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Abstract

Although mammals produce either sperm or eggs depending on their sex, newborn MRL/MpdJ
male mice contain oocytes within their testes. In our previous study, the testicular oocyte ap-
pears as early as day 0 afterbirth and has morphological characteristics as an oocyte such as
zona pellucida and follicular epithelial cells. Based on the observation of F1 between MRL/Mp<J
and C57BL/6, one of the genes causing the appearance of testicular oocyte exists on the Y chro-
mosome. In the present study, we found testicular oocytes within newborn AKR mice. We have
also analyzed the Sry genes from several inbred mouse strains and identified a shortened glu-
tamine repeat near the C-terminal region that is unique to MRL and AKR. These results sug-
gest that polymorphism of glutamine repeat within SRY correlates with the appearance of tes-
ticular oocyte and this phenotype is derived from AKR, one of the original strains of MRL mice.
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Introduction

It has been generally believed that in mam-
mals, males produce only sperm, and oocytes are
only produced in females. The sex of a mammal is
determined when an ovum containing a haploid
genome with an X chromosome is fertilized by a
sperm possessing a haploid genome with either an

X or Y chromosome. However, the anatomical de-
termination of sex occurs later in development as
gonads first arise as bipotential primordia with
plasticity to develop into ovaries or testes. Deter-
mination of the bipotential primordia into male go-
nads requires expression of Sry (sex-determining
region on Y), which initiates the differentiation of
Sertoli cells, as well as their structural organiza-

*Corresponding author: Yasuhiro Kon, Laboratory of Anatomy, Department of Biomedical Sciences, Graduate
School of Veterinary Medicine, Hokkaido University, Sapporo 060-0818, Japan
Phone: +81-11-706-5187. Fax: +81-11-706-5189. E-mail: y-kon@vetmed.hokudai.ac.jp



130 SRY polymorphism and testicular oocyte

tion into a testis cord . If the primordial gonad
proceeds to develop along the ovarian cascade de-
spite being in an XY animal, this could result in
sexual reversal of the animal, or the development
of ovotestes. This has been observed in animals
with translocations or deletions of the Sry gene, or

2,7,16) AS an-

animals with delayed Sry expression
other factor contributing to the plasticity of sexual
determination, it is reported that the differentia-
tion of germ cells into oogonia or prospermatogo-
nia is directed by signals from somatic cells in the
gonads, not by the germ cells themselves®™. In
mice, SRY contains the HMG box at its N-
terminus (5-73 amino acids) and a glutamine (CAG
in nucleotide sequence) repeat region interspersed
by a sequence FHDHHH® or similar sequences at
the caudal half region (144-367 amino acids). The
HMG box region has been known as DNA-binding
domain suggesting that it is predominantly re-
sponsible for the role of SRY protein as a tran-
scription factor'*®. On the other hand, the glu-
tamine repeat region has been thought to mediate
interaction with other proteins and to have an es-
sential role in sex determination®*'>*".

Although some genetic abnormalities of sex-
ual differentiation in mammals, including experi-
mental chimeras, can cause the appearance of oo-
cytes in the testes or the development of ovotestis,
it has never been reported that fertile male ani-
mals can produce oocytes during spermatogenesis
except newborn MRL/MpJ (MRL) mice®™. The
MRL inbred mouse strains, MRL/Mpd-+/+(M+)
and MRL/Mpd-Fas”/Fas”(lpr), originate from a
series of crosses with strains C57BL/6 (B6) (0.3%),
C3H/He (C3H) (12.1%), AKR (12.6%) and LG/J
(75%) and then followed by inbreeding initiated **.
These MRL strains are known to develop several
autoimmune diseases, such as systemic lupus
erythematosus, polyarteritis nodosa, rheumatoid
arthritis, and systemic sclerosis caused by the
MRL genetic background, but not by the lpr al-

35)

lele . The testicular oocyte in MRL mice appears

as early as day 0 afterbirth and has morphological
characteristics as an oocyte such as zona pellucida
and follicular epithelial cells’  Furthermore,
based on the observation of MRL strains and F1
between MRL and B6, this phenotype is due to the
MRL genetic background, and one of the genes
causing the appearance of testicular oocyte exists
on the Y chromosome.

In the present study, we re-examined the exis-
tence of testicular oocyte in inbred strains includ-
ing B6, C3H, and AKR, which are contained in the
MRL background and F1 generations between
MRL and B6. Additionally, we focused on the Sry
to reveal its relevance to the appearance of testicu-
lar oocytes by comparison of its nucleotide se-
quences among MRL and other inbred strains.

