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Interspecies comparison of liver carcinogenesis: implications for
cancer risk assessment

J.W.Grisham them. Recent intensive scrutiny of the pathological lesions that
precede the appearance of HCC, and of the conditions and
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rodents and humans, provides the basis to approach an inter-

The morphology of hepatocellular carcinoma is similar species comparison of HCC. However, significant gaps still
among mice, rats and humans, and the cellular patho- prevent a complete and uniform description of etiology, patho-
genesis shows features that are both similar and divergent genesis, and natural history of HCC in these species.
among these species. However, major elements of etiology,
molecular pathogenesis, and natural history differ between Material and methodshumans and rodents. As a reflection of these species-

Pathologydetermined differences, rodents appear to be neither
Hepatocellular neoplasms, both malignant HCCs and benign hepatocellularhighly sensitive nor highly specific surrogates for detect-
adenomas (HCAs), evince similar, histopathological patterns and cytologicaling agents that are potential causes of hepatocellular
aberrations in all three species considered here (4–8). The qualitative similarity

cancer in humans. Results of tests of chemical carcino- of histological and cytological features of hepatocellular neoplasms in humans,
genicity in rodents are likely to include a significant rats, and mice is reflected by the similar descriptive terms that are applied to

them (Table I). In each species, HCCs demonstrate a histological/cytologicalnumber of both false-positive and false-negative risks for
spectrum from well-differentiated to poorly differentiated. HCCs vary in sizehumans.
from microscopic lesions that contain only a few malignant cells to single
massive or multiple small tumor nodules that replace virtually the entire
hepatic parenchyma. The structural patterns of well-differentiated, but
malignant, HCCs blend insensibly with structural patterns of normal liverIntroduction
parenchyma and of benign HCAs (4–9); in well-differentiated HCC, individual

Standardized laboratory tests employing mice and rats are usedcells may closely resemble normal hepatocytes and form plates (or trabeculae)
only two or three cells thick (4–9). Well-differentiated HCC may be composedto evaluate the carcinogenic potentials of chemicals, and the
of hepatocytes containing diploid or near-diploid amounts of DNA (10–13);results are applied to predict the risk to humans of developing
only the cytological characteristics of malignancy in individual hepatocytescancer from exposure to the same chemicals. Such an applica-
(nuclear atypia and increased nucleus to cytoplasm ratio) and the organization

tion of animal tests presumes that the process of carcinogenesisof cells into abnormal tissue patterns define these well-differentiated tumors
in mice and rats resembles that in humans precisely enoughas malignant. Less well-differentiated HCCs are composed of cytologically

more atypical cells, which show markedly abnormal ratios of nuclear toto enable these rodents to be reliable surrogates for humans.
cytoplasmic areas and contain abnormal (aneuploid) amounts of DNA,Comparative analysis of hepatocellular carcinoma (HCC*)
organized in thick, multicellular trabeculae, solid masses, or gland-likemay provide a useful test of how closely rodents resemble(adenoid or acinar) arrangements (4–9). Even more poorly differentiated

humans in the development and expression of a site-specificHCCs contain cells that are so cytologically bizarre as to cause difficulty in
discerning their epithelial origin and in detecting a structural organizationneoplasm. HCC is the most frequent neoplasm elicited in mice
resembling hepatic tissue, and include spindle-shaped cells that morpholo-and rats exposed to test chemicals; one-third to one-half of
gically resemble mesenchymal cells (6–8). HCCs always distort the normalall the chemicals that are carcinogenic in rodent tests are
hepatic structure, displacing, infiltrating, and compressing normal tissues

hepatocarcinogens (1,2). Worldwide, HCC is also one of(4–9). Grossly, HCC may be nodular, massive and/or diffuse (6); nodular
the most common visceral neoplasms of humans (3). Sincelesions may be microscopic in size and multiple in number. Poorly

differentiated HCCs usually present no problems to the histological determina-the histopathological features of HCCs are similar in rodents
tion that they are malignant, but the precise histological distinction betweenand humans (4–9), these facts may suggest that the development
benign HCAs and well-differentiated, but malignant HCCs in both humansand expression of HCC in these species is closely analogous.and rodents is often difficult (4,5,7,8).

Similar patterns of development and expression of HCC in Hepatoblastoma is an uncommon variant of HCC that differs in rodents
and humans. In humans, hepatoblastoma is composed of embryonal ormice, rats, and humans would support the use of rodents as
fetal hepatocyte-like cells which may also express aberrant epithelial orsubstitutes for identifying risk factors of HCC in humans. In
mesenchymal differentiations, including squamous epithelial (epidermal),addition to the pathological features of the fully expressed
cartilaginous, osteoid, myoblastic, and/or neuroendocrine (7,8). Hepato-

neoplasm, interspecies comparison requires analysis of theblastoma originates from embryonal hepatocytic precursor cells (hepatoblasts)
following aspects of HCC: (i) the etiology (the causes or riskduring liver development in humans, and its occurrence is virtually limited to

children under three years of age, although rarely it occurs in adults (7,8).factors), (ii) the pathogenesis (the cellular and molecular
Cytologically somewhat similar tumors occur occasionally in mice (9,14) anddevelopmental processes), and (iii) the natural history (the
rats (5), butonly in adult animals and in association with typical HCCpattern of expression during the life of the animal). The extent(4,5,9,14); murine hepatoblastoma represents highly progressed, poorly

to which all of these features of hepatocarcinogenesis coheredifferentiated HCC (14).
In both humans and rodents, benign HCAs are composed of neoplasticin all three species determines the similarity of HCC among

hepatocytes that closely resemble their normal counterparts (4–9). Individual
hepatic plates in HCAs appear to be nearly normal, with minimally increased*Abbreviations: HCC, hepatocellular carcinoma; HCAs, hepatocellular

adenomas; HBV, hepatitis B virus; FAH, foci of phenotypically altered widths. The most distinctive histopathological feature of this well-
differentiated, cytologically benign hepatocellular tumor centers on its failurehepatocytes; HN, hyperplastic nodules; AHN, adenomatous hyperplastic; HCV,

hepatitis C virus; WHV, woodchuck hepatitis virus; GSHV, ground squirrel to ‘fit’ into the normal liver structure (4–9); HCAs lack portal tracts and bile
ducts, hepatic plates that cross the boundary between neoplastic and normalhepatitis virus; AFB, aflatoxins; CPDB, carcinogenic potency database; NTP,

National Toxicology Program. tissue are not smoothly continuous, and sinusoids of HCAs are structurally

© Oxford University Press 59



J.W.Grisham

Table I. Hepatocellular neoplasms in humans and rodents

Human (6–8) Rat (5) Mouse (4,9,14)

Benign neoplasms Hepatocellular adenoma Hepatocellular adenoma Hepatocellular adenoma
Malignant neoplasms Hepatocellular carcinoma Hepatocellular carcinoma Hepatocellular carcinoma

Trabecular Trabecular Trabecular
Acinar Solid
Adenoid (mixed) Adenocarcinoma (mixed) Hepatic cell ‘adenocarcinoma’
Fibrolamellar
Sclerosing
Giant cell ‘Sarcoma’
Unidifferentiated Poorly differentiated
Hepatoblastoma Hepatoblastoma Hepatoblastoma

without compressing the surrounding normal parenchyma (4,9,33). Hepato-
cytes of FAH and HN in rodents are usually diploid (27), occasionallyTable II. Terminology of non-neoplastic (preneoplastic) lesions composed
aneuploid (27), and apparently clonal (16,34–37).of hepatocytes in humans and rodents

HCCs in humans are usually associated with chronic hepatitis (6,8,38,39),
and world-wide, 60 to 80% of HCCs in humans occur in cirrhotic liversHuman Rat Mouse
(6–8,40). Cirrhosis, which is the end result of acute and chronic hepatitis, is(7,8,38–41,47,48,51) (5,27,32) (4,9,27)
characterized by the dissection of the parenchyma into nodular aggregates of
hepatocytes by bands (septa) of connective tissue; collagenous connectiveHeteromorphic Altered cellular focus Altered cellular focus
tissue replaces hepatocytes that have been destroyed during acute and chronic(dysplastic) focus
hepatitis (41). The nodular aggregates of hepatocytes in cirrhotic livers, termedHyperplastic nodule Hyperplastic nodule Hyperplastic nodule
regenerating or cirrhotic nodules, vary in size from less than 3 mm to greaterUsual cirrhotic nodule
than 5 cm in diameter, depending on the cause and chronicity of the cirrhoticMacroregenerative nodule
process (41). Hepatocytes in cirrhotic nodules frequently show dysplastic(Adenomatous hyperplasia)
changes (42,43) and are often clonal (44,45). Nodular aggregates of abnormalFocal nodular hyperplasia
hepatocytes also may occur in non-cirrhotic livers of humans in associationNodular regenerative
with chronic hepatitis and HCC. In Alaskan natives chronically infected withhyperplasia
the hepatitis B virus (HBV), HCC usually occurs in the absence of cirrhosis,
but accompanied by chronic inflammation and mild fibrosis (46). The livers
of these patients frequently contain foci and HN composed of dysplasticabnormal (4–9). Large HCAs, which in humans reach 15 cm or more in
hepatocytes that may blend directly into HCC (38).diameter (6–8), compress the adjacent normal parenchyma (4–9). In focal

Large hepatocytic nodules (.8–10 mm in diameter) variously termedareas or occasionally throughout the tumors, neoplastic hepatocytes of HCAs
adenomatous hyperplastic (AHN) or macroregenerative nodules (MRN) whenmay store excess fat or glycogen and stain aberrantly, either more acidophilic
they are associated with small (possibly early) HCC in cirrhotic livers (47,or more basophilic than the surrounding normal hepatocytes (4–9). HCAs
48) and hyperplastic nodules when associated with HCC in noncirrhotic liversalso may include a few dysplastic hepatocytes that contain atypical nuclei,
(38,39), are thought to be the immediate preneoplastic precursors of HCC inand, rarely, frank malignant change (7,8).
humans. The terms and concepts that have been applied to nodular aggregatesPopulations of neoplastic hepatocytes are clonal or quasiclonal in the
of hepatocytes in human livers are highly variable, and an internationalmajority of HCAs and HCCs of both rodents (15–17) and humans (18–23);
working group has proposed new designations for them (49). The workinghowever, only a small number of HCAs have been studied in humans (23).
group categories, which are based only on the histocytological characteristicsClonality of hepatic neoplasms has been assessed by analyzing X-linked gene
(but not on phenotypic properties) of cells contained in nodules, includeproducts or genes in both rodents (15,17) and humans (22,23), and by
regenerative, dysplastic and neoplastic nodules (49) (Table III). Dysplasticexamining the patterns of genomic integration of hepatitis B virus (HBV)
hepatocytes are found in both foci and nodules in cirrhotic and noncirrhoticDNA in humans (18–21). In rodents, clonality of hepatic neoplasms has also
livers in humans (7,8,42,43), and are associated with elevated risk of HCC (50).been assessed in the mosaic livers of chimeric animals (16). Since the liver

Human livers express certain other non-neoplastic proliferative lesions,is normally composed of embryonically positioned patches of genetically
including focal nodular hyperplasia and nodular regenerative hyperplasiasimilar cells, separated by patches of genetically dissimilar cells (24),
(7,8,51) (Table III), that do not resemble any of the lesions found in rodents’assessment of clonality by analysis of X-linked gene products and by the use
livers. These lesions do not usually occur in association with HCC in humans,of chimeric animals does not entirely eliminate the possibility that the tumors
and do not appear to confer increased risk to the development of HCCarise polyclonally from cells located within a single patch composed of
(7,8,51). However, the hepatocyte populations contained in some focal nodulargenetically similar cells. However, analysis of patterns of genomic integration
hyperplasias are clonal or quasiclonal (23), and this lesion is most commonof HBV DNA provides impeccable evidence of clonality, since each integrant
in young women, occasionally occurring in association with HCA (51).is random (18,19,21).

