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Abstract

We have reported that xeroderma pigmentosum group A (Xpa) gene-knockout mice [Xpa (=/-)
mice] are deficient in nucleotide excision repair (NER) and highly sensitive to UV-induced skin
carcinogenesis. Although xeroderma pigmentosum group A patients show growth retardation,
immature sexual development, and neurological abnormalities as well as a high incidence of UV-
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induced skin tumors, Xpa (—/-) mice were physiologically and behaviorally normal. In the present
study, we kept Xpa (=/-) mice for two years under specific pathogen-free (SPF) conditions and
found that the testis diminished in an age-dependent manner, and degenerating seminiferous
tubules and no spermatozoa were detected in the 24-month old Xpa (=/-) mice. In addition, a
higher incidence of spontaneous tumorigenesis was observed in the 24-month old Xpa (/=) mice
compared to Xpa (+/+) controls. Xpa (=/-) mice provide a useful model for investigating the aging
and internal tumor formation in XP-A patients.

Keywords
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1. Introduction

Xeroderma pigmentosum (XP) is an autosomal recessive disease characterized by an
extreme hypersensitivity to sunlight, a predisposition to skin cancer on sun-exposed areas,
and progressive neurological abnormalities. Cells from XP patients show hypersensitivity to
killing by UV-irradiation. There are eight genetic complementation groups in XP; XP-A
through XP-G and a variant (XP-V). The primary defect in XP-A through XP-G resides in
an early step of nucleotide excision repair (NER) while XP-V has a normal NER process but
a defect in translesion DNA synthesis. To date, the genes responsible for NER and
translesion synthesis associated XP have been identified (XPA-XPG and XPV, respectively),
and core NER reactions have been reconstituted using purified proteins including XPA-XPG
proteins (1). We have made Xpa gene-knockout mice [Xpa (=/-) mice] by the insertion of
neo gene into the exon 4. The mice were defective in NER and highly susceptible to UVB-
or DMBA-induced skin tumorigenesis, verifying that Xpa (/=) mice are a good animal
model with which to study UVB-induced skin tumorigenesis in XP-A patients (2). To
elucidate the molecular events involved in UVB-induced skin tumorigenesis in Xpa (=/-)
mice, we have established five cell lines derived from skin cancers induced in UVB-
irradiated Xpa (=/-) mice (3). In spite of a complete loss of NER activity, the skin cancer
cell lines were resistant to killing by UV-irradiation. Further, three of these cell lines were
deficient in UV-induced G1/S cell cycle checkpoint and mismatch repair activity, suggesting
that a mismatch repair-defect is involved in the UVB-induced skin carcinogenesis in Xpa (-/
=) mice (3, and our unpublished data). Using Xpa (/=) mice containing the rpsL-reporter
gene, we found that the frequency of UVB-induced mutations such as the CC to TT tandem
transition was higher than in wild-type mice (4, 5). We also found that UVB-induced
immunosuppression was enhanced in Xpa (—/-) mice (6).

In addition to photosensitivity and a high incidence of sun-induced skin cancer, most XP-A
patients show growth retardation, immature sexual development, and neurological
abnormalities such as microcephaly and ataxia in the first 7 years after birth (7, 8). Some XP
patients also show a high incidence of spontaneous tumorigenesis (8, 9). Endogenous DNA
lesions that are repaired by NER but not by other pathways, which include the 8,5'-
cyclopurine deoxynucleosides (cPu) (10, 11), lipid aldehyde derived DNA lesions such as
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M1G (12,13,14) and possibly others (15), are likely to be responsible for these pathologic
effects.

In the present study, we kept Xpa (/=) mice for 24 months under specific pathogen-free
(SPF) conditions, and found that they exhibited an impairment of spermatogenesis and
higher incidence of spontaneous tumorigenesis later in life. We discuss the possible
mechanistic explanations for these observations.

2. Materials and methods

2.1. Mutant mice

The Xpa gene-knocked out mice [Xpa (=/-) mice] were generated by the insertion of neo
gene into the exon 4 of mouse Xpa gene (2), and had a chimeric genetic background of
CBA/C57BL6/CD-1. W/\Wv mice are compound heterozygotes for W and Wv (W-viable)
mutations in the KIT gene that encodes a receptor tyrosine kinase. These mutations are
known to cause a defect in tyrosine kinase activity and induce pleiotropic effects, such as
sterility, macrocytic anemia, and depletion of melanocytes and mast cells. Severe
impairment of fertility in W/\W\ male mice is due to the almost total absence of germ cells in
the gonads. W/WV mice are widely used in the germ cell-deficient testis model (16, 17, 18).
The mice were kept under specific pathogen-free (SPF) conditions for an extended period.
All animals were housed in a controlled environment at 20-26°C and fed on a CE-2 diet
(CLEA Japan Inc., Tokyo, Japan) and sterilized water ad libitum. The humidity of the room
was 45-70%. The room lights were turned on at AM 7:00 and off at PM 7:00.

