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Figure 5 Relative expression levels of Pegl0, Sgce and Ppplr9a at different
stages, as determined by quantitative RT-PCR The relative expression levels
of 8.5-to 10.5-d.p.c. Pai-KO placentas and 10.5-d.p.c. Pat-KO embryos
were determined by quantitative RT-PCR (as in Fig. 4b). Each reaction was
performed at least three times. White bars represent single embryos and
black bars represent the average of two embryos.

whereas genes that inhibit these growth have become maternally
expressed during mammalian evolution'®. Our results clearly show
that Pegl0O conforms well to this hypothesis, as Pegl0 is paternally
expressed and essential for the formation of the placenta, which
functions to promote nutrient transfer from mother to fetus, as
shown for the Igf2 PO transcript'’. Therefore, we provide further
evidence that the functional bias predicted by this hypothesis exists
among imprinted genes. '

Recently, RAG (the V(D)J recombinase)!® and telomerase!® have
been shown or suggested to be derived from transposons and retro-
transposorns, respectively, indicating that some of these transposable
elements have contributed to the acquisition of several new important
genomic functions during evolution?’. There are other reports that the
rat IgE-binding protein contains a partial coding sequence of the
retrotransposon intracisternal A particle (IAP)?! and that the human
syncytin gene??, which functions in syncytiotrophoblast formation in
placental tissues, is derived from a human endogenous retrovirus
(HERV-W). Recently, mouse syncytin-A and syncytin-B genes have
been isolated and, notably, have been found to be derived from similar
but different retroviruses derived from the human HERV-W?, These
findings also provide evidence that various species-specific retro-
transposons play roles in different species. However, as far as we
know, this is the first demonstration that an evolutionarily conserved
mammal-specific, retrotransposon-derived gene has an essential func-
tion in development, at least in mice. '

Recently, it has been reported that human PEG10 may have
a carcinogenetic function in affecting cell cycle progression* or
inhibiting apoptosis mediated by SIAH1 (ref. 25), and/or inhibiting
TGF-§ signaling by imteracting with the TGF-B receptor ALKl
(vef. 26). Therefore, PEG10 may have a wide variety of functions
such as the regulation of cell growth and differentiation as well as
placental function'®.

It is of great interest to learn the role of Pegl0 in the acquisition of
the placenta during mammalian evolution, as it is highly conserved in
eutherian mammals. Based on database searches, Pegl0 is not present
in the Fugu rubripes (fish) or chicken genomes (Supplementary
Fig. 7). Ancestral mammals might have developed this new organ,

the placenta, from newly acquired, retrotransposon-derived genes, or
endogenous genes present in oviparous animals might have been
modified for placenta formation some time after the divergence of
mammals and birds, more than 92 million years ago®’. Further
comparative genome analyses among eutherians marsupials, and
monotremes may help to uncover the origin of Pegl0 in mammalian
evolution. We found another ten homologues to the Sushi-ichi retro-
transposon (called Sirh family genes) in the mouse and human
genomes, including another paternally expressed gene, Rell (also called
PEGIIin sheep)3‘6,‘which is located on the mouse distal chromosome
12, and Ldocl (refs. 3,28) on the X chromosome. Similar conclusions
have recently been reported by other researchers®”. It will be fasci-
nating to discover the functions of these evolutionarily conserved
retrotransposon-derived genes, as well as those of Pegl0.

METHODS

Deletion of the Pegl0 gene. We obtained 9.4-kb (nucleotides 6903—16254;
AC084315) and 1.0-kb (nucleotides 20116-21135; AC084315) genomic frag-
ments by screening the 129Sv] lambda genomic library (Stratagene). We used
these fragments as the right- and left-arm sequences of a construct in which
both Pegl0 ORFs were replaced with the neomycin resistance gene. After a
2-week incubation under G418 selection followed by electroporation of the
linearized DNA into ES cells (CCE) of 129/SvEv mouse origin, we obtained 120
colonies. The genomic DNA of these colonies was checked by DNA blot
analysis using DNA fragments of nucleotides 5300-6525 and nucleotides
21271-21766 as 5"-end and 3’-end probes, respectively.

The Pegl0-targeted ES cells that resulted from homologous recombination
of the construct were used to generate chimeric mice by blastocyst injection.
From two male chimeras, germline transmission of the knockout allele was
confirmed when pregnant female mice that had mated with a Pegl0 male
chimera were dissected and their embryos analyzed. :

PCR. Genomic DNA and total RNA samples were prepared from embryos and
placentas at various stages using ISOGEN (Nippon Gene), as described
previously®. The cDNA was synthesized from 1 pg of RNA using Superscript
I reverse transcriptase (Life Technologies) with oligo-dT primer. For RT-PCR,
10 ng cDNA in a 100-pl reaction mixture containing 1x ExTaq buffer
(TaKaRa), 2.5 mM dNTP mixture, primers and 2.5 units (U) ExTaq (TaKaRa)
was subjected to 25-30 PCR cycles of 96 °C for 15 s, 65 °C for 30 s and 72 °C
for 30 s in a Perkin Elmer GeneAmp PCR System 2400. Gene expression
profiles were deduced from agarose gel electrophoresis of RT-PCR products
with ethidium bromide staining. The primer sequences are available upon
request.

Quantitative RT-PCR. The expression levels of 15 genes in the Pegl0 cluster
and Ascl2 were measured with the ABI PRISM 7700 using SYBR Green PCR
Core Reagents (Applied Biosystems), which were designed to detect these
cDNAs. The target cDNA fragments were cloned into plasmids to be used as
standards in the quantitc ive analysis of gene expression. The relative expres-
sion ratios were normalized to the housekeeping gene B-actin. The primers for
Dncil have been described previously®®. The other primer sequences and
conditions for their use are available upon request.

DNA methylation analyses of the Pegl0-Sgce DMR. Genomic DNA samples
were isolated from 9.5-d.p.c. embryos of JFL x Pegl0*~ F1 mice using
ISOGEN, as described in the RT-PCR section. Purified genomic DNA was
treated with a sodium bisulfite solution, and Pegl0-Sgce DMR was amplified
by PCRE,

Generation of tetraploid aggregation chimeras. Electrofusion of two-cell-
stage blastomeres collected from B6D2 F; females was used to produce
wild-type tetraploid embryos. The fused embryos were cultured overnight in
embryo culture medium in 5% CO, at 37 °C. Bach eight-cell-stage diploid
Pegl0 */~ embryo was aggregated overnight with a four-cell tetraploid embryo.
Successfully aggregated embryo pairs at the morula or blastocyst stage were
transferred to 2.5-d.p.c. pseudopregnant ICR recipients.
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Histology. Pregnant mice that had mated with a Pegl0 knockout male were
killed at 7.5, 8.5, 9.5, 10.5 and 11.5 d.p.c. Whole embryos were collected and
immediately embedded in OCT. Sections from embedded embryos were cut in
7-pm sections. For hematoxylin and eosin staining or in situ hybridization, the
sections were fixed in 4% paraformaldehyde before the standard staining
procedures. The muclei of the cell samples for in sty hybridization were stained
with 2% methyl green.