Only a few studies in humans have attempted to assess possible phenotypicThe tissue setting in which HCC is typically found differs markedly in
abnormalities of cells in foci and nodules associated with HCA and HCCrodents and humans. Unlike the situation in humans, chronic hepatitis and
(52–66), as has been done in mice and rats (4,27,23,59). FAH expressingcirrhosis are uncommon lesions in the livers of rats (25) and mice (26) that
cytological or histochemical aberrations have been identified in associationdevelop HCC. In rodents, HCC usually occurs in association with non-
with HCC of unknown cause occurring in children (53); in association withneoplastic proliferative lesions composed of phenotypically aberrant hepato-
HCA in female users of contraceptive steroids (54); and in livers of individualscytes, including foci of phenotypically altered hepatocytes (FAH) and hyper-
who have primary hemochromatosis (which is associated with increased riskplastic nodules (HN) (Table II) (9,27). FAH may be composed of cells that
of HCC) (64,65). A variety of lesions associated with HCC in humans andare more ‘clear’ (more weakly stained), more acidophilic, and/or more
rodents show similar aberrations in iron storage (53–56,64–66). Evidence thatbasophilic than the surrounding, normal hepatocytes (as well as by combina-
FAH are regularly associated with non-neoplastic and neoplastic nodulartions of cells that stain in each of these ways) (27). Altered hepatocytes in
lesions is provided by two recent prospective studies (58,63). In a study ofFAH may store more or less glycogen (27) and iron (27); they may express
95 consecutive medicolegal autopsies, FAH and HN were identified throughexcess or deficient content/activity of some metabolic enzymes, such as
the aberrant storage of glycogen and iron in the hepatocytes that composedglucose 6-phosphatase, adenosine triphosphatase,γ-glutamyl transpeptidase,
them in 11.6% of the human livers examined (58). The occurrence ofand glutathione S-transferase P (27), and of growth factors such as transforming
FAH and HN was significantly clustered in livers of patients who consumedgrowth factor-α (TGFα) (28,29); and they generally proliferate at abnormally
.90 g/day of ethanol or who had cirrhosis (type unspecified) (58). FAH werehigh rates (27). Hepatocytes of HN often embody these and additional
also found in two of five livers that contained hepatocellular nodules ofabnormal phenotypic properties, such as expression of insulin-like growth

factor II (IGFII) (30–32), and they form nodules that disrupt hepatic plates hyperplastic or neoplastic types (focal nodular hyperplasia or HCA) (58).
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Table III. Terminology of hepatocellular nodules in humans

A. Proliferative lesions (49)
1. Monoacinar regenerative nodule

a. Without collagenous septa Nodular regenerative hyperplasia (7,8,51)
b. With collagenous septa Cirrhotic or regenerative nodule (40,41)

2. Multiacinar regenerative nodule
a. Without collagenous septa Hyperplastic nodule (38,39)
b. With collagenous septa Type I macroregenerative nodule (AHN) (47,48)

3. Focal nodular hyperplasia Focal nodular hyperplasia (7,8,51)

B. Dysplastic lesions (49)
1. Dysplastic focus Heteromorphic (dysplastic) focus (8)
2. Dysplastic nodule Type 2 macroregenerative nodule (AHN) (47,48)

a. Low grade
b. High grade Borderline lesion (48)

C. Neoplastic lesions (49)
1. Hepatocellular adenoma Hepatocellular adenoma (6–8)
2. Hepatocellular carcinoma Hepatocellular carcinoma (6–8)

Analysis of FAH in livers explanted from recipients of liver transplants The major human hepatocarcinogens that have been identified are the
provides further evidence that FAH composed of hepatocytes that abnormallyhepatotropic viruses, HBV and hepatitis C virus (HCV) (73) (Table IV).
express glucose 6-phosphatase and glycogen phosphorylase activities, and thatInfection with HBV and HCV is signaled by the presence of antibodies to
store excess glycogen, are common in human livers that are the site of chroniccomponents of these viruses in the plasma and/or by viral nucleic acids in
hepatitis, cirrhosis and HCC (63); eight of 16 cases of posthepatitic (HBV orthe plasma or tissue of patients that are, or have been, infected (and, in the
HCV) cirrhosis (50%), 5 of 8 cases of alcoholic cirrhosis (63%), and 14 of instance of HBV, by the incorporation of fragments of the HBV genome into
14 cases of HCC (100%) contained foci of phenotypically aberrant hepatocytes.the genomes of hepatocytes), providing sensitive and highly specific measures
Though limited in number, these studies suggest that focal aggregates ofof viral exposures. Chronic infection with either HBV or HCV greatly
hepatocytes in diseased human livers express phenotypic aberrations thatincreases the risk of HCC in humans (100- to 200-fold risks are found in
resemble abnormalities of hepatocytes in FAH and HN of rodents. epidemiological studies), as compared to humans who are not infected (73).

The different tissue settings in which HCC develops in rodents and humansThe hepatocarcinogenicity of HBV in humans is supported by studies of the
include the universal occurrence of FAH and HN containing phenotypicallyeffects of experimental infection of woodchucks and Beechey ground squirrels
aberrant hepatocytes in rodents and the usual occurrence of cirrhosis inwith hepadnaviruses that are closely related to HBV. Chronic infection of
humans. These differences may be more apparent than real. In both rodentswoodchucks with the woodchuck hepatitis virus (WHV) (67) and of Beechey
and humans, hepatocytes in nodular aggregates share several aberrant propertiesground squirrels with ground squirrel hepatitis virus (GSHV) (68) are
(including frequent dysplasia, apparent clonality, and, possibly, similar typesassociated with the occurrence of HCC in these animals. Mice and rats are
of phenotypic alterations), whether or not they are associated with the fibroticnot known to be susceptible to a species-specific hepadnavirus.
scarring that defines cirrhosis. Cirrhosis is clearly not essential for the Dietary consumption of aflatoxins (AFB) in food grains contaminated with
development of HCC in humans. Chronic hepatitis without fibrosis regularlyAspergillus flavusand related fungi is also a major cause of HCC in humans
accompanies the occurrence of HCC in some rodent species, including(74). Although population-based epidemiological studies suggest that the
woodchucks (67) and Beechey ground squirrels (68) infected with hepadna-average level of AFB in diets consumed by humans is positively correlated
viruses closely related to a major viral risk factor for HCC in humans. FAH with the incidence of HCC in a human population (75), interpretation of these
and HN, identical phenotypically to those found in mice and rats, alsostudies has been hampered by the inability to assess exposure of individuals
accompany HCC in chronically WHV-infected woodchucks (69). Similarly, in the population groups studied. Urinary excretion of the excised promutagenic
classic FAH and HN are found in transgenic mice engineered to expressAFB–N7 guanine DNA adduct, which specifically reflects AFB-damage to
portions of the HBV genome in the liver (70). DNA, can be measured precisely, providing a sensitive and specific marker

of current aflatoxin exposure (76). Molecular epidemiological assessment ofEtiology
AFB exposure of individuals by quantifying urinary AFB–N7 guanine excretionNumerous chemicals have been tested for their carcinogenic potentials in
confirms an ~8-fold increase in risk of HCC in humans exposed to AFB (76,77).bioassays performed in mice and rats under standardized laboratory conditions.

As of July 1996, the International Agency for Research on Cancer (IARC)Standardized carcinogenicity assays in rodents (71) include control groups
had identified 58 chemicals, complex chemical mixtures, industrial processes,exposed to vehicle but not agent, as well as groups exposed to the test agent
and therapeutic agents for which they conclude there to be sufficient evidenceat various doses, including at least the highest dose that is tolerated (maximum
for carcinogenicity at some site in humans (78,79); five of 35 chemicals ortolerated dose or MTD) by the test animal without incurring non-neoplastic
therapeutic drugs (14%), two of 10 complex chemical mixtures (20%), andtissue injury or growth failure, and a dose that is approximately one-half the
one of 13 industrial processes (8%) that are human carcinogens are associatedMTD. Animals of both control and test groups are examined for neoplasms
with HCC in humans. In addition to HBV, HCV and AFB, risk factors forduring their lifetimes. In contrast to the direct manner in which carcinogenicity
development of HCC in humans (Table IV) include exposure to high levelsis evaluated in laboratory animals, the carcinogenic potential of agents for
of vinyl chloride monomer in the workplace (78), use of therapeutic drugshumans must be inferred from epidemiologic studies that seek to determine
containing certain contraceptive or anabolic steroids (78), and consumptionprospectively the tumorigenic outcomes in groups of people that are either
of ethanol-containing beverages (78,80). Additional agents that are occasionallyexposed or not exposed to an agent or condition (cohort study) (72).
associated with HCC in humans include ingestion of inorganic arsenicAlternatively, groups of people in which a particular tumor has been diagnosed
compounds (81) and administration of compounds that emit internal radiation,are compared retrospectively to control groups in which this tumor has not
as occurred after medical usage of colloidal thorium dioxide (Thoratrast) foroccurred (case-control study), and the manner in which these two groups have
the radiological imaging of blood vessels (82,83). Smoking of tobacco hasdiffered in terms of exposure to agents or conditions that may be carcinogenic
also been suggested by some (84–88), but not all (89–91), epidemiologicalis sought (72). Individuals in both index and control groups must be matched
studies to increase the risk of HCC. The latter studies indicate the difficultyclosely by age and sex, and often by various conditions of lifestyle and
to determine the hepatocarcinogenic actions of potentially weak carcinogenicenvironment as well. Retrospective determination of exposure of individual
agents in the presence of much more potent agents, such as HBV and HCVhumans is usually a challenge, as is the identification of conditions that may
infection. Great care is required to prevent the confounding of epidemiologicalconfound interpretation of the results obtained. In general, situations in which
identification of potentially weak hepatocarcinogens. Several epidemiologicalhumans are exposed to chemicals, are characterized by low exposure dose
studies designed to detect the involvement of specific types of environmentaland by exposure to multiple agents simultaneously, in contrast to laboratory
and industrial chemicals (including pesticides, herbicides and organic solvents)studies employing rodents. Consequently, epidemiologic studies in humans
in causation of HCC and hepatoblastoma in humans, have variously yieldedmay have low sensitivity and specificity for identifying specific causes

of cancer. negative, equivocal and weakly positive results (92–96). For example, an
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Table IV. Comparison of etiologic risk factors for hepatocellular carcinoma in humans with risk factors for rodents

Human (73,74,78–88,98–107) Rat (1,2,123–127) Mouse (1,2,123,129,130)

Infectious agents
Hepatitis B virus 2 2
Hepatitis C virus 2 2
2 2 Helicobacterspp.

Environmental/industrial chemicals
Aflatoxin B1 1 2
Inorganic arsenicals 2 2
2-Naphthylamine 2 1
Vinyl chloride 1 1
2 Numerous other chemicals Numerous other chemicals

Therapeutic drugs
Contraceptive steroid mixtures (Ethinyl estradiol) 2
Anabolic steroids 2 2
(Azathropine)
2 Cyclophosphamide ?
2 Phenacetin analgesics ?
2 2 Nonsteroidal estrogens (diethylstilbestrol)
2 Tamoxifen ?

Metabolic liver diseases
Primary hemachromatosis 2 2
Tyrosinemia, type 1 2 Lethal albino syndrome
Glycogen storage disease, type 1 2 2
Porphyria cutanea tarda 2 2
Acute intermittent porphyria 2 2
α1-antitrypsin deficiency 2 2
Wilson’s disease Chronic hepatitis in Long-Evans Cinnamon rats2

Personal habits
(Cigarette smoking) 2 2
Ethanol drinking 1 promoter 2

elevated risk of HCC in Vietnamese farmers was attributed to pesticide/ HCV. However, HCC occurs at highest incidence in human populations of
predominantly nonindustrialized countries in which chronic infections withherbicide exposures (96); farmers who recalled using.30 litres of organo-

chlorine or organophosphorus pesticides each year from 1960 to 1972, and, HBV and/or HCV are epidemic (73) and where environmental pollutants may
not be significant; furthermore, in Japan, a highly industrialized country inalso, resided during that interval in areas of South Vietnam sprayed with

Agent Orange, showed a modestly elevated risk to HCC (96). This study which the incidence of HCC is high and rapidly escalating, the major causes
are also HBV and HCV infection (120,121).found that chronic infection with HBV and ethanol consumption were the

strongest risk factors for HCC in the Vietnamese farmers, but the farmers In contrast to the situation in humans, the major hepatocarcinogens identified
in mice and rats are chemicals. The Carcinogenic Potency Database (CPDB),were not evaluated for other plausible strong risk factors for HCC, such as

chronic infection with HCV and exposure to AFB (96). Furthermore, HCC which includes data from the US National Toxicology Program (NTP) (2)
and other published studies, contains results of tests on 1230 chemicalsdoes not occur at increased incidence in US soldiers who were exposed to

Agent Orange in Vietnam (97). conducted in laboratory animals (123). Of 1052 chemicals reviewed in 1991,
533 (50%) are carcinogenic at some site in at least one rodent species (1).Risk of developing HCC in humans is associated with several genetically

determined metabolic abnormalities that may be inherited (98–107) (Table The liver is the most frequent site affected by cancer in carcinogenicity tests
in both mice and rats: of 299 CPDB-listed chemicals that are carcinogenic inIV). Most of these genetic states of increased susceptibility to HCC in humans

are characterized by inborn errors of metabolism that lead to the accumulation mice, 171 (57%) affect the liver, whereas of 354 chemicals that are carcinogenic
in rats, 143 (40%) produce liver tumors. The liver is the most frequent site inof metabolic products in hepatocytes. Liver damage resulting from direct or

indirect toxic effects of the abnormal accumulation of metabolic products rodents affected by cancer from exposure to either mutagenic or nonmutagenic
chemicals (124). It is striking that, except for one recently identified agent,leads to chronic hepatitis, cirrhosis, and HCC. Defective DNA repair may be

the basis of increased risk of HCC in humans with ataxia telangiectasia bacterial and viral agents are not known to be hepatocarcinogenic in rats and
mice. The exception is chronic hepatic infection of mice with bacteria of the(103,104). Nevertheless, of the several other well-studied syndromic types of

genetic defects in DNA repair (108), none are known to be associated withHelicobacterspecies, which is associated with increased risk to HCC (125).
Although infection of the stomach byH.pylori is associated with gastricincreased risk of HCC. Genetic polymorphisms in hepatic drug metabolizing/

catabolizing enzymes may also influence risk to HCC in some families, as cancer in humans (126), hepatic infection withHelicobacteris apparently not
known in humans.has been demonstrated by increased risk associated with impaired ability to

catabolize activated AFB metabolites (109–112). Hereditary susceptibility to Rodent strains are affected by a few genetically predicated metabolic
diseases and by other genetic conditions that increase the risk of HCC (TableHCC in humans in the absence of overt genetic metabolic diseases has been

posited on the basis of tumor clusters in families (113,114), but such familial IV). Long-Evans Cinnamon rats with hereditary chronic hepatitis (127) have
increased risk of HCC associated with the genetic lack of a copper-carryingclusters of HCC could result from common exposures of family members to

environmental risk factors, such as HBV infection. adenosine triphosphatase (128), a condition that is genetically and molecularly
identical to Wilson’s disease in humans (100,129). Lethal albino mice sufferThe etiology of HCC in humans is clearly multifactorial (115). Epidemiolog-

ical evidence suggests that concurrent chronic infections with HBV and HCV from a genetic defect in the enzyme fumaryl acetoacetate hydrolase, which
leads to accumulation of toxic compounds in hepatocytes and increased risk(73,116,117) and exposure to AFB (74), ethanol abuse (80,118–121), and

possibly tobacco smoking (84–88), may amplify the risk to development of of HCC (130). This disease in mice is identical to type 1 tyrosinemia in
humans (102). The inbred mouse strains C3H and CBA, and strains andHCC. In addition, these agents can interact with other known risk factors,

including genetic abnormalities that are associated with increased risk of crosses derived from them (such as B6C3F1), spontaneously develop HCA
and HCC at high incidence, and they are also more susceptible to developmentHCC, to increase risk further in humans (122). Environmental chemicals may

also be involved in the multifactorial etiology of HCC in humans even though of liver tumors after exposure to carcinogenic chemicals than are mice of
other strains (131–133). The genes that determine increased susceptibility totheir contribution to overall risk cannot be readily separated in epidemiological

studies from the much higher risks posed by chronic infection with HBV and HCA and HCC in mice are distributed among several chromosomal sites
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it is impossible unambiguously to identify specific chemicals that arenot
carcinogenic in humans. Nevertheless, an attempt to designate possible humanTable V. Chromosomes involved in hepatocellular carcinoma in rodents
noncarcinogens and to assess the concordance of tests in humans and rodents
has been made by analyzing 29 chemicals for which IARC has foundMouse Rat
inadequate evidence (for whatever reason) for carcinogenicity in humans
(142). Although human noncarcinogenicity of an agent cannot be proved,Susceptibility Structural Loss of Structural
several negative epidemiologic studies in humans were available for 13loci abnormalities heterozygosity abnormalities
chemicals that had also been tested in rodents, only two of which failed to(134–137) (357) (352,355,365) (358–360)
produce tumors in at least one rodent species and sex (142). Of interest is the
observation that the liver is frequently the site of cancer induced by these1 1 1
chemicals in the rodent studies. As noted above for IARC human carcinogens,2 2 2
there was poor concordance of liver site among species. The authors concluded3
that results of rodent testsmay include many false-positive indications of4 4 4
human risk (142).5 5

Comparative analysis of the carcinogenicity of pharmaceutical agents in6 6
humans and rodents is of interest because humans may be chronically exposed7 7 7 7
to therapeutic drugs in known doses that are similar to the high doses to8 8 8
which rodents are exposed in carcinogenicity tests. Of 183 pharmaceutical9 9
agents analyzed by IARC for their carcinogenic risk to humans (79,143), 2010 10
are conclusive or probable carcinogens for humans (Groups 1 and 2A,11
respectively, in the IARC terminology), and an organ site is known both for12 12 12
humans and rodents (Table VI). Three drugs (combined oral contraceptive13
steroid combinations, azathioprine, and anabolic steroids) are considered by14
IARC to be associated with risk of HCC in humans. Contraceptive steroid18
formulations have not been tested for carcinogenicity in rodents, but ethinyl19 19
estradiol, a component of some contraceptive mixtures, promotes HCC in rats
(144); azathioprine is not hepatocarcinogenic in mice and has not been tested
in rats (143); the androgenic steroid, testosterone is hepatocarcinogenic for
rats but not mice (143). Of the 17 other pharmaceutical agents that are(Table V) (134–136). The actions of these loci appear to differ from the other

metabolic abnormalities associated with increased risk of HCC in humans and conclusive or probable human carcinogens but do not cause HCC in humans,
14 have been studied in rats (79,143) and 15 have been studied in mice (143).rodents. Murine susceptibility loci may act by allowing more rapid proliferation

of hepatocytes in FAH and HN (134). Recently, two loci that confer resistance In rodent tests, HCC occurs only in rats exposed to diethylstilbestrol (143),
phenacetin (143), and tamoxifen (141) and in mice exposed to cyclo-to HCC in mice have also been identified (137); these loci seem to act by

blocking the activity of some of the previously identified susceptibility phosphamide (143). HCC is an infrequent neoplasm in all three species,
occurring in ~15% of the tumors associated with drugs in humans and rats,loci (134).

The contrasting nature of the major hepatocarcinogens for rodents and and in ~6% of the drug-related tumors in mice. Concordance of liver site
among these three species is lacking, save for humans receiving some combinedhumans suggests that the results of carcinogenicity tests performed in mice

and rats may not accurately predict whether humans will respond in a similar formulations of contraceptive steroids and rats exposed to ethinyl estradiol.
Although somewhat limited in extent, these data suggest that the suscepti-manner to exposure to a specific chemical. Several authors have approached

the assessment of the utility of carcinogenicity studies performed in mice and bility of humans, mice and rats to the hepatocarcinogenicity of specific
chemicals may differ. Four chemicals that diverge widely in their hepato-rats to predict risk in humans by analyzing the accuracy with which the results

of carcinogenicity tests obtained in one of these two rodent species can be carcinogenicity for humans and rodents, phenobarbital, ethanol, vinyl chloride
and AFB, illustrate striking species-dependent variations. Phenobarbitalused to assess risk in the other (138–140). These analyses in mice and rats

can be made from data obtained by tests of carcinogenicity that are performed induces HCC in susceptible strains of mice and is a strong promoter of HCC
both in resistant strains of mice and in rats (145–146). Despite its potency inunder nearly identical conditions in each rodent species. Concordance analysis

of results of carcinogenicity tests in rodents shows that the identification of a inducing or promoting HCC in mice and rats, it now seems certain that
phenobarbital ingestion is not associated with increased risk of HCC incarcinogen in either mice or ratsat any siteis only a fair predictor that this

chemical will cause cancerat any sitein the other species (138–140), with humans, although the IARC designates phenobarbital as a possible human
carcinogen on the basis of rodent tests (Group 2B) (143). In three large cohortsensitivities and specificities for predicting the outcome in the other species

of ~75%. When limited to liver tumors, the predictivity for one rodent species epidemiological studies in England (147), the US (148), and Denmark (149),
a combined population of.8000 patients who received long-term treatmentof results of carcinogenicity tests obtained in the other species is even less

accurate than for tumors at any site. Of the 131 chemicals on the CPDB list with phenobarbital did not show evidence of an elevated incidence of HCC
when the Denmark studies were corrected for documented exposures of patientsthat cause liver tumors in mice, only 85 (65%) also cause tumors of the livers

in rats, and of 79 chemicals that affect the livers of rats, 70 (89%) also cause to the strong human hepatocarcinogen, Thoratrast (82,83). Consumption of
alcoholic beverages (ethanol) is classified by the IARC as a human carcinogen,liver cancer in mice (1). Since each rodent species is affected by several

carcinogenic chemicals to which the other species is not susceptible, extrapola- with the liver being a major site (80). Ethanol appears to potentiate the
hepatocarcinogenicity of chronic infections with both HBV and HCV intion of risk from either mice or rats to the other rodent species includes a

significant number of both false-positive and false-negative assignments of risk. humans (118,119). Ethanol is not considered by the IARC to be a rodent
carcinogen (80), although it enhances (or promotes) HCC development in ratsOne might suspect intuitively that predicting from a rodent species to

humans will be less accurate than will predicting from rodent to rodent. The (150–152) and is designated as a hepatocarcinogen for rats in the most recent
CPDB list (123). Both phenobarbital and ethanol may act mainly as promotersdatabase for directly testing this assumption by comparing the liver site

concordance among humans, mice, and rats after chemical exposure is of HCC development in one or more species, but the mechanisms of their
actions are incompletely elucidated and the basis for their species-differentextremely small (140). Of the 58 agents or processes that the IARC has

identified as carcinogenic for humans (76,79) most are also carcinogenic at effects is unknown.
Differences in metabolic properties of hepatocytes among rodents andsome site in a rodent of at least one species and sex. Fifteen of the human

carcinogenic agents (26%) are associated with HCC in at least one of the humans appear to predicate species-dependent susceptibility to HCC from
vinyl chloride and AFB. HCCs in rats exposed to vinyl chloride contain aspecies human, rat, and mouse (Table VI). The human liver is affected by 9

of 17 agents (53%), whereas the rat liver is the site of tumor formation for 8 low frequency of AT to TA transversion mutations in the second base of
codon 61 of the H-ras gene (153), but in humans exposed to vinyl chloride,of 16 (50%), and the mouse liver for 6 of 10 (60%) of the agents which have

been appropriately examined in these rodent species (74,78,79,141). Despite GC to AT transversion mutations in the second base of codon 13 of the K-
ras gene are found in angiosarcomas (154), but not in HCC. These resultsthe fact that the liver is affected by approximately one-half of the agents in

all three species, only 1 of 10 informative instances (10%) shows concordance suggest that even when humans and rodents are exposed to the same chemical
mutagen-carcinogen, the specific mutations and cells or tissues affected mayof liver site in all three species. Concordance of liver site in humans and rats

occurs in only 4 of 16 (25%) informative pairings, in humans and mice in differ among species. The differential species-related susceptibility to the
hepatocarcinogenic effects of AFB (mice are resistant; rats and humans areonly 2 of 10 (20%), and in rats and mice in 4 of 10 (40%).

Analysis of the predictivity of both positive and negative results by susceptible (1,2,74)) reflects differences among these species in the metabolic
activation of AFB to the highly reactive AFB 8,9-epoxide, which formscomparing responses in either mice or rats to humans cannot be done, since
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Table VI. Concordance of liver site among humans, rats, and mice for IARC-designated human carcinogens

Carcinogenic chemical Sites

Human (74,78–80,143) Rat (1,2,141,143,144) Mouse (1,2,143)

Aflatoxins LIVER LIVER, kidney, colon Lung
4-Aminobiphenyl Bladder Mammary gland, intestines LIVER, bladder
Arsenic compounds LIVER, skin, lung, kidney, intestines, Negative Negative

bone marrow
Auramine Bladder LIVER LIVER
Azathioprine Lymphatic tissue, skin (LIVER) Lymphatic tissue, Zymbal gland Lymphatic tissue
Benzidine Bladder Mammary gland, Zymbal gland LIVER
Cyclophosphamide Bladder, bone marrow LIVER, bladder, testis, lung, –

mammary gland, lymphatic tissue
Ethanol LIVER, oral cavity, pharynx, larynx, LIVER –

esophagus
2-Naphthylamine LIVER, bladder Bladder LIVER, lung
Phenacetin analgesics Renal pelvis, ureter, bladder LIVER, kidney, renal pelvis –
Steroids, androgenic (testosterone) LIVER Cervix, uterus Prostate
Steroids, contraceptive mixtures LIVER LIVER, ethinyl estradiol –
Nonsteroidal estrogens Vagina, cervix, testis, mammary gland, Vagina, cervix, mammary gland LIVER, pituitary, mammary gland
(diethylstilbestrol) endometrium
Tamoxifen Endometrium LIVER –
Tobacco smoke Lung, bladder, oral cavity, larynx, Respiratory tract –

pharynx, esophagus, pancreas (LIVER)
Vinyl chloride LIVER, lung, brain, lymphatic tissue, LIVER, Zymbal gland LIVER, mammary gland

bone marrow

procarcinogenic adducts in DNA, and in the deactivation of the epoxide by the formation of non-neoplastic cellular lesions preceding the appearance of
cancer (4,5,9,27,33,155,156). Hepatocarcinogenesis is a sequential, multistepconjugation to glutathione by glutathione S-transferase isoforms (M1 isoform

in humans; A2 isoform in mice) and/or conversion of the epoxide to nontoxic cellular process in rodents, with stages termed initiation, promotion, and
progression which can be delineated experimentally (4,5,9,27,33,155,156).AFB 1,2-dihydrodiol by epoxide hydrolase (109,110). Species differences in

the carcinogenicity of AFB for mice and rats correlate with the much higher Initiation by mutagens-carcinogens involves the formation of a permanent,
heritable, aberration in the genome of individual hepatocytes. During theactivity in mice than rats of the glutathione S-transferase isoform that

conjugates the active AFB 8,9-epoxide. Subcellular enzymatic preparations promotion stage, the initiated cells are clonally expanded by consecutive
cycles of proliferation. Further genetic changes and focal population expansionsmade from liver tissue of mice conjugate AFB 8,9-epoxide at rates nearly

9-fold greater than do enzyme preparations from liver tissue of rats or by clonal proliferation take place during the progression stage, leading to the
emergence of cell progeny which have gained the ability to invade andhumans (109,112). These species-related differences in metabolism correlate

well with the relative levels of AFB adducts produced in DNA of mice and metastasize. In rodents a few hepatocytes initially express aberrant phenotypic
properties that differ from those of the surrounding, unaffected cells andrats and in albumin of mice, rats, and humans by comparable exposures to

AFB (109–111). Genetic polymorphisms that affect the activities of glutathione allow affected cells to proliferate differentially (4,5,9,27,33,155,156). Initiated
hepatocytes are thought to express enzymes and metabolic products aberrantlyS-transferase M1 and epoxide hydrolase also affect human subpopulations

(110,112). Molecular epidemiologic studies show that a genetic polymorphism as a reflection of altered gene regulation induced by mutagens-carcinogens.
Proliferation of the progeny of initiated, phenotypically altered hepatocytes iscausing decreased activity of epoxide hydrolase is associated with a higher

risk of AFB-induced DNA damage and HCC in a human population exposed considered to lead progressively to the formation of FAH and HN, in some
of which cytologically neoplastic cells develop and proliferate further to formto AFB (as indicated by AFB-induced adducts in DNA) (112). Interestingly,

the increased risk of HCC from the epoxide hydrolase polymorphism appears HCA and/or HCC. FAH, HN and HCA are thought to be the sites in which
progressive dysregulation of cellular proliferation and differentiation occursto affect only those humans who are also chronically infected with HBV

(112), suggesting a causal interaction of these agents. and irreversible genomic lesions develop (Figure 1). Although the evidence
for the occurrence of this cellular sequence of developmental steps and stagesPathogenesis
of HCC development in rodents is indirect, the phenotypic similarity and the

Pathogenesis is analyzed at both cellular and molecular levels; fundamentalapparent monoclonality of the aberrant hepatocytes that make up both
pathogenic aberrations at the molecular level are expressed as cells that arepreneoplastic lesions and neoplasms in mice and rats support the lineal
phenotypically abnormal and proliferate to form multicellular lesions (foci, progression from FAH to HN, HCA, and/or HCC. The identification of cellular
hyperplastic nodules, adenomas, carcinomas) composed of cells that areatypia and frank HCC within preneoplastic lesions and HCA (advanced lesions
aberrantly differentiated. The essence of cellular pathogenesis of HCC iswithin precursor lesion) correlated with evidence of clonal variants in the
the progressive dysregulation of differentiation, proliferation, and death ofadvanced lesions, further strengthens the reality of this postulated cellular
individual and small groups of hepatocytes. Even though the molecularpathway (4,5,9,27,33,155,156). However, many of the cells in early lesions
changes that dysregulate hepatocellular proliferation and differentiation may(FAH and HN) may redifferentiate to a normal hepatocyte phenotype (156)
be quite diverse, the altered cells form a limited and reproducible group ofand/or they may die (157), leading to their disappearance. Experimental
cytologic and histologic lesions. The molecular aberrations involved instudies have shown that thousands of FAH precede each HCC that develops
hepatocarcinogenesis include abnormalities in numerous elements of the signalin most carcinogenesis models in rodents (156).
transduction pathways, and in nuclear transcription factors on which the cell

An alternate cellular pathway to the development of HCC in rodents
surface-to-nucleus signals converge to affect the expression of specific genes

involves the proliferation of hepatocyte progenitor cells, termed oval cells,that regulate hepatocyte differentiation, proliferation, and death. Molecular
which then may differentiate into normal hepatocytes or into cells of FAH,aberrations may also involve the direct alteration of gene structure by mutation
HN, HCA, and/or HCC (158) (Figure 1). Oval cell proliferation is a prominentof nucleotide sequences or deletion and/or rearrangement of chromosomal
feature of experimental hepatocarcinogenesis in rodents, occurring in rats onsegments containing relevant genes. Genes may also be silenced by hyper-
several experimental regimens (158) and in woodchucks chronically infectedmethylation of some cytosine residues by an epigenetic process. In all three
with WHV (159). This pathway of hepatocarcinogenesis is supported byspecies, understanding of pathogenesis is still incomplete and rapidly evolving.
studies showing that stem-like cells, clonally isolated from normal rat liver,

Cellular pathogenesis can give rise when neoplastically transformed to multiple types of hepatic
tumors including HCC, hepatoblastomas, cholangiocarcinomas, and ‘sarcomas’The cellular pathogenesis of HCC is most detailed in rats and mice, in which

the progressive proliferation of phenotypically altered hepatocytes leads to (160). It seems possible that the development of HCC in rodents may begin
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Fig. 1. (A) Pathway of cellular pathogenesis of HCC in rodents. The pathway is thought to lead from foci of phenotypically altered hepatocytes, some of
which contain initiating lesions, through hyperplastic nodules and HCA to HCC. The cell initially affected by genomic damage that initiates the carcinogenic
process may occur in hepatocytes, liver stem cells, or both. Some features of this cellular pathway may be less well-defined in mice; hyperplastic nodules are
often indistinct in mice and it is often difficult to distinguish HCA and HCC in mice. (B) Pathways of cellular pathogenesis of HCC in humans. A single
pathway does not fit all HCC in humans. Pathway 1 is the most frequent, occurring in ~75% of all HCCs. Chronic hepatitis and cirrhosis precede the
development of HCC, which appears normally to develop in rapidly expanding cirrhotic nodules, termed macroregenerative or adenomatous hyperplastic
nodules. Progression of HCC leads from early intrahepatic lesions to advanced metastases. Pathway 2 occurs in ~25% of HCC in humans. Cirrhosis does not
occur, but chronic hepatitis and focal parenchymal hyperplasia are usually prominent features preceding the development of HCC. Pathway 3 is a minor
pathway that probably represents much less than 1% of HCC in humans. The lesions that precede HCA in this pathway are largely unknown. The risk of
progression from HCA to HCC is very small and HCA may regress by unknown mechanisms.

in either mature hepatocytes or stem-like cells under different circumstances (12,19,38,39). These nodular lesions, in which HCC frequently develops in
humans, resemble HN of rodents in terms of aberrant expression of metabolic(158,159).

Delineation of the sequence of preneoplastic cellular changes and charac- enzymes and growth factors, to the limited extent that these functional
properties have been studied in humans (52–66). Occurrence of smallerterization of the multicellular lesions that precede the emergence of HCC is

less complete in humans than in rodents, because it is more difficult to aggregates of phenotypically aberrant hepatocytes in human livers, analogous
to FAH in rodents, is less well documented. However, a few studies havedetermine when the process of hepatocarcinogenesis is ‘initiated’ by natural

disease in humans than by experimental manipulation in laboratory rodents. identified foci of phenotypically aberrant hepatocytes, in both cirrhotic and
noncirrhotic livers of humans (8,58–66), suggesting that preneoplastic cellularIdentification of HBV and HCV as etiologic agents for HCC, together with

the availability of sensitive and specific methods to detect the effects of these lesions in both humans and rodents are similar.
The cellular elements of an alternative pathway to the development of HCCviruses on hepatocytes, has made it possible to begin to define the cellular

pathogenesis of HCC in humans (Figure 1). Chronic hepatitis and cirrhosis in humans involving the proliferation and differentiation of stem-like (‘oval’)
cells have been described (161,162). As in rodents, it is possible that potentialare relatively frequent and lasting consequences of HBV or HCV infection,

and these diseases are the settings in which HCC most often occurs in humans. cellular pathways to development of HCC in humans may involve either
differentiated hepatocytes or stem-like cells.Preneoplastic cellular changes have been sought most intensively in cirrhotic

livers, since most HCC in humans occurs in this setting. Analysis of The patterns of dysregulated cell proliferation and death are similar during
hepatocarcinogenesis in rodents and humans. The major differences amongpreneoplastic changes in human livers has emphasized classic morphologic

changes of cellular dysplasia (8,42,43); presence of dysplastic hepatocytes in these species include the close association of HCCs with chronic hepatitis
and cirrhosis in humans (38–40), both of which are correlated with significantcirrhotic nodules is correlated with increased risk of HCC in prospective

studies (50). The larger cirrhotic nodules (multiacinar nodules, previously levels of hepatocellular necrosis. Chronic hepatitis, and cirrhosis are typically
lacking in livers of mice and uncommon in livers of rats in which HCCcalled AHN or MRN) are an important site of HCC development in human

cirrhotic livers (47–49). HCCs appear to emerge in populations of aberrant, develops (26,27). Hepatocellular necrosis resulting from chemical cytotoxicity
appears to be neither a reproducible nor a necessary feature of the pathogenesisbut non-neoplastic, hepatocytes contained in cirrhotic nodules or multiacinar

nodules through the clonal proliferation of new populations that express of HCC in mice and rats in the NTP studies (163,164). Nevertheless, elevated
hepatocyte proliferation and death are common features of phenotypicallyadditional aberrations, eventuating ultimately in frank neoplasia (19–22). HN

containing aggregates of dysplastic hepatocytes, similar to cirrhotic nodules, altered hepatocytes in livers of both humans and rodents during hepatocarcino-
genesis. Dysregulation of hepatocyte proliferation and death are commonbut not embedded in collagen, are also thought to be the site of cell proliferation

and HCC development in noncirrhotic livers affected by chronic hepatitis features associated with development of HCC in both humans and rodents.
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Molecular pathogenesis express IGF-IR produces an additional growth-stimulatory autocrine cycle.
Transgenic mice that overexpress IGF-II in the liver show a somewhat higherThe molecular pathogenesis of HCC in rodents and in humans is still
incidence of spontaneous HCC in males (but not in females) (197).incompletely known, although many alterations involving expression of growth

TGFβ1 is excreted as inactive preproTGFβ1 containing a latency peptidefactors/receptors, proto-oncogenes, and tumor suppressor genes have been
which blocks its binding to its cognate receptors TGFβ1RI and RII (182,199).found at various stages of hepatocarcinogenesis. This brief presentation
PreproTGFβ1 is activated by proteolytic cleavage of the latency peptide (199),emphasizes the comparison in humans and rodents of alterations in expression
a process which can be accomplished by plasmin in the presence ofof the growth factors TGFα, TGFβ and IGF-II (and their receptors); of
transglutaminase when the preproTGFβ1 is bound to the M6P/IGF-IIR throughconstitutive expression and mutation ofmycandras proto-oncogenes; and of
phosphomannosyl residues on the growth factor (182,195). Following cleavagemutation and deletion of thep53 tumor suppressor gene. A defined sequence
of the latency peptide, adjacent TGFβ1RI-II can bind the activated growthof molecular aberrations leading progressively to HCC has not yet been
factor. Impairment of negative growth regulation in altered hepatocytes canidentified in either rodents or humans, but likely molecular pathways are
result from reduced expression of TGFβ1RI-II and/or of M6P/IGF-IIR.emerging. Because of space limitations, aberrations in many of the molecular
Reduced expression of both types of these receptors characterizes preneoplasticelements that regulate the hepatocyte proliferative cycle (165) are not discussed
and malignant hepatocytes of HCC in both rats (182,200) and humans (195).in this review.
In combination, these changes markedly impair the inhibitory action of TGFβ1Among the earliest alterations in the molecular regulation of proliferation
on cells of HCC, giving the neoplastic cells a further relative growth advantageof preneoplastic hepatocytes in both rodents and humans is the acquired
as compared to more normal hepatocytes. In addition, some transformedexpression (or re-expression) of two positive growth factors, TGFα and
hepatocytes may aberrantly acquire the ability to synthesize active TGFβ1IGF-II. TGFα is expressed during reparative proliferation of hepatocytes
and to respond to it as apositive growth regulator, as has been shown forfollowing liver injury in adult animals (166). TGFα is expressed focally in
some other transformed cells (200). HCCs in humans sometimes contain~10% of FAH of rats exposed to the hepatocarcinogen diethylnitrosamine
significant levels of both TGFβ1 mRNA and protein (201). As a reflection of(DEN) (28,29,167), and more uniformly in a larger fraction of HN and HCC
increased synthesis by tumor cells, plasma levels of TGFβ1 may be elevated(28,29); TGFα expression may indicate those cells that are progressing from
in patients with HCC (202).FAH to HCC (29,168). The cognate receptor for TGFα, epidermal growth

Sequential expression of TGFα and IGF-II is directly corroborated infactor receptor (EGFR), is abundantly expressed on normal, preneoplastic
human studies in which expression of both growth factors was examined inand neoplastic hepatocytes, providing the pathway for a growth-stimulatory
the same liver specimens (174). Acquisition of autocrine growth cyclesautocrine cycle (166,169). Transgenic mice, engineered to express TGFα
involving TGFα and IGF-II and progressive loss of the growth inhibitingconstitutively in the liver, are more susceptible to development of spontaneous
influence of TGFβ characterize altered hepatocytes during the early stages ofor chemically induced HCC than are their nontransgenic counterparts (170).
hepatocarcinogenesis in both rodents and humans. Alterations in these growthHowever, expression of TGFα does not occur during the development of
factors may provide affected cells with a selective growth advantage, markingpreneoplastic lesions and HCC in rats exposed to some peroxisome proliferators
those preneoplastic cells in FAH and HN which have the greatest probability

(167), indicating the existence of alternate pathways to HCC. Furthermore,
to progress to form HCA and HCC. Dysregulation of hepatocyte proliferation

mice in which the TGFα gene has been deleted by targeted disruption continuemay provide a setting in which gene mutations and chromosomal aberrations
to develop DEN-induced HCC with somewhat slowed growth, showing thatare facilitated by high rates of cell proliferation.
this growth factor is not required for HCC development (171). Increased expression (5- to 20-fold normal levels) of the H-ras and myc

TGFα is focally expressed in human hepatocytes in livers that are the sitegenes have been observed frequently in livers of mice and rats during agent-
of chronic hepatitis and cirrhosis (172–174), expression occurring mostinduced hepatocarcinogenesis (see 203 for early studies). Overexpression of
intensely in dysplastic hepatocytes that are infected with HBV (175). Inc-mycwas found in ~10% of FAH (204), and in many HN and HCC of rats
humans, neoplastic hepatocytes in many HCC express TGFα (173,174,176); exposed to DEN (204–206) compared to unaltered hepatocytes. Although
expression is highest and most uniform in cells of well-differentiated HCC,these studies failed to show increased expression ofras genes in preneoplastic
while cells of poorly differentiated tumors are often negative (176). Theselesions, the p21ras protein product has been demonstrated immunologically
observations suggest that elevated and constitutive expression of TGFα is an in FAH, HN, HCA and HCC of DEN-exposed rats (207,208). The mechanisms
early and somewhat transient event in the process of hepatocarcinogenesis inunderlying increased expression of proto-oncogenes include amplification of
humans. Nevertheless, urinary excretion of TGFα in humans provides a the c-mycgene (209,210) and hypomethylation ofras genes andraf genes in
marker for the presence of HCC that is about as sensitive as isα-fetoprotein HCCs in rats (211) and B6C3F1 mice (212), respectively. The 59 flanking
(177–179). region of the H-ras gene in hepatocytes of HCC-prone B6C3F1 mice appears

Although not normally expressed in the livers of animals postnatally (30),to be constitutively hypomethylated (213). Increased expression of the c-myc
IGF-II is markedly up-regulated in some HN and most HCC of rats (30,180),gene in HCC of Beechey ground squirrels chronically infected with GSHV is
in HCC of SV40Tag transgenic mice (32,181), and in HN and HCC of WHV- frequently associated with gene amplification (214), while increased expression
infected woodchucks (32,181). Expression of IGF-II does not occur in FAHof myc genes in HCC of WHV-infected woodchucks is related to insertion
in either rodent species (30–32), is focal in the cells of HN, and is mostof WHV genomic sequences into either c-myc or N-myc genes, or into the
intense and uniform in HCC (30–32). These observations suggest that theN-myc2 retroposon (214). IGF-II andmyc are often overexpressed co-
reactivation of IGF-II expression occurs later in the process of hepatocarcino-ordinately in HCC of woodchucks (215). Heightened expression of the c-myc
genesis than does elevated expression of TGFα. IGF-II availability may also gene occurs in some cirrhotic nodules in humans (216–218), and elevated
be affected by the expression level of the mannose 6-phosphate/IGF-II receptorc-myc expression is a common feature of HCC and of preneoplastic lesions
(M6P/IGF-IIR), which is involved in lysosomal breakdown of this growth in humans (215–219). The c-myc gene may be amplified (219) or hypo-
factor and is normally expressed ubiquitously (182). M6P/IGF-IIR expressionmethylated in human HCC (220). Furthermore, susceptibility to HCC in
is reduced in a subset of FAH and HN in rats exposed to the hepato-humans segregates with a polymorphism of the L-myc gene (221), and
carcinogen DEN (182), but not in livers of rats exposed to peroxisomeamplification of the c-myc gene in human HCC is associated with high
proliferators (183). In human livers, IGF-II expression occurs in some cirrhoticgrade tumors and poor prognosis (219). In contrast to the nearly universal
nodules (184–190) and most HCC, but not in chronic hepatitis (184,186), oroverexpression of c-myc in human HCC, theras genes are not often
in normal liver (187). IGF-II expression is associated with hepatocytes infectedoverexpressed (216–218,222,223).
with HBV (185,187,188). The plasma level of IGF-II in patients with HCC Increased expression ofmyc genes is a common feature of HCC in all
may be either elevated (189) or not (190); elevated serum levels may containspecies studied. Overexpression ofmycgenes appears to amplify the cellular
abnormally processed proIGF-II (189). IGF-II and IGF binding protein II are effects of growth factors. Transgenic mice that overexpress both c-myc and
also overexpressed in hepatoblastoma (191). Increased expression of IGF-IITGFα in the liver develop increased numbers of HCC in a shorter time than
in hepatoblastoma may occasionally result from loss of imprinting (192,193),do comparable mice which express only c-myc or only TGFα in the liver
but more often from usage of an alternate promoter (193,194). Furthermore,(224), and HCC develops at an accelerated rate in woodchucks that coordinately
increased levels of IGF-II may also result from decreased breakdown as aexpress N-myc2 and IGF-II (215). Among other genes that have been found
result of reduction in the level of M6P/IGF-IIR expression. Expression of to be aberrantly expressed in human HCC is a gene similar to c-erbA (225),
M6P/IGF-IIR is markedly reduced in HCA and HCC of humans (195). as well as, c-met (226–228),neu (c-erbB-2 or HER-2) (229,230), retinoic
Reduced expression of M6P/IGF-IIR is caused by allelic deletion, resultingacid α receptor (231),CD24 (232) and cyclin D1 (233,234).
in loss of heterozygosity (LOH) (196), which may be coupled with mutation In addition to expression abnormalities,ras genes are frequently mutated
of the remaining allele (197). Imprinting of the M6P/IGF-IIR gene causesin HCC of mice, less often in rats, and rarely in humans. The H-ras proto-
hepatocytes of rodents to be highly vulnerable to LOH (196). Decreasedoncogene is mutated in 30 to 60% of the spontaneous HCC in B6C3F1 or
expression of M6P/IGF-IIR increases the availability of IGF-II by impairing C3H mice, while mutation of the K-rasgene occurs in ~2% of the spontaneous

HCC of these HCC-susceptible mice; these mutations are less frequent inits degradation. Reactivation of the expression of IGF-II in hepatocytes that
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HCC of strains of mice that are more resistant to development of HCC contrast, random G→A transition mutations in codons other than 249 appear
to represent changes that occur late in the progression phase of HCC(reviewed in 235). In spontaneous HCC of B6C3F1 mice, mutations predomin-

ate in the first base of codon 61; ~60% are GC to TA transversions (CAA to development in humans (259,262,263,265–269). Supporting this interpretation
is the observation that these non-hotspot mutations are more frequent in large,AAA), ~30% are AT to GC transitions (CAA to CGA), and ~12% are AT to

TA transversions (CAA to CTA) (235). The frequency of mutations and the poorly differentiated HCC than in small well-differentiated tumors (265–269).
In addition to mutation of one allele, the other allele of thep53 gene is oftenpattern of base involvement within codon 61 of the H-ras gene vary with the

type and dose of carcinogenic chemical (235). HCC in mice exposed to so- deleted in human HCC (256–258,262,264–269,271,285–293); deletion of the
normalp53 allele appears to take place after the mutation of the other allele,called nongenotoxic chemicals (such as peroxisome proliferators) contain few