2.2. RNA extraction and Northern blotting

For the Northern blot analysis of mouse tissues, a mouse MTN blot membrane (Clontech),
containing 2 ug of poly (A)* RNA per track, was used. For the Northern blot analysis of
mouse testes, freshly removed mouse testes (8-day, 16-day, and 10-week-old C57BL/6 and
W/Wv mice) were weighed and homogenized in Isogen (Nippongene, Tokyo, Japan). Total
RNA was extracted according to the manufacturer’s recommendations, quantified by
measuring optical density, separated by electrophoresis on a 1% formaldehyde gel, and
transferred to a nitrocellulose membrane. After UV-crosslinking, the nitrocellulose
membrane was prehybridized in 50% formamide, 4x SSC, 5x Denhardt’s solution, 0.2%
SDS, and 120 pg/ml denatured sonicated salmon sperm DNA at 42°C for 2 h and hybridized
under the same conditions for 24 h with a [32P]-labeled full-length Xpa cDNA probe that
was made by the random primer method. The membrane was washed with 0.1x SSC, 0.5%
SDS at 55°C for 30 min. Autoradiography and quantification of the hybridized signals were
carried out with a Molecular Imager (Bio-Rad GS525). C57BL/6 mice and W/Wv mice
were purchased from Japan SLC Inc., Shizuoka, Japan.

2.3. Fractionation of normal testicular cells and histologic examination of testis

For the fractionation of testicular cells, four testes were collected from 10-week-old
C57BL/6 mice, and the tunica albuginea was removed. The seminiferous tubules were
placed in Eagle’s minimal essential medium (MEM) containing 0.02M Hepes and 0.1%
collagenase (Wako, Osaka, Japan), gently unraveled with forceps, and incubated at 33°C for
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30 min. After the addition of PBS containing 1mM EDTA, the tubule suspension was
transferred into a conical tube and kept standing for 5 min to precipitate tubule fragments.
The supernatant containing separated cells was filtrated through a nylon mesh Cell Strainer
(Becton Dickinson Co., New Jersey, USA) and centrifuged at 600x g for 10 min. The
precipitate was used as a Leydig cell fraction. The remaining tubules were re-incubated in
MEM containing collagenase at 33°C for 15min and then dispersed by gentle pipetting a few
times in PBS containing 1mM EDTA to remove residual Leydig cells. Tubules were then
transferred to a plastic Petri dish, cut into small fragments with a knife, transferred to a 50ml
conical tube, and washed by pipetting in PBS containing 1ImM EDTA. The conical tube was
kept standing for 5 min and the supernatant fraction was used as a germ cell fraction. The
remaining sedimented tubules were vigorously pipetted a few times. Then, the sample was
kept standing for 5 min. The supernatant fraction containing mainly the remaining germ
cells was discarded. The sedimented sample was used as a tubule fraction (containing
mainly Sertoli cells).

The testes were examined microscopically. Each testis was fixed in Bouin’s solution and
embedded in paraffin. Two to 3 sections from each testis stained with hematoxylin and eosin
were examined. For the measurement of tubule diameters, a minimum of 30 tubules per
testis were examined and the frequency distribution was determined. Only round, not oval-
shaped, cross-sections of seminiferous tubules were counted. We separated more than 50
seminiferous tubules of each testis into 5 categories: 0-Empty tubules, I-Sertoli cells only,
I1-Sertoli cells and spermatogonia, I11- Sertoli cells, spermatogonia, and spermatocytes, and
IV-normal tubules. Germ cells were differentially counted by use of the criteria of Leblond
and Clermonts (19) and of Oakberg (20). The epididymis was homogenized in phosphate-
buffered saline, to count the number of spermatozoa using a Neubauer hemocytometer.

2.4. Determination of organ weight and tumor sampling

1. The mice were sacrificed by cervical dislocation and organs including brain (cutting level
was from olfactory bulb to the end of cerebellum), lung, heart, liver, spleen, kidneys, and
testes were removed and weighed. The spontaneous tumors and organs were fixed in 4%
paraformaldehyde and embedded in paraffin. Paraffin sections 5 um thick were prepared and
stained with hematoxylin and eosin for light microscopic examination. Tumor-free mice,
based pathological examinations were used to analyze organ weight and spermatogenesis.
All experiments were conducted in accordance with the Institutional Guidelines for Osaka
University.

2.5. Hormonal Assay

Blood was collected by orbital sinus puncture under ether anesthesia. Testosterone
concentrations were measured using a total testosterone kit (Diagnostic Products
Corporation, Los Angeles, USA). FSH and LH concentrations were measured using a rat
FSH and LH kit from Amersham Pharmacia Biotech (Little Chalfont, Buckinghamshire,
UK). Statistical differences were examined using the Mann-Whitney test.
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3.1. Reduction of organ and body weights in Xpa (/=) mice

We have reported that Xpa (—/-) mice develop normally and are physiologically and
behaviorally indistinguishable from Xpa (+/+) mice. However, a comparison of body
weights at various ages up to two years revealed a reduction in the weights of Xpa (-/-)
mice compared with the Xpa (+/+) littermates in males (p<0.05), but no difference in
females (Fig. 1A and 1B). It is known that some XP-A patients show growth retardation and
have smaller organs (kidney, brain, testis, etc) than normal individuals (our unpublished
data). Therefore, we measured the weight of several organs (liver, heart, spleen, kidney,
lung, testis, ovary, and brain) and examined their histopathology in the Xpa (-/-) and Xpa
(+/+) mice at the ages of 3, 6, 12, and 24 months.

