
Summary. Recently, many studies have identified losses
and gains of several chromosomal loci in human
hepatocellular carcinoma (HCC) with fine microsatellite
analysis and comparative genomic hybridization.
Although distribution of aberrant chromosomal arms
differs among HCCs, loss of 1p, 4q, 6q, 8p, 9p, 10q,
13q, 16q and 17p, and gain of 1q, 6p, 8q, 17q and 20q
have been recurrently reported, and loss of 4q and 16q
seems to occur preferentially in hepatitis B virus-related
HCCs. Accumulation of these aberrant chromosomal
regions is associated with tumor progression, and some
chromosomal aberrations, such as loss of 1p, are
frequently identified in well-differentiated HCCs and
also detected even in dysplastic nodule and cirrhotic
nodule. This evidence suggests that chromosomal
instability (CIN) emerges at an early stage during
hepatocarcinogenesis and is successively inherent to
tumor cells, resulting in acquisition of malignant
phenotype. The molecular basis of CIN is beginning to
be explored; however, several mechanisms may be
involved for CIN of HCC. 
Key words: Chromosomal instability, Hepatocellular
carcinoma, Cancer-related genes, Mutation, Methylation

Introduction

It is now widely accepted that multiple cancer-
related genes are involved in carcinogenesis, and
changes in the number of chromosomes in cancer cells
may reflect functional loss or gain in these genes, which
in turn may contribute to cancer formation and
progression. A large number of studies have identified
numerous chromosomal aberrations in human
hepatocellular carcinomas (HCCs), such as loss and/or
gain on several loci of chromosomes (Feitelson et al.,
2002; Thorgeirsson and Grisham, 2002). This suggests

that the majority of HCC acquire the chromosome
instability (CIN) phenotype during the early stages of
HCC formation. This review provides an overview of
chromosomal aberration at each stage of HCC, and
discusses the role and mechanism of the CIN phenotype
acquired during human hepatocarcinogenesis.
Detection of loss and gain of chromosomal arms in
HCCs

Mounting evidence suggests that HCC is
characterized by multistep progression (Thorgeirsson
and Grisham, 2002). Recent genome-wide allelotype
studies have detected many chromosomal aberrations in
human HCC tissues (Table 1). Among such alterations,
the occurrence of allelic imbalance (AI) on 1p, 1q, 4q,
6q, 8p, 8q, 9p, 10q, 13q, 16p, 16q and 17p has been
repeatedly reported, on the basis of PCR-based
microsatellite analyses, suggesting that tumor-suppressor
genes and/or oncogenes, which are essential for human
hepatocarcinogenesis, are located on these chromosomal
arms (Boige et al., 1997; Nagai et al., 1997; Piao et al.,
1998a; Okabe et al., 2000; Laurent-Puig et al., 2001;
Wang et al., 2001; Nishimura et al., 2002). A comparison
with data from comparative genomic hybridization
(CGH) studies, makes it clear that AI of 1p, 4q, 6q, 8p,
9p, 10q, 13q, 16q and 17p is the result of losses and AI
of 1q and 8q as gains (Table 2: Marchio et al., 1997,
2000; Kusano et al., 1999; Sakakura et al., 1999; Wong
et al., 1999; Guan et al., 2000; Tornillo et al., 2000;
Niketeghad et al., 2001). However, the frequency of AI
resulting from allelic gain may have been
underestimated in PCR-based microsatellite analyses
because contamination of non-cancerous cells more
readily masks allelic gain than loss. For example, alleles
showing imbalance with one paternal and two maternal
alleles may well yield an AI index (allelic ratio of
cancerous DNA adjusted by that of non-cancerous DNA)
of more than 0.5, which has been used as a cut-off value
for AI index. In fact, recent CGH studies, which can
detect allelic gain as effectively as loss, showed several
gains which were not identified as AI with PCR-based
microsatellite analyses. These included gains of 6p, 17q
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Table 2 Summary of CGH studies in human HCC tissues.

11 2 4 5 6 7 8 9 10 11 13 14 16 17 19 20 22 No. of Reporter
p q q q q p q p q p q p q q p q q p q p q p q q case2

303 584 70 33 37 65 60 37 54 51 33 50 Marchino et al. (1997)5
78 32 29 66 17 37 46 51 41 Kusano et al. (1999)

37 46 48 35 20 23 28 31 20 33 37 43 35 Sakakura et al. (1999)6
72 43 37 48 37 30 30 37 67 Wong N. et al. (1999)7

36 66 40 32 48 70 52 42 20 28 50 Guan et al. (2000)
19 56 25 38 22 62 44 31 22 16 22 25 34 Marchino et al. (2000)8
24 46 39 20 41 44 41 24 39 37 41 Tornillo et al. (2000)

57 33 19 24 52 19 14 29 29 21 Niketeghad et al. (2001)

1: Chromosome number. 2: Number of HCC cases analyzed. 3: Percentages of chromosomal alteration on each chromosomal arm described in the
reports. Underlined numbers denote the percentages of chromosomal loss. 4: Bolt numbers indicate the percentages of gain. 5: In this study, only HBV-
related HCCs were analyzed. 6: In this study, only HCV-related HCCs were analyzed. 7: In this study, all HCC samples were from Southern China,
where chronic HBV infection is the main etiological factor. 8: In this study, only HCCs from patients serologically negative for both HBV and HCV were
analyzed.

and 20q as well as 1q and 8q (Table 2). In addition to
CGH studies, we reported that the combination of
comparative PCR and microsatellite analysis could be
useful for detecting allelic gains (Nishimura et al.,
2002). Because previous microsatellite analyses may
have overlooked several gains, these new approaches
can be expected to be more effective for chromosomal
analyses of HCCs.
Chromosomal aberrations and etiological factors of
HCCs

There is a wide geographical variation in the
incidence of HCC, which has been attributed mainly to
geographical differences in the prevalence of etiological
factors, such as chronic infection of hepatitis type B
(HBV) and type C (HCV), aflatoxin exposure and other
types of chronic liver disease. However, the effect of a
special etiological factor, such as HBV and HCV, on the

formation of alterations in a specific chromosomal arm,
remains controversial. Fujimori et al. (1991) reported no
significant associations between the integration of HBV
and a specific chromosomal aberration. Other reports
also showed negative findings for relations between
etiological factors and a specific chromosomal
alteration, suggesting that HCCs may progress through a
similar cascade of molecular events regardless of their
viral etiology (Nagai et al., 1997; Sakakura et al., 1999;
Tornillo et al., 2000). On the other hand, Laurent-Puig et
al. (2001) reported that AI on five chromosomal arms
(1p, 4q, 13q, 16p and 16q) and Axin 1 and p53 gene
mutations were linked to HBV infection. Okabe et al.
(2000) used microsatellite analysis and found an
association between HBV infection and AI on 13q and
16q. In addition, CGH studies by Marchio et al. (1997)
found chromosomal loss of 4q, 16q and 17p in HBV-
related HCCs. Wong et al. (2000) reported significant
chromosomal loss of 4q, 8p and 16q in HCCs from
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Table 1. Summary of genome-wide allelotype studies in human HCC tissues.

11 2 4 5 6 7 8 9 10 11 13 14 16 17 19 20 22 No. of No. of Reporter
p q q q q p q p q p q p q q p q q p q p q p q q marker2 case3

444 25 46 36 45 44 46 Fujimori et al. (1991)
44 42 35 60 30 29 40 39 48 275 48 Boige et al. (1997)
51 44 35 52 48 28 28 40 26 33 43 25 53 34 36 31 34 31 195 120 Nagai et al. (1997)

62 73 64 77 33 40 46 59 46 68 22 Piao et al. (1998a)
48 36 57 31 38 30 32 41 43 56 33 216 44 Okabe et al. (2000)

33 22 38 29 48 20 31 24 30 45 400 137 Laurent-Puig et al. (2001)
405 516 43 45 41 55 46 52 65 292 60 Wang et al. (2001)7

22 56 44 33 22 44 44 28 400 18 Nishimura et al. (2002)8

Summary of the reports for frequencies of AI on each chromosome in human HCC tissues. Fujimori et al. used RFLP markers for these analyses and
other reporters adopted PCR-based microsatellite analyses.1: Chromosome number. 2: Number of RFLP or microsatellite markers used in the studies.
3: Number of HCC cases analyzed. 4: Percentages of AI on each chromosomal arm described in the reports. 5: Bolt numbers indicate the percentages
of AI which are the result of chromosomal gain. 6: Underlined numbers denote the percentages of AI which were the result of loss. 7: Wang et al. (2001)
simultaneously examined microsatellite analyses and CGH in the same HCC samples and determined whether chromosomal loss or gain resulted in AI.
In this study, all HCC samples were from three regions of Southern China where exposure to HBV and aflatoxin are major risk factors. 8: Nishimura et
al. (2002) also reported the nature of AI with multiplex PCR-based microsatellite analyses. In this study, only well-differentiated HCCs were analyzed.



Shanghai where HBV infection and aflatoxin exposure
are proven risk factors for HCCs, while 1q gain was
common to HCCs from different geographical areas.
Kusano et al. (1999) showed that gain of 10q was
detected exclusively in HCV-related HCCs and
amplification of 11q13 occurred preferentially in HBV-
related HCCs. These reports show that several
researchers have identified commonly occurring
associations between losses on 4q and 16q and HBV
infection, indicating that these events may be linked to
HBV-related carcinogenesis, although the studies differ
somewhat as to which chromosomes are affected in
HBV-related HCC. However, several problems need
further study. First, many HCV-related HCC patients
have been found to have occult HBV infection (Cacciola
et al., 1999), and the classification of HBV-positive and
HCV-positive HCCs is not yet clear. Second, because
HBV-related HCC samples sometimes show a low
degree of differentiation, the clinicopathological
background has to be adjusted prior to analysis (Laurent-
Puig et al., 2001). Then to address this issue, the earlier
stages of HCC must be analyzed to determine the
molecular difference between HBV- and HCV-related
carcinogenesis. In addition, although chromosomal
aberrations are observed in almost every HCC, no
specific ones, those detected in any HCC, have been
identified and even nodules arising de novo within one
and the same liver have different spectra of
chromosomal aberrations in multifocal HCCs (Tsuda et
al., 1992; Feitelson et al., 2002). These findings indicate
that genetic heterogeneity is one of the characteristics of
hepatocarcinogenesis and that there may be many paths
for HCC formation even in tumors from a single
etiological factor.
Chromosomal aberration during progression of HCC