Materials and Methods

Mice: Several inbred mouse strains and F1, AKR/N
(AKR), BALB/c (BALB), C57BL/6 (B6), C3H/He (C
3H), DBA/2 (DBA), A/J (AJ), MRL/Mpd-+/+ (M+),
MRL/Mpd-lpr/lpr (Ilpr), BGBMRLF1 (F1 between fe-
male B6 and male MRL), and MRLB6F1 (F1 be-
tween female MRL and male B6) were used in the
present study. Eight-week-old male and female
mice purchased from Japan SLC (Shizuoka, Ja-
pan) were maintained with free access to food and
water in our facility. In the handling of experimen-
tal animals, the investigators adhered to the
“Guide for the Care and Use of Laboratory Ani-
mals, Hokkaido University, Graduate School of
Veterinary Medicine.” In this study, 10 to 49 newly
born mice from each strain were obtained by free-
breeding, and were sacrificed at 14 days after birth
by cervical dislocation.

Light microscopic analysis: To examine testicular
oocytes, fresh whole-mount preparations were
used, in which the testes of a 14-day-old of the in-
bred strains were removed, and immediately

* Single-letter abbreviations were used for amino acid residues.
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mounted on glass-slides with cover slips. They
were then crushed to make whole-mounted single
tubular sheets, and were observed under a differ-
ential interference microscope (BX50F4, Olympus,
Tokyo, Japan). The number of oocytes per testis
(number of oocyte/number of testis) was calculated
as an oocyte score. After the observation and
counting, oocyte-containing seminiferous tubules
were removed and immediately fixed with Bouin’s
solution for 24 hr, cut into 5 pm-thick serial paraf-
fin sections, and stained with hematoxylin-eosin

(HE).

Genomic DNA extraction and Sry PCR and nucleo-
tide sequencing: To determine the relationship be-
tween Sry from the MRL Y chromosome and the
appearance of testicular oocyte, we compared Sry
nucleotide sequences of MRL and other inbred
strains. Since Sry ¢cDNA contains only one exon,
genomic DNA was used for Sry nucleotide se-
quencing. Genomic DNA was prepared from the
tail with length of approximately 5 mm for each of
the inbred strains. These samples were incubated
in lysis buffer containing 50 mM Tris-HCI, 100
mM NaCl, 20 mM EDTA, 1% sodium dodecyl sul-
fate, and 100 pg/ml proteinase K, overnight at 56C,
and then treated with phenol extraction. Finally,
genomic DNA was purified by ethanol precipita-
tion and resolved in 500 pl of TE (10 mM Tris-HCI,
1 mM EDTA, pH 8.0).

PCR was carried out with ExTaq (Takara, To-
kyo, Japan) under the following PCR conditions: 5

Table 1. Primers used for Sry sequence

min at 95C, 35 cycles of 40 sec at 95C, 30 sec at
62C and 1 min at 72C followed by 5 min at 72C.
We used proper combinations of forward and re-
verse PCR primers listed in Table 1. After the am-
plified samples were electrophoresed with 2% aga-
rose gel containing ethidium bromide, bands were
cut and PCR products were purified with the
GENECLEAN I Kit (Funakoshi, Tokyo, Japan).
Extracted PCR products were labeled with a cycle
sequencing kit containing fluorescent terminators
employing standard methods (Applied Biosystems,
CA, USA) using the listed primer in Table 1, and fi-
nally analyzed with a model 310 automatic se-
quencer (Applied Biosystems).

Additionally, in order to compare Sry nucleo-
tide sequence at the polymorphic CAG repeat, a
two-step PCR method was created as the following
protocol. The first PCR products were obtained
and purified by procedures written above with
primers mSry-834F and mSry1318R. Then ex-
tracted PCR products were diluted by TE to 1:
20,000 and used as templates for the second PCR.
We targeted on the sequence FHDHH which inter-
spersed the glutamine repeat region and created a
forward primer as 5-TTCCATGACCACCACCAC-
3’. For the reverse primer, we used mSry1255R as
listed in Table 1. The second PCR was carried out
with Tag DNA polymerase (Promega, WI, USA)
under the following PCR conditions: 5 min at 95C,
40 cycles of 20 sec at 95C, 20 sec at 64°C and 30
sec at 72C, followed by 5 min at 72°C. Finally, am-
plified samples were electrophoresed with 2%

