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Xeroderma pigmentosum (XP) is an autosomal recessive
hereditary disease featuring defective nucleotide excision
repair (NER). XP patients are highly sensitive to sunlight
and develop skin cancer at an early age. While the fact
that XP patients have a large increase in mortality from
skin cancers has been extensively documented, the relation
between XP and internal tumors has received little atten-
tion. We therefore analyzed development of spontaneous
and aflatoxin B1 (AFB1)-induced liver tumors in XPA-
deficient congenic mice, originally created by repeated
back-crosses with inbred C3H/HeN mice. Spontaneous liver
tumors were assessed at the age of 16 months in two
separate experiments using F5 and F10 lines. The incidence
of and average number of spontaneous tumors per mouse
were significantly higher in XPA�/� than in XPA�/�
and �/� mice. Similarly, F10 XPA�/� mice receiving i.p.
injection of 0.6 or 1.5 mg/kg b.w. AFB1 at 7 days of age
demonstrated more liver tumors than their heterozygous
or homozygous positive counterparts when examined at
month 11. These results demonstrate that XPA-deficient
mice have increased susceptibility to both spontaneous
liver tumor development and AFB1-induced hepato-
carcinogenesis.

Introduction

Cells possess several DNA repair systems to protect themselves
from DNA damage (1,2). Nucleotide excision repair (NER)
was the first to be discovered (3) and its mechanism has been
studied in detail. It entails four steps: (i) recognition of DNA
damage; (ii) unwinding of the DNA double strand structure
around the damaged site; (iii) an incision in the damaged DNA
strand; (iv) excision of the site and de novo DNA synthesis.
It is known that NER is concerned with the repair of UV
(ultraviolet)-induced and adduct-dependent DNA damage.

Several human diseases are known to exist with disordered
NER mechanisms (4–6), with xeroderma pigmentosum (XP)
as an important representative (4). XP is an autosomal recessive

Abbreviations: AFB1, aflatoxin B1; BrdU, 5-bromo-2�-deoxyuridine; DMBA,
9,10-dimethyl-1,2-benzanthracene; DMSO, dimethyl sulfoxide; NER, nucleo-
tide excision repair; 8-oxo-dGTP, 8-oxo-7,8-dihydro-2�-deoxyguanosine
5�-triphosphate; PCR, polymerase chain reaction; UV, ultraviolet; XP,
xeroderma pigmentosum; XPA, xeroderma pigmentosum group A.
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hereditary disease whose bearers are highly sensitive to ultra-
violet light and develop skin cancers in early life. The fact
that cells of XP patients have abnormality in excision repair
was first discovered by Cleaver in 1968 (4). XP is divided
into eight types – seven complementary groups (A–G) and a
variant. Among them, group A (XPA), the most frequent in
Japan, manifests a severe clinical phenotype with neurological
complications. XPA protein recognizes various DNA damages
by binding to the damaged DNA region through its zinc finger
domain (7–9) and functions in the first step of NER.

In 1989, Tanaka et al. were successful in cloning the XPA
gene for the first time (10) and XPA-deficient mice were
created in 1995 using gene targeting techniques (11,12). Skin
tumors arise at high incidence when XPA-deficient mice are
exposed to UV or 9,10-dimethyl-1,2-benzanthracene (DMBA)
and it has been confirmed that they have a similar phenotype
to human XP patients (11).

While extensive documentation exists for the link between
XP and skin cancers (13), with a 2000 fold increased sensitivity
to sunlight, the incidence of non-skin tumors in XP patients
is reported to be only 10–20 times higher than in normal
people (13). However, there have been limited studies of such
malignancies (14–16).

In order to cast light on this point, experiments to examine
tumorigenesis of internal organs in XPA-deficient mice are
useful. We have focused on liver tumorigenesis in these
animals. Since the original genetic background of our XPA-
deficient mice was hybrid in nature, we repeatedly back-
crossed XPA-deficient mice with inbred C3H /HeN mice to
establish a congenic line for studies of both spontaneous liver
tumors development and aflatoxin B1 (AFB1)-induction of
hepatocellular lesions. In the present paper, we document that
XPA deficient mice have a higher susceptibility than wild type
mice and heterozygotes in both models.

Materials and methods
XPA-deficient congenic mice with C3H/HeN genetic background

The generation of our XPA-deficient mice by gene targeting in embryonic
stem cells was described previously (11). Their genetic background is a hybrid
of CBA, C57BL/6 and CD-1. Inbred C3H/HeN mice used for mating were
purchased from Japan SLC Laboratory (Hamamatsu, Japan). The original
XPA-deficient mice were mated with inbred C3H/HeN mice from generation
to generation to establish inbred XPA-deficient mice with a C3H/HeN genetic
background.

The mice were genotyped by polymerase chain reaction (PCR) analysis of
tail DNA using four primers: W1 (5�-GTG GGT GCT GGG CTG TCT
AA-3�), W2 (5�-ATG GCG TGG GTT CTT CTT CA-3�), M1 (5�-ATG GCC
GCT TTT CTG GAT TC-3�), M2 (5�-ATG GCG TGG GTT CTT CTT CA-3�).
The wild type allele was identified as a 205 bp PCR fragment created by W1,
which is situated in intron 3, and W2, which is situated in intron 4 (11). The
targeted allele was identified as a 279-bp PCR fragment created by M1, which
is situated in intron 3, and M2, which is situated in intron 4 (11). A gel
showing the genotype analysis is shown in Figure 1.

Spontaneous liver tumor development was assessed using F5 and F10 lines
(F5 and F10 refer to the number of backcrosses), and the AFB1-induced liver
tumor induction was performed with the F10 line. All animals were housed
in a controlled environment at 23°C and fed on NMF diet (Oriental Yeast,
Tokyo, Japan) and tap water ad libitum.
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Fig. 1. A gel showing the genotype analysis. The wild type allele is
identified as a 205 bp PCR fragment and the targeted allele is identified as a
279 bp PCR fragment. The first lane: DNA molecular size marker (d
X174RF DNA/HaeIII fragments), the second lane: XPA�/�, the third lane:
XPA�/�, the fourth lane: XPA�/�.

Spontaneous liver tumors
The first experiment was carried out with the F5 line (31/32 with a C3H/HeN
genetic background). Male and female XPA�/� mice were mated and
resulting male offspring (15 XPA�/�, 40 XPA�/� and 12 XPA�/� mice)
were reared, and subjected to complete autopsies at month 16. Similarly, F10
(1023/1024 of the genetic background is C3H/HeN) male and female
XPA�/� mice were mated and male offspring (17 XPA�/�, 18 XPA�/�
and 14 XPA�/� mice) were killed at month 16. Only male mice were used
because it is generally known that C3H strain male mice are more susceptible
than female mice with respect to spontaneous and chemically induced
carcinogenesis (17–19). Male mice develop spontaneous liver tumors nearly
100% in 1.5 to 2 years, but the incidence in female is far less. This is
considered due to sex hormonal (androgen) influence in mice (20). Inbred male
C3H mice develop not only hepatocellular adenomas but also hepatocellular
carcinomas (21–23). In our previous study using transgenic mice, O6-
methylguanine-DNA-methyltransferase was shown to protect C3H mice from
dimethylnitrosamine- and diethylnitrosamine-induced liver tumors (24).

At autopsy, livers were grossly examined and nodules larger than 1 mm in
diameter were counted as tumors. Diameters were also measured with calipers.
After fixation in 10% formaldehyde solution, each liver lobe was completely
cut into 2.0 mm thick slices and routinely processed for light microscopy.
Diagnosis of hepatocellular adenomas and carcinomas was made microscopic-
ally based on established diagnostic criteria (25). Hepatocellular adenomas
are at most 5–10 mm in diameter and clearly demarcated. Relatively small
and monotonous tumor cells proliferate, forming a thin trabecular pattern.
Hepatocellular carcinomas show a thick trabecular growth pattern with dilated
sinusoids. Hemorrhage and necrosis are often observed and cellular atypia
is marked.

Group differences were assessed for statistical significance using the χ2 test
for incidences of benign and malignant lesions and the t-test for numbers of
tumors per mouse and diameters.

AFB1-induced liver tumors
F10 male and female XPA�/� mice, as well as F10 male and female
XPA�/� mice were mated and male offspring received an i.p. injection of
0.6 mg/kg b.w. (11 XPA �/�, 30 XPA �/� and 12 XPA�/� mice) or
1.5 mg/kg b.w. (16 XPA �/�, 31 XPA �/� and 16 XPA�/� mice) AFB1
(Makor Chemicals, Israel) dissolved in DMSO (dimethyl sulfoxide, Kanto
Chemical, Tokyo, Japan) at 7 days of age. All survivors were killed and
subjected to a complete autopsy at the end of month 11. As a control group,
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Fig. 2. (A) Macroscopic view of the livers of representative XPA�/�, �/�
and �/� mice with spontaneous development of liver tumors. Tumors are
shown by arrows. (B–C) Representative histological appearance of an
aflatoxin-induced hepatocellular adenoma (B) and hepatocellular carcinoma
(C) (�20). The length of scale bars is 0.25 mm.

17 XPA �/�, 20 XPA �/� and 7 XPA�/� mice received i.p. injection of
DMSO (0.05 ml per mouse) at 7 days of age and were similarly killed. The
autopsy and material processing was the same as described for the spontaneous
liver tumors.

S phase hepatocytes
In order to determine levels of hepatocyte division, BrdU (5-bromo-2�-
deoxyuridine) immunohistochemical staining was performed. Seven-day-old
and 60-day-old XPA�/� and XPA�/� F10 male mice (four mice in each
group) received an i.p. injection of 100 mg/kg b.w. BrdU (SIGMA, USA)
dissolved in saline. One hour later, they were killed and their livers were
fixed in 10% neutral buffered formaldehyde and embedded in paraffin blocks.
Immunohistochemical staining was performed by means of the streptoavidin–
biotin–peroxidase complex method using monoclonal antibody against BrdU
(Becton Dickinson Immunocytometry Systems, USA). Total numbers of liver
cells (�500) and BrdU-positive liver cells were counted in randomly selected
areas of liver sections.