H-ras mutations (235). Although mutations inras genes are less common in occurring later in the process of HCC development (256,269,285–290). It is
curious that although the Li-Fraumeni Syndrome is often associated withcells of FAH and HN of mice and increase in frequency in HCA and HCC,

these mutations appear to represent a relatively early change during the germ-line mutation or deletion of one allele of thep53gene and with increased
risk of developing neoplasms of several tissues, affected patients are not atprocess of hepatocarcinogenesis in susceptible strains of mice (235). Agent-

induced HCCs in the CD-1 strain of mice often contain a larger fraction of increased risk to the development of HCC (294).
Although overexpression ofp53 protein often has been found in hepato-mutations in K-ras proto-oncogene than do tumors induced by similar agents

in B6C3F1 mice, for example (235). Even in the HCC-susceptible mouse blastomas of children (280), demonstration of gene mutation has been variable.
In one series no mutations were found in exons 5 to 9 among 15 tumors,strains, ras mutations occur in only a fraction (,60%) of HCC (235),

indicating that these mutations are not essential for the development of HCC althoughp53 protein was overexpressed (280). However, in other studies a
G→T transversion at codon 249 was detected in one of three tumors (274)and that other molecular pathways exist. However, these alternative molecular

pathways in mice are not known. and a deletion of codon 72 was detected in one of five informative tumors
(272), but no mutations were found (272). In contrast, a recent study detectedIn contrast to the situation in mice, mutations ofras genes (H, K, and N)

are infrequent in HCC of rats and humans. Of interest, the N-ras gene is mutations in exons 5 to 8 of thep53gene in 9 of 10 hepatoblastomas occurring
in Japanese children, with eight identical mutations occurring in a hotspot atpolymorphic in the germ line of Fischer-344 rats, one form of which, N-ras3,

carries an activating mutation at codon 13 which may confer oncogenic codon 157 (295). In addition, two missense mutations in codon 244 and one
each in codons 273 and 279 were found (three tumors contained doublepotential (236). N-ras3 is not present in the germ line of the relatively more

HCC-resistant Wistar strain (237), possibly explaining the somewhat greater mutations) (295). Eleven of the 12 mutations were G→T transversions, and
thep53protein was over-expressed in nine (295). These observations suggestsusceptibility of Fischer 344 rats to HCC. The K-ras gene is mutated in from

5 to 20% of HCC of rats dosed with AFB (236,238,239), 39-methyl- that mutation of thep53 gene may also have an important role in the
development of hepatoblastoma in humans.4-dimethylaminoazobenzene (239), and methyl(acetoxymethyl) nitrosamine

(239), but it is uncommonly mutated in HCC associated with other chemical Several other tumor suppressor genes may also influence hepatocarcino-
genesis in humans. Mutation (296) and/or LOH (285,293,296–298) of anhepatocarcinogens (237, 239–243). H-ras and N-ras genes are rarely mutated

in carcinogen-induced HCCs in rats (237,238,241,244,247). Although one Rb-1 allele occurs in some HCC of humans, but HCC has not been identified
as a second neoplasm in survivors of retinoblastoma (299). HCC andearly transfection analysis found that N-ras was activated in human HCC

(218), this has not been confirmed in other studies (246,247). Mutations in hepatoblastoma occur as second neoplasms in patients with Wilms’ tumor
(300,301), and one or more WT-associated loci may be deleted in these liverH-ras and K-ras genes have been identified in only 0–10% of human HCC

(247,248). Several other genes of unknown nature (249) or mutated genes tumors (297,302–306). Hepatoblastoma is also a common neoplasm in first-
degree family members of patients with familial adenomatous polyposis (307),involved in known cell growth regulatory pathways (250–253) have occasion-

ally been detected in human HCC, but the import of these mutations is not and the APC gene is often somatically mutated and/or shows LOH in sporadic
hepatoblastoma (308). Marker loci near the APC locus are also deleted inyet clear. Althoughras gene mutations in HCC of rats and humans have been

less thoroughly examined than in HCC of mice, the apparent species differences some HCC (256,285,289,290). The M6P/IGF-IIR gene is often mutated in
HCC (197), and the remaining allele may be deleted (196,197), suggestingin ras gene mutation suggest that the molecular pathways that lead to HCC

diverge in these species. that this gene also has a tumor suppressor function in HCC development.
Mutation and allelic deletion of the M6P/IGF-IIR gene is an early change,The p53 tumor suppressor gene has been extensively studied in human

cancer, including HCC (254). Thep53gene product functions as a transcription occurring in HCA as well as in small HCC (196).
Indications that additional unidentified tumor suppressor genes are involvedfactor and is involved in several areas of cellular function, including the

regulation of the DNA synthesis phase of cell cycle transit, DNA repair, and in the pathogenesis of HCC in humans include LOH and non-random
chromosomal structural abnormalities at sites of unknown genes that recurapoptosis (254). G→T transversion mutation in the third base of codon 249

of the p53 gene (AGGarg → AGTser) occurs in a major fraction of the HCCs repeatedly in HCC of humans. The chromosomes and chromosomal regions
that have been found to be abnormally structured or deleted in HCC infrom human populations of Qidong province in China (255–257) and of

Mozambique and Senegal in Africa (257,258), but this specific mutation is humans (309–328) are listed in Table VII.
Complete karyotypic analyses of individual chromosomes in human HCCless common in other human populations in Southern Africa, Southeast Asia

and Japan (257–270) and rare in European and North American populations are uncommon. Complex structural aberrations involving chromosomes 1, 5,
6, 9, 13, 16 and 22 were found in one HCC (319) (Table VII). Breaks and(259,271–276). Sporadic mutations of thep53 gene that occur in HCC in

Europe and North America involve codons throughout the gene, without the deletions were often located in chromosome 1p22 and 1p32 (309,319,321).
Structural aberrations involving chromosome 17 have been identified severaloccurrence of hotspots, and G→A transition mutations predominate (254,259).

G→A transition mutations affect CpG islands most often and appear to times, including translocations between chromosomes 17 and 18 (322), 17
and X (323), and 17 and 7 (324). Consistent with these observations,result from spontaneous deaminations (254,259), whereas G→T transversion

mutations and microdeletions are usually induced by agent exposure (254,259). chromosome 17 was found to be numerically abnormal by use of a chromo-
some-specific probe in 44% of HCCs (325). Genomic scanning studies indicateThe characteristic G→T transversion at codon 249 is highly correlated with

dietary exposure to AFB (254–261). HCCs due to HBV or HCV infections even more extensive qualitative and quantitative aberration of genomic content
(326), although the specific chromosomes were not identified. Both structuralalone are not associated with this mutation atp53 gene codon 249 (265–

268,275,277), nor are the HCCs associated with the use of contraceptive and numerical (327,328) chromosome aberrations have been identified in
hepatoblastomas, involving chromosomes 2, 9, 11, 17 and 20. Many LOHsteroids (278), exposure to Thoratrast (276), and affliction with the metabolic

disease, acute intermittent porphyria (279). and chromosome aberrations are coincident with sites of HBV integration
(267,268,290,297,303,310,311,319,323,324), which produces small deletionsMost of the mutations in thep53gene are missense, yielding a protein that

retains altered function, and has a prolonged half-life (254,260), apparently in the human genome (329). Similarly located LOH also occur in HCC related
to HCV infection (267,286,311) in which genomic integration does not occur.associated with a positive cellular growth advantage (254). HCCs that express

a mutatedp53 gene are associated with significantly poorer prognosis than Accumulation of chromosomal structural abnormalities and deletions are
associated with the development of malignancy and the further progressionare similar tumors that lack these mutations (269). Antibodies to epitopes in

wild-type or mutant protein indicate thatp53 protein is present in the cells of of HCC in humans. When appropriately examined, LOH have not been found
in HCA at most of the same loci on the chromosomes listed in Table VIImany human HCC (273,280–283), consistent with a protein of prolonged

half-life, but proteins containing mutations cannot be reliably distinguished (330), the exception being the M6P/IGF-IIR locus which is homozygous or
hemizygous in some HCA (196). In contrast, a 17p LOH occurred in anfrom the normal protein by immunohistochemistry of tissues (280,281). G→T

transversion mutation of thep53 gene at the codon 249 hotspot may be an HCC while a synchronously occurring HCA lacked this same LOH (331).
Accumulation of LOH at multiple alleles is associated with the progressionearly change in the development of the AFB-associated HCCs in which it is

found (254). This opinion is supported by the observation that this mutation from small, well-differentiated HCC to large, poorly differentiated HCC.
Poorly differentiated HCC may contain LOH involving up to 8 alleles, withis also found in non-neoplastic hepatocytes from livers of patients who live

in areas associated with high intake of AFB and high risk of HCC (284). In each poorly differentiated tumor containing LOH in an average of 3 alleles
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Table VII. Chromosome abnormalities in human HCC and hepatoblastoma

Chromosome Numerical Structural Loss of heterozygosity Possible or actual
aberrations aberrations, deletions, (195–197,247,249,262, genes involved
(309,319, translocations 267,285–293,296–298,
321,328) (309,319–324,327) 302–306,309–319,328,331)

1 tl:? (p32:?) 1p, 1p35–36 L-myc (1p32)
del 1(p22) 1q 42–43
del 1 (p32–p36)

4 2 4p AFP/ALB/αFGF
4q, 4q32, 4q11–23

5 2 t5;? (q34;?) 5p APC (5q21)/MCC
t5;9(–;–) 5q, 5q35–qter

6 2 del 6(q13–qter) 6q26–q27 M6P/IGF-IIR (6q26)
7 1 tl7;7 (p13;p14)
8 2 inv 8(q10) 8q c-myc (8q24)
9 2 t5;9 inv 9(p12:q12)

10 2 10q
11 2,1 dup11p15 11p, 11p13–p15.1 WT-1(11p15), IGF-II, others

del 11(p13–p14)
del 11p11
t 11:22

12 2
13 2,1 der13;15 (q10;p10) 13q, 13q12, 13q12–q31 Rb-1 (13q14)
15 2,1 der13;15 (q10;p10)
16 2 del 16q 16p E-cadherin

der 16q24 16q22–24 (16q22.1)
17 2 t17;7 (p13;p14) 17p, 17p13, 17p13–pter p53 (17p13)

t17;18 (q25;q11)
t17;X
del 17(p12)

18 2,1 t17;18 (q25;q11)
19
20 1
21 2,1
22 t22;? (q12;?) 22q, 22q11–12
X 2 t17:X

(286). Nearly all large, poorly differentiated HCC contain LOH at alleles on (349), and germ-line deletions or mutations of the Rb gene in mice are not
associated with increased susceptibility to HCC (350). Furthermore, HCCchromosomes 4q, 13q, 16q, and 17p (285–289). Clearly not every HCC shows

the same pattern of genetic aberrations, suggesting that a combination of susceptibility is not increased in mice bearing germ-line mutations in both Rb
andp53 genes (351).several genetic abnormalities must accumulate to dysregulate hepatocyte

proliferation and differentiation; no single pattern of genetic abnormality yet Locus deletions have been less intensively examined in HCCs of rodents
than in human HCCs. A study of spontaneous and chemically induced HCCappears to predominate.