Organ weights were normalized by body weights, and the relative weight ratio of brain,
kidney and testis in male and female mice was shown in Fig. 1C, 1D, 1E, 1F, 1G. In the
male mice, the relative weight ratio of brain, kidney and testis was significantly decreased in
the Xpa (—/-) mice when compared with that in the Xpa (+/+) mice (Fig. 1C, 1E, 1G)
[kidney (p<0.01) at 3, 6, 12, and 24 months; testes at 3 months (p<0.05) and at 6, 12, 24
months (p<0.01); brain (p<0.05) at 12 months]. Interestingly, the relative weight ratio of
testes in the Xpa (—/-) mice decreased markedly in an age-dependent manner while only
slightly decreased in the Xpa (+/+) mice. Decreased organ weight in male Xpa (—/-) mice
was also observed in heart, lung, and liver at some ages [heart (p<0.05) at 3 and 24 months;
lung (p<0.05) at 3 and 6 months; liver (p<0.01) at 24 months] (data not shown). In the
female mice, the relative weight ratio of some organs in the Xpa (/=) mice was also
significantly smaller as compared with that in the Xpa (+/+) mice (Fig. 1D and 1F, and data
not shown) [kidney (p<0.01) at 6 and 12 months; brain (p<0.05) at 12 months; spleen
(p<0.05) at 6 months; liver (p<0.01) at 12 months; lung (p<0.01) at 12 months; heart
(p<0.01) at 12 months old]. We do not have an explanation for gender specific differences in
organ and body weight in Xpa (-/-) mice as compared to Xpa (+/+) mice. The difference
may be due to a hormonal effect between male and female mice.

In view of the reduced organ weights in the Xpa (/=) mice, we looked for histopathological
changes in hematoxylin and eosin stained organs. However, we detected no
histopathological abnormalities in the liver, heart, lung, spleen, kidney, and brain in the Xpa
(=/-) mice. In addition, the ovaries appeared normal and contained ova and follicles,
sometimes with signs of cyclic changes, indicating that pituitary regulation functions
normally in the Xpa (=/-) mice.

As the Xpa (=/-) mice had a small brain at 12 months old, we examined whether they show
neurological abnormalities by conducting behavioral tests such as the “foot-print test” to
identify an ataxic gait, “circling behavior” check for a balance-abnormality, and “tremors”
in the 24-month old Xpa (/=) mice. Our results indicated that the Xpa (—/=) mice behaved
normally in these tests (data not shown). We also checked the calvaria, because abnormal
thickening of calvarial bones was observed in XP-A patients (7). We could not find any
difference in the calvaria between Xpa (=/-) and Xpa (+/+) mice (data not shown).
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3.2. Impairment of spermatogenesis in Xpa (-/-) mice

Consistent with the findings that 12 % of adult XP patients show immature sexual
development (8), we found that the weight of the testis in the Xpa (/=) mice decreased in an
age-dependent manner while no decrease was observed in the Xpa (+/+) mice. Therefore, we
examined the testis in detail in the Xpa (-/-) and Xpa (+/+) mice at various ages. The
relative weight ratio of the testis in the Xpa (/=) mice diminished even at 3 months, and at
24 months old, was reduced to one-third of that in the Xpa (+/+) mice. A marked reduction
in the weight of the testis paralleled the pronounced overall regression of spermatogenesis
(Fig. 2A). Male Xpa (—/-) mice were fertile until about 30 weeks of age. Histological
analysis at the age of 3 months revealed that the testes of Xpa (/=) mice had normal
spermatogenesis although they were small (Fig. 2Aa, b). At the age of 6 months, the Xpa (-/
-) mice had a few degenerative seminiferous tubules of various diameters containing Sertoli
cells and spermatogonia (categories 1), or Sertoli cells, spermatogonia, and spermatocytes
(categories I11) (Fig. 2Ac, d and Fig. 2Ca). At 12 months of age, half of the seminiferous
tubules in the Xpa (/=) mice had spermatogenic epithelia with vacuoles, disarrays of germ
cells, and hyperplasia of Leydig cells (categories Il and I11) (Fig. 2Ae, f and Fig. 2Ca). The
rest were normal. At 24 months, all of the seminiferous tubules showed abnormal
spermatogenesis (Fig. 2Ag, h), belonging to category 0O, I, Il or I11l. No category IV (hormal)
tubules were detected (Fig. 2Ca). On the other hand, almost all the seminiferous tubules
belonged to category IV (normal) in the Xpa (+/+) mice even at the age of 24 months (Fig.
2Ag and Fig. 2Cb). In addition, all of the seminiferous tubules in the Xpa (/=) mice at 12
and 24 months showed hyperplasia of Leydig cells (Fig. 2Af, h).

We also examined the number of spermatozoa from epididymis. The sperm number in the
24-month-old Xpa (+/+) mice was 3.9 + 0.7 (x10°%) cells/ml, but no spermatozoa were found
in the 24-month-old Xpa (—/-) mice. Consistent with these findings, the serum follicle-
stimulating hormone (FSH) level (ng/ml) in the 24-month-old Xpa (—/-) mice was
significantly elevated when compared with that in Xpa (+/+) mice [Xpa (+/+) vs. Xpa (-/-)
=23.6 =7 (N=5) vs. 54.2 £ 14 (N=8) (mean % SD) (P<0.05)]. Serum testosterone and
luteinizing hormone (LH) levels in the 24-month-old Xpa (—/=) mice were the same as those
in the Xpa (+/+) mice (data not shown). These results suggested that the loss of germ cells in
the testis of Xpa (—/-) mice resulted in the elevation of serum FSH in the Xpa (-/-) mice.