CIN of HCCs contributes to an increase in the
number of chromosomal aberrations during tumor
developmental progression. Chromosomal aberrations
responsible for tumor progression and metastasis have
been analyzed in many studies, especially AI on 4q, 6q,
8p, 13q, 16q or 17p in large and/or undifferentiated
HCCs (Feitelson et al., 2002). Allelic loss on 4q and
gain of chromosome 4 are reportedly associated with
large tumor size (Zimmermann et al., 1997; Bando et al.,
1999; Wong et al., 1999), vascular invasion
(Zimmermann et al., 1997; Okabe et al., 2000) and
poorly-differentiated phenotype (Bando et al., 1999;
Okabe et al., 2000). Several studies have shown that 13q
loss was linked to undifferentiated phenotype of HCC
(Nishida et al., 1992; Kusano et al., 1999; Okabe et al.,
2000), vascular invasion (Okabe et al., 2000),
intrahepatic metastasis (Okabe et al., 2000), and large
tumor size (Nishida et al., 1992). Allelic losses on 16q
and/or 17p were detected comparatively frequently in
HCC with vascular invasion, intrahepatic metastasis and
poorly-differentiated HCC (Tsuda et al., 1990; Nishida et
al., 1992; Okabe et al., 2000). The loss of 8p and gain of

20q were also reported to be correlated with vascular
invasion, advanced stage and/or large tumor size (Guan
et al., 2000; Okabe et al., 2000). These chromosomal
aberrations seemed to transform HCC cells into a more
aggressive variety, although the role of individual
chromosomal aberrations in the acquisition of specific
phenotypes, such as tumor metastasis, is still obscure.
Qin et al. (1999) used CGH to analyze 10 pairs of
primary HCC and their matched metastatic lesions and
found that chromosome 8p was deleted in eight
metastatic but only three corresponding primary tumors.
This finding suggests that loss of 8p may specifically
contribute to the development of HCC metastasis.
Amplification of 11q13, involving amplification and
overexpression of the cyclin D1 gene, was also
associated with aggressive tumor behavior (Nishida et
al., 1994; Kusano et al., 1999). On the other hand,
interpretation of the role of 8q gain in HCCs seems to be
somewhat less straightforward. Kusano et al. (1999)
reported that a gain of 8q24 was linked to well-
differentiated HCCs, whereas Guan et al. (2000) used
CGH analysis to show that a gain of 8q was associated
with large tumor size.
The extent of AI in a tumor can be measured in

terms of fractional allelic imbalance (FAI) and an
increase in AI is reportedly related to an aggressive
prognosis and recurrence of colon cancer (Vogelstein et
al., 1989; Zhou et al., 2002). In human HCCs, a high
number of chromosomal aberrations or a high value of
the FAI index correlates inversely with the state of the
tumor-cell differentiation (Nishida et al., 1992; Ohsawa
et al., 1996; Okabe et al., 2000; Laurent-Puig et al.,
2001), and is associated with the presence of vascular
invasion or intrahepatic metastasis (Nishida et al., 1992;
Okabe et al., 2000). Laurent-Puig et al. (2001) identified
significant associations between a high FAI index value
and shorter survival of HCC patients. In addition, Chen
et al. (2000) analyzed 31 pairs of initial and recurrent
HCCs obtained from patients who underwent two
consecutive surgeries and showed that initial HCCs,
which subsequently relapsed, accumulated more
chromosomal aberrations than those which developed de
novo HCC. Kusano et al. (2002) reported that HCC
recurrence was linked to the loss of 13q and aberrations
in the number of DNA copies, and that losses of 8p and
13q and amplification at 11q13 were associated with an
unfavorable outcome for HCC patients. We also
analyzed 49 HCCs with AI on 13q, 16q and 17p, which
has been frequently identified with advanced tumors,
and demonstrated with the aid of multivariate analysis
that the number of chromosomes with AI and AI on 16q
can be prognostic factors for metastasis after curative
resection of HCCs (Nishida et al., 2002). These findings
indicate that an increase in the overall chromosomal
aberrations in HCCs may be linked to an unfavorable
prognosis, and that the extent of aberrant chromosomal
regions could be useful for the prediction of prognosis
and the selection of surgical therapy such as liver
transplantation for HCC.
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Target genes of allelic imbalance in human HCC
tissues

Commonly altered chromosomal region

Several studies of HCCs have identified specific
altered regions on each chromosome by using high-
resolution allelotyping. These reports, summarized in
Table 3, showed multiple altered regions even in a single
chromosome. Loss of function of tumor-suppressor
genes sometimes occurs as a consequence of loss of one
allele, which can be detected as AI, in conjunction with
inactivation of the other allele induced by mutation,
deletion of the gene or promoter methylation on the CpG
island. On the other hand, allelic gain may be relevant
for the activation of oncogenes because it has been
recognized in association with overrepresentation of
mapped genes (Virtaneva et al., 2001). For these reasons,
the existence of altered chromosomal regions in
common is widely assumed to imply the existence of
cancer-related genes in or around such loci.
Alteration of the cancer-related genes on each
chromosome

