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A growing number of DNA polymerases have been identified, although their physiological function and
relation to human disease remain mostly unknown. DNA polymerase � (Pol �; also known as Pol �2) has
recently been identified as a member of the X family of DNA polymerases and shares 32% amino acid sequence
identity with DNA Pol � within the polymerase domain. With the use of homologous recombination, we
generated Pol ��/� mice. Pol ��/� mice develop hydrocephalus with marked dilation of the lateral ventricles
and exhibit a high rate of mortality after birth, although embryonic development appears normal. Pol ��/�

mice also show situs inversus totalis and chronic suppurative sinusitis. The surviving male, but not female, Pol
��/� mice are sterile as a result of spermatozoal immobility. Microinjection of sperm from male Pol ��/� mice
into oocytes gives rise to normal offspring, suggesting that the meiotic process is not impaired. Ultrastructural
analysis reveals that inner dynein arms of cilia from both the ependymal cell layer and respiratory epithelium
are defective, which may underlie the pathogenesis of hydrocephalus, situs inversus totalis, chronic sinusitis,
and male infertility. Sensitivity of Pol ��/� cells to various kinds of DNA damage is indistinguishable from that
of Pol ��/� cells. Collectively, Pol ��/� mice may provide a useful model for clarifying the pathogenesis of
immotile cilia syndrome.

DNA polymerases play an essential role in the maintenance
of genome integrity during DNA replication, DNA repair,
DNA recombination, and meiotic processes and also in check-
point function in response to DNA damage. Recently, various
DNA polymerases have been identified (7, 12, 14).

DNA polymerase � (Pol �) has been implicated in base
excision repair (BER) in mammalian cells (5, 22, 23, 27, 29)
and consists of two catalytic domains: a C-terminal domain (31
kDa) that possesses DNA polymerase activity (25) and an
N-terminal domain (8 kDa) that binds a single-stranded DNA
and exhibits 5�-deoxyribose phosphodiesterase (lyase) activity
(18). Pol � possesses both polymerase and lyase activities,
suggesting that it functions in short-patch BER by catalyzing
the removal of a 5�-deoxyribose phosphate and filling the re-
sultant single-nucleotide gap (30). It has been reported that
DNA Pol � and Pol ε are involved in a gap-filling step during
long-patch BER (8, 19) because these enzymes are known to
be stimulated by PCNA and are proficient in a reconstituted
long-patch BER system (5). Pol �, too, has been implicated in
long-patch BER (5, 27), meiosis (26), and nucleotide excision
repair (13, 24). Although Pol � is the main DNA polymerase
that is involved in short-patch BER of lesions generated by
monofunctional alkylating agents such as methylmethane sul-

fonate (MMS) (30), certain short-patch BERs have been ob-
served in the absence of Pol � (6, 31). These observations
suggest that some other DNA polymerase(s) functions in BER
processes.

We and others have recently identified DNA Pol � (2, 10),
also known as Pol �2 (21), which belongs to the Pol X family.
Its C-terminal polymerase domain shares 32% amino acid
identity with the corresponding region of Pol �. Pol � has an
additional 230-amino-acid region with a BRCA1-containing
carboxy-terminal (BRCT) motif at the N-terminal region. The
BRCT domain is found in DNA repair and cell cycle check-
point proteins, including p53BP1, Rad9, Xrcc1, Rad4, Ect2,
REV1, Crb2, RAP1, terminal deoxyribonucleotide transferase,
and three eukaryotic DNA ligases (3, 4). Recently, Garcia-
Diaz et al. reported that Pol � has a 5�-deoxyribose-5-phos-
phate lyase activity and a strand-displacement synthesis activity
on gapped DNA substrates (9), suggesting that Pol � partici-
pates in short- and long-patch BER. Although Pol � is detected
in several tissues, it is abundantly expressed in pachytene sper-
matocytes of the testis and in the ovary (10, 21), suggesting that
Pol � is involved in meiotic cell division.