3.3. Expression of Xpa gene in mouse organs and different testis cell types

Our results indicated that the decrease in organ weight in the Xpa (/=) mice was dependent
on the type of organ. We examined whether the level of Xpa expression correlates with the
decrease. The Xpa mMRNA was detected as a 1.0-1.1kb transcript by Northern blot analysis.
The expression of the Xpa gene was strong in heart, kidney, liver, and testis, the weights of
which were diminished in the Xpa (/=) mice (Fig. 3A, data not shown). These results
suggested that there is some correlation between the level of Xpa mRNA and the reduction
in organ weight, although there are exceptions such as brain and liver.

Xpa mRNA was expressed in the testis of 8-day-old, 16-day-old, and adult mice. In addition,
the MRNA was detected in the testis of W/Wv mice that have no spermatogenesis. Xpa
MRNA was detected in the fractions of Leydig cells and Sertoli cells as well as

DNA Repair (Amst). Author manuscript; available in PMC 2015 August 27.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nakane et al.

Page 7

spermatogenic cells (Fig. 3B). These results indicate that the Xpa gene is expressed in the
testis in which spermatogenesis has not occurred yet, and is also expressed in the testicular
somatic cells. Taken together, these results suggested that both spermatogenic cells and
testicular somatic cells express the Xpa mRNA. However, while spermatogonia and
spermatocyte production and differentiation cannot continue normally without Xpa
throughout the life span of mice, Leydig cells show increased proliferation in the absence of
Xpa.

3.4. High incidence of spontaneous tumorigenesis in Xpa (-/-) mice

We have reported that Xpa (—/-) mice are deficient in the repair of UV-damage and show a
higher incidence of UVB-induced skin tumorigenesis and mutation rate in UVB-irradiated
skin than Xpa (+/+) mice (2, 4, 5). In the present work, we examined whether spontaneous
tumorigenesis is increased in Xpa (/=) mice. No distinct difference in longevity between
the Xpa (+/+) and Xpa (-/-) mice was observed in Kaplan-Meier format (data not shown).
After 3, 6, 12, 18 and 24 months, the mice were necropsied by the same examiner (H.N.) at
each time point. We examined 54 Xpa (+/+) mice and 49 Xpa (=/-) mice at the age of 3
months, 55 Xpa (+/+) mice and 55 Xpa (—/—) mice at the age of 6 months, 49 Xpa (+/+) mice
and 55 Xpa (—=/-) mice at the age of 12 months, and 52 Xpa (+/+) mice and 51 Xpa (-/-)
mice at the age of 18-24 months. In the 3 and 6-month-old mice, we did not detect any
spontaneous tumors in Xpa (+/+) or Xpa (=/-) mice. In the 12-month-old mice, four Xpa (~/
=) mice had tumors (4/55; 7.3%) while no Xpa (+/+) mice had tumors. Thus, the Xpa (-/-)
mice developed spontaneous tumors earlier than the Xpa (+/+) mice. In the 18- to 24-month-
old mice, eighteen Xpa (—/=) mice (18/51; 35.3%) and ten Xpa (+/+) mice (10/52; 19.2%)
had tumors (Fig. 4). The total number of tumor-bearing mice was 22 out of 106 (21%) in the
Xpa (/=) mice and 10 out of 101 (10%) in the Xpa (+/+) mice. These results indicated that
the Xpa (—/-) mice developed more spontaneous tumors than the Xpa (+/+) mice
(p=0.0352<0.05 by chi-square test).

The results of histological examinations of all the spontaneous tumors in the Xpa (-/-) and
Xpa (+/+) mice are summarized in Tables 1 and 2. Some of them are shown in Fig. 5. Four
of the 21- to 24-month-old Xpa (-/-) mice (mouse 7, 8, 9, and 12) had multiple tumors, but
no such tumors were detected in the 24 month-old Xpa (+/+) mice. Hemangiosarcoma
(mouse 5), renal cell carcinoma (mouse 8), and squamous cell carcinoma (mouse 11) were
detected only in the Xpa (/=) mice. Taken together, these results indicate that the Xpa (=/-)
mice show a higher incidence of spontaneous tumorigenesis than the Xpa (+/+) mice, as well
as a different spectrum of tumors.

4. Discussion

We found that the Xpa (=/-) mice showed several of the pathologies observed in human XP-
A patients, including smaller organ, major abnormalities of the testes, and increased
spontaneous carcinogenesis. Below we discuss possible mechanistic explanations for these
observations.
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4.1. The weight of some organs is reduced in Xpa (/=) mice

Human XP-A patients are smaller and show reduced size of some organs when compared
with normal individuals. Consistent with this, our Xpa (/=) mice were also slightly smaller
than Xpa (+/+) controls, and had significantly reduced weights of some organs. While the
smaller brain weight in both 12-months-old male and female Xpa (/=) mice is intriguing in
view of the neurologic disease observed in human XP-A patients, it should be noted that the
human patients develop a progressive atrophy of the brain, due to the degeneration of
neuronal cells (7). It appears that the brain of Xpa (/=) mice does not undergo progressive
atrophy, in contrast to the human XP-A patients.

