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Abstract

The fertility of sex-reversed XY female mice is severely impaired by a massive loss of oocytes and
failure of meiotic progression. This phenomenon remains an outstanding mystery. We sought to
determine the molecular etiology of XY oocyte dysfunction by generating sex-reversed females
that bear genetic ablation of Sry, a vital sex determination gene, on an inbred C57BL/6 background.
These mutant mice, termed XYsry− mutants, showed severe attrition of germ cells during fetal devel-
opment, resulting in the depletion of ovarian germ cells prior to sexual maturation. Comprehensive
transcriptome analyses of primordial germ cells (PGCs) and postnatal oocytes demonstrated that
XYsry− females had deviated significantly from normal developmental processes during the stages
of mitotic proliferation. The impaired proliferation of XYsry− PGCs was associated with aberrant
β-catenin signaling and the excessive expression of transposable elements. Upon entry to the mei-
otic stage, XYsry− oocytes demonstrated extensive defects, including the impairment of crossover
formation, the failure of primordial follicle maintenance, and no capacity for embryo development.
Together, these results suggest potential molecular causes for germ cell disruption in sex-reversed
female mice, thereby providing insights into disorders of sex differentiation in humans, such as
“Swyer syndrome,” in which patients with an XY karyotype present as typical females and are
infertile.

Summary Sentence

We report the molecular etiology of XY oocyte dysfunction in sex-reversed female mice harbor-
ing Sry deletion. The results show potential molecular causes for germ cell disruption providing
insights into disorders of sex differentiation in humans.
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Introduction

Widely conserved in mammals, the gene Sex determining region Y
(Sry) encodes a key protein for the sex determination of gonads,
which have the potential to develop in one of two mutually exclu-
sive, sex-specific directions. SRY shunts these “bipotential” gonads
into male sex-inducing testis formation [1, 2]. In mice, Sry expression
occurs in gonadal somatic cells of the genital ridges at embryonic day
(E) 11.0–12.0 [1, 3], and triggers the activation of a male sex differ-
entiation program by inducing expression of the genes SRY-related
high-mobility group box 9 (Sox9) and fibroblast growth factor 9
(Fgf9) [1, 2].

Notably, Sry mutations are known to result in male-to-female
sex-reversed individuals. Mouse models of these sex-reversed XY
female mice were first produced from chimeric mice via embryonic
stem (ES) cells that carried a mutation at the gene testis-determining
region of the Y chromosome (Tdy), induced using a retroviral vector
[4–6]. More recently, a TALEN-mediated gene editing procedure has
been used to target specific Y chromosome genes, resulting in the pro-
duction of anatomical XY females via deletion of the HMG domain
of Sry [7, 8]. These animals were found to be either infertile or subfer-
tile [8–12]. XY female mice have also been produced by the deletion
of autosomal Sry-related genes. For example, the deletion of Sox9
in the gonadal somatic cells of male embryos resulted in their devel-
opment into XY females [9]. Additionally, the alteration of histone
epigenetic signatures through deletion of the JmjC-containing H3K9
demethylase Jmjd1a, which positively regulates Sry expression, also
resulted in XY female mice [10]. Furthermore, it is known that male-
to-female sex-reversed mice are produced when the Mus musculus
domesticus or poschiavinus-type Y chromosome is transferred to
the C57BL/6 (B6) background, as in the B6-YAKR, B6-YPOS, or B6-
YTIR models [11–15]. Specifically, these XY female mice exhibit an
anatomically female phenotype with ovary formation; however, they
are infertile or subfertile, exhibiting extensive loss and dysfunction of
germ cells in the ovary [4, 7, 8, 16–20]. Overall, it is evident that XY
females form well-constructed fetal gonads consisting of germ cell
cysts and surrounding somatic cells, including pre-granulosa cells
and stromal cells, but fertilized XY oocytes are not capable of early
embryonic development [8, 18, 21, 22].

In spite of a growing number of studies of male-to-female sex-
reversed mice, a consensus has failed to converge on the phenotypic
features of XY females due to the variety of genetic backgrounds
analyzed in these studies. Furthermore, little is known about the
molecular etiology of oocyte dysfunction and impaired fertility in
XY females. Thus, to overcome the confounding influence of vari-
able genetic backgrounds, and to identify molecular mechanisms that
underlie the fertility problems of male-to-female sex-reversed mice,
we produced Sry-mutated XYsry− females using the CRISPR/Cas9
system on an inbred C57BL/6 background. To define germ cell dys-
function in XYsry− females, we performed comprehensive transcrip-
tomic analyