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ABSTRACT: In humans, all but 1% of monosomy 45.X embryos die in utero and those who reach term suffer from congenital abnormali-
ties and infertility termed Turner’s syndrome (TS). By contrast, XO female mice on various genetic backgrounds show much milder physi-
cal defects and normal fertility, diminishing their value as an animal model for studying the infertility of TS patients. In this article, we report
that XO mice on the C57BL/6J (B6) genetic background showed early oocyte loss, infertility or subfertility and high embryonic lethality,
suggesting that the effect of monosomy X in the female germline may be shared between mice and humans. First, we generated XO mice
on either a mixed N2(C3H.B6) or B6 genetic background and compared the number of oocytes in neonatal ovaries; N2.XO females
retained 45% of the number of oocytes in N2.XX females, whereas B6.XO females retained only 15% of that in B6.XX females. Second,
while N2.XO females were as fertile as N2.XX females, both the frequency of delivery and the total number of pups delivered by B6.XO
females were significantly lower than those by B6.XX females. Third, after mating with B6 males, both N2.XO and B6.XO females rarely
produced XO pups carrying paternal X chromosomes, although a larger percentage of embryos was found to be XO before implantation.
Furthermore, B6.XO females delivered 20% XO pups among female progeny after mating with C3H males. We conclude that the impact
of monosomy X on female mouse fertility depends on the genetic background.

Key words: Turner’s syndrome / monosomy X / XO female mouse / oocyte reserve / female infertility / embryo development / Patchy
fur mutation

Introduction
The sex of an individual is determined by the combination of sex chro-
mosomes, XX or XY, at conception in most mammalian species. To
adjust the X-linked gene dosage, one of the two X chromosomes in
the XX female is subject to random inactivation. Nonetheless, the ab-
sence of one X chromosome in the female leads to severe defects in
humans; less than 1% of monosomy 45.X (XO) embryos survive in
utero, and those who do reach term suffer from congenital abnormali-
ties, such as short stature and webbed neck, collectively termed
Turner’s syndrome (TS) (Turner, 1938; Singh and Carr, 1966; Ogata
and Matsuo, 1995; Hook and Warburton, 2014). The 45.X genotype
accounts for 3% of all females conceived, 15% of spontaneous abor-
tions and 1 in 1500–2500 female live births (Saenger, 1996; Sybert and
McCauley, 2004). The severity of TS syndrome has a wide spectrum
since 45.X/46.XX mosaicism is common, and only 18% of the cases
detected in live births are putative non-mosaic 45.X (Jacobs et al.,

1997). The cause for the early death of the 45.X conceptus can be
largely attributed to vascular abnormalities leading to impaired fetal-
placental circulation (Urbach and Benvenisty, 2009). By contrast,
XO female mice show much milder physical defects. Most XO em-
bryos survive to term and show no gross anomalies except for
lower body weights than their XX littermates (Cattanach, 1962;
Burgoyne et al., 1983). These striking somatic differences between
the two species can be attributed to the greater number of genes
that escape from X chromosome inactivation in humans. The num-
ber of ‘escapees’ has been estimated to be about 15% of X-linked
genes in humans and 3% in mice (Fisher et al., 1990; Carrel and
Willard, 2005; Berletch et al., 2010; Yang et al., 2010; Berletch
et al., 2015; Tukiainen et al., 2017). Human embryos may not toler-
ate the haplodeficiency of X-linked genes that are normally
expressed from two copies.

Non-mosaic TS patients are infertile due to a lack of oocytes in
streak gonads (Modi et al., 2003; Reynaud et al., 2004; Peek et al.,
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2019). The oocytes may have been present but are lost during the
early oogenesis in fetal life (Carr et al., 1968; Speed, 1988). Elucidating
the mechanism by which XO oocytes are eliminated is critical for un-
derstanding the cause of infertility and for counseling TS patients
(Oktay and Bedoschi, 2019). Animal models are desirable for such
studies. However, XO female mice are usually fertile, diminishing their
relevance to studying infertility of TS patients. In XO mice, unlike
humans, the majority of germ cells go through the meiotic prophase I
(MPI) and contribute to follicle formation at or soon after birth
(Speed, 1986). It has been reported that the oocyte population in the
XO mouse declines to half of that in the XX mouse perinatally, and
this smaller ovarian reserve reflects in a shorter reproductive life span
as oocytes are consumed with age (Burgoyne and Baker, 1981).
Nonetheless, XO female mice can be fertile beyond 6 months of age,
which corresponds to 30 years in women (Burgoyne and Baker, 1981,
our unpublished data). This difference in fertility between the two spe-
cies cannot be explained by X-inactivation escapees because the inac-
tive X chromosome becomes reactivated in the XX female germline
prior to the onset of meiosis, and the two X chromosomes remain ac-
tive until the end of oocyte growth in both humans and mice (Mangia
et al., 1975; Sugimoto and Abe, 2007; Chuva De Sousa Lopes et al.,
2008). Expression of the large non-coding RNA X inactive specific
transcript (Xist) in cis is essential for the initiation of X inactivation in
XX somatic cells as well as primordial germ cells while it is repressed
in oocytes (McCarrey and Dilworth, 1992; Fukuda et al., 2015).
Therefore, the half dosage of X-linked gene products should exert
similar effects on oocyte development in humans and mice.

Several genetic mouse models are available for generating XO
females (Cattanach, 1962; Burgoyne et al., 1983; Lane and Davisson,
1990; Ashworth et al., 1991; Eicher et al., 1991; Burgoyne and Evans,
2000). A mutation or chromosomal rearrangement on the X chromo-
some causes XY non-disjunction during spermatogenesis, and the
sperm lacking sex chromosomes sire XO daughters carrying maternal
X chromosomes. Once generated, the XO female produces the
oocytes lacking X chromosomes and, consequently, XO daughters
carrying paternal X chromosomes. In this article, we chose the Patchy
fur (Paf) mutation on the X chromosome for generating XO females
because of simplicity of maintenance and breeding scheme (Fig. 1).
The Paf mutation, possibly involving inversion, occurs near the bound-
ary of pseudoautosomal region (PAR) and causes a high incidence of
XY non-disjunction (Lane and Davisson, 1990; Korobova et al., 1998;
Burgoyne and Evans, 2000). This mutation was originally identified in
the C3H/HeSnJ (C3H) strain and maintained on this genetic back-
ground in the Jackson Laboratory. To make the XO mouse compara-
ble with various mutant mice, which are often on the C57BL/6J (B6)
genetic background, we backcrossed the Paf mutation onto B6. While
XPafY males maintained the hair-loss phenotype, XXPaf females lost
the Patchy fur phenotype and became indistinguishable from XO
females on B6. Our preliminary results indicated that the fourth back-
cross was sufficient to render the ovarian reserve significantly smaller
than that in the first backcross (N2) generation. The objective of our
current study was to compare the reproductive performance of XO
females in the N2 and advanced backcross generations and assess
whether the XO female mouse on the B6 genetic background shares
some features of infertility in human TS patients.

Materials and methods

Animals
All animal experiments were conducted in accordance with the Guide
to the Care and Use of Experimental Animal issued by the Canadian
Council on Animal Care and with the approval from the Animal
Research Committee of McGill University. Paf breeding pairs on the
C3H background were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). The original C3H.XPafY males were crossed with
B6 females (the Jackson Laboratory) to produce (B6.C3H)F1.XXPaf

and XO females, which were identified by the presence or absence of
the Xist transcript by RT-PCR (Fig. 1). F1.XXPaf females were crossed
with B6 males to produce N2-XPafY males, which were identified by
the hair-loss phenotype. The original C3H.XXPaf females were crossed
with B6 males to produce (C3H.B6)F1.XPafY males, which were
crossed with B6 females to produce N2-XXPaf and XO females. This
manner of alternative backcross was continued to produce XPafY
males, XXPaf females and XO females of up to the N8 generation.
Although N12 is generally required before the genetic background is
fully replaced, the frequency of XO female production by XPafY males
diminished with backcross beyond N8.

Xist RT-PCR
Total RNA was extracted from each tail biopsy using TRIzol
(Invitrogen, ThermoFisher Scientific, Saint-Laurent, QC, Canada)
according to the manufacturer’s protocol, and subject to cDNA syn-
thesis and PCR amplification of the Xist transcript, using the conditions
and primers as previously given (Kay et al., 1994). Xist transcripts were
detectable in XX females but not in XO females or XY males.

Immunofluorescence staining of
wholemount ovaries
Ovaries were isolated from females at 4 days after birth, and fixed in a
mixture of cold methanol:dimethylsulphoxide (4:1) and stored at
�20�C overnight or longer. Meanwhile, a piece of tail was taken from
each female for genotyping. Once identified, XXPaf and XO ovaries

Figure 1. Mouse breeding scheme. (A) Cross between XX
females and XPafY males generates XMO females carrying maternal
X chromosomes and XXPaf females. Cross between XXPaf females
and XY males produces XPafY males. By using B6 XX and XY mice
for crosses, the genetic background gets closer to B6 at every gener-
ation (backcross). (B) Cross between XMO females and XY males
generates XPO females carrying paternal X chromosomes. YO em-
bryos die before implantation.

Premature ovarian insufficiency in the XO mouse 679
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were subject to wholemount immunofluorescence (IF) staining as de-
tailed by Faire et al. (2015) with modifications (Liu et al., 2019). In
brief, ovaries were rehydrated in 1:1 methanol:phosphate buffered sa-
line (PBS), washed in Holding Buffer (PBS containing 1% TritonX-100,
3% bovine serum albumin, 1% goat serum), and incubated with rat
TRA98 antibody (1:100, B-Bridge #73-003, Tokyo, Japan) and rabbit
anti-TAp63a antibody (1:100, Cell Signaling Technologies #4892,
Danvers, MA, USA) overnight. Ovaries were then washed and incu-
bated with goat anti-rat IgG conjugated with Alexa Fluor 488 (1:1000,
Pierce, ThermoFisher Scientific), goat anti-rabbit IgG conjugated with
rhodamine red X (1:1000, Jackson Immunoresearch Laboratories,
West Grove, PA, USA) and 0.4 mg/ml DAPI (Roche Diagnostics,
Mannheim, Germany) in the dark overnight. After washing, dehydrating
in gradient concentrations of methanol, and clearing in 1:2 benzyl alco-
hol:benzyl benzoate overnight, the ovaries were stored at 4�C until
imaging with a Zeiss 780 confocal microscope (Molecular Imaging
Centre, MUHC). Representative z-stacks were acquired with the reso-
lution parameters including 1024 � 1024, 16-bit, 16 line averaging and
bidirectional acquisition. Numbers of TRA98-positive cells (green),
TAp63a-positive cells (red) and the cells positive for both (yellow)
were counted using the ‘Surfaces’ algorithm in IMARIS 8.2, and the to-
tal number of oocytes was estimated by subtracting the number of
both-positive cells from the sum of either green or red cells.

Fertility test
XXPaf and XO females of N2, N7 and N8 generations at 2 months of
age were individually caged with B6 males until pregnancy was con-
firmed. B6 males were replaced when females did not get pregnant
within 2 weeks. The live pups were counted on the delivery day and
left with their mothers for lactation up to 25 days. From XXPaf moth-
ers, the numbers of wild-type male, XPafY male (based on the hair-loss
phenotype), and female pups were recorded. From XO mothers, the
genotype (XX or XO) of female pups was determined by Xist RT-
PCR. After weaning, the females were caged with B6 males to repeat
the above procedure until they reached 180 days of age. The females
were euthanized at least 7 days after the last weaning, and their ova-
ries were fixed in 2% paraformaldehyde in the microtubule-stabilizing
buffer (Messinger and Albertini, 1991) and embedded in paraffin.
Histological sections from the central region of ovary were deparaffi-
nized, subject to antigen retrieval as previously described (Taketo
et al., 2005), IF-stained with rabbit anti-MSY2 antibody (1:500, AbCam
#ab33164, Toronto, ON, Canada), followed by goat anti-rabbit IgG
conjugated with FITC (1:1000, Jackson Immunoresearch Laboratories),
and mounted in Prolong Antifade Mounting Medium containing DAPI
(Molecular Probe, ThermoFisher Scientific). Fluorescent signals were
examined and recorded under an epifluorescence microscope system
(Leica DM6000B, Germany).

Collection and culture of embryos after
natural mating
N6-XXPaf and XO females at 2 months of age were mated with B6 or
C3H males and separated in the morning when copulation plugs were
found. The contents of oviducts were flushed out with M2 medium on
post-fertilization D1.5 and observed under a stereo microscope. The
two-cell stage embryos were further cultured in droplets of synthetic

oviductal medium enriched with potassium medium under mineral oil
(both from Sigma-Aldrich Canada, Oakville, ON, Canada), and ob-
served daily for 3 days.

FISH analysis of blastocyst-stage embryos
Blastocyst-stage embryos on the third day in culture (D1.5þ 3d) were
rinsed in a washing buffer (PBS containing 3% bovine serum albumin)
twice, transferred into 5 ml droplets of lysis buffer (0.01N HCl and
0.1% Tween-20 in water), and left to dry. After rinsing in PBS, fol-
lowed by 70%, 95% and 100% ethanol, the slides were air-dried and
stored at �20�C. The slides were processed for fluorescence in situ
hybridization with the probes for chromosome X (XMPX) and Y
(XMPY) (MetaSystems, Germany) according to the manufacturer’s
protocol, and mounted with DAPI and examined as described above.
The genotype of each embryo was determined by the presence of
XX, XO or XY paints in at least 80% of blastomeres.

Statistical analysis
The numbers of oocytes in the neonatal ovaries of different genotypes
and generations (n¼ 4�5 females, at least two litters, each) were
compared by Sidak’s multiple comparisons test and presented as
means 6 SEM. The age of conception was estimated from the delivery
day by assuming 19.5 days in gestation, and grouped into three ranges,
presented as means 6 SD. Total numbers of pups delivered by XX
and XO females of the same generation were compared by Student’s
t-test. Pregnancy rates and numbers of pups/litter per female
(n¼ 7�12 each) were compared by Fisher’s exact test and two-way
ANOVA (genotype and age) followed by Tukey’s multiple compari-
sons test, respectively. The ratios of progeny (live pups or embryos)
with the two phenotypic sexes and/or genotypes (XX, XO) were
compared by v2-test. P-value <0.05 was considered to indicate statis-
tical significance.

