (30,31), or PIN1 overexpression (32) bypass
normal control steps thus leading to excessive gene expression driven by
beta-catenin.

Aberrant DNA methylation is an epigenetic event usually described in
the context of neoplasia: HCC is no exception. In hepatic and other tumors,
DNA methylation alterations are characterized by a state of global demethy-
lation and focal de novo hypermethylation of CpG islands in specific gene
promoters. These changes can result in stimulation of proto-oncogenes and
silencing of tumor-suppressor genes (33). Interestingly, it has been postu-
lated that DNA hypermethylation alterations in the liver may well reflect
normal physiologic responses to aging and to inflammation. As compared to
normal liver from younger patients, aged livers, livers with active hepatitis,
and HCC tissues showed stepwise increases in DNA hypermethylation of a
set of epigenetic markers (34). Taken together, these findings regarding beta-
catenin activation and global hypermethylation in HCC suggest that inhibi-
tion of key tumor-suppressor genes (via hypermethylation) in combination
with mutation of oncogenes (like beta-catenin) can incite HCC development
in the absence of large-scale genomic alterations.

In addition to p53 and beta-catenin, a host of factors have been linked
to the malignant transformation, growth, or invasion of liver cancer. They
fall into several categories such as cell surface receptors and their lig-
ands, intracellular effector molecules, cell cycle and apoptosis regula-
tors, extracellular matrix remodeling agents, vasculogenic factors, motility
inducers, histone modifiers, and telomerases. As a wonderful testament to
humankind’s ingenuity and the power of scientific research, several tar-
geted therapies have been designed to modulate the activity of some of
these pathways. Many have since been assessed in pre-clinical models
and are now being evaluated in human clinical trials across the world
(Table 1). The remainder of this chapter will focus on those signaling path-
ways with agents showing therapeutic potential in HCC and engendering
clinical enthusiasm.
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Table 1
Select Targeted Therapies for HCC Currently Under Evaluation in Clinical
Trials (www.clinicaltrials.gov)*

Pathway Target Agent Class

Growth EGFR/ErbB2 Gefitinib Kinase inhibitor
Jactors/receptor Erlotinib Kinase inhibitor
tyrosine kinases Lapatinib Kinase inhibitor

Cetuximab Anti-EGFR mAb
Trastuzumab Anti-ErbB2 mAb

VEGF/VEGFR-1/-2/-3 Cediranib Kinase inhibitor
Sunitinib Kinase inhibitor
Brivanib Kinase inhibitor
Vandetanib ~ Kinase inhibitor
Pazopanib Kinase inhibitor
ABT-869 Kinase inhibitor
IMC-1211B  Anti-VEGFR-2

mAb
Bevacizumab Anti-VEGF mAb
IGFIR IMC-AI2 Anti-IGFIR mAb
Intracellular Ras Lonafarnib ~ Farnesyltransferase
signal inhibitor

transducers Raf/Mek/Erk/MAPK  Sorafenib Kinase inhibitor
AZD6244 Kinase inhibitor

mTOR Sirolimus Binds FKBP-12;
inhibits
mTORC1
Everolimus  Binds FKBP-12;
inhibits
mTORC1
ADbl/Src Dasatinib Kinase inhibitor
Transcription RAR-alpha TAC-101 Inhibitor
Jactors
Cell cycle pS3 Ad5CMV-p53 Gene therapy
modulators CDK Flavopiridol Inhibitor
Pro-survival Survivin LY2181308  Anti-sense
molecules oligomer

(Continued)
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Table 1
(Continued)
Pathway Target Agent Class
DNA modifi- HDAC Belinostat Inhibitor
cation
enzymes
Inflammation  Cox-2 Celecoxib Inhibitor
modulators
Proteasome 26S Proteasome Bortezomib Inhibitor

Abbreviations used: CDK—cyclin-dependent kinase; EGFR—epidermal growth fac-
tor receptor; HDAC—histone deacetylase; IGF1R—insulin-like growth factorl receptor;
mAb—monoclonal antibody; VEGF(R)—vascular endothelial growth factor (receptor). *—
at the time of writing.

2. RECEPTOR TYROSINE KINASES AND THEIR LIGANDS

In order to adapt to changes in the surrounding environment and sense the
needs of the host organism, cells must be able to receive and act upon signals
from the extracellular milieu. Such communication is facilitated by a variety
of mechanisms; one of these is through receptor tyrosine kinases (RTKs)
anchored in the plasma membrane. Through their extracellular domains,
RTKSs bind protein ligands with high specificity and affinity and, follow-
ing engagement, emit potent intracellular cues that regulate cell division,
motility, survival, and a number of crucial cellular activities. Because of
their capacity to control cell growth, RTK signaling is tightly governed and
short lived. Steps to ensure that RTK signal emission is of proper inten-
sity and duration include limiting RTK-ligand interaction, promoting RTK
internalization and degradation as well as activating phosphatases and other
measures (35).

A specific set of RTKs have garnered attention in the study of liver cancer.
Some are activated by well-established hepatic mitogens. These RTKs and
their ligands include the epidermal growth factor receptor (EGFR) and its
family members which bind EGF, transforming growth factor alpha (TGF-
alpha) and other EGF-related ligands, and Met, the RTK for hepatocyte
growth factor (HGF). These particular RTKs and their ligands are often
overexpressed in HCC and are thought to help drive malignant hepato-
cyte replication, invasion, and motility. Other RTKSs are involved in tumor
neovascularization such as the vascular endothelial growth factor receptors
(VEGEFRs). HCCs are highly vascular tumors and secrete factors like VEGF
to promote vessel ingrowth in order to establish and maintain an oxygen-rich
blood supply.
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Because RTKSs and their relatives, the intracellular tyrosine kinases (such
as src, abl, JAK, and others), are such powerful transducers of malig-
nant transformation, growth, and invasion, they were among the earliest
candidates to be explored for their therapeutic targeting potential. To that
end, imatinib, an inhibitor with specificity for the bcr-abl oncogene prod-
uct resulting from a t9;22 chromosomal translocation observed in human
chronic myelogenous leukemia, was one of the first rationally designed
targeted small molecule therapeutics approved by the US Food and Drug
Administration (FDA) to treat cancer (36). Since then, numerous inhibitors
with specificity for other tyrosine kinases have been developed, and their
efficacy in pre-clinical models and clinical trials for various types of cancer
including HCC (Table 1) is under investigation.

2.1. Epidermal Growth Factor Receptor Family and Ligands

The EGFR family of receptors contains four members: EGFR (ErbB1 or
Herl), ErbB2 (Her2 or neu), ErbB3 (Her3), and ErbB4 (Her4). Although
ErbB2 is an orphan receptor with no known ligand, activation of its tyro-
sine kinase domain is facilitated by heterodimerization with and transpho-
sphorylation by other EGFR family members (37). Two of the four EGFR
family members that bear relevance to HCC are EGFR and ErbB2, the most
well characterized in hepatocyte biology and HCC being EGFR itself and its
associated ligands, EGF and TGF-alpha. Ligand-activated EGFR promotes
hepatoctye motility (38) and morphogenesis (39) and contributes to liver
regeneration (40).

With regard to liver cancer, TGF-alpha mRNA (4/) and protein (42—44)
are overexpressed in human HCCs, particularly in HBV+ cases, as com-
pared to adjacent liver tissue. In addition, transgenic mice overexpressing
TGF-alpha in the liver develop HCC after a year (45,46). On the other hand,
results of studies examining EGFR expression in liver cancer are conflicting
with some showing increased EGFR expression in HCCs (47,48) while oth-
ers not (49,50). Perhaps a more relevant observation is that enhanced tyro-
sine phosphorylation of EGFR at residue Y845 was noted in 72% (13/18)
of HCC tissues using Western blot (57). However, two studies did not detect
EGFR mutation in human HCC samples (52,53).

Data supporting a role for ErbB2 in human HCC are limited. Ito et al.
(48) demonstrated that 21% of HCCs expressed ErbB2, while others did
not observe ErbB2 expression in liver cancers (54). Mutation of the kinase
domain in the ErbB2 gene (her2/neu) occurs in some solid tumors such as
non-small cell lung carcinoma (NSCL) (55). An analysis of human HCCs
for ErbB2 mutation did not reveal the presence of those gene variants pre-
viously described by others in NSCL cancer but did identify a novel amino
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acid change (H878Y) the authors propose could alter ErbB2 activity in 11%
(2/18) of HCC:s tested (52).

Several targeted inhibitors of EGFR and ErbB2 are currently under study
in clinical trials for HCC (Table 1). Results of Phase II clinical trials of
erlotinib, an orally active inhibitor of EGFR, and cetuximab, an anti-EGFR
monoclonal antibody administered intervenously, in patients with advanced
liver cancer have been published. In the first of two reports of erlotinib effi-
cacy, about a third (32%) of patients showed no disease progression at 6
months with erlotinib therapy while 9% of patients demonstrated a partial
radiologic response. However, over a quarter (26%) of patients in the study
required erlotinib dose reductions due to skin toxicity and diarrhea (56).
Patients in the second erlotinib study did not show evidence of radiologic
response to the treatment but over 40% demonstrated progression-free sur-
vival at 16 weeks of therapy (8). Phase II trials with cetuximab were less
promising revealing that the median progression-free survival for patients
on treatment was 1.4 months despite the drug being well tolerated (57).

2.2. Vascular Endothelial Growth Factor Receptor Family
and Ligands

Solid tumors require new blood vessel formation or neovascularization in
order to enlarge (58); this is clearly the case with HCC (59). The portal circu-
lation serves as the blood supply for early HCCs; however, as tumors expand,
their oxygen demands increase. As a consequence, the oxygen-enriched hep-
atic arterial supply is tapped to feed the tumor (59). The vascular endothelial
growth factors consisting of six members (VEGF-A through -E and pla-
centa growth factor [PLGF]) (59,60) and their receptors are essential to this
process. Three tyrosine kinase cell surface receptors exist for VEGF includ-
ing VEGFR-1 (fit-1), VEGFR-2 (KDR or flk-1), and VEGFR-3 (fit-4). The
activities of VEGF-A, VEGF-B, and PLGF appear to be mediated primarily
through VEGFR-1, while VEGF-A and -E utilize VEGFR-2, and VEGF-C
and -D bind VEGFR-3 (61).

VEGEF expression is upregulated in most cases of human HCC (62-65).
Some studies indicate, however, that VEGF protein levels are elevated to a
greater extent in non-tumorous adjacent cirrhotic tissue than HCCs (66,67).
Expression of both VEGFR-1 and -2 mRNA has been detected in human
liver tumors; however, one study showed that, of the two, VEGFR-1 mRNA
levels were greater in tumor tissues (62), whereas another determined that
VEGFR-2 transcripts were more abundant in HCCs (68). Liu et al. (69)
determined that human HCC cell lines express both VEGFR-1 and -2 by
flow cytometric analysis and Western blot and that cell proliferation was
augmented by addition of VEGF to the cultures. These findings point to the
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possibility that, in addition to a paracrine effect of VEGF on endothelia to
promote neovascularization in HCC, a VEGF/VEGFR autocrine circuit may
also exist to stimulate growth of liver tumor cells.

A multitude of agents targeting the VEGF/VEGFR axis are available and
in clinical trials for HCC. They include tyrosine kinase inhibitors, an anti-
VEGF monoclonal antibody (bevacizumab), and an anti-VEGFR-2 anti-
body (IMC-1211B, see Table 1). Recently, a Phase II clinical trial assessing
the efficacy of bevacizumab in combination with GEMOX (gemcitabine—
oxaliplatin) in patients with advanced HCC was completed and results
released (70). In this study, CT perfusion scan was used to monitor tumor
blood flow, blood volume, permeability surface area, and mean transit time
as a means of tracking tumor vascularity pre- and post-treatment (70);
the degree of tumor contrast enhancement which can be assessed by CT
has been shown to correlate with tumor neovascularization in HCC (71).
Bevacizumab therapy was significantly associated with longer mean transit
time indicating increased tumor capillary leakiness. In addition, the results
showed that the percent change in mean transit time following bevacizumab
treatment correlated with patient outcome. Median progression-free survival
was 5.3 months in this study (70).

2.3. Insulin-Like Growth Factor Receptor-1 and Ligands

The insulin-like growth factors-1 and -II (IGF-I and -II) stimulate hepa-
tocyte replication (72) and appear to be involved in human liver tumorige-
nesis. IGFs can engage three types of receptors: the insulin receptor (IR),
IGF1R, and IGF2R/mannose-6-phosphate receptor. The first two are RTKs;
the latter is not. Of the three, only IGFIR binds IGFs with high affinity and
thus likely propagates most IGF-induced signaling (73). The majority of
evidence implicates IGF-II over IGF-I in human HCC. Several studies have
shown that the human IGF-II gene is genomically imprinted in normal adult
tissues (74) except in the liver: normal hepatic tissue expresses IGF-II from
both of its alleles (75). However, in HCC, biallelic IGF-1I expression ceases
(76,77), and usage of a fetal-type IGF-II promoter recommences (78,79).
This is accompanied by increased IGF-II protein and mRNA expression
in human HCCs (78,79). To this end, a Phase II clinical trial to determine
the efficacy of the anti-IGF1R monoclonal antibody known as IMC-A12 in
those with advanced HCC recently began recruiting patients (80).

3. INTRACELLULAR SIGNAL TRANSDUCERS

Numerous and diverse intracellular signaling molecules serve to receive
and amplify cues emitted from cell surface receptors. They deliver them
to intended recipients such as the mitochondria, the nucleus and other key
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organelles, cellular structures, and proteins. In some cases, the signal ‘hand
off” between intracellular molecules occurs in a relatively orderly and pre-
dictable fashion—from one pathway member to the next, and so on; how-
ever, as more insight into these cascades is obtained, it is becoming clear that
branch points, nodes, and various deviations along the signaling chain occur
and complicate our understanding. The messages these cellular liaisons
transport are certainly consequential to the well-being of the host; thus their
pathways are highly regulated at multiple levels, in order to maintain nor-
mal cell function (87). Because of their crucial role in governance of cell
signal transduction, several of these signaling proteins and their respective
pathways are mutational targets in cancer.

Some of the better known intracellular signaling molecules targeted in
human liver cancer include beta-catenin (as described) and c-myc (82,83).
The ras GTPase, while historically a proven player in rodent hepatocarcino-
genesis (84), is now gaining significance as a mediator in human HCC as
well. Additional factors recently linked to HCC are PI3K pathway con-
stituents (p110alpha and PTEN) and members of the rho GTPase cascade.
Pharmacologic inhibitors of several intracellular signaling pathways are now
being tested in human HCC patients (Table 1). The following section will
focus on a subset of the pathways with targeted therapies under clinical
evaluation for liver cancer.

3.1. The Small GTPase Superfamily

Ras and rho are members of the small GTPase superfamily. Their local-
ization to the inner plasma membrane is facilitated by farnesyl and palmi-
toyl lipid moieties attached to their protein backbone. Ras and rho are active
when bound to GTP and, in this state, recruit signal transducers (such as raf
in the case of ras). To become inactive, these small GTPyss hydrolyze GTP
to GDP. Several adaptor and regulatory proteins such as guanine nucleotide
exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine
nucleotide dissociation inhibitors (GDIs) positively and negatively regulate
ras and rho. Some of these adapters, such as Grb2 and Sos (a rasGEF), link
stimulated RTKs to the small GTPases leading to their activation thus initiat-
ing signaling cascades which influence cell proliferation, cytoskeletal rear-
rangement, and expression of genes such as cyclin D1, p21 WAFV/CIPL “apq
p27KIP(85).

A large body of evidence demonstrates that ras is involved in normal
hepatocyte replication in culture (86) and in vivo (87,88). The ras fam-
ily consists of three major isoforms: H-, K-, and N-ras. Mutation of these
isoforms has been detected in several types of cancer (89). In the case of
human liver cancer, about 33% (6/18) of vinyl chloride-associated HCCs
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were found to harbor K-ras mutations. Incidentally, such mutations were
also detected in surrounding non-tumorous liver tissue in two of the six
cases (90). Other than in the instance of vinyl chloride-induced liver tumori-
genesis, K- or H-ras mutations have rarely been detected in human HCCs
(91-94). Despite a lack of data implicating ras gene mutation as a com-
mon cause of human HCC, the ras signaling cascade may be upregulated in
this tumor through other mechanisms. One such mechanism may be due to
suppressed expression of a ras effector molecule and suspected tumor sup-
pressor known as ras association domain family 1A (RASSF1A). The gene
promoter region of RASSF1A is hypermethylated in 93% of human HCCs
(14/15). Aberrant methylation of RASSF1A was also seen in human liv-
ers with fibrosis (2/2) and cirrhosis (3/4), but not in normal liver (0/2) (95),
suggesting that ras pathway signaling provides a permissive environment
promoting hepatocyte replication and accumulation of additional genetic
alterations. Similar RASSFIA methylation differences were observed by
others (96,97).

The expression and activity of several factors involved in the rho cascade
are also deranged in human HCC. These include rhoA, thoC, and deleted in
liver cancer-1 and -2 (DLC-1 and -2). The rho subfamily of GTPases can be
subdivided into six smaller groups based on structural similarity: rhoA and
rhoC, along with rhoB, comprise one of these six groups (98). Recently, a
study demonstrated that rhoA mRNA and protein levels were 2.0- and 2.7-
fold higher, respectively, in tumor tissue than adjacent liver. These obser-
vations correlated with tumor invasion and poor histologic differentiation.
The authors concluded that overexpression of rhoA is associated with a poor
prognosis (99), a finding supported by another group (/00). Wang et al. (101)
examined human HCCs for gene mutation and mRNA expression of rhoC.
They found no mutations in rhoC in any samples, but they did observe that
intrahepatic and invasive/metastatic HCCs expressed 1.8- and 3.3-fold more
rhoC mRNA, respectively, than adjacent liver tissues leading them to postu-
late that rhoC may be involved in liver tumor cell invasion and metastasis,
an idea backed by others (102).

Human chromosome 8p, in particular 8p21.3-22 (103), is a deletion
hotspot in HCC, and its loss is associated with metastasis (/04). The DLC-1
gene has been cloned from this region and encodes a novel rhoGAP (105).
About half of HCCs show LOH in the DLC-1 gene (106). Others demon-
strated loss of DLC-1 gene expression in about 20-67% of human liver
tumors (1/06,107). Decreased DLC-1 expression may be due to DLC-1 gene
hypermethylation which has been observed in 24% (6/25) of HCCs as com-
pared to adjacent liver (/06). The DLC-2 gene, encoding a thoGAP related
to DLC-1, has been cloned from chromosome 13q12.3 (/08). This region is
also commonly deleted in HCC (709). DLC-2 mRNA levels were reduced
in 18% (8/45) of liver tumors compared to adjacent liver. Functional studies
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demonstrated that DLC-2 preferentially regulates rhoA and another small
GTPase cdc42 (108). A Phase II clinical trial of lonafarnib, an orally avail-
able farnesyltransferase inhibitor that inhibits farnesylation of ras and rho,
is underway for patients with primary liver cancer (80).

3.2. Raf-Mek-Erk/MAPK Pathway

The raf, mek, and erk/MAPK serine/threonine kinases make up the
core transducers in the mitogen-activated protein kinase (MAPK) signal-
ing cascade, a network which controls cell proliferation, motility and sur-
vival (110). Research has revealed that the once simple ‘linear pipeline’
concept of MAPK signal transduction is no longer valid. The observa-
tions that a variety of raf, mek, and erk/MAPK isoforms and regulatory
molecules (such as Sprouty proteins) exist and that compartmentalization
of various pathway constituents and effectors occurs complicate the scheme
(110).

The raf-mek-erk/MAPK pathway is activated in cultured hepatocytes
after growth factor stimulation (38) and during liver regeneration (/11).
Upregulation of the pathway is also seen in human liver tumors. Schmidt
et al. observed that mek and erk/MAPK isoforms were significantly over-
expressed in human HCC tissues as compared to adjacent liver tissue by
Western blot; in addition, they determined that erk/MAPK protein lev-
els correlated with increased erk/MAPK kinase activity in the tumor sam-
ples (112). Elevated erk/MAPK expression (/13), phospho-erk/MAPK lev-
els (114), and erk/MAPK activity (115,116) in HCCs were also noted
by others.

Sprouty (Spry) proteins and SPREDs (Sprouty-related proteins with an
Ena/vasodilator-stimulated phosphoprotein homology-1 domain) are newly
discovered negative regulators of the raf-mek-erk/MAPK pathway. Sproutys
reside in the cytosol until they are recruited to the inner plasma membrane
following RTK activation. There, they partner a variety of scaffolding pro-
teins and signal transduction molecules, including raf itself, to control sig-
nal propagation of the raf-mek-erk/MAPK cascade (//7). SPREDs appear
to function in a similar manner (//8). Recently, HCCs were examined for
Sprouty-2 (Spry2) expression: 73% of tumors (8/11) expressed significantly
less Spry2 mRNA than non-tumor liver tissue. However, neither LOH at the
Spry2 locus nor hypermethylation of the Spry2 gene promoter was detected
to account for the dampened expression (//9). Yoshida and coworkers (116)
observed that mRNA expression of either SPRED-1 or -2 was downregu-
lated in 84% (27/32) of HCCs as compared to adjacent liver. In over two-
thirds of those cases (68%, 22/27), repression of both SPRED-1 and -2
mRNA levels was noted (116).
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Two small molecule inhibitors that target the raf-mek-erk/MAPK cas-
cade are presently under clinical investigation for human HCC. The first,
and least characterized, is AZD6244, an orally available drug that targets
mek. Recruitment for a pair of Phase II clinical studies examining AZD6244
in advanced HCC is proceeding (80). The second inhibitor of the raf-mek-
erk/MAPK pathway to be studied in humans with HCC is sorafenib, a mul-
tikinase inhibitor with activity directed against raf and certain cell surface
RTKs. Promising preliminary results of a randomized, double-blind, multi-
center Phase III clinical trial examining the efficacy of sorafenib vs. placebo
in patients with advanced HCC (the SHARP study) have been released
(120,121). These data prompted the US FDA to approve sorafenib use for
HCC in late 2007 and to recommend it as a first-line therapy in patients with
advanced, unresectable HCC with mild to moderate liver impairment (Child-
Pugh class A or B) (122), thus making sorafenib the first targeted therapeutic
for HCC to obtain FDA approval.

Findings from the SHARP study revealed that treatment with sorafenib
was associated with an increased median time to progression from
2.8 months with placebo to 5.5 month with therapy. Over 60% of patients on
sorafenib demonstrated progression-free survival at 4 months compared to
only 42% in those receiving placebo. However, no complete responses were
noted in the treatment group, and only 2.3% of those treated with sorafenib
showed a partial response as compared to 0.7% of patients receiving placebo
(120,121), suggesting that sorafenib stabilizes, rather than cures, advanced
HCC (120). Several additional clinical trials of sorafenib in HCC are under-
way (80).

4. OTHER THERAPEUTIC TARGETS: PRESENT
AND FUTURE

Most targeted therapeutics under evaluation in human HCC have been
developed against RTKs and their immediate downstream signal effectors;
however, treatments directed toward other molecular targets are also being
tested. Some of the more noteworthy include those which inhibit proteaso-
mal degradation (bortezomib) and histone deacetylation (belinostat).

The proteasome comprises a large multi-subunit drum-shaped enzymatic
complex that degrades damaged or excessively abundant proteins. Protein
substrates destined for proteasomal degradation are tagged with ubiquitin,
a small protein marker of about 8 kDa in size, by one of several ubiquitin
E3 ligases. The relative abundance of a variety of proteins is managed by
the proteasomal pathway. Evidence suggests that proteasomal blockade in
cancer cells, including HCC, increases their susceptibility to undergo apop-
tosis (123). One mechanism sensitizing HCC cells to apoptosis may be due
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to upregulation of receptors for the death ligand, Trail, and to increased
DISC formation (/24). The clinical efficacy of proteasomal inhibition with
bortezomib was confirmed in the treatment of multiple myeloma (/25). Cur-
rently, Phase II trials of bortezomib in patients with advanced HCC are
underway (80).

Acetylation or deacetylation at specific terminal lysine residues in his-
tones impacts chromatin structure, gene promoter access, and transcriptional
regulation by promoting chromatin accessibility or condensation, respec-
tively. Histone deacetylases (HDACsSs) are responsible for removing acetyl
groups from terminal lysine residues in histones, thus allowing DNA to com-
pact into heterochromatin repressing gene transcription. HDACs are increas-
ingly recognized as important contributors to tumorigenesis; as such, HDAC
inhibitors have been developed which, among other activities, lead to reac-
tivation of pro-apoptotic gene expression and suppressed cancer cell growth
in culture (/26). For example, in human HCC cell lines, exposure to the
HDAC inhibitor trichostatin-A resulted in cell cycle arrest, apoptosis, and
hallmarks of hepatocyte differentiation (/27). Upregulated HDAC expres-
sion has been observed in human liver tumors and correlated with a higher
incidence of portal vein invasion and poor histologic differentiation (/28).
One HDAC inhibitor belinostat completed a Phase I clinical trial in patients
with advanced solid tumors and showed a favorable toxicity profile, a dose-
dependent effect on HDAC activity and disease stabilization in over a third
(39%) of patients (129). Recruitment for a Phase II clinical trial of belinostat
in patients with advanced HCC is ongoing (80).

One molecular target in HCC primed for clinical assessment is the recep-
tor tyrosine kinase Met, the ligand of which is HGF. Clinical trials with three
different Met inhibitors are progressing, mostly for solid tumors includ-
ing pancreatic and gastric carcinoma, but as of now, no trials specifically
geared toward liver cancer have been initiated (80). As mentioned earlier,
the HGF-Met axis is a highly relevant hepatic signaling system. Its func-
tion is paramount to hepatic development (/30-132), hepatocyte replica-
tion, motility (38) and survival (133,134), and to liver regeneration (40). In
addition, Met dysregulation is seen in most human HCCs (/35-137), and
its overexpression is associated with the presence of intrahepatic metastases
and poor patient outcome (/36). Met dysfunction in human HCC can also
occur through activating mutations in the Met gene (/38). Overexpression
of HGF in human liver tumors has not been a consistent finding (/37,139),
but enforced overexpression of HGF in hepatocytes is oncogenic in a mouse
model (140).

The next decade should give the oncology community the necessary time
to determine whether targeted small molecule therapeutics work well to sta-
bilize or cure HCC. More likely than not, combination therapies, either as
cocktails of molecularly targeted treatments or as mixtures of conventional
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cytotoxic agents and targeted drugs, will yield the greatest clinical benefit
for liver cancer patients with unresectable disease. The outcomes of these
studies are eagerly awaited.
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profiling studies, conducted on multiple array platforms, are powerful tools
which have provided useful clues to begin to unravel the mechanisms of
HCC biology and improve clinical outcome.