Name 5 —3 Position
Forward mSry-834F  TGCATGGTGATGCTGTAAGG -834 ~ -815
mSry-534F  TACTAATGATAGGTTCCATGC -534 ~ -514
mSry45F TCTTAAACTCTGAAGAAGAGAC 45 ~ 66
mSryl153F GTGAGAGGCACAAGTTGGC 153 ~ 171
mSry370F GCCTGCACTTGCCTCAACAA 370 ~ 389
mSry489F GCTTTTATTGGCAGCCTGTTG 489 ~ 509
mSry666F AGCAGCAGTTTCATGACCAC 666 ~ 685
Reverse mSry298R GATTGAAGATCCTACACAGAG 298 ~ 277
mSry1255R  ATACACCATACCAGGAGCAC 1255 ~ 1235
mSryl318R  TCTCCTACCTATGCCAACAC 1318 ~ 1299
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NuSieve 3:1 agarose gel (Cambrex, ME, USA) con-
taining ethidium bromide.

Results

Number of testicular oocytes in various mouse
strains

The number of testicular oocytes per testis

Table 2. Comparison of oocyte scores

was counted in whole-mount preparations. We
found testicular oocytes in M+, [pr, AKR, and
B6MRLF1, but not in other inbred strains includ-
ing MRLB6F1 mice (Table 2 and Fig. 1). The oo-
cyte scores of M+ and Ipr were almost the same
(M+: 1.23, Ipr: 1.27), however, those of AKR and
B6MRLF1 were less than the MRL strains (AKR:
0.15, BGMRLF1: 0.29). Morphologically, the tes-
ticular oocytes in B6MRLF1 and AKR contained

Strain No. of testis No. of oocyte Oocyte score No. of testis with oocyte
M+ 98 121 1.23 35
lpr 30 38 1.27 15
AKR 78 12 0.15 9
AJ 24 0 0 0
BALB 20 0 0 0
B6 50 0 0 0
C3H 46 0 0 0
DBA 20 0 0 0
B6MRLF1 68 20 0.29 13
MRLB6F1 68 0 0 0

Fig. 1. Testicular oocytes Ipr, M+, AKR, and BGMRLF1laged 14 days.
Testicular oocytes in whole mount testis of lpr (A), AKR (B), and B6MRLF1(C) and in HE staining of M+ (D),
AKR (E), and BGMRLF1 (F). Scale bar = 50 um. All images are the same magnification. FE, follicular epithelial
cell; N, nucleus; O, oocyte; ZP, zona pellucida.
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Fig. 2. Alignment of B6and MRL Sry sequences.
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large nuclei with nucleoli, zona pellucida, and folli-
cular epithelial cells that were similar to those of
MRL. However, the follicular epithelial cells in
AKR mice were less developed than those of MRL
and BGMRLF1.

Comparison of Sry nucleotide sequences and corre-
sponding amino acids between M+ and B6

We initially compared the whole nucleotide se-
quence of Sry between M+ and B6. Only open
reading frames of Sry and corresponding amino
acids sequences are shown in Fig. 2. The open
reading frame of B6 Sry encodes a protein of 395
amino acids, while MRL Sry contains 389 amino
acids, and both of the nucleotide sequences and
amino acids homology of these two strains were
approximately 97%. There was no substitution at
the upstream of the open reading frame within
genomic Sry. There were only three single-base
changes, which caused amino acid alternations
within upper half of Sry sequences between B6
and MRL, I63T in HMG box and W133T and
L143P in the junction site. However, there were
many substitutions within the glutamine repeat
region such as deletion of glutamine at codon 153
and 154, H169Q, insertion of histidine at codon
275 and 297, P286Q, K289Q, P296H, and H307Q.
Strikingly, Q351H and the following deletion of six
CAG repeat causing shortened glutamine repeat
was observed in MRL SRY. There was no differ-
ence between B6 and MRL at the downstream of
the glutamine repeat region at the C-terminus.

282 292 302 312 322

Comparison of SRY glutamine repeats among rep-
resentative inbred strains

Since polymorphism between MRL and B6
was concentrated in the glutamine repeat region,
we compared the glutamine regions between tes-
ticular oocyte-producing strains (MRL and AKR)
and other non-producing inbred strains (BALB, B6,
C3H, DBA and AJ). Only residues amino acid 282-
381 are shown in Fig. 3. As a result of the compari-
son, polymorphism common in MRL and AKR but
not in other strains was only found in two regions.
One was at amino acid 294-302 in which DHHHQ
QQQQ was in MRL and AKR, while DHQ-QQQQQ,
DHP-QQQQQ, and DHH-QQQQQ were in Ad, B6,
and other strains, respectively. The other was the
deletion of seven glutamine repeat at 351-357 in
MRL and AKR.