Results

Greater oocyte loss in the neonatal XO
ovary with further backcross onto B6
To examine the effects of genetic background on the ovarian reserve,
which is largely established by 4 days after birth, we crossed wild-type
B6.XX females with XPafY males in (C3H.B6)F1 and N6 generations
to produce XX and XO females in N2 and N7 generations, respec-
tively. We identified the oocytes in the wholemount ovaries by IF
staining with TRA98 and anti-TAp63a antibodies (Fig. 2A). TRA98 is
expressed in the oocyte nucleus through the MPI, but it becomes
downregulated while TAp63a is upregulated when the oocyte reached
the early-to-mid diplotene stage (Enders and May, 1994; Suh et al.,
2006; Livera et al., 2008; Deutsch et al., 2011; Carmell et al., 2016).
Therefore, IF staining of both markers was necessary to capture the
entire oocyte population in neonatal ovaries (Liu et al., 2019). The
ovaries of both XX and XO females in the N2 generation (N2-XX
and N2-XO ovaries, respectively) and XX females in the N7 genera-
tion (N7-XX ovaries) appeared morphologically similar. TRA98-
positive oocytes were concentrated in the peripheral region while
TAp63a-positive oocytes were distributed over the ovary and formed

680 Vaz et al.
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follicles in the central region, in agreement with the wave of MPI pro-
gression from the central to peripheral region. In comparison, the ova-
ries of XO females in the N7 generation (N7-XO ovaries) were
devoid of oocytes/follicles in the central region and harbored sparse
oocytes with either TRA98 or TAp63a IF staining in the peripheral
region.

We estimated the total number of oocytes in each wholemount
ovary (Fig. 2B) as described in Materials and methods. The number of
oocytes in the N2-XO ovary was on average 45.0% of that in the N2-
XX ovary, whereas the number of oocytes in the N7-XO ovary was
only 15.6% of that in the N7-XX ovary. Since the number of oocytes
in the N7-XX ovary was significantly smaller than that in the N2-XX
ovary, we compared the oocyte populations in N2-XO versus N7-
XO ovaries by Sidak’s multiple comparisons test. Significant differences
were found in all comparisons, most importantly between N2-XO and
N7-XO ovaries at P< 0.05. We conclude that the XO female on the
B6 genetic background retains fewer oocytes, particularly in the central
region, compared to the XO female on a mixed genetic background,
by the time when the ovarian reserve is established.

Reduced fertility in the XO female on the
B6 genetic background
We next asked whether the smaller ovarian reserve in the N7-XO fe-
male was reflected in reproductive performance at puberty. We iden-
tified the oocytes in histological sections of ovaries at 2 months of age
by IF staining of MSY2, which is detectable at the diplotene stage and
beyond (Gu et al., 1998; Medvedev et al., 2008). We found that all

XX and XO ovaries in N2 and N7 generations showed a similar distri-
bution of primordial and growing follicles (Fig. 3).

We then crossed XX and XO females in N2, N7 and N8 genera-
tions from 60 to 180 days of ages with wild-type B6 males, and exam-
ined pregnancy, delivery and sex/genotype of live pups. All XX
females delivered three litters during this period. Because of the
breeding scheme (see Materials and methods) and highly successful
fertilization, the presumed conception dates fit into three narrow age
ranges as given in the table (Fig. 4A), which were designated as P1, P2
and P3 for simplicity. All but one N2-XO females also delivered three
litters each, comparable to N2-XX females. The exceptional N2-XO
female apparently failed to get pregnant or carry pups during the sec-
ond age range. By contrast, all but three of a total 11 N7- and N8-
XO females delivered fewer than three litters and two delivered none.
Therefore, we assigned their presumable conception dates into the
closest age ranges defined by other females.