S phase hepatocytes and apoptotic hepatocytes in the early stage after AFB1
administration
In order to ascertain whether there might be variation in cell division and
apoptosis induction, 7-day-old XPA�/� and XPA�/� F10 male mice received
an i.p. injection of 1.5 mg/kg b.w. AFB1 and 2, 4, 8, 16, 24, 48 and 72 h
later, four mice of each genotype were killed and subjected to autopsies. One
hundred mg/kg b.w. BrdU was injected intraperitoneally 1 h before sacrifice and
immunohistochemical staining was performed and BrdU-positive hepatocytes
were counted as described above. TUNEL staining was performed using 10%
neutral buffered formaldehyde-fixed, paraffin-embedded sections with an Apop
Taq Plus Peroxidase in situ Apoptosis Detection Kit (Oncor, USA).

Results

Spontaneous liver tumors
At autopsy, the only neoplasms observed were liver tumors.
No metastasis was found. Only a few mice died during the
experiments and liver tumors were not the cause of death in
most of cases. Macroscopic views of representative livers of
the three genotypes at autopsy are shown in Figure 2(A).
Histologically, hepatocellular adenomas and carcinomas were
diagnosed (Figure 2B–C).

Tables I and II summarize the tumorigenesis results of the
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Table I. Spontaneous liver tumors in F5 line (C3H/HeN congenic line established by repeated backcrosses for five generations). The experiment was
terminated at the age of 16 months

Genotype

�/� �/� �/�

No. of mice in experiment 15 40 12
No. of tumor-bearing mice (%) 7 (47%) 21 (53%) 11 (92%)a,b

No. of benign tumor-bearing mice (%) 6 (40%) 20 (50%) 9 (75%)
No. of carcinoma-bearing mice (%) 3 (20%) 7 (18%) 7 (58%)b

No. of tumors per mouse (average � SD) 0.9 � 1.1 0.9 � 1.1 2.2 � 1.7a,b

No. of benign tumors per mouse (average � SD 0.6 � 0.8 0.7 � 0.9 1.2 � 0.9
No. of carcinomas per mouse (average � SD) 0.3 � 0.6 0.2 � 0.5 1.0 � 1.1a,b

Diameter of tumors (mm, average � SD) 6.4 � 7.1 5.8 � 5.3 10.2 � 7.1b

Diameter of benign tumors (mm, average � SD) 2.6 � 1.7 3.6 � 2.4 5.2 � 2.4a,b

Diameter of carcinomas (mm, average � SD) 15.0 � 7.0 13.8 � 4.9 16.0 � 6.2

aSignificantly different from the �/� case (P � 0.05).
bSignificantly different from the �/� case (P � 0.05).

Table II. Spontaneous liver tumors in F10 line (C3H/HeN congenic line established by repeated backcrosses for 10 generations). The experiment was
terminated at the age of 16 months

Genotype

�/� �/� �/�

No. of mice in experiment 17 18 14
No. of tumor-bearing mice (%) 8 (47%) 6 (33%) 11 (79%)b

No. of benign tumor-bearing mice (%) 7 (41%) 3 (17%) 6 (43%)
No. of carcinoma-bearing mice (%) 2 (12%) 3 (17%) 8 (57%)a,b

No. of tumors per mouse (average � SD) 0.6 � 0.8 0.3 � 0.5 1.3 � 0.9a,b

No. of benign tumors per mouse (average � SD 0.5 � 0.6 0.2 � 0.4 0.6 � 0.9b

No. of carcinomas per mouse (average � SD) 0.1 � 0.3 0.2 � 0.4 0.6 � 0.6a,b

Diameter of tumors (mm, average � SD) 6.8 � 5.2 9.3 � 9.0 9.9 � 8.3
Diameter of benign tumors (mm, average � SD) 4.9 � 1.0 1.7 � 0.6 3.2 � 1.9
Diameter of carcinomas (mm, average � SD) 14.5 � 9.2 17.0 � 5.3 16.7 � 6.4

aSignificantly different from the �/� case (P � 0.05).
bSignificantly different from the �/� case (P � 0.05).

two separate experiments using F5 and F10 lines. The incid-
ences of liver tumors in XPA�/� mice were clearly higher
than in their XPA�/� or XPA�/� counterparts. Similarly,
the average number of tumors per mouse was significantly
greater (t-test, P � 0.05). Tumor size also had a tendency to
be larger in the XPA�/� mice than in XPA�/� and �/�
mice. When benign and malignant tumors were analyzed
separately, the difference in the incidence and multiplicity of
benign liver nodules was slight in the different genotypes. But
the incidence and multiplicity of malignant liver tumors in
XPA�/� mice were significantly higher than in XPA�/� and
XPA�/� mice (P � 0.05).