Key Words: Hepatocellular carcinoma; molecular marker; gene expression
profiling; microarray; liver disease

1. HEPATOCELLULAR CARCINOMA: CLINICAL CONCERNS

The wide heterogeneity of HCC and the complexity of its diagnostic and
prognostic assessment (dependent on tumor grade/residual liver function)
have interfered with clinical recommendations and progress. Despite many
studies of HCC, the specific changes associated with its development remain
ill defined and there is no clear consensus on which of the many different
staging systems introduced around the world is best (/—4). Although indi-
viduals at high risk for HCC development are routinely screened by ultra-
sonography and serum o-fetoprotein (AFP), most patients are diagnosed
at advanced disease stages. AFP evaluation, however, can be non-specific,
varies significantly between ethnic groups, and is only observed in a HCC
subgroup with small tumors (5). Although several additional serum proteins
have been suggested to improve HCC diagnosis, they lack sensitivity and
specificity and await confirmatory studies or development of quantitative
methods to evaluate their utility (6, 7). It is possible that a single marker
may not be sufficient to diagnose HCC and as such, it may be important
to test combinations of markers to improve diagnostic performance. HCC
diagnosis with the AFP marker, therefore, remains the gold standard and
improvement of the current screening system is an imperative goal. Liver
function impairment and the expression of multidrug resistance genes ren-
der HCC treatment especially difficult (8). Since most HCC patients are
diagnosed at an advanced stage, they are often excluded from potentially
curative therapies such as resection and liver transplantation. Eligibility for
resection (relatively good liver function and small tumors) or transplanta-
tion (Milan criteria/limited donor livers/long waiting list) is also quite slim
and post-surgical survival is complicated by a predominant occurrence of
tumor recurrence/metastasis (9—15). Methods to improve survival include
percutaneous ethanol injection, radiofrequency ablation, and transarterial
chemoembolization (TACE) (16).

The current status of HCC emphasizes the importance of understanding
the underlying biology of this disease and the development of new screen-
ing and treatment stratification programs to refine diagnosis and improve
patient outcome. Relevant biomarkers to assist HCC diagnosis and prog-
nosis are particularly essential at early HCC stages and can be used as
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novel therapeutic agents. The identification of such biomarkers in a high-
throughput fashion is now possible through the advent of global molecular
profiling.

2. GENE EXPRESSION PROFILING: CURRENT
TECHNOLOGIES

The gene expression profile of a particular cell type or tissue has been
analyzed by using multiple technologies including differential screening
of cDNA libraries, subtractive cDNA hybridization, differential display
of RNA, and serial analysis of gene expression (SAGE). More recently,
global expression profiling studies have been conducted using platforms
consisting of genes (cDNA/OLIGO microarrays), noncoding RNA, pro-
teins (proteome arrays), tissues (tissue microarray), and genetic aberrations
(arrayCGH/methylation) (/7). Although previous methodologies to study
HCC have advanced the field, gene expression profiling of clinical samples
from HCC patients and HCC-related cell lines has enriched the breadth of
HCC knowledge and has allowed researchers to begin to tackle some of the
key disease-related concepts that still remain.

2.1. Microarray Platforms

Microarrays provide genomic information and insight into biological pro-
cesses on a genome-wide scale. Their miniaturized ordered arrangement of
targets (nucleic acids/proteins/tissues) located at defined positions on a solid
support (platform) enables high-throughput parallel analysis of many tar-
gets by specific hybridization. The composition of an array platform can be
global (an entire genome on a slide) or specific (pathways, cell/tissue type)
and allows for the characterization of a transcriptome/proteome/genome. A
brief overview of widely used array platforms is provided below.

2.1.1. EXPRESSION ARRAYS (CDNA/OLIGO/NONCODING RNA)

The cDNA microarray reports differences in gene expression levels
between samples and functions on the basis of specific and high-affinity
molecular recognition between complementary cDNA strands (PCR-derived
cDNA or 20-60mer OLIGO fragments) representing exonic regions of the
genome (/8). The regulation of mRNASs can be analyzed using microRNA
(miRNA) arrays, which globally interrogate the expression of small endoge-
nous (21-35 nt) noncoding RNAs. Platforms that detect mature and precur-
sor forms of >500 miRNAs are now commercially available (/9-21).
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2.1.2. PROTEIN ARRAYS (PROTEOME/TISSUE)

Although mRNAs are transcribed, they may not be translated and thus
mRNA copy number may not reflect the number of functional protein
molecules in a cell. Thus, proteome arrays may provide a better view
to understand gene function. Protein function or protein detecting arrays
involve immobilization of antibody probes to detect antigens in a sample,
or vice versa. These arrays can be used to quantify proteins, determine post-
translational modifications, and correlate proteins with disease advancement
or with certain treatments/environments (22). Tissue microarrays (TMA)
allow tissue-based profiling using small cylinders of formalin-fixed tissues
arrayed in a single paraffin block (23). Protein arrays are limited by the pro-
tein concentration range required for direct detection within a given sample
and current instrumentation allows for only a fraction of the proteome to be
examined. The measurement of low-abundance targets also remains a chal-
lenge, but high-affinity probes, such as SELEX (systematic evolution of lig-
ands by exponential enrichment) aptamers, can help to resolve this problem
(24, 25).

2.1.3. GENOMIC ARRAYS (CGH/METHYLATION)

Array comparative genomic hybridization (aCGH) using the BAC-based
(bacterial artificial chromosome) and the more recent oligonucleotide-based
CGH enables high-resolution multi-loci mapping of small genomic regions
with copy number changes, such as amplification or deletion (26, 27).
BAC aCGH is limited by costly, time-consuming, low-yield clone pro-
duction and noisy data due to non-specific hybridization of repetitive
sequences. Oligonucleotide aCGH allows for flexibility in probe design,
greater genomic coverage, and higher resolution (~50 kB). New tiling BAC
arrays, however (where each BAC overlaps with its contiguous BAC), can
increase resolution, signal intensity, and more accurately define the bound-
aries of genomic aberrations, but require a high concentration of high-quality
BAC DNA for good array performance (28, 29). Recently, a few CGH array
studies have been followed by bisulfate DNA sequencing or methylation-
specific PCR to identify HCC-related epigenetic changes.

2.2. Microarray Analysis

Methodologies for microarray analysis can be either unsupervised or
supervised (30-32). Unsupervised methods attempt to characterize the com-
ponents of a data set without a priori input or knowledge of a training
set. Internal structures or relationships in data sets are found by feature
determination which groups genes with interesting properties (principal
component analysis), cluster determination which groups genes or sam-
ples with similar patterns of gene expression (nearest-neighbor clustering,
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self-organizing maps, k-means clustering, and one- and two-dimensional
hierarchical clustering), and network determination which graphs gene—gene
or gene—phenotype interactions (Boolean networks, Bayesian networks, and
relevance networks). On the other hand, supervised methods are used to
determine genes that fit a predetermined pattern. This technique finds genes
with expression levels that are significantly different between groups of sam-
ples (e.g., cancer classification) and can be used to find genes that accurately
predict a characteristic of that sample (e.g., survival or metastasis). The
significance found by supervised methods has been evaluated using para-
metric, non-parametric, and analysis of variance procedures which involve
permutations, random partitioning of the studied data set, and false discov-
ery limits. These methods are employed to assess the validity of signatures
associated with a tested feature and to rule out the identification of a sig-
nature by random chance. Several criteria exist for determining differential
expression, including absolute or ratio of expression levels across samples
and subtractive degree of change between groups. These methods include
the nearest-neighbor approach, decision trees, neural networks, and support
vector machines. A gold standard has been proposed for analysis of array
studies which involves the use of a training data set to initially identify a
signature, a test data set to assess its predictive/classification capacity, and
an independent set for validation studies.

3. HCC MICROARRAY STUDIES: EMERGING CONCEPTS

Microarray studies have provided vast amounts of information concern-
ing the genes, proteins, and genomic changes that occur in HCC-related dis-
ease. These investigations have revealed changes that occur across a spec-
trum of cirrhosis, HCC tumors, HCC subtypes, epigenetic alterations, and
progressive phenotypes (metastasis/recurrence). A summary of these signa-
tures, affected pathways, and diagnostic/prognostic markers is provided in
Table 1. An overview of these studies along with a synopsis of emerging
perspectives gleaned from these analyses is provided in this section.

3.1. Diagnostic HCC Signatures
3.1.1. CHRONIC LIVER DISEASE SIGNATURES

HCC develops largely in a previously diseased liver, contributed by
chronic liver disease (CLD). CLD has been attributed to hepatitis viral
attack, genetic/metabolic disorders, alcohol abuse, and/or environmental
influences (13, 33). The HCC population is, therefore, quite heterogeneous,
since the tumor and CLD can be at different evolutionary stages at diagnosis,
each with different therapeutic perspectives and survival probabilities.
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Several gene expression profiling studies have focused on CLD etiologies
(mainly of hepatitis B and/or C viral infection) in order to identify diag-
nostic markers, particularly for early detection. cDNA arrays have shown
that genes associated with the TH1 immune response (including lympho-
cyte/monocyte activation), fibrosis, extracellular matrix remodeling, cell-
cell interactions, proliferation, cell growth regulation, and apoptosis are
upregulated in HCV-CLD (34-36). Candidate genes (n = 260) involved in
signal transduction pathways, cell cycle control, metastasis, transcriptional
regulation, immune response, and metabolism were aberrantly expressed
under HBx induction by cDNA array (37). In our laboratory, we have shown
that primary hepatocytes expressing HBx have altered expression of sev-
eral cellular oncogenes and tumor-suppressor genes (38). Oncogenes, cell
cycle regulators, intracellular transducers, stress response genes, apoptosis-
related genes, and transcription factors were also shown to be upregu-
lated in response to HBV infection, while growth factors were downregu-
lated (39). Several of these HBV-altered genes were correlated to regions
with amplification (1q, 8q, 13q) or loss of heterozygosity (4q, 8p, 16q,
17p) (40). In addition, global proteomic profiling has shown that cirrhotic
nodules in a HBV background contain signatures associated with clonal
expansion (41).

The differentially expressed genes altered by HBV and HCV infection
have also been analyzed using microarrays. Differential gene expression was
shown by cDNA array between chronic HBV and HCV hepatic lesions, with
HBV-affecting genes related to inflammation while HCV-affected genes
related to the anti-inflammatory process (42). However, only a slight dif-
ference between HBV and HCV host cell infection was found in another
cDNA array, but the authors noted that the differentially expressed genes
were clearly regulated in a reciprocal manner (43). Other cDNA studies have
shown that lectin and cytochrome p450 can distinguish viral cirrhosis sub-
types (44). In an OLIGO-based study, 83 genes were found to differ between
HBYV and HCV-HCC, including those related to signal transduction, metas-
tasis, and immune response (45). Another OLIGO array study revealed 176
genes that were altered upon HBV or HCV viral infection, including the
interferon-inducible gene IFI27 (46). IFI27 was also shown to be highly
upregulated in HCV-HCC in an OLIGO array-based study in our laboratory
in which human hepatocytes were infected with HBV- or HCV-related genes
(47). OLIGO arrays have also shown that an HCV-specific gene (NS5A) can
modify pathways associated with cell motility and adhesion, lipid transport
and metabolism, calcium homeostasis and regulate the immune response
through NF-kB signaling (48, 49). The strongest effects were a downregula-
tion of an adenylate synthetase (OAS-69) and an upregulation of IL8 which
both affect IFN anti-viral activity. In a proteomic array study, angiogenic
factors, including VEGF, were upregulated in HCV-HCC tissues (50).
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Taken together, these observations suggest that a high degree of changes
take place in CLD tissues. The identification of these premalignant changes
may be useful to classify patients with CLD groups or those patients
at risk for developing HCC. In addition, these notable changes involved
in CLD may be useful for early detection and thus provide a window
of opportunity to intervene with an effective therapy. These studies have
also demonstrated that some genes are consistently altered in preneoplas-
tic conditions and HCC, highlighting early changes that may also play
a role in disease progression. Many of these studies, however, involve
relatively small cohorts, identify relatively large signatures/classifiers, do
not provide sufficient follow-up data to confirm patient outcome, or are
not validated in independent cohorts. Therefore, large prospective stud-
ies and/or meta-analysis of existing data sets will be needed to wvali-
date the potential clinical use of these CLD-related markers as diagnostic
tools.

3.1.2. TUMOR BIOMARKERS (TUMOR VS NON-TUMOR)

Microarray studies have also enhanced our understanding of how the
HCC process alters the regulatory network of genes and proteins in a way
that differs from the respective normal tissue or disease-free samples. For
example, cDNA analysis of HCC vs normal samples has found 38 differen-
tially expressed genes while HB V-related cell lines revealed signatures (356
genes) composed of upregulated ribosomal-related genes (51, 52). TIPUHI,
aregulator of transcription and RNA processing of growth control genes, has
also been shown to be upregulated in HCC by cDNA array (53). In our lab-
oratory, we have shown that five genes (GPC-3, PEG10, MDK, SERPINII,
and QP-C) are elevated in HCC samples, even in those with low AFP status
compared to normal tissue (54). A cDNA array of non-HBV/HCV-infected
HCC vs normal tissues revealed 61 differentially expressed genes (55). A
number of studies have also found alterations in genes involved in protein
synthesis, growth factors, oncogenesis, stress, inflammation, cell prolifer-
ation, transcription, protein degradation, p53, Wnt/B-catenin, metabolism,
and tumorigenesis pathways in HCC (40, 56-62). Similar studies have
shown that activators of neutrophils, antiapoptotic genes, interferon response
genes, and proteins related to cell differentiation or development are dif-
ferentially expressed in HCV-HCC (63). Integrin and Akt/NF-kB signal-
ing were also upregulated in HCC along with a serum biomarker (CSTB)
using cDNA arrays (64, 65). OLIGO arrays have shown that p53-related
genes (n = 83) are affected by HCV infection and alter immune response,
transcription, transport, signal transduction, and metabolism in tumors (66).
Several of these pathways, along with growth factor alterations, were found
in cDNA arrays comparing HBV- or HCV-positive tumor with non-tumor
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tissue (67). A clear distinction was found between HBV and HCV sam-
ples, where HBV-affected genes were involved in apoptosis, p53, and the
G1/S transition while HCV-affected genes were more heterogeneous. In a
separate cDNA array study, upregulation of mitosis-promoting genes was
observed in the majority of HBV or HCV tumors vs non-tumors while differ-
entially expressed genes between HBV and HCV tumors encoded enzymes
that metabolize carcinogens and/or anticancer agents associated with malig-
nant/invasive phenotype, apoptosis, or immune regulation (68).

Proteomic and TMA arrays have also been used to address the differ-
ences that occur following tumor formation. A proteomic analysis of human
HCV-related HCC found alterations in glycolysis enzymes, mitochondrial -
oxidation pathways, and cytoskeletal proteins when compared to non-tumor
tissue (69). Other HCC-related protein classifiers include proteins involved
in heat shock response, glycolysis, fatty acid transport and trafficking, amino
acid metabolism, cell cycle regulation and cell stress, and metabolism-
related enzymes (70-72). Other upregulated genes in HCC include insulin
growth factor-1I, metalloproteases, signal transducers and activators of tran-
scription (STAT), suppressors of cytokine signaling, and cyclin D1 while
collagens and SMAD pathways were downregulated (73). A TMA study of
HCC/non-tumor comparisons found HCC-specific expression of the tran-
scription repressor zinc fingers and homeoboxes 2 (ZHX?2) protein expres-
sion which correlated with differentiation stage (74).

Multiple studies have aimed to determine HCC-related regions of genetic
gain or loss. Most studies have found similar regions of gain (1p, 4q, 8p, 13q,
16q, and 17p) and loss (1q, 6p, 8q) in HCC (75-77). In addition, a study of
120 HCC samples found LOH at 6q and 9p in small, well-differentiated
tumors (75). A comparison of tumor vs non-tumor HCC samples using BAC
aCGH included frequent DNA copy number gains of 20q and found that
high Jabl levels correlated with chromosome 8q gain in HCC (76). A study
of HCV-associated HCC revealed that increases of DNA copy number were
frequent at 10p while decreases were frequent at 10q (77). These authors
found increases in copy numbers of the LAMC2, TGFB2, and AKT3 genes
(located on 1q) and decreases in copy numbers of FGR/SRC2 and CYLD
(located on 1p and 16q, respectively) in tumors. In a study of 20 HCC cases,
oncogenes were amplified in 1q, 8p, and 11q regions while loss occurred at
13q and 4q (78). In a study of HBV-infected HCC, gains on 1q, 6p, 8q, 9p
were observed while losses in 1p, 16q, and 19p occurred in most patients
(79). Midorikawa et al. showed a frequent gain of 1q, 8q, 12q, 17q, and 20q
as well as a loss of 4q, 8p, 13q, and 17p in HCC (80). Gains in regions
encoding MET, c-myc, and FGF4 were also found in a CGH study of HCC
while a separate study identified narrow regions of frequent amplification on
chromosome 1p, frequent deletion on 17q, and alterations in 7q21 encoding
paternally expressed 10 (PEG10) (81-83).
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miRNAs have recently been utilized as potential HCC diagnostic markers.
Expression profiling studies have defined the liver-specific miR-122 to be
highly downregulated in HCC tumors and cell lines (84). miRNA array stud-
ies have also demonstrated that miR-21 can contribute to HCC growth and
spread by modulating PTEN (85). In other miRNA-based studies, mir-224,
a 16-miRNA set, and a novel mRNA-like noncoding RNA named highly
upregulated in liver cancer (HULC) were found to be significantly upregu-
lated in HCC (86-88). In another study comparing HCC samples and adja-
cent non-tumor, eight miRNAs were shown to be significantly altered, five
of which were downregulated in HCC and could predict HCC with 97%
accuracy (89).

3.1.3. TUMOR BIOMARKERS (TUMOR VS CIRRHOSIS)

Array-based comparisons have also been made between early neoplas-
tic stages (fibrosis/cirrhosis) and HCC. A study of 59 preneoplastic CLDs
(hepatitis, autoimmune hepatitis, primary biliary cirrhosis, etc.) conducted
in our laboratory found genes associated with high or low risk of HCC
development (90). This 273-gene signature was validated in three indepen-
dent cohorts and included 12 secretory genes in the top gene set. In sepa-
rate cDNA array-based studies, 25 cirrhosis-specific genes were identified
that were related to inflammatory status of adjacent HCC tissue and 129
genes were altered in HCC compared to liver cirrhosis samples (44, 91).
In an OLIGO array-based study of fibrosis, carbohydrate metabolism genes
were elevated in HCC patients when compared to cases with F3-4 fibrosis
(92). In a comparison of HCC with CLD (either HBV or HCV positive)
or HCC without CLD in an OLIGO array, genes involved in transcription,
metabolism, and cell growth were differentially expressed (93). An RT-
based study of cirrhosis vs HCV-HCC showed that twelve genes were sig-
nificantly altered (including GPC3, TERT, survivin, XLKDI, and CDH1)
(94). MiRNA platforms have also demonstrated that 35 miRNAs including
let7 and miR-181 family members differ between HCC and cirrhosis (95).
aCGH of 63 HCCs found etiology-dependent copy number gains, including
8924 and MYC overexpression in viral and alcohol-related HCCs (96). The
use of comprehensive proteomic profiling of sera to differentiate HCC from
CLD found 250 significantly different proteins, while an 11-peak SELDI
profile or 4-peptide panel could distinguish HCC from HCV-related cirrho-
sis and was an independent predictor of HCC (97-99).

3.1.4. TUMOR BIOMARKERS (TUMOR SUBTYPE SIGNATURES)

Several HCC array studies have also compared HCC tumors to identify
subtypes or to compare various tumor stages or nodular status to under-
stand the changes that occur between early and late tumorigenesis. In a
cDNA study of HCC and HCC cell lines, two subgroups of HCC were
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identified that were related to either IFN-associated inflammation or apop-
tosis, while another cDNA study composed of 19 HCC cell lines found 2
subtypes that were correlated with AFP expression (100, 101). In a com-
parison of multinodular and solitary HCC, cDNA arrays revealed 230 genes
that were specific to multinodular recurrence, while only 36 were commonly
expressed (60). A separate cDNA study of HCCs from 10 patients found sev-
eral genes related to histological subtype (62). In an OLIGO study of well-
differentiated HCC vs hepatocellular ademonas, 63 genes were found to be
differentially expressed, demonstrating molecular differences despite simi-
larities in morphology (102). Another OLIGO study identified 31 genes that
differed between early and advanced HCV-HCCs (7/03). In other OLIGO-
based studies analyzing nodule-in-nodule HCC, dysplastic nodules, and
HCC:s, the authors found 40 genes involved in the transition from dysplasia
to early-stage tumors and 240 genes that could accurately classify tumors
according to histological grade (104, 105).

3.1.5. TUMOR BIOMARKERS (EPIGENETIC SIGNATURES)

HCC development is thought to be a multistep process involving not only
accumulation of genetic changes but also epigenetic changes, such as methy-
lation, which can reversibly alter regulatory genes. A few studies have begun
to address the epigenetic changes that occur in HCC. In a cDNA/bisulfite
PCR study, the demethylating agent 5-Aza-dC was used to identify hep-
atocyte growth factor (HAI-2/PB) as a frequent hypermethylated gene in
HCC (106). In another cDNA array and bisulfite PCR study, insulin-like
growth factor-binding protein was found to be hypermethylated and down-
regulated in HCC (/07). An OLIGO-based analysis of human HCC cell lines
showed that treatment with 5-Aza-dC resulted in a decrease of the tissue
factor pathway inhibitor TFPI-2 (708). In addition, Pang et al. found a loss
of an unmethylated 6q allele in HCC encoding a putative tumor-suppressor
gene (109). However, in a study of 60 primary HCCs using aCGH and
methylation-specific PCR, a causal relationship was not observed between
the methylation status of nine CpG islands, including p16, COX2, and APC,
and patient outcome (/10).

Thus, numerous array studies have shown that multiple tumor-specific
alterations occur during hepatocarcinogenesis. A detailed exploration of
these changes may offer new insight regarding HCC biology and provide
avenues for diagnostic advances. Within platform types, however, marker
sets are quite different from one another, despite a similarity in comparison
groups which could be due to platform makeup, sample heterogeneity, dif-
ferences in etiology or ethnicity among samples. In addition, many of these
studies lack validation and are only drawn from a rather small data set, and
therefore further studies will be needed to determine whether the identified
changes can be widely useful for diagnostic or HCC classification purposes.
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In sum, these studies clearly demonstrate that measurable changes occur
during HCC development that may be useful for early detection.

3.2. Prognostic HCC Signatures

3.2.1. METASTASIS/SURVIVAL/RECURRENCE SIGNATURES IN HCC
TUMOR OR NON-TUMOR TISSUES

Metastasis and recurrence are major factors affecting the outcome of
patients with HCC. Understanding the mechanisms involved in the pro-
cess of tumor invasion and metastasis is a major challenge. Biomarkers
related to these processes may have clinical prognostic utility. Important
questions related to metastasis involve initiation, the relationship between
primary and metastatic tumors, and whether these metastatic changes are
inherent to the cell or are acquired through time and/or environmental
status. The current metastasis model suggests a multistage carcinogenic
process initiated by rare genetic alterations in a single cell, followed by
clonal selection and population expansion (//7). In HCC, however, such
stepwise and specific progression-related genetic changes have not been
illustrated (3).

The transcriptome, proteome, and genome of metastatic HCC cells have
been studied using array technology. Comprehensive cDNA analysis of
HCV-related HCCs has identified 35 genes involved in portal vein invasion
(PV]) including the inhibitor of DNA binding 2 (ID2), encoding a liver-rich
dominant-negative helix—loop-helix protein which was validated by qRT-
PCR, Western blot analyses, and in an independent set (//2). A 91-gene
vascular invasion signature was also found in a separate cDNA study and
90 clones were correlated with intrahepatic metastasis in a study of 22 HCC
foci (113, 114). Another cDNA study of HCC found 217 genes associated
with differentiation status and metastasis, including ANXA2 (1/15). AcDNA
array was also employed to profile gene expression patterns in two subtypes
of HCC, solitary large HCC (SLHCC) and nodular HCC (NHCC), which
differ significantly in metastatic incidence (//6). A significant decrease in
RhoC expression in SLHCC compared to NHCC was strongly correlated
with HCC metastasis, implicating RhoC as a potential prognosis marker
and therapeutic target for HCC (/77). Another cDNA-based study found
that HCC with high expression of ubiquitin-conjugating enzyme, UbeZ2c,
displayed PVI and poor disease-free survival rates while 906 genes were
found to differ between HCC and surrounding tissue, generating clusters
(A and B) that were associated with patient survival (118, 119). OLIGO
array studies have also shown that MAPK pathway and angiogenesis fac-
tors such as VEGF and HGF are associated with HCV-HCC while 39 genes
were significantly correlated with metastasis, including cortactin, a cortical
actin-associated protein substrate of Src (50, 120, 121). In our laboratory,
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we have applied cDNA arrays to show that intrahepatic metastatic lesions
are indistinguishable from their primary HCC, while primary metastasis-
free HCC was distinct from primary HCC with metastasis (/22). These data
indicate that primary HCC with metastatic potential is an inherent quality
of the primary tumor rather than a capability acquired over time through
mutation. The 153-HCC metastasis gene signature, whose lead gene was
osteopontin (OPN), could accurately classify metastatic HCC. In our lab-
oratory, we have also investigated whether certain miRNAs are associated
with HCC metastasis (/23). We identified a unique 20-miRNA metastasis
signature that could significantly predict (p < 0.001) primary HCC tissues
with venous metastases from metastasis-free solitary tumors. A survival risk
prediction analysis revealed that a majority of the metastasis-related miR-
NAs were associated with survival. Furthermore, the 20-miRNA tumor sig-
nature was validated in 110 additional cases as a significant independent
predictor of survival (p = 0.009) and was significantly associated with sur-
vival and early-stage HCC. These 20 miRNAs may provide a simple profil-
ing method to assist in identifying HCC patients who are likely to develop
metastases/recurrence.

TMAs and aCGH have also been used to study HCC metastasis. The
clinical significance of FGF3 overexpression was studied by TMA in 60
pairs of primary/metastatic HCCs and showed that overexpression of FGF3
was significantly associated with HCC metastasis and recurrence (p < 0.01)
(124). ZHX2, described earlier as a possible HCC diagnostic marker, was
also found by TMA to be expressed significantly higher in primary lesions
with metastasis than in those without this phenotype (74). A significant over-
expression of clusterin (CLU) was found in metastatic HCC in a paired tissue
study (n = 104), and Id-1 (inhibitor of differentiation/DNA synthesis) and
also Rac and VEGF, key angiogenic factors in cancer progression, were cor-
related with HCC metastasis by TMAs (125, 126). Meanwhile, aCGH array
analysis of early and advanced components of nodule-in-nodule HCC found
that genetic inactivation of the APC gene played a significant role in the pro-
gression of sporadic HCC, possibly through activation of the Wnt/pB-catenin
pathway (127). Another study revealed that loss of 17p13.3 and 8ql1 was
an independent prognostic indicator of poor HCC patient survival (8/). LOH
has also been observed at 16q and 17q in HCC and occurred more frequently
in metastatic lesions (/28). aCGH was also used to examine the 7q21-q22
region for its involvement in HCC and found alterations in PFTAIRE pro-
tein kinase 1 (PFTK1), ODAG, CDK6, CAS1, PEX1, SLC25A, and PEG10
within this region (/09). The authors suggest that upregulation of PFTKI,
in particular, may confer a motile phenotype in malignant hepatocytes that
correlates with metastasis.

Tumor recurrence complicates resection in a large percentage of
cases due to either true metastases or development of de novo tumors.
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Vascular invasion, multinodularity, and degree of differentiation are the
major predictors of recurrence. Kurokawa et al. identified a 20-gene sig-
nature using a PCR-based platform that could predict recurrence with 70%
accuracy in an independent cohort of 40 patients (/29). A cDNA-based study
of 18 HCCs found a 14-gene signature that differed between vascular inva-
sion status and could predict post-resection recurrence (/30). cDNA array
of HCC:s identified claudin-10 expression level to be associated with dis-
ease recurrence and was validated by qRT-PCR and associated with survival
in multivariate Cox regression analysis (/37). In addition, cDNA analyses
found gene sets linked to early intrahepatic recurrence including a downreg-
ulation of immune response-related genes encoding MHC class Il antigens
(HLA-DRA, HLA-DRB1, HLA-DG, and HLA-DQA) (132, 133). cDNA
arrays have also been used to identify a 46-gene signature associated with
extrahepatic recurrence (/34). Meanwhile, a 12-gene OLIGO array-based
signature has also been shown to predict recurrence within 1-year post-
surgery with 93% accuracy (/35). A recent follow-up study showed that
3 of these 12 genes (HLA-DRA, DDX17, and LAPTMS5) could predict early
intrahepatic recurrence with 81% accuracy and were independent risk fac-
tors associated with recurrence in a multivariate analysis (/36). Another
OLIGO study identified a 57-gene signature that could predict recurrent
disease at diagnosis with 84% accuracy and was validated in an indepen-
dent test set (/37). The 20-miRNA metastasis signature identified in our
laboratory was also significantly associated with recurrence in early-stage
HCC (138).

Studies have suggested that while tumor cells affect metastatic capacity,
the organ microenvironment can also contribute to this phenotype
(139-141). To determine the role of the hepatic microenvironment
in HCC metastasis, our laboratory compared the cDNA profiles
of noncancerous surrounding hepatic tissues (n = 115) from HCC
patients with venous metastases which we termed a metastasis-inclined
microenvironment (MIM) sample to those without detectable metastases,
which we termed a metastasis-averse microenvironment (MAM) sample
(138). We identified a unique change in the gene expression profiles asso-
ciated with a metastatic phenotype which was refined to 17 immune-related
genes. This signature was inherently different from the HCC tumor signature
found in our laboratory and was validated in an independent cohort (n = 95).
The non-tumor signature could successfully predict venous and extrahepatic
metastases by follow-up with >92% overall accuracy and was a superior
and independent prognostic indicator when compared with other available
clinical parameters for determining patient survival or recurrence. Dramatic
changes in cytokine responses, favoring an anti-inflammatory microenviron-
mental condition, occur in MIM samples, where a predominant Th2-like
cytokine profile, favoring a humoral response, was associated with MIM
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cases. Colony stimulating factor-1 (CSF1) may be one of the cytokines over-
expressed in the liver milieu that is responsible for this shift.

Metastasis and recurrence continue to plague HCC patient outcome.
Array profiling methods have identified many alterations that occur in HCC
metastasis, some involving well-known metastasis-associated factors such as
the angiogenesis-related VEGF and others identifying novel players related
to this phenotype. In addition, permissive microenvironments have also been
shown to influence HCC metastasis. These metastasis signatures have broad-
ened our knowledge of the biological pathways that are affected during this
process and have highlighted particular biomarkers that may be useful to
identify HCC patients who are prone to metastasis/recurrence and are tools
that can be used to stratify patients for adjuvant therapy. However, the sig-
natures discussed above are largely non-overlapping, suggesting a signifi-
cant heterogeneity. Although some of these markers have been associated
with outcome, future validation and functional/mechanistic studies will be
needed to assess their prognostic significance.

3.3. Hepatic Stem Cell Signatures

The heterogeneic nature of HCC and variability of its prognosis suggest
that this disease may comprise several distinct biological subtypes. As dis-
cussed, microarrays have aided in characterizing separate HCC subtypes
with distinct molecular features. Differences in HCC subtypes may arise
from activation of different oncogenic pathways during tumorigenesis and/or
from different cell origins. Microarray analysis can aid in determining the
characteristics of separate HCC subtypes that can provide insight into the
cellular origin of the tumor.

Recent studies suggest that HCC may arise from liver stem cells or cells
with stem cell-like features which are capable of cellular plasticity, dynamic
cell motility, and integral interaction with the microenvironment and are
associated with poor outcome. Integrated gene expression data from fetal
hepatoblasts and adult hepatocytes with HCC from human and mouse mod-
els found that individuals with HCC who shared a gene expression pattern
with fetal hepatoblasts had a poor prognosis (/42). The gene subset included
markers of hepatic oval cells, suggesting that HCC of this subtype may arise
from hepatic progenitor cells and analyses of gene networks revealed an
activation of AP-1 transcription factors. In our laboratory, we have used
cDNA arrays to identify a HCC subtype with features of hepatic stem cells
that express AFP and a cell surface hepatic stem cell marker EpCAM (743,
144). EpCAM-positive cells from this subtype have self-renewal and dif-
ferentiation traits and can initiate highly invasive HCC in NOD/SCID mice
(Yamashita et al., unpublished data). The Wnt/B-catenin signaling pathway
is augmented in this subtype suggesting that therapeutic approaches geared
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toward Wnt/B-catenin signaling inhibitors may impact the survival of HCC
patients with this stem cell-like subtype. We have also recently found that
miRNAs are associated with this stem cell-like HCC subtype, suggesting
that targeting miRNA pathways may alleviate the poor prognosis of HCC
patients (Ji et al., unpublished data). However, others have shown that HCC
cells that are positive for CD133 or CD90 also have features of cancer stem
cells (145, 146). Thus, it appears that hepatic cancer stem cells may also
be heterogeneous. It has yet to be determined whether such heterogeneity
is due to transformation of different types of stem/progenitor cells or de-
differentiation of mature cells.

Recent studies have identified stem cell-like/progenitor cell-like sub-
types of HCC that are associated with poor outcome. A clear understand-
ing of these HCC subtypes may identify specific factors that determine
more aggressive HCC. Biomarkers associated with these subtypes may help
to refine treatment options by allowing more sensitive HCC subtype clas-
sification. Furthermore, functional/mechanistic follow-up studies of these
stem cell-related biomarkers will aid the generation of novel therapeutic
approaches to block pathways associated with poor outcome and thus help
to alleviate dismal prognosis.

4. CANDIDATE SERUM MOLECULAR MARKERS

The identification and validation of molecular biomarkers, such as those
described above, are relevant toward understanding the pathways that are
important for HCC-related disease. Several of these HCC biomarkers have
also been associated with diagnosis and prognosis. Importantly, some studies
have been validated in independent cohorts and include markers that are
expressed in sera, paving the way for clinically useful platforms to assess
HCC risk and outcome. Some examples of serum biomarkers identified by
HCC array studies are presented below.

4.1. Diagnostic Serum Markers
4.1.1. «-FETOPROTEIN (AFP)

Since its detection in the serum of HCC patients in 1970s, AFP has been
the only serological marker widely used for diagnosing HCC patients. This
marker allows for the identification of a small set of HCC patients at an
early stage with smaller tumors who have a relatively long-term survival rate
following curative treatment (9, 15, 147). Recent array studies have shown
that AFP status not only distinguishes HCC from normal but can also be
useful in distinguishing HCC subtypes with differing prognostic outcome
(101, 143, 144). Although other diagnostic markers have been tested for
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HCC diagnosis, without sufficient sensitivity and specificity AFP remains
the only universally accepted HCC biomarker in clinical practice. However,
non-specific elevation and differences in AFP status among ethnic groups
remain to be addressed.

4.1.2. GLYPICAN-3 (GPC3)

Glypican-3 (GPC3) is a member of the glypican family of
glycosylphosphatidylinositol-anchored cell-surface heparan-sulfate proteo-
glycans that interacts with and modulates various growth factors (/48).
Recent studies indicate that GPC mRNA levels are increased in a large
proportion of HCC (7/49). The level of GPC3 in serum is significantly
higher in patients with HCC when compared to healthy patients and is
detectable in 40-53% of patients with HCC and in approximately one-third
of patients with HCC with normal AFP levels (/50-152). Moreover, the
expression of GPC3 is independent of the differentiation status and size
of HCC (152). In addition, using a cDNA approach, our laboratory has
found that an increased expression of GPC3 is associated with most HCC
samples including those with normal serum AFP and small tumor size (54).
GPC3 was also shown to be upregulated in HCC using cDNA arrays in an
independent study showing a link with integrin and Akt/NF-kB pathways
(64). This protein is a promising new diagnostic biomarker for HCC.

4.1.3. MIDKINE (MDK)

Midkine (MDK) encodes a novel heparin-binding growth factor originally
identified in embryonal carcinoma cells that is involved in the early stage of
retinoic acid-induced differentiation (/53). Analogous to AFP, MDK mRNA
is highly expressed during embryogenesis but is undetectable in adult tis-
sues except kidney (/54). Serum MDK has been reported to be elevated
in patients with various types of carcinomas, but not in normal individuals
(155). Similarly, an increased expression of MDK has been reported to be
associated with HCC (156, 157). Midkine is thought to be involved in car-
cinogenesis and tumor progression by promoting vascularization, fibroblast
growth, and cell migration while suppressing apoptosis (158, 159). In a study
performed in our laboratory, MDK was a candidate serum expressed protein
that was associated with HCC, including those with normal serum AFP and
small tumors (54). These studies suggest that MDK plays an important role
in carcinogenesis and the development and metastasis of tumors and that it
could serve as a novel tumor marker. Since MDK can be detected in serum,
it may be offered as a potentially less invasive diagnostic marker, especially
for those who are negative for AFP. Further studies will be needed to validate
its use.
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4.1.4. CYSTATIN B (CSTB)

Cystatins are endogenous inhibitors of lysosomal cysteine proteinases
(160). Cystatin B (CSTB) is a member of the cystatin superfamily and muta-
tions resulting in a loss of function are responsible for an inherited, pro-
gressive, and lethal autosomal disease (/67). Furthermore, the activity of
CSTB has been reported in several human carcinomas and is overexpressed
preferentially in HCC (44, 162—164). In addition, CSTB protein levels were
detectable in HCC tumor tissues compared with corresponding non-tumor
tissues, and CSTB level was significantly elevated in HCC serum compared
with healthy patients or those with chronic liver disease. Therefore, CSTB is
specifically overexpressed in HCC tissues and in HCC patients. Whether
other CSTB family members are associated with HCC remains to be
elucidated.

4.1.5. COMPLEMENT C3A (C3A)

Complement (C3a) components are important mediators of inflam-
mation and contribute to the regulation of the immune response.
Complement activation with subsequent deposition of complement
components on tumor tissue has been observed in cancer patients (/65).
Human C3a is the most abundant complement protein in serum and has been
reported to contribute to the early priming stages of hepatocyte regeneration
after toxic injury and partial hepatectomy (166, 167, 168). Using proteomic
arrays to search for HCC biomarkers, C3a was found to be downregulated in
HBV-related HCC (169). Meanwhile, other protein array studies have shown
that C3a is specifically upregulated in patients with chronic hepatitis C and
those with HCV-HCC, highlighting a difference between HBV and HCC
(6). The expression of C3a in HCC sera was further validated by PS20 chip
immunoassay and Western blotting. The level of C3a, however, did not cor-
relate with alanine aminotransferase (ALT) values, tumor size, or cirrhosis
in chronic hepatitis C and HCV-related HCC groups. Although C3a did not
correlate with known clinical parameters, it may be an independent marker
for chronic hepatitis C and HCV-related HCC. Taken together, these findings
suggested that C3a is associated with the process that leads to the develop-
ment of HCC.

4.1.6. INSULIN-LIKE GROWTH FACTOR (IGF-II)

Insulin-like growth factor (IGF-II) is a mitogenic polypeptide closely
related to insulin that serves as an autocrine growth factor in various can-
cers and is highly expressed during hepatocarcinogenesis (170, 171). It is
also associated with the induction of various angiogenesis factors (/72). Two
comparative studies of AFP and IGF-II serum levels in HCC patients and cir-
rhotic or normal control subjects found that these two markers were closely
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associated in terms of expression and could function as complementary
tumor markers (173, 174). IGF-II was increased in HCC patients as com-
pared to cirrhotic and normal controls. In cDNA array studies of 43 differ-
ent human HCC samples and 3 HCC cell lines in comparison with normal
adult liver, two main groups of HCC (designated group A and group B)
were identified (/00). Based on the expression pattern, group B was fur-
ther subdivided into two subgroups. A prominent characteristic of subgroup
B1 and HCC cell lines was the overexpression of insulin-like growth factor
IGF-II. Moreover, IFN-y treatment substantially reduced IGF-II expression
in HCC cells. In a proteomic array study of 210 HCC specimens and corre-
sponding liver tissue, IGF-II was significantly upregulated in HCC and was
confirmed by Western blot analysis and TMAs (175). This profiling may be
of mechanistic and therapeutic impact because IGF-II overexpression has
been linked to reduced apoptosis and increased proliferation and may be
accessible to therapeutic intervention. IGF-II may also play an important
role in the development of neovascularization and HCC metastasis and may
therefore be a useful marker not only for diagnosis but also for prognosis
(176, 177).

4.2. Prognostic Serum Markers

4.2.1. OSTEOPONTIN (OPN)

Osteopontin (OPN, SPP1) is a secreted multifunctional glycoprotein
expressed at high levels in tumors and the surrounding stroma of numerous
cancers, including the liver (/78—180). Increased serum and plasma OPN
levels are associated with advanced-stage lung, breast, colon, and prostate
carcinomas (/8/—183). Importantly, OPN expression can predict high-grade,
late-stage, and early-recurrence HCC and is highly correlated with tumor
recurrence and decreased patient survival following orthotropic liver trans-
plantation (/84). OPN was also shown to be upregulated in HCC using
cDNA arrays in an independent study showing a link with integrin and
Akt/NF-kB pathways (64). In our laboratory, we have shown that OPN is a
significant factor in HCC metastasis (/22). Similar findings have been shown
in metastatic tumor cell lines and breast cancer patients (/85—187). Further-
more, a neutralizing antibody to OPN can decrease pulmonary metastases in
nude mice and inhibit tumor cell invasion, highlighting an essential role of
OPN in HCC metastasis (/22). We have also found that elevated expression
of OPN is concordant with matrix metalloproteinase-9 (MMP-9) in primary
metastatic HCC (188). We found that MMP-9 cleaved OPN into specific
fragments, one of which (OPN-5kD, residues 167-210) could induce low-
metastatic HCC cellular invasion via CD44 receptors which was effectively
blocked by the addition of small peptides within the region of OPN-5kD.
In addition, increased expression of an OPN splice variant (OPN-c) was
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associated with clinical metastatic HCC. Thus, a distinct region of OPN
was shown to be most essential for HCC cellular invasion and appears to
correlate with their metastatic potential. Our data also suggest an alternative
splicing event (OPN-c) promotes extracellular cleavage of OPN by MMP-9
to release OPN-5kD. These findings may help to improve advanced-stage
HCC prognosis and suggest the utility of small peptides for novel therapies.

4.2.2. COLONY STIMULATING FACTOR-1 (CSF1)

Macrophage colony stimulating factor (CSF1), originally identified as a
hematopoietic growth factor, is a dimeric polypeptide growth factor that acts
through the cell surface receptor (CSF1R) that stimulates proliferation, dif-
ferentiation, and survival of monocytes and macrophages (/89). CSF1 was
originally identified as a regulator of the proliferation, differentiation, and
survival of macrophages and their bone marrow progenitors (/90). However,
in addition to its normal role in mononuclear phagocyte biology, elevated
expression of CSF-1 and cfims has been found in breast, uterine, and ovarian
tumor cells, and the extent of expression in these tumors correlates with high
grade and poor prognosis (197-193). The biological role and possible clini-
cal significance of these macrophages are still unknown and remained con-
troversial. Studies have shown that macrophages can serve as both positive
and negative mediators of tumor growth. Macrophages are known to medi-
ate direct antitumor cytotoxicity and the presentation of tumor-associated
antigens (/94). On the other hand, macrophages have also been found to
promote tumor angiogenesis and to secrete a wide range of growth factors
which may promote tumor growth (/95). However, as most of these data are
derived from studies of cultured tumor cells or from clinical observations,
the functions for macrophages in the tumor microenvironment have still not
been determined.

In HCC, we have shown that a unique inflammation/immune response-
related signature is associated with noncancerous hepatic tissues from
metastatic HCC patients and is principally different from that of the tumor. A
global Th1/Th2-like cytokine shift in the venous metastases-associated liver
microenvironment coincides with elevated expression of CSF1. A refined
17-gene signature containing CSF1 was validated as a superior predictor
of HCC venous metastases in an independent cohort, when compared to
other clinical prognostic parameters. Our results show that the T cell pop-
ulation may be involved in the promotion of Th2 cytokines and repression
of Th1 cytokines in peripheral blood mononuclear cells (PBMC) induced by
CSF1. It is possible that these T cell populations are differentially primed in
pro-metastatic conditions, in part by the activity of CSF1, and thus produce
cytokine profiles that favor cancer advancement. We suggest that a predom-
inant humoral cytokine profile occurs in the metastatic liver milieu and a
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shift toward anti-inflammatory/immune-suppressive responses may promote
HCC metastases.

4.2.3. VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF)

Angiogenesis is a neovascularization process essential for tumor growth,
invasion, and metastasis (196, 197). Angiogenesis is regulated by various
angiogenic factors of which vascular endothelial growth factor (VEGF)
seems to play a central role (/98). The elucidation of the mechanisms of
angiogenesis is of importance because anti-angiogenic agents are now avail-
able and may be of potential benefit in patients with HCC (1/99). VEGF
overexpression and increased serum level has been associated with a greater
risk of metastasis, recurrence, and poor survival in HCC (200-202). VEGF
was among the top angiogenic factors expressed in HCV-HCC tissues in
an OLIGO array study compared to normal livers (50). Moreover, VEGF
was also differentially expressed when HCV-HCC samples were compared
to HCV cirrhotic tissues. In a TMA study, it has also been shown that Id-1
(inhibitor of differentiation/DNA synthesis), which belongs to the Id family
of helix—loop—helix proteins, might enhance HCC angiogenesis and metas-
tasis through interaction with VEGF (7126). Therefore, soluble angiogenic
factors, such as Id-1 and VEGF, might be useful for monitoring high-risk
HCYV patients and might be novel targets to inhibit HCC metastasis through
suppression of angiogenesis.

4.2.4. ANGIOPOIETINS (ANG-1 AND ANG-2)

Angiopoietins (Ang) are endothelial cell growth factors which act as lig-
ands for the tyrosine kinase receptor, Tie2. The Ang-1/Tie-2 pathway is
thought to mediate the vital functions of vascular stabilization and vascular
remodeling, via integration of periendothelial cells into the vascular wall,
particularly in the presence of VEGE. In contrast to Ang-1, Ang-2 induces
vascular regression in the absence of VEGF but increases vascular sprout-
ing in its presence (203). Overexpression of Ang-2 has been associated with
poor prognosis and reduced disease-free survival in several human cancers,
including HCC (204). It has been shown that the ectopic expression of Ang-
2 in HCC cells promotes rapid development of tumor and aggravates its
prognosis, suggesting that the Ang-2/Tie-2 pathway might be involved in
angiogenesis of HCC. Thus, increased expression of Ang-2/Tie-2 appears to
play a role in promoting tumor angiogenesis in human HCC (205, 206). In
a human angiogenesis OLIGO array, Ang-1 and Ang-2 were overexpressed
in HCV-HCC (50). In addition, serum levels of Ang-2 were found to be ele-
vated in patients with cirrhosis and more so in HCC (205). Thus, monitoring
the serum level of angiogenic factors may be helpful in clinical recommen-
dations for HCC.
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4.2.5. FIBROBLAST GROWTH FACTOR (FGF)

Fibroblast growth factor (FGF) is a soluble heparin-binding polypeptide
with a potent mitogenic effect on endothelial cells. The upregulation of FGF
has been associated with tumor metastasis and recurrence in HCC (/24). In
a TMA study, FGF was shown to be elevated in HCV-HCC samples (50).
In separate studies, serum FGF-2 was significantly elevated in patients with
HCC compared with healthy volunteers and circulating basic FGF plasma
levels were an indicator of CLD progression (207, 208). The prognostic
significance of serum FGF following resection for HCC was evaluated by
Poon and colleagues who found that high levels of FGF independently pre-
dicted decreased disease-free survival on multivariate analysis in a series of
88 patients (209). This finding indicates that upregulation of FGF may play
an important role in HCC metastasis and recurrence. Further study of FGF
may provide a new insight to evaluate HCC metastasis and prognosis.

4.2.6. HEPATOCYTE GROWTH FACTOR (HGF)

Hepatocyte growth factor (HGF) is a multifunctional cytokine that affects
mitogenesis, cell motility, matrix invasion, and epithelial carcinogenesis
(210). In a human angiogenesis OLIGO array, HGF was found to be over-
expressed in HCV-HCC (50). Several reports have shown increased serum
HGEF levels in patients with chronic hepatitis infection and HCC (211-214).
High HGF concentrations were associated with a significantly increased
risk of HCC development and some studies have shown an association
with tumor metastasis and poor prognosis after hepatic resection (215-217).
Hepatocyte growth factor may, therefore, be a target of future HCC post-
operative treatment. Additional studies will be needed to determine whether
inflammatory changes rather than hepatic carcinogenesis are responsible for
increased serum HGF levels in patients with chronic hepatitis and HCC.

4.2.7. INTERLEUKIN-6 (IL-6)

Interleukin-6 (IL-6) is cytokine associated with the inflammatory process.
Although considered to be hepatoprotective (218), it has also been shown
that persistent high levels of IL-6 causes liver damage (279). In an OLIGO-
based microarray study of HCV core-infected hepatocytes, IFN-stimulated
genes were increased, including IL-6 (220). The authors suggested that IL-
6 could play a role in modulating cell growth through alterations in Stat3
signaling and regulation of c-myc and cyclin D. Other studies have shown
that IL-6 levels increase upon both HCV infection and expression of HBx
(221, 222). The circulating serum level of IL-6 has been associated with
many cancer types and was shown to correlate with invasion and metastasis
(223). In HCC, higher serum IL-6 was observed in comparison to patients
with cirrhosis or normal controls and was significantly more discriminate
than AFP (224). In a study of 80 HCC patients, however, IL-6 serum levels
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did not correlate with outcome (225). Kupffer cells, the liver macrophages,
express IL-6; however, various human tumor cells can produce IL-6 and thus
affect disease severity (226). Since IL-6 is involved in HCC progression, this
cytokine may be useful as both a diagnostic and a prognostic marker. Further
studies will be needed to validate these findings.

Thus, several serum-based biomarkers have been identified from array-
based studies. Interestingly, biomarkers associated with inflammation and
angiogenesis have been predominantly found to be associated with HCC
prognosis, reinforcing the importance of changes in the immune system and
phenotypes of metastasis on patient outcome. AFP, however, still remains
the most sensitive and specific biomarker for HCC diagnosis and progno-
sis. Improvements in measurement and perhaps combinatorial studies will
provide more sensitive/specific biomarkers in the future. These examples of
diagnostic and prognostic serum markers, however, are notable advances in
the application of information gained from array-based studies toward clin-
ical practice.

5. SUMMARY

The advent of microarray technology has provided a high-throughput
methodology to assess the genome-wide changes that occur during hepa-
tocarcinogenesis. Using multiple sample types, array platforms, and data
analysis methods, the mechanisms related to HCC carcinogenesis can be
elucidated and related to disease pathogenesis and clinical measures. The
definition of molecular markers from these studies has the potential to revo-
lutionize the diagnosis and prognosis of patients with HCC.

Microarrays have steadily become more comprehensive and stable, not
only increasing the number of elements that can be arrayed but also expand-
ing with regard to the types of material that can be analyzed. Despite
advances in stability and composition of microarrays, several fundamental
issues still remain to be resolved. These include multiple sources of vari-
ation (among samples, within arrays, mixed cell types, user-related error,
etc.) which may lead to overinterpretation or spurious functional gene asso-
ciations. In addition, the need for physical destruction of cells/tissues lim-
its consequential assays conducted on the same material. Advanced tech-
niques such as laser capture microdissection and automation have somewhat
improved these challenges. The overall quality and amount of starting mate-
rial is a major challenge and is limited by the amount and complexity of
the sample as well as user-related handling. In addition, many oncogenic
processes are not accounted for by array analysis since they are regulated
post-transcriptionally. Therefore, elements such as protein localization and
modification need to be included in HCC profiling. Difficulties in data com-
parison must also be addressed which ensues from the use of multiple array



164 A. Budhu et al.

Biomarker Discovery/Validation:

Global Genomic Profiling of
Hepatocellular Carcinoma

|

Identify and Validate Biomarkers:
Genes, Proteins, miRNAs
Genetic variants etc

!

Biomarker Utility:

SN

Cancer Biology: Clinical Application:
Mechanisms/Pathways Personalized Medicine

0=
VO B

[ Novel Targets ] [ Determine Risk J [EarlyDiagnosis/Prognosis]

[ Novel Therapies ] [Preventative Medicine] [ Selective Therapy ]

Fig. 1. Global expression-based biomarker identification, validation, and clinical utility.
Wide-screen genomic profiling of hepatocellular carcinoma (HCC) has identified mul-
tiple biomarkers on the gene, protein, and genomic scale. These biomarkers are useful
for understanding HCC biology and clinical application. The mechanistic and clinical
information gleaned from genomic profiling studies can be combined using a Biological
Expression Network Discovery(BLEND) strategy to identify promising novel therapeu-
tic markers for diagnosis, treatment, and prognosis of HCC. Such methods will allow
progression toward personalized medicine encompassing new and selective therapeutics
and preventative therapy.

platforms and data algorithms among published studies as well as frequent
updates of genomic databases. Such problems may be alleviated by setting
adherence guidelines for microarray statistical analysis and reporting such
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as those established by the International Microarrays Gene Expression Data
group, the REMARK guidelines, or incorporation of proper study design
that is suitable for array-based biostatistical analyses (227-229). Resolution
range is a large limitation in array analysis, whereby important changes may
not be assessed or studied due to the cutoff criteria in the analysis. In addi-
tion, each microarray can only provide information concerning the targets
that are included on that array. Future studies may require integrative analy-
sis of multiple platforms in order to define the exact cancer-related molecular
changes on multiple biological levels and to distinguish the key players from
their downstream effects. Advancement in statistical methods to integrate
multiple platforms will be required to make such assessments. Recently,
systems have been developed (e.g., [llumina Genome Analyzer) that offer
whole-genome analysis using a massive parallel sequencing that is useful for
discoveries in genomics, epigenomics, gene expression, and protein—nucleic
acid studies. Such systems offer an extremely high-throughput method to
complete large-scale global studies in an accurate manner and may allow for
ease in cross-platform-type analyses since an enormous multilevel data set
can be achieved with a relatively small amount of the same starting material.
The utilization of a Biological Expression Network Discovery (BLEND)
strategy integrating global molecular profiling data along with mechanis-
tic/functional studies may improve the diagnosis, treatment, and prognosis
of HCC patients (Fig. 1).