We compared the total number of live pups delivered by each fe-
male during the tested period as given in Fig. 4A. The numbers of
pups (mean 6 SD) delivered by N2-, N7- and N8-XX females were
29.5 6 5.8 (n¼ 8), 22.7 6 4.0 (n¼ 3) and 29.2 6 1.8 (n¼ 9), respec-
tively, comparable to each other. The number of pups delivered by
each N2-XO female was 18.6 6 2.9 (n¼ 7), significantly lower than
that by an N2-XX female at P< 0.01 by t-test. The numbers of pups
delivered by N7- and N8-XO females were 8.0 6 5.0 and 7.8 6 7.2,
respectively, similar to each other and significantly lower than those by
N7- and N8-XX females at P< 0.01. Since no difference was found
between N7- and N8-XO females, the results were combined as
N7:8-XO females for further analyses. As summarized in Fig. 4B, the

Figure 2. Number and distribution of oocytes in the XX and XO ovaries of N2 and N7 generations at 4 days after birth. (A)
Immunofluorescence staining of wholemount ovaries. Merged images are followed by staining of germ cell markers (TRA98 and TAp63a) or nuclear
staining with DAPI alone. Note the absence of oocytes in the central region and fewer oocytes in the peripheral region in the N7-XO ovary com-
pared to other types of ovaries. (B) Total number of oocytes per ovary. Mean 6 SEM. The number of ovaries examined is shown in parentheses
above each column. * and ** indicate significant differences at P< 0.05 and 0.01, respectively, by Sidak’s multiple comparison test.

Premature ovarian insufficiency in the XO mouse 681
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pregnancy rates of N7:8-XO females were significantly lower than
those by other types of females at P2 and P3 (P< 0.05 and 0.01, re-
spectively, by Fisher’s exact test). There was a tendency toward de-
clining pregnancy rate in N7:8-XO females with age, but the
regression analysis did not indicate significant correlation.

We next compared the number of pups per litter delivered by each
female within three age ranges (Fig. 4C). The numbers of pups deliv-
ered by N7:8-XX females were comparable with those by N2-XX
females in all age ranges, suggesting that the shift of the genetic back-
ground to B6 had little impact on the fecundity of XX females. The
numbers of pups delivered by N2-XO females were significantly lower
than those delivered by N2-XX females at P2 (P< 0.01 by two-way
ANOVA followed by Tukey’s multiple comparisons test). This was
expected as all YO embryos die during preimplantation development
although no significant difference was found at P1 or P3. The numbers
of pups delivered by N7:8-XO females were the lowest and were sig-
nificantly different from those delivered by N7:8-XX females at P1, P2
and P3 (P< 0.05, 0.01 and 0.01, respectively), or those by N2-XO
females at P3 (P< 0.05).

After the fertility test was completed at 6 months of age, ovaries
were examined histologically (Fig. 3). Oocytes in primordial and grow-
ing follicles were seen in N2-XX, N2-XO and N7-XX ovaries, but
rarely in N7-XO ovaries. These results suggest that the smaller ovarian
reserve in the XO female on the B6 genetic background reflected in
infertility, premature fertility loss or subfertility.

Deficit of XpO progeny from the XO
female on the B6 genetic background
XO females were anticipated to produce nullisomy X oocytes and
consequently XO daughters carrying single paternal X chromosomes

(XpO) after mating with wild-type XY males (Fig. 1). However, XpO
daughters were rarely delivered by either N2- or N7:8-XO females
(4.4% and 2.3% of female pups, respectively) (Fig. 5). It has been
reported that the survival of XpO embryos decreases on the B6 ge-
netic background (Hunt, 1991). To confirm the contribution of the B6
genetic background to the deficit of XPO pups, we crossed wild-type
C3H females with N7-XPafY males to produce semi-(C3H.B6)F1-XO
females, which delivered a significantly larger population of XO daugh-
ters (31.4% of female pups, P< 0.01 by v2-test) than N2- or N7:8-
XO females. To determine whether the deficit of XPO pups delivered
by N7:8-XO females can be attributed to the B6 genetic background
of mothers or the B6 genetic background of XPO embryos, we
crossed N7-XO females with C3H males. In total, 20.5% of female
pups delivered were of the XO genotype. This ratio of XO female
production was significantly larger than that delivered by N7:8-XO
females after crossing with B6 males (P< 0.05 by v2-test) and compa-
rable to that delivered by (C3H.B6)F1 females. These results indicate
that N7-XO females produced nullisomy X oocytes, which were fertil-
ized and developed into healthy XpO pups on the (B6.C3H)F1 genetic
background but not on the B6 genetic background. The sex ratios of
pups delivered by XXPaf littermates are shown on the left for compari-
son in Fig. 5.

To delineate when XpO embryos on the B6 genetic background
were lost during pregnancy, we collected two-cell-stage embryos
from N6-XO and XX females after natural mating with B6 males
and examined their preimplantation development in culture. The
numbers of two-cell-stage embryos recovered at post-fertilization
D1.5 were comparable between XX (7.0 6 0.5, n¼ 12) and XO
(6.0 6 0.7, n¼ 12) mothers. As shown in Fig. 6A, embryos from
XX females (n¼ 55) developed progressively in culture, and 93%
reached the blastocyst stage at D1.5þ 3d. In comparison,

Figure 3. Oocytes in the XX and XO ovaries of N2 and N7 generations at 2 and 6 months (mo) of age. Oocytes in histological ovar-
ian sections were immunofluorescence-stained for MSY2 (green) with DAPI counterstaining (blue). Arrowheads indicate oocytes in primordial fol-
licles. Note the absence of oocytes in the N7-XO ovary at 6 months of age. The dull staining in the central region was caused by non-specific binding
of the FITC-conjugated secondary antibody. Scale bar 600 mm.