To clarify the physiological role(s) of Pol � in vivo, we have
generated mice as well as cells lacking Pol � by using gene
targeting with embryonic stem (ES) cells. Mice lacking Pol �
exhibit hydrocephalus, a high rate of mortality after birth, situs
inversus totalis, chronic sinusitis, and male infertility due to
immotility of sperm. Consistent with these phenotypes, elec-
tron microscopical analysis reveals a defect of inner dynein
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arms in the cilia from ependymal cells and respiratory epithe-
lium of Pol ��/� mice, which may account for the phenotypes.

MATERIALS AND METHODS

Construction of the Pol � targeting vector. The mouse Pol � gene was isolated
by screening a mouse 129/Sv Lambda FIX II genomic library (Stratagene) with
mouse Pol � cDNA as a probe. A 15-kb phage clone containing exons 1 to 8 of
the Pol � gene was subcloned into the pBluescript II SK(�) vector (Stratagene).
The targeting vector, pTV-PB2N, was designed to delete a 6.4-kb genomic
fragment containing exons 1 to 6 and to replace it with a neomycin resistance
(neo) gene that was under the control of the mouse phosphoglycerol kinase 1
(PGK1) gene promoter and linked to the PGK1 poly(A) sequence (20); this gene
construct (PGK-neo) was flanked by loxP sequences to create a lox-neo cassette
and placed in the orientation opposite to that of Pol � gene transcription. The
targeting vector contained 1.0- and 6.0-kb regions of homology upstream and
downstream, respectively, of the lox-neo cassette, with the PGK-thymidine kinase
gene (32) at its 3�-most end.

Homologous recombination and generation of germ line chimeras. The NotI-
linearized targeting vector was introduced by electroporation into E14 ES cells

with Gene Pulser (two pulses of 0.3 kV and 125 �F; Bio-Rad). Cells were
subsequently cultured for 7 days in the presence of G418 (0.3 mg/ml) and 2 �M
ganciclovir. Correctly targeted ES clones were identified by PCR with a pair of
primers (Fig. 1A) that are specific to the Pol � gene-flanking sequence of
the targeting construct (5�-CCCGAATGGTGCCTTCTTTCCTAA-3�) and
the PGK-neo cassette (5�-GGGTGGGGTGGGATTAGATAAATG-3�), re-
spectively, and were confirmed by Southern blot analysis. Three ES cell lines
heterozygous for the disrupted allele were microinjected into C57BL/6 blasto-
cysts to generate chimeras (17). Chimeric males from three independent clones
(designated 96, 97, and 110) passed the mutant allele to offspring, and the
animals from all lines showed identical phenotypes. All mice were maintained in
a specific pathogen-free animal facility at Chugai Pharmaceutical Co. The ex-
perimental protocol was approved by the animal studies committees of the
National Institute for Longevity Sciences, Chugai Pharmaceutical Co., and Hok-
kaido University Graduate School of Medicine.

Tissue preparation and microscopic analysis. For light microscopic examina-
tion, tissues were fixed with 4% paraformaldehyde in phosphate-buffered saline
and embedded in paraffin. For examination of sinusitis, tissues were macerated
with 5% trichloroacetic acid for 2 days after fixation. Sections (6 �m in thickness)
were prepared at multiple levels and alternately stained with hematoxylin-eosin

FIG. 1. Targeted disruption of the mouse Pol � gene. (A) Structure of the targeting vector (pVT-PB2N), a restriction map of the mouse Pol
� locus, and structure of the targeted locus after homologous recombination. The coding and noncoding exons are numbered and depicted by
closed and open boxes, respectively. The mutated Pol � allele was detected by PCR with a pair of primers (a and b) indicated by arrowheads, and
its presence was confirmed by Southern blot analysis with a 5� probe indicated by the solid line. The expected sizes of the XbaI (X)-SpeI (Sp)
fragments that hybridize with the probe on Southern analysis are indicated for wild-type (11.0-kb) and mutant Pol � (9.2-kb) alleles. B, BamHI;
S, SacI. (B) Southern blot analysis with the 5� probe of XbaI- and SpeI-digested genomic DNA from wild-type (lane 1), targeted heterozygous ES
clones 96, 97, and 110 (lanes 2, 3, and 4) and homozygous ES clones 96-1 and 110-1 (lanes 5 and 6). The 11.0- and 9.2-kb fragments corresponding
to the wild-type (WT) and mutated (KO) alleles, respectively, are indicated. (C) Northern blot analysis of polyadenylated RNA from the testis of
wild-type (Pol ��/�), Pol ��/�, and Pol ��/� animals with Pol � cDNA (top) and EF-1� cDNA (control) (bottom) probes. The signal intensity of
Pol � mRNA in Pol ��/� testis was reduced approximately 50% compared with that in wild-type testis; no Pol � mRNA was detected in the Pol
��/� testis.
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or subjected to terminal deoxynucleotidyltransferase-mediated dUTP nick end
labeling analysis (11). For detailed analysis of hydrocephalus, approximately 300
serial sections (6 to 10 �m) were prepared from the interventricular foramen to
the fourth ventricle of each mouse. The testis was fixed with Bouin’s solution and
stained with both hematoxylin-eosin and periodic acid-Schiff solution. For ultra-
structural analysis, tissues were fixed with 2% glutaraldehyde, exposed to 1%
osmium tetroxide, and transferred onto an embedding material, Epon 812
(TAAB, Berkshire, United Kingdom). Ultrathin sections were stained with both
uranyl acetate and lead citrate and examined with an electron microscope (H-
800; Hitachi).