Although multiple publications have identified and validated diagnostic
and/or prognostic HCC markers (Table 2), critical challenges in translating
the findings to clinical practice remain. To reach clinical applicability, the
measurement of biomarkers must be reproducible, reliable, and easily acces-
sible by non-invasive methods. In addition, the biomarker sets will need to
be refined to a smaller number of informative biomarkers to be useful for
clinical interrogation. Large prospective studies will need to be performed to
assess appropriate sample size for accurate diagnostics and appropriate val-
idation cohorts will be needed to incorporate gender, race, and underlying
etiological differences among HCC patients. Nonetheless, the biomarkers
that have been identified through gene profiling, particularly those expressed
in serum, are an unprecedented advance toward useful clinical application.

Overall, molecular profiling studies have become powerful methods to
incorporate global genomic readouts with biological effects and are con-
duits for the discovery of biomarkers with potential clinical application. The
HCC-related genomic expression studies presented in this chapter along
with future studies and advances in microarray technology, experimental
design, and statistical analyses will undoubtedly lead to crucial and impor-
tant progress in our understanding of the molecular mechanisms and biol-
ogy of HCC. Moreover, these studies have revealed molecular markers that
provide the framework toward predictive and personalized care for HCC



A. Budhu et al.

166

YRTA ML
(8S) puv ‘¢[0ZVId dOOd sQua3 (g VN@? spyIew ))H
ZXNS ‘VdIT
(cor) DSLD ‘I1dd ‘IdVOO0I SQUa3 [ ¢
(sor) PAISI] JION $QUa3 ()7g VNQ? duideyg
(trI) dAV ‘Wvodd SQUa3 7
Soua3
(001) PAISI[ 10N adfiqns DOH
(29) PAISI] JION sQua3 66
DOH-ADH
ut [dDZV IVI
LTIAI ST “DOH-AGH
Ul 67TH ‘0ATH ‘[ALSOVL
(st) 16£TdY ‘SdOV soua3 ¢ VN@? sad£yqns DOH
JNLL ‘urjoxd Surpuiq
-oneysoxd ‘7y ANJUY
HIV ‘7440 ‘¢ opndad£jod
(zre) Xoq Qvdd surajoid 9 uI03)01J
(ro1) PAISI] JION soua3 (f
(#t) PAISI] JION soua3 G VNAP ODOH Aped sisouger(q
Joy SU12JO1d/S YN Y 1U/SIUIS sa4nIpus1s uLLofiv)d s1soudosd/sisousi(q
Juporfiusis aaif dog uoIIpaLd

AexreonIN DOH £q pauya( SINIEN [eIUI)) DDH

zaI9eL



167

Chapter 5 / Molecular Profiling of HCC

(panunuoyy)
(S€1) PIST[ 10N souag /]
9ITANZ ‘9NddD
(8€2) NOS [I'TZSWd ‘€ TAH souag G¢
(zzr) PaISI[ JON souas (¢
(#11) PIISI] 10N SOUOD (06 VN2 SISB)SBIRIA sisougoa g
(86) D uneisk) syead 11
(66) B 865€S ‘€6THY “€V8TI “98YL sopndad #
Salnjeaj
(6) PaISI[ 10N 0S¢ dUI09)01]
(1#7) PAsI 10N SVNYIW O
Sol-yruu
PTT- P ‘Be6 [ -Yru
(68) HBOO[-YIUW G-y SYNYIW 8 VN o101
SVZIDIS Y
(6£2) ZSLTrl 1A ‘A4 ‘6D €SEAIA SQUAT 847
D-dO ‘T[INIdYAS NAN
(<) 0194d ‘€2dD $oud3 ¢
(srr) PaISI JON souad /¢
(zor) PaISI] 10N souas ¢9
(65) PIsI] JON SRl 47
(19) paIsI] 10N SOUT 89
Sy Su12j01d/S YN 1U/S2UIS Saunmpusis uLLofivyd sisoudosd/sisousi(q
Juporfiusdis aaf doy uoOIpaLJ
(ponunuo))

¢II98L



A. Budhu et al.

168

$I10)08J 9[qN[OS

(0S) PaISI 10N SISOUQ30ISUY
(611) PaISI[ 10N soua3 90t VNP
11bg
(18) uo ureq) ‘¢'¢1d/ [ uo sso SUOISaI 7 JWIoUdY) SID[IBIA
[dV ‘€X4Xd
(06) AILW ‘€ANDVD dD $aUa3 ()¢ VNd? IS DOH
EWISD dVDOVY
(L€1) ‘IDISNI ‘TVOND DIHSN SELER S
(#EI) 9VOLI ‘ANZD ‘LIAIN souas 9
(0€1) PRISI[ ION sauag [
HASSISAXA ‘FI1ASDATD
(09) “€STAIA ‘STNIYL sQua3 9¢
VOd-VIH ‘Dd-VIH
(sc2) ‘1949d-VIH ‘V¥A-VIH Souag §
¢SOY ‘THAD
(6c1) ‘TOYN ‘S96LEMTA ‘WVITV soua3 (g
(9€1 ‘S€1) SWIdVT 21Xdd ‘VId-VIH souag ¢ VN2 QOUILITNINY
(Gl 4 e LY
‘BQY[-YIW ‘Bpe-Jru
(€zr) T1-YIw -o0g -y SYN¥IW 0T VN oo
S Su12j01d/S YN Y 1U/S2UIS Sanpusis uLLofivyd sisoudosd/sisousiq
Juporfiusis aaif dog uoIIpaLJ
(panunuo)))

zI9eL



Chapter 5 / Molecular Profiling of HCC 169

patients. We are now at the brink of clinically implementing biomarkers
identified from global gene expression profiling to improve HCC diagnosis,
treatment, and outcome.

ACKNOWLEDGMENTS

The authors apologize for the many notable references that could not
be included in this chapter. This work was supported by the Intramural
Research Program of NIH, National Cancer Institute, and Center for Can-
cer Research.

10.

11.

12.

13.

14.

REFERENCES

. Wildi S, Pestalozzi BC, McCormack L, Clavien PA. Critical evaluation of the different

staging systems for hepatocellular carcinoma. Br J Surg 2004; 91(4):400—408.

Cillo U, Bassanello M, Vitale A et al. The critical issue of hepatocellular carcinoma
prognostic classification: which is the best tool available? J Hepatol 2004; 40(1):
124-131.

Thorgeirsson SS, Grisham JW. Molecular pathogenesis of human hepatocellular carci-
noma. Nat Genet 2002; 31(4):339-346.

Kim JW, Wang XW. Gene expression profiling of preneoplastic liver disease and liver
cancer: a new era for improved early detection and treatment of these deadly diseases?
Carcinogenesis 2003; 24(3):363-369.

Taketa K. Alpha-fetoprotein: reevaluation in hepatology. Hepatology 1990;
12(6):1420-1432.

Lee IN, Chen CH, Sheu JC et al. Identification of complement C3a as a candidate
biomarker in human chronic hepatitis C and HCV-related hepatocellular carcinoma
using a proteomics approach. Proteomics 2006; 6(9):2865-2873.

Wright LM, Kreikemeier JT, Fimmel CJ. A concise review of serum markers for hep-
atocellular cancer. Cancer Detect Prev 2007; 31(1):35-44.

Kato A, Miyazaki M, Ambiru S et al. Multidrug resistance gene (MDR-1) expression
as a useful prognostic factor in patients with human hepatocellular carcinoma after
surgical resection. J Surg Oncol 2001; 78(2):110-115.

Poon RT, Fan ST, Lo CM, Liu CL, Wong J. Long-term survival and pattern of recur-
rence after resection of small hepatocellular carcinoma in patients with preserved
liver function: implications for a strategy of salvage transplantation. Ann Surg 2002;
235(3):373-382.

Bosch FX, Ribes J, Diaz M, Cleries R. Primary liver cancer: worldwide incidence and
trends. Gastroenterology 2004; 127(5 Suppl 1):S5-S16.

Llovet JM, Schwartz M, Mazzaferro V. Resection and liver transplantation for hepato-
cellular carcinoma. Semin Liver Dis 2005; 25(2):181-200.

Curley SA, Izzo F, Gallipoli A, de Bellis M, Cremona F, Parisi V. Identification and
screening of 416 patients with chronic hepatitis at high risk to develop hepatocellular
cancer. Ann Surg 1995; 222(3):375-380.

Carr BI, Flickinger JC, Lotze MT. Hepatobiliary cancers: Cancer of the liver. In: DeVita
JrVT, Hellman S, Rosenberg SA, eds. Cancer Principles and Practice of Oncology.
Philadelphia: Lippincott-Raven, 1997: 1087-1114.

Nakakura EK, Choti MA. Management of hepatocellular carcinoma. Oncology (Hunt-
ingt) 2000; 14(7):1085-1098.



170 A. Budhu et al.

15. Zhou XD, Tang ZY, Yang BH et al. Experience of 1000 patients who underwent hepa-
tectomy for small hepatocellular carcinoma. Cancer 2001; 91(8):1479-1486.

16. McCormack L, Petrowsky H, Clavien PA. Surgical therapy of hepatocellular carci-
noma. Eur J Gastroenterol Hepatol 2005; 17(5):497-503.

17. Budhu A, Wang XW. Human hepatocellular carcinoma: new insights from gene expres-
sion profiling. In: Jeftreis LP, ed. New Developments in Cancer Research. Nova Sci-
ence Publishers Inc, 2006; 1-32.

18. Schena M, Shalon D, Davis RW, Brown PO. Quantitative monitoring of gene
expression patterns with a complementary DNA microarray. Science 1995;
270(5235):467-470.

19. Liu CG, Spizzo R, Calin GA, Croce CM. Expression profiling of microRNA using
oligo DNA arrays. Methods 2008; 44(1):22-30.

20. Tang X, Gal J, Zhuang X, Wang W, Zhu H, Tang G. A simple array plat-
form for microRNA analysis and its application in mouse tissues. RNA 2007;
13(10):1803-1822.

21. Castoldi M, Schmidt S, Benes V et al. A sensitive array for microRNA expression
profiling (miChip) based on locked nucleic acids (LNA). RNA 2006; 12(5):913-920.

22. Haab BB. Methods and applications of antibody microarrays in cancer research. Pro-
teomics 2003; 3(11):2116-2122.

23. Sauter G, Simon R, Hillan K. Tissue microarrays in drug discovery. Nat Rev Drug
Discov 2003; 2(12):962-972.

24. Brody EN, Willis MC, Smith JD, Jayasena S, Zichi D, Gold L. The use of aptamers in
large arrays for molecular diagnostics. Mol Diagn 1999; 4(4):381-388.

25. Hermann T, Patel DJ. Adaptive recognition by nucleic acid aptamers. Science 2000;
287(5454):820-825.

26. Kallioniemi A. CGH microarrays and cancer. Curr Opin Biotechnol 2008; 19(1):36—40.

27. Wicker N, Carles A, Mills IG et al. A new look towards BAC-based array CGH through
a comprehensive comparison with oligo-based array CGH. BMC Genomics 2007; 8:84.

28. Pollack JR, Perou CM, Alizadeh AA et al. Genome-wide analysis of DNA copy-
number changes using cDNA microarrays. Nat Genet 1999; 23(1):41-46.

29. Brennan C, Zhang Y, Leo C et al. High-resolution global profiling of genomic alter-
ations with long oligonucleotide microarray. Cancer Res 2004; 64(14):4744-4748.

30. Miller LD, Long PM, Wong L, Mukherjee S, McShane LM, Liu ET. Optimal gene
expression analysis by microarrays. Cancer Cell 2002; 2(5):353-361.

31. Leung YF, Cavalieri D. Fundamentals of cDNA microarray data analysis. Trends Genet
2003; 19(11):649-659.

32. Weeraratna AT, Nagel JE, Mello-Coelho V, Taub DD. Gene expression profiling: from
microarrays to medicine. J Clin Immunol 2004; 24(3):213-224.

33. Craig JR. Tumors of the liver. In: Zakim D, Boyer TD, eds. Hepatology: A textbook of
liver disease. Philadelphia: Saunders, 2003:1355-1370.

34. Shackel NA, McGuinness PH, Abbott CA, Gorrell MD, McCaughan GW. Insights into
the pathobiology of hepatitis C virus-associated cirrhosis: analysis of intrahepatic dif-
ferential gene expression. Am J Pathol 2002; 160(2):641-654.

35. Smith MW, Yue ZN, Korth MJ et al. Hepatitis C virus and liver disease: global
transcriptional profiling and identification of potential markers. Hepatology 2003;
38(6):1458-1467.

36. Aizaki H, Harada T, Otsuka M et al. Expression profiling of liver cell lines express-
ing entire or parts of hepatitis C virus open reading frame. Hepatology 2002;
36(6):1431-1438.

37. NgRK, Lau CY, Lee SM, Tsui SK, Fung KP, Waye MM. cDNA microarray analysis

of early gene expression profiles associated with hepatitis B virus X protein-mediated
hepatocarcinogenesis. Biochem Biophys Res Commun 2004; 322(3):827-835.



Chapter 5 / Molecular Profiling of HCC 171

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wu CG, Salvay DM, Forgues M et al. Distinctive gene expression profiles associated
with hepatitis B virus x protein. Oncogene 2001; 20:3674-3682.

Han J, Yoo HY, Choi BH, Rho HM. Selective transcriptional regulations in the
human liver cell by hepatitis B viral X protein. Biochem Biophys Res Commun 2000;
272:525-530.

Xu XR, Huang J, Xu ZG et al. Insight into hepatocellular carcinogenesis at tran-
scriptome level by comparing gene expression profiles of hepatocellular carcinoma
with those of corresponding noncancerous liver. Proc Natl Acad Sci USA 2001;
98(26):15089-15094.

Guedj N, Dargere D, Degos F et al. Global proteomic analysis of microdissected cir-
rhotic nodules reveals significant biomarkers associated with clonal expansion. Lab
Invest 2006; 86(9):951-958.

Honda M, Kaneko S, Kawai H, Shirota Y, Kobayashi K. Differential gene expression
between chronic hepatitis b and ¢ hepatic lesion. Gastroenterology 2001; 120:955-966.
Otsuka M, Aizaki H, Kato N et al. Differential cellular gene expression induced by
hepatitis B and C viruses. Biochem Biophys Res Commun 2003; 300(2):443—447.
Kim S, Park YM. Specific gene expression patterns in liver cirrhosis. Biochem Biophys
Res Commun 2005; 334(2):681-688.

lizuka N, Oka M, Yamada-Okabe H et al. Comparison of gene expression profiles
between hepatitis B virus- and hepatitis C virus-infected hepatocellular carcinoma by
oligonucleotide microarray data on the basis of a supervised learning method. Cancer
Res 2002; 62(14):3939-3944.

lizuka N, Oka M, Yamada-Okabe H et al. Molecular signature in three types of hep-
atocellular carcinoma with different viral origin by oligonucleotide microarray. Int J
Oncol 2004; 24(3):565-574.

Budhu A, Chen Y, Kim JW et al. Induction of a unique gene expression profile in
primary human hepatocytes by hepatitis C virus core, NS3 and NS5A proteins. Car-
cinogenesis 2007; 28(7):1552-1560.

Scholle F, Li K, Bodola F, Ikeda M, Luxon BA, Lemon SM. Virus-host cell interac-
tions during hepatitis C virus RNA replication: impact of polyprotein expression on
the cellular transcriptome and cell cycle association with viral RNA synthesis. J Virol
2004; 78(3):1513-1524.

Girard S, Vossman E, Misek DE et al. Hepatitis C virus NS5A-regulated gene expres-
sion and signaling revealed via microarray and comparative promoter analyses. Hepa-
tology 2004; 40(3):708-718.

Mas VR, Maluf DG, Archer KJ, Yanek KC, Fisher RA. Angiogenesis soluble fac-
tors as hepatocellular carcinoma noninvasive markers for monitoring hepatitis C
virus cirrhotic patients awaiting liver transplantation. Transplantation 2007; 84(10):
1262-1271.

Mao HJ, Li HN, Zhou XM, Zhao JL, Wan DF. Monitoring microarray-based gene
expression profile changes in hepatocellular carcinoma. World J Gastroenterol 2005;
11(18):2811-2816.

Lau WY, Lai PB, Leung MF et al. Differential gene expression of hepatocellular carci-
noma using cDNA microarray analysis. Oncol Res 2000; 12(2):59-69.

Silva FP, Hamamoto R, Furukawa Y, Nakamura Y. TIPUH1 encodes a novel KRAB
zinc-finger protein highly expressed in human hepatocellular carcinomas. Oncogene
2006; 25(36):5063-5070.

Jia HL, Ye QH, Qin LX et al. Gene expression profiling reveals potential biomarkers
of human hepatocellular carcinoma. Clin Cancer Res 2007; 13(4):1133-1139.
Kurokawa Y, Matoba R, Takemasa I et al. Molecular features of non-B, non-C hep-
atocellular carcinoma: a PCR-array gene expression profiling study. J Hepatol 2003;
39(6):1004-1012.



172

A. Budhu et al.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Wang X, Yuan ZH, Zheng LJ et al. Gene expression profiles in an hepatitis B virus
transfected hepatoblastoma cell line and differentially regulated gene expression by
interferon-alpha. World J Gastroenterol 2004; 10(12):1740-1745.

Chung EJ, Sung YK, Farooq M et al. Gene expression profile analysis in human hepa-
tocellular carcinoma by cDNA microarray. Mol Cells 2002; 14(3):382-387.

Smith MW, Yue ZN, Geiss GK et al. Identification of novel tumor markers in hepatitis
C virus-associated hepatocellular carcinoma. Cancer Res 2003; 63(4):859-864.

Kim BY, Lee JG, Park S et al. Feature genes of hepatitis B virus-positive hepatocel-
lular carcinoma, established by its molecular discrimination approach using prediction
analysis of microarray. Biochim Biophys Acta 2004; 1739(1):50-61.

Okamoto M, Utsunomiya T, Wakiyama S et al. Specific gene-expression profiles of
noncancerous liver tissue predict the risk for multicentric occurrence of hepatocel-
lular carcinoma in hepatitis C virus-positive patients. Ann Surg Oncol 2006; 13(7):
947-954.

Neo SY, Leow CK, Vega VB et al. Identification of discriminators of hepatoma by
gene expression profiling using a minimal dataset approach. Hepatology 2004; 39(4):
944-953.

Lee D, Choi SW, Kim M et al. Discovery of differentially expressed genes related
to histological subtype of hepatocellular carcinoma. Biotechnol Prog 2003; 19(3):
1011-1015.

Shirota Y, Kaneko S, Honda M, Kawai HF, Kobayashi K. Identification of differen-
tially expressed genes in hepatocellular carcinoma with cDNA microarrays. Hepato-
logy 2001; 33(4):832-840.

Kittaka N, Takemasa I, Takeda Y et al. Molecular mapping of human hepatocellular
carcinoma provides deeper biological insight from genomic data. Eur J Cancer 2008.
Lee MJ, Yu GR, Park SH et al. Identification of cystatin B as a potential serum marker
in hepatocellular carcinoma. Clin Cancer Res 2008; 14(4):1080-1089.

Okada T, lizuka N, Yamada-Okabe H et al. Gene expression profile linked to p53
status in hepatitis C virus-related hepatocellular carcinoma. FEBS Lett 2003; 555(3):
583-590.

Delpuech O, Trabut JB, Carnot F, Feuillard J, Brechot C, Kremsdorf D. Identification,
using cDNA macroarray analysis, of distinct gene expression profiles associated with
pathological and virological features of hepatocellular carcinoma. Oncogene 2002;
21(18):2926-2937.

Okabe H, Satoh S, Kato T et al. Genome-wide analysis of gene expression in human
hepatocellular carcinomas using cDNA microarray: identification of genes involved in
viral carcinogenesis and tumor progression. Cancer Res 2001; 61:2129-2137.
Yokoyama Y, Kuramitsu Y, Takashima M et al. Proteomic profiling of proteins
decreased in hepatocellular carcinoma from patients infected with hepatitis C virus.
Proteomics 2004; 4(7):2111-2116.

Minagawa H, Honda M, Miyazaki K et al. Comparative proteomic and transcriptomic
profiling of the human hepatocellular carcinoma. Biochem Biophys Res Commun
2008; 366(1):186-192.

Luk JM, Lam CT, Siu AF et al. Proteomic profiling of hepatocellular carcinoma in
Chinese cohort reveals heat-shock proteins (Hsp27, Hsp70, GRP78) up-regulation and
their associated prognostic values. Proteomics 2006; 6(3):1049-1057.

Melle C, Ernst G, Scheibner O et al. Identification of specific protein markers in
microdissected hepatocellular carcinoma. J Proteome Res 2007; 6(1):306-315.
Tannapfel A, Anhalt K, Hausermann P et al. Identification of novel proteins associ-
ated with hepatocellular carcinomas using protein microarrays. J Pathol 2003; 201(2):
238-249.



Chapter 5 / Molecular Profiling of HCC 173

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Hu S, Zhang M, Lv Z, Bi J, Dong Y, Wen J. Expression of zinc-fingers and home-
oboxes 2 in hepatocellular carcinogenesis: a tissue microarray and clinicopathological
analysis. Neoplasma 2007; 54(3):207-211.

Ho MK, Lee JM, Chan CK, Ng IO. Allelic alterations in nontumorous liver tissues
and corresponding hepatocellular carcinomas from chinese patients. Hum Pathol 2003;
34(7):699-705.

Patil MA, Gutgemann I, Zhang J et al. Array-based comparative genomic hybridization
reveals recurrent chromosomal aberrations and Jab1 as a potential target for 8q gain in
hepatocellular carcinoma. Carcinogenesis 2005; 26(12):2050-2057.

Hashimoto K, Mori N, Tamesa T et al. Analysis of DNA copy number aberrations in
hepatitis C virus-associated hepatocellular carcinomas by conventional CGH and array
CGH. Mod Pathol 2004; 17(6):617-622.

Takeo S, Arai H, Kusano N et al. Examination of oncogene amplification by genomic
DNA microarray in hepatocellular carcinomas: comparison with comparative genomic
hybridization analysis. Cancer Genet Cytogenet 2001; 130(2):127-132.

Huang J, Sheng HH, Shen T et al. Correlation between genomic DNA copy number
alterations and transcriptional expression in hepatitis B virus-associated hepatocellular
carcinoma. FEBS Lett 2006; 580(15):3571-3581.

Midorikawa Y, Tsutsumi S, Nishimura K et al. Distinct chromosomal bias of gene
expression signatures in the progression of hepatocellular carcinoma. Cancer Res 2004;
64(20):7263-7270.

Katoh H, Shibata T, Kokubu A et al. Genetic profile of hepatocellular carcinoma
revealed by array-based comparative genomic hybridization: identification of genetic
indicators to predict patient outcome. J Hepatol 2005; 43(5):863—-874.

Furge KA, Dykema KJ, Ho C, Chen X. Comparison of array-based comparative
genomic hybridization with gene expression-based regional expression biases to iden-
tify genetic abnormalities in hepatocellular carcinoma. BMC Genomics 2005; 6(1):67.
Ip WK, Lai PB, Wong NL et al. Identification of PEG10 as a progression related
biomarker for hepatocellular carcinoma. Cancer Lett 2007; 250(2):284-291.

Kutay H, Bai S, Datta J et al. Downregulation of miR-122 in the rodent and human
hepatocellular carcinomas. J Cell Biochem 2006; 99(3):671-678.

Meng F, Henson R, Lang M et al. Involvement of human micro-RNA in growth and
response to chemotherapy in human cholangiocarcinoma cell lines. Gastroenterology
2006; 130(7):2113-2129.

Wang Y, Lee AT, Ma JZ et al. Profiling microRNA expression in hepatocellular carci-
noma reveals microRNA-224 up-regulation and apoptosis inhibitor-5 as a microRNA-
224-specific target. ] Biol Chem 2008.

Panzitt K, Tschernatsch MM, Guelly C et al. Characterization of HULC, a novel gene
with striking up-regulation in hepatocellular carcinoma, as noncoding RNA. Gastroen-
terology 2007; 132(1):330-342.

Huang YS, Dai Y, Yu XF et al. Microarray analysis of microRNA expression in hepa-
tocellular carcinoma and non-tumorous tissues without viral hepatitis. J Gastroenterol
Hepatol 2008; 23(1):87-94.

Murakami Y, Yasuda T, Saigo K et al. Comprehensive analysis of microRNA expres-
sion patterns in hepatocellular carcinoma and non-tumorous tissues. Oncogene 2006;
25(17):2537-2545.

Kim JW, Ye Q, Forgues M et al. Cancer-associated molecular signature in the tissue
samples of patients with cirrhosis. Hepatology 2004; 39(2):518-527.

Nagai H, Terada Y, Tajiri T et al. Characterization of liver-cirrhosis nodules by analy-
sis of gene-expression profiles and patterns of allelic loss. J] Hum Genet 2004; 49(5):
246-255.



174

A. Budhu et al.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Shao RX, Hoshida Y, Otsuka M et al. Hepatic gene expression profiles associated with
fibrosis progression and hepatocarcinogenesis in hepatitis C patients. World J Gas-
troenterol 2005; 11(13):1995-1999.

lizuka N, Oka M, Yamada-Okabe H et al. Differential gene expression in distinct viro-
logic types of hepatocellular carcinoma: association with liver cirrhosis. Oncogene
2003; 22(19):3007-3014.

Llovet JM, Chen Y, Wurmbach E et al. A molecular signature to discriminate dysplastic
nodules from early hepatocellular carcinoma in HCV cirrhosis. Gastroenterology 2006;
131(6):1758-1767.

Gramantieri L, Ferracin M, Fornari F et al. Cyclin Gl is a target of miR-122a, a
microRNA frequently down-regulated in human hepatocellular carcinoma. Cancer Res
2007; 67(13):6092-6099.

Schlaeger C, Longerich T, Schiller C et al. Etiology-dependent molecular mechanisms
in human hepatocarcinogenesis. Hepatology 2008; 47(2):511-520.

Poon TC, Yip TT, Chan AT et al. Comprehensive proteomic profiling identifies serum
proteomic signatures for detection of hepatocellular carcinoma and its subtypes. Clin
Chem 2003; 49(5):752-760.

Zinkin NT, Grall F, Bhaskar K et al. Serum proteomics and biomarkers in hepatocellu-
lar carcinoma and chronic liver disease. Clin Cancer Res 2008; 14(2):470-477.

Gobel T, Vorderwulbecke S, Hauck K, Fey H, Haussinger D, Erhardt A. New multi pro-
tein patterns differentiate liver fibrosis stages and hepatocellular carcinoma in chronic
hepatitis C serum samples. World J Gastroenterol 2006; 12(47):7604-7612.

Breuhahn K, Vreden S, Haddad R et al. Molecular profiling of human hepatocellu-
lar carcinoma defines mutually exclusive interferon regulation and insulin-like growth
factor II overexpression. Cancer Res 2004; 64(17):6058-6064.

Lee JS, Thorgeirsson SS. Functional and genomic implications of global gene expres-
sion profiles in cell lines from human hepatocellular cancer. Hepatology 2002;
35(5):1134-1143.

Chen ZM, Crone KG, Watson MA, Pfeifer JD, Wang HL. Identification of a
unique gene expression signature that differentiates hepatocellular adenoma from
well-differentiated hepatocellular carcinoma. Am J Surg Pathol 2005; 29(12):
1600-1608.

Mas VR, Maluf DG, Archer KJ, Yanek K, Williams B, Fisher RA. Differentially
expressed genes between early and advanced hepatocellular carcinoma (HCC) as
a potential tool for selecting liver transplant recipients. Mol Med 2006; 12(4-6):
97-104.

Nam SW, Lee JH, Noh JH et al. Comparative analysis of expression profiling of early-
stage carcinogenesis using nodule-in-nodule-type hepatocellular carcinoma. Eur J Gas-
troenterol Hepatol 2006; 18(3):239-247.

Nam SW, Park JY, Ramasamy A et al. Molecular changes from dysplastic nod-
ule to hepatocellular carcinoma through gene expression profiling. Hepatology 2005;
42(4):809-818.

Fukai K, Yokosuka O, Chiba T et al. Hepatocyte growth factor activator inhibitor 2/pla-
cental bikunin (HAI-2/PB) gene is frequently hypermethylated in human hepatocellular
carcinoma. Cancer Res 2003; 63(24):8674-8679.

Hanafusa T, Yumoto Y, Nouso K et al. Reduced expression of insulin-like growth fac-
tor binding protein-3 and its promoter hypermethylation in human hepatocellular car-
cinoma. Cancer Lett 2002; 176(2):149-158.

Wong CM, Ng YL, Lee JM et al. Tissue factor pathway inhibitor-2 as a fre-
quently silenced tumor suppressor gene in hepatocellular carcinoma. Hepatology 2007;
45(5):1129-1138.



Chapter 5 / Molecular Profiling of HCC 175

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Pang EY, Bai AH, To KF et al. Identification of PFTAIRE protein kinase 1, a novel
cell division cycle-2 related gene, in the motile phenotype of hepatocellular carcinoma
cells. Hepatology 2007; 46(2):436-445.

Katoh H, Shibata T, Kokubu A et al. Epigenetic instability and chromosomal instability
in hepatocellular carcinoma. Am J Pathol 2006; 168(4):1375-1384.

Kinzler KW, Vogelstein B. Lessons from hereditary colorectal cancer. Cell 1996;
87(2):159-170.

Tsunedomi R, lizuka N, Yamada-Okabe H et al. Identification of ID2 associated with
invasion of hepatitis C virus-related hepatocellular carcinoma by gene expression pro-
file. Int J Oncol 2006; 29(6):1445-1451.

Chen X, Cheung ST, So S et al. Gene expression patterns in human liver cancers. Mol
Biol Cell 2002; 13(6):1929-1939.

Cheung ST, Chen X, Guan XY et al. Identify metastasis-associated genes in hepato-
cellular carcinoma through clonality delineation for multinodular tumor. Cancer Res
2002; 62(16):4711-4721.

Yu GR, Kim SH, Park SH et al. Identification of molecular markers for the oncogenic
differentiation of hepatocellular carcinoma. Exp Mol Med 2007; 39(5):641-652.

Yang LY, Wang W, Peng JX, Yang JQ, Huang GW. Differentially expressed genes
between solitary large hepatocellular carcinoma and nodular hepatocellular carcinoma.
World J Gastroenterol 2004; 10(24):3569-3573.

Wang W, Yang LY, Huang GW et al. Genomic analysis reveals RhoC as a poten-
tial marker in hepatocellular carcinoma with poor prognosis. Br J Cancer 2004;
90(12):2349-2355.

Ieta K, Ojima E, Tanaka F et al. Identification of overexpressed genes in hepatocellular
carcinoma, with special reference to ubiquitin-conjugating enzyme E2C gene expres-
sion. Int J Cancer 2007; 121(1):33-38.

Lee JS, Chu IS, Heo J et al. Classification and prediction of survival in hepatocellular
carcinoma by gene expression profiling. Hepatology 2004; 40(3):667-676.

Guo K, Liu Y, Zhou H et al. Involvement of protein kinase C beta-extracellular
signal-regulating kinase 1/2/p38 mitogen-activated protein kinase-heat shock protein
27 activation in hepatocellular carcinoma cell motility and invasion. Cancer Sci 2008;
99(3):486-496.

Chuma M, Sakamoto M, Yasuda J et al. Overexpression of cortactin is involved
in motility and metastasis of hepatocellular carcinoma. J Hepatol 2004; 41(4):
629-636.

Ye QH, Qin LX, Forgues M et al. Predicting hepatitis B virus-positive metastatic hepa-
tocellular carcinomas using gene expression profiling and supervised machine learning.
Nat Med 2003; 9(4):416-423.

Budhu A, Jia HL, Forgues M et al. Identification of metastasis-related microRNAs in
hepatocellular carcinoma. Hepatology 2008; 47(3):897-907.

Hu L, Sham JS, Xie D et al. Up-regulation of fibroblast growth factor 3 is associated
with tumor metastasis and recurrence in human hepatocellular carcinoma. Cancer Lett
2007; 252(1):36-42.

Lau SH, Sham JS, Xie D et al. Clusterin plays an important role in hepatocellular
carcinoma metastasis. Oncogene 2006; 25(8):1242-1250.

Lee TK, Poon RT, Yuen AP et al. Regulation of angiogenesis by Id-1 through hypoxia-
inducible factor-1lalpha-mediated vascular endothelial growth factor up-regulation in
hepatocellular carcinoma. Clin Cancer Res 2006; 12(23):6910-6919.

Katoh H, Shibata T, Kokubu A et al. Genetic inactivation of the APC gene contributes
to the malignant progression of sporadic hepatocellular carcinoma: a case report. Genes
Chromosomes Cancer 2006; 45(11):1050-1057.



176

A. Budhu et al.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

Nagai H, Pineau P, Tiollais P, Buendia MA, Dejean A. Comprehensive allelotyping of
human hepatocellular carcinoma. Oncogene 1997; 14(24):2927-2933.

Kurokawa Y, Matoba R, Takemasa I et al. Molecular-based prediction of early recur-
rence in hepatocellular carcinoma. J Hepatol 2004; 41(2):284-291.

Ho MC, Lin JJ, Chen CN et al. A gene expression profile for vascular invasion can pre-
dict the recurrence after resection of hepatocellular carcinoma: a microarray approach.
Ann Surg Oncol 2006; 13(11):1474-1484.

Cheung ST, Leung KL, Ip YC et al. Claudin-10 expression level is associated with
recurrence of primary hepatocellular carcinoma. Clin Cancer Res 2005; 11(2 Pt
1):551-556.

Matoba K, lizuka N, Gondo T et al. Tumor HLA-DR expression linked to early
intrahepatic recurrence of hepatocellular carcinoma. Int J Cancer 2005; 115(2):
231-240.

Uchimura S, lizuka N, Tamesa T, Miyamoto T, Hamamoto Y, Oka M. Resampling
based on geographic patterns of hepatitis virus infection reveals a common gene sig-
nature for early intrahepatic recurrence of hepatocellular carcinoma. Anticancer Res
2007; 27(5A):3323-3330.

lizuka N, Tamesa T, Sakamoto K, Miyamoto T, Hamamoto Y, Oka M. Different molec-
ular pathways determining extrahepatic and intrahepatic recurrences of hepatocellular
carcinoma. Oncol Rep 2006; 16(5):1137-1142.

lizuka N, Oka M, Yamada-Okabe H et al. Oligonucleotide microarray for prediction
of early intrahepatic recurrence of hepatocellular carcinoma after curative resection.
Lancet 2003; 361(9361):923-929.

Somura H, lizuka N, Tamesa T et al. A three-gene predictor for early intrahepatic
recurrence of hepatocellular carcinoma after curative hepatectomy. Oncol Rep 2008;
19(2):489-495.

Wang SM, Ooi LL, Hui KM. Identification and validation of a novel gene signature
associated with the recurrence of human hepatocellular carcinoma. Clin Cancer Res
2007; 13(21):6275-6283.

Budhu A, Forgues M, Ye QH et al. Prediction of venous metastases, recurrence and
prognosis in hepatocellular carcinoma based on a unique immune response signature
of the liver microenvironment. Cancer Cell 2006; 10(2):99-111.

Paget S. The distribution of secondary growths in cancer of the breast. 1889. Cancer
Metastasis Rev 1989; 8(2):98-101.

Fidler 1J. Critical determinants of metastasis. Semin Cancer Biol 2002; 12(2):89-96.
Liotta LA. Mechanisms of cancer invasion and metastasis. Important Adv Oncol 1985;
28-41.

Lee JS, Heo J, Libbrecht L et al. A novel prognostic subtype of human hepatocellular
carcinoma derived from hepatic progenitor cells. Nat Med 2006; 12(4):410-416.
Yamashita T, Budhu A, Forgues M, Wang XW. Activation of hepatic stem cell marker
EpCAM by Wnt-B-catenin signaling in hepatocellular carcinoma. Cancer Research
2007; 67(22):10831-10839.

Yamashita T, Forgues M, Wang W et al. EpCAM and alpha-fetoprotein expression
defines novel prognostic subtypes of hepatocellular carcinoma. Cancer Res 2008;
68(5):1451-1461.

Ma S, Chan KW, Hu L et al. Identification and characterization of tumorigenic liver
cancer stem/progenitor cells. Gastroenterology 2007; 132(7):2542-2556.

Yang ZF, Ho DW, Ng MN et al. Significance of CD90(+) Cancer Stem Cells in Human
Liver Cancer. Cancer Cell 2008; 13(2):153-166.

Yamamoto J, Okada S, Shimada K et al. Treatment strategy for small hepatocellular
carcinoma: comparison of long-term results after percutaneous ethanol injection ther-
apy and surgical resection. Hepatology 2001; 34(4 Pt 1):707-713.



Chapter 5 / Molecular Profiling of HCC 177

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Bernfield M, Gotte M, Park PW et al. Functions of cell surface heparan sulfate proteo-
glycans. Annu Rev Biochem 1999; 68:729-777.

Capurro M, Wanless IR, Sherman M et al. Glypican-3: a novel serum and histochemical
marker for hepatocellular carcinoma. Gastroenterology 2003; 125(1):89-97.

Hippo Y, Watanabe K, Watanabe A et al. Identification of soluble NH2-terminal frag-
ment of glypican-3 as a serological marker for early-stage hepatocellular carcinoma.
Cancer Res 2004; 64(7):2418-2423.

Yamauchi N, Watanabe A, Hishinuma M et al. The glypican 3 oncofetal protein
is a promising diagnostic marker for hepatocellular carcinoma. Mod Pathol 2005;
18(12):1591-1598.

Kadomatsu K, Tomomura M, Muramatsu T. cDNA cloning and sequencing of a new
gene intensely expressed in early differentiation stages of embryonal carcinoma cells
and in mid-gestation period of mouse embryogenesis. Biochem Biophys Res Commun
1988; 151(3):1312-1318.

Muramatsu H, Shirahama H, Yonezawa S, Maruta H, Muramatsu T. Midkine, a retinoic
acid-inducible growth/differentiation factor: immunochemical evidence for the func-
tion and distribution. Dev Biol 1993; 159(2):392-402.

Ikematsu S, Yano A, Aridome K et al. Serum midkine levels are increased in patients
with various types of carcinomas. Br J Cancer 2000; 83(6):701-706.

Tsou AP, Chuang YC, SuJY et al. Overexpression of a novel imprinted gene, PEG10,
in human hepatocellular carcinoma and in regenerating mouse livers. J Biomed Sci
2003; 10(6 Pt 1):625-635.

Kato M, Shinozawa T, Kato S, Awaya A, Terada T. Increased midkine expression in
hepatocellular carcinoma. Arch Pathol Lab Med 2000; 124(6):848-852.

Choudhuri R, Zhang HT, Donnini S, Ziche M, Bicknell R. An angiogenic role for
the neurokines midkine and pleiotrophin in tumorigenesis. Cancer Res 1997; 57(9):
1814-1819.

Tomizawa M, Yu L, Wada A et al. A promoter region of the midkine gene that is
frequently expressed in human hepatocellular carcinoma can activate a suicide gene as
effectively as the alpha-fetoprotein promoter. Br J Cancer 2003; 89(6):1086-1090.
Turk V, Bode W. The cystatins: protein inhibitors of cysteine proteinases. FEBS Lett
1991; 285(2):213-219.

Lafreniere RG, Rochefort DL, Chretien N et al. Unstable insertion in the 5 flanking
region of the cystatin B gene is the most common mutation in progressive myoclonus
epilepsy type 1, EPM1. Nat Genet 1997; 15(3):298-302.

Plebani M, Herszenyi L, Cardin R et al. Cysteine and serine proteases in gastric cancer.
Cancer 1995; 76(3):367-375.

Shiraishi T, Mori M, Tanaka S, Sugimachi K, Akiyoshi T. Identification of cystatin B in
human esophageal carcinoma, using differential displays in which the gene expression
is related to lymph-node metastasis. Int J Cancer 1998; 79(2):175-178.

Mirtti T, Alanen K, Kallajoki M, Rinne A, Soderstrom KO. Expression of cystatins,
high molecular weight cytokeratin, and proliferation markers in prostatic adenocarci-
noma and hyperplasia. Prostate 2003; 54(4):290-298.

Jurianz K, Ziegler S, Garcia-Schuler H et al. Complement resistance of tumor cells:
basal and induced mechanisms. Mol Immunol 1999; 36(13-14):929-939.

Sahu A, Lambris JD. Structure and biology of complement protein C3, a connecting
link between innate and acquired immunity. Immunol Rev 2001; 180:35-48.
Markiewski MM, Mastellos D, Tudoran R et al. C3a and C3b activation products of the
third component of complement (C3) are critical for normal liver recovery after toxic
injury. J Immunol 2004; 173(2):747-754.

Strey CW, Markiewski M, Mastellos D et al. The proinflammatory mediators C3a and
C5a are essential for liver regeneration. J Exp Med 2003; 198(6):913-923.



178

A. Budhu et al.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Steel LF, Shumpert D, Trotter M et al. A strategy for the comparative analysis of serum
proteomes for the discovery of biomarkers for hepatocellular carcinoma. Proteomics
2003; 3(5):601-6009.

Scharf JG, Ramadori G, Dombrowski F. Analysis of the IGF axis in preneoplastic
hepatic foci and hepatocellular neoplasms developing after low-number pancreatic
islet transplantation into the livers of streptozotocin diabetic rats. Lab Invest 2000;
80(9):1399-1411.

Breuhahn K, Schirmacher P. Reactivation of the insulin-like growth factor-II sig-
naling pathway in human hepatocellular carcinoma. World J Gastroenterol 2008;
14(11):1690-1698.

Dong ZZ, Yao DF, Yao DB et al. Expression and alteration of insulin-like growth factor
II-messenger RNA in hepatoma tissues and peripheral blood of patients with hepato-
cellular carcinoma. World J Gastroenterol 2005; 11(30):4655-4660.

Tsai JE, Jeng JE, Chuang LY et al. Serum insulin-like growth factor-II and alpha-
fetoprotein as tumor markers of hepatocellular carcinoma. Tumour Biol 2003;
24(6):291-298.

Tsai JF, Jeng JE, Chuang LY et al. Serum insulin-like growth factor-II as a serologic
marker of small hepatocellular carcinoma. Scand J Gastroenterol 2005; 40(1):68-75.
Tannapfel A, Anhalt K, Hausermann P et al. Identification of novel proteins associ-
ated with hepatocellular carcinomas using protein microarrays. J Pathol 2003; 201(2):
238-249.

Cantarini MC, de la Monte SM, Pang M et al. Aspartyl-asparagyl beta hydroxylase
over-expression in human hepatoma is linked to activation of insulin-like growth factor
and notch signaling mechanisms. Hepatology 2006; 44(2):446—457.

Wang Z, Ruan YB, Guan Y, Liu SH. Expression of IGF-II in early experimental hep-
atocellular carcinomas and its significance in early diagnosis. World J Gastroenterol
2003; 9(2):5267-270.

Butler WT. Structural and functional domains of osteopontin. Ann NY Acad Sci 1995;
760:6-11.

Coppola D, Szabo M, Boulware D et al. Correlation of osteopontin protein expression
and pathological stage across a wide variety of tumor histologies. Clin Cancer Res
2004; 10(1 Pt 1):184-190.

Rittling SR, Chambers AF. Role of osteopontin in tumour progression. Br J Cancer
2004; 90(10):1877-1881.

Fedarko NS, Jain A, Karadag A, Van Eman MR, Fisher LW. Elevated serum bone
sialoprotein and osteopontin in colon, breast, prostate, and lung cancer. Clin Cancer
Res 2001; 7(12):4060-4066.

Singhal H, Bautista DS, Tonkin KS et al. Elevated plasma osteopontin in metastatic
breast cancer associated with increased tumor burden and decreased survival. Clin Can-
cer Res 1997; 3(4):605-611.

Hotte SJ, Winquist EW, Stitt L, Wilson SM, Chambers AF. Plasma osteopontin: asso-
ciations with survival and metastasis to bone in men with hormone-refractory prostate
carcinoma. Cancer 2002; 95(3):506-512.

Pan HW, Ou YH, Peng SY et al. Overexpression of osteopontin is associated with
intrahepatic metastasis, early recurrence, and poorer prognosis of surgically resected
hepatocellular carcinoma. Cancer 2003; 98(1):119-127.

Sharp JA, Sung V, Slavin J, Thompson EW, Henderson MA. Tumor cells are the source
of osteopontin and bone sialoprotein expression in human breast cancer. Lab Invest
1999; 79(7):869-8717.

Urquidi V, Sloan D, Kawai K et al. Contrasting expression of thrombospondin-1 and
osteopontin correlates with absence or presence of metastatic phenotype in an isogenic



Chapter 5 / Molecular Profiling of HCC 179

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

model of spontaneous human breast cancer metastasis. Clin Cancer Res 2002; 8(1):
61-74.

Singhal H, Bautista DS, Tonkin KS et al. Elevated plasma osteopontin in metastatic
breast cancer associated with increased tumor burden and decreased survival. Clin Can-
cer Res 1997, 3(4):605-611.

Takafuji V, Forgues M, Unsworth E, Goldsmith P, Wang XW. An osteopontin fragment
is essential for tumor cell invasion in hepatocellular carcinoma. Oncogene 2007.

Roth P, Stanley ER. The biology of CSF-1 and its receptor. Curr Top Microbiol
Immunol 1992; 181:141-167.

Stanley ER, Guilbert LJ, Tushinski RJ, Bartelmez SH. CSF-1—a mononuclear phago-
cyte lineage-specific hemopoietic growth factor. J Cell Biochem 1983; 21(2):151-159.
Kacinski BM. CSF-1 and its receptor in ovarian, endometrial and breast cancer. Ann
Med 1995; 27(1):79-85.

Hovey RC, Davey HW, Mackenzie DD, McFadden TB. Ontogeny and epithelial-
stromal interactions regulate IGF expression in the ovine mammary gland. Mol Cell
Endocrinol 1998; 136(2):139-144.

O’Sullivan C, Lewis CE. Tumour-associated leucocytes: friends or foes in breast car-
cinoma. J Pathol 1994; 172(3):229-235.

Bliznakov EG. Suppression of immunological responsiveness in aged mice and its rela-
tionship with coenzyme Q deficiency. Adv Exp Med Biol 1979; 121(A):361-369.
Pollard JW. Tumour-educated macrophages promote tumour progression and metasta-
sis. Nat Rev Cancer 2004; 4(1):71-78.

Sun HC, Tang ZY. Angiogenesis in hepatocellular carcinoma: the retrospectives and
perspectives. J Cancer Res Clin Oncol 2004; 130(6):307-319.

Ribatti D, Vacca A, Nico B, Sansonno D, Dammacco F. Angiogenesis and
anti-angiogenesis in hepatocellular carcinoma. Cancer Treat Rev 2006; 32(6):
437-444.

Moreira IS, Fernandes PA, Ramos MIJ. Vascular endothelial growth factor
(VEGF) inhibition—a critical review. Anticancer Agents Med Chem 2007; 7(2):
223-245.

Pang R, Poon RT. Angiogenesis and antiangiogenic therapy in hepatocellular carci-
noma. Cancer Lett 2006; 242(2):151-167.

Jeng KS, Sheen IS, Wang YC et al. Prognostic significance of preoperative circu-
lating vascular endothelial growth factor messenger RNA expression in resectable
hepatocellular carcinoma: a prospective study. World J Gastroenterol 2004; 10(5):
643-648.

Guo RP, Zhong C, Shi M et al. Clinical value of apoptosis and angiogenesis factors in
estimating the prognosis of hepatocellular carcinoma. J Cancer Res Clin Oncol 2006;
132(9):547-555.

Chao Y, Li CP, Chau GY et al. Prognostic significance of vascular endothelial growth
factor, basic fibroblast growth factor, and angiogenin in patients with resectable hepa-
tocellular carcinoma after surgery. Ann Surg Oncol 2003; 10(4):355-362.

Holash J, Maisonpierre PC, Compton D et al. Vessel cooption, regression, and
growth in tumors mediated by angiopoietins and VEGFE. Science 1999; 284(5422):
1994-1998.

Mitsuhashi N, Shimizu H, Ohtsuka M et al. Angiopoietins and Tie-2 expression in
angiogenesis and proliferation of human hepatocellular carcinoma. Hepatology 2003;
37(5):1105-1113.

Scholz A, Rehm VA, Rieke S et al. Angiopoietin-2 serum levels are elevated in
patients with liver cirrhosis and hepatocellular carcinoma. Am J Gastroenterol 2007;
102(11):2471-2481.



180

A. Budhu et al.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Zhang ZL, Liu ZS, Sun Q. Expression of angiopoietins, Tie2 and vascular endothelial
growth factor in angiogenesis and progression of hepatocellular carcinoma. World J
Gastroenterol 2006; 12(26):4241-4245.

Uematsu S, Higashi T, Nouso K et al. Altered expression of vascular endothelial growth
factor, fibroblast growth factor-2 and endostatin in patients with hepatocellular carci-
noma. J Gastroenterol Hepatol 2005; 20(4):583-588.

Jin-no K, Tanimizu M, Hyodo I, Kurimoto F, Yamashita T. Plasma level of basic fibrob-
last growth factor increases with progression of chronic liver disease. J Gastroenterol
1997; 32(1):119-121.

Poon RT, Ng 10, Lau C, Yu WC, Fan ST, Wong J. Correlation of serum basic fibroblast
growth factor levels with clinicopathologic features and postoperative recurrence in
hepatocellular carcinoma. Am J Surg 2001; 182(3):298-304.

Jiang WG, Martin TA, Parr C, Davies G, Matsumoto K, Nakamura T. Hepatocyte
growth factor, its receptor, and their potential value in cancer therapies. Crit Rev Oncol
Hematol 2005; 53(1):35-69.

Burr AW, Hillan KJ, McLaughlin KE et al. Hepatocyte growth factor levels in liver
and serum increase during chemical hepatocarcinogenesis. Hepatology 1996; 24(5):
1282-1287.

Shiota G, Okano J, Kawasaki H, Kawamoto T, Nakamura T. Serum hepatocyte growth
factor levels in liver diseases: clinical implications. Hepatology 1995; 21(1):106-112.
Yamagami H, Moriyama M, Tanaka N, Arakawa Y. Detection of serum and intrahepatic
human hepatocyte growth factor in patients with type C liver diseases. Intervirology
2001; 44(1):36-42.

Yamagamim H, Moriyama M, Matsumura H et al. Serum concentrations of human
hepatocyte growth factor is a useful indicator for predicting the occurrence of hepato-
cellular carcinomas in C-viral chronic liver diseases. Cancer 2002; 95(4):824-834.
Junbo H, Li Q, Zaide W, Yunde H. Increased level of serum hepatocyte growth fac-
tor/scatter factor in liver cancer is associated with tumor metastasis. In Vivo 1999;
13(2):177-180.

Qin LX, Tang ZY. The prognostic molecular markers in hepatocellular carcinoma.
World J Gastroenterol 2002; 8(3):385-392.

Chau GY, Lui WY, Chi CW et al. Significance of serum hepatocyte growth factor levels
in patients with hepatocellular carcinoma undergoing hepatic resection. Eur J Surg
Oncol 2008; 34(3):333-338.

Taub R. Hepatoprotection via the IL-6/Stat3 pathway. J Clin Invest 2003; 112(7):
978-980.

Jin X, Zimmers TA, Perez EA, Pierce RH, Zhang Z, Koniaris LG. Paradoxical effects
of short- and long-term interleukin-6 exposure on liver injury and repair. Hepatology
2006; 43(3):474-484.

Basu A, Meyer K, Lai KK et al. Microarray analyses and molecular profiling of Stat3
signaling pathway induced by hepatitis C virus core protein in human hepatocytes.
Virology 2006; 349(2):347-358.

Malaguarnera M, Di F, I, Romeo MA, Restuccia S, Laurino A, Trovato BA. Elevation
of interleukin 6 levels in patients with chronic hepatitis due to hepatitis C virus. J
Gastroenterol 1997; 32(2):211-215.

Lee Y, Park US, Choi I, Yoon SK, Park YM, Lee YI. Human interleukin 6 gene is
activated by hepatitis B virus-X protein in human hepatoma cells. Clin Cancer Res
1998; 4(7):1711-1717.

Yamashita J, Hideshima T, Shirakusa T, Ogawa M. Medroxyprogesterone acetate treat-
ment reduces serum interleukin-6 levels in patients with metastatic breast carcinoma.
Cancer 1996; 78(11):2346-2352.



Chapter 5 / Molecular Profiling of HCC 181

223.

224.

225.

226.

2217.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Porta C, De Amici M, Quaglini S et al. Circulating interleukin-6 as a tumor marker for
hepatocellular carcinoma. Ann Oncol 2008; 19(2):353-358.

Parasole R, 1zzo F, Perrone F et al. Prognostic value of serum biological mark-
ers in patients with hepatocellular carcinoma. Clin Cancer Res 2001; 7(11):
3504-3509.

Tabibzadeh SS, Poubouridis D, May LT, Sehgal PB. Interleukin-6 immunoreactivity in
human tumors. Am J Pathol 1989; 135(3):427-433.

Simon R, Radmacher MD, Dobbin K, McShane LM. Pitfalls in the use of DNA
microarray data for diagnostic and prognostic classification. J Natl Cancer Inst 2003;
95(1):14-18.

Dupuy A, Simon RM. Critical review of published microarray studies for cancer out-
come and guidelines on statistical analysis and reporting. J Natl Cancer Inst 2007;
99(2):147-157.

Kyzas PA, Denaxa-Kyza D, loannidis JP. Quality of reporting of cancer prognostic
marker studies: association with reported prognostic effect. J Natl Cancer Inst 2007;
99(3):236-243.

Crawley JJ, Furge KA. Identification of frequent cytogenetic aberrations in hep-
atocellular carcinoma using gene-expression microarray data. Genome Biol 2002;
3(12):RESEARCHO0075.

Midorikawa Y, Yamamoto S, Ishikawa S et al. Molecular karyotyping of human hep-
atocellular carcinoma using single-nucleotide polymorphism arrays. Oncogene 2006;
25(40):5581-5590.

Shackel NA, McGuinness PH, Abbott CA, Gorrell MD, McCaughan GW. Insights into
the pathobiology of hepatitis C virus-associated cirrhosis: analysis of intrahepatic dif-
ferential gene expression. Am J Pathol 2002; 160(2):641-654.

Wang W, Yang LY, Huang GW et al. Genomic analysis reveals RhoC as a poten-
tial marker in hepatocellular carcinoma with poor prognosis. Br J Cancer 2004;
90(12):2349-2355.

Yang LY, Wang W, Peng JX, Yang JQ, Huang GW. Differentially expressed genes
between solitary large hepatocellular carcinoma and nodular hepatocellular carcinoma.
World J Gastroenterol 2004; 10(24):3569-3573.

Matoba K, lizuka N, Gondo T et al. Tumor HLA-DR expression linked to early
intrahepatic recurrence of hepatocellular carcinoma. Int J Cancer 2005; 115(2):
231-240.

Midorikawa Y, Tsutsumi S, Nishimura K et al. Distinct chromosomal bias of gene
expression signatures in the progression of hepatocellular carcinoma. Cancer Res 2004;
64(20):7263-7270.

lizuka N, Tsunedomi R, Tamesa T et al. Involvement of c-myc-regulated genes in hep-
atocellular carcinoma related to genotype-C hepatitis B virus. J Cancer Res Clin Oncol
2006; 132(7):473-481.

Tsunedomi R, lizuka N, Yamada-Okabe H et al. Identification of ID2 associated with
invasion of hepatitis C virus-related hepatocellular carcinoma by gene expression pro-
file. Int J Oncol 2006; 29(6):1445-1451.

Lee MJ, Yu GR, Park SH et al. Identification of cystatin B as a potential serum marker
in hepatocellular carcinoma. Clin Cancer Res 2008; 14(4):1080-1089.

Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel T. MicroRNA-21 reg-
ulates expression of the PTEN tumor suppressor gene in human hepatocellular cancer.
Gastroenterology 2007; 133(2):647-658.

Huang YS, Dai Y, Yu XF et al. Microarray analysis of microRNA expression in hepa-
tocellular carcinoma and non-tumorous tissues without viral hepatitis. J Gastroenterol
Hepatol 2008; 23(1):87-94.



182

A. Budhu et al.

241.

242.

Li L, Chen SH, Yu CH, Li YM, Wang SQ. Identification of hepatocellular-carcinoma-
associated antigens and autoantibodies by serological proteome analysis combined
with protein microarray. J Proteome Res 2008; 7(2):611-620.

Minagawa H, Honda M, Miyazaki K et al. Comparative proteomic and transcriptomic

profiling of the human hepatocellular carcinoma. Biochem Biophys Res Commun
2008; 366(1):186-192.



6 Pathologic Aspects

of Hepatocellular Tumors

Michael A. Nalesnik, MD, Tong Wu, MD,
PhD, Eizaburo Sasatomi, MD,
and Anthony J. Demetris, MD

CONTENTS

INTRODUCTION

FocAL NODULAR HYPERPLASIA

HEPATOCELLULAR ADENOMA

HEPATOCELLULAR DYSPLASIA

HEPATOCELLULAR CARCINOMA

PATHOLOGIC VARIANTS OF
HEPATOCELLULAR CARCINOMA

HEPATOBLASTOMA

REFERENCES

ABSTRACT

Hepatocellular tumors are pathologically divided into a limited num-
ber of entities such as focal nodular hyperplasia, hepatocellular adenoma,
hepatocellular carcinoma and its variants, and hepatoblastoma. Recent
advances in immunophenotypic and molecular characterization have led
to an increased appreciation of the complexities of these growths. For
example, subtypes of hepatocellular adenomas with differing premalignant
potentials have been defined, our ability to differentiate hepatocellular car-
cinoma from high-grade dysplasia continues to improve, and molecular
similarities of histologically discordant elements of combined hepatocellu-
lar/cholangiocellular carcinoma have been reported. This chapter describes
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pathologic, immunophenotypic, and molecular features of hepatocellular
tumors. Continued progress in our understanding of these growths at the
cellular and subcellular levels suggests that categorization of these tumors
may continue to evolve as additional significant clinicopathologic correlates
are discovered.

Key Words: Focal nodular hyperplasia; hepatocellular adenoma;
hepatocellular carcinoma; dysplasia; hepatoblastoma; histopathology;
immunophenotypic analysis; molecular pathology; tumor staging

1. INTRODUCTION

Hepatocellular tumors are conveniently divided into a limited number of
pathologic categories in order to provide a simplified framework allowing
rational application of diagnostic and therapeutic procedures. However, such
an approach understates the tremendous range of cellular and architectural
variation of these tumors, attributable to the wide plasticity of the hepato-
cyte and its progenitors. This chapter categorizes hepatocellular neoplasias
and relevant non-neoplastic growths using established pathologic headings.
The ongoing application of molecular techniques to enhance and sometimes
transform our understanding of these lesions provides a recurrent theme
throughout the discussion. In addition to comprehending the accepted rela-
tionships among the various tumors, the reader is challenged to consider
alternative relationships that may conceivably mirror the underlying biology
in a more accurate fashion. Such examples might involve the presence of
mesenchymal metaplasia in lesions as seemingly diverse as hepatoblastoma
and mixed hepatocellular carcinoma/cholangiocarcinoma. One may also ask
if specific molecular pathways such as -catenin/Wnt or specific cell types
such as bipotential progenitor cells may define subsets of similar tumors that
cut across current established morphology-based classifications.

2. FOCAL NODULAR HYPERPLASIA
2.1. Clinical Aspects

Focal nodular hyperplasia (FNH) is a benign mass lesion that arises
from a hyperplastic response to locally malformed vasculature and resul-
tant increase in regional blood flow (/-3). FNH can occur in either sex and
at any age, although it is most common in women of reproductive age. Estro-
gen use is not considered to be directly causative but may be associated with
lesion growth (4). Rapid growth of FNH in the absence of estrogen use has
also been reported (5).
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FNH has been associated with other conditions characterized by local
vasoformative anomalies such as hepatic hemangiomas or hereditary hem-
orrhagic telangiectasia (6). Increased frequency of FNH has been reported
after anti-neoplastic therapy, where it has been suggested that the increase
may relate to vascular injury associated with such treatment (7).

The radiographic appearance of typical FNH is diagnostic and most cases
are detected incidentally during abdominal radiographic examination for
other conditions. Occasionally it may present as fullness or a mass lesion.

FNH is usually a clinically benign condition and in many cases it can be
followed without surgical intervention. Rarely, larger lesions may undergo
significant hemorrhage (8) and exceptionally, hepatocellular carcinoma has
been observed to arise within these hyperplasias (9).

2.2. FNH Macroscopic Aspects

FNH presents as a discrete unencapsulated mass lesion with a lobulated
appearance accentuated by bands of fibrosis. These fibrous septa typically
radiate from the center of the lesion, where they coalesce into a larger central
scar (Fig. 1). This characteristic feature facilitates radiographic diagnosis in
most cases. Variations include eccentric scars and multiple smaller fibrous
scars. Importantly from a diagnostic perspective, hepatocellular carcinoma
may on occasion also contain a central scar and must be distinguished from
FNH (10).

A dystrophic vasculature is a ubiquitous feature of FNH and this may
be macroscopically detectable in some cases as isolated and enlarged ves-
sels within or at the periphery of the growth. In the recent past, some liver

Fig. 1. Focal nodular hyperplasia arising in a noncirrhotic liver. The nodule has centrally
depressed areas corresponding to the central fibrous scar. The background liver shows
chronic passive congestion.
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masses characterized by an excess of vasculature with minimal fibrosis were
referred to as telangiectatic FNH; however, clonal studies have unambigu-
ously redefined these tumors as variants of hepatocellular adenomas, and
they are discussed in that section (below).

Many but not all FNH are solitary and small. In a recent series, 80% of
FNH was under 5 cm, 18% between 5 and 10 cm, and 2% greater than 10 cm
in diameter (/7). In approximately 20% of cases, multiple FNH coexist. A
diagnosis of FNH in one lesion does not ensure that all other lesions are
identical, as concurrent hepatocellular carcinoma may also occur in livers
harboring FNH (12, 13).

2.3. FNH Microscopic Aspects

The microscopic appearance of FNH is dominated by bland cytology with
architectural distortion produced by the central area of fibrosis from which
radiate individual fibrous septa that circumscribe complete and incomplete
nodules of normal-appearing hepatocytes. When the entire lesion is resected
it is not difficult to delineate FNH from the surrounding parenchyma
despite both the absence of a pseudocapsule and the bland appearance of
hepatocytes.

The fibrous septa contain the dystrophic artery branches that supply the
lesion (Fig. 2). These vessels are characterized by asymmetric-appearing
muscular layers due to irregularly distributed but benign-appearing areas
of muscular hyperplasia throughout their lengths. The recognition of these
vessels is of diagnostic importance. Of similar diagnostic import is the

Fig. 2. Focal nodular hyperplasia. A thick walled dystrophic vessel (thin arrow) is
present within a fibrous area that corresponds to part of the fibrous scar of the lesion.
True bile ducts are not present. However, focal cholangiolar proliferation at the interface
between fibrous septa and hepatocyte areas may be focally prolific (thick arrow) (100x).
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absence of accompanying bile ducts in the vicinity of artery branches. On
occasion a portal tract may be enveloped within an area of the lesion, but
for the most part bile ducts are absent from FNH. In contrast, bile ductular
overgrowth is common at the interface between fibrous bands and hepato-
cyte trabeculae. This may be prolific in some areas and absent in others
(Fig. 2), possibly related to microenvironmental differences in blood and
bile flow within the lesion. The change is similar to the so-called “biliary
interface hepatitis” that occurs with biliary outflow compromise. This sim-
ilarity extends to the fact that hepatocytes in this area may be swollen due
to retained bile salts (cholate stasis). Further, localized increase in copper
(and copper binding protein) may occur here and is diagnostically useful as
a point in favor of the diagnosis of FNH over other lesions such as hepatocel-
lular adenoma. We have seen rare examples of the latter condition (as well
as HCC) producing a positive copper stain, however, and emphasize that the
diagnosis must take the entire appearance of the lesion into account.

A needle biopsy may be performed in cases in which the diagnosis is
ambiguous by radiographic examination. Several pitfalls may arise in this
circumstance. First, if the fibrosis is heavily sampled, a diagnosis of cir-
rhosis may be entertained. This error may be compounded by the presence
of ductular proliferation, in which a biliary etiology might be suggested.
Knowledge of the presence of a mass lesion is helpful, and a search for
true bile ducts adjacent to artery branches will demonstrate that normal por-
tal tracts are absent. This task can be difficult if some areas do show true
ducts. In that case the likelihood that both normal and abnormal areas of
liver have been sampled should be considered and an effort to mentally sep-
arate these regions undertaken. Examination of the vessels themselves may
disclose dystrophic change in some but not other areas and this is a helpful
finding.

With knowledge that the biopsy has been performed for diagnosis of
a hepatic mass, the differential diagnosis of hepatocellular adenoma often
arises, particularly in cases in which ductular proliferation is absent. We
find ancillary cytokeratin staining for ductules to occasionally be helpful. In
this regard we consider cytokeratin 19 to be more useful than cytokeratin
7, since the latter can often be expressed by hepatocytes adjacent to fibrous
regions. Copper stain and search for dystrophic vessels may also be of ben-
efit. Hepatocellular adenomas appear to show a more diffuse distribution of
vasculature throughout the hepatocyte regions in contrast to FNH in which
the vessels diminish in number and caliber as one leaves the fibrous regions,
and occasionally this feature is marked enough to be useful.

It is not always possible to histologically distinguish FNH from hepato-
cellular adenoma. In some cases clonal or other molecular studies (below)
may be of benefit. In other cases clinical circumstances may ultimately dic-
tate whether the lesion is followed by repeat radiographic studies or resected.
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3. HEPATOCELLULAR ADENOMA
3.1. Clinical Aspects

Hepatocellular adenoma (HCA) is an uncommon and benign liver tumor
arising most frequently in women of childbearing age and with a history of
oral contraceptive use. In one early study (/4), HCA occurred at a rate of 0.1
per 100,000 women per year when there was no history of oral contracep-
tives and this rose to 3.4 per 100,000 per year with long-term use of these
agents. More recent low-dose formulations do not appear to be associated
with this high level of risk. Anabolic steroid use is also associated with hep-
atocellular adenoma, and an example of this lesion arising in conjunction
with growth hormone therapy for Turner’s syndrome has been reported (15).
Use of the antiseizure medication oxcarbazepine has been associated with
HCA in mice and in a single recent clinical case report (/6). An association
of liver cell adenoma and various genetic metabolic disorders such as glyco-
gen storage diseases types I, III, or IV, galactosemia, and tyrosinemia have
been reported. Maturity-onset diabetes of the young, type III (MODY III)
and familial adenomatous polyposis are two additional predisposing condi-
tions that have a special relationship with molecular alterations present in
HCA and these are considered below.

Many cases are first detected during abdominal scan (/7) for low-grade
symptoms, feeling of fullness, or other conditions. Intratumoral hemorrhage
or rupture with hemoperitoneum may occur, particularly with larger tumors.
However, in the series of Toso et al. (/8), rupture was seen in HCA as small
as 1.7 cm, and these authors recommended resection of all HCA insofar as
possible. Immediate management of hemorrhage with or without surgery
(19) and observation of HCA less than 5 cm in size (20) have been empha-
sized by others and the possibility that HCA may regress if hormonal stim-
ulation is withdrawn has also been noted (2/). Malignant transformation is
an additional known complication of HCA, and Toso et al. (/8) documented
foci of HCC in 8% of their resected HCA.

3.2. Macroscopic Pathology

Hepatocellular adenoma characteristically appears as a well-
circumscribed, nonlobulated lesion within a noncirrhotic liver (Fig.
3). Adenomas can range from 1 to over 30 cm but most are between 5 and
15 cm in diameter. Typically adenomas occur in subcapsular locations and
in the right lobe. The tumor may be pedunculated (22). It is usually solitary,
but multiple lesions can occasionally be seen, particularly in glycogen
storage disease type I and in liver adenomatosis (23-26). The latter by
definition consists of 10 or more individual adenomas. An association of
adenomatosis with hepatic steatosis has been suggested (27).
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Fig. 3. Hepatocellular adenoma arising in a noncirrhotic liver. This 9.5 cm tumor arose
in the noncirrhotic liver of a middle-aged woman with a long history of oral contracep-
tive use. The dark areas represent hemorrhage that caused pain and led to the discovery
of this benign tumor.

Hepatocellular adenomas vary in color from yellow to tan and can be
variegated due to a combination of intratumoral hemorrhage, infarction, and
fatty changes (24, 28). The tumors are usually unencapsulated.

3.3. Microscopic Pathology

Hepatocellular adenomas contain normal-appearing hepatocytes arranged
in a trabecular architecture ranging from one to three cells thick (Fig. 4).
There are no portal tracts and therefore the normal hepatic microanatomical
relationships are lacking. The hepatocyte nuclei are small, round, and uni-
form. Nucleoli are inconspicuous. Mitoses are absent or few. Cytoplasm is
pale or eosinophilic and marked steatosis may be present. Cholestasis is not
uncommon. The normal reticulin pattern is well preserved and Kupffer cells
exist in their usual locations. An inflammatory component may be present.
Small venous and arterial branches are seen throughout the tumor (Fig. 4).
Occasional larger vessels are seen and may also appear as “feeding” vessels
adjacent to the tumor. Occasionally the tumoral hepatocytes may contain
PAS-positive, diastase-resistant hyaline globules (29, 30), Mallory’s hyaline
(31), or degenerate-appearing hyperchromatic nuclei (32).

The recent Bordeaux update of liver cell adenoma classification (/) has
altered our understanding of this lesion and is considered in the next section.

Distinction of hepatocellular adenoma from well-differentiated hepato-
cellular carcinoma may be difficult or impossible by conventional light
microscopy. The clinical context is important in this regard, and the diagno-
sis of hepatic adenoma outside of the setting of a young woman taking oral
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Fig. 4. Hepatocellular adenoma. The tumor is comprised of normal-appearing hepato-
cytes in an unremarkable trabecular architecture. Isolated artery branches (arrows) in
the absence of portal tracts do not occur in normal lobules and are consistent with the
diagnosis of this lesion as a hepatocellular adenoma (200 x).

contraceptives should be viewed with suspicion. Investigations should focus
on suspicious-looking areas that are characterized by a clonal appearance
(referring to a focus of cells that has a distinctly different look from the sur-
rounding adenoma). This may be due to cytologic differences or to architec-
tural differences such as solid growth or formation of pseudoacini. Micchelli
et al. (33) extended the earlier finding of Tao et al. (32) and noted cytologic
atypia as a background change in two of three hepatocellular adenomas
harboring foci of hepatocellular carcinoma. This change, demonstrated as
enlarged and somewhat hyperchromatic nuclei with underlying intact retic-
ulin architecture, was suggested as a potential risk factor for so-called malig-
nant degeneration of hepatocellular adenoma. However, background atypia
was also observed in several other adenomas in which a malignant compo-
nent was not demonstrated, and the authors concluded that additional studies
were necessary to confirm this possible association.

Immunohistochemical and molecular studies are valuable in further char-
acterizing these lesions and are considered next.

3.4. Hepatocellular Adenoma Subtypes and Ancillary Studies

The diagnostic approach to hepatocellular adenomas has been trans-
formed by correlative genotypic and phenotypic studies (/, 34) that have
led to the recognition of four subgroups with varying risks for malignant
transformation. The largest subgroup, comprising between 40 and 50% of
adenomas, contains inactivating mutations of the HNF1 alpha gene. In about
85% of cases both mutations are somatic in origin, and in the remaining 15%
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one germline and one somatic mutation coexist. Within this latter group are
included patients with maturity-onset diabetes of the young type III and a
number of patients with a family history of liver adenomatosis. HCA with
this mutation characteristically contains significant steatosis and does not
show evidence of anaplasia or significant inflammation. Association with
hepatocellular carcinoma is estimated at 7% at present. Immunohistochemi-
cal absence of liver fatty acid binding protein was associated with this muta-
tion in one study (34).

A minority of HCA, estimated at less than 10%, contains mutations
affecting the B-catenin gene. This can be indirectly detected by immuno-
histochemical demonstration of nuclear translocation of f-catenin. In addi-
tion, the products of target genes activated by p-catenin, such as glutamine
synthetase, can also be detected (34). These HCA do not usually show the
steatosis associated with HNF1a-related tumors but are more likely to con-
tain cellular atypia. These occur more frequently in males, and the associa-
tion with HCC has been estimated to be approximately 46%.

The remaining HCA do not contain evidence of mutations in either
of these genes and likely comprise a heterogeneous group. At present
these are subdivided into two categories based on the presence or absence
of inflammatory infiltrate. Those with inflammation correspond in part
to the previously misnamed telangiectatic focal nodular hyperplasia, now
preferably referred to as inflammatory adenoma or telangiectatic adenoma.
These lesions have not yet been associated with progression to carcinoma.
Immunohistochemical positivity for serum amyloid A2 protein has been
suggested as a marker for this variant (34). The second subgroup is com-
prised of those adenomas without known mutations and without significant
inflammation. The association with risk for HCC has been estimated to be
approximately 13%.

Demonstration of alpha-fetoprotein positivity is strong evidence in sup-
port of hepatocellular carcinoma over adenoma. In our experience, foci of
carcinoma may show increased cell cycle activity, highlighted by the prolif-
eration marker Ki-67, in comparison to adjacent adenoma and surrounding
liver. Such changes must be interpreted in the context of the overall lesion,
i.e., the pathologist must make the interpretation as to whether he or she
believes that carcinoma, if found, involves the entire lesion or only a por-
tion of the tumor. Glypican-3 expression favors the diagnosis of hepatocel-
lular carcinoma, as it has not been reported to be expressed in adenomas in
several small series (35, 36). Absence of staining does not exclude the pos-
sibility of HCC, since the antigen is preferentially expressed on less well-
differentiated neoplasms and in one study it was expressed in only 50%
of well-differentiated HCC (35). A diffuse, rather than focal, expression of
CD34 in tumor-associated vessels is said to favor hepatocellular carcinoma
over adenoma (35).
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Other immunostains do not add appreciably to the diagnostic informa-
tion. Estrogen, progesterone, and androgenic steroid receptors have been
detected in 26—73% of adenomas in different series (37, 38) and may also be
seen in hepatocellular carcinoma. Hepatic progenitor cells are identifiable
by immunohistochemical means in a considerable proportion of hepatocel-
lular adenomas and support the hypothesis that such cells play a role in the
development of hepatic tumors (39, 20). However, their identification does
not distinguish benign from malignant tumors.

Comparative genomic hybridization has been suggested as a useful ancil-
lary technique for the distinction of adenoma and carcinoma. Gains and
losses of chromosome sites on 1q, 4q, 8p, 8q, 16p, and 17p were found to be
the six most frequent alterations in HCC by this approach and detection of
one or more of these has been proposed as evidence in support of the diagno-
sis of carcinoma (27). These authors have updated this technique by utilizing
fluorescent in situ hybridization (FISH) to detect quantitative anomalies of
chromosomes 1, 6, 7, and 8, thereby distinguishing hepatocellular carcino-
mas from adenomas and other benign lesions in paraffin-embedded mate-
rial (22).

Differentiation of hepatocellular adenoma from focal nodular hyperplasia
(FNH) also has clinical significance, as FNH is a benign condition that does
not have the predisposition to hemorrhage that exists in adenoma, allowing
in some cases for a more conservative approach to management (40). (How-
ever, it should be noted that rare cases of FNH rupture (8, 40) and of hepa-
tocellular carcinoma arising within FNH (9) have been recorded.) Magnetic
resonance imaging, enhanced CT, scintigraphic findings, and angiography
show large peripheral vessels with centripetal flow and are diagnostically
useful, but the best method for the differentiation of HA and FNH is surgical
biopsy (41-43).

Both FNH and hepatocellular adenoma contain benign-appearing hepa-
tocytes. The presence of fibrous bands with artery branches and peripheral
ductular hepatocytes in the absence of true bile ducts is characteristic of
FNH. Small vessels are also seen in the lobular portion of FNH, but these
derive from the core arteries in the fibrous septa and rapidly diminish in cal-
iber as the distance from the fibrous bands increases. Such a gradient may
or may not be apparent in individual adenomas.

4. HEPATOCELLULAR DYSPLASIA

Hepatocellular dysplasia was formally defined by a panel of the Inter-
national Working Part on the Terminology of Chronic Hepatitis, Hepatic
Allograft Rejection, and Nodular Lesions of the Liver in 1995. Lesions
were subdivided into dysplastic foci (<1 mm diameter) and dysplastic
nodules (>1 mm diameter) and defined using histologic criteria. These
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included variations in nuclear and/or cytoplasmic constituents such that a
recognizable cell subpopulation could be distinguished from the surround-
ing hepatocyte parenchyma. Examples of nuclear changes included alter-
ations in size, at least mild irregularity of nuclear contours, and occasional
mitoses. Cytoplasmic changes included basophilia, clear cell change, vari-
ation in fat, glycogen, Mallory bodies, or resistance to iron accumula-
tion, any of these features differing from surrounding parenchyma. The net
result was often a clone-like population of distinguishable cells with altered
nuclear:cytoplasmic ratio. This encompassed a spectrum from mild to severe
change, which was arbitrarily divided into low-grade and high-grade forms.
The authors realized the inherent difficulty in such an approach and observed
that definitive classification, as well as distinction from early HCC, awaited
the development of more discriminatory molecular diagnostic tools.

Dysplastic foci have also been subdivided on the basis of cell size into
small and large cell types. Large hepatocytes with nuclear variability and
prominent nucleoli have been subsequently shown to have a low rate of
replication and express p16, prompting the suggestion that it be referred to
as large cell “change” rather than dysplasia. In contrast, the small cell vari-
ant tends to show a higher proliferative rate than surrounding parenchyma
and in one study showed chromosomal changes similar to those of nearby
HCC.

4.1. Differential Diagnosis of Hepatocellular Dysplasia

Although our understanding of hepatocellular dysplasia is incomplete, it
remains a practical necessity to differentiate these lesions from regenerative
nodules at one extreme and hepatocellular carcinoma at the other.

The distinguishing feature of dysplasia is that it leads to the formation
of an area in which the hepatocytes differ in a qualitative and/or quanti-
tative fashion from the surrounding parenchyma. Some variables that may
lead to this difference are given above. In contrast, regenerative nodules are
comprised of normal-appearing hepatocytes and are more likely to contain
portal tracts within their substance, without evidence of an aberrant arterial
vasculature.

The absence of stromal invasion, which refers to the presence of abnor-
mal hepatocytes directly abutting (without evidence of ductular change) or
within portal stroma, has been considered to be the most helpful histologic
feature separating dysplasia from HCC, which may exhibit this change.

Di Tommaso et al. (44) have recently described the utility of immunohis-
tochemistry in separating hepatocellular dysplasia from early hepatocellu-
lar carcinoma. Using an antibody panel consisting of glypican-3, glutamine
synthetase, and heat shock protein 70, they found that positivity for any two
antibodies yielded a 72% sensitivity and 100% specificity for the diagnosis
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of HCC over high-grade dysplasia. All cases of regenerative nodules and
low-grade dysplastic nodules were negative for these antibodies. Reference
should be made to their illustrations to correctly interpret the qualitative
aspects of antibody patterns before applying this to clinical material.

Llovet et al. (45) used quantitative real-time RT-PCR to evaluate tran-
scription levels of 55 candidate genes in dysplastic nodules and early hepato-
cellular carcinomas in patients with underlying hepatitis C virus-associated
cirrhosis. They identified a three-gene subset comprised of glypican-3, sur-
vivin, and the hyaluronan receptor LYVE-1 that had 95% sensitivity and
94% specificity in distinguishing these two conditions.

5. HEPATOCELLULAR CARCINOMA

5.1. Clinicopathologic Comments

The clinical aspects of hepatocellular carcinoma are dealt with in detail
throughout this book and are not repeated here. While the following discus-
sion of hepatocellular carcinoma considers the tumor as a discrete entity, it
is emphasized that each HCC likely represents the end result of a number
of distinctive and partially overlapping malfunctions of a variety of cellular
pathways. Thus, clinically similar HCCs arising in cirrhotic livers caused by
alcohol versus infection with hepatitis B or C viruses have likely followed
a somewhat different pathogenesis from each other, in addition to differing
from HCC arising from a pre-existent hepatocellular adenoma in a noncir-
rhotic liver of a patient with a history of contraceptive pill use.

Further, we are in a transition period in which progress in molecular anal-
ysis is redefining our understanding of disease processes in a stochastic man-
ner. Thus, time-worn descriptive terminology slowly gives way to evolving
tumor subclassifications based on distinctive sets of molecular alterations.
Which clinicopathologic concepts survive and which are discarded remains
to be determined. The two approaches are presented in parallel so that the
reader may have an overview of these complementary approaches to tumor
pathology.