As described above, a loss or gain of a chromosome
is considered to be associated with inactivation of a
tumor-suppressor gene or activation of an oncogene
within each chromosomal region. So far, many cancer-
related genes in human HCCs have been analyzed for
genetic and/or epigenetic alterations. We have
summarized the alterations of cancer-related genes on

each of the chromosomes analyzed in human HCC
tissues in Table 4.
Chromosome 1
Frequent alterations have been reported for HCCs at

the distal region of chromosome 1p, alterations of which
are mainly observed as a loss (Yeh et al., 1994). Iwata et
al. (2000) reported that 89% of HCCs showed
hypermethylation of the CpG island and loss of
expression of the 14-3-3σ gene on 1p35, which is known
to be responsible for G2 cell-cycle arrest by p53 in
response to DNA damage. Hypermethylation of this
gene has been identified not only in HCC tissues but also
in adjacent non-cancerous tissues, suggesting that this
phenomenon is an early event during
hepatocarcinogenesis, although it is still a matter of
debate as to whether this gene is located within the
commonly deleted region of 1p or not.
Alteration of the p73 gene encoding a protein

homologous to p53 on 1p36.3 was analyzed for mutation
in human HCCs. AI of p73 was observed in 20% of
HCCs, but PCR-single strand conformation
polymorphism (SSCP) analysis of the entire coding
region of the p73 showed no mutation (Mihara et al.,
1999). In addition, data published by Tannapfel et al.
(1999) identifying a high expression level of p73 in
HCC patients with a poor survival prognosis, provide
evidence that p73 may not act as a tumor suppressor of
HCCs.
The retinoblastoma (Rb)-interacting zinc finger 1

(RIZ1) gene, a member of the nuclear histone/protein
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Table 3. Target region of allelic imbalance on each chromosome in human HCC tissues.

CHROMOSOME TARGET REGION1 % OF AI2 REPORTER

1p35-36 D1S170 50 Yeh et al. (1994)
1p36.13-36.23 D1S434-D1S436 37 Fang et al. (2000)
4q D4S1615, D4S1598, D4S620, D4S1566-D4S2979, 83 Piao et al. (1998b)

D4S1617-D4S1545, D4S1537, D4S2920-D4S2954
4q21-22, 4q35 D4S1534-D4S2929, D4S2921-D4S2930 74 Bando et al. (1999)
4q22, 4q34, 4q35 D4S395-D4S2986, rs15644983-D4S1584, D4S2943-D4S426 38 Bluteau et al. (2002)4
6q23, 6q26-27 D6S977-D6S311, D6S1693-D6S281 50 Koyama et al. (2000)
8p21, 8p22, 8p23 D8S1820-D8S560, D8S261-D8S1790, D8S1706-D8S518 60 Pineau et al. (1999)
9p21, 9p13-q33 D9S1747-D9S1752, D9S166-D9S53 63 Liew et al. (1999)5
10q23.3 D10S597-D10S216, D10S216-D10S590 32 Fujiwara et al. (2000)
11p11.2-12 D11S1361-D11S1357 N.R.6 Ricketts et al. (2002)
13q12-14, 13q12-13 D13S260-D13S218, D13S126-D13S172 30 Kuroki et al. (1995b)
16p13.13 D16S519-D16S3078 48 Koyama et al. (1999)
16q23.1-24.1 D16S3101-D16S504 63 Balsara et al. (2001)
16q24.1-24.2 D16S534-D16S3091 60 Bando et al. (2000)
16q21, 16q24.2 D16S3106, D16S498 85 Piao et al. (1999)

1: Commonly altered chromosomal loci reported. 2: Number of HCCs with AI/number of total HCCs analyzed. 3: Single nucleotide polymorphism ID of
NCBI. 4: In this study, association between alcohol intake, high grade of differentiation and loss of the 4q34-35 was described. 5: In this study, 45 out of
48 HCC cases were positive for HBV-DNA. 6N.R.: Percentage was not reported. 



methyltransferase superfamily, is a candidate tumor-
suppressor gene in HCC because it can induce G2 cell-
cycle arrest and apoptosis in the HCC cell line (Jiang et
al., 1999). Fang et al. (2000) mapped a minimal deleted
region in HCC to 1p36.13-p36.23, where the RIZ gene is
located. Although PCR-SSCP analysis did not show any
mutation of the gene, methylation of its promoter CpG

island was found in 62% of HCC tissue (Du et al., 2001).
Chromosomes 3, 5 and 6
Higashitsuji et al. (2000) isolated the gene on 3q28

overexpressed in HCC (gankyrin). It binds to the Rb
protein, increasing phosphorylation of Rb and releasing
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Table 4. Alteration of cancer-related genes reported in human HCCs.

CHROMOSOME ALTERED GENE1 % OF ALTERATION TYPE OF ALTERATION REPORTER

1p35 14-3-3σ 89 CpG methylation Iwata et al. (2000)
1p36.3 P73 0 (by SSCP for entire coding region) Mihara et al. (1999)
1p36 RIZ 0 (by SSCP for exon 2-7) Fang et al. (2000)

62 CpG methylation Du et al. (2001)
3p21 CTNNB12 19 mutation Miyoshi et al. (1998)
3p21.3 RASSF1A 85 CpG methylation Zhang et al. (2002)3
3p22 TGF-ß1RII 44 mutation Furuta et al. (1999)
3q28 Gankyrin 100 overexpression Higashitsuji et al. (2000)
5q21 APC 0 (by SSCP for codon 764-1596) Chen et al. (1998)
6q26-27 M6P/IGF2R 25 (with LOH)4 mutation De Souza et al. (1995)

21 (with LOH) mutation, deletion Oka et al. (2002)
8p21.3-22 DLC-1 44 LOH Yuan et al. (1998)
8p23 LPTS 50 Down-regulation Liao et al. (2000)
8q24 MYC 33 amplification Kawate et al. (1999)
9p21 P16 INK4A 48 CpG methylation, Matsuda et al. (1999)

68 Azechi et al. (2001)
P14 ARF 15 CpG methylation, deletion Tannapfel et al. (2001)
P15 INK4B 64 CpG methylation Wong I.H.N. et al. (2000)