Note: Supplementary information is available on the Nature Genetics website.
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Trp53 Affects the Developmental Anomaly of Clefts of the Palate in
Irradiated Mouse Embryos but not Clefts of the Lip with or
without the Palate
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Anomaly of Clefts of the Palate in Irradiated Mouse Embryos
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Trp53-deficient mice exhibit increased incidences of devel-
opmental anomalies when irradiated, probably due to lack of
Trp53-dependent apoptosis. A/J strain-derived CL/Fr mice
develop clefts of the lip with or without the palate (CL/P) in
approximately one-fifth of the embryos. We produced Trp53-
deficient CL/Fr mice and examined the susceptibility to spon-
taneous development of CL/P.and clefts of palate only (CPO),
which differ in their developmental mechanisms, CL/P re-
sulting from clefts of the primary palate and CPO from clefts
of the secondary palate. The effect of radiation on the two
phenotypes was also studied. Unexpectedly, no increase in the
frequency of CL/P was observed under either condition, in-
dicating that Trp53 deficiency dees not contribute to genesis
of CL/P. On the other hand, radiation enhanced the incidence
of CPO in Trp53** embryos but not in Trp53*/- and
Trp53—/~ embryos, suggesting that the absence or presence of
only one allele of Trp53 is insufficient to hinder differentiation
and proliferation of cells involved in the secondary palate for-
mation. These results indicate that Trp53 function adversely
affects the development of CPO when certain damaging
agents such as radiation are given. © 2006 by Radiation Research Society

INTRODUCTION

Craniofacial anomalies comprise a significant component
of morbid birth defects. They require surgical, dental, med-
ical and behavioral interventions and impose a substantial
economic burden (/). Clefts of the lip and palate affect
about one in 700 births; half of the cases are nonsyndromic
without other anomalies (2, 3). There are some particular
geographic areas having high incidences; this suggests ge-

! Address for correspondence: Departments of Molecular Genetics and
Center for Transdisciplinary Research, Niigata University, Asahimachi 1-757,
Niigata 951-8510, Japan; e-mail: rykomina@med.niigata-u.acjp.

netic founder effects or the existence of environmental trig-
gers (3). Genetic studies in humans implicate transforming
growth factor alpha (TGFA), MSX1, BMP4, FGFI0 and
IRF6 in clefts of the lip with or without the palate (CL/P)
(1, 3, 4). On the other hand, many mouse models have been
described that exhibit clefts of the lip or palate as part of
the phenotype. The CL/Fr and A/J mouse strains are classic
models for human nonsyndromic clefting because they de-
velop clefts without other abnormalities. CL/Fr mice, gen-
erated by crossing Morgan’s stock MSL mice with A/J
mice, spontaneously develop CL/P at a frequency of ap-
proximately one in five of embryos, whereas A/J mice de-
velop CL/P at a frequency of approximately one in ten em-
bryos (5-7). Due to the high susceptibility to CL/P, these
mice have been used for the CL/P studies (3, 7). Morpho-
genetic analyses suggest that clefts of the primary palate
resulting in CL/P are different in mechanism from clefts of
the secondary palate that involve the palate only (CPO) (I-
3).

Although genetic variations play a substantial role for
craniofacial anomalies, the role that the environment plays
in modulating genetic effects is equally important. Ionizing
radiation is an environmental component that causes DNA
damage and apoptosis, which are thought to initiate tera-
togenicity. Experimental studies with mice have established
that irradiation in the organogenesis period induces high
incidences of prenatal death and developmental abnormal-
ities, including clefts of the lip and palate (8, 9). Radiation,

- like numerous drugs and environmental chemicals that
cause anomalies, interacts with and is modified by radia-
tion-responsible genes. The Trp53 tumor suppressor gene
is one such gene and plays a key role in eliminating cells
with DNA damage in developing tissues by assisting DNA
repair and apoptosis (10, 11). Interestingly, Trp53-deficient
mice exhibit spontaneous developmental anomalies such as
mid-brain exencephaly (12, I3) and also show higher ter-
atogenicity than Trp53 wild-type mice when they are irra-
diated (/4, 15). This enhancement is ascribed to loss of
Trp53-dependent apoptosis. Therefore, susceptibility to
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clefts in the CL/Fr strain may increase when Trp53 defi-
ciency is introduced. Furthermore, it is possible that ex-
posure to radiation may raise the frequency of CL/P and/
or CPO in Trp53-deficient CL/Fr mice. Thus we produced
the Trp53~/- CL/Fr mice and investigated whether loss of
Trp53 influences frequencies of CL/P and CPO in embryos
with and without irradiation.

MATERIALS AND METHODS

Mice and Mating

The CL/Fr mice used in this study were provided from the Second
Department of Oral Maxillofacial Surgery, Aichi Gakuin University (Na-
goya, Japan) in 1988. The mice were mated with Trp53*~ mice of
BALB/c background and the F, mice carrying a Trp53-deficient allele
were backcrossed with CL/Fr mice to produce Trp53+~ CL/Fr mice. The
marker-assisted protocol (I6) was employed for this, and the Trp53+/~
CL/Fr mice generated after six-time backcrossing were used for the pres-
ent study. Sixty MIT markers distributed throughout the mouse genome
were used for the marker-assisted protocol as follows: D1Mit432,
D1IMit530, D1Mitd6, D1Mitl2, D1Mitl7, D2Mit5, D2Mit295, D2Mit92,
D2Mit199, D3Mitl, D3Mit29, D3Mit200, D4Mitl49, D4Micl74,
D4Mit43, D4Mit338, D4Mit344, D5Mit1l2, D5SMit24, D6Mit312,
D6Mit9, D6Mit339, D7Mit130, D7Mit362, D8Mitl8, DEMit9,
D8Mit318, DOMIt22, DOMit347, D10Mit246, D10Mit194, D10Mit230,
D10Mit151, D11Mit106, D11Mit26, D11Mit222, D11Mitl2, D12Mit88,
DI2Mit122, D12Mit8, D13Mit266, D13Mit287, D14Mit2, D14Mit234,
D14Mit200, D15Mitll, D15Mit17, D15Mit272, D16Mit32, D16Mitd,
D16Mit203, D17Mit246, D17Mitl76, DI17Mit76, DI18Mitl9,
D18Mit122, D19Mit32, D19Mit41, D19Mit90, D19Mit71. The PCR pro-
gram consisted of one cycle of 10 min at 95°C, 40 cycles of 30 s at 95°C,
30 s at 55°C, and 1 min at 72°C, and one cycle of 10 min at 72°C. After
six backcrossings, the Trp53+~ CL/Fr mice were mated to each other
and used for experiments. In addition to natural mating, we used embryos
that were prepared using the in vitro fertilization method. Fertilized eggs
at the two-cell stage, which had been prepared with eggs and sperm
obtained from Trp53*/~ CL/Fr mice, were transplanted into pseudopreg-
nant ICR females. Mice used in this study were maintained under spe-
cific-pathogen-free conditions in the animal colony of Niigata University.
All experimental procedures involving the mice were approved by the
ethics committee for animal experimentation of Niigata University.

Irradiation

Two female mice were mated with one male overnight and were
checked for copulation plugs the following morning. The gestational age
of the embryos was calculated using 0:00 a.m. on the day of plug detec-
tion as day O and hour 0. Pregnant females at 9.5 days of gestation were
given a whole-body dose of 2 Gy radiation from a broad-beam 2'Cs
source. The dose was delivered at 1 Gy per minute. At irradiation, each
unanesthetized mouse was placed in the ventilated circular holder to min-
imize its movement during exposure so the whole body would receive
the radiation dose uniformly. The holder allowed the mouse to sit in a
normal position but did not allow the animal to turn around.

Examination of CL/P and CPO

At 18.5 days of gestation (E18.5), embryos were removed from the
placental membranes and weighed. Under a dissecting microscope, em-
bryos or uterine contents were classified into normal, resorption or death,
cleft of lip and palate, and other malformations. CL/P or CPO was de-
termined by scoring the lip and palate.by after removal of the lower jaw.
Cleft of the primary palate with or without the secondary palate was
classified as CL/P, and cleft of the secondary palate only was classified
as CPO (6, 17).

Genotyping

Embryos and uterine contents were genotyped for Trp53 with PCR
using a set of three primers: the forward primer of Trp53 in the intron
4, 5'-GACCTCCGTTCTCTCTCCT-C-3’, the reverse of Trp53 in the in-
tron 6, 5'-GACGCACAAACCAAAACAAAATTAC-3', and the forward
of neo derived from the neo cassette, 5'-TTCTATCGCCTTCTTGAC-
GAGT-3'. The PCR program consists of one cycle of 10 min at 94°C,
40 cycles of 30 s at 94°C, 30 s 60°C and 30 s at 72°C, followed by one
cycle of 10 min at 72°C (I8).

Western Blotting

Pregnant females on 9.5 days of gestation were exposed to 2 Gy (1
Gy/min) of -y rays. Embryos were removed 4, 8, 12 and 16 h after irra-
diation, homogenized and suspended in a buffer containing 40 mM Tris-
HCI (pH 7.5), 0.25 M sucrose, 25 mM KCl and 5 mM MgCl,. After the
homogenate was mixed with an equal volume of the lysis buffer con-
taining 0.125 M Tris-HCI (pH 6.8), 10% sucrose, 10% SDS, 10% 2-ME
and 0.004% bromophenol blue, an aliquot (200 p.g) was electrophoresed
in 14% SDS-PAGE gel and blotted onto Hybond membranes (Amersham
Pharmacia Biotech, Piscataway, NJ) (19). Antibodies used here were as
follows: anti-Trp53 (no. sc-1312), anti-actin (no. sc-1615), and HRP-anti-
goat IgG (no. sc-2020) purchased from Santa Cruz Biotechnology, and
HRP-anti-rabbit IgG (no. NA934V) purchased from Amersham Phar-
macia Biotech. Protein bands were visualized using a chemiluminescence
detection kit (BCL plus, Amersham Pharmacia Biotechnology).

Statistics

¥? test was used for statistical analysis with StatView-J 5.0 software
on a Macintosh personal computer. Differences were considered to be
statistically significant when the P value was less than 0.05.

RESULTS

CL/Fr mice maintained in our animal facility developed

CL/P and CPO at frequencies of 19% and 0.3%, respec-

tively, when 293 fetuses were examined at embryonic day
18.5 (E18.5). The frequencies were similar to .those report-
ed previously (5—7). However, other anomalies such as ex-
cencephaly were not observed in our inspections. A Trp53-
deficient allele was introduced into CL/Fr mice by back-
crossing Trp53+~ BALB/c mice with CL/Fr mice. Table 1
shows the incidences of deaths including resorptions, body
weights and incidences of clefts in CL/Fr embryos of the
three different Trp53 genotypes. Trp53*/+ CL/Fr embryos
exhibited CL/P at a frequency of 16%, similar to 19% for
the parental CL/Fr mice. This excluded the possibility that
BALB/c-derived chromosomal regions remaining in the
Trp53++ CL/Fr mice affect the CL/P incidence.

The frequency of embryonic deaths in completed pla-
centas was low, 11.1% in Trp53*'* and 9.8% in Trp53+/~
CL/Fr embryos and only 3.1% in Trp53~'~ CL/Fr embryos.
Average body weight did not differ among them. On the
other hand, CL/P was observed in 20 (18%) of a total of
109 embryos examined. The frequency in Trp53~/~ embry-
os was 13%, similar to the frequencies of 16% in
Trp53++ embryos and 24% in Trp53+~ embryos. No CPO
was observed. This result indicated no marked influence of
Trp53 genotype on CL/P or CPO, which was an unexpected
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TABLE 1
Effects of Trp53 Genotypes on Frequency of Death, Cleft and other Anomalies
Trp53 Placentas Body Cleft Other
genotype examined Deaths® Lives weight (g) CLP CPO anomalies
+/+ 36 4 (11.1%) 32 0.98 5 (15.6%) 0 0
+/= 51 5 (9.8%) 46 1.00 11 (23.9%*) 0 0
—/= 32 1 (3.1%) 31 0.98 4 (12.9%°) 0 0

@ Deaths including resorptions.
5P = 0.34 in comparison with +/4.
¢P = 0.77 in comparison with +/+.

finding, since Trp53~'~ mice were expected to be suscep-
tible to clefts, as described in the Introduction.

It is well known that radiation induces embryonic deaths
and teratogenicity (8, 9). Hence we examined the effect of
radiation on those phenotypes, including the incidences of
CL/P and CPO in the mice (Table 2). As shown in Fig. 1A,
exposure of Trp53++ CL/Fr embryos at the organogenesis
period (E9.5) to 2 Gy radiation induced deaths at an inci-
dence of 39% (49/125) in completed placentas, whereas
irradiated CL/Fr embryos of Trp53+/~ and Trp53~'~ geno-
types showed only 8% (8/95) and 12% (4/33) incidences
of deaths, respectively. This high incidence of deaths in
Trp53** CL/Fr embryos is consistent with previous reports
(14, 15). However, we found much lower incidences in
Trp53+~ and Trp53~'~ CL/Fr embryos, and the difference
between Trp53*+/* and Trp53*~ CL/Fr embryos (P value
less than 0.001) revealed haploinsufficiency of Trp53 for
Trp53-dependent induction of embryonic deaths. Figure 1B
shows another difference in the body weight. Trp53++ CL/
Fr embryos weighed approximately 0.75 g on the average,
much less than the 0.91 g and 0.97 g of CL/Fr embryos of
Trp53+~ and Trp53~'~ genotypes, respectively (P values in
both cases less than 0.001). This may be parallel to the
difference in the frequency of embryonic deaths. Those dif-
ferences in embryonic deaths and body-weight loss may be
accounted for by induction of cell cycle arrest and apoptosis
in irradiated cells by Trp53.

We examined the expression of Trp53 at various times
after irradiation of CL/Fr mouse embryos with 2 Gy at E9.5
(Fig. 2). Accumulation of Trp53 protein reached its maxi-
mum 4 h after radiation exposure in both Trp53+* and

Trp53*~ embryos, whereas no expression was detected in
Trp53~'~ embryos. However, the level of Ttp53 expression
differed between them, with expression being approximate-
ly half as much in Trp53*/~ embryos. The results confirmed
the dependence of Trp53 expression on the dose of the al-
lele in CL/Fr embryos that were exposed to -y rays at the
same dose used for the induction of clefts of the lip and
the palate. ’
Irradiated embryos of different Trp53 genotypes exhib-

" ited little difference in the CL/P phenotype (Table 2, Fig.
1C). The incidence of CL/P in Trp53** and of Trp53+-
CL/Fr embryos was 11% (8/76) and 6% (5/87), respective-
ly, whereas that in T7p53~/~ embryos was 24% (7/29), high-
er than the other two incidences. However, this incidence
of 24% did not differ much from the 18% that was ob-
served in unirradiated embryos. In contrast, an enhance-
ment of CPO incidence was observed in irradiated
Trp33+'* embryos (Table 2, Fig. 1D). The frequency was
as high as 29% (22/76), significantly higher than the values
of 1% (1/87) in Trp53*'~ embryos (P value less than 0,001)
and 3% (1/29) in Trp53~'~ embryos (P = 0.005). The low
incidence in Trp53*~ embryos may also be due to Trp53
haploinsufficiency. These results suggest that the presence
of both Trp53 wild-type alleles, but not a single allele, in
embryos increases the incidence of CPO after irradiation,
probably by inducing an excess of apoptosis or possibly
cell cycle arrest that impairs normal development. This re-
sult was also unexpected, because Trp53~/~ mice are
thought to be susceptible to radiation-induced malforma-
tion, including CPO. On the other hand, gross phenotypic
anomalies were not found after irradiation except for tail

TABLE 2
Effects of Trp53 Genotype on Frequency of Death, Cleft and other Anomalies in
Embryos Irradiated on Day 9.5 of Gestation

Trp53 Placentas Body Cleft Other

genotype  examined Deathse Lives  weight (g) CLP CPO anomalies
+/+ 125 49 (39.2%) 76 0.75 8 (10.5%) 22 (28.9%) 182 (23.7%)
+/— 95 8 (8.4%) 87 0.91 5 (5.7%) 1 (1.1%) 30° (34.5%)
e 33 4 (12.1%) 29 0.97 7 (24.1%) 1 (3.4%) 0

Note. P values of deaths, average body weight, and clefts (CLP and CPO) are shown in Fig. 1.

¢ Deaths including resorptions.
b Fifteen tail anomalies and three umbilical hernias.
¢ All tail anomalies.
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FIG. 1. Analyses of mouse embryos of Trp53**, Trp53*~ and
TrpS53-/- genotypes at embryonic day 18.5 that were irradiated with 2
Gy at embryonic day 9.5. Panel A: Incidence of deaths, most of which
are resorptions (black). Panel B: Average body weight of living embryos.
Panel C: Incidence of CLP. Panel D: Incidence of CPO. Error bars rep-
resent standard deviations.

anomalies. The frequency of tail anomalies was 24% and
35% in Trp53** and Trp53*/~ CL/Fr embryos, respective-
ly, whereas no case was found in Trp53~/~ embryos (Table
2). This case of tail anomalies did not exhibit an influence
of Trp53 haploinsufficiency.