AFB1-induced liver tumors
Tables III–V summarize the data for liver tumorigenesis. With
respect to benign liver tumors, the difference of incidence
between XPA�/� mice and other genotypes was slight when
1.5 mg/kg AFB1 was administered, but the incidence was
higher in XPA�/� mice than in XPA�/� or �/� mice when
0.6 mg/kg AFB1 was administered. The average number of
hepatocellular adenomas per mouse was 2- to 6-fold higher in
XPA�/� mice than in XPA�/� or �/� mice. With respect
to malignant liver tumors, the incidence and average number
of tumors per mouse were clearly higher in XPA�/� mice
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than in XPA�/� or �/� mice. Only a small number of liver
tumors occurred in the mice that were administered DMSO
only. The DMSO treated control mice at 11 months did not
show an effect of XPA�/�, but aflatoxin treatment did increase
the frequency of tumors at 11 months in all genotypes.
S phase hepatocytes
Percentages of BrdU positive hepatocytes in 7-day-old
XPA�/� (7.0%) and XPA�/� (6.5%) mice were almost the
same. No BrdU positive hepatocytes were observed in 60-day-
old XPA�/� or XPA�/� mice.
S phase hepatocytes and apoptosis of hepatocytes after AFB1
administration
Percentages of BrdU-positive hepatocyte decreased after AFB1
administration, showing minimum values at 16 and 8 h after
AFB1 administration in 7-day-old XPA�/� and �/� mice
respectively, thereafter increasing. No apparent differences in
the pattern of S phase hepatocytes were observed between
XPA�/� and XPA�/� mice (Figure 3).

The incidence of TUNEL-positive hepatocytes was
consistently �0.1% before and after AFB1 administration in
both 7-day-old XPA�/� and XPA�/� mice. Thus the AFB1
dose used in this carcinogenesis experiment did not appear to
exert a major influence in either the cell cycle or apoptosis.
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Table III. Liver tumors induced by 0.6 mg/kg b.w. AFB1 in F10 line (C3H/HeN congenic line established by repeated backcrosses for 10 generations). The
experiment was terminated at the age of 11 months

Genotype

�/� �/� �/�

No. of mice in experiment 11 30 12
No. of tumor-bearing mice (%) 6 (55%) 15(50%) 10 (83%)b

No. of benign tumor-bearing mice (%) 6 (55%) 15 (50%) 10 (83%)b

No. of carcinoma-bearing mice (%) 0 (0%) 4 (13%) 6 (50%)a,b

No. of tumors per mouse (average � SD) 0.7 � 0.8 1.2 � 1.7 4.5 � 3.2a,b

No. of benign tumors per mouse (average � SD 0.7 � 0.8 0.9 � 1.3 3.9 � 2.9a,b

No.of carcinomas per mouse (average � SD) 0 0.3 � 0.8 0.6 � 0.7a

Diameter of tumors (mm, average � SD) 3.0 � 1.7 4.6 � 4.3 3.9 � 2.8
Diameter of benign tumors (mm, average � SD) 3.0 � 1.7 2.7 � 2.2 3.1 � 1.9
Diameter of carcinomas (mm, average � SD) – 11.1 � 3.1 9.0 � 2.3

aSignificantly different from the �/� case (P � 0.05).
bSignificantly different from the �/� case (P � 0.05).

Table IV. Liver tumors induced by 1.5 mg/kg b.w. AFB1 in F10 line (C3H/HeN congenic line established by repeated backcrosses for 10 generations). The
experiment was terminated at the age of 11 months

Genotype

�/� �/� �/�

No. of mice in experiment 16 31 16
No. of tumor-bearing mice (%) 12 (75%) 21 (68%) 13 (81%)
No. of benign tumor-bearing mice (%) 12 (75%) 21 (68%) 13 (81%)
No. of carcinoma-bearing mice (%) 1 (6%) 2 (6%) 6 (38%)b

No. of tumors per mouse (average � SD) 1.5 � 1.2 1.8 � 2.0 4.3 � 3.3a,b

No. of benign tumors per mouse (average � SD 1.4 � 1.2 1.7 � 1.9 3.7 � 2.7a,b

No. of carcinomas per mouse (average � SD) 0.1 � 0.3 0.1 � 0.4 0.6 � 1.0a,b

Diameter of tumors (mm, average � SD) 1.9 � 1.5 2.8 � 2.1 4.5 � 4.3a,b

Diameter of benign tumors (mm, average � SD) 1.7 � 0.7 2.5 � 1.7 3.1 � 1.8a,b

Diameter of carcinomas (mm, average � SD) 8.0 � 0.0 8.0 � 1.7 13.1 � 5.9

aSignificantly different from the �/� case (P � 0.05).
bSignificantly different from the �/� case (P � 0.05).

Table V. Liver tumors of F10 line (C3H/HeN congenic line established by repeated backcrosses for 10 generations) administered only by vehicle, DMSO.
The experiment was terminated at the age of 11 months

Genotype

�/� �/� �/�

No. of mice in experiment 17 20 7
No. of tumor-bearing mice (%) 2 (12%) 4 (20%) 2 (29%)
No. of benign tumor-bearing mice (%) 2 (12%) 3 (15%) 2 (29%)
No. of carcinoma-bearing mice (%) 0 (0%) 1 (5%) 1 (14%)
No. of tumors per mouse (average � SD) 0.1 � 0.3 0.2 � 0.4 0.6 � 1.1
No. of benign tumors per mouse (average � SD) 0.1 � 0.3 0.2 � 0.4 0.4 � 0.8
No. of carcinomas per mouse (average � SD) 0.0 � 0.0 0.1 � 0.2 0.1 � 0.4
Diameter of tumors (mm, average � SD) 4.0 � 2.8 3.5 � 4.4 5.0 � 3.6
Diameter of benign tumors (mm, average � SD) 4.0 � 2.8 1.3 � 0.6 3.3 � 1.5
Diameter of carcinomas (mm, average � SD) – 10.0 � 0.0 10.0 � 0.0