10q23.3 PTEN 8 (with LOH) mutation Fujiwara et al. (2000)
11p11.2 KAI 1 N.R.5 Down-regulation Guo et al. (1998)
11p11.2-12 stSG301846 N.R. N.R. Ricketts et al. (2002)
11p15.5 IGF-2 100 AI of expression Takeda et al. (1996)
11q13 cyclin D1 11 amplification Nishida et al. (1994)
11q23.2 TSLC-1 80 (with LOH) CpG methylation, mutation Kuramochi et al. (2001)
13q12.1 Tg737 0 (by Southern and Norhtern blotting) Bonura et al. (1999)
13q12.2-14.1 Rb 16 (with LOH) Mutation Zhang et al. (1994)

21 CpG methylation Roncalli et al. (2002)7
13q12-13 BRCA2 5 mutation Katagiri et al. (1996)
13q34 TFDP1, CUL4A, CDC16 8 amplification Yasui et al. (2000)
16p13.3 SOCS-1 65 CpG methylation Yoshikawa et al. (2001)
16p13.3 Axin1 5 mutation, deletion Satoh et al. (2000)
16q22.1 CDH1 67 CpG methylation Kanai et al. (1997)
16q23 WWOX/FOR 0 (by sequencing of entire coding region) Yakicier et al. (2001)8
17p13.1 P53 32 mutation Nishida et al. (1993)
17p13.3 HIC-1 90 CpG methylation9 Kanai et al. (1999)
17p13.3 HCCS1 35 mutation Zhao et al. (2001)
18q21.1 Smad 2, Smad4 3, 6 mutation Yakicier et al. (1999)
20p11.2 RBBP9/Bog N.R. overexpression Woitach et al. (1998)

1: An unabbreviated name of each gene is described in the text. 2: Putative oncogenes are shown underlined. 3: In this study, significant association
was described betweeen RASSF1A methylation and the level of aflatoxin B1-DNA adduct in HCC. 4: Twenty-five percent of HCCs with loss of
heterozygosity (LOH) on 6q showed mutation of the M6P/IGF2R gene. 5N.R.: Not reported. 6: Expressed sequence tag. 7: In this study, methylation of
the p14ARF p15INK4B and p16INK4A genes was also analyzed in HCC and cirrhosis. 8: In this study, a relationship between 16q23 homozygous deletion
of HCC and aflatoxin B1 exposure was described. 9: In this study, CpG methylation status of the D17S5 locus was analyzed.



the activity of the transcription factor E2F-1. In addition,
it accelerates the degradation of Rb and may contribute
to HCC formation by destabilizing Rb. 
The isoform A of the human ras-association domain

family gene (RASSF1A), cloned from the lung-tumor
suppressor locus 3p21.3 is inactivated by promoter
methylation in several cancers. Eighty-five percent of
HCCs showed methylation of the CpG island promoter
of the RASSF1A, which was associated with the level of
aflatoxin B1-DNA adducts in tumor tissues (Zhang et al.,
2002).
Activation mutation of the ß-catenin (CTNNB1)

gene, located on 3p21, has been reportedly identified in
19% of human HCCs (Miyoshi et al., 1998). This type of
mutation results in the accumulation of ß-catenin which
may translate into the nucleus and act as a transcription
factor through binding with high-mobility group box
factors of the T-cell factor/lymphocyte enhancer-binding
factor family and contribute to tumor formation. The
adenomatous polyposis coli (APC) gene is mapped on
5q21 and is also involved in the Wnt/Wingless signal-
transduction pathway as a result of interacting with ß-
catenin for initiation of its degradation. However,
mutation of the APC gene has not been identified in
human HCCs (Chen et al., 1998). (Alteration of the
Axin1 gene on 16p13.3, which encodes another
molecule of the Wnt/Wingless signal-transduction
pathway, is described later.)
Loss of the mannose 6-phosphate/insulin-like growth

factor II receptor (M6P/IGF2R) locus, which maps to
6q26-q27, has been frequently detected in human HCC.
De Souza et al. (1995) reported the mutation of this gene
on the remaining allele in 25% of human HCCs with
allelic loss on 6q. The M6P/IGF2R binds the latent
complex of transforming growth factor-ß (TGF-ß) and
facilitates its activation. Thus, loss of the M6P/IGF2R
function decreases activated TGF-ß and increases the
extracellular concentration of IGF-II, consequently
accelerating cellular proliferation and reducing
apoptosis. Oka et al. (2002) also reported that 67% of
HCCs and 75% of dysplastic nodules had AI on the
M6P/IGF2R locus, and 21% of HCCs with AI showed
mutation or deletion of this gene, suggesting that haploid
insufficiency of this gene was an early event of HCC
formation. Gene mutation of the TGF-ß1 type II receptor
(TGF-ß1RII) on 3p22 has also been reported in human
HCC (Furuta et al., 1999), implying that disruption of
the TGF-ß signaling pathway may also be important for
hepatocarcinogenesis. (Analysis of Smad 2 and 4, which
are also involved in the TGF-ß signaling pathway, is
described later).
Chromosomes 8, 9 and 10
Loss of the short arm and/or gain of the long arm of

chromosome 8 have been recurrently reported in human
HCC (Pineau et al., 1999). Yuan et al. (1998) used
representational differential analysis to identify a new
gene on 8p21.3-22 frequently deleted in HCC (deleted in