Morphological and functional analysis of spermatozoa. Motility of the sper-
matozoa from the cauda epididymis was analyzed using an IVOS sperm analyzer
(Hamilton). Sperm morphology was assessed by a sperm smear, and the number
of abnormalities was evaluated. To analyze whether the nuclei of immotile sperm
contribute to fertilization and subsequent embryonic development, intracytoplas-
mic sperm injection was performed, as described previously (16). Fertilized eggs
were cultured up to the two-cell stage and transferred to recipient animals on day
0.5 of pseudopregnancy.

Evaluation of sensitivity to DNA damage. The sensitivity of Pol ��/� ES cells
to DNA-damaging agents and X-ray and UV irradiation was determined by
measuring their colony-forming ability. Twenty-four hours after being plated
onto gelatinized 6-well plates, Pol ��/� and Pol ��/� ES cells were exposed to
hydrogen peroxide (H2O2), MMS for 1 h, X-rays, or UV irradiation (UVC
radiation at 254 nm). For UV irradiation, the medium was aspirated prior to
exposure. Cells were grown for 7 days, fixed with methanol, and stained with
Giemsa solution, and the number of colonies was counted.

RESULTS

Disruption of the Pol � gene. ES cells and mice with dis-
rupted Pol � alleles were produced by homologous recombi-
nation. Exons 1 to 6 of the Pol � gene, which include the
translation initiation site and coding sequences corresponding
to the BRCT motif and half of the polymerase X domain, were
replaced by a neomycin resistance (PGK-neo) gene (Fig. 1A).
Three independent clones were identified as correctly targeted
by PCR analysis and confirmed by Southern blot analysis (Fig.
1B). Pol ��/� ES clones were generated by cultivating het-
erozygous ES clones in the medium containing a high concen-
tration of G418 (3 mM), and the genotype of surviving clones
was confirmed by Southern blot analysis (Fig. 1B). All of these
heterozygous clones transmitted the mutant Pol � allele
through the germ line, and Pol ��/� animals from all lines
exhibited identical phenotypes. The presence of the null allele
in these lines was demonstrated by Northern blot analysis (Fig.
1C).

Pol ��/� mice exhibit hydrocephalus, situs inversus, and
chronic sinusitis. Pol ��/� mice showed a high rate of mortal-
ity after birth. About half of the Pol ��/� mice died by 3 weeks
of age (Pol ��/�/Pol ��/�/Pol ��/� 	 157/341/91 at 3 weeks)
and about 70% died by 9 weeks (Fig. 2A). Pol � does not seem
to be essential for embryogenesis, since wild-type, heterozy-
gous, and homozygous mutant mice were observed at the ex-
pected Mendelian ratio at embryonic day 18.5 (E18.5) (19:49:
26).

Although newborn Pol ��/� mice were normal in gross ap-
pearance at birth, they began to exhibit enlarged and dome-
shaped heads, reminiscent of hydrocephalus, by 2 to 4 weeks of
age (Fig. 2B). Mice with hydrocephalus also exhibited marked
growth retardation (Fig. 2C). Macroscopically, the lateral ven-
tricles were greatly dilated and the third ventricle was moder-
ately enlarged, with marked thinning of the cerebral cortices
(Fig. 2D and E). In addition, 5 of these 26 Pol ��/� embryos
showed situs inversus totalis (Fig. 2F).

To determine the age of onset of hydrocephalus in Pol ��/�

mice, histological analysis with serial sectioning from the in-
terventricular foramen to the fourth ventricle of the brains of
Pol ��/� mice was performed from E10.5 through 9 weeks
after birth. Microscopically, no evidence of dilatation of the
lateral ventricle was observed between E10.5 and E18.5 (data
not shown). Terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling analysis revealed that the number of
apoptotic cells in the brains of Pol ��/� embryos was not
distinguishable from that of wild-type littermates (data not
shown). A slight enlargement of the lateral ventricles was ini-
tially observed in a small number of Pol ��/� pups at postnatal
day 1, whereas cortical neuronal development appeared nor-
mal (data not shown). At 4 weeks after birth, severe dilatation
of the lateral ventricles with ependymal hyperplasia of the
third ventricle and the cerebral aqueduct was found in some
Pol ��/� mice, although complete obstruction in the cerebro-
spinal fluid pathway was not recognized. No gross developmen-
tal anomaly was observed in the central nervous systems of Pol
��/� mice, including the hippocampus, thalamus, midbrain,
cerebellum, and medulla, although these structures were com-
pressed due to the enlarged lateral ventricles. Thus, it is likely
that Pol ��/� mice develop hydrocephalus within the first few
days after birth.

The presence of hydrocephalus and situs inversus totalis in
Pol ��/� mice reminded us of immotile cilia syndrome, due to
abnormal structure and function of cilia. We therefore per-
formed a histological analysis of the paranasal sinuses. As
shown in Fig. 3A through C, Pol ��/� mice developed chronic
suppurative sinusitis with accumulation of polymorphonuclear
leukocytes in the nasal cavity and inflammatory cell infiltration,
mainly composed of plasma cells and angiogenesis in the sub-
mucosal regions of the tunica mucosa olfactoria (Fig. 3C).
Furthermore, ultrastructural analysis revealed that the cilia
from the respiratory epithelium and ependymal cell layer of
Pol ��/� mice lacked inner dynein arms (Fig. 3D and E).

Infertility in male Pol ��/� mice. Infertility due to the de-
fective movement of spermatazoa is a characteristic feature of
immotile cilia syndrome. Since Pol � is highly expressed in the
testis, especially in late pachytene spermatocytes (10), as con-
firmed in the present study by in situ hybridization (data not
shown), we next investigated whether Pol ��/� mice show
infertility. Each of the six Pol ��/� males, which survived for 9
to 15 weeks after birth, was housed with two wild-type female
mice, which were monitored for 30 days for pregnancy. Al-
though all of the Pol ��/� males triggered vaginal plug forma-
tion in the female mice, no pregnancy was detected, indicating
that Pol ��/� males are sterile as a result of a defect in sperm
function rather than impaired sexual behavior. The fertility of
male Pol ��/� and female Pol ��/� mice was unaffected.

To determine whether spermatogenesis is impaired in Pol
��/� males, we examined the contents of the cauda epididymis
from Pol ��/� and age-matched Pol ��/� and Pol ��/� male
mice. In contrast to Pol ��/� (Fig. 4A) and Pol ��/� mice (data
not shown), spermatozoa with truncated tails and abnormally
shaped heads were observed in the cauda epididymis of adult
Pol ��/� mice (Fig. 4B). These abnormal spermatozoa exhib-
ited no motility (Fig. 4C).