Discussion
The present study showed that XPA-deficient mice have a
higher susceptibility to both spontaneous and AFB1-induced
liver tumor development than wild type mice or heterozygote
littermates. The results are in line with the report by de Vries
et al. in 1997 that XPA�/� and XPA�/� mice (genetic
background: Ola 129 50%, C57BL/6 50%) had no spontaneous
liver tumors, while four out of 24 XPA�/� mice developed
spontaneous hepatocellular adenomas between 15 and 20
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months of age (26). In our present experiments, the increased
susceptibility of XPA mutant mice to spontaneous liver tumors
was reproducible, being observed in two separate experiments
with F5 and F10 lines.

Several candidate genes that might determine liver tumor
susceptibility in C3H/HeN mice have already been mapped
on chromosomes 2, 5, 7, 8, 12, 19 by linkage analysis (27,28).
The functions of those genes are not clear yet, but there is the
possibility that they regulate the growth of preneoplastic lesions
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Fig. 3. Change in percentage of BrdU positive hepatocytes with time after
AFB1 administration. Seven-day-old XPA�/� and XPA�/� mice received
an i.p. injection of 1.5 mg/kg b.w. AFB1 and four mice of each genotype
were killed at various time points. BrdU was administered 1 h before killing
and immunohistochemical staining was performed. Bars mean SD.

(29). The present results suggest that the XPA gene protects
mice against spontaneous liver tumorigenesis through repair
processes of DNA damage. Various carcinogens present in the
environment may be the cause of DNA damage. Furthermore,
reactive oxygen species are generated during metabolic pro-
cesses in living organisms and it is known that NER is
operative in the repair of associated DNA damage (30,31).
However, there is no direct evidence that oxidative stress is
actually involved in liver tumorigenesis in XPA-deficient mice.
The difference in the incidence and multiplicity in different
genotypes was more remarkable in malignant liver tumors
than in benign tumors. This fact implies that XPA gene
has some relation to promotion or progression step of liver
carcinogenesis. XPA deficiency might cause mutations in the
genes that regulate the promotion or progression of liver
carcinogenesis. Several oncogenes and suppressor oncogenes,
such as H-ras, K-ras, N-ras, c-myc, c-raf, c-fos, p53 are
thought to be candidate genes for mouse hepatocarcinogenesis
(32,33). The lack of any appreciable difference between XPA-
deficient and wild type mice in terms of BrdU incorporation
at 7 and 60 days of age means that an influence of the cell
cycle is unlikely.

AFB1, a mycotoxin produced by Aspergillus flavus, is
considered to be an important factor for liver cancers in Africa
and Southeast Asia. It is activated into AFB1 exo-8,9-epoxide
by cytochrome p450s (p450 3A4, p450 1A2), prostaglandin
synthase and lipoxygenases (34–36) and reacts with DNA to
form guanyl N7 adducts (37,38). Cell culture studies have
confirmed that such aflatoxin-DNA adducts are rapidly
removed by NER in normal cells, while persisting in cells of
XP patients (39). Hepatocarcinogenicity of aflatoxin has been
clearly demonstrated in rats (40), ducks (41) and rainbow trout
(42–44) even when administered to adult animals. On the
other hand, in the case of mice, adult animals are extremely
resistant to its carcinogenicity (45). In 1972, Vesselinovitch
et al. discovered that AFB1 causes liver tumors in mice when
administered to newborn animals (46), and this model is now
well established (47,48). In the present experiments, when a
single 0.6 mg/kg b.w. or 1.5 mg/kg b.w. dose of AFB1 was
administered to 7-day-old animals, XPA�/� mice had a higher
multiplicity of liver tumors (both benign and malignant) than
XPA�/� and �/� mice at month 11. When 1.5 mg/kg AFB1
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was administered, the incidence of liver tumors in XPA�/�
mice was not remarkably higher than in XPA�/� or �/�
mice. However, when 0.6 mg/kg AFB1 was administered, the
incidence of liver tumors in XPA�/� mice was higher than
in XPA�/� or �/� mice and the average number of liver
tumors per mouse was significantly higher in XPA�/� mice
than in XPA�/� or �/� mice in both AFB1 dosage. The
aflatoxin dose used appeared to be too small to elicit necrosis
or apoptosis.

The majority of malignant tumors that arise in XP patients
are skin cancers, and the incidence of skin cancer of XP
patients is estimated to be �2000 times that of normal people
(49,50). While, internal tumors are much less common (13).
However, as shown here, NER is also involved in the repair
of DNA damage caused by factors other than UV.

Earlier, no difference in lesion incidence was found between
XPA �/� and �/� mice in terms of skin tumor induction by
UV and DMBA (11), lymphoma induction by benzopyrene
(26) and spontaneous tumors (26). Our experiments also
suggest no apparent difference between XPA�/� and �/�
mice regarding either spontaneous or AFB1-induced liver
tumors. Thus gene dosage effects were not manifested.