4.2. Impaired spermatogenesis in the testis of Xpa (-/-) mice

Our most striking finding is the dramatic reduction in the weight and degenerative
seminiferous tubules of the testis of Xpa (=/-) mice. In contrast to the other organs analyzed,
the testis clearly undergoes atrophy over time (Fig. 1G), and the atrophy is accompanied by
striking changes in the cellular composition of the testis. Specifically, by the age of 24
months, almost all the spermatogenic cells had degenerated, while Leydig cells proliferated.
In contrast, essentially all the seminiferous tubules were normal in the Xpa (+/+) mice even
at the age of 24 months (Fig. 2Ag and Fig. 2Cb).

Importantly, abnormalities of the testis have also been consistently observed in human XP
patients. It was reported that 12% of XP patients with neurological abnormalities show
delayed secondary sexual development (1, 8). DeSanctis and Cacchione reported 3 brothers
with XP having immature testicular development (8, 21), and Yano noted a complete lack of
spermatozoa in the testicles of Japanese XP patient (22). We also found that adult XP-A
patients had abnormalities of spermatogenesis in their testis (our unpublished data).

4.3. Mechanisms of testicular abnormalities in Xpa (-/-) mice

Since the main known function of the Xpa protein is in nucleotide excision repair, the most
likely explanation for our observations is a failure to repair some type of endogenous DNA
damage by NER. However, this explanation is complicated by the cell-specific pattern of
pathology we observe. Specifically we observed an age-dependent loss of spermatogenic
cells, maintenance of Sertoli cells, and proliferation of Leydig cells in the testis of Xpa (=/-)
mice. While several genes involved in NER or a related mechanism, including ERCC1,
XPF, XAB1, XPB, XPC, HR23A and HR23B, are highly expressed in the testis (23, 24, 25,
26, 27, 28), one possible explanation for these results would be that in the testis, NER is
only active in spermatogenic cell types, and therefore these cells are specifically affected by
NER deficiency. However, the results from two studies indicate that NER in spermatogenic
cells is either the same or lower than in somatic cells, although the NER activity varied with
cell type-specificity during spermatogenesis (29, 30). Although neither Leydig or Sertoli
cells were directly assayed in these experiments, our Northern blotting data show that Xpa
mMRNA is expressed in both somatic and germ cells of the mouse. Thus the available data do
not support the idea that NER is restricted to germ cells in the testis.

Another way in which an NER defect could explain the spermatogenic cell defects we
observe in Xpa (—/-) testis could be a depletion in stem cells. An inability to maintain tissue
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homeostasis, which is regulated by stem cells, is a major characteristic of aging. It has been
shown that DNA repair deficiencies, that is, the accumulation of DNA damage, severely
affected hematopoietic stem cell functions to maintain homeostasis after exposure to acute
stress or injury (31, 32, 33, 34). Spermatogenic stem cell function of aged Xpa (=/-) mice
may be affected by the accumulation of 8,5’-cyclopurine deoxynucleosides (cPu) or other
endogenous DNA lesions, leading to a loss of proliferative potential and diminished self-
renewal of spermatogenic stem cells. The relatively slow time course of spermatogenic cell
failure would seem to be consistent with this mechanism.

An alternative and non-mutually exclusive possibility is that the testis abnormalities we
observed are due in part to the loss of a non-NER function of XPA. It is known that Ser19
of XPA is phosphorylated by ATR (ataxia telangiectasia-mutated and Rad3-related) in UV-
irradiated cells, increasing cell survival following UV irradiation, and that the nuclear
accumulation of XPA and UV-induced nuclear focus formation of XPA are dependent on
ATR (35, 36). Therefore, NER and ATR-dependent cell cycle checkpoint activation
processes are coordinated via XPA. Moreover, UV-induced ATR signaling is compromised
in XP-A cells during S-phase, but not in XP-C, CS-B, XP-F, and XP-G cells. These
observations indicate that XPA has functions other than NER, suggesting that the impaired
spermatogenesis in Xpa (/=) mice is not only due to NER-deficiency but also due to a
defect in a DNA damage dependent ATR signaling pathway (35,36). Notably, antibodies
against ATR strongly stain meiotic chromosomes in spermatocytes (37,38).

To address these various hypotheses, it will be necessary to monitor DNA lesion levels in
specific cell types over time in the Xpa (=/-) testis, particularly at early ages prior to the
onset of cell loss. In view of the changes in the cellular composition of the testis in Xpa (-/
—) versus Xpa (+/+) mice over time, the measurement of DNA lesion levels in total testis
DNA samples would be very difficult to interpret and therefore of limited value.

4.4, Testicular abnormalities in other NER mouse models

It has been reported that mice deficient in a number of DNA repair genes such as ERCCL,
HR23B, PMS2, and MLH1 were infertile (23, 39, 40, 41). Of these, the two that are of most
potential relevance to our work are HR23B and Erccl, because of their relationship to NER.
While HR23B (-/-) mice are severely affected, a few surviving adult HR23B (-/-) mice
showed a reduction in the size of testes with no spermatogenesis. However, it is unlikely that
this defect was due to defective NER, because cells from these mice were shown to be
proficient in both GG-NER and TC-NER. Also, HR23B functions not only as the main
damage detector and initiator of NER but also as a regulator of protein stability. Thus the
phenotypes observed in HR23B (—/-) mice may be due to a defective regulation of protein
stability via HR23B-dependent ubiquitin/proteasome pathway that relates to a development
of testis, in contrast to the fertility problem in Xpa (=/-) mice (39).