DISCUSSION

This study examined the susceptibility of Trp53-deficient
CL/Fr mice to CL/P and CPO with and without radiation
exposure. In the Trp53 wild-type CL/Fr strain, approxi-
mately one-fifth of the embryos spontaneously developed
CL/P; however, no influence of TrpS3 deficiency on CL/P
frequency was observed in either irradiated or unirradiated
embryos. In contrast, radiation exposure enhanced the CPQ
incidence in Trp53+/+ embryos, consistent with previous
reports (8, 9), but no enhancement was observed in
Trp53*'~ and Trp53~/~ embryos. This result was not our
initial prediction because lack of Trp53-dependent apopto-
sis has been reported to increase teratogenicity (14, I5).
This may be ascribed to differences in the phenotypes and
mouse strains examined.

The developmental processes leading to the formation of
the upper lip and palate have been studied at the morpho-
genetic and molecular levels; this helps us understand the
etiology of CL/P and CPO (4, 20, 21). A cleft lip is thought
to result from a failure of fusion between the maxillary and
medial nasal processes or between the opposing medial and
lateral nasal processes during embryogenesis (27, 22). The
failure of proper lip formation secondarily affects palatal
contact, resulting in some cases in cleft palate. Therefore,
CL is often accompanied by CP. On the other hand, fusion

After irradiation
Before
irradiation 4 h 8h 12h 16h .

HE k-l A A el HE H - A -

Actin-

FIG. 2. Expression of Trp33 protein in mouse embryos of Trp53++,
Trp53+~ and Trp53~'~ genotypes after irradiation. Pregnant females on
9.5 day of gestation were exposed to 2 Gy (1 Gy/min) of vy rays. Embryos
were removed 4, 8, 12 and 16 h after irradiation and subjected to Western
blotting.

between the primary and secondary palates occurs much
later in embryogenesis than lip formation. Fusion for palate
formation occurs between the secondary palatal shelves,
which arise bilaterally from the maxillary processes.
Histological sections of the developmental upper lip of
the human and mouse show the formation of an epithelial
seam between the intermaxillary segment and maxillary
processes that is subsequently replaced by connective tis-
sues (23). Similar pictures are seen in fusion of the sec-
ondary palate (23, 24). The medial edge epithelia (MEE),
consisting of basal columnar cells covered by flat perider-
mal cells, promote the formation of a seam. The peridermal
cells undergo region-restricted apoptosis in chick embryos
and also in mouse and rat embryos, resulting in their
sloughing off (24, 25). This apoptosis has been proposed
to function for breakdown of the seam for the replacement

by connective tissues, thereby playing an important role in

fusion of the lip and palate (24, 25). Trp53-dependent ap-
optosis occurs when cells undergo various cellular stresses
(10, 11). Apoptosis of this type is probably different from
the apoptosis observed in the epithelial seam cells during
lip formation, because the introduction of Trp53 deficiency
into CL/Fr mice did not increase the incidence of cleft lip.
Likewise, since Trp53~~ CL/Fr mice did not show an el-
evated incidence of CPO in embryos when they were ir-
radiated, Trp53-dependent apoptosis is also distinct from
the apoptosis seen in the MEE cells during palate devel-
opment.

Epithelial filopodia in highly localized primary fusion
areas anchor into the surface of the opposing prominences
by penetrating between surface cells and are reinforced by
the accumulation of large cellular extensions and adherence
junctions (23, 26). Interestingly, such filopodial attach-
ments are much more reduced in A/WySn and CL/Fr mouse
embryos than in those of the C57BL/6 strain, which has a
negligible spontaneous incidence of CL/P (7, 27). This sug-
gests some defect in developing cells and tissues in those
mouse embryos. Obviously, proliferation and differentia-
tion are important morphogenetic mechanisms because
cells in different parts of the embryo divide at different
rates and differentiate properly to generate new structures.
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Accordingly, another mechanism is proposed for lip and
palate formation. This is transformation of the midline ep-
ithelial seam to the mesenchyme, which may play an im-
portant role in the replacement of the MEE by connective
tissues (23, 26). Our finding that Trp53-dependent apopto-
sis is a cause of CPO in irradiated embryos may be ac-
counted for by inhibition of growth of developing tissues
by that apoptosis. Therefore, though it is not known which
cells in the developing tissues undergo apoptosis, such ap-
optosis might hinder the proliferation of MEE cells to im-
pair the formation of the secondary palate. Alternatively,
the proliferation of other cells such as MEE-supporting
cells may be inhibited in irradiated Trp53+/* embryos, and
this inhibition may cause CPO. Marked loss of body weight
was observed in those embryos, indicating robust cell cycle
arrest and/or massive apoptosis in many different devel-
oping tissues.

Trp53~'~ and Trp53*~ CL/Fr embryos both showed sig-
nificantly lower incidences of radiation-induced deaths and
CPO than Trp53** embryos, and those embryos also
weighed more. This indicates that the presence of a single
copy of Trp53 is not sufficient to hinder proliferation and
possible differentiation of cells involved in the development
of palate when embryos are irradiated during the organo-
genesis period. Dependence of Trp53 expression on the
copy number of Trp53 was confirmed in the CL/Fr embryos
(see Fig. 2). The haploinsufficiency may be due to Trp53-
dependent induction of cell cycle arrest and apoptosis. This
is consistent with previous data on teratogenicity in irra-
diated Trp53+'* mouse embryos (28). On the other hand,
Trp53 haploinsufficiency for tumor suppression has been
demonstrated in a variety of tumors by retention of a single
wild-type allele in some of the tumors that developed (29,
30). Loss of one allele is thought to confer an effect, though
weak, on the selective advantage in tumor development.

In conclusion, our results indicate that Trp53-dependent
apoptosis does not affect CL/P incidence, although apopto-
sis is considered to be important for embryonic develop-
ment. On the other hand, Trp53-dependent apoptosis plays
a key role in the development of CPO when mouse embry-
os are exposed to radiation during the organogenesis period.
This confirms that administration of DNA-damaging agents
is a certain risk factor for CPO in mice and probably in
humans.
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Abstract. In vitro fertilization (IVF) is widely used in reproduction research, but the sperm of some
inbred strains of mice yield low fertilization rates in IVE. To determine the cause of this problem, we
examined the effect of epididymal sperm morphology, in particular, tail bending and the presence
and type of cytoplasmic droplet (CD), on fertilizability in vitro. Sperm suspensions were obtained
from the following five strains: C57BL/6J, BALB/cA, C3H/HeN, DBA /2], and 129 x 1/5v]. The
sperm were fixed in 10% formalin and three parts of the sperm, namely the head, tail, and CD, were
examined. We recorded the proportion of abnormal sperm heads and hairpins at the neck; tails were
categorized as straight, proximal bent, or distal bent; and the CDs were categorized as none, light-
type, and heavy-type. Based on these parameters, we determined the correlations between sperm
morphology and fertilizability in vitro, as judged by IVF using ICR oocytes. The proportion of sperm
with a hairpin neck was higher in strain C57BL/6], while abnormal head morphology occurred
significantly more often in strain BALB/cA. The percentage of sperm with a proximal bent tail was
highest in strain DBA/2J and lowest in strain 129 x 1/Sv]. A heavy-type CD was observed more
frequently in the 129 x 1/5v] and C57BL/6] strains than in the other three strains in which a light-type
CD predominated. The rank order of the fertilization rates was 129 x 1/Sv] < C57BL/6] < C3H/HeN
<BALB/cA < DBA/2]. In addition, fertilization rate was positively correlated with a proximal bent
tail, but negatively correlated with a heavy-type CD and distal bent tail. This new classification
system establishes that the morphological characteristics of epididymal sperm differ among inbred
strains of mice and that tail and CD morphology are closely related to fertilization ability in IVF. Thus,
our results provide a novel method for assessing the quality of mouse sperm used for IVF.
Key words: Cytoplasmic droplet, Epididymal sperm, In vitro fertilizability, Sperm morphology

(J. Reprod. Dev. 52: 561-568, 2006)

nbred strains of laboratory mice are the most

l frequently used animals in basic research,
including reproduction and genetic research.
Strain C57BL/6 is used in studies on cardiovascular
biology, developmental biology, diabetes and
obesity, genetics, immunology, neurobiology, and
sensorineural research. The BALB/c strain is used
to produce monoclonal antibodies. The 129 x 1/Sv
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strain produces targeted mutations owing to the
availability of several embryonic stem cell lines.
DBA /2 mice are valuable in cardiovascular
biology, neurobiology, and sensorineural research,
while strain C3H/HeJ is used as a general-purpose
animal model for cancer, immunology,
inflammation, sensorineural, and cardiovascular
research. Recent advances in reproductive
techniques have allowed the production of various
transgenic and knockout animals that serve as
useful models of human diseases and allow
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analyses of new gene functions.