5.2. Macroscopic Pathology

The majority of hepatocellular carcinomas arise in cirrhotic livers and
most frequently involve the right lobe (Fig. 5). The tumors are typically soft,
vary in color from gray-green-yellow to light brown, are occasionally bile-
stained, and often contain foci of hemorrhage or necrosis. Rarely they may
contain a central scar that may mimic focal nodular hyperplasia (/0). The
tumors can be single or multiple and range from less than 1 cm to over 30 cm
in diameter with a tendency toward larger sizes when involving noncirrhotic
livers (46).



Chapter 6 / Pathologic Aspects of Hepatocellular Tumors 195

Fig. 5. Hepatocellular carcinoma (mixed hepatocellular carcinoma and cholangiocarci-
noma) arising in a cirrhotic liver. The large and small nodules throughout this liver are
consistent with cirrhosis. A hepatocellular carcinoma (arrow) is larger and has a differ-
ent color from the nodules due to bile production. A second white nodule immediately to
the left and of similar size was largely necrotic. The small white nodule situated superior
to the two larger nodules had features of cholangiocarcinoma. This likely represents a
mixed tumor, although molecular analysis was not performed at that time.

A wide variety of macroscopic patterns of tumor growth exist, but these
have few clinical correlates. The traditional classification of Eggel (47) dis-
tinguishes three patterns of hepatocellular carcinomas: multinodular, mas-
sive, and diffuse. Multinodular HCC was the most common type in one
series. In this pattern multiple tumor nodules are scattered throughout the
liver (46, 48). Multinodular HCC is typically associated with cirrhosis (46).
In the massive pattern a solitary tumor mass occupies much of the liver and
may be associated with smaller satellite nodules. This pattern has been asso-
ciated with noncirrhotic livers (46). The diffuse pattern is the least common
and is characterized by numerous widespread small nodules that mimic cir-
rhotic nodules; these may virtually replace the liver. In cirrhosis, clinically
advanced liver disease has been associated with the diffuse or multinodular
patterns of HCC (48, 49). Rarely, HCC may be pedunculated, presumably
reflecting an origin within an accessory lobe (50). In one study it was con-
cluded that pedunculated HCC has an unfavorable prognosis if appropriate
surgical procedures are not performed during the early stages of develop-
ment (51).

In more recent macroscopic classifications, hepatocellular carcinomas are
further subdivided into two main patterns based on growth characteristics:
Expanding or expansive tumors have distinct borders that push aside the
adjacent liver, and spreading or infiltrative tumors have poorly defined bor-
ders that microscopically invade the adjacent liver (52, 53). Kojiro et al.
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(54) applied the terms “distinctly nodular” and “indistinctly nodular” to
refer to these growth patterns in small tumors. Small indistinctly nodular
tumors were likely to contain both portal and arterial blood supplies, have
portal tracts within their substance, and be comprised of uniform, well-
differentiated cells. These authors considered the indistinctly nodular form
to be the equivalent of carcinoma in situ, and they designated this as early
HCC, noting the tendency to categorize such lesions as high-grade dysplasia
in Western countries. In contrast, they considered distinctly nodular small
HCC to represent an advanced cancer despite its small size.

Kanai et al. (55, 56) have additionally subdivided nodular HCC into three
subtypes: type 1 is represented by HCC presenting as a single nodule, type
2 is a single nodule with extranodular growth, and type 3 has a contiguous
multinodular growth pattern.

Blood groups have been related with macroscopic tumor patterns, with
the suggestion that blood group status other than O was an independent risk
factor for multinodular pattern HCC in those patients with tumor, and the
presence of blood group O was associated with the solitary growth pattern
(46).

Portal vein thrombosis occurs in a high proportion of advanced cases (57),
and the frequency is lower in small HCC (58). However, it has been proposed
that curative resection may be possible, even in the presence of portal vein
invasion, if the primary tumor is small, i.e., early stage (59).

Less frequently, HCC may involve the main hepatic veins, the inferior
vena cava or right atrium and can even extend into the large bile ducts.
The clinical consequences of those involvements include Budd—Chiari syn-
drome, biliary obstruction, and hemobilia (60-63).

Pathologic staging is a primary determinant of prognosis, and the growth
pattern does not add additional information. However, the manner of growth,
such as diffuse, may make it less likely that the tumor will be detected at
an earlier stage, and, by definition, growth patterns such as diffuse or mas-
sive are synonymous with advanced disease and associated poor prognosis
(48, 49).

5.3. Staging of Hepatocellular Carcinoma

The International Union against Cancer and the American Joint Commit-
tee on Cancer (AJCC/UICC) published the Tumor-Node-Metastasis (TNM)
pathologic classification for HCC in 1987 and later modified this in 2002
(64). Most of the revisions were related to categorization of the primary
tumor, i.e., T stage. A T1 tumor includes solitary tumors of any size without
vascular invasion, and a T2 tumor includes solitary tumors of any size with
vascular invasion. Multiple tumors are staged as either T2, in which the size
of the largest tumor does not exceed 5 cm, or T3, in which the largest tumor
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does exceed 5 cm in diameter. Factors such as bilateral location of tumors, or
tumor multifocality versus intrahepatic metastasis of a single tumor, are not
taken into account when assessing multiple tumors. Any tumor that involves
a major branch of the portal vein (including portal vein and right and left
branches) or hepatic vein (including right, left, and middle hepatic vein) is
staged as T3. Finally, tumors with direct invasion of adjacent organs (exclud-
ing gallbladder) or penetration through the visceral peritoneum are staged as
T4. A breakdown of the AJCC TNM Staging and Stage Grouping is pro-
vided in Tables 1 and 2.

The TNM system requires direct pathologic inspection of tumor extent
and as such has limited usefulness in some clinical settings. A number of
clinical or clinicopathologic staging systems have been proposed as offer-
ing more precise prognostic subgrouping and applicability for HCC patients
who undergo hepatic resection, transarterial chemoembolization (TACE), or

Table 1
American Joint Committee on Cancer Staging for Intrahepatic Tumors:
Definitions of TNM
Primary tumor (T)
X Primary tumor cannot be assessed
TO No evidence of primary tumor
T1 Solitary tumor without vascular invasion
T2 Solitary tumor with vascular invasion or
multiple tumors none more than 5 cm

T3 Multiple tumors more than 5 cm or tumor

involving a major branch of the portal or
hepatic vein(s)

T4 Tumor(s) with direct invasion of adjacent
organs other than the gallbladder or with
perforation of visceral peritoneum

Regional lymph nodes (N)

NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastases
N1 Regional lymph node metastases

Distant metastases (M)

MX Distant metastases cannot be assessed
MO No distant metastases
M1 Distant metastases
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Table 2
American Joint Committee on Cancer Staging for
Intrahepatic Tumors: Stage Grouping

Stage T N M
I 1 0 0
II 2 0 0
IIIA 3 0 0
1B 4 0 0
IIcC Any 1 0
v Any Any 1

transplantation. Okuda et al. (65) developed a three-stage system with prog-
nostic utility and based on tumor size, serum albumin level, presence of
ascites and jaundice. The Cancer of the Liver Italian Program (CLIP) system
uses the Child—Pugh score, tumor morphology, alpha-fetoprotein level, and
portal vein thrombosis as independent predictive survival factors (66). The
Barcelona Clinic Liver Cancer (BCLC) Staging System is based on the pres-
ence or absence of symptoms, tumor multinodularity, vascular invasion, and
extrahepatic spread (67). The Chinese University Prognostic Index (CUPI) is
constructed by adding liver function variables (total bilirubin, ascites, alka-
line phosphatase, alpha-fetoprotein, and asymptomatic disease on presen-
tation) into the TNM staging system (68). The Prognostic Risk Score is
based on vascular invasion (microscopic and macroscopic), lobar distribu-
tion, lymph node status, and largest tumor size (69). The Japan Integrated
Staging Score (70) incorporates a score for Child—Pugh category together
with a score for TNM Stage as defined by the Liver Cancer Study Group
of Japan. In this approach, the T stage is based on the variables of single
versus multiple tumors, tumor size <2 cm, and absence of vascular invasion.
HCC fulfilling all three of these criteria are T1, those fulfilling two factors
are T2, those fulfilling one factor are T3, and those fulfilling no factors (i.e.,
multiple tumors, greater than 2 cm with vascular invasion) are considered
T4. Final stage also incorporates node and metastasis status. Kudo et al. (70)
found patient stratification by this approach to be superior to that obtained
by the CLIP system.

Other variants, incorporating the Model for End-Stage Liver Disease
(MELD) (71) criteria into baseline JIS (72) or CLIP (73) scoring systems,
have also been described.

Several reports have compared the efficacies of multiple staging systems
in a clinical setting. Cillo et al. (74) and Marrero et al. (75) found the BCLC
staging system to be the best overall approach. In the setting of HCC treated
with TACE, Georgiades et al. (76) found the nominal Child—Pugh results to
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be the most accurate prognostic indicator. In contrast, Cho et al. (77) found
the CLIP system to excel in this specific patient cohort. Seo et al. (78) found
the CLIP system to have the best predictive power in a retrospective study.

In the United States at present (mid-2008), liver transplant candidates
with either single intrahepatic HCC between 2 and 5 cm or two to three
intrahepatic HCC each 3 cm or less in greatest dimension have been
granted additional priority (22 points) within the MELD framework for liver
transplantation. This approach, based on the Milan criteria proposed by
Mazzaferro et al. (79), has been criticized as being too restrictive (80). Con-
versely, a retrospective study (81) of liver transplantation in the United States
comparing the 5-year periods before versus after the introduction of the
MELD priority exceptions for HCC showed a significantly worse survival
for patients with HCC in the 3-5 cm range. Complementary approaches,
such as those incorporating loss of heterozygosity analysis, may aid in delin-
eating subgroups of HCC patients most likely to benefit from liver transplan-
tation (69, 82, 83).

5.4. Microscopic Pathology

Hepatocellular carcinomas can contain varied microscopic appearances,
most of which recapitulate aspects of normal hepatocyte cytology and archi-
tecture. Well-differentiated HCC may be difficult or histologically impossi-
ble to distinguish from hepatocellular adenoma (84-86) and it may likewise
be difficult to precisely establish the interface between tumor and normal
liver. In contrast, poorly differentiated examples of HCC may betray only
minor evidence of their hepatocellular origin.

The commonest architectural pattern of malignant hepatocytes is an
arrangement that caricatures the normal trabecular arrangement of liver lob-
ules (Fig. 6). These neoplastic pseudotrabeculae vary from 2 to over 20 cells
in thickness, are irregularly arrayed, generally but not always have a reduced
or absent reticulin framework, and are separated by a vascular network lined
by endothelial cells and containing isolated arterial/arteriolar branches. In
contrast, normal trabeculae are 1-2 cells thick, evenly arranged, bordered
by a well-developed reticulin network, and separated by sinusoids without
prominent endothelial cells.

Other growth patterns of HCC are variations on this basic theme. A pseu-
doglandular (pseudoacinar) pattern may result either from dilatation of the
bile canaliculi between tumor cells or from central lytic degeneration of
solid trabeculae. The gland-like spaces can be empty or contain PAS-positive
cellular debris, lipid-laden macrophages, or bile. Complex pseudoglandular
formations can result in pseudopapillary structures and give the appearance
of “islands” of tumor cells, usually surrounded by a lining of endothelial
cells (87). A compact or solid pattern results when malignant cells appose
each other closely, rendering sinusoidal or vascular spaces inapparent. It has
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Fig. 6. Hepatocellular carcinoma. The tumor cells grow in distorted cords or trabecu-
lae. Bile production (large arrow) and intracytoplasmic Mallory bodies (small arrows)
are microscopic evidence of hepatocellular differentiation. More commonly, additional
techniques are used to establish hepatocyte phenotype.

been suggested that hepatocellular carcinomas with a compact growth pat-
tern have a better prognosis as compared with trabecular and acinar pat-
terns (88).

Tumor cells of HCC generally have more irregular nuclear membranes,
coarser and more irregularly distributed heterochromatin, and a slightly
higher nuclear:cytoplasmic ratios than do their benign counterparts. Mitotic
and apoptotic activity are increased in the tumor cell population. As HCC
approaches moderately to poorly differentiated phenotypes, there is a corre-
sponding exaggeration of all of these features, with an increase in cell-to-cell
heterogeneity and the emergence of giant and bizarre tumor cells in some
cases. Different degrees of differentiation can be seen within a single tumor.

A variety of cytologic modifications may be seen within a given case of
HCC. In general these have no prognostic relevance, but they can be useful
clues for the diagnostic histopathologist. In some cases clear cells may pre-
dominate due to glycogen or lipid accumulation. Macrovesicular steatosis
may be diffuse or focal and appears to be a more frequent finding in small
HCC.

Bile pigment is noted in about 20% of hepatocellular carcinomas (Fig. 6).
Bile within the neoplastic cells or bile canaliculi is an important indicator
of hepatocellular origin. Bile is usually evident on routine histology, but on
occasion it may be necessary to demonstrate bile canaliculi by polyclonal
anti-carcinoembryonic antigen antibody which is cross-reactive with biliary
glycoproteins (Fig. 7).

A variety of intracellular inclusions can be identified. Dense eosinophilic
globular bodies may be intra- or extracellular. These are usually
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Fig. 7. Polyclonal carcinoembryonic immunostain highlighting bile canaliculi in hep-
atocellular carcinoma. In this well-differentiated tumor, the dark branch-like structures
represent uptake of polyclonal CEA antibody, which cross-reacts with biliary glyco-
protein. In some cases canalicular dilatation forms pseudoglandular structures (arrows).
(polyclonal CEA immunostain with diaminobenzidine, 400 x).

PAS-positive and can contain various proteins including alpha-fetoprotein,
alpha-1-antitrypsin, alpha-1-antichymotrypsin, albumin, fibrinogen, and/or
ferritin. Pale bodies are lightly staining, eosinophilic, intracytoplasmic inclu-
sions that correspond to dilated rough endoplasmic reticulum and contain
mainly fibrinogen, probably reflecting defective protein transport (89). Pale
bodies may simulate “ground glass” inclusions that are related to hepatitis
B virus infection, but unlike true ground glass inclusions, they do not con-
tain viral components (90, 91). It has been suggested that proteins expressed
in intracytoplasmic bodies might in some cases contribute to the malig-
nant phenotype, since in one case p62, a phosphotyrosine-independent lig-
and of p56(Ick) and putative signal transducer, was identified as the major
component of such inclusions (92). Typical Mallory bodies can be seen in
about 20% of hepatocellular carcinomas, regardless of underlying disease
(93). Megamitochondria, enlarged lysosomes, myelin deposits, abnormal
accumulations of glycogen, and degenerative material are occasionally seen
and can be identified ultrastructurally. Copper, copper-related protein, and
Dubin-Johnson-like pigment have all been described in tumor cells. The
latter may impart a black macroscopic appearance to the tumor (94). Rarely
extramedullary hematopoiesis and granulomas can be detected.

Kupfter cells are present but quantitatively reduced in hepatocellular car-
cinomas, with more prominent decreases noted in larger and less well-
differentiated tumors (95). However, small, well-differentiated HCC may
contain Kupffer cells in nearly normal numbers. Reduced Kupffer cell
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function and cytokine production have been suggested as possible aug-
menters of HCC progression in an experimental animal model (96).

The stroma of HCC is usually scanty. In some cases there can be a fibrous
background and differentiation from other forms of adenocarcinoma may
become problematic.

Tumor nodules are frequently surrounded by distinct fibrous capsules,
and septum formation can be observed during the development of HCC.
The capsule consists primarily of Type III collagen with Type I collagen
facing the tumor in well-developed examples (97-99). Small HCCs have a
higher proportion of well-encapsulated tumors. The capsule and septa are
mainly formed by alpha-smooth muscle actin-positive mesenchymal cells
and can result from interactions between tumor and host liver parenchyma.
It is thought by some that the capsule is a manifestation of host defense
that can interfere with the growth and invasiveness of HCC (97, 99). It has
been suggested that tumor infiltration of the peritumoral capsule or of the
surrounding parenchyma might correlate with a higher frequency of portal
vein invasion and intrahepatic metastases (48).

A four-tiered histologic grading system was originally devised by
Edmondson and Steiner (100), with Grades -1V denoting progressive loss
of differentiation. Tumor grades have been shown to correlate with the gross
morphology, DNA content, proliferation markers, metastases, and AFP pro-
duction but grading is a weak independent prognostic predictor (/0/-103).

In our practice, about 15-20% of HCC behave in an aggressive fash-
ion, despite small size. It is therefore incumbent upon the pathologist to
assess each tumor for degree of differentiation and search for vascular
invasion, regardless of tumor size. Whether such lesions have specific and
early genetic or epigenetic changes that define such behavior remains to be
determined.

5.5. Immunocytochemical Markers of Hepatocellular Carcinoma

A wide variety of antigens are detectable within HCC cells, and one recent
textbook lists 109 such markers (/04). Some of these are of use in dissect-
ing the various pathways of neoplastic progression that may occur in these
tumors. Only a subset of markers has routine diagnostic applications and
those are briefly considered herein.

Detection of alpha-fetoprotein expression is a classical approach to the
diagnosis of HCC. The specificity of AFP is as high as 97%, but its sen-
sitivity is low. Expression is often patchy and weak, and it has been sug-
gested that AFP positivity correlates with size and differentiation of the
tumor; small, well-differentiated HCCs are less positive than poorly differ-
entiated ones.
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This association apparently also extends to a lectin-reactive fraction of
AFP (AFP-L3) that is currently used as a serum marker of HCC. Sev-
eral studies have shown that serum AFP-L3-positive HCC patients have
less well-differentiated tumors than do patients negative for this marker
(105, 106).

A number of other antibodies have long been used in the routine diagnos-
tic evaluation of hepatocellular phenotype. Detection of biliary glycopro-
tein by the use of cross-reactive polyclonal anti-carcinoembryonic antigen
(CEA) antibody highlights a bile canalicular pattern in 60-90% of HCC
and was estimated in one series to be 79% sensitive and 97% specific for
these tumors (//0). Adenocarcinomas and cholangiocarcinomas can show
cytoplasmic staining with these antibodies, a pattern that is less common
in HCC. Further, these other tumors can also react with the more specific
monoclonal anti-CEA antibodies, a result that is only rarely seen with HCC
when appropriate clones are used.

A canalicular pattern of staining in benign and malignant hepatocytes can
also be demonstrated with antibody to CD10 (neprilysin) (/37, 138). In one
study this antibody showed 68% sensitivity and 100% specificity for the
differential diagnosis of HCC, although it did not distinguish it from normal
liver parenchyma (137).

HepPar 1 is a monoclonal antibody that detects the urea cycle enzyme
carbamoyl phosphate synthetase 1 (/07). It decorates both benign and neo-
plastic liver cells and is not absolutely specific for the hepatocyte phenotype,
as it may rarely be expressed in other cell and tumor types (/08, 109). How-
ever, in one study HepParl had 82% sensitivity and 90% specificity for the
detection of hepatocellular carcinomas (//0). When it is used as a part of
a diagnostic panel its diagnostic accuracy is enhanced (//0-113). HepPar-1
is more likely to be expressed in well-differentiated as opposed to poorly
differentiated tumors.

For the differentiation of hepatocellular carcinoma from cholangiocar-
cinoma and metastatic carcinomas, particularly those of colorectal origin,
immunostaining for individual cytokeratins is reportedly helpful. Normal
adult liver cells contain cytokeratins 8 and 18 as defined in Moll’s cata-
logue, and bile duct epithelial cells contain cytokeratins 7 and 19. At least
in our experience this approach is less helpful than the use of other markers,
since (a) hepatocytes can express CK7 when there is nearby fibrosis and this
is particularly relevant with the scirrhous variant of HCC; (b) some HCC
also express CK19, which is interpreted as showing a bipotential phenotype,
although the tumor is still recognized as HCC; and (c) we have experienced
significant artifactual staining with antibody to CKS8. Of perhaps more utility
is the use of cytokeratin antibodies to differentiate tumors of hepatocellular
origin from colorectal adenocarcinoma. The latter are most often cytokeratin
20% 77, a pattern rarely seen in either HCC or cholangiocarcinoma (139).



204 M.A. Nalesnik et al.

Glypicans are a family of six heparin sulfate proteoglycans that are
mainly expressed in a stage- and tissue-specific manner during development
(114). One form, glypican-3, is highly transcribed in hepatocellular carci-
noma (/15) and can serve as a marker for this tumor. Its use as part of a
panel in the differentiation of HCC from hepatocellular dysplasia was con-
sidered above. It is not specific for HCC, with expression seen in about half
of the cases of squamous cell lung carcinomas, liposarcomas, and nonsemi-
nomatous germ cell tumors (//6) and in approximately 80% of melanomas
(117). In contrast to HepPar-1, glypican 3 is more sensitive in the detection
of poorly differentiated as opposed to well-differentiated HCC (7/76). Care
in the use of this diagnostic marker is indicated, as it has been reported to
be positive in 16% of preneoplastic nodular liver lesions (//6) and also in
25 of 30 cases of benign liver tissue with prominent inflammation related to
hepatitis C virus infection (/18).

B-Catenin translocation to the nucleus as a result of mutations or other
aberrations of the p-catenin pathway is detectable in a minority of HCC,
as is the expression of target gene products such as glutamine synthetase
(119). However, since these markers can also be expressed in a subset of
hepatocellular adenomas, the diagnostic utility of these antibodies is some-
what limited. The possible prognostic significance of these markers remains
unsettled at present.

Epithelial glycoprotein-2 is a cell surface molecule present on many car-
cinomas but absent on HCC (/40). The glycoprotein is detected by the mon-
oclonal antibody MOC-31 and a positive staining result with this antibody
would suggest a tumor other than HCC (94).

Serum des-carboxy-prothrombin, also known as protein induced by vita-
min K absence II (PIVKA-II) is useful as a marker of HCC. Immunohis-
tochemical detection of this protein within the cytoplasm of HCC tumor
cells was documented (/20) and the authors suggested that it may prove
useful in separating small HCC from examples of adenomatous hyperplasia.
A separate study found an association with immunohistochemical detection
of PIVKA-II within HCC and the presence of vascular invasion or higher
tumor stage, suggesting its utility as a prognostic as well as a diagnostic
marker (121).

Gotoh et al. showed overexpression of osteopontin in HCC by quanti-
tative PCR and immunohistochemistry (/22). This secreted glycoprotein is
an organic component of the bone matrix, but is secreted by a number of
other cell types. Osteopontin expression in HCC was associated with infil-
tration into the tumor capsule (/22), early tumor recurrence, metastasis, and
lower survival (1/23). Elevated serum levels of osteopontin had similar signif-
icance and were considered superior in one study to measurement of AFP or
PIVKA-II (124). Zhang et al. (125) showed that preoperative plasma osteo-
pontin levels was an independent prognostic indicator of both overall and
disease-free survival in a multivariate model.
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Other potential prognostic immunohistochemical markers, such as
galectin-3 (126), survivin (127), the stem cell markers CD133 (/28) or
EpCAM (129), Aurora kinase B (130), WT-1 (131), histone deacety-
lase 1 (132), phospho-ERK1/2 (133), the transcription factor Twist (134),
mortalin (heat shock 70-kDa protein 9) (135), the polycomb group
oncogene Bmi-1 (/36), among others, are under active investigation at
present.

Morphometric image analysis has been used to aid in the differential diag-
nosis of benign versus malignant hepatocellular lesions (/4/—143). In one
case, correlation of nuclear features with a specific loss of heterozygosity on
17p13 was reported (/44). Clinical application of these techniques, although
promising, remains limited and the introduction of a more user-friendly tech-
nical infrastructure in the near future seems likely.

5.6. Molecular Pathology

The underlying molecular biology of HCC is covered elsewhere in this
book and is not considered here. Likewise, specific cellular pathways of
diagnostic pathologic importance for dysplastic lesions and hepatocellular
adenomas are discussed above. Here we are concerned with the applica-
tion of ancillary studies that may shed light on the behavior or progno-
sis of HCC beyond that discernible by the diagnostic histopathologist (in
addition to potential prognostic markers already mentioned). Despite the
impressive number of studies and the resultant large strides in understanding
over the past decade, such approaches must still be considered to be early
in evolution. These studies will eventually generate a comprehensive pic-
ture of HCC at the cellular and subcellular level which will in some cases
confirm, and in other cases likely overthrow, our current concepts of this
disease.

In the simplest hypothetical construct, cancer can be considered to rep-
resent an imbalance between cellular growth and cellular death. Thus, inap-
propriate activation of cell proliferation pathways and inhibition of apoptotic
pathways could each tip the balance in favor of the tumor. Early studies
of cellular proliferative markers, including S-phase fraction (/02), quan-
titation of silver staining nucleolar organizing regions (AgNORs) (145),
and immunohistochemical assessment of cell cycle proliferation antigens
Ki67/MIB-1 or PCNA/cyclin (145, 146) all showed an inverse association
with patient survival. Similar correlations extend to individual components
of the cell cycle machinery. Overexpression of cyclin A and cyclin D1 was
inversely associated with disease-free survival in some (147, /48) but not all
(149) studies.

The application of microarray studies has upheld and expanded these
studies. Lee et al. (/50) examined cDNA derived from 91 HCC by
unsupervised hierarchical clustering supplemented by additional analytic
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procedures. They found two major subclasses of tumors that were strongly
associated with patient survival, and increased translation of genes associ-
ated with cell proliferation was the strongest predictor of decreased survival.

Inhibition of apoptosis might be expected to stabilize a tumor popula-
tion and serve as a negative prognostic indicator. In this regard Garcia et al.
(151) used multivariate analysis to determine that a high level of immuno-
histochemical staining for the pro-apoptotic Bax protein was associated with
a 31.9-month median survival whereas patients with weak or absent staining
had 6.6-month median survival. Conversely, those patients with strong intra-
tumoral expression of the antiapoptotic bcl-x had only a 5.8-month median
survival, which increased to 32.7 months with strong expression. Nuclear
expression of the antiapoptotic protein survivin was also associated with
nuclear grade, microvascular invasion, proliferative rate, and local tumor
recurrence as well as decreased survival in one study (/52). Lee et al. (150)
also found a number of antiapoptotic molecules to be overexpressed in their
poor survival group using a microarray approach. Similarly, telomerase acti-
vation serves to short-circuit normal cell senescence and subsequent cell
death, and this protein is frequently activated in HCC (/53). High levels of
telomerase activity are associated with recurrence following hepatectomy as
well as decreased survival (154, 155).

Disruption of cell cycle checkpoint proteins may facilitate genomic insta-
bility and the generation of tumor subclones with enhanced malignant
behavior. The p53 tumor suppressor gene has been extensively studied in
this regard (156-165) (reviewed in (166)). Immunohistochemical detection
of p53 should be combined with p21 immunostaining to differentiate func-
tional (p21 positive) from mutant (p21 negative) pS3 expression. Addition-
ally, some p53 mutations result in protein dysfunction without extended
half-life and would therefore result in false-negative results by immun-
odetection. For these reasons, DNA mutation analysis is preferred. Muta-
tions of p53 have generally been associated with disease recurrence and
decreased survival (166). P53 overexpression has also been associated with
nuclear B-catenin expression and downregulation of E-cadherin in some
studies (/67) but not others (/68). Protein p73, which is an analogue of
P53, also can induce apoptosis and in one immunohistochemical study was
detectable in 32% of 193 HCC and found to be a correlate of poor progno-
sis (103).

