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DNA polymerase � (Pol �) is the product of the Polh gene, which is responsible for the group variant of
xeroderma pigmentosum, a rare inherited recessive disease which is characterized by susceptibility to sunlight-
induced skin cancer. We recently reported in a study of Polh mutant mice that Pol � is involved in the somatic
hypermutation of immunoglobulin genes, but the cancer predisposition of Polh�/� mice has not been examined until
very recently. Another translesion synthesis polymerase, Pol �, a Pol � paralog encoded by the Poli gene, is naturally
deficient in the 129 mouse strain, and the function of Pol � is enigmatic. Here, we generated Polh Poli double-
deficient mice and compared the tumor susceptibility of them with Polh- or Poli-deficient animals under the same
genetic background. While Pol � deficiency does not influence the UV sensitivity of mouse fibroblasts irrespective of
Polh genotype, Polh Poli double-deficient mice show slightly earlier onset of skin tumor formation. Intriguingly,
histological diagnosis after chronic treatment with UV light reveals that Pol � deficiency leads to the formation of
mesenchymal tumors, such as sarcomas, that are not observed in Polh�/� mice. These results suggest the involve-
ment of the Pol � and Pol � proteins in UV-induced skin carcinogenesis.

Xeroderma pigmentosum (XP) is a rare inherited recessive
disease characterized by severe sun sensitivity that leads to the
progressive degeneration of exposed areas of skin, usually
causing various forms of cutaneous malignancy (10). Mutations
in seven of eight XP complementation groups, XP-A through -G,
confer defects in the nucleotide excision repair (NER) path-
way, while cells from XP-V patients have a normal NER path-
way but are defective in the replication of damaged DNA. To
clarify the affected mechanisms in XP-V patients, our group
previously isolated a protein from HeLa cells that comple-
mented the defects of XP-V cell extracts (41, 43). The isolated
protein was identified as polymerase � (Pol �), a DNA-depen-
dent DNA polymerase that mediates high-fidelity synthesis of
DNA past cyclobutane pyrimidine dimer (CPD), a major le-
sion induced by UV irradiation. At present, 10 DNA poly-
merases are known to exhibit translesion synthesis (TLS) ac-
tivity (17), and the in vivo functions of these polymerases have
been analyzed in several mutant mouse lines. At least eight
mouse mutants defective in TLS polymerases have been re-
ported (18, 25), and considerable attention has been paid to
the involvement of these TLS polymerases in the somatic hy-
permutation of immunoglobulin genes (13, 16, 25, 38, 40, 54,
75). We and another group independently demonstrated using

Polh mutant mice that Pol � is involved in somatic hypermu-
tation (13, 38). More recently, it has been reported (36) that
Pol �-deficient mice developed skin tumors after UV irradia-
tion, in contrast to the wild-type littermate controls that did
not develop such tumors.

Here, we investigated the cancer predisposition of Polh, Poli,
and Polh Poli double mutant mice subjected to UV irradiation.
Since the 129-derived embryonic stem (ES) cell line, used to
establish the Polh mouse mutant, is naturally defective in Poli
(45), we also obtained Polh Poli double mutant mice as well as
Poli mutant mice in a C57BL/6J genetic background. It has
been reported that Pol � does not contribute to murine somatic
hypermutation (13, 39, 45, 55), but biochemical analysis has
indicated that the mammalian Pol � protein participates in TLS
past UV-induced damage (27, 60, 63–65, 76). We, therefore,
investigated the involvement of the Pol � and Pol � proteins in
the UV radiation sensitivity of murine fibroblasts and in sus-
ceptibility to UV-induced skin tumor formation.

MATERIALS AND METHODS

Targeting of the murine Polh gene. The Polh genomic sequence was obtained
by screening a lambda DASH-129Sv mouse genomic library using a fragment
containing nucleotides �264 through �1576 of the mouse Pol � cDNA (acces-
sion no. AB027128). A targeting vector for the Polh gene was constructed as
follows. 5� and 3� halves (arms) of the vector were obtained by genomic PCR
using the primer pairs 5�-GGAGCTCGAGTCCCAGCAAC-3�/5�-GTTCAATA
CGTCGACACATGGC-3� and 5�-GCCATGTGTCGACGTATTGAAC-3�/5�-
ATTGTAAAGAGCGGCCGCTTGGACTTG-3�, respectively (restriction en-
zyme recognition sites are underlined). PCR fragments for 5� and 3� arms were
subcloned into the XhoI-SalI sites of pGEM-T Easy (Promega) and the SalI-
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NotI sites of pBluescript II KS(�) to generate pGEM-pol�/5�arm and pBS-pol�/
3�arm, respectively. The XhoI-SalI fragment of pGEM-pol�/5�arm, the 3.5-kb
SalI-XhoI fragment of pSTneoB containing a neomycin resistance gene flanked
by loxP sites (22) in the sense orientation, the SalI-NotI fragment of pBS-pol�/
3�arm, and the XhoI-SalI fragment of pMC1DTpA containing a diphtheria toxin
A cassette (72) were joined using appropriate linker sequences of pBluescript II
KS(�) to generate the targeting vector pBS-neoDTAXpol�. The targeting vec-
tor had the structure where the G418 resistance gene was inserted in the exon 8
sequence, and the sequence similarity to the genomic sequence extended 2.5 kb
to the 5� and 6.4 kb to the 3�.

The targeting vector was linearized and electroporated into the 129-derived
ES line R1 (47). Viable G418-resistant colonies were screened for homologous
recombinants by Southern blotting. BamHI-digested genomic DNA was hybrid-
ized with a probe containing exon 5 and 6 sequences of Pol � cDNA to confirm
the 5� junction of recombination, and EcoRI-digested genomic DNA was hy-
bridized with a probe containing exon 10 and 11 sequences of Pol � cDNA to
confirm the 3� junction. The clones identified as homologous recombinants were
further analyzed for the internal sequences by Southern blotting using the
STneoB probe.