Mutations and locus deletions of thep53 gene appear to have a less in B6C3F1 mice detected LOH of microsatellite and other markers on
chromosomes 2, 5, 6, 8, 9, 14 and 18 (Table V) in about one-third of thepervasive role in the development of HCC in rodents than in humans;p53

mutations analogous to the hotspot mutations at codon 249 in humans are not tumors; however, the most frequently affected locus was deleted in only 9%
of tumors (352). Two other studies using similar techniques have identifiedfound in HCC of woodchucks and Beechey ground squirrels infected with

species-specific hepadnaviruses related to HBV (332), in HN (333) or HCC only one LOH among 102 HCCs and 27 HCAs produced in mice of strains
MSM and C3H, or in F1 crosses, including B6C3F1 (353) and C3H/He3Musof rats (334), and in HCC of non-human primates (335) exposed to AFB,

suggesting that this dimension of molecular pathogenesis of HCC may bespretus(354). In contrast, LOH on chromosomes 1, 5, 7, 8, 12, and 13 were
found in 100% of 30 HCC induced in a cross between a transgenic linespecific to humans. However, transition mutations in otherp53 codons were

found in some HCC of AFB-exposed rats (238,334), in an HCC of one derived fromM castaneusor C57BL/6 containing the SV40 early T-antigen
transgene andMusus spretus, in which 575 mapped loci could be identifiedBeechey ground squirrel (332), in an HCC of one nonhuman primate exposed

to AFB (335), and in HCCs of several primates exposed to 2-amino-3- (355,356) (Table V). Hepatocytes are often aneuploid in HCC arising in
doubly transgenic c-myc/TGFα mice, and many cells contain breaks andmethylimidazo(4,5-f)quinoline (336). Other studies on mutation of thep53

gene in HCC of rats have yielded highly variable results. Accumulation of translocations involving chromosomes 1, 4, 7, 12 and 19 (357) (Table V).
Locus deletions in genomic DNA of HCCs produced in rats have apparently‘mutant’ p53 protein was found in FAH induced by exposure of rats to DEN

(337) and in oval cells stimulated by 2-acetylaminofluorene (AAF)-exposure not been investigated with the use of microsatellite markers. However,
chromosomes of rat HCC frequently contain non-random structural abnormalit-(338). Subsequent studies found frequent mutations in thep53 gene in HCCs

induced in rats by AAF or N-nitroso-AAF (339), or by feeding a choline- ies by karyotypic analysis (358–360). Rat chromosomes 1, 2, 3, 4, 6, 7, 8, 10
and 11 contain nonrandom structural abnormalities in a fraction of HCCdevoid diet (340). Hotspot mutations were found inp53 codons 234 and 294

of nearly all HCC induced in rats by tamoxifen (141). In sharp contrast, other (Table V).
Taken together, these observations on aberrations in known and putativestudies have found nop53mutations in HCC of rats induced by various other

carcinogens (238,341,342). Whether these mutations are agent-specific, as for tumor suppressor genes during hepatocarcinogenesis in humans and rodents
suggest major differences in the molecular pathogenesis of HCC in thesethe AFB-related codon 249 mutation in humans, requires further study.

Mutations in thep53 gene have apparently never been identified in murine species. However, chromosomal abnormalities (deletions, breaks, transloca-
tions) in humans, rats and mice involve several regions containing geneHCC (343–345), including hepatoblastoma, which in mice is a highly

progressed and poorly differentiated variant of HCC (4,14,346). Furthermore, clusters that are syntenically conserved among all three species, suggesting
the possibility that common tumor suppressor genes may be involved in thegerm-line deletion of one or both alleles of thep53 gene in mice or deletion

of one allele combined with mutation of the remaining allele does not increase pathogenesis of HCC in both rodents and humans (361). Evidence supporting
this possibility arises from studies in which the tumorigenicity of rat HCCsusceptibility to the development of spontaneous (347) or chemically induced

(348) HCC. Abnormalities in the Rb gene occur infrequently in HCC of rats cells that contain structurally abnormal chromosome 1 (which contains
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extensive sequences of syntenically conserved genes in common with human size; in contrast, cirrhosis often produces symptoms that cause patients to
seek medical care before HCCs develop or are clinically apparent.chromosome 11 (361)) is reversed by inserting an intact human chromosome

The natural histories of HCC and HCA differ strikingly in humans. HCA11 into tumor cells by microcell fusion (362). Recent studies suggest that the
is uncommon in humans, and rarely occurs in synchrony with HCC; HCA iscommon tumor suppressor gene is the WT-1 locus, together with a second
not recognized as a complication of cirrhosis in humans, as is HCC. HCAlocus on human chromosome 11 that regulates the expression of the WT-1
occurs most frequently in human females of childbearing age (375), and ingene (363).
this population the incidence of HCA is augmented slightly by the use of oral

Natural history contraceptives containing mixtures of estrogenic and progestational steroids
The natural history of HCC begins with the occurrence of its earliest antecedent(376,377). In human males, HCA is rare, occurring most often in association
lesions and continues through the initial appearance of malignant cells untilwith the use of androgenic anabolic steroids (378,379). Development of HCC
the affected individual dies from the effects of the neoplasm. Delineation ofin HCA is an uncommon, but recognized, occurrence in humans (7,8,380).
the earliest preneoplastic lesions that precede the development of HCC is lessNot only have pathologic examinations of HCA occasionally revealed HCC
detailed in humans than in rodents. (7,8,379), but epidemiological studies show that chronic use of contraceptive

HCC usually occurs in humans who have suffered from chronic hepatitis;steroids that are risk factors for HCA also carry an increased risk for
the end result of which is cirrhosis. Although not a required precursor ofHCC (376,380).

HCC in rodents generally appears to be less rapidly progressive and life-HCC in humans, cirrhosis of any morphological type or etiology is associated
threatening even after detection, and much more common than is HCC inwith increased risk of HCC (40,41); however, themagnitudeof risk reflects
humans. For example, in mice, HCC has a relatively benign course, progressingthe specific etiology of the cirrhosis (40), suggesting that the nature of the
so indolently that the expected life span of an affected animal is not usuallycausative agent is determinant. HCC develops at the annual rate of 5 to 8%
shortened, and metastases occur late in the course of the disease (131,132).of the population with cirrhosis due to HCV infection (73,364–367), and a
The natural histories of HCA and HCC in mice and rats are nearly identical,similar level of risk is associated with cirrhosis due to hemochromatosis
unlike the situation in humans; in rodents both tumors occur concurrently and(40,98). Cirrhosis due to chronic HBV infection is associated with a slightly
the incidences of each increase with age (25,26,131,132,381,382). Even inlesser risk to HCC (40,73,364–368), and cirrhosis related to other causes such
the absence of known exposure to carcinogens, up to 45% of male B6C3F1as chronic alcoholism, chronic autoimmune hepatitis or Wilson’s disease
mice are affected by HCA and/or HCC at 80 to 108 weeks of age, whilecarries much smaller risks (40,80,100,101). HCC occurs in the setting of
,10% of females of this age bear these hepatocellular tumors, and in micechronic hepatitis without cirrhosis, but accompanied by foci to dysplastic
of both sexes 30 to 50% of all spontaneous hepatocellular tumors are HCAshepatocytes and by HN (38,46,369), in Alaskan natives who are often infected
(131,132). As many as 10% of male Fischer-344 rats and a slightly smallerwith HBV at young ages (370). This observation suggests that the events
fraction of females harbor HCA and HCC at 102 to 107 weeks of age evenleading to HCC may develop in humans without the production of recurrent
in the absence of carcinogen exposure, and 80 to 90% of the spontaneoushepatocellular necrosis of an extent sufficient to lead to cirrhosis.
hepatocellular tumors in rats of both sexes are HCAs (381,382). The incidenceHCCs that occur in either cirrhotic or noncirrhotic livers are closely similar
of HCA and HCC spontaneously occurring (that is, without known exposure(371,372). Nevertheless, the natural history of HCC differs somewhat in
to carcinogens) in either mice or rats of the strains commonly used inhuman populations that are distinguished by either a low or a high incidence
carcinogenicity tests is much higher than is the incidence of these tumorsof this tumor. In the geographic areas in which exposure to AFB is significant
occurring in any carcinogen-exposed human population that has beenand/or chronic infections with HBV and HCV virus are highly prevalent,
studied (3).HCC occurs in the absence of cirrhosis somewhat more frequently and at an

The natural histories of chemically induced HCA and HCC in rodents areearlier age than in areas in which exposure to these etiologic agents is less
similar in their major features to comparable spontaneously developingintense (3,38). HCCs begin to appear early in life in high-incidence areas and
tumors. Notably, HCA and HCC often occur concurrently (synchronously) inreach a peak incidence in the fourth or fifth decades (3), often in the absence
rodents exposed to carcinogenic agents (25,26). As with humans, HCCof cirrhosis. HCC is a disease of old age in low-incidence areas, with the
predominates in male mice and rats by ratios of.3–4 to 1 (male to female),peak incidence occurring in the fifth to seventh decades of life (3), and it is
but unlike humans, HCA also occurs most frequently in male (rather thanalmost always associated with cirrhosis. In both high- and low-incidence
female) mice and rats. The sex ratios and the relative frequencies of benignareas, HCC predominates in males, with male-to-female ratios of.3–4 to 1
to malignant tumors are similar in mice and rats for both spontaneous(3). Part of the diffference in age-dependent incidence may reflect the specific
and treatment-induced hepatocellular tumors. Cirrhosis is rare in mice andetiology; in Japan peak incidence of HCC occurs at a younger age in HBV-
uncommon in rats on carcinogenic regimens, and metastasis from HCC in

infected patients (526 13 years; M6 SD, n 5 23) than in HCV-infected
rodents is infrequent (25,26). Non-neoplastic proliferative lesions, including

patients (626 7 years;n 5 145) (367). FAH and HN, also coincide temporally with both the spontaneous and
Age at the time of infection with HBV or HCV is an important determinant agent-induced occurrence of HCA and HCC in both rodent species

of the age at which HCC occurs. For example, Alaskan natives chronically(25,26,131,132,381,382). When carcinogen exposures are started in juvenile
infected with HBV typically acquire infection perinatally (370), and many test animals, as in the typical bioassay protocol, chemically induced HCCs
develop HCC at an early age, with an elevated incidence detectable in theoccur late in the life-span of mice and rats (25,26,158); prenatal or perinatal
first decade of life (369). Acquisition of chronic HBV infection later in life, exposures of mice to carcinogenic chemicals results in somewhat earlier
as in Japan (366), is associated with the later development of HCC. Theoccurrence of HCC (383,384). In rats, FAH develop at 1 to 4 months, HN at
temporal relationship between chronic infection with HCV and the develop-3 to 10 months, and HCC at 12 to 20 months after beginning various
ment of HCC, as well as the variability in the clinical progression along thishepatocarcinogenic regimes (158).
sequence, is illustrated by a study of Japanese patients receiving blood The natural history of hepatoblastoma differs strikingly in humans and
transfusions and subsequently shown to be infected with HCV (373). All butrodents. In humans hepatoblastoma, which originates during liver embryo-
two of the 21 patients studied were older than 25 years when they receivedgenesis and may be present at birth, occurs almost exclusively in children
blood transfusion. The time from blood transfusion to detection of chronicunder the age of 3 years (7,8), but this tumor occurs in adult rodents in
hepatitis was 10.06 11.3 years (M6 SD; n 5 45; range 1 to 46 years), to conjunction with, and apparently as a poorly differentiated variant of,
detection of cirrhosis was 21.26 9.6 years (n 5 23; range 8 to 53 years), HCC (5,14,346).
and to detection of HCC was 29.06 13.2 years (n 5 21; range 13 to 62 HCCs in rodents and humans share a slow development, passing through
years). Three of 21 HCCs (14%) developed in the absence of cirrhosis, butmultiple steps that require most of the host’s lifespan unless tumor formation
each of these patients had chronic hepatitis (373). began during fetal development or early postnatal life. Despite this common

After becoming clinically apparent, HCC is a rapidly progressive and general pattern, the natural history of HCC and of related preneoplastic and
uniformly fatal disease in humans, typically associated with severeneoplastic lesions in humans differs considerably from that in mice and rats,
symptoms, numerous paraneoplastic complications and metastasis (6–8,364–reflecting substantial differences in cellular and molecular pathogenesis among
368). Survival time of patients varies with the size of the tumor at diagnosisthese species.
and with its growth rate. The growth rates of HCCs in humans vary markedly,
with tumor volume-doubling times that range from 1 to 19 months (366).DiscussionSurvival of patients with both HCCand cirrhosis depends not only on the
growth and metastasis of the tumor, but also on the severity of the cirrhosisAs outlined in this review, hepatocarcinogenesis is a hetero-
(364–368), since both cirrhosis and HCC are potentially lethal diseases. HCCsgeneous molecular and cellular process that appears to involveusually reach larger sizes in noncirrhotic livers than in cirrhotic livers

the accumulation of aberrations in several genes and the clonal(6,7,371,372), often forming large, single lesions in noncirrhotic livers. In the
absence of cirrhosis, HCCs may be clinically silent until they reach a massiveproliferation of various populations of altered cells before a
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malignant neoplasm develops. Heterogeneity in the develop- tissue simultaneously (1), a situation that occurs in,5% of
humans who have cancers at various sites (386,387), includingment of HCC is made even more complex since different

combinations of aberrantly expressed genes may dysregulate the liver (388). In humans, simultaneous occurrence of neo-
plasms in multiple tissues in an individual is a criterion usedcellular growth, and neoplastic cells may originate from either

stem-like cells or differentiated hepatocytes. Some features of to identify families in which individual members suffer from
genetic conditions conferring increased susceptibility tohepatocarcinogenesis are similar in mice, rats and humans, but

several steps in the process diverge among these species. The cancer (389). In accord with this suggestion HCC develops
spontaneously in over 10% of Fischer 344 male rats and 40%HCCs that ultimately develop are histologically similar in all

three species, but the evolving cellular lesions that precede of B6C3F1 male mice during their lifespan, whereas,10%
of human males develop HCC even in populations that sufferHCC differ among rodents and humans. The common tissue

settings for the development of HCC in humans, in which from the highest agent-induced incidence of this disease.
Possibly the species-dependent differences in the frequency ofchronic hepatitis and cirrhosis are nearly universal features,

clearly differ from the setting for HCC in rodents. The HCC development and in the multiplicity of tissues affected
by cancer are also related to the striking differences in therelationship of HCA to HCC differs markedly in rodents and

humans, and hepatoblastomas represent distinctly different time required for cancer development in rodents and humans.
HCC usually develops late in the lifespan of all three species,neoplasms in these species. However, the aberrant populations

of non-neoplastic hepatocytes that precede and accompany the which means that this tumor evolves much more rapidly in
mice and rats than in humans. The incidence of HCC indevelopment of HCC in both humans and rodents, seem to

share phenotypic properties, suggesting that the early cellular humans bears a logarithmic relationship to host age, a result
suggesting that five to seven discrete steps evolve in a time-lesions are similar among rodents and humans.