In vitro fertilization (IVF) is a widely used
technique in reproduction research, fertility
treatment, and cryopreservation of animal
embryos; however, the spermatozoa of some
inbred strains of mice yield low fertilization rates in
IVE. In rodents, epididymal sperm are required for
IVF because the sperm do not become functional
for fertilization in the process termed epididymal
maturation until they arrive at the cauda
epididymis [1-3]. Sperm morphology has been
shown to influence fertilizability in vitro, and the
low rate of successful IVF in the BALB/c strain [4-
7] is thought to be due to the high proportion of
sperm with a morphologically abnormal head [8].
Obtaining fertilized embryos with IVF is also
difficult with the 129/Sv] strain, which is
commonly used to establish embryonic stem cell
lines [7]. In human infertility studies, the structure
of the sperm tail, in addition to abnormalities in the
structure of the head, has been shown to influence
the fertilization rate. Moreover, the cytoplasmic
droplet (CD), which is derived from the cytoplasm
in the sperm cell and is believed to drop off from
the sperm tail during sperm maturation [9], is also
related to infertility in humans and some domestic
animals [10, 11]. Recently, Burruel et al. [12],
Yanagimachi [13], and Yanagimachi et al. [14]
reported that intracytoplasmic sperm injection
(ICSI), a powerful reproductive technique,
overcomes the problem of low fertilization rates. In
this approach, oocytes are directly injected with
abnormal-headed sperm, immotile sperm, or round
spermatids, but this technique is complex and
requires a well-trained technician. Therefore, the
development of a more useful IVF technique for the
maintenance and preservation of various inbred
mice strains is essential.

To determine the cause of the low fertility rate,
we examined the effect of epididymal sperm
morphology, particularly the tail and CD, on the
fertilization ability of sperm from five inbred mice
strains, C57BL/6], BALB/cA, C3H/HeN, DBA/2],
and 129 x 1/Sv]. First, we classified the
morphological features of three parts of the sperm,
the head, tail, and CD. Second, we examined the
fertilization rates of epididymal sperm from these
strains by IVF of ovulated oocytes of SIGICR female
mice. Finally, we evaluated the impact of sperm
morphology, classified according to our new
criteria, on the fertilization rates by searching for

correlations between the morphological
characteristics of the epididymal sperm and the
fertilization rates in IVF.

Materials and Methods

Mice

Sperm were obtained from the cauda
epididymides of male mice from five inbred strains.
Strains C57BL/6] Jms and 129 x 1/5v] Jms were
purchased from Japan SLC (Hamamatsu, Japan),
and strains BALB/cA Jci, C3H/HeN Jcl, and DBA/
2] Jcl were purchased from CLEA Japan (Tokyo,
Japan). Female Slc:ICR mice older than 8 weeks of
age were purchased from Japan SLC. Animal
experiments were carried out according to the
guidelines for animal experiments of the National
Institute of Infectious Diseases, Tokyo, Japan.

Culture media

Human tubal fluid medium (HTF), as described
by Quinn [15], was used for IVF. HTF consists of
101.6 mM NaCl, 4.96 mM KCl, 0.20 mM MgSO; -
7H,0, 0.37 mM KHyPOs, 2.04 mM CaCl, - 2H,0, 25
mM NaHCO;3, 2.73 mM glucose, 0.33 mM Na
pyruvate, 21.40 mM Na DL-lactate (60%), 0.075 mg
penicillin/ml, 0.050 mg streptomycin/ml, and 4%
BSA (fraction V). We used M16 medium for in vitro
culture of embryos [16].

Preparation of sperm suspensions

The epididymides were removed from mature
12- to 14-week-old mice that had been euthanized
by cervical dislocation [17]. First, the epididymis
was cut in the cauda region using iridectomy
scissors. A drop containing a dense mass of
spermatozoa was then picked up quickly with the
tips of tweezers and put into 0.4 ml of HTF that had
been kept in a CO; incubator (5% COz in air, 37 C).

Classification of sperm morphology and motility for
five inbred strains of mice

Sperm were collected from the sperm
suspensions after a 5-min incubation in a CO:
incubator. To examine sperm morphology, the
suspended sperm were fixed with 10% formalin,
placed on a glass slide, and observed under phase-
contrast microscopy. The different forms of
abnormal sperm heads, including triangular,
collapsed, and hammer head (Figs. 1a, b), and the
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Fig. 1.

presence of a hairpin at the neck (Fig. 1c) were also
noted. Sperm tail morphology was classified into
three categories as follows (Figs. 1d—f): straight tail,
proximal bent tail (i.e., the tail curved in the
midpiece), and distal bent tail (i.e., the tail was
angled at the end of the midpiece), which included
the angled and hairpin forms. CDs were assigned
to one of three categories as follows: none, heavy-
type, and light-type CDs (Figs. 1g, h). From the
suspended sperm of the five males from each
strain, 200 spermatozoa/male were counted and
screened.

In vitro fertilization

The suspended sperm were preincubated for 1 h
under 5% CO; in air at 37 C before being used for
insemination. After preincubation, the sperm
suspension was introduced into a 0.4-ml droplet of
HTF in a plastic dish to produce a concentration of
2.4-4.6 x 10° spermatozoa/ml in each suspended
sperm drop. Immature female mice were injected
intraperitoneally with 5 IU pregnant mare serum
gonadotrophin (PMSG; Teikokuzouki, Tokyo,
Japan), and 48-49 h later, they were injected with 5
IU human chorionic gonadotrophin (hCG;
Sankyou, Tokyo, Japan). The superovulated mice

Morphological classification of mouse epididymal sperm. Phase-contrast micrographs of fixed spermatozoa. (a, b)
Differences in sperm-head morphology: normal (a) and abnormal (b-1, 2) forms. {c) Sperm with a hairpin neck. (d—f)
Differences in the sperm tail: straight type (d), proximal bent tail (e-1, 2), and distal bent tail ({-1-3). (g, h) Differences
in the cytoplasmic droplet (CD): heavy-type CD (g-1, 2) and light-type CD (h-1, 2).

were euthanized 14.5-15.5 h after hCG injection.
The oviduct was isolated, placed in a dish
containing the preincubated diluted sperm
suspension, and covered with silicon oil (Sigma-
Aldrich, St. Louis, MO, USA). The cumulus-oocyte
complexes were dissected out of the oviduct and
introduced into the sperm suspension drop. Six
hours after insemination, the cumulus cells were
stripped by pipetting with 0.1% hyaluronidase
(Sigma-Aldrich) in HTF.

Evaluating sperm penetration and two-cell formation

Half of the denuded oocytes were mounted,
fixed, dehydrated, stained with 0.25% lacmoid, and
examined under a phase-confrast microscope, as
described by Toyoda and Chang [17]. An oocyte
was judged as penetrated when it had an enlarged
sperm head and/or pronucleus and a
corresponding sperm tail in the vitellus. Oocytes
with spermatozoa in the perivitelline space were
not considered to be penetrated. Fertilization rates
were calculated from the number of penetrated
oocytes. Denuded oocytes in the remaining half
were washed three times with 0.1 ml of M16,
transferred into 0.1 ml of M16, and cultured in an
atmosphere of 5% CO» in air at 37 C. At 24 h after
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Table 1. Morphology of sperm in five inbred mouse strains

% of sperm with a

% of sperm cytoplasmic droplet (CD) Sperm tail morphology % Hairpin? %  Abnormal

without a CD Light Heavy Straight  Proximalbent Distal bent sperm head %
129x1/Sv] 28.7 £2.2¢ 40.6 +4.0° 31.7£4.2° 32.24+1.3% 45%09° 62.5 +4.5° 75+0.8° 3.3+04%
C57BL/6] 449 £ 4.6° 324+43° 33.9+2.8% 42.8+2.8° 56+0.8° 51.3+2.7° 104+ 0.7 56+02°
C3H/HeN 352+24 443 +£2.7% 19.5+ 0.9 41.8+2.5° 19.6 +1.0° 37.1+£25° 65+05" 107x03°
BALB/cA 48.6 £3.3" 419%297 9.5£1.3° 535+ 3.6 254+2.7° 209 +2.1° 6.6+23° 21.2+1.8°
DBA/2] 346+3.9 57.9+3.3° 75+1.5° 352422° 409 3.4 23.8 £3.4° 3.1+1.1° 41+14°

Values are means + SEM (n=5).

ab.c; Values with different superscripts are significantly different within each column (p<0.05).