liver cancer-1: DLC-1). DLC-1 is highly homologous to
the rat p122 RhoGAP gene and AI on DLC-1 has been
detected in 44% of human HCCs. The liver-related
putative tumor suppressor (LPTS) was identified by
deletion mapping and positional cloning at 8p23 (Liao et
al., 2000). Expression of the LPTS gene was reduced or
undetectable in HCC and significant growth suppression
of the HCC cell line was observed after introduction of
the LPTS gene. The proto-oncogene c-myc, on the other
hand, located on the long arm of chromosome 8, was
amplified in 33% of HCCs (Kawate et al., 1999).
On the short arm of chromosome 9, two tumor-

suppressor proteins, p16INK4A and p14ARF, are encoded
on the same locus on 9p21 and act as the respective
upstream regulators of the Rb-cyclin-dependent kinase 4
(CDK4) and p53 pathway. In addition, the p15INK4B
gene, another CDK inhibitor, has also been identified
adjacent to the p16INK4A. Inactivation of p16INK4A was
detected in 48% of HCCs and was mainly induced by
hypermethylation of the promoter (Kita et al., 1996;
Matsuda et al., 1999; Azechi et al., 2001). Frequent
p15INK4B promoter methylation was also identified in
64% of HCCs and may contribute to the disruption of
the Rb-CDK4 pathway (Wong et al., 2000). Inactivation
of p14ARF was found in 15% of HCCs as a consequence
of deletion or promoter methylation (Tannapfel et al.,
2001).
Frequent loss on chromosome 10q has been reported

in HCC and analysis of deletion mapping of 10q has
identified commonly deleted regions within the distal
part of 10q. One out of 12 HCCs with allelic loss on 10q
showed a somatic mutation of the phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) gene,
which encodes a negative regulator of the
phosphoinositide 3-kinase/AKT signaling pathway
(Fujiwara et al., 2000).
Chromosome 11
Aberration of chromosome 11 in HCC was reported

in the form of frequent AI of the short arm and high
copy amplification of 11q13. Ricketts et al. (2002)
performed deletion mapping of chromosome 11p in
HCC and showed that the region of 11p11.2-p12 harbors
one or more tumor-suppressor genes. They also
identified the expressed sequence tag of stSG30184 as a
candidate for a liver tumor suppressor. Guo et al. (1998)
reported that the kangai 1 (KAI1) gene on 11p11.2,
which was originally discovered in prostate cancer cells
and functions in cell-cell and cell-extracellular matrix
interactions, was down-regulated in HCC, especially in
tumors with metastases. AI for the expression of the
insulin-like growth factor-2 (IGF-2) gene mapped at
11p15, which was the result of altered imprinting, was
also identified in HCC and may confer a proliferative
capability to tumor cells of the liver (Takeda et al., 1996;
Schwienbacher et al., 2000). Recently, Kuramochi et al.
(2001) reported that the tumor-suppressor in lung
cancer-1 (TSLC1) gene on 11q23.2 was inactivated
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mainly by promoter hypermethylation in HCC.
We previously reported that high copy amplification

and overexpression of the cyclin D1 gene on 11q13 in
HCC was associated with aggressive tumor behavior. In
HCC with amplification of cyclin D1, the INT-2 gene
was co-amplified, whereas no overexpression of the
INT-2 was detected, suggesting that the cyclin D1 gene
is the target of 11q13 amplification in HCC (Nishida et
al., 1994).
Chromosome 13 
Loss of the 13q region including the RB locus has

been correlated with loss of the Rb protein in HCC.
However, tumor-specific mutation of the Rb gene was
detected in only 16% of HCCs with 13q loss (Zhang et
al., 1994) and CpG methylation was detected in 21% of
HCCs (Roncalli et al., 2002). The breast cancer 2
(BRCA2) gene is another tumor suppressor on 13q, the
mutant alleles of which can predispose carriers to breast
cancer, but mutation was found in only three of 60 HCCs
(Katagiri et al., 1996). Bonura et al. (1999) examined
deletion or alteration of the Tg737 gene on 13q12.1,
whose product is involved in liver oval cell proliferation,
differentiation and ploidy control, but found no Tg737
genetic alteration in human HCC. Recently, Yasui et al.
(2002) identified high copy amplification of the
transcription factor DP-1 (TFDP1), cullin 4A (CUL4A)
and cell-division cycle 16 (CDC16) genes in human
HCC as targets for amplification at 13q34.
Chromosome 16
Alteration of the Axin1 gene on 16p13.3, whose

product is thought to be critical for degrading
cytoplasmic ß-catenin, was examined in HCC and 5% of
HCCs without the CTNNB1 mutation was reported to
contain the Axin1 mutations (Satoh et al., 2000). The
suppressor of cytokine signaling-1 (SOCS-1) gene is also
known to be located on 16p13.3. SOCS-1 turns off the
cytokine signal transduction through direct interaction
with Janus kinase (JAK). Inactivation due to the aberrant
methylation of this gene was detected in 65% of human
HCCs, suggesting that constitutive activation of the
JAK/STAT pathway took place as part of the
development of the HCC (Yoshikawa et al., 2001).
Kanai et al. (1997) reported reduced expression of the E-
cadherin (CDH1) gene which is located on 16q22.1.
Promoter hypermethylation of this gene was detected in
46% of liver tissues with chronic liver disease and 67%
of HCCs. E-cadherin plays an important role for cell-cell
adhesion and also displays the potential to suppress cell
growth and transformation by inhibiting ß-catenin
signaling and the Wnt/Wingless pathway. Therefore, it is
thought that inactivation of the CDH1 gene may
contribute to HCC formation and loss of intercellular
adhesiveness. However, Wei et al. (2002) reported that
E-cadherin expression was positively correlated with the
invasive potential of HCC cells and that it seemed to

play diverse and paradoxical roles in HCC. Recently, the
WW domain containing oxidoreductase (WWOX) gene,
encoding a protein with two WW domains and a short-
chain dehydrogenase domain, has been mapped to
16q23. Deletion or mutation of this gene was reported in
primary ovarian cancer, but tumor-specific mutations of
this gene have not been detected in HCC (Yakicier et al.,
2001).
Chromosome 17
The p53 gene is mapped to 17p13.1 and 32% of