Melton and colleagues reported that the testis weights of Erccl (/=) mice were 50 % of
those of control mice at 3 — 6 weeks of age. On days 3 — 22, Erccl (—-/-) mice contained
smaller and more variable numbers of germ cells within the seminiferous epithelium than
control littermates. Some tubules containing only Sertoli cells and germ cells with an
abnormal morphology were seen at all ages. While an increased level of DNA strand breaks
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and oxidative DNA damage was found in the Erccl (-/-) testis, as the authors noted, strand
breaks could have arisen from stalled replication forks due to unrepaired DNA lesions, as
well as from a failure of ERCC1 to function in the single-strand annealing pathway for
double-strand break repair and homologous recombination (23). Since XPA is not required
for these functions, this could explain the earlier onset of testicular failure in the Erccl (-/-)
mice than the Xpa (=/-) mice. In addition, the XPF/ERCC1 complex plays a role in the
repair of intrastrand crosslinks that is independent of NER (42), and this could also
contribute to the earlier onset of testicular failure in Erccl (-/-) mice. Regarding 7,8-
dihydro-8-oxoguanine (8-0x0G), it is possible that the increased levels of this lesion were
the result of oxidative stress due to the apoptosis and phagocytosis which were also
observed in the testes of Erccl (=/-) mice (23).

It was recently reported that Xpe (=/-) mice had similar phenotypes to Xpa (—/-) mice
including decreased body weight and a higher incidence of spontaneous tumors. In contrast
to Xpa (—/-) mice testis, the Xpe (—/-) mice have larger testes, and the testicular germ cells
show decreased apoptosis with reduction of p53 and its serine 15 phosphorylation. This
distinction may be related to various aspects of the DNA damage response in testis (43).

4.5. High incidence of spontaneous tumorigenesis in Xpa (-/-) mice

Kraemer et al. reported that XP patients under 20 years of age showed an estimated 2000-
fold increase in the frequency of cancers in sun-exposed skin in comparison to the general
population, and that they also showed an estimated 12-fold increase in the occurrence of
neoplasms at sites not exposed to sunlight. Among XP patients under 40 years of age with
internal cancer, a higher incidence of brain sarcomas and oral cavity cancer was found
compared with the general population of same aged US whites (9). Consistent with these
findings, the present findings indicated that the Xpa (/=) mice showed a higher incidence of
spontaneous tumorigenesis than the Xpa (+/+) mice. A histological diagnosis of all the
spontaneous tumors in the Xpa (—/-) and Xpa (+/+) mice is summarized in Tables 1 and 2.
Both Xpa (—/-) and Xpa (+/+) mice developed malignant tumors such as malignant
lymphoma, hepatocellular carcinoma, and lung adenocarcinoma. On the other hand, other
Xpa (—/-) mice, established by a different gene targeting strategy (replacement of exons 3-4
by neo gene) and containing the Ola129 and C57BL/6 genetic background (44), developed
only spontaneous benign tumors such as lung adenoma and hepatocellular adenoma at the
age of 12-20 months, in spite of a high mutation frequency in liver (45, 46). The difference
in spontaneous tumorigenesis between these two Xpa (=/-) mice is probably due to different
genetic backgrounds, although our Xpa (=/-) mice with the C3H/HeN background also
showed a high incidence of spontaneous malignant liver tumors (47).

It has been reported that Xpc (/=) mice (16—-17 months old) developed multiple
spontaneous lung tumors including non-small cell lung adenocarcinoma (48), and Xpe (-=/-)
mice developed various types of spontaneous tumors in the later stages of life (20-25
months) (49). Although XPC has been shown to play a role in the repair of cPu and 8-
hydroxyguanine (8-OH-Gua) following exposure to ionizing radiation, the basal levels of
these lesions did not differ between XP-C and wild type human cells (50).
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Finally, in view of our previous observation that Xpa (/=) mice had an increased frequency
of UVB-induced CC-TT mutations (4, 5), it is interesting to note that Reid and Loeb (51)
showed that CC->TT mutations are a signature for oxidative stress, perhaps resulting from
hydroxyl radical induced cytosine crosslinks. Consistent with this idea, it has been shown
that exposure of DNA to oxygen radicals generates DNA lesions at tandem cytosines, as
well as tandem purines, that are substrates for the bacterial NER system (52), and
presumably for mammalian NER as well. Clearly, a greater knowledge of the mutation
spectrum observed in internal tissues of our Xpa (—/-) mice and tumors, as well as a fuller
appreciation of endogenous DNA lesions that are substrates for repair by NER, will shed
light on the carcinogenic mechanisms due to NER deficiency.

In summary, we have discovered age-dependent phenotypes of Xpa (-/-) mice including
small organ weight, impaired spermatogenesis and a higher incidence of spontaneous
malignant tumorigenesis. Thus these Xpa (/=) mice are a valuable animal model with
which to study some of the pathological processes that affect human XP patients.
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Fig. 1. Body weight and relative weight ratio of organs in the Xpa (=/-) and Xpa (+/+) mice

(A). Body weight of male Xpa (—/-) and Xpa (+/+) mice. Body weight was significantly
reduced in the Xpa (=/-) mice when compared with the Xpa (+/+) mice (p<0.01:11-20, 100,
and 104-week-old Xpa (/=) mice and p<0.05: 10, 24-32, and 96-week-old-Xpa (-/-)
mice). The numbers of animals examined were 20 and 32 in the Xpa (=/-) and Xpa (+/+)
mice, respectively. Body weight of mice was measured weekly at 10 — 104 weeks of age.
(B). Body weight of female Xpa (=/-) and Xpa (+/+) mice. The numbers of animals
examined were 28 and 32 in the Xpa (—/-) and Xpa (+/+) mice, respectively. (C-G). Relative

DNA Repair (Amst). Author manuscript; available in PMC 2015 August 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nakane et al.