4: Hairpin at the neck.

insemination, the rate of two-cell formation was
determined under an inverted phase-contrast
MiCroscope.

Evaluating sperm morphology in the perivitelline
space

IVF for evaluation of sperm morphology in the
perivitelline space was performed, as described
above. The sperm suspension obtained from DBA /
2] Jel was introduced into a HTF droplet to produce
a concentration of 1.0 x 10° spermatozoa/ml.
Oocytes were obtained from Slc:ICR mice. One-
hour after insemination, oocytes were fixed and
observed under a phase-contrast microscope.

Statistical analysis

The values for the proportions of total oocytes
that showed penetration, pronuclear formation,
and two-cell formation were subjected to arcsine
transformation in each replicate. The transformed
values were analyzed using one-way ANOVA. For
significant differences detected by ANOVA, one-to-
one comparisons were carried out using Tukey’s
multiple range test. The values for sperm
morphological parameters were analyzed using the
same methods. The correlational trends between
the fertilization rate and each morphological
parameter were calculated using Fisher’s rz
transformation.

Results

Morphological features of the sperm of each inbred
strain

The morphology of the epididymal sperm from
the five inbred strains of mice (129 x 1/5v], C57BL/

6], BALB/cA, C3H/HeN, and DBA/2J) were
characterized and then compared. The results are
summarized in Table 1. The percentage of sperm
with a light-type CD was significantly higher in
strain DBA /2] than in the other strains, and the
percentage of sperm with a heavy-type CD was
significantly lower in strain DBA /2] than in strains
129 x 1/Sv] and C57BL/6J. With respect to tail
morphology, the percentage of sperm with
proximal bent tails was significantly higher in
strains C3H/HeN, BALB/cA, and DBA/2J than in
strains 129 x 1/Sv] and C57BL/6]. Compared with
the other strains, the C57BL /6] strain had a
significantly higher percentage of sperm with a
hairpin neck. The percentage of abnormal heads
was significantly higher in strain BALB/cA than in
the other strains.

Fertilization ability of spermatozoa and two-cell
formation of the five inbred strains

Oocytes derived from Slc:ICR female mice were
inseminated in vitro with the epididymal sperm of
the five inbred strains. First, the morphology and
weight of the testes and epididymides of each
strain was examined, and no significant differences
were found (data not shown). Penetration,
pronuclear formation, and two-cell formation rates
were significantly higher in strain DBA /2] than in
the other four strains (Table 2). Penetration and
pronuclear formation rates were significantly
higher in strain BALB/cA than in strains 129 x 1/
Sv], C57BL/6], and C3H/HeN. Moreover, the
differences in the pronuclear formation rate were
greater among individuals in strains C57BL/6],
BALB/cA, and C3H/HeN than among individuals
in strains DBA /2] and BALB/cA.
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Table 2. Fertilization and developmental rates with sperm from five inbred mouse strains

No. of No. of No. of % of No. of

No. of No. of oocytes  abnormal oocytes oocytes Pronuculear  embryos 2-cell

trails females  ovulated  oocytes checked penetrated formation%  cultured formation %
129x1/S5v] 5 13 232 32 109 31.3° 23.7¢ 91 54.0%
4.9) (34) (11.2)
C57BL/6] 5 15 261 21 119 29.5° 29.5% 121 42.4°
(3.2) ©.1) 6.3)
C3H/HeN 5 13 253 12 120 47.8° 40.12 -121 53.8°
(33) (7.4) 6.7)
BALBA/cA 10 27 441 49 193 68.9° 64.6° 199 71.2>
' (3.8) (10.0) (5.7)
DBA/2] 5 13 199 27 97.7¢ 97.7¢ 88 98.9¢
(43) (1.3) (1.0)

Values are means * (SEM).

ab.<: Values with different superscripts are significantly different within each column (P<0.05).

30 um

Fig.2.

50 pm

30 um

Morphology of sperm in the perivitelline space. (a, b) Monospermic oocytes. Sperm with straight (a) and

proximal bent (b) tails penetrated in the perivitelline space. (c) Polyspermic cocytes. Note that one sperm in
the perivitelline space had a light-type CD (white circle).

Ewvaluating sperm morphology in the perivitelline
space

Sperm were observed in the perivitelline space of
oocytes 1 h after insemination. The penetration and
polyspermic rates were 45.8 and 17.2%,
respectively. Sperm in the monospermic oocytes
had straight or proximal bent tails without a CD
(Figs. 2a, b), whereas sperm in polyspermic oocytes
had a light-type CD (Fig. 2c). No sperm with a
distal bent tail and/or heavy CD were observed in
the perivitelline space.

Correlation between the fertilization rate and
morphological parameters of epididymal spermatozoa
in mice

Correlations between the fertilization rate and
morphological parameters of the epididymal sperm
were determined using Fisher’s rz transformation

(Table 3). The fertilization rate was highly
correlated with a proximal bent tail and inversely
correlated with a heavy-type CD and distal bent
tail. In addition, the proportion of sperm with a
proximal bent tail was positively correlated with
the proportion of sperm with a light-type CD and
negatively correlated with the proportion of sperm
with a heavy-type CD. The opposite was true for
the proportion with a distal bent tail. The
proportion of sperm with a light-type CD was
highly correlated with the proportion of sperm
with a hairpin neck.

Discussion

The new classification of epididymal sperm
morphology described in this study focuses on the
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Table 3. Correlation coefficients among morphological parameters of sperm in five inbred mouse strains

Fertilization Without  Light Heavy Straight Proximal Distal Abnormal

rate aCD® CcD? CD? tail bent tail benttail ~ Hairpin® head
Fertilization rate 1.000 0.107 0.655 -0.812* -0.046 0.818* -0.696* -0.572 0.351
Without a CD? 0.107 1.000  -0.500 ~-0.339 0.593 0.000 0.391 0.505 0.468
Light CD* 0.655 -0.500 1.000 -0.636 -0.446 0.728* -0.345 ~0.852* -0.054
Heavy CD* -0.812 -0.339  -0.636 1.000 -0.057 -0.788* 0.737* 0.474 —0.380
Straight tail ~0.046 0.593  -0.446 -0.057 1.000 -0.217 —0.489 0.376 0.490
Proximal bent tail 0.818 0.000 0.728 -0.788 -0.217 1.000 ~0.742* -0.592 0.070
Distal bent tail -0.696 0391  -0.345 0.737 -0.489 —0.742 1.000 0.277 ~0.409
Hairpin® -0.572 0505  -0.852 0.474 0.376 ~0.592 0.277 1.000 -0.083
Abnormal head 0.351 0468  -0.054 -0.380 0.490 0.070 ~0.409 -0.083 1.000

a Cytoplasmic droplet. *: Hairpin at the neck. *: Values with superscripts are significantly correlated (p<0.05).

CD and sperm tail and on their relationship to
fertilizability. Accordingly, the morphological
characteristics of the epididymal sperm were found
to differ among the inbred strains of mice, with the
morphology of the tail and CD being closely related
to fertilization ability in IVF. A high percentage of
heavy-type CD in the epididymal sperm correlated
with a low fertilization rate in IVF, although there
was no significant difference in the morphology or
weight of the testis and epididymis among the
strains. These findings suggest that the fertilization
rate of CD-containing sperm is strain-specific and
that the CD shedding system and function of the
CD may differ among strains. The CD of
epididymal sperm is derived from the cytoplasm in
the sperm cell and is believed to drop from the
sperm tail during descent through the epididymis
[9]. In mice, most sperm in the proximal
epididymis have a CD, and this has been suggested
to play a role in volume regulation [18]. The shape
of the CD is related to infertility in some human
patients [10] and is thus thought to affect
fertilizability in vivo and in vitro. Although the
shedding system and function of the CD are still
unclear, the protein 15-LOX [19] and molecules
recognized by anti-ubiquitin antibody [20] have
been reported to be involved in CD function and
removal. Further analyses are needed to determine
whether the distribution of these molecules is
strain-dependent, as is the presence of a CD.