In order to prove the shortened glutamine re-
peat, we compared the polymorphic glutamine re-
peat with a two-step PCR method using the for-
ward primer corresponding to the region FHDHH
H. From a deduced sequence (Fig. 3), SRY of the in-
bred strains except MRL and AKR contained three
FHDHHH regions at 202-207, 279-284, and 333-
338 amino acids which should result as PCR prod-
uct of 552, 411, and 255 bp sizes respectively. On
the other hand, four amplified products should be
observed in MRL because of the substitution or in-
sertion of histidines at codons 296, 297, and 307 re-
sulting in the existence of FHDHHH regions at
202-207, 279-284, 292-297, and 376-381 with prod-
ucts of 537, 396, 270, and 108 bp. In AKR mice,
since there was no substitution of histidine at co-
don 307, five PCR products should be obtained at

332 342 352 362 372

AKR  FHDHPGQOGQ FHDHHHOGOG QFHDHHHOGQ GKQQFHDHHA QKGGFHDHHG GKQAFHDHHG QOOGFHDHHH ————0Q0Q GQFHDQGLTY LLTADITGEH
MRL  FHDHQOQQGQ FHDHHHOGOQ QFHDHOHRQQ QKQQFHDHHQ QKQQFHDHHQ QKQAFHDHHG QOOGFHDHHH ———00QQ QQFHDOGLTY LLTADITGEH
AJ  FHDHHGQGQG FHDHQG-QGOQ QFHDHHOQGQ QKGQFHDHOQ GKQQFHDHHQ GKQQFHDHHO QOQGFHDHHG QGQGQRAQGCA QAFHDAGLTY LLTADITGEH
B6  FHDHPQOKQQ FHDHP-QGQQ QFHDHHHOQQ QGKQQFHDHHQ GKQOFHDHHQ QKQQFHDHHO QRAGFHDHHA QARQQQAGAQ QOFHDAOLTY LLTADITGEH
BALB FHDHPQQQGQ FHDHH-QGOG QFHDHHHOGAG GKGQFHDHHQ OKQOFHDHHG GKQGFHDHHO QOGAFHDHHG QQOOGGQRAAG GOFHDAGLTY LLTADITGEH
C3H  FHDHQOOGKGQ FHDHH-QQGG QFHDHHHGQQ QKQQFHDHHQ QKGQFHDHHG GKQGFHDHHG QOGGFHDHAG QGGAGGGAA GGFHDAGLTY LLTADITGEH
DBA  FHDHQOQKGQ FHDHH-QQOQ QFHDHHAGQQ QKQQFHDHHQ QKQQFHDHHO QKQAFHDHHG QOOGFHDHOG QOOEAGGAGAQ GOFHDAGLTY LLTADITGEH

Fig. 3. Comparison of glutamine repeat region (282-381) of SRY among inbred strains.

Hypheus indicate deletions.
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M _AJ AKRBALBC3H DBA B6 MRL

Fig. 4. Comparison of Sry electrophoresis patterns.

537, 396, 270, 237, and 108 bp. The results of PCR
shown in Fig. 4 correspond to the expectation, es-
pecially the presence of the 108-bp band, which
provides evidence of the shortened glutamine re-
peat in MRL and AKR.

Discussion

The existence of testicular oocytes has been
reported in several cases such as chimeric mice,
XXsxr sex-reversed mice, and the fetal testis trans-
planted under an adult female kidney cap-
sule'**** Thus, to date, testicular oocyte in
MRL mice was the only report of the appearance of
In this
study, the testicular oocytes were also found in
newborn AKR mice. As AKR is one of the MRL an-
cestor strains, it is suggested that the appearance

testicular oocytes in XY fertile males.

of testicular oocyte was genetically derived in part
from AKR. However, AKR including B6MRLF1
showed much lower appearance rates than MRL,
indicating that multiple genes, probably on the
autosomes, are also required for the development
of this phenotype.

As a result of comparison, we found three
amino acid alternations within the upper half of
SRY sequences between B6 and MRL, 163T in
HMG box and W133T and L143P in the junction
site. These alternations were also observed in
AKR (data not shown). Unlike the junction site be-
tween HMG box and glutamine repeat region, the
importance of HMG box in SRY function is well
known as the mutations in this DNA binding do-

13)

main cause sex reversal in humans . However,

since many of the Mus musculus domesticus con-
tain threonine at positions 63 and 133 and proline
at position 143 like MRL and AKR"*", these alter-
nations do not seem to be important for the ap-
pearance of testicular oocyte. At the glutamine re-
peat region, there were two regions of polymor-
phism common in MRL and AKR, but not in other
strains, codons 294-302 and deletion of seven glu-
tamines at 351-357. The amino acid residues 294-
302 contained DHHHQQQQQ in MRL and AKR,
and DHQ-QQQQAQ, DHP-QQQQQ, or DHH-
QQQQQ in other strains. However, this substitu-
tion and insertion of histidine in MRL and AKR
seemed less likely to have a relationship with the
appearance of testicular oocyte as substitutions
varied among strains. On the other hand, the dele-
tion of seven glutamines in amino acid residues
351-357 was only found in MRL and AKR, and is
suggested as one of the candidate factors for the
appearance of testicular oocyte.