There have been several indications of carcinogenesis in
internal organ using XPA-deficient mice. De Vries et al.
(26) demonstrated that XPA�/� mice are predisposed to
induction of lymphomas by exposure to benzo[a]pyrene. The
same group briefly demonstrated that XPA�/� mice treated
with 2-acetylaminofluorene developed tumors in 100% of
female livers and in 90% of male bladders (51). They also
observed 2-amino-1-methyl-6-phenylimidazo[4,5-b]-pyridine
(PhIP)-induced adenomas of the small intestine in XPA�/�
mice, although at low frequency. Another experimental study
showed that XPC-deficient mice, which are also defective in
NER, are highly sensitive with regard to liver and lung
carcinogenesis on treatment with 2-acetylaminofluorene (52).
In our own study, XPA�/� mice treated with an intratracheal
instillation of benzo[a]pyrene had a statistically significant
increase of lung tumors (53). We also found that chronic
4-nitroquinoline 1-oxide exposure leads to tongue carcinomas,
with high frequency, only in XPA�/� mice (54).

In summary, XPA-deficient congenic mice lines constructed
with a C3H/HeN genetic background by back-crossing hybrid
XPA-deficient mice with inbred C3H/HeN mice, are more
susceptible to development of both spontaneous and
carcinogen-induced liver tumors than wild type mice and
heterozygotes.

Acknowledgements

We thank Y.Ohira, T.Natsusaka, K.Koshiba and R.Takanishi for expert
technical assistance. This work was supported by Grants-in-aid for Scientific
Research on priority areas from the Ministry of Education, Science, Sports
and Culture, the Ministry of Health and Welfare of Japan and the Smoking
Research Foundation.

References

1.Friedberg,E.C., Walker,G.C. and Siede,W. (1995) DNA Repair and
Mutagenesis. American Society for Microbiology Press, Washington, DC,
pp. 633–685.

2.Wood,R.D. (1996) DNA repair in eukaryotes. Annu. Rev. Biochem., 65,
135–167.

3.Setlow,R.B. and Carrier,W.L. (1964) The disappearance of thymine dimers
from DNA: An error correcting mechanism. Proc. Natl Acad. Sci. USA,
51, 226–234.



Y.Takahashi et al.

4.Cleaver,J.E. (1968) Defective repair replication of DNA in xeroderma
pigmentosum. Nature, 218, 652–656.

5.Van Hoffen,A., Natarajan,A.T., Mayne,L.V., Van Zeeland,A.A.,
Mullenders,L.H. and Venema,J. (1993) Deficient repair of the transcribed
strand of active genes in Cockayne’s syndrome cells. Nucleic Acids Res.,
21, 5890–5895.

6.Hanawalt,P.C. (1994) Transcription-coupled repair and human disease.
Science, 266, 1957–1958.

7. Jones,C.J. and Wood,R.D. (1993) Preferential binding of the xeroderma
pigmentosum group A complementing protein to damaged DNA.
Biochemistry, 32, 12096–12104.

8.Asahina,H., Kuraoka,I., Shirakawa,M., Morita,E.H., Miura,N.,
Miyamoto,I., Ohtsuka,E., Okada,Y. and Tanaka,K. (1994) The XPA protein
is a zinc metalloprotein with an ability to recognize various kinds of DNA
damage. Mutat. Res., 315, 229–237.

9.Miyamoto,I., Miura,N., Niwa,H., Miyazaki,J. and Tanaka,K. (1992)
Mutational analysis of the structure and function of the xeroderma
pigmentosum group A complementing protein. J. Biol. Chem., 267,
12182–12187.

10.Tanaka,K., Satokata,I., Ogita,Z., Uchida,T. and Okada,Y. (1989) Molecular
cloning of a mouse DNA repair gene that complements the defect
of group-A xeroderma pigmentosum. Proc. Natl Acad. Sci. USA, 86,
5512–5516.

11.Nakane,H., Takeuchi,S., Yuba,S., et al. (1995) High incidence of ultraviolet-
B- or chemical-carcinogen-induced skin tumours in mice lacking the
xeroderma pigmentosum group A gene. Nature, 377, 165–168.

12.De Vries,A., Van Oostrom,C.T.M., et al. (1995) Increased susceptibility to
ultraviolet-B and carcinogens of mice lacking the DNA excision repair
gene XPA. Nature, 377, 169–173.

13.Kraemer,K.H., Lee,M.M. and Scotto,J. (1984) DNA repair protects against
cutaneous and internal neoplasia: Evidence from xeroderma pigmentosum.
Carcinogenesis, 5, 511–514.

14.Satoh,Y. and Nishigori,C. (1988) Xeroderma pigmentosum: clinical aspects.
Gann Monogr. Cancer Res., 35, 113–126.

15.Tomas,M., Salinas,A.S., Moreno,J. and Server,G. (1989) Renal
leiomyosarcoma associated with xeroderma pigmentosum. Arch. Esp.
Urol., 42, 484–486.

16.Mamada,A., Miura,K., Tsunoda,K., Hirose,I., Furuya,M. and Kondo,S.
(1992) Xeroderma pigmentosum variant associated with multiple skin
cancers and a lung cancer. Dermatology, 184, 177–181.