The present study also revealed that the bending
pattern of sperm tails is closely linked to the form of
the CD. A proximal bent tail correlated positively
with the presence of a light-type CD and negatively
with the presence of a heavy-type CD, whereas the
opposite was true for a distal bent tail. Correlations

between the shape of the sperm tail and the
presence of a CD are not well documented.
However, flagellar angulation in the sperm of c-ros
knockout mice was found at the site of the CD [21],
and the shapes of the tail and CD were
independently related to the fertilization rate [10].
In fact, sperm with straight or proximal bent type
tails without a CD were observed in the
perivitelline space 1 h after insemination. This
result indicated that morphologically normal
sperm participated in fertilization. In addition,
although we did not observe a light-type CD in the
perivitelline space of monospermic oocytes, we
thought that sperm with a light-type CD might be
able to fertilize an oocyte. Although it is yet to be
determined whether these morphological
parameters affect fertilization ability, including
motility and capacitation, in IVF, either directly or
indirectly, our results show that these
morphological parameters may be useful for
evaluating the fertilizability of sperm in IVF.

The proportion of sperm with abnormal head
morphology was found to have less of an effect on
the fertilization rate in IVF than the shape of the
sperm tail and the presence of a CD. The
proportion of sperm with abnormal heads was
higher in the BALB/cA strain than in the other
strains, but was lower than that previously
reported [4, 13]. Difficulties in using BALB/cA
sperm to fertilize oocytes in vitro are therefore
probably due to the high rate of abnormal heads.
Abnormal sperm heads have been reported in
mutant mice and some gene knockout mice, and
the sperm from these mice showed low fertilization
rates in IVF [22-25]. However, ICSI can be used to
overcome this problem and produce embryos [26].
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We did not determine whether BALB/cA sperm
with abnormal heads were specifically able to
fertilize oocytes, but the BALB/cA strain most
likely had a high fertilization rate because the
majority of the sperm had a normal head.
Moreover, the effects associated with abnormalities
of the sperm tail and CD were more serious than
those related to morphological abnormalities of the
sperm head.

The rate of two-cell formation in our IVF study
was strain-dependent. In addition, except for a
higher rate in the BALB/cA strain, the rates in our
study were similar to those in previous reports [5,
7]. However, our IVF results cannot be directly
compared to those of previous reports because the
oocytes in this study were derived from ICR
females only. Preliminary experiments using
BALB/cA oocytes and BALB/cA sperm under the
same conditions as in the present study showed a
higher fertilization rate than those described in
earlier reports (data not shown). Interestingly,
fertilization rates determined by sperm penetration
rates differed from those based on two-cell
formation rates in strains 129 x 1/5v] and C57BL/
6], implying that the percentage of
parthenogenetically activated embryos was higher
in these two strains than in the other three strains.
In addition, 4-cell formation rates in strains 129 x 1/
Sv] and C57BL /6] were 27.9% and 28.6%,
respectively (data not shown). These findings

support the results of Sonnenberg et al. [27], who
showed that paternal genetic background
influences the developmental ability of early
embryos. Similarly, in the present study, paternal
genetic background also appeared to affect the rate
of two-cell formation and parthenogenesis of the
embryos. However, detailed investigations are
needed to determine whether a direct relationship
exists between these phenomena and epididymal
sperm morphology.

Our new system of epididymal sperm
classification will be useful in evaluation of sperm
morphology in inbred mice. In addition, certain
morphological characteristics of epididymal sperm,
in particular, a heavy-type CD, distal bent tail, and
hairpin neck, were shown to be closely related to
low fertilizability in vitro, suggesting that these
morphologies had an influence. Investigation of
the factors underlying these morphological features
will no doubt lead to improved IVE techniques and
provide insight into the mechanisms of
spermatozoa maturation. In the meantime, our
classification system offers a new method of
assessing sperm quality in IVF.
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Abstract

To examine the molecular basis for efficient induction of superovulation in the rabbit, we determined the cDNA sequences of the
Juteinizing hormone B-subunit (LHB) from Japanese White (JW), New Zealand White (NZW), and Dutch-Belted (Dutch) rabbits, and we
compared these LHB sequences with those of other mammals. Using 5'- and 3'-rapid amplification of cDNA ends (RACE) with pituitary
cDNA libraries, we found that the LHB cDNAs of all three breeds are the same length (523 bp from the 5'-end to the polyA site) and
have putative AATAAA polyadenylation signal sequences at nucleotides 504 to 509. Northern blot analysis indicated that the ~600-nt
mRNA encoding TW LHB is slightly longer than the LEB mRNAs of the other two breeds. The NZW and Dutch rabbit LHB coding
sequences are 426 bp long, and theit G + C contents are higher (>73%) than those of other mammalian LHBs (<70%). The predicted 141-
amino-acid sequences of the JW and NZW LHB proteins are identical, and the Dutch LHB and JW/NZW sequences differ at only two
residues. The exon—intron configuration of the NZW LHB gene (three exons and two introns) is similar to that of other mammalian LHB
genes, and the sequences of NZW rabbit and other mammalian LHB promoter regions are highly conserved. Phylogenetic analysis of the
deduced amino acid sequences of the three rabbit LHB proteins indicated that the rabbit occupies a phylogenetic position between
rodents and domestic animals, and is far from humans. The results suggest that LH prepared from rodents or domestic animals, if
available, would be a better inducer for superovulation in rabbits than human LH/CG. )

© 2006 Elsevier Inc. All rights reserved.

Keywords: LHB; Phylogeny; Breed; Promoters

1. Introduction

Gonadotropin treatment is routinely used to induce
superovulation in laboratory animals. To examine the
molecular basis of this induction, we previously determined
and compared the cDNA sequences of the pituitary gona-
dotropin subunits and their receptors in several animals
(Suzuki et al., 2002, 2003; Koura et al., 2004; Takano et al.,
2004; Noguchi et al,, 2006). Combined with the sequences
of other animals (reviewed by Bousfield etal., 1994), we
found that homology between exogenous and endogenous
gonadotropins is a key factor in efficient induction of
superovulation. In the present study, we determined and

* Corresponding author. Fax: +81 72 641 9857.
E-mail address: osuzuki@nibio.gojp (O. Suzuki).

0016-6480/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygeen.2006.09.012

characterized the c¢DNA, and predicted amino acid
sequences of the luteinizing hormone B-subunit (LHB) pre-
cursor protein in three breeds of rabbit, and we performed
a phylogenetic analysis of these LHB protein sequences and
those of other mammalian species. In addition, the genomic
sequence of the LZW rabbit LH gene was determined using
PCR analysis of introns and genomic walking. We discuss
the possibility of using sequence information as a criterion
for selecting gonadotropins for rabbit superovulation.

2. Materials and methods
2.1. Determination of rabbit LHB cDNA sequences

We determined the complete sequences of LHB cDNAs from three
breeds of rabbits using 5'- and 3’-rapid amplification of cDNA ends
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Fig. 1. (A) The products of 5’- and 3'-rapid amplification of cDNA ends (RACE) of LHB genes from JW, NZW, and Dutch rabbits were resolved on 2%
agarose gels. M: 100-bp ladder. (B) Northern blot hybridization analysis of rabbit LHB mRNAs, C: RNA Century Markers; M: BrightStar Biotinylated
RNA Millennium Markers (Ambion). (C) Alignment of LHB ¢cDNAs from JW and NZW rabbits. Lowercase letters indicate the 5'- and 3/-untranslated
regions, and uppercase letters indicate the coding sequence. Putative polyadenylation signal sequences are boxed. Arrows indicate the positions of primers
5Lp and 3Lp. A dot indicates a nucleotide that is identical at the corresponding site in the JW sequence (top row).

(RACE) followed by direct sequencing of the RACE products, as
described previously (Noguchi et al,, 2006). RACE was performed using
the SMART™ RACE cDNA Amplification Kit (Clontech Laboratories,
Mountain View, CA) with ¢cDNA libraries prepared from pituitary total
RNA samples (~1 ug). Japanese White rabbit (JW) pituitary tissues were
purchased from Funakoshi (Tokyo, Japan), and New Zealand White
(NZW) and Dutch-Belted (Dutch) rabbit pituitary tissues were from
Kitayama Labes (Ina, Japan). RACE reactions were performed with Hot-
StarTaq DNA polymerase and Q-Solution (both from Qiagen, Hilden,
Germany) with initial denaturation and enzyme activation at 94 °C for
15 min, followed by 40 cycles of 94 °C for 2 s and 68 °C for 5min.