Histological analysis revealed that the number and the size
of seminiferous tubules did not differ between Pol ��/� mice
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FIG. 2. Increased mortality, growth retardation, hydrocephalus, and situs inversus totalis in Pol ��/� mice. (A) Survival rates of Pol ��/�, Pol
��/�, and Pol ��/� mice (from strains 96 and 97) from 21 days of age after birth. The survival curves from birth to 21 days were shown as a dotted
line, because exact survivals were not determined. The percentage of survival of Pol ��/� mice at 21 days (58%) was estimated from the ratio of
Pol ��/�, Pol ��/�, and Pol ��/� animals (157:341:91) at 21 days. All Pol ��/� mice were confirmed to have hydrocephalus at autopsy. (B) A Pol
��/� mouse at 4 weeks of age with a dome-shaped head. (C) A 4-week-old Pol ��/� mouse (left) exhibiting hydrocephalus and marked growth
retardation compared with a wild-type littermate (right). (D and E) Sagittal sections of brains from Pol ��/� mice (D) and wild-type littermates
(E) at 5 weeks of age. Markedly enlarged lateral ventricles and a moderately dilated third ventricle (arrowhead) in Pol ��/� mice were observed.
(F) Situs inversus totalis with reversal of the abdominal organs, heart, lungs, and aorta after removal of the liver in Pol ��/� (left) and Pol ��/�

(right) mice. AP, apex of the heart; Sp, spleen; Fs, forestomach; Du, duodenum.
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and their wild-type littermates aged 5 to 15 weeks (Fig. 4D and
E). In mice, spermatogenesis can be classified into 16 steps
(28). There was no histological abnormality in the pachytene
cells and spermatogenesis in Pol ��/� mice until step 12 was
reached. At step 13, wild-type mice had spermatids with long
tails protruding into the lumens of the seminiferous tubules
and their heads lined up on the surface of seminiferous epi-
thelia, while Pol ��/� mice had spermatids with short tails,
which were scattered over the lumens of seminiferous tubules
(Fig. 4F and G). The epididymis of Pol ��/� mice was filled
with mature sperm with elongated tails, whereas in the epidid-
ymis of Pol ��/� mice mature sperm were rarely recognized,
and abnormal spermatozoa and residual body-like eosinophilic

substances were observed (Fig. 4H and I). Importantly, micro-
injection of sperm from Pol ��/� mice into oocytes gave rise to
normal offspring, indicating that Pol �-deficient sperm were
genetically intact. These observations suggest that the meiotic
recombination step in the maturation process of spermatids is
normal in Pol ��/� mice and that defective elongation of the
tails of spermatids is responsible for the sterility of Pol ��/�

mice.
Pol � is dispensable for cell growth and DNA damage re-

pair. The rate of proliferation and morphology of Pol ��/� ES
cells were indistinguishable from those of Pol ��/� and Pol
��/� ES cells (data not shown). To evaluate the role of Pol �
in DNA repair, we examined the sensitivity of Pol ��/� ES cells

FIG. 3. Microscopic examination of paranasal cavity and ultrastructural analysis of the cilia from Pol ��/� mice. Compared with wild-type
littermates (A), marked infiltration of inflammatory cells was recognized in the paranasal sinuses of Pol ��/� mice (B). OB, olfactory bulb. (C) A
higher magnification of the paranasal sinuses of Pol ��/� mice, showing accumulation of polymorphonuclear leukocytes in the nasal cavity (NC)
and inflammatory cell infiltration mainly composed of plasma cells and angiogenesis in the submucosal regions (SM) of tunica mucosa olfactoria.
(D and E) Electron micrographs of the respiratory epithelial cilia of wild-type (D) and Pol ��/� (E) mice are shown. Wild-type cilia adopt a 9 �
2 microtubule arrangement with two dynein arms (outer and inner) (arrowhead), whereas the inner dynein arms are absent in the cilia from Pol
��/� mice (arrow).
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to X-ray irradiation (Fig. 5A), UV irradiation (Fig. 5B), hy-
drogen peroxide (Fig. 5C), and MMS (Fig. 5D). DNA lesions
generated by these reagents are mainly repaired by homolo-
gous recombination or nonhomologous end joining (for X-ray
irradiation), nucleotide excision repair (for UV irradiation),
and BER (for H2O2 and MMS), respectively. The sensitivity of
Pol ��/� ES cells to all DNA-damaging agents used in this
study was indistinguishable from that of Pol ��/� and Pol ��/�

ES cells (Fig. 5A through D), suggesting that Pol � is not
essential for the repair of damaged DNA.