Even among individual animals, either rodents or humans, dependent manner during hepatocarcinogenesis in humans
(390). The multiple cellular and molecular events that occurhepatocarcinogenesis shows molecular heterogeneity. The

combinations of abnormal genes that are effective, and the during hepatocarcinogenesis in both rodents and humans may
provide the discrete biological steps that are responsible fororder in which they become aberrant, may vary from individual

to individual, as in colon cancer (385). The earliest molecular this mathematical relationship. More rapid development of
HCC in rodents than in humans suggests that fewer steps arealterations that appear to be associated with the subsequent

development of HCC in both rats and humans include aberrant necessary and/or that the transition between individual steps
is more rapid in rodents. The answer to this conundrum is notregulation of the c-myc proto-oncogene and of the growth

factors TGFα, IGF-II and TGFβ. Loss of expression of yet available. However, a broad range of evidence indicates
that rodent cells are genomically more unstable and morethe M6P/IGFII-R gene also is a frequent early change in

preneoplastic hepatocytes in rodents and humans. Although readily immortalized and neoplastically transformed than are
human cells (391). A general mechanism for genomicaberrant expression of these genes is frequently observed in

each species, such changes are not found in all instances of instability and transition to ‘immortality’ may involve the
replication of telomeric ends of chromosomes by the enzymeHCC. Additional genetic aberrations during the progression

stage of hepatocarcinogenesis appear to involve different telomerase. Replication of DNA during the cell cycle efficiently
reproduces all of the cell’s genomic DNA except for the endsregulatory pathways in rodents and humans. The molecular

pathogenesis of HCC in mice is characterized by frequent of chromosomes, the telomeres. Telomeres, composed of
repeated TTAGGG sequences, are replicated by the enzymemutations in proto-oncogenes, particularly theras group, in

contrast to the process in rats and humans in whichras telomerase, which is not expressed in somatic cells of adult
humans (392). As a consequence, the telomeres of humanmutations are uncommon. The molecular development of HCC

in humans is associated with extensive alterations in known somatic cells appear to shorten by a few bases with each
replicative cell cycle, and they may be lost after a sufficientand putative tumor suppressor genes, including thep53 gene,

in contrast to the situation in rodents. Failure to detect LOH number of cycles (392). Chromosome ends lacking telomeric
DNA are analogous to a double-strand break elsewhere in aof known and putative tumor suppressor loci in HCC of

rodents may result from the predominant use of highly inbred chromosome, and provide the basis for structural rearrange-
ments (392). Cells that lack telomeres enter a stage of ‘crisis,’strains of mice and rats in which both alleles of each gene are

identical. Studies using interstrain F1 hybrids of genetically during which most die but a few may acquire an aneuploid
state, which when coupled with the re-expression of telomerasedivergent strains of mice suggest that LOH of specific genes

also occurs in murine HCC. The identification of HCC suscepti- may enable them to become ‘immortal’ (392). Although
telomerase is not detectable in normal liver tissue of humans,bility loci that act by controlling the rate of clonal proliferation

of preneoplastic cellular lesions seems to be unique to mice. it is expressed at low levels in chronic hepatitis and at higher
levels in HCCs (393), sufficient to maintain short telomeresSimilar susceptibility loci have not been identified in rats

or humans. in rapidly cycling malignant cells (394). In contrast, normal
hepatocytes of adult rodents express high levels of telomeraseIn addition to apparent variations in molecular pathogenesis

of HCC, mice and rats also differ from humans in several activity (395,396), indicating that telomerase activity is less
stringently regulated in somatic cells of rodents than of humans.other ways not detailed in this review that may impair

their use as precise models of humans for the testing of This species-related difference in regulation of telomerase
activity may play a role in making rodents more susceptiblehepatocarcinogenic chemicals. Although it is well known that

certain strains of mice are more susceptible to HCC than are to cancer than are humans.
The imprinting of some genes that appear to be criticallyother strains, mice and rats of all strains appear to be generally

more susceptible to development of cancer in all tissues than involved in the pathogenesis of HCC also differs in cells of
rodents and humans. Expression of the two parental allelesare humans. For example, 40% to 50% of mice and rats which

develop cancer express neoplasms in more than one organ or of an imprinted gene is differentially regulated by an epigenetic
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process, such as methylation (397). Imprinting, which renders the occurrence of chemically induced HCC in humans and
rodents. It is obvious that the human liver is not immune toa gene functionally monoallelic, makes an affected cell more

susceptible to the inactivation of the expressed allele by the carcinogenic actions of chemicals, since several chemicals
that are potent hepatocarcinogens for humans are well recog-mutation or deletion from a ‘single hit’. At least two genes

importantly involved in development of HCC in both rodents nized. Nevertheless, the poor level of interspecies concordance
in chemically induced hepatocarcinogenesis suggests thatand humans, IGF-II and M6P/IGF-IIR, are differently imprinted

in hepatocytes of these species. In rodents, both genes are rodent tests may not accurately identify the particular chemicals
that pose a HCC risk to humans. Rodent bioassays may detectimprinted in hepatocytes during both embryogenesis and adult-

hood (397–399). In contrast, although both genes are some chemicals thatdo not pose a human risk of HCC
(false-positives), and, as well, they also maynot detect someimprinted during embryogenesis of the liver in humans, they

are biallelically expressed in hepatocytes of adult humans chemicals that do pose a human risk of HCC (false-
negatives). Species-dependent variations in chemical meta-(192,195). Loss of imprinting (LOI) of IGF-II during late fetal

life may lead to the biallelic overexpression of this growth bolism, including dosage differences, amplified by differences
among species in the pathogenesis of HCC, provide thefactor and cause dysregulated cellular growth of hepatocytes;

such an event is common in Wilms’ tumors (397), but occurs biological basis for making rodents poor surrogates for
detecting chemicals that are potential human hepato-only occasionally in hepatoblastoma in humans (192–194).

Elevated levels of IGF-II in hepatoblastoma and HCC in carcinogens.
Although currently available evidence does not demonstratehumans more often results from altered IGF-II promoter usage

(192–194) or from inactivation of the M6P/IGF-IIR gene that chemicals at levels that pollute the environment have a
significant role in etiology of HCC in humans, the possibility(182,195–197). Mutation and/or deletion of the M6P/IGF-IIR

gene appears to be an early event in the pathogenesis of HCC of an effect of environmental chemicals on the total risk of
HCC for humans cannot be confidently excluded. The etiologyin both rodents and humans (182,195–197). Imprinting of the

M6P/IGF-IIR gene in hepatocytes of rodents makes them more of HCC in humans is clearly multifactorial. Multifactorial
causation is mechanistically complex, and our understandingsusceptible to the loss of the remaining allele than are humans.

The majority of carcinogenic chemicals require metabolic is poor (406). Two or more chemicals may interact in multiple
ways, either to augment or reduce risk of cancer. Even theactivation to chemical species that covalently bind to DNA

(400). Species-dependent variations in response to chemical minor components of some multifactorial mixtures may exert
a determinative role in the overall hepatocarcinogenicity of ahepatocarcinogens reflect extensive differences among rodents

and humans in the absorption, distribution, metabolism, and complex mixture of carcinogenic agents. Furthermore, bio-
logical agents, such as HBV, may interact with chemicalsexcretion of chemicals (401). Although metabolic activation

of chemicals occurs through multiple mechanisms, oxidation through effects on various cellular and molecular steps
involving the metabolic activation of chemicals (407–409) andreactions involving cytochrome P-450 enzymes play a major

role (401). The livers of all animals contain a rich repertory on other features of hepatocytic metabolism involved in the
pathogenesis of hepatocarcinogenesis (410–412).of cytochrome P-450 enzymes (400). Metabolism of many

chemicals by specific cytochrome P-450 enzymes varies con- Interspecies concordance in the organ/tissue sites of cancer
such as the liver, has been suggested to be unimportant in thesiderably among the three species considered here (402–405).

Variations in enzymes that secondarily metabolize products extrapolation of risk from rodents to humans (413). The
organism is obviously the ultimate object of risk identification,resulting from the action of P-450 enzymes also importantly

influence carcinogenicity of chemical metabolites (111–114). since cancer originating in any organ or tissue, not just the
liver, is potentially lethal. However, unlike rodents, cancers inThe combined differences among species in the actions of

phase I and phase II enzymes sometimes lead to the production humans typically involve single sites only, making site-specific
cancers (such as HCC) the objects of concern for the identifica-of different amounts and types of metabolites in hepatocytes

of rodents and humans, and result in species-dependent differ- tion of specific carcinogens in assays employing rodents and
for the extrapolation of inferred risk to humans. Inter-ences in mutagenicity and carcinogenicity (111–114,405).

Additionally, the dose of chemicals to which rodents are species concordance is poor even when cancers occurring at
any site are included in the assessment, and concordance ofexposed in laboratory tests and to which humans are exposed

environmentally differ greatly; rodents are exposed to high the liver site is less good among rodents and humans, even
though the liver is a major site of cancer in each species.doses in experimental studies, whereas humans are typically

exposed to low doses in the environment or workplace. The Further interspecies comparisons of several of the major sites
of primary cancer in humans and rodents could provide datahigh chemical doses to which rodents are exposed may distort

the usual patterns of chemical metabolism, as well as the to assess whether the ability to extrapolate risk from rodents
to humans is any better for the other major organ sites inprocess of carcinogenesis.

Whatever the basis, major differences characterize the known humans than it is for the liver. Preliminary evidence suggests
that the pathogenesis of the development of site-specificcauses of HCC in humans and rodents. The main risk factors

for HCC in humans are chronic infections with the hepatotropic cancers in other tissues may diverge as much among mice,
rats and humans as it does for the liver. Recent studies suggestviruses HBV and HCV, while chemicals comprise the major

hepatocarcinogens of mice and rats. As a result of environ- that colon cancer develops by molecular pathways that differ
in mice and humans. Analysis of genetic aberrations inmental contamination, workplace exposure, medical therapy,

and personal habits, humans are exposed to many of the chemically induced colon cancer in susceptible mice shows
that none of the six or seven genes commonly mutated orchemicals that are potent hepatocarcinogens for rodents.

Although the database that includes carcinogenicity assess- deleted in some combination in colon cancer in humans (385)
are affected in these strains of mice (414). Other studiesments of the same chemicals in all three species is small, the

available results indicate a remarkable lack of concordance in suggest that the molecular pathogenesis of intestinal cancer
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