Polymorphism of the glutamine repeat has
been known to cause many diseases in humans.
Many of these diseases, such as Huntington dis-
ease, spinal bulbar muscular atrophy, several spi-
dentatorubral-

nocerebellar  ataxias, and

pallidoluysian atrophy are results of the extension

{52,336 Conversely, there are

of glutamine repea
only few reports about the effect of shortening glu-
tamine, mostly about the relationship between an-

1,40 Qo

drogen receptor gene and risk for cancer
eral mechanisms causing these diseases have been
identified such as protein aggregation, mitochon-
drial dysfunction, oxidative stress, transcriptional
dysregulation, aberrant apoptosis, altered pro-
teosomal function, and excitotoxicity'>*"*>*.

The importance of glutamine repeat has also
been reported in mice (Mus musculus) SRY. When
the Y chromosome of a Mus musculus domesticus
mouse strain is placed onto the C57BL/6J genetic
background, the XY (B6.Y"*") progeny show sex re-
versal which correlates with polymorphism of a
glutamine repeat within SRY®. Additionally, SRY
constructs without the glutamine repeat region
could not induce testis formation in XX embryos®.

Although the exact roles of this structure within
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mouse SRY protein functions have not been identi-
fied yet, it is suggested that they contribute to the
biological functions of mouse SRY through protein-

protein interactive roles™*’

. Hence the glutamine
repeat region of mouse SRY is thought to have an
essential role in sex determination.

Sex differentiation of mouse primordial germ
cell occurs at E13.5 when female germ cells enter
meiosis while male germ cells are arrested in GO/G
1 of mitosis. However, fetal germ cells are intrinsi-
cally programmed to enter meiosis and initiate oo-
genesis unless specifically prevented by a meiosis-
inhibiting mechanism possessed in a fetal testis®.
This meiosis-inhibiting mechanism can be mainly
divided into two events, formation of testis cords
and prevention of retinoic acid known as a meiosis-
inducing factor. The formation of testis cords oc-
curs at E12.0-12.5 as a result of interaction of
many genes, which are thought as downstream
targets of Sry such as Nr0bl (nuclear receptor
subfamily 0, group B, member 1), Dhh (desert
hedgehog), Pdfgra (platelet-derived growth factor
and N3
Additionally, testicular somatic

receptor alpha),
3)5,6,9,10, 19, 23, 30, 33,39)

(neurotrophin

cells express Cyp26b1 (cytochrome P450, family 26,
subfamily b, polypeptide 1), an enzyme involved in
retinoid metabolism, under the regulation of
Sry*'®. Thus, by being sequestrated within testis
cords, germ cells are prevented to enter meiosis in
the XY gonad with normal Sry expression. In
spite of the existence of the meiosis-inhibiting
mechanism, it was noted that meiosis prematurely
progresses in MRL fetal testes starting as early as
E13.5°”. Taking all of the above into consideration,
it is indicated that MRL fetal testes possess a
unique meiotic progression mechanism, which
might be the result of the shortened glutamine re-
peats in SRY and involved in the appearance of
testicular oocytes. Additionally, the two-step PCR
method that we used to compare CAG repeats can
be an easy way to find mouse strains with the pos-
sibility to contain testicular oocytes. However, B6.
Y"*" with shortened SRY and mice with delayed or
lower expression of Sry shows only sex reversal or
ovotestis, but never testicular oocyte”®. This indi-

cated again the existence of other genes concern-
ing the appearance of testicular oocytes as dis-
cussed above.

Since the glutamine repeat in SRY is unique
in mice®, it is suggested that the testicular oocyte
can appear only in mice. Although it is necessary
to identify the complicity genes, clarification of the
relationship between SRY with shortened glu-
tamine repeat and testicular oocyte can provide
more clues concerning the development of the re-
productive system in mice, such as the mecha-
nisms of sex differentiation and the mechanism
that prevents entry into meiosis in male embryos.
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