Generation of Polh Poli double mutant mice. Two independent ES cell lines
carrying the targeted Polh allele, designated Polhtm3Han, on chromosome 17 were
injected into 3.5-day BDF1 blastocysts to generate chimeric mice. All animal
protocols described in the manuscript were approved by the Animal Ethics
Committees (Osaka University). Chimeric males, as judged by the coat color,
were mated with C57BL/6J females, and germ line transmission of the genotype
of the ES cells was determined by the coat color of the F1 mice. 129 mice have
a natural nonsense mutation in exon 2 of the Poli gene on chromosome 18 (45).
Since we used the 129-derived ES cell line to generate Polhtm3Han/Polhtm3Han

(Polh�/�) mice, F1 mice were heterozygous for the Poli allele. Mice established
from the two ES cell lines were indistinguishable in development, shape, behav-
ior, and procreation. These mice were backcrossed to C57BL/6J female mice for
more than five generations to obtain Polh�/� Poli�/� animals for analysis. Dou-
ble heterozygotes were interbred to generate wild-type, Polh�/� Poli�/�, Polh�/�

Poli�/�, Polh�/� Poli�/�, Polh�/� Poli�/�, Polh�/� Poli�/�, Polh�/� Poli�/�,
Polh�/� Poli�/�, and Polh�/� Poli�/� mice. Mice were genotyped by PCR
analysis of genomic DNA from ear or tail. The Polh allele was typed by PCR
performed at 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for 2.5 min with
35 cycles, using primer pairs specific to exon 9 (5�-TTTCGATCTTTGGTTAG
CCTCTCC-3�) and the intron of upstream exon 8 (5�-GTAGTCTGGGGGGT

TGAATC-3�) for the wild-type allele and primer pairs Neo-Seq (5�-GTCTGTT
GTGCCCAGTCATAGC-3�) and the intron for the mutant allele. Genotypes for
Poli were determined as described elsewhere (45).

Isolation of MEFs, cell cultures, and establishment of spontaneously immor-
talized cell lines. Primary mouse embryonic fibroblasts (MEFs) of each genotype
were prepared from day 13.5 embryos. Embryos were minced and cultured in
Dulbecco’s modified Eagle’s medium supplemented with 20% fetal calf serum,
glutamate, and antibiotics in a CO2 incubator. Cells were passaged at 1 � 106

cells/100-mm dish every 3 days and entered senescence after approximately 30
population doublings, after which spontaneously immortalized cells appeared.

UV-C radiation sensitivity of immortalized fibroblasts. The UV sensitivity of
immortalized fibroblasts was determined as previously described (70). Briefly,
immortalized fibroblasts of all Polh Poli genotypes were exposed to increasing
doses of UV-C (GL15; Toshiba) and allowed to grow for another 2 days with or
without the addition of 1 mM caffeine before reaching confluence. The number
of proliferating cells was estimated by scintillation counting of the radioactivity
incorporated during a 1-h pulse with [3H]thymidine (5 Ci/ml; GE Healthcare).
UV sensitivity was expressed as the percentage of 3H incorporation in treated
and untreated cells.

Analysis of Polh and Poli gene expression. The expression of Polh was moni-
tored by Northern analysis. mRNA from MEF cells (5 � 106) grown to conflu-
ence was purified using the Micro-Fast Track mRNA isolation kit (Invitrogen,
San Diego, CA) according to instructions provided by the manufacturer. Samples
(2 �g) were fractionated by electrophoresis in 1.2% agarose gels containing 6%
formaldehyde and transferred to nylon membranes (Hybond-N; GE Health-
care). Probes for Polh were generated by PCR from the cDNA sequence as
described above. Hybridization was performed overnight at 42°C in hybridiza-
tion/prehybridization solution 2 (Clontech) containing probes randomly labeled
with [�-32P]dCTP (GE Healthcare). The membranes were washed twice at room
temperature with 2 � SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
and 0.05% sodium dodecyl sulfate (SDS) and once at 42°C with 0.1� SSC and
0.1% SDS. Autoradiography was performed at �80°C with Hyperfilm MP (GE
Healthcare). The same blot was stripped and incubated with probes specific for
the neomycin gene or mouse GAPDH (GenBank accession no. M32599). West-
ern blot analysis to detect mouse Pol � or Pol � was performed with SDS lysate
(60 �g) prepared from fibroblasts. Fibroblasts of all genotypes were lysed in
buffer consisting of 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0), 2% SDS,
and 1� Complete protease inhibitor cocktail (Roche), and lysates were subjected
to SDS-polyacrylamide gel electrophoresis. Polyclonal antibodies against six-His-

FIG. 1. Targeted disruption of the mouse Polh gene. (A) Schematic representation of the targeting strategy for the mouse Polh locus. The
coding exons are numbered and boxed. The positions of selected restriction sites are shown. (B) Southern blot analysis of EcoRI-digested (for the
3� and neo probes) or BamHI-digested (for the 5� probe) genomic DNA and Northern blot analysis of mRNA prepared from MEFs. The position
of each probe is shown in panel A. For Northern blot analysis, hybridization with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific
probe was performed to normalize for RNA amounts and transfer efficiency.
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tagged recombinants of mouse Pol � lacking 320 to 553 amino acids or full-length
Pol � were used.