Page 17

weight ratio (organ weight/body weight) of brain, kidney and testis in the Xpa (/=) and Xpa
(+/+) mice. (C). Relative weight ratio of brain in male Xpa (-/-) and Xpa (+/+) mice. Solid
circles (green) indicate the mean values of relative weight ratio of brain in Xpa (/=) mice,
while solid triangles (red) indicate those in Xpa (+/+) mice. The relative weight ratio of
brain of male Xpa (-/-) mice was significantly small when compared with the Xpa (+/+)
mice at the age of 12 months (#p<0.05). (D). Relative weight ratio of brain in female Xpa
(=/-) and Xpa (+/+) mice. The relative weight ratio of brain in female Xpa (—/-) mice was
significantly small when compared with that in female Xpa (+/+) mice at the age of 12
months (*p<0.0005). (E). Relative weight ratio of kidney in male Xpa (-/-) and Xpa (+/+)
mice. Kidney in Xpa (=/-) mice was significantly small when compared with that in Xpa
(+/+) mice at age of 3 months (*p<0.0005). (F). Relative weight ratio of kidney in female
Xpa (-/-) and Xpa (+/+) mice. Kidney of female Xpa (-/-) mice was significantly small
when compared with that in Xpa (+/+) mice at ages of 6 months and 12 months (+p<0.01,
*p<0.0005). (G). Relative weight ratio of testis of Xpa (=/-) and Xpa (+/+) mice. The
combined weight of both testes is shown. The relative weight ratio of testis in Xpa (-/-)
mice was significantly small when compared with that in Xpa (+/+) mice after 3 month-old
(#p<0.05, *p<0.0005).

For the analysis of organ weights in the male Xpa (+/+) mice, numbers of animals examined
were 25, 25, 23, and 15 at the ages of 3 months, 6 months, 12 months, and 24 months,
respectively. While in the male Xpa (-/-) mice, 16, 25, 26, and 15 mice were examined at
the ages of 3 months, 6 months, 12 months, and 24 months, respectively. In the case of
female Xpa (+/+) mice, numbers examined were 25, 25, 26, and 16 at the ages of 3 months,
6 months, 12 months, and 24 months, respectively. While in the female Xpa (-/-) mice, 29,
25, 25, and 14 mice were examined at the ages of 3 months, 6 months, 12 months, and 24
months, respectively. Error bars show SEM. Statistical differences were examined using the
Mann-Whitney test. For the organ weight analyses, mice without tumors were examined.
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Fig. 2. Impaired spermatogenesis in the Xpa (-/-) mice

(A). Histology of testis in the Xpa (+/+) and Xpa (=/-) mice.

Histological sections were prepared as described in the Materials and methods 2.3. and
stained with hematoxylin and eosin. The panels to the left (a, c, e, g) show the testis of Xpa
(+/+) mice, while the panels to the right (b, d, f, h) show that of Xpa (/=) mice. (a), (b): 3-
month-old mice; (c), (d): 6-month-old mice; (e), (f): 12-month-old mice; (g), (h): 24-month-
old mice. Bar in (a) corresponds to 100pum. Seminiferous tubules were separated into 5
categories (see Materials and methods 2.3). 0-Empty tubules, I-Sertoli cells only, 11-Sertoli
cells and spermatogonia, I11- Sertoli cells, spermatogonia, and spermatocytes, and V-
normal tubules. Note that in (a) and (b), the diameter of seminiferous tubules in the 3-
month-old Xpa (=/=) mice is shorter than in the Xpa (+/+) littermates; in (d), the diameters
of seminiferous tubules in the Xpa (/=) mice are very variable; in (f), the testis displayed
grossly dysmorphic seminiferous tubules (vacuolated tubules, disarrays of germ cells) with
hyperplasia of Leydig cells; in (h), the testis displayed completely disrupted seminiferous
tubules, and empty tubules were shown in the inset of Fig. 2Ah. (B). The diameter of
seminiferous tubules in the Xpa (+/+) and Xpa (/=) mice. The mean and SEM of diameters
are indicated. Closed triangle: Xpa (+/+) mice; closed circle: Xpa (—/-) mice. Note that the
diameter of seminiferous tubules in the Xpa (/=) mice decreased in an age-dependent
manner. (C). Classification of the seminiferous tubules into 5 categories depending on the
germline cells and the chronological distribution of each category. (a) testis of Xpa (-/-)
mice; (b) testis of Xpa (+/+) mice, O category 0 (empty tubules) [Fig. 2A, h, inset]; O
category | (Sertoli cells only) [Fig. 2A, h]; O category 11 (Sertoli cells and spermatogonia)
[Fig. 2A, h]; @ category 111 (Sertoli cells, spermatogonia, and spermatocytes) [Fig. 2A, f]; B
category IV (normal tubules) [Fig. 2Ab, g]. The mean value and SEM of the frequency of
each category are indicated. Degenerative seminiferous tubules (category 0, I, I, and 111)
gradually increased in the Xpa (—/-) mice in an age-dependent manner. For the classification
analysis, mice without tumors were examined.
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Fig. 3. Expression of Xpa mRNA in mouse organs
(A). The mouse Xpa cDNA probe was hybridized with 2 ug of poly (A)* RNA from each