The positions of the gene-specific primers used in the RACE reactions are
shown in Fig. IC. Initially, 5-RACE was conducted with the gene-specific
primer 5Lp (5-ACAGTAGCCGGCACAGATGCTGGTGGT-3"), which
was designed from the mastomys LHB sequence (AY353073 from GenBank,

Takano et al, 2004). The sequence of the 5'-RACE product from JW rabbit
was used to design the gene-specific primer 3Lp (5'-ACTCGGGATGGG
GACGCTCCAG-3"). The 3'-RACE reactions were performed with 3Lp, and
the sequence of the 3'-RACE product was determined. Both primers were
used to sequence the LHB cDNAs of the NZW and Dutch rabbits. All of the
RACE products were gel-purified and sequenced as previously described
(Noguchi et al,, 2006), and full-length sequences were obtained by combining
the overlapping sequences of the 5’- and 3'-RACE products.

2.2. Northern blot analysis

Northern blot analysis was performed using the NorthernMax-Gly Kit
(Ambion, Austin, TX) with 3 ug of pituitary total RNA from each breed
and biotinylated RNA size-markers. Biotinylated DNA probes (331 bp)
were generated by PCR using the JW ¢cDNA with primers 3Lp and R331
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(5"-ACAGCTGAGGGCCACGGGGAAGGACAC-3"; see Fig. 1C for
primer positions) and labeled using the LabellT Biotinylation Kit (Mirus
Bio, Madison, WI). After overnight hybridization at 42°C, the hybridiza-
tion signals and size-markers were detected by chemiluminescence using
the BrightStar BioDetect Kit (Ambion). Images were captured using a
CCD camera (LAS-3000, Fuji Photo Film Co. Ltd., Tokyo, Japan).

2.3. Molecular phylogenetic analysis

The following mammalian LHB cDNA sequences were retrieved from
GenBank (Accession Nos. in parentheses): mouse (NM_0038497), rat
(NM_012858), pig (NM_214080), cattle (N M_173930), sheep
(NM_001009380), human (NM_000894), Mongolian gerbil (AY369077),
mastomys (AY353073), Guinea pig (AY373317), Syrian hamster
(AY353074), cat (NM_001009277), and crab-eating macaque (AJ781396).
The amino acid sequences predicted by these cDNAs and the three rabbit
LHB cDNAs were aligned using CLUSTAL W software (Thompson et al.,
1994). A neighbor-joining tree containing the LHB protein sequences of 15
animals was constructed using MEGA3.1 software (Kumar et al,, 2004)
based on the Jones-Taylor-Thomton matrix model (Jones etal., 1992)
with 5000 bootstrap iterations.

2.4. Determination of the LHB genomic DNA sequence

The genomic sequence of NZW rabbit LB was determined {Seegene,
Inc., Seoul, Korea) by analysis of the introns and flanking sequences. To
sequence the introns, the following sets of primers were applied directly to
the genomic PCR: 3Lp and R511 (5 “GTTTTATTGGGAGGGGAGGA
GCGGGGC-3"); 3Lp and R331 (3'-ACAGCTGAGGGCCACGGGGA
AGGACAC-3"), and 3Lp and 5Lp. The positions of these primer sites are
shown in Fig. 3. The genome walking technique was used to determine the
upstream (5'-flanking) and downstream (3'-flanking) sequences of the
LHB gene using the GenomeWalker Universal Kit (Clontech). Adaptor-
ligated genomic DNA libraries were constructed according to the kit
protocol. Primary PCR amplifications were performed using an initial
denaturation temperature of 94 °C (15 min) followed by 40 cycles of 94°C
(25) and 68 °C (Smin). Nested PCR was performed similarly except that
30 cycles were employed instead of 40 cycles. The sequences of the PCR
products were determined by the method used in the RACE experiments,
and the genomic sequence encompassing the exons, introns, and flanking
sequences was constructed by combining the PCR-generated overlapping
sequences. The numbers and locations of the exons were determined by
comparisons with the cDNA sequence. The following primers were used
(see Fig.3 for primer positions): upstream primary, R1099 (5'-CAC
CATGCTGGGGCAGTAGC-3'); upstream nested, 5Lp; downstream
primary, S1285 (5'-GTGCCCCAGCCCGTGTGCACCTACC-3'); and
downstream nested, $1471 (5'-CACCTCCCAGGCCTCCTCTTCCTCT

" GA-3).

Additional LHB genomic sequences for mice (NC_000073), rats
(700749), cattle (M11506), and humans (NC_000019) were retrieved from
GenBank. The exon-intron configurations of the LHB genes in these
wammals plus rabbits are illustrated in Fig. 3B. In Fig. 3C, we compare
the binding sites for various tramscription factors in the 5’-flanking
sequences of the LHB genes, which were aligned using CLUSTALW.

3. Results and discussion

The RACE experiments identified LHB transcripts in
the pituitary cDNA libraries of all three rabbit breeds
(Fig, 1A). These full-length LHB sequences are shown in
Fig. 1C. All of the cDNA sequences were 523bp in length
(from the 5'-terminus to the putative polyadenylation site,
with a short 5 -untranslated region of 7bp). The RACE
experiments indicated the presence of only a single LHB
mRNA species in the pituitary library, and Northern blot

analyses confirmed the presence of single LHB transcripts
(Fig. 1B). The transcripts isolated from the W rabbits were
slightly longer than those isolated from the NZW and
Dutch rabbits, possibly due to length polymorphism of the
polyA tail. The sequences have been deposited in the
DDBI/EMBL/GenBank databases under Accession Nos.
AB235913, AY614703, and AB235914 for the NZW, JW,
and Dutch rabbit breeds, respectively.

The rabbit LHB coding sequences have higher G+C
contents (>73%) than those of other mammals (63-70%).
Among the LHB ¢cDNA sequences, we found that the JW
and NZW sequences differ at one nucleotide (nt); the NZW
and Dutch sequences differ at two nts; and the JW and
Dutch sequences differ at three nts. These nt sequence
differences do not cause the predicted NZW and JW amino
acid sequences to differ, but they do cause the Dutch amino
acid sequence to differ from the NZW/JW sequence at two
positions. This difference reflects the distant relationship
between the Dutch breed and the JW and NZW breeds.
The similarity noted between the JW and NZW breeds may
reflect the fact that an NZW x JW cross was made during
establishment of the JW breed.

Alignments of the predicted amino acid sequences of the
rabbit LHBs and other mammalian LHBs reveal that the
rabbit sequences are 73-90% similar to the other LHBs
(Fig. 2A), and that the positions of the cysteine residues and
putative N-glycosylation sites are highly conserved.
Although the 19th amino acid residue of the rabbit LHB
precursor protein cortesponds to the first residue of the
mature protein (Glenn et al., 1984), most LHB precursor
proteins contain signal sequences of 20 residues. Thus, in
determining the homology matrix for the signal (upper-
right triangle) and mature (lower-left triangle) LHB
sequences from 15 different animal species (Fig. 2B), we
made the assumption that the 23rd amino acid residue in
Fig. 2A corresponds to the first residue of the mature pro-
tein. The signal sequences of the rabbit LHB precursor pro-
teins are moderately conserved (59-77%), whereas the
mature protein sequences are highly conserved (73-93%).

For each of the three rabbit breeds used in this study,
our results indicate that the putative N-terminus of the
mature LHB corresponds to QAPRG; this result differs
from the QPARG motif reported as the N-terminal
sequence of mature LHB (Glenn et al,, 1984). This discrep-
ancy may be a result of differences among the breeding col-
onies used to obtain pituitary samples. However, if the
mature protein with an N-terminal QPARG motif is indeed
produced from the cDNA encoding the QAPRG motif,
then the LHB processing mechanism in the rabbit merits
further investigation. Our cDNA sequencing results con-
firm that C-terminal processing occurs during formation of
mature LHB; the predicted C-terminal amino acids are
LLFL, but these residues were not detected by protein
sequencing (Glenn et al., 1984). Thus, our results agree with
the suggestion by Glenn et al. (1984) that both ends of the
rabbit LHB precursor protein are removed during the mat-
uration process.
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