HCCs contain a mutation of this gene. The mutation of
p53 is closely associated with loss of 17p (Nishida et al.,
1993). In addition, the hypermethylated-in-cancer-1
(HIC-1) gene is located on 17p13.3 and DNA
hypermethylation at the D17S5 locus was detected in
90% of HCCs and 44% of chronic liver disease tissues
(Kanai et al., 1999). The HCC suppressor 1 (HCCS1)
gene was identified by Zhao et al. (2001) and also
mapped to 17p13.3. Deletion or point mutation of
HCCS1 was observed in 35% of HCCs.
Chromosome 18 and 20
The Smad2 and Smad4 genes, whose products are

involved in the TGF-ß signaling pathway, are located on
18q21.1 and a subset of HCC also carry mutations of
these genes (Yakicier et al., 1999). The Rb-binding
protein 9/B5T overexpressed gene (RBBP9/Bog) is
located on 20p11.2 and is shown to be overexpressed in
rat liver epithelial cells resistant to the growth-inhibitory
effect of TGF-ß1. It can displace E2F-1 from E2F-1/Rb
complex and its overexpression may induce TGF-ß1-
resistant phenotype in HCC (Woitach et al., 1998). 
Chromosomal aberrations in precancerous lesions

Recent detailed chromosomal analyses of HCC have
detected several altered chromosomal loci even in well-
differentiated HCCs. For example, Kuroki et al. (1995a)
found AI on 1p occurred in 31% of well-differentiated
HCCs and 38% of HCCs smaller than 2 cm. Using the
microsatellite analysis-comparative PCR combination
technique, we also detected several chromosomal gains
and losses, including loss of 1p and gain of 1q, in well-
differentiated HCCs (Nishimura et al., 2002).
Not only HCC but also precancerous lesions, such as

dysplastic nodules or regenerative nodules of liver
cirrhosis, are known to harbor several chromosomal
aberrations. According to several studies, the FAI index
is significantly increased in dysplastic nodules and HCC
as compared with regenerative nodules of cirrhosis
(Maggioni et al., 2000; Yeh et al., 2001). In addition, AI
tended to appear more prevalently in tissues of chronic
liver disease with HCC than those without HCC (Kawai
et al., 2000), and the FAI index showed a statistically
significant increase in cases of cirrhosis who had
developed HCC as compared with HCC-free cases
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(Roncalli et al., 2000). These observations suggest that
accumulation of AI in cirrhosis, dysplastic nodules and
HCC is in keeping with a multistep process of
carcinogenesis.
Maggioni et al. (2000) studied AI in cirrhosis,

dysplastic nodules and HCC, and observed frequent
occurrences of AI on 4q and 8p. Kondo et al. (2000) and
Yeh et al. (2001) also suggested that AI on 4q, 8p and
Xq were early mutations detected in cirrhosis. AI on 1p
was also observed in cirrhosis and dysplastic nodules as
well as HCC and hypothesized to represent an early
event in heptocarcinogenesis (Sun et al., 2001). Roncalli
et al. (2000) showed that AI on 1p, 4q, 13q and 18p was
confined to cases of cirrhosis that developed HCC. To
summarize the findings of these microsatellite analyses
of precancerous lesions, AI on 1p, 4q and 8p was
identified in several studies. However, the role of 4q and
8p loss in the early step of hepatocarcinogenesis is still
unclear because the loss of these chromosomal arms are
also more frequently observed in advanced than early
HCCs (Guan et al., 2000; Okabe et al., 2000; Freitelson
et al., 2002; Kusano et al., 2002). In addition, a loss on
the M6P/IGF2R locus and deletion of the p14ARF gene
has been found in cirrhosis and dysplastic nodules
(Yamada et al., 1997; Schlott et al., 2002).
On the other hand, a CGH study of regenerative

nodules of cirrhosis and dysplastic nodules revealed only
a few chromosomal aberrations. Three out of six high-
grade dysplastic nodules showed loss of 8p and gain of
1q, whereas low-grade dysplastic nodules and
regenerative nodules of cirrhosis did not show these
aberrations (Tornillo et al., 2002). Wilkens et al. (2002),
using nonfluorescent in situ hybridization, found that
none of the nonmalignant livers they examined
contained any aberrant chromosomes. The difference in
the frequency of chromosomal aberrations in
regenerative nodules between results of microsatellite
analyses and those of other methods, may be attributed
to the fact that microsatellite analysis can detect more
subtle changes than other methods. However, Bluteau et
al. (1999) indicated that PCR-based microsatellite
genotyping could generate false-positive results with
artifacts. In addition, different conditions of sample
preservation may affect the efficiency of PCR and cause
monoallelic amplification. For example, paraffin-
embedded samples, which are widely used in
microsatellite analysis of precancerous lesions, contain
severely fragmented DNA, which increases the
incidence of false-positive detection of AI. Ochiai et al.
(2000) analyzed the clonality of precancerous lesions of
the liver by using a restriction fragment length
polymorphism of an androgen-receptor locus on the X
chromosome, and reported that 20% of regenerative
nodules of cirrhosis showed a monoclonal pattern.
However, they also described that human liver tissue
was organized in a mosaic of patches with different X-
chromosome inactivation patterns, and that these patches
progressively expanded through chronic inflammation.
Aoki and Robinson (1989) found only 0.5% of