mouse organ as indicated (Clontech). -actin cDNA was used as a control probe (lower).
(B). Expression of Xpa mRNA in the testis of normal mice at various ages, in the testis of
W/Wv mutant mice, and in the fractions of testicular germ cells and somatic cells. Northern
blots containing 30 ug of total RNA from testes of 8 day-, 16 day-, and 10 week-old mice,
and germ cell-deficient mice (W/Wv) were hybridized with the probes of Xpa (upper) and 8-
actin (lower). Fractions of germ cells, Leydig cells, and Sertoli cells were prepared for
Northern blot analyses as described in Materials and methods. Thirty micrograms of total
RNA from each fraction was electrophoresed and blotted to nitrocellulose filters and
hybridized with 32P-labeled Xpa cDNA. All filters were re-hybridized with f-actin cDNA as
a control.
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Fig. 4. Spontaneous malignant tumor yield during 24 months
The time course of tumor formation and tumor yield in the Xpa (/=) mice (closed circles)

and Xpa (+/+) mice (closed triangles) are shown. Tumor numbers of 3, 6, 12, 24-month-old
Xpa (-/-) and Xpa (+/+) mice were counted and divided by the number of mice examined in
each group. Xpa (=/-) mice had more tumors than Xpa (+/+) mice through 24 months. We
examined 54 Xpa (+/+) mice and 49 Xpa (-/-) mice at 3 months of age, 55 Xpa (+/+) mice
and 55 Xpa (=/-) mice at 6 months, 49 Xpa (+/+) mice and 55 Xpa (-/-) mice at 12 months,
and 52 Xpa (+/+) mice and 51 Xpa (-/-) mice at 24 months (24 month old mice contained
18,21 month old mice.). When a statistical analysis was carried out comparing the total
number of mice bearing tumors between the 12-, 24-month-old-Xpa (—/-) and Xpa (+/+)
groups, a significant difference was found in these two groups: 22 of 106 (21%) Xpa (-/-)
mice compared with 10 of 101 (10%) Xpa (+/+) mice (**P=0.0352<0.05:chi-square test).
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Fig. 5. Spontaneous tumorigenesis in the Xpa (=/-) mice and Xpa (+/+) littermates
(A) Histologic section of well-differentiated (papillary) lung adenocarcinoma developed in a

12-month-old Xpa (/=) mouse (mouse 2 in Table 1). (B) Histologioc section of a
hemangiosarcoma developed in the right leg of a 18-month-old Xpa (-/-) mouse (mouse 5
in Table 1). (C) Histologic section of a malignant lymphoma invading into the kidney of a
24-month-old Xpa (-/-) mouse (mouse 10 in Table 1). (D) Histologic section of a
moderately differentiated squamous cell cabrcinoma in the left ear of a 24-month-old Xpa
(=/-) mouse (mouse 11 in Table 1). (E) Histologic section of a renal cell carcinoma
developed in a 24-month-old Xpa (/=) mouse (mouse 8 in Table 1). Bars correspond to 100
um. Paraffin-embedded sections were stained with hematoxylin and eosin.
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Histopathological findings of spontaneous tumors in the Xpa (/=) and Xpa (+/+) mice.

Mouse No. (Genotype)

Sex Age (Months)

Table 1

Histological type

Page 23

Anatomic site

1(-1-)
2(-1-)
3(-1-)
a(-1-)
5(~1-)
6(-/-)
7(=1-)
8(-1-)
9(-1-)

10(-/-)
11(-1-)
12(~1-)

13(-1-)
14(~1-)
15(~/-)
16(~/1-)
17(-1-)
18(~/-)
19(+/+)
20(+/+)
21(+/+)
22(+/+)
23(++)
24(+/+)
25(+/+)
26(+/+)
27(+/+)
28(+/+)

12
12
12
12
18
18
21
24
24

L L Lo 2L

<

24
24
24

< Z

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

malignant lymphoma

well-differentiated adenocarcinoma (papillary)
malignant lymphoma

malignant lymphoma

hemangiosarcoma (haemoangiopericytoma)
malignant lymphoma

HCC alveolar tumor

HCC renal cell carcinoma

well-differentiated adenocarcinoma (papillary) malignant
lymphoma

malignant lymphoma
moderately differentiated squamous cell carcinoma

malignant lymphoma well-differentiated adenocarcinoma
(papillary)

HCC

malignant lymphoma
malignant lymphoma
malignant lymphoma
malignant lymphoma
HCC
well-differentiated adenocarcinoma (papillary)
adenocarcinoma
HCC

malignant lymphoma
adenocarcinoma
maliganat lymphoma
malignant lymphoma
malignant lymphoma
malignant lymphoma

malignant lymphoma

spleen, LN

lung

spleen

spleen, liver, kidney
right leg

spleen

liver lung

liver kidney

lung LN

kidney
left ear

spleen, liver, kidney lung

liver

lung, spleen, liver, kidney
LN

LN

LN

liver

lung

lung

liver

spleen

lung

LN

spleen, LN
spleen, LN
spleen, lung

spleen, liver, LN, lung

LN: lymph node, HCC: hepatocellular carcinoma
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