Aberrant retinoblastoma gene protein expression, including both absence
and overexpression, was associated with poorly differentiated tumors and
metastases in one study (/59) and was felt to be a marker of advanced dis-
ease. Similar results were reported by this group for loss of the INK4 cyclin-
dependent kinase (CDK) inhibitor p16 (/60). Inactivation of the INK4 CDK
inhibitor p15 detected by promoter methylation-specific PCR was found in
64% of tumors in one study (/69) and was associated with recurrence or
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metastatic disease. This assay was also used to detect circulating tumor cells
and the authors concluded that it might prove useful for both diagnostic and
monitoring purposes.

Genomic instability may also manifest as increased aneuploidy and this
has been associated with the degree of histologic differentiation (/0/) and
decreased survival (170). Markers of microsatellite instability have also been
examined and in some studies have been associated with reduced disease-
free survival (171).

Composite markers of genetic alterations have been applied in a clinical
setting. Marsh et al. (83) analyzed loss of heterozygosity at multiple loci to
generate a fractional allelic loss index. Although this could not be used as a
stand-alone assay due to the variability in the number of informative markers
for a given tumor, these investigators were able to incorporate this informa-
tion into a previously developed neural network model to accurately predict
tumor recurrence in 81 of 81 evaluable patients. This approach, as well as
comparative genomic hybridization (/72), has also found utility in distin-
guishing multiple independent primary HCC from intrahepatic metastases
in some cases.

Microarray studies have generated a plethora of HCC-related data that
must be integrated and simplified for clinical use. As examples, molecular
signatures associated with intrahepatic versus extrahepatic metastasis (173),
vascular invasion (/74), clinical outcome including delineation of possible
progenitor cell tumors (175, 176), and recurrence following transplantation
(177) represent some early results along these lines. lizuka et al. (/78) have
recently presented a high-level overview of HCC-related microarray studies
with a focus on current problems and challenges. The availability of high-
throughput analysis of single nucleotide polymorphisms (SNP) will add an
additional dimension to our ability to define HCC behavior. For example,
SNP associated with high levels of alpha-fetoprotein production (/79), an
adverse prognostic indicator, may eventually form part of a panel allowing a
detailed clinicopathologic assessment of HCC. Such an approach will need
to take into account the underlying etiologic factors, i.e., hepatitis B or C
virus, aflatoxin, alcohol, as well as the presence or absence of cirrhosis, at a
minimum.

6. PATHOLOGIC VARIANTS OF HEPATOCELLULAR
CARCINOMA

6.1. Fibrolamellar Carcinoma

Fibrolamellar hepatocellular carcinoma (FL-HCC), also known as onco-
cytic hepatocellular carcinoma or polygonal cell-type hepatocellular car-
cinoma with fibrous stroma, is separable from ordinary hepatocellular
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carcinoma on the basis of macroscopic, histologic, ultrastructural, and
molecular features (/80). This distinctive variant of HCC is seen predomi-
nantly in young patients (90% under 35 years of age) without cirrhosis (/81).
In a recent study using data from the Surveillance, Epidemiology, and End
Results (SEER) program, El-Serag et al. (/82) found this variant to com-
prise 13.4% of all primary liver cancers in patients under 40 years of age
and 0.85% above this age. There appears to be a predominance in whites
(182), with relative rarity in Asia (183), although it may be becoming more
commonly recognized in that geographic area (/84). No sex predilection is
known.

The clinical presentation is typically vague, with components of abdom-
inal pain, malaise, and weight loss (/80). Less common presentations
include biliary obstruction (/80), thrombophlebitis (/85), or massive bilat-
eral metastatic spread to the ovaries (Krukenberg tumor) (/86).

The tumors are solitary in 90% of cases, ranging on average from 9 to
14 cm at time of presentation (/80). This neoplasm is unique among hep-
atocellular tumors in that the majority arise in the smaller left hepatic lobe
(104). The fibrous component of FL-HCC often forms a central scar that can
be demonstrated by radiological techniques (/87, 188). The fibrous compo-
nent also provides increased firmness to the tumor in comparison to typical
HCC and may also be the site of calcification. The pattern of fibrous scar
formation may superficially mimic that seen in focal nodular hyperplasia.
It had been previously suggested that fibrolamellar HCC and focal nodular
hyperplasia may be pathogenetically related, but most investigators do not
subscribe to that concept (189).

Microscopically, there is usually a compact architectural growth pattern
but trabecular or acinar patterns can also be observed. The neoplastic cells
are larger than normal hepatocytes (Fig. 8), polygonal in shape, and pos-
sess granular, eosinophilic cytoplasm, a so-called “oncocytic” appearance,
due in fact to numerous swollen mitochondria (/90). Nuclei are vesicular,
rounded, and have prominent nucleoli, the latter being a characteristic fea-
ture of this tumor. Mitoses are usually sparse; pleomorphism and multinu-
cleation are infrequent. Tumor cells contain pale bodies that are reactive for
fibrinogen and hyaline globular inclusion bodies may be present (/91). Intra-
cellular bile production, fat, glycogen, copper and copper-associated protein
can be detected (/92). In some tumors mucin production can be detected.
Pseudoacinus formation may be seen, but the typical small glandular pat-
tern associated with cholangiocarcinoma is not part of the normal spectrum
of fibrolamellar HCC. Nevertheless, rare cases exist of fibrolamellar HCC
combined with cholangiocarcinoma (/93) or more typical HCC (/94). Clear
cell changes have been described in a case of otherwise typical fibrolamellar
HCC (195).

Tumor cells are positive for HepPar-1 (196, 197) and hepatocyte cytok-
eratins 8 and 18 and may also contain biliary cytokeratins 7 and 19 (180,
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Fig. 8. Fibrolamellar hepatocellular carcinoma. In this variant, malignant cells contain
plentiful cytoplasm and the tumor characteristically contains lamellated or layered areas
of fibrosis (100x).

198). The tumor cells are usually reactive with antibodies to polyclonal
CEA, alpha-1-antitrypsin, ferritin, and C-reactive protein. Alpha-fetoprotein
is present in only occasional cases (190, 199), and prominent AFP positiv-
ity, particularly when combined with elevated serum levels, suggests that a
search for areas of more typical HCC should be undertaken (200). Glypican-
3 immunopositivity was seen in 64% of fibrolamellar HCC in one small
series (36), and in some cases uptake was patchy.

A prominent collagenous fibrous stroma that is arranged in thin parallel
bands (lamellae) is a characteristic feature of fibrolamellar HCC (Fig. 8), but
may be sparse or even absent in some tumors. The collagen is predominantly
composed of types I, III, and V (201). It has been suggested that lamellar
fibrosis might be due to the production of collagen by stromal cells which
in turn are stimulated by transforming growth factor-f (TGF-p) produced by
tumor cells (202).

Wilkens et al. (203) applied comparative genomic hybridization (CGH) to
a series of HCC and found 1q amplification in one of two fibrolamellar HCC,
with no changes in the other tumor. A separate study (204) also using CGH
suggested that 4q+, 9p—, 16p—, and Xq— were more typical of fibrolamel-
lar HCC than of other types of hepatocellular tumors. Fibrolamellar HCC is
also marked by an absence of molecular alterations commonly found in other
forms of HCC. These include an absence of TP53 mutations (205), absence
of B-catenin gene mutations (206), and lack of survivin overexpression in
fibrolamellar HCC in separate studies (207). Fibrolamellar HCCs also show
less promoter methylation than do HCC arising in cirrhotic livers (208).
However, 80—100% of fibrolamellar HCC in this study did show methylation
of the CDH1 (e-cadherin) and RASSF1A (Ras association domain family 1
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isoform A) genes (208). The product of this latter gene is thought to act
as a tumor suppressor by modulating a number of apoptotic and cell cycle
checkpoint pathways (209). Overexpression of the MAP kinase and phos-
phatidylinositol 3 kinase pathways in fibrolamellar HCC was detected in a
separate DNA microarray study (2/0). A number of other changes, includ-
ing overexpression of the neurotensin gene, were also observed. This study
again pointed to chromosome 1q as a significant locus for genetic alterations
in this tumor.

Pure fibrolamellar HCC has a better prognosis than typical HCC pri-
marily because it often presents as a surgically resectable lesion. For this
reason, aggressive surgical management has been advocated for this tumor
(211-214). Resectability is an important prognostic variable (215, 216), and
Katzenstain et al. (2/7) concluded that resectability, not the fibrolamellar
pattern, is the primary prognostic criterion, with patients presenting with an
initially resectable lesion having a good prognosis regardless of histologic
subtype.

6.2. Clear Cell Hepatocellular Carcinoma

Clear cell hepatocellular carcinoma is comprised of malignant hepato-
cytes, the large majority of which contain a clear or empty-appearing cyto-
plasm reflecting the accumulation of intracellular glycogen or lipid (218,
219). The tumor typically arises in a background of cirrhotic liver, although
it has rarely been reported in a noncirrhotic setting (220). Liu et al. (221)
found an association of clear cell change with hepatitis C virus infection in
an Asian series, and individual associations with non-alcoholic steatohep-
atitis in a diabetic patient (2/8), hypoglycemia, and hypercholesterolemia
(222) have also been reported. One study (223) uncovered an example of
clear cell HCC with a histologic appearance similar to that of chromo-
phobe renal cell carcinoma. Since this tumor had significant microsatellite
instability in contrast to the remainder of clear cell HCC in that series, the
authors concluded that clear cell HCC represents a heterogeneous category
of tumor. Orsatti et al. (224) also pointed to subtypes within this category.
They showed that nondiploid clear cell tumors in their series were more
pleomorphic and had a higher mitotic rate than diploid clear cell HCC and
suggested that differences between these subgroups might account in part
for differing opinions regarding the behavior of clear cell HCC.

One source of diagnostic difficulty lies in the possible histologic confu-
sion with other tumors that may present as clear cell neoplasms, in particu-
lar renal cell carcinoma and adrenal cortical tumors. Immunohistochemical
studies may be of aid in defining a hepatocellular phenotype of these lesions
(225).

Several series (223, 226) found no difference in overall clinical behavior
between clear cell and typical HCC. In contrast, Liu et al. (221) reported
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higher survival in clear cell versus common type HCC. They ascribed these
differences to the more frequent presence of a tumor capsule and a lower
rate of vascular invasion in the clear cell tumors. Jeon et al. (227) report the
remarkable case of an elderly male who experienced spontaneous regression
of a large clear cell HCC with metastases.

6.3. Scirrhous (Sclerosing) Hepatocellular Carcinoma

Scirrhous hepatocellular carcinoma is a rare variant of HCC that usu-
ally occurs in older age groups. It is reportedly associated with hypercal-
cemia in cases occurring in the United States but not in those reported from
Japan (228). Parathyroid hormone-related protein was detected by immuno-
histochemical means in tumor cells of one case and this was suggested as
the cause of tumor-associated hypercalcemia (229). The margin is often ill-
defined on CT scan (230). Macroscopically, the mass is usually large, firm,
and gray-white in color. The characteristic histological features of the scle-
rosing hepatocellular carcinoma are nonlamellar, extensive fibrosis (Fig. 9)
that extends from the sinusoidal areas (2317) and a pseudoacinar formation
of the tumor cells. Tumor capsule formation is seen in about 30% of cases
(230) or less (232), and in one series vascular involvement was more com-
mon than in typical HCC (230). Origin within a dysplastic nodule has been
described (231).

The hepatocellular component of the tumor shows higher expression
of cytokeratin 7 and lower expression of HepPar-1 than ordinary HCC

Fig. 9. Scirrhous hepatocellular carcinoma. In this variant, there is typically a diffuse
fibrous background that simulates the pattern associated with cholangiocarcinoma. The
malignant cells do not have the large appearance of the fibrolamellar variant, and ancil-
lary techniques are usually required to identify them as having hepatocellular lineage
(100x).
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(233, 234). Frequent alpha-smooth muscle actin-positive-activated stellate
cells have been described within this variant (232) and may contribute to
the stromal changes. The sclerotic stroma, together with the occasional
pseudoglandular pattern assumed by the tumor cells, may lead the diag-
nostic histopathologist to an incorrect diagnosis of cholangiocarcinoma.
Okamura et al. (235) demonstrated that the stroma of scirrhous HCC
lacks laminin-5 expression and shows only low levels of tenascin-C, both
of which are highly expressed in cholangiocarcinoma. Further, stromal
cells of scirrhous HCC are strongly alpha-smooth muscle actin positive,
whereas those of cholangiocarcinoma reportedly have a more prominent
glial fibrillary acidic protein-positive population (235). Presence of
intracellular mucin would also favor cholangiocarcinoma (or metastatic ade-
nocarcinoma).

No significant clinical differences in the behavior of scirrhous HCC rela-
tive to ordinary HCC are known (230).

6.4. Combined Hepatocellular/Cholangiocellular Carcinoma

Combined hepatocellular/cholangiocellular carcinoma is the least com-
mon type of primary epithelial liver cancer, accounting for approximately
2% of such tumors with reported frequencies ranging from 0.4 to 14.2%
(236). The World Health Organization defines this tumor as one that con-
tains unequivocal elements of both hepatocellular carcinoma and cholan-
giocarcinoma that are intimately admixed, while also stipulating that this
tumor be distinguished from synchronous intrahepatic hepatocellular carci-
noma and cholangiocarcinoma that may also coexist adjacent to each other
(237, 238). Acceptable features of a hepatocellular component include the
presence of bile, positivity for polyclonal carcinoembryonic antigen in a
canalicular pattern, and/or demonstration of other hepatocyte marker such
as alpha-fetoprotein (239) or HepPar-1. Demonstration of neutral epithe-
lial mucin or cytokeratin 19 (and somewhat less specifically, cytokeratin 7)
would suffice for demonstration of a biliary component.

Serum markers may mimic the mixed nature of the tumor, and concomi-
tant elevations of AFP and CA19-9 may occur (240). There are some pur-
ported differences in clinicopathologic features related to geographic area
(236). In Asian series, these tumors have been more often associated with
underlying chronic liver disease and hepatitis B virus infection, whereas in
Western series, more examples occur in the absence of chronic liver disease.
This has practical implications, as patients without cirrhosis are more likely
to qualify as resection candidates.

The tumors morphologically consist of mixed populations of hepato-
cytes, neoplastic cholangiolar cells, and small undifferentiated intermediate
or oval-like cells on the basis of both light and electron microscopy (241).
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Characteristically, areas of trabecular hepatocellular carcinoma are mixed
with varying numbers of bile duct-type cells (Fig. 10a). Generally the cen-
tral areas are typical of hepatocellular carcinoma and the peripheral cells
resemble biliary-type cells. In other cases there may be distinctive nodules
of differing appearance, and in yet other examples the two histologic pheno-
types may be finely mixed (242). There is a variable component of stromal
fibrosis and mixed neutrophilic and lymphocytic inflammation that is usu-
ally related to the cholangiolar component (243). A proportion of combined
hepatocellular/cholangiocellular carcinomas can be associated with a sarco-
matoid component (241, 244) (Fig. 10b).

Opinions regarding the pathogenesis of combined HCC/CC ascribe it var-
iously to metaplasia of pre-existent HCC into cholangiocarcinoma (242) or
to a bipotential progenitor cell capable of giving rise to both components
(245).

The two components of HCC/CC do share a number of features. Imai et
al. (246) showed similar p53 and RB-1 locus mutations in both hepatocellu-
lar and cholangiocellular components of mixed HCC/CC in some patients.
A cell line derived from a human HCC/CC showed features of one or the
other cell component dependent on growth conditions (247). Gil-Benso et
al. (248) were able to derive in vitro rat hepatocellular, cholangiocellular,
and oval type cell lines from a single founder cell line derived from a rat
HCC/CC. These lines showed similar molecular genetic alterations.

Immunophenotypic analysis of HCC/CC also discloses a subpopulation
of cells corresponding to intermediate- or small-sized cells that contain

Fig. 10a. Mixed hepatocellular and cholangiocarcinoma. This tumor shows solid areas
of cells resembling hepatocytes on the right side of the photograph, whereas smaller cells
with significant gland formation largely populate the left side. The immunophenotype of
these areas also varied between hepatocellular and biliary (100x).
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Fig. 10b. Sarcomatoid change in mixed hepatocellular/cholangiocarcinoma. This is a
separate area of the tumor shown in Fig. 10a. In this region the neoplastic cells have
a spindled or “streaming” appearance that is usually found in sarcomas. These cells
expressed both vimentin and cytokeratins, supporting the concept that they arose by
a form of metaplasia or tumor progression (or “dedifferentiation”) from the epithelial
elements in the tumor.

biphenotypic markers. Zhang et al. (245) found that these cells coexpress
HepPar-1 and CK19 by double immunofluorescence studies and also found
similar results using a combination of OV-6 and c-kit. (The presence of c-
kit in 83% of their tumors also led them to suggest investigation of Gleevec
therapy in these tumors.) They interpreted these cells as putative progenitor
cells. These cells are not diagnostic for combined HCC/CC, as similar cells
have been described in dysplastic foci.

Aishima et al. (243) examined a series of small (<3 cm) HCC/CC and
found that those in which the biliary component coexpressed CK19 and
mucin had worse survival and more frequent tumor recurrence than did those
without these two markers.

Related studies raise the possibility that a limited form of biphenotypic
expression may be more widespread than commonly appreciated. Dumez
et al. found that 28% of 107 otherwise typical hepatocellular carcinomas
expressed CK7 and/or CK19. Those expressing the biliary marker CK19,
but not those expressing CK7, had a higher recurrence rate.

6.5. Sarcomatoid Hepatocellular Carcinoma

Sarcomatoid hepatocellular carcinoma is a rare variant of HCC that may
contain spindle-shaped cells with features of any of a variety of sarcomas
(249, 250), including fibrosarcoma, leiomyosarcoma, rhabdomyosarcoma,
osteosarcoma, and others. Oscteoclast-like or anaplastic giant cells may also
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be seen, with the former cell type thought to represent benign reactive histio-
cytes (251). A malignant hepatocellular component is present, and rarely this
may take the form of hepatoblastoma (252). The sarcomatoid component is
considered to represent a form of tumor progression, or “dedifferentiation”
of the epithelial component, as attested to by the demonstration of hepato-
cyte keratin subtypes or alpha-fetoprotein positivity reported in the sarco-
matous elements in some cases (249, 253). Haratake et al. (253) suggest the
keratin 8 positivity in the sarcomatoid element may be diagnostically helpful
in distinguishing these tumors from true intrahepatic sarcomas.

Park et al. (254) examined expression of the transcription factor SRF
(serum response factor, c-fos serum element-binding transcription factor) in
HCC. This protein regulates expression of a number of genes and is thought
to play an important role in mesoderm development during embryogenesis
(255). SRF expression was found to be prominently expressed in high-grade
HCC, especially sarcomatoid HCC. They proposed that this protein activated
genes that contributed to acquisition of a mesenchymal phenotype, thereby
contributing to tumor progression.

Sarcomatoid change can also occur in mixed hepatocellular—
cholangiocellular tumors as noted above (Fig. 10b) (241, 244), and
the relationship between those tumors and sarcomatoid HCC is currently
undefined.

Given the rarity of this variant, most conclusions regarding survival are
based on single case reports or small series and appear to follow the course
expected of a high-grade malignancy.

7. HEPATOBLASTOMA
7.1. Clinical Aspects

Hepatoblastoma is the most common primary liver tumor of infancy and
childhood. It arises most frequently during the first 5 years of life and may
rarely be diagnosed in the fetus (256). Rare cases are reported in adults (257-
259). The male:female ratio for hepatoblastoma is approximately 3:1 and
the tumor can be associated with several congenital abnormalities, including
hemihypertrophy, Beckwith—-Wiedemann syndrome, familial colonic poly-
posis, cardiac and renal malformations, Noonan syndrome (260), and glyco-
gen storage disease type A (26/-265). There is no known relationship with
liver cirrhosis.

Clinically, a rapidly enlarging upper quadrant mass, vomiting, and/or
fever are frequent presenting signs and symptoms. Serum alpha-fetoprotein
is elevated in approximately 90% of patients. In infants and children with a
primary liver tumor, low levels of AFP suggest the presence of either well-
differentiated or immature hepatoblastoma or fibrolamellar hepatocellular
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carcinoma. In occasional cases, HCG production may occur and may be
sufficient to cause virilization (266).

7.2. Macroscopic Pathology

Macroscopically, the tumor usually presents as a single, well-
circumscribed, large mass up to 25 cm. The gross tumor appearance may
be heterogeneous due to any combination of necrosis, hemorrhage, calcifi-
cation, and cystic degeneration. The presence of a mesenchymal component
in some tumors may also contribute to this variability.

7.3. Microscopic Pathology and Ancillary Studies

There are several histologic patterns that segregate into pure epithelial
type and mixed epithelial-mesenchymal type. The epithelial type is further
categorized based on the appearance of the cells into fetal, embryonal, small
cell undifferentiated, or macrotrabecular patterns. These patterns may occur
alone or in combination.

Fetal type cells bear a resemblance to normal fetal liver cells with granu-
lar cytoplasm, round to oval centrally placed nuclei and single small nucle-
oli. Mitoses are scant. The cytoplasm may contain fat and glycogen. They
may assemble in irregular cords that are two cells in thickness and contain
bile canaliculi and sinusoids (265). Embryonal type cells are small and elon-
gated with hyperchromatic nuclei and scant cytoplasm. Mitoses can easily
be detected and foci of necrosis can also be present. The cells are arranged
in ribbons, cords, or rosettes (267). Fetal- and embryonal-type hepatoblas-
tomas in particular commonly show foci of extramedullary hematopoiesis
(268). The small cell undifferentiated variant is comprised of small, round,
and loosely arranged cells that are histologically similar to those of other
pediatric “small blue round cell tumors” (199, 208, 209, 269-271). Enlarged,
bizarre cells may also occur and mucoid stroma can be associated with the
small cell variant (272). The macrotrabecular pattern differs in that this term
refers to architecture, not cell appearance, and consists of thick columns, or
trabeculae, of fetal or embryonal cells or of cells resembling those of typical
HCC.

Mixed-type hepatoblastomas combine the epithelial elements listed above
with a metasplastic mesenchymal component that characteristically has a
spindled, undifferentiated appearance. Osteoid is also frequently present.
Other components such as cartilage, bone, striated muscle, neural tissue,
respiratory or intestinal type epithelial cells, and other mature tissues may
occur in some tumors and this combination of tissues gives rise to what has
been termed teratoid hepatoblastoma (273).
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Hepatoblastomas typically express AFP in epithelial cells, especially in
fetal and embryonal variants. Other markers of hepatocellular phenotype,
such as HepPar-1 (108, 110, 274) and glypican-3 (275), are also expressed.
Hepatocyte cytokeratins 8 and 18 are expressed; in addition, cytokeratin
7 expression may occur in small epithelial cells in association with albu-
min expression, suggesting a stem-like or bipotential cell population (276).
Fiegel et al. (277) examined a series of hepatoblastomas for expression of
stem cell and hepatic or biliary lineage markers and concluded that a stem-
like population of cells existed within duct-like structures in the tumors.
Phenotypic plasticity may play a role in the development of mesenchymal
components of these tumors, and this is reflected in immunophenotype. For
example, HCG positivity can be detected in giant cells (278), and vimentin
is positive in anaplastic cells and osteoid. It should also be noted that the
mesenchymal elements generally retain cytokeratin expression, which belies
their epithelial origin. From a practical diagnostic perspective, such variabil-
ity may present difficulties when a diagnosis must be rendered on a small
sample such as a needle biopsy. Ramsay et al. (279) observed that such
samples could focally express antigens such as CD99, CD56, desmin, or
PGP9.5 that are usually associated with other pediatric neoplasms such as
small round cell tumors.

Similar to HCC, hepatoblastomas may show B-catenin activation. Curia
et al. (280) showed mutations in this gene in 19% of sporadic hepatoblas-
tomas in their series, but also demonstrated nuclear accumulation of this
protein in 67%, suggesting separate alterations in this pathway in individual
cases. This group also found p53 mutations in 24% of cases, and evidence of
microsatellite instability in 81% of tumors in their series. They were unable
to associate these findings with specific histologic subtypes. A discrepancy
between the low frequency of detectable B-catenin gene mutations and the
ubiquitous accumulation of this protein was also observed in the study of
Yamaoka et al. (281).

Intranuclear accumulation of B-catenin was also observed in both pre-
and post-treatment biopsies of hepatoblastomas in another study (282). In
contrast, aberrant cytoplasmic localization of the hepatocyte growth factor
receptor Met, present in pretreatment biopsies, showed a decreased uptake
following treatment in 85% of cases. This led the authors to suggest that Met
might have a significant role to play in the pathogenesis of this tumor (282).

Hepatoblastomas with embryonal and/or small cell components show sig-
nificantly higher expression of the FOXG1 (human forkhead box G1) pro-
tein than do purely fetal-epithelial-type tumors (283). This protein, which is
one component of a large family of transcription factors with diverse actions
(284), may be associated with repression of TGFp-1-induced p21 expres-
sion, and these authors suggested that it may contribute to the undifferenti-
ated state in hepatoblastomas.
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Delta-like protein (DLK/Pref-1) is a membrane protein expressed in nor-
mal hepatoblasts (285) and it has found recent use as a marker to define and
isolate these progenitor cells (286). Deszo et al. found expression of this
marker in 100% of 31 hepatoblastomas by immunohistochemical staining
and recommended it as a potential marker for these tumors. In the global
microarray gene expression study of Luo et al. (//5), DLK was one of
several genes with prominent increased expression in a subset of hepato-
blastomas relative to HCC. Other overexpressed genes included mitogen-
inducible gene 6 (Mig6) and TGFB-1. IGF2 was also overexpressed in a
subset of hepatoblastomas relative to HCC. In vitro studies support the con-
cept that this can act as a growth factor for hepatoblastoma via the IGF-I
receptor and PI3 kinase, and this pathway may be a good target for molecu-
lar therapy (287).

7.4. Staging and Prognosis

In contrast to staging of HCC, staging of hepatoblastoma incorporates
the results of surgery. Postsurgical Stage I disease implies complete tumor
resection, Stage II includes those patients with postsurgical microscopic
residual disease, tumor spill, or rupture at surgery. Stage III patients have
unresectable tumor or gross residual tumor or positive lymph nodes and
Stage IV is defined by the presence of distant metastases. The U.S. National
Cancer Institute estimates the present cure rate at over 90% for Stages I and
II, 60% for Stage 111, and approximately 20% for Stage I'V. Austin et al. (288)
recently reviewed the United Network for Organ Sharing (UNOS) database
and found that liver transplantation for unresectable hepatoblastomas was
associated with 66% actuarial 10-year survival, with 54% of deaths related
to recurrent or metastatic disease.

In addition to stage, a low serum alpha-fetoprotein level is viewed as a
poor prognostic indicator. In the series of D’Antiga et al. (289), patients
with multifocal hepatoblastoma in association with AFP <100 ng/ml sur-
vived only with transplantation. De Ioris et al. (290). found 9 of 15 patients
with serum AFP below this level and with evaluable histology had a small
cell undifferentiated epithelial component, and the overall 2-year survival in
their patients with low AFP level was 24%.
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