17.Grasso,P. and Hardy,I. (1975) Strain difference in natural incidence and
response to carcinogens. In Buder,W.H. and Newberne,P.M. (eds) Mouse
Hepatic Neoplasia. Elsevier, New York, pp. 111–131.

18.Nagasaki,H., Kawabata,H., Miyata,Y., Inoue,K., Hirao,K., Aoe,H. and
Ito,N. (1975) Effects of various factors on induction of liver tumors in
animals by the alpha-isomer of benzene hexachloride. Gann, 66, 185–191.

19.Moore,M.R., Drinkwater,N.R., Miller,E.C., Miller,I.A. and Pitot,H.C.
(1981) Quantitative analysis of the time-dependent development of glucose-
6-phosphatase-deficient foci in the livers of mice treated neonatally with
diethylnitrosamine. Cancer Res., 41, 1585–1593.

20.Poole,T.M. and Drinkwater,N.R. (1996) Strain dependent effects of sex
hormones on hepatocarcinogenesis in mice. Carcinogenesis, 17, 191–196.

21.Becker,F.F., Stillman,D. and Sell,S. (1977) Serum alpha-fetoprotein in a
mouse strain (C3H-AvyfB) with spontaneous hepatocellular carcinomas.
Cancer Res., 37, 870–872.

22.Rodriguez,L.V. and Becker,F.F. (1979) Alterations in chromosomal proteins
in C3H/HeN mice with spontaneous primary hepatocellular carcinomas.
Int. J. Cancer, 24, 806–812.

23.Ward,J.M. and Vlahakis,G. (1978) Evaluation of hepatocellular neoplasms
in mice. J. Natl Cancer. Inst., 61, 807–811.

24.Nakatsuru,Y., Matsukuma,S., Nemoto,N., Sugano,H., Sekiguchi,M. and
Ishikawa,T. (1993) O6-methylguanine-DNA methyltransferase protects
against nitrosamine-induced hepatocarcinogenesis. Proc. Natl Acad. Sci.
USA, 90, 6468–6472.

25.Frith,C.H., Ward,J.M. and Turusov,V.S. (1994) Tumours of the liver. In
Turusov,V. and Mohr,U. (eds) Pathology of Tumours in Laboratory
Animals. IARC Scientific Publications, Lyon, Vol. 2, pp. 223–270.

26.De Vries,A., Van Oostrom,C.T.M., Dortant,P.M., Beems,R.B., Van
Kreijl,C.F., Capel,P.J.A. and Van Steeg,H. (1997) Spontaneous liver
tumors and benzopyrene-induced lymphomas in XPA-deficient mice. Mol.
Carcinogen., 19, 46–53.

27.Gariboldi,M., Manenti,G., Canzian,F., Falvella,F.S., Pierotti,M.A., Della
Porta,G., Binelli,G. and Dragani,T.A. (1993) Chromosome mapping of
murine susceptibility loci to liver carcinogenesis. Cancer Res., 53, 209–211.

632

28.Manenti,G., Binelli,G., Gariboldi,M., Canzian,F., De Gregorio,L.,
Falvella,F.S., Dragani,T.A. and Pierotti,M.A. (1994) Multiple loci affect
genetic predisposition to hepatocarcinogenesis in mice. Genomics, 23,
118–124.

29.Hanigan,M.H., Kemp,C.J., Ginsler,J.J. and Drinkwater,N.R. (1988) Rapid
growth of preneoplastic lesions in hepatocarcinogen-sensitive C3H /HeJ
male mice relative to C57BL/6J male mice. Carcinogenesis, 9, 885–890.

30.Reardon,J.T., Bessho,T., Chuan Kung,H., Bolton,P.H. and Sancar,A.
(1997) In vitro repair of oxidative DNA damage by human nucleotide
excision repair system: possible explanation for neurodegeneration in
xeroderma pigmentosum patients. Proc. Natl Acad. Sci. USA, 94,
9463–9468.

31.Satoh,M.S., Jones,C.J., Wood,R.D. and Lindahl,T. (1993) DNA excision-
repair defect of xeroderma pigmentosum prevents removal of a class of
oxygen free radical-induced base lesions. Proc. Natl Acad. Sci. USA, 90,
6335–6339.

32.Anderson,M., Stanley, L, Devereux,T., Reynolds,S. and Maronpot,R. (1992)
Oncogenes in mouse liver tumors. In Comparative Molecular
Carcinogenesis. Wiley-Liss, New York, pp. 187–201.

33.Strom,S.C. and Faust,J.B. (1990) Oncogene activation and hepato-
carcinogenesis. Pathobiology, 58, 153–167.

34.Raney,K.D., Shimada,T., Kim,D.H., Groopman,J.D., Harris,T.M. and
Guengerich,F.P. (1992) Oxidation of aflatoxins and sterigmatocystin by
human liver microsomes: significance of aflatoxin Q1 as a detoxication
product of aflatoxin B1. Chem. Res. Toxicol., 5, 202–210.

35.Battista,J.R. and Marnett,L.J. (1985) Prostaglandin H synthase-dependent
epoxidation of aflatoxin B1. Carcinogenesis, 6, 1227–1229.

36.Liu,L. and Massey,T.E. (1992) Bioactivation of aflatoxin B1 by
lipoxygenases, prostaglandin H synthase and cytochrome P450
monooxygenase in guinea-pig tissues. Carcinogenesis, 13, 533–539.