682 Vaz et al.
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..development of embryos from XmO females (n¼ 62) was
sluggish. After 1 day in culture, a larger percentage was found at
the four-cell stage, while very few had reached the eight-cell stage
with compaction. After 2 days in culture, 82% were still at the
morula stage, while very few had reached the blastocyst stage.
Both were significantly different at P< 0.01 by v2-test. After 3
days in culture, however, 81% of embryos had reached the blasto-
cyst stage, and no significant difference was found from XX
mothers.

We identified the sex chromosomes carried by the blastocyst-
stage embryos after 3 days in culture using X and Y chromosome
paint (Fig. 6B). Of 46 blastocyst-stage embryos recovered from XX
mothers, 28 were XY and 18 were XX, not significantly different
from the expected sex ratio (Fig. 5). Of 33 embryos recovered
from XO mothers, 13 were XY, 16 were XX and 4 were XO
(20% of female embryos) (Fig. 5). This ratio of XO embryos among
female progeny was comparable to the live pups delivered by N7-
XO females after mating with C3H males. We speculate that XpO

embryos on the B6 genetic background were lost at or after im-
plantation in utero.

Discussion
XO female mice on various genetic backgrounds are fertile, and there-
fore not considered to be a good animal model for understanding the
infertility of human TS patients. Our current results demonstrate that
the XO female mouse in advanced backcross generations to B6
(B6.XO) exhibits the features which may be relevant to human TS, i.e.
early oocyte loss, subfertility and high lethality of XO embryos carrying
paternal X chromosomes in utero. Further study in the B6.XO mouse
would contribute to elucidating the influence of monosomy X in the
female germline in mammalian species.

Our results showed that the B6.XO female retained fewer oocytes
than the B6.XX female or the N2-XO female at 4 days after birth,
when the ovarian reserve was largely established. The initial oocyte

Figure 4. Fertility of adult XX and XO females in N2 and N7-N8 generations. (A) Pregnancy age ranges and the total number of pups
delivered by each female. **Significant difference from XX females of the same generation at P< 0.001 by Student’s t-test. (B) Percentage of females
which became pregnant and delivered pups in three reproductive age ranges. * and ** indicate significant differences in N7:8-XO females compared
to N7:8-XX females at P< 0.05 and 0.01, respectively, by Fisher’s exact test. (C) Number of pups per litter. Mean 6 SEM. * and ** indicate signifi-
cant differences from other females at P< 0.05 and 0.01, respectively, by two-way ANOVA (genotype and ages) followed by Tukey’s multiple com-
parisons test.
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population at the onset of meiosis in the XX ovary declines during fe-
tal and neonatal development in both humans and mice (Baker, 1963;
McClellan et al., 2003; Malki et al., 2014; Tharp et al., 2020). In the
mouse, the XO female loses additional oocytes during perinatal devel-
opment to retain a half as many oocytes as the XX female in largely
Schofield albino outbred strain (Burgoyne and Baker, 1985). Our cur-
rent results showed that while the oocyte loss in the XO ovary (to
45% of the XX ovary) in the N2(C3H.B6) generation was comparable
to the published data, the oocyte loss in the B6.XO ovary (to 16% of
the XX ovary) in the N7 generation was much greater. One possible
explanation for the greater loss of XO oocytes is the haplodeficiency
of X-linked gene products. It has been reported that the ratio of X-
linked versus autosomal gene transcript levels is lower in XO oocytes
than in XX oocytes from the onset of meiosis (Sangrithi et al., 2017;
Hamada et al., 2020). However, no difference was observed in the
number of oocytes between B6.XO and XX ovaries until birth (Alton
et al., 2008; Vaz and Taketo, unpublished data), suggesting that while
the haplodeficiency of X-linked gene products has little effects on the
oocyte survival in fetal life, the B6 genetic background facilitates the
loss of XO oocytes during a short period after birth. This is the period
when the oocytes complete homologous chromosome synapsis, enter
the MPI arrest and form follicles. It has been postulated that the single
X chromosome in the XO oocyte lacks homologous synapsis and trig-
gers ‘meiotic silencing of unsynapsed chromatin’ (MSUC) (Burgoyne
and Baker, 1981; Speed, 1986; Turner et al., 2005; Cloutier et al.,

2015; Cloutier et al., 2016). Furthermore, silencing of X-linked genes
is variable, and the XO oocyte may survive or die depending on the
repertoire of silenced genes (Cloutier et al., 2016). We have previ-
ously reported that around 80% of prenatal B6.XO oocytes exhibit
the single X chromosome marked by phosphorylation of histone vari-
ant H2AFX (cH2AFX), which is essential for MSUC (Alton et al.,
2008; Cloutier et al., 2015). We speculate that the B6 genetic back-
ground enhanced MSUC, resulting in a greater loss of XO oocytes.
However, it remains puzzling why the oocytes in the central region
were preferentially eliminated in the B6.XO ovary. Alternatively,
cH2AFX in the XO oocyte may have been recognized by the
TAp63a-CHEK2 surveillance mechanism which eliminates the oocytes
with DNA damage or persistent double strand breaks (Rinaldi et al.,
2017). It is intriguing that TAp63a began to be expressed in the
oocytes of the central region during the MPI progression. There may
be a delicate timing of TAp63a expression and availability of the
CHEK2 surveillance. Further study is needed to delineate the molecu-
lar mechanism of XO oocyte elimination in the neonatal ovary.

Our results also showed that very few B6.XO females had normal
levels of fertility. Two out of 11 N7:8-XO females never delivered
pups and two delivered only once while all XX females and all but
one N2-XO females delivered three litters from 2 to 6 months of age.
Furthermore, we found a tendency toward declining fertility in the
B6.XO female with age and, in fact, very few oocytes remained in the
B6.XO ovaries at 6 months of age. These results suggest that the

Figure 5. Ratio of phenotypical (or XY) male, XX female and XO female progeny produced by XX and XO females crossed
with B6 or C3H males. The number under each green bar indicates the percentage of XO females among female progeny. The number on the
left of each bar indicates the total number of pups examined. * and ** indicate significant differences at P< 0.05 and 0.01, respectively, by v2-test.
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..smaller ovarian reserve in the neonatal B6.XO female led to infertility
or premature fertility loss. However, we cannot exclude the possibility
that the B6 genetic background facilitated the exhaustion of XO
oocytes/follicles during postnatal ovarian development. Since the num-
bers of naturally ovulated oocytes were comparable between B6.XO
and XX females at young ages, we do not anticipate problems in follic-
ular recruitment or growth to contribute to the subfertility of B6.XO
females.

The total number of live pups delivered by each B6.XO female was
significantly lower than that delivered by a B6.XX or N2-XO female.
The number delivered by an N7:8-XO female was 33% of that deliv-
ered by an N7:8-XX female, while the number delivered by an N2-
XO female was 63% of that by delivered an N2-XX female. Litter
sizes delivered in three age ranges, on average 2.3, 3.9 and 5.4 months
of ages, were 48%, 29% and 17% by the N7:8-XO female and 64%,
51% and 74% by the N2-XO female, respectively, compared to those
delivered by their corresponding XX females. These results are consis-
tent with the tendency toward declining fertility in the B6.XO female

with age. The number of oocytes recruited into ovulation is indepen-
dent of the ovarian reserve until near the reproductive senescence
(Brook et al., 1984). Therefore, the subfertility of the B6.XO female at
young ages and decline in fertility with age is reminiscent of premature
ovarian insufficiency (POI) in humans. POI may result from defects at
many levels. Our current model, the B6.XO female, suggests that the
number of oocytes/follicles in the ovarian reserve is the major contrib-
uting factor. Nevertheless, effects of other factors in the incidence of
POI remain to be elucidated. In humans, some X-linked genes, such as
BMP15 and FMR1, have been linked to POI; however, no single X
chromosome gene plays a causative role, and the POI phenotype is
presumed to derive from the additive effect of X-linked and non-X-
linked factors (Toniolo, 2006; Qin et al., 2015). The distinct effects of
the B6 genetic background on fertility loss in the XO mouse may pro-
vide an opportunity to address the non-X-linked factors responsible
for POI.

The smaller litter size delivered by an XO female can be attributed
to the loss of all YO and some XO embryos. The shortage of XO