regenerative nodules to be monoclonal with an HBV
integration pattern. The monoclonality of regenerative
nodules themselves is thus still controversial, so that the
assessment of chromosomal aberrations of precancerous
lesions needs to be made more accurately.
Several reports suggest that DNA hypermetylation of

the CpG island precedes and may cause AI during
hepatocarcinogenesis (Kanai et al., 2000; Kondo et al.,
2000). Kanai et al. (2000) examined CpG island
hypermethylation of the CDH1 promoter and the allele
status at D16S421, which is adjacent to the CDH1 locus.
CpG hypermethylation was detected more frequently
than AI on the D16S421 locus in both chronic hepatitis
and cirrhosis. Matsumura et al. (2001) also reported that
hypermethylation was observed in the early stages of
HCC, whereas AI was found in a more advanced stage.
Saito et al. (2001) examined the expressions of mRNA
of DNA methyltransferases (DNMTs) and DNA
methylation status in the same series of HCC.
Overexpression of DNMT1 and DNMT3a,
hypermethylation of the CpG island of several genes and
DNA hypomethylation on pericentromeric satellite
regions were detected in chronic hepatitis and liver
cirrhosis, suggesting that these phenomena were early
events in HCC formation. They also found that there was
no significant correlation between the DNMT expression
level and DNA methylation status. On the other hand,
Lin et al. (2001) reported that the degree of DNA
methylation reduction was related to late histological
HCC grade and large tumor size. This led them to
speculate that genome-wide hypomethylation in HCC
was a continuing process that persists throughout tumor
growth rather than a historical event occurring only in
the precancerous stage, and that overexpression of
DNMT might simply be a result of increased cell
proliferation. Although the contribution of
overexpression of DNMTs to CpG methylation in HCC
and the role of genome-wide hypomethylation in
hepatocarcinogenesis remain unclear, a recent study
demonstrated an association between overexpression of
a DNMT3b splice variant, and pericentromeric
hypomethylation and aberrant 1q in HCC (Saito et al.,
2002).
Molecular mechanism of chromosomal instability in
HCC

AI is detected at almost every stage of HCC tissues
as well as cell-lines derived from HCC, but the
molecular basis of CIN is poorly understood. It is known
that CIN can be caused by alterations of molecules
which are involved in chromosome condensation, sister-
chromatid cohesion, kinetochore structure and function
and centrosome/microtubule formation and dynamics, as
well as of checkpoint genes that monitor the proper
progression of cell cycles (Lengauer et al., 1998). Saeki
et al. (2002), using spindle-disrupting agents such as
nocodazole and colcemid, reported that five out of the
eight HCC cell lines showed an impaired spindle
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assembly checkpoint. However, no alterations of mitotic
checkpoint genes were found in these cell lines or HCC
specimens. On the other hand, failure of the DNA-
damage checkpoint is often associated with enhanced
mitotic recombination as well as with aberrant
chromosome segregation, and several genes involved in
DNA-damage have been implicated in human cancer,
such as the BRCA1, BRCA2 and p53 genes (Lengauer et
al., 1998). Artandi et al. (2000) found that mice lacking a
functional telomerase and p53 developed epithelial
cancers with CIN. In these mice, the loss of DNA
damage sensors (p53) may allow the abnormal
chromosomes to persist, and the cells with such
chromosomes to survive and acquire mutations that
enhance the potency of the tumor. However, CIN seems
to appear early during HCC formation, whereas p53
mutation does not usually occur until much later.
Therefore, although p53 mutation may exacerbate CIN,
it is unlikely to be its primary cause.
Methylation of CpG dinucleotides functions to

maintain the stability of chromosome structures while
satellite DNA in the heterochromatin is particularly
heavily methylated at the CpG island. Wong et al. (2001)
identified a strong correlation between hypomethylation
of satellite 2 DNA in 1q12 and gain of 1q with a 1q12
breakpoint in human HCC and postulated that
hypomethylation altered the interaction between the
satellite DNA and chromatin protein, resulting in
heterochromatin decondensation, breakage and aberrant
1q formation. Recently, Saito et al. (2002) found that
overexpression of DNMT3b4, a splice variant of
DNMT3b lacking conserved methyltransferase motifs,
significantly correlated with DNA hypomethylation in
pericentromeric satellite regions in chronic
hepatitis/cirrhosis and HCC. In addition, transfection of
human epithelial cells with DNMT3b4 cDNA induced
DNA demethylation on satellite 2. These results suggest
that overexpression of DNMT3b4 lacking DNA
methyltransferse activity results in DNA
hypomethylation on satellite 2 in heterochromatin DNA
and induces the CIN of chromosome 1 in hepatocytes. 
Conclusion

CIN may induce genetic aberration and influence the
expression of many cancer-related genes. In
consequence, some hepatocytes will acquire immortality,
growth advantage and invasiveness. However,
identification of cancer-related genes, which are really
affected by such chromosomal change and play an
important role for hepatocarcinogenesis, may need finer
allelotype analysis with a larger number of samples.
Advance of such analyses will contribute to the
development of new molecular markers that predict
behavior of cancer cells and find new therapeutic
molecules of HCC. 
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