37. Johnson,W.W. and Guengerich,F.P. (1997) Reaction of aflatoxin B, exo-
8,9-epoxide with DNA: kinetic analysis of covalent binding and DNA-
induced hydrolysis. Proc. Natl Acad. Sci. USA, 94, 6121–6125.

38.Raney,K.D., Gopalakrishnan,S., Byrd,S., Stone,M.P. and Harris,T.M. (1990)
Alteration of the aflatoxin cyclopentenone ring to a delta-lactone reduces
intercalation with DNA and decreases formation of guanine N7 adducts
by aflatoxin epoxides. Chem. Res. Toxicol., 3, 254–261.

39.Leadon,S.A., Tyrrell,R.M. and Cerutti,P.A. (1981) Excision repair of
aflatoxin B1-DNA adducts in human fibroblasts. Cancer Res., 41, 5125–
5129.

40.Wogan,G.N. and Shank,R.C. Toxicity and carcinogenicity of aflatoxins.
(1971) In Pitts,J.N. and Metcalf,R.L. (eds) Advances in Environmental
Science and Technology. John Wiley, New York, pp. 321–350.

41.Carnaghan,R.B.A. (1965) Hepatic tumours in ducks fed a low level of
toxic groundnut meal. Nature, 208, 308.

42.Halver,J.E. (1969) Aflatoxicosis and trout hepatoma. In: Goldblatt,L.A.
(ed.) Aflatoxin-Scientific Background Control and Implications. Academic
Press, New York, pp. 265–306.

43.Sinnhuber,R.O., Lee,D.J., Wales,J.H. and Ayres,J.L. (1968) Dietary
factors and hepatoma in rainbow trout (Salmo gairdneri). II.
Cocarcinogenesis by cyclopropenoid fatty acids and the effect of gossypol
and altered lipids on aflatoxin-induced liver cancer. J. Natl Cancer Inst.,
41, 1293–1299.

44.Sinnhuber,R.O., Wales,J.H., Ayres,J.L., Engebrecht,R.H. and Amend,D.L.
(1968) Dietary factors and hepatoma in rainbow trout (Salmo gairdneri).
I. Aflatoxins in vegetable protein feedstuffs. J. Natl Cancer Inst., 41,
711–718.

45.Akao,M., Kuroda,K. and Wogan,G.N. (1971) Aflatoxin B1: The kidney as
a site of action in the mouse. Life Sci., 10, 495–501.

46.Vesselinovitch,S.D., Mihailovich,N., Wogan,G.N., Lombard,L.S. and
Rao,K.V.N. (1972) Aflatoxin B1, a hepatocarcinogen in the infant mouse.
Cancer Res., 32, 2289–2291.

47.Kaplanski,C., Chisari,F.V. and Wild,C.P. (1997) Minisatellite
rearrangements are increased in liver tumours induced by trans-
placental aflatoxin B1 treatment of hepatitis B virus transgenic
mice, but not in spontaneously arising tumours. Carcinogenesis, 18,
633–639.

48.Ghebranious,N. and Sell,S. (1998) The mouse equivalent of the human
p53ser249 mutation p53ser246 enhances aflatoxin hepatocarcinogenesis in
hepatitis B surface antigen transgenic and p53 heterozygous null mice.
Hepatology, 27, 967–973.

49.Cleaver,J.E. and Kraemer,K.H. (1989) Xeroderma pigmentosum. In:
Scriver,C.R. Beaudet,A.L., Sly,W.S. and Valle,D. (eds) The Metabolic
Basis of Inherited Disease. New York, Vol. 2, pp. 2949–2971.

50.Kraemer,K.H. (1997) Sunlight and skin cancer: Another link revealed.
Proc. Natl Acad. Sci. USA, 94, 11–14.

51.van Steeg,H., Klein,H., Beems,R.B. and Kreijl,C.E. (1998) Use of DNA



Liver tumorigenesis in XPA-deficient mice

repair-deficient XPA transgenic mice in short-term carcinogenicity testing.
Toxicol. Pathol., 26, 742–749.

52.Cheo,D.L., Burns,D.K., Meira,L.B., Houle,J.F. and Friedberg,E.C.
Mutational inactivation of the xeroderma pigmentosum group C gene
confers predisposition to 2-acetylaminofluorene-induced liver and lung
cancer and to spontaneous testicular cancer in Trp53–/– mice. Cancer
Res., 59, 771–775.

53. Ide,F., Iida,N., Nakatsuru,Y., Oda,H., Tanaka,K. and Ishikawa,T. (2000)
Mice deficient in the nucleotide excision repair gene XPA have elevated

633

sensitivity to benzo[a]pyrene-induction of lung tumors. Carcinogenesis,
21, 1263–1265.

54. Ide,F., Oda,H., Nakatsuru,Y., Kusama,K., Sakashita,H., Tanaka,K. and
Ishikawa,T. (2001) Xeroderma pigmentosum group A gene action as a
protection factor against 4-nitroquinoline 1-oxide-induced tongue
carcinogenesis. Carcinogenesis, 22, 567–572.

Received March 6, 2001; revised and accepted December 20, 2001