DISCUSSION

The present study shows that Pol ��/� mice develop patho-
logical changes in the central nervous system, the paranasal
sinuses, and the seminiferous tubules of the testis and nonran-
dom determinations of left-right asymmetry. These patholog-
ical changes are the hallmarks of immotile cilia syndrome, the
essential feature of which is abnormal structure and function of
cilia, consisting of nine microtubular doublets in a ring around
two single microtubules (1). These 11 units are joined by three
types of bonds, including two rows of dynein arms along each
doublet, nexin links, and spokes. The immotile cilia syndrome
is characterized by heterogeneous phenotypes and has been
classified into several subgroups based on the status of the

dynein arms, spoke defect, microtubular transposition defect,
and disorganized axoneme. We have shown that the inner
dynein arms of cilia from the respiratory epithelium and
ependymal cell layer are defective in Pol ��/� mice (Fig. 3E).
Cilia with no outer dynein arms are capable of beating slowly,
whereas the inner arms seem to be indispensable for ciliary
movement (15, 33). Thus, it is suggested that cilia in Pol ��/�

mice are immotile due to a lack of inner dynein arms, which
underlies the development of immotile cilia syndrome. As Pol
� has a BRCT motif at the N-terminal region, which is thought
to mediate protein-protein interaction (34), it is possible that
Pol � interacts with a component(s) of cilia through the BRCT
motif, thereby playing an essential role in cilia formation. Al-
ternatively, Pol � may interact with an unidentified protein(s)
involved in transcription and chromatin structure and thereby
modulate the transcription of a gene(s) for cilia formation.

Pol � belongs to Pol X family of DNA polymerases and
possesses DNA polymerase activity like Pol �, suggesting that
it participates in BER (2, 10, 21). Although Pol � is crucial for
short-patch BER of lesions generated by monofunctional al-
kylating agents such as MMS (30), it has been reported that a
certain short-patch BER can be observed in Pol �-deficient
cells (6, 31), suggesting that some other DNA polymerase(s)
exists in mammalian cells that are involved in short-patch BER
processes.

FIG. 4. Abnormal morphology and motility of sperm from Pol ��/� mice. (A and B) Analysis of the contents of the cauda epididymis of
wild-type (A) and Pol ��/� (B) mice at 9 weeks of age. Sperm of Pol ��/� mice exhibited shorter and snaggy tails and round-shaped heads.
(C) Frequency of motile sperm from Pol ��/�, Pol ��/�, and Pol ��/� mice. (D through G) Histological analysis of seminiferous tubules of
5-week-old wild-type (D and F) and Pol ��/� (E and G) mice at low (D and E) and higher (F and G) magnification at stage VIII. No mature
spermatids were seen at stage VIII in Pol ��/� mice (G). (H and I) Histological analysis of the corpus epididymis of wild-type (H) and Pol ��/�

(I) mice at 7 weeks of age. The epididymis of Pol ��/� mice contains immature sperm with snaggy tails, residual bodies, and basophilic monocuclear
cells in the lumen (I).
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Pol � possesses a 5�-deoxyribose-5-phosphate lyase activity
in addition to DNA polymerase activity, although Pol � is less
potent than Pol � in these activities (9, 21). These features
suggested that Pol � is involved in BER of lesions generated by
monofunctional alkylating agents. However, we could not ob-
serve any difference in sensitivity to DNA-damaging agents
between Pol ��/� ES cells and Pol ��/� ES cells, including
X-ray irradiation, UV irradiation, hydrogen peroxide, and
MMS. These findings raise the possibility that Pol �, Pol �, and
Pol ε or some other DNA polymerase(s) compensates for the
deficiency of Pol � in short-patch and/or long-patch BER pro-
cesses. Pol � is highly expressed in the testis, especially in late
pachytene spermatocytes (10, 21), suggesting that Pol � par-
ticipates in a meiotic recombination process and/or in DNA
repair in spermatogenic cells. Male Pol ��/� mice show im-
paired spermatogenesis and infertility, and the spermatozoa
from Pol ��/� mice are immotile but able to generate offspring
by direct injection into oocytes. These results indicate that the
meiotic recombination process and DNA repair are intact in
Pol ��/� mice and that Pol � is dispensable for these processes
during spermatogenesis. The detailed function of Pol � in
DNA repair remains to be elucidated.

In this study, we have established Pol ��/� mice, which may

provide a suitable model for investigating the pathogenesis of
immotile cilia syndrome.
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