Figure 6. Preimplantation development in culture of naturally fertilized oocytes from N6-XX and XO females. (A) Total numbers
of zygotes at the two-cell stage, as shown in parentheses, were collected at D1.5 and cultured for 3 days. Development of embryos from XO females
was delayed at D1.5þ 1 and þ2 days in culture compared to those from XX females (P< 0.01 by v2-test), but no difference was found at D1.5þ 3
days. (B) Genotyping of blastocyst embryos by FISH with X- and Y-chromosome-paint (red and green, respectively) with DAPI nuclear staining. *
indicates the same position in the insert at a higher magnification (�4). Bar 50 mm.
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pups has been well documented since the first discovery of XO female
mice (Cattanach, 1962; Luthardt, 1976; Hunt, 1991; Banzai et al.,
1995). Nonetheless, around 20% of female pups are of XO genotype
in various breeding schemes, in agreement with our results when the
(C3H.B6)F1-XO female was crossed with a B6 male or the N7-XO
female was crossed with a C3H male. For comparison, only 4.4% and
2.8% of female pups were of XO genotype when N2-XO and N7-
XO females were crossed with B6 males. We confirmed that the
numbers of two-cell-stage embryos recovered from N6-XO and N6-
XX females were comparable. There appears to be a strong B6
genetic background effect on the survival of XO embryos carrying pa-
ternal X chromosomes. In our breeding scheme, where XPafY males
of (B6.C3H)F1, N6 and N7 were crossed with B6 females, the ratios
of female pups were 50.3% (n¼ 171), 54.5% (n¼ 246) and 44.7%
(n¼ 219), respectively, suggesting that B6.XO embryos carrying ma-
ternal X chromosomes were fully viable in B6.XX mothers.

If the single X chromosome is randomly segregated into oocytes at
the first meiotic division in XO females, equal ratios of XX, XY, XO
and YO progeny are anticipated after fertilization. However, it has
been demonstrated that segregation of the X chromosome in the XO
oocyte is not random; the X chromosome is preferentially retained in
60% of oocytes on either the C3H or B6 genetic background
(Kaufman, 1972; Sakurada et al., 1994; LeMaire-Adkins and Hunt,
2000). Consequently, 40% of oocytes would produce XO and YO
embryos after fertilization and their complete loss would result in a
smaller litter size by 40%. This is close to our observation in the N2-
XO female. The average litter size delivered by each N7:8-XO female
was much smaller, partly due to the inclusion of pregnancy failures.
When the litter sizes of only successful deliveries were taken, their
averages were 65.3% (n¼ 8), 52.4% (n¼ 6) and 30.5% (n¼ 5) of
those delivered by N7:8-XX females (n¼ 12) in the three age ranges
examined, P1, P2 and P3, respectively. The litter sizes at P1 and P2
were not far off the expectation. The litter size at P3 appeared to be
much smaller, but the difference did not reach statistical significance
probably due to small sample sizes. It remains possible that the small
ovarian reserve affected the quality of oocytes near the reproductive
senescence in the B6.XO female.

Another contributing factor to the loss of XpO embryos in the
B6.XO female would be the paternal origin of the X chromosome,
which is epigenetically distinct from the maternal X chromosome
(Hunt, 1991; Thornhill and Burgoyne, 1993; Latham and Rambhatla,
1995). It has been shown that XpO embryos (on a mixed genetic
background) display developmental retardation at gastrulation and
early organogenesis while XmO embryos do not, although no selective
loss of the retarded embryos during gestation was observed (Jamieson
et al., 1998). It is plausible that the B6 genetic background exacerbated
the developmental delay in XpO embryos and resulted in their loss.
Alternatively, the X chromosome from B6 males may be inferior to
support XpO embryonic development than that from C3H males since
the genetic background affects DNA methylation (Engler et al., 1991;
Weichman and Chaillet, 1997). However, this explanation is unlikely
because of the high rate of XO female production by the
(C3H.B6)F1.XO female after mating with B6 males. It appears that the
survival of XpO embryos depended on their own genetic background,
at least 87.5% B6, but not on the genetic background of mothers or
fathers alone.

The cause for the loss of B6.XpO embryo remains to be identified.
We exclude the contribution of maternal factors such as RNAs and
metabolites which were stored in the oocytes during growth and mei-
otic progression prior to fertilization, because the oocytes of B6.XO
females produced XpO live pups after mating with C3H males but
failed to do so with B6 males. In humans, the rare survivor of XO
conceptus is not suitable for studying the cause of miscarriage in XO
embryos, and so human embryonic stem cells that had spontaneously
lost one of two X chromosomes were used to analyze gene expres-
sion profiles in the cells upon differentiation into fundamental cell line-
ages (Urbach and Benvenisty, 2009). Their results suggested that the
placenta was the only plausible tissue contributing to the XO embry-
onic death, and that the haplodeficiency of X inactivation escapees in-
cluding those in the PAR was responsible. In our model, defects in the
B6.XpO placenta are likely because of the embryonic loss at or post-
implantation. However, fewer genes escape X inactivation in the
mouse and only Sts has been conserved in PAR between the two spe-
cies. Further study warrants clarifying the molecular mechanism of
B6.XpO embryo loss.

The subfertility in the XO female mouse on the B6 genetic back-
ground is still milder than that of human TS patients. However, the
early oocyte loss in the human 45.X conceptus can be at least partly
attributed to the severe defects in somatic cells. The B6.XO female
mouse provides an animal model for investigating the consequence of
X haplodeficiency in the female germline, independent of somatic
defects.
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