UV-induced tumor formation on mouse skin and histological diagnosis of
lesions. We used mice with the following genotypes in the assay of UV-induced
skin carcinogenesis: wild-type (n 	 25), Polh�/� Poli�/� (n 	 28), Polh�/�

Poli�/� (n 	 25), Polh�/� Poli�/� (n 	 8), Polh�/� Poli�/� (n 	 19), Polh�/�

Poli�/� (n 	 14), Polh�/� Poli�/� (n 	 8), and Polh�/� Poli�/� mice (n 	 22).
In order to examine the tumor susceptibilities by UV-B irradiation, 8- to 12-
week-old littermate mice were used. Their backs were shaved once a week and
were irradiated at a dose of 2 kJ/m2 per day for 20 weeks with a narrow-band
UV-B lamp (FL20S-E; Toshiba). All mice were checked once a week for the
development of lesions on the dorsal skin and ears. Cumulative tumor incidence
was evaluated by using the Kaplan-Meier method. Statistical significance was
measured with the log-rank test. For histology, skin samples were prepared from
each ear, dorsal side, and caudal side of back skin. The samples were fixed with
10% neutral-buffered formalin and embedded in paraffin. Sections were then
prepared and stained with hematoxylin and eosin for histopathological diagnosis.
Skin lesions were classified into epithelial lesions, including hyperplasia, dyspla-
sia, sebaceous adenoma, squamous cell carcinoma, and adenosquamous cell
carcinoma, and mesenchymal tumors, like sarcomas and hemangiomas. Hyper-
plasia is an increased thickness of the nonkeratinized epidermis. Dysplasia shows
mild to severe nuclear atypia in thickened epidermis. Papilloma is characterized
with exophytic growth. Sebaceous adenoma has clear sebaceous gland cells.
Squamous cell carcinoma consists of atypical and sometimes bizarre squamous
tumor cells with or without keratinization. Adenosquamous cell carcinoma pos-
sesses gland-forming tumor cells as well as a squamous cell carcinoma compo-
nent. Sarcoma is characterized with a proliferation of spindle-shaped neoplastic
cells. Hemangioma consists of endothelial cells containing red blood cells (6, 49).
For statistical analysis of tumor incidence on UV-irradiated mice after histolog-
ical diagnosis, statistical significance was measured by using Fisher’s exact prob-
ability test.

RESULTS

Generation of Polh-deficient mice. To elucidate the in vivo
function of the Pol � protein and the molecular basis of the
group V XP phenotype, we generated Polh mutant mice car-
rying the Polhtm3Han allele by targeted gene replacement. A

G418 resistance gene cassette, STneoB, was inserted into the
exon 8 sequence of the Polh gene, resulting in production of a
truncated nonfunctional Pol � protein (Fig. 1A). Since the
STneoB cassette inserted in the sense orientation carried a
polyadenylation signal, transcription of the Polhtm3Han allele
was expected to terminate concomitantly. 129 mouse-derived
ES cell line R1 (47) was electroporated with the targeting
vector, selected for G418 resistance, and screened for homol-
ogous recombination by Southern blot analysis using probes
external to the targeting vector sequence (Fig. 1A), and Polh/
Polh3Han (Polh�/�) ES clones were isolated. As 129 mice carry
spontaneous Poli nonsense mutations (45), this recombination
imposed cells with the Polh�/� Poli�/� genetic composition.
The targeted ES cells were injected into blastocysts of BDF1
mice to produce male mouse chimera, and successful transmis-
sion of the targeted allele upon crossing with C57BL/6J fe-
males resulted in production of the Polh�/� Poli�/� mice.
These mice were crossed with C57BL/6J mice at least five
generations, and the Polh�/� Poli�/� mice were then inter-
crossed to obtain all nine possible genotypes: wild-type,
Polh�/� Poli�/�, Polh�/� Poli�/�, Polh�/� Poli�/�, Polh�/�

Poli�/�, Polh�/� Poli�/�, Polh�/� Poli�/�, Polh�/� Poli�/�,
and Polh�/� Poli�/� mice. Mice of these genotypes were born
with a ratio expected from the Mendelian transmission, and
Polh�/� Poli�/� mice were apparently normal in development,
gross morphology, behavior, and fertility. This indicates that
Polh and Poli are dispensable for development under the lab-
oratory conditions. MEFs were also derived from day 13.5
embryos for each genotype.

The mutated Polh allele encodes a nonfunctional Pol � pro-
tein. Genomic DNA and mRNAs from wild-type, Polh�/�

Poli�/�, and Polh�/� Poli�/� fibroblasts were subjected to

FIG. 2. Expression of the Pol � and Pol � proteins in MEFs. (A) Expression of Pol � in MEFs was monitored with a polyclonal antibody (60
�g/lane). The positions of the intact Pol � protein expressed by the wild-type allele and the truncated protein derived from the mutated allele are
indicated by the filled and open arrowheads, respectively. Purified six-His-tagged mouse Pol � (0.5 ng) was used as a size marker (lane 6).
(B) Expression of the Pol � protein in MEFs was monitored with a polyclonal antibody (60 �g/lane) after stripping anti-Pol � antibody from the
membrane shown in panel A. The position of the intact Pol � protein is indicated by the filled arrowhead. Purified six-His-tagged mouse Pol � (0.5
ng) was used as a size marker (lane 7). (C) Schematic of the protein derived from the mutant Polh allele. Highly conserved regions shared by
Y-family polymerases are indicated. Like the predicted Pol � protein in human XP2SA cells, the truncated Pol � protein from the 1.7-kb transcript
(Fig. 1B) from the mutated allele lacks part of the highly conserved domain essential for TLS activity but has an extra 49 amino acids derived from
the sequence of the neomycin resistance gene cassette on the carboxy terminus.
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Southern and Northern blot analyses, respectively, as shown in
Fig. 1B. As previously shown (70), a 3.2-kb mRNA transcribed
from the wild-type Polh allele was detected with both 5� and 3�
probes for RNA prepared from wild-type and Polh�/� Poli�/�

mice but not Polh�/� Poli�/� mice. On the other hand, a 1.7-kb
mRNA was detected for the Polh�/� Poli�/� and Polh�/�

Poli�/� genotypes with the 5� probe. Sequence analysis re-
vealed that the 1.7-kb mRNA is derived from the targeted Polh
allele and that it consists of sequences from exons 1 through 7
of Polh and part of the simian virus 40 terminator of the
neomycin cassette.

The effect of targeted disruption on Pol � protein expression
was examined by Western blot analysis in immortalized fibro-
blasts with these three genotypes (Fig. 2A). A polyclonal an-
tibody against the mouse Pol � protein detected an approxi-
mately 83-kDa protein in extracts of wild-type cells (lane 1).
This protein was slightly larger than that predicted from the
translated amino acid sequence of the mouse Polh gene (see
also Fig. 2C) but correlated well with that predicted for puri-
fied six-His-tagged recombinant Pol � protein expressed in
insect cells (Fig. 2A, lane 6). This protein was expressed at
reduced levels in Polh�/� Poli�/� cells (Fig. 2A, compare lanes
1 and 2) and was undetectable in Polh�/� Poli�/� and Polh�/�

Poli�/� cells (Fig. 2A, compare lanes 1 and 3 and compare
lanes 4 and 5). However, a small protein could be detected in
Polh�/� Poli�/�, Polh�/� Poli�/�, and Polh�/� Poli�/� cell
extracts with the anti-Pol � antibody (Fig. 2A, lanes 2, 3, and
5). The protein predicted from the 1.7-kb transcript (Fig. 1B)
from the targeted Polh allele should consist of 343 amino acids,

294 encoded by exons 1 though 7 and 49 encoded by the simian
virus 40 terminator. The size of this predicted protein was
almost the same as that of proteins observed in Polh�/�

Poli�/�, Polh�/� Poli�/�, and Polh�/� Poli�/� cell extracts
(Fig. 2A, lanes 2, 3, and 5). In any case, this small Pol � protein
derived from the mutated Polh allele should be deficient in
TLS activity, since it lacks an essential domain designated the
polymerase-associated domain (PAD)/little finger domain/
wrist (4, 37, 56, 61) and resembles the expected product (305
amino acids) of the mutated Polh allele of human XP2SA cells
(5, 74) (Fig. 2C). Furthermore, analysis of human Pol � mu-
tants reveals that the domain absent from mutated murine Pol
� is indeed essential for TLS activity in vitro (Y. Kondo, C.
Masutani, and F. Hanaoka, unpublished data). We thus con-
clude that functional Pol � is not expressed from the targeted
Polh allele. As previously reported (45), the absence of Pol �
protein from Poli�/� fibroblasts was also confirmed using an
anti-Pol � antibody (Fig. 2B).

Hypersensitivity of Polh�/� Poli�/� fibroblasts to UV-C ir-
radiation. To investigate the basis for susceptibility to UV-
induced skin cancers, we first analyzed the cellular sensitivity of
immortalized fibroblasts from all Polh Poli genotypes after
exposure to increasing doses of UV-C irradiation. As shown in
Fig. 3A, Polh�/� Poli�/� and Polh�/� Poli�/� fibroblasts ex-
hibited significant sensitivity to UV irradiation, whereas fibro-
blasts of other genotypes were insensitive. The sensitivity of
Polh-deficient cells was strongly enhanced by the addition of 1
mM caffeine (Fig. 3B). Caffeine is known to inhibit various
ionizing radiation- and UV-induced cell cycle checkpoints that

FIG. 3. Effects of UV irradiation on cell proliferation. (A and B) MEFs were irradiated as indicated with UV-C. After irradiation, cells were
cultured in the absence (A) or the presence (B) of 1 mM caffeine for 2 days. The number of proliferating cells was measured by [3H]thymidine
incorporation. All experiments were performed in duplicate at least three times. Consistent results were obtained for different sets of experiments.
Data are presented as mean survival rates 
 standard deviations. wt, wild type.
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are ATM- and/or ATR-dependent (reviewed in reference 29).
The UV radiation sensitivity of Pol �-deficient fibroblasts cor-
responded well with that of fibroblasts from human XP-V
patients (1, 34). In contrast, disruption of the Pol � protein had

no effect on UV sensitivity, even in the presence of caffeine or
in a Pol �-deficient background.

Skin tumor predisposition of Polh�/� Poli�/� mice chronically
exposed to UV irradiation. To confirm whether Polh-deficient

FIG. 4. Tumorigenesis induced by chronic treatment with UV-B. (A) Kaplan-Meier curves of mice free of skin tumors after chronic UV
irradiation (2 kJ/m2/day). (B) Number of UV-induced skin tumors per animal. Bars represent the exposure period. wt, wild type.

TABLE 1. Results of histopathological examination of UV-exposed (2 kJ/m2/day for 5 and 10 weeks) and control mice

UV (wks)

Genotype
Total no. of

mice

No. of mice with skin abnormality (P value)a

Polh Poli Hyperplasia Dysplasia Epithelial skin
tumor

Mesenchymal
skin tumor

0 �/� �/� 3 0 0 0 0
0 �/� �/� 4 0 0 0 0
0 �/� �/� 4 0 0 0 0
0 �/� �/� 3 0 0 0 0
0 �/� �/� 3 0 0 0 0
0 �/� �/� 3 0 0 0 0

5 �/� �/� 6 6 (0.0076) 2 (0.227) 1 (0.5) 0
5 �/� �/� 6 1 0 0 0

10 �/� �/� 3 0 3 (0.0119) 2 (0.0833) 0
10 �/� �/� 6 0 0 0 0

a The statistical significance of skin abnormalities identified by histological diagnosis was measured between Polh�/� Poli�/� and Polh�/� Poli�/� mice treated under
the same experimental condition, using Fisher’s exact probability test. Bold indicates P � 0.05; bold underlining indicates 0.05 � P � 0.10.
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mice are prone to UV-induced skin cancers, like XP-V patients,
and to determine whether mutation of the Poli allele causes skin
tumor formation, we chronically exposed shaved dorsal skin of
mice of all Polh Poli genotypes to UV-B light at a dose of 2
kJ/m2/day for 20 weeks. Although none of the unirradiated Polh-
deficient mice showed signs of tumors on ears or dorsal skin
(Table 1), UV-irradiated Polh�/� Poli�/� mice started to develop
skin tumors 13 weeks after the beginning of treatment (Fig. 4A).

After 20 weeks of irradiation, approximately 90% of Polh�/�

Poli�/� mice developed multiple tumors on the dorsal skin and
predominantly on the ears, whereas visible tumors did not form
on the dorsal skin or ears of wild-type, Polh�/� Poli�/�, and
Polh�/� Poli�/� mice. The high incidence of skin tumors in
Polh�/� Poli�/� mice (P � 0.0001 versus wild-type mice) corre-
sponds well with our previous observation that mouse Pol � has a
function similar to that of human Pol � in vivo (70).

FIG. 5. Histopathological examination of UV-B-induced skin tumors from Polh Poli double knockout mice. (A) Left and right panels represent
typical examples of normal skin histology and dysplasia observed in wild-type mice, respectively. (B and C) Typical examples of squamous cell
carcinoma predominantly observed in Polh�/� Poli�/� mice (B) and Polh�/� Poli�/� mice (C). (D) Soft tissue sarcoma found in a Polh�/� Poli�/�

mouse. White arrows indicate squamous cell carcinomas adjacent to the sarcoma.

TABLE 2. Results of histopathological examination of UV-exposed (2 kJ/m2/day for 20 weeks) mice

Genotype

Group Total no.
of mice

No. of mice with abnormality (P value�s
)a

Polh Poli Hyperplasia Dysplasia Epithelial skin
tumor

Mesenchymal
skin tumor Metastasis

�/� �/� A 19 NDb ND 19 (0.592 vs C;
0.004 vs D)

3 (0.125 vs C;
0.472 vs G)

3 (0.585 vs B;
0.125 vs C)

�/� �/� B 16 ND ND 16 (0.596 vs C;
0.0013 vs E)

0 2 (0.214 vs C)

�/� �/� C 18 ND ND 18 (0.0072 vs F;
0.0001 vs H)

0 0

�/� �/� D 8 5 (0.437 vs F;
0.5 vs G)

5 (0.117 vs F;
0.696 vs G)

4 (0.601 vs F;
0.141 vs G)

3 (0.0824 vs F;
0.5 vs G)

0

�/� �/� E 8 2 (0.109 vs F) 5 (0.117 vs F) 3 (0.399 vs F) 0 0
�/� �/� F 9 7 (0.117 vs H) 2 (0.265 vs H) 5 (0.0204 vs H) 0 0
�/� �/� G 8 4 (0.5 vs H) 5 (0.0128 vs H) 1 (0.5 vs H) 2 (0.233 vs H) 0
�/� �/� H 8 3 0 0 0 0

a The statistical significance of skin abnormalities identified by histological diagnosis was measured with Fisher’s exact probability test. Bold indicates P � 0.05; bold
underlined indicates 0.05 � P � 0.10.

b ND, not demonstrated.
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On the other hand, inactivation of Pol � protein alone did
not promote the development of skin tumors in Pol �-profi-
cient mice. Although there was no statistically significant in-
crease in tumorigenesis for mice of the Polh�/� genetic back-
ground after treatment, Polh�/� Poli�/� and Polh�/� Poli�/�

mice started to develop skin tumors 4 weeks earlier than
Polh�/� Poli�/� mice (Fig. 4A). Furthermore, the average
number of dorsal skin tumors was slightly but significantly
higher for Polh�/� Poli�/� mice than for Polh�/� Poli�/� mice
(P 	 0.029), while there was no visible tumor formation on the
dorsal skin of Polh�/� Poli�/� mice (Fig. 4B). For example,
there were 0, 4.1, and 5.9 tumors per animal for wild-type,
Polh�/� Poli�/�, and Polh�/� Poli�/� mice, respectively, 22
weeks after the start of treatment. These observations suggest
that the Pol � protein may have a minor role in suppressing
UV-induced epithelial tumor development in the Pol �-defi-
cient background.

Epithelial tumor formation in Pol �-deficient mice after
chronic UV irradiation. To more precisely examine the influ-
ence of Polh and Poli mutations on UV-induced skin alter-
ations, several mutant mouse lines were subjected to histolog-
ical diagnosis after UV irradiation. Wild-type, Polh�/� Poli�/�,
and Polh�/� Poli�/� mice were irradiated with UV-B for
5-week, 10-week, and 20-week periods, at a dose rate of 2
kJ/m2/day, and sacrificed 10 weeks after each irradiation regi-
men. The ears and dorsal skin of these mice were examined
(Tables 1 and 2 and Fig. 5).

No remarkable change was observed for unirradiated mice
of all three genotypes (Table 1). Moreover, 5- and 10-week
exposures to UV-B irradiation did not noticeably affect
Polh�/� Poli�/� mice, except for one animal which showed
hyperplasia following a 5-week exposure. However, there was a
high incidence of hyperplasia (six of six) and dysplasia (three of
three) in Polh�/� Poli�/� mice compared to Polh�/� Poli�/�

mice following 5 and 10 weeks of UV-B irradiation, respec-
tively (hyperplasia, P 	 0.0076; dysplasia, P 	 0.0119) (Table
1). Furthermore, epithelial skin tumors (such as squamous cell
carcinoma, adenosquamous cell carcinoma, papilloma, and se-
baceous adenoma) also developed on the dorsal skin and/or
ears of Polh�/� Poli�/� mice exposed to 5 and 10 weeks of UV
irradiation (Table 1); however, there was no statistical signif-
icance between Polh�/� Poli�/� and Polh�/� Poli�/� mice with
respect to tumor incidence (P 	 0.5 for 5 weeks UV of irra-
diation; P 	 0.0833 for 10 weeks of UV irradiation) (Table 1).
On the other hand, epithelial tumor formation was evident in
Polh�/� Poli�/� mice UV irradiated for 20 weeks (18 of 18
Polh�/� Poli�/� mice versus 0 of 8 wild-type mice, P � 0.0001;
18 of 18 Polh�/� Poli�/� mice versus 5 of 9 Polh�/� Poli�/�

mice, P 	 0.0072) (Table 2 and Fig. 6). Intriguingly, skin tumor
formation was observed on four of nine Polh�/� Poli�/� mice
during a 10-week interval after the 20-week irradiation regi-
men (Fig. 4A). Histological diagnosis revealed that five of nine
Polh�/� Poli�/� mice developed epithelial tumors on dorsal
skin or ears (five of nine Polh�/� Poli�/� mice versus zero of
eight wild-type mice, P 	 0.0204). These data indicate that loss
of a single allele of Polh has phenotypic consequences.

Other organs were carefully examined macroscopically and
microscopically. Lung tumors were found surrounded by pul-
monary alveolar tissues in 3 of 19 Polh�/� Poli�/� and 2 of 16
Polh�/� Poli�/� animals and were revealed as squamous cell
carcinomas resembling skin cancers (Table 2). Since there
were no squamous metaplastic lesions in bronchi and bronchi-
oles, the lung tumors were considered metastasis from the skin
lesions.

Pol � deficiency induces mesenchymal tumor development
after UV-B exposure. To elucidate the in vivo function of Pol �,
we also carried out histological analyses on Polh Poli double
mutant mice that were UV irradiated for 20 weeks (Table 2).

FIG. 6. Incidence of skin tumors after chronic UV exposure in mice bearing various combinations of Polh and Poli alleles. Gray, dark gray, and
white bars indicate Poli�/�, Poli�/�, and Poli�/� mice, respectively. We have not examined Polh�/� Poli�/� mice. (A) Incidence of epithelial skin
tumors. *, values for Polh�/� mice are statistically significant versus those of corresponding Polh�/� mice (P 	 0.0072 for Poli�/�, P 	 0.0013 for
Poli�/�, and P 	 0.004 for Poli�/�, respectively); **, value for Polh�/� mice is statistically significant versus that of Polh�/� mice (P 	 0.0204).
(B) Incidence of mesenchymal skin tumors. *, value for Poli�/� mice is statistically significant versus that of Poli�/� mice (P 	 0.0106); **, value
for Poli�/� mice is statistically significant versus that of Poli�/� mice (P 	 0.0025).
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Epithelial tumors developed in all animals of the Polh�/� ge-
netic background irrespective of Poli genotype. The incidence
of epithelial skin tumors in Polh�/� mice compared to Polh�/�

mice with respect to the Poli genotype was as follows: 19 of 19
Polh�/� Poli�/� mice versus 4 of 8 Polh�/� Poli�/� mice, P 	
0.004; 16 of 16 Polh�/� Poli�/� mice versus 3 of 8 Polh�/�

Poli�/� mice, P 	 0.0013; and as indicated above, Polh�/�

Poli�/� mice versus Polh�/� Poli�/� mice, P 	 0.0072. Thus,
loss of the Poli allele did not significantly influence the inci-
dence of epithelial skin tumors, regardless of Polh genotype. In
contrast, mesenchymal skin tumors such as sarcomas and hem-
angiomas formed only in Poli�/� mice after 20 weeks of UV
irradiation (3 of 19 Polh�/� Poli�/� mice versus 0 of 18
Polh�/� Poli�/� mice, P 	 0.125; 3 of 8 Polh�/� Poli�/� mice
versus 0 of 9 Polh�/� Poli�/� mice, P 	 0.0824; 2 of 8 Polh�/�

Poli�/� mice versus 0 of 8 wild-type mice, P 	 0.233). In
addition, the incidence of dysplasia in Polh�/� Poli�/� mice
was also significant compared to that in wild-type mice (P 	
0.0128).

The tumor incidences with respect to Polh and Poli geno-
types after 20 weeks of UV irradiation (2 kJ/m2/day) are shown
in Table 3 and Fig. 6. It is significant that loss of a single Polh
allele increases the risk of UV-induced epithelial skin tumors
such as squamous cell carcinoma, adenosquamous cell carci-
noma, squamous papilloma, and sebaceous adenoma (Polh�/�

genotype versus Polh�/� genotype, P � 0.0001; Polh�/� geno-
type versus Polh�/� genotype, P � 0.0001; Polh�/� genotype
versus Polh�/� genotype, P 	 0.005) (Table 3; Fig. 5B and C
and 6). Furthermore, the formation of the mesenchymal tu-
mors, such as sarcoma or hemangioma, by chronic UV irradi-
ation was enhanced in Poli�/� mice (Poli�/� genotype versus
Poli�/� genotype, P 	 0.0025; Poli�/� genotype versus Poli�/�

genotype, P 	 0.0106) (Table 3 and Fig. 5D and 6).

DISCUSSION

Polh-deficient mice as an XP-V model. In the present study,
we established mice lacking the Pol � and/or Pol � protein to
investigate the involvement of TLS polymerases in cancer pre-
disposition induced by environmental factors. Following UV
irradiation, the cellular survival and predisposition to cancer of

Pol �-deficient fibroblasts and mice, respectively, correlated
well with observations made of human XP-V patients.

Histopathological analysis revealed that the absence of
mouse Pol � provokes a susceptibility to cancer induced by
UV-B irradiation, with a predominance of squamous cell car-
cinomas at various stages of differentiation (Fig. 5B). Although
malignant melanoma, a typical skin tumor found in sun-ex-
posed areas of XP-V patients, was not observed, even after 20
weeks of UV irradiation of a cohort of Polh�/� Poli�/� mice,
this is simply due to architectural and functional differences
between mouse and human skin. Namely, melanocytes are
absent from the mouse epidermis but present in the dermis,
whereas in human skin they are dispersed among epidermal
keratinocytes. Therefore, overexpression of a stem cell factor,
the ligand for the c-Kit receptor tyrosine kinase, may induce
malignant melanomas in UV-irradiated mouse skin (71). As a
comparison, NER-deficient mice, such as XPA-deficient mice
(15, 48) and XPC-deficient mice (8, 53), do not get melanomas.

Importantly, we observed tumor development in about 50%
of Polh�/� Poli�/� mice after 20 weeks of UV irradiation. As
shown in Fig. 4A, there were no visible tumors in Polh�/�

Poli�/� mice for 22 weeks after the start of UV irradiation.
Thus, tumors found in the other half of these UV-irradiated
Polh�/� Poli�/� mice were likely to have developed during the
10-week resting period prior to diagnosis; however, skin tu-
mors were not observed for wild-type mice under the same
conditions. The increasing incidence of tumors in mice lacking
only one Polh allele indicates that heterozygous XP-V patients
may be more susceptible to cancer than are normal individuals
that are chronically exposed to sunlight. Similar results for
UV-induced skin carcinogenesis in an independently gener-
ated mouse deficient for a single allele of Pol � were recently
reported by Lin et al. (36).

Itoh et al. demonstrated that XP-V heterozygous cells are
slightly more sensitive to UV than wild-type cells in the pres-
ence of 1 mM caffeine because the level of recovery of repli-
cative DNA synthesis is reduced in these cells (23). Since
mouse fibroblasts heterozygous for Polh are not sensitive to
caffeine (Fig. 3B), the mechanism of skin cancer susceptibility
in Polh heterozygous mice is still obscure.

TABLE 3. Incidence of skin abnormalities after chronic UV exposure (2 kJ/m2/day for 20 weeks) of mice bearing
various combinations of Polh and Poli alleles

Genotype
Total no.
of mice

No. of mice with abnormality (P value�s
)a

Polh Poli Hyperplasia/dysplasia Epithelial skin
tumor

Mesenchymal
skin tumor Metastasis

�/� Allb 53 NDc 53 (<0.0001 vs Polh�/�;
<0.0001 vs Polh�/�)

3 (0.289 vs Polh�/�;
0.922 vs Polh�/�)

5 (0.136 vs Polh�/�)

�/� Allb 25 23 (0.0107 vs Polh�/�) 12 (0.005 vs Polh�/�) 3 (0.709 vs Polh�/�) 0
�/� Allb 16 9 1 2 0
Alld �/� 35 15 (0.214 vs Poli�/�;

0.159 vs Poli�/�)
23 (0.205 vs Poli�/�;

0.599 vs Poli�/�)
8 (0.0106 vs Poli�/�;

0.0025 vs Poli�/�)
3 (0.5 vs Poli�/�;

0.12 vs Poli�/�)
Alld �/� 24 7 (0.636 vs Poli�/�) 19 (0.205 vs Poli�/�) 0 2 (0.246 vs Poli�/�)
Alld �/� 35 10 23 0 0

a Data were derived from Table 2. The statistical significance of tumor incidence in UV-irradiated mice was measured with Fisher’s exact probability test. Bold, P �
0.05.

b Poli�/�, Poli�/�, and Poli�/�.
c ND, not demonstrated.
d Polh�/�, Polh�/�, and Polh�/�.
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Role for Pol � in prevention of UV-induced mesenchymal
tumors. A notable finding is that mesenchymal tumors, such as
sarcomas or hemangiomas, are significantly developed in
mouse skin as a result of Pol � deficiency following 20 weeks of
UV irradiation (Table 3 and Fig. 5D). Several in vitro exper-
iments have indicated that the Pol � protein participates in the
bypass of two major UV-induced DNA lesions, CPDs and
pyrimidine(6-4)pyrimidone photoproducts [(6-4)PPs] (27, 60,
63–65, 76). According to these previous studies, Pol � protein
bypasses thymine-thymine CPDs in a highly error-prone man-
ner under certain conditions (60, 63, 64). In contrast, however,
Pol �-dependent synthesis past uracil-containing CPDs, which
are generated as a result of deamination of cytosine, is rela-
tively accurate, in contrast to synthesis mediated by Pol � and
Pol � (65, 66). As observed for (6-4)PPs, the Pol � protein
preferentially incorporates the correct nucleotide dAMP op-
posite the 3� T of (6-4)PPs in vitro (27, 60, 63, 64, 76), although
(6-4)PPs are rapidly removed from the genome by the NER
pathway. These findings support the idea that Pol � has a role
in the low frequency of mutations induced by UV lesions in
mammalian cells.

Previous reports have strongly indicated a genetic linkage
between chemical-induced lung tumor formation and Pol �
deficiency in BALB/cJ and A/J mice (31, 32, 68). These find-
ings have suggested that the Pol � protein may be involved in
preventing certain tumors. On the other hand, the incidence of
spontaneous mesenchymal skin tumors, such as sarcomas or
hemangiomas, is lower than that of lung and Harderian gland
tumors in 129S4/SvJae mice (69). Moreover, we found that
unirradiated Poli-deficient mice do not develop skin tumors
(Table 1). We, therefore, conclude that UV-induced DNA lesions
are primarily responsible for mesenchymal skin tumor formation
in UV-irradiated Poli-deficient mice. It is not the only case for
development of mesenchymal skin tumors in UV-irradiated re-
pair-deficient mice. It has been reported that corneal hemangio-
sarcomas were observed in Csa�/� Xpc�/� mice (67).

Differential repair of UV lesions in epithelial and mesen-
chymal cells. UV-induced lesions are removed from the ge-
nome by the efficient NER pathway. In contrast, it is accepted
that NER activity is considerably lower in mouse fibroblasts
than in human cells (21). Quantitative analysis of UV-B (500-
J/m2)-induced DNA lesions in mouse skin using damage-spe-
cific antibodies has revealed differences in the repair efficien-
cies of CPDs and (6-4)PPs in epidermis and dermis (51). Most
(6-4)PPs are rapidly removed within 3 days from both epider-
mis and dermis in C3H/HeN mice. In contrast, the removal of
CPDs from both tissues is gradual for the first 24 h. Although
more than 80% of CPDs are removed from epidermal cells
within 5 days, less than 50% of CPDs are removed from dermal
fibroblasts during this time. These characteristics of skin tis-
sues in the removal of UV lesions are consistent with the repair
rates of UV lesions observed in mouse and human cultured
epidermal keratinocytes and dermal fibroblasts (11, 12, 14, 46,
52). Accordingly, the repair rate of (6-4)PPs is similar for the
two cell types, whereas CPDs are removed significantly faster
from keratinocytes than from fibroblasts. In general, however,
CPD lesions are removed more slowly from the genome than
(6-4)PPs, probably because of the distinct affinity of the global
genome NER (GG-NER)-specific XPC protein complex for
these UV lesions (3, 30, 57). Besides the difference in repair

rates for the two photolesions in vivo, You et al. reported that
CPDs are responsible for the majority of UV-B-induced mu-
tations in a mammalian mutagenesis assay system (73). Using
transgenic mice carrying a specific photolyase for CPD or (6-4)
PP, Jans et al. also demonstrated that the CPD lesion is the
principal cause of cell death, mutation, and skin cancer (24).

These previous observations suggest that UV-induced CPDs
are most likely responsible for epithelial tumor development in
Polh-deficient mice and mesenchymal tumor formation in mice
lacking the Pol � protein. Another factor to explain the tumor
spectrum of Poli versus Polh mice could be a difference in
proliferation rates between keratinocytes and fibroblasts, for
instance, allowing repair of UV lesions over a longer period.

Hypothesis concerning UV-induced skin tumors in Polh-
and/or Poli-deficient mice. A quantitative analysis of dipyrimi-
dine photoproducts using a high-performance liquid chroma-
tography-tandem mass spectrometry system was performed on
DNA from UV-B-irradiated human fibroblasts (11, 12). Ac-
cording to these reports, in the case of CPDs the formation of
thymine-thymine photoproducts was twice that of thymine-
cytosine photoproducts. Moreover, the levels of cytosine-thy-
mine and cytosine-cytosine photolesions were almost undetect-
able in the dose range studied. Thus, two-thirds and one-third
of UV-induced CPDs in cells are thymine-thymine and thy-
mine-cytosine photoproducts, respectively. On the other hand,
it was clearly shown that thymine-thymine CPDs are largely
bypassed in an accurate manner by human Pol � (28, 41, 42).
Hence, inactivation of Pol � renders cells hypermutable and
mice susceptible to cancer by UV irradiation. However, Pol
�-dependent synthesis on CPDs containing cytosine residues is
often error-prone because of the deamination of cytosine in
CPDs in vivo (33, 50, 59). That is, the deamination of cytosine
produces a uracil-containing CPD, which frequently induces
C-to-T transitions after Pol �-dependent error-free synthesis
(58), although uracil residues and uracil/guanine mispairs are
preferentially removed by the base excision repair and mis-
match repair pathways, respectively. The in vivo deamination
of cytosines in CPDs takes from several hours to a few days,
depending on local sequence context (2, 7, 33, 50, 59, 62).
Taking these results together, it is likely that cytosine residues
in dermal CPDs are more likely to be deaminated than those
in epidermal CPDs, since these lesions persist longer in the
dermis than in the epidermis, as mentioned above.

A recent in vitro study by Vaisman et al. suggested that the
Pol �-dependent misincorporation of guanine residues oppo-
site the 3� U of thymine-uracil CPDs may suffice to prevent
C-to-T transitions at cytosine-containing CPD sites in vivo (65,
66). Thus, we hypothesize that the failure of thymine-uracil
CPDs to be bypassed in this manner is responsible for the
significant development of mesenchymal skin tumors in UV-
irradiated Poli�/� mice. On the other hand, inactivation of Pol
� in Polh-deficient mice hastens the onset of UV-induced tu-
mor formation in epidermis and increases the number of epi-
thelial skin tumors per animal (Fig. 4), although Polh�/�

Poli�/� mice do not develop epithelial skin tumors. Thus, it is
likely that Pol � makes a minor contribution to the suppression
of epidermal tumor formation by the error-free bypass of thy-
mine-uracil CPDs. We are currently studying the mutation
spectra of tumors formed in UV-B-exposed skin of mice lacking
the Pol � and/or Pol � proteins. In addition, metastasis was iden-
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tified only in Polh-deficient mice lacking at least one Poli allele
(Table 2). It is known that not only mesenchymal tumors but also
squamous cell carcinomas could metastasize (44). In any case,
metastasis reflects a higher degree of malignancy, and it will be
interesting to analyze the molecular basis of these phenomena.

Several studies using small interfering RNA on mammalian
TLS polymerases have shown that Rev1 and Rev3, but not Pol
�, are clearly required in UV-induced mutagenesis (9, 19, 20,
26, 35). However, it is currently unknown what kind of mecha-
nism is involved in the observed hypermutability of XP-V cells. To
reveal the precise mechanism of UV-induced skin tumor forma-
tion in Polh�/� and Poli�/� mice, similar experiments should be
performed in GG-NER (XPC)-deficient mice, in mismatch repair
mutants, or in the presence of constitutively expressed damage-
specific photolyases, accompanied by mutational spectra analysis.
Some of these experiments are under way.

In conclusion, we have demonstrated that Pol � is required
to prevent the deleterious outcomes of UV-induced photo-
lesions in mice as well as in humans. In particular, our results
predict that loss of only one allele of Polh has phenotypic
consequences. Furthermore, we have shown that lack of Pol �
protein indeed confers a predisposition to UV-induced mes-
enchymal tumorigenesis. This is the first direct evidence that
evokes a protective role for the Pol � protein in carcinogenesis.
Finally, we confirm the usefulness of these mouse mutants for
studying the role of TLS in cancer susceptibility induced by
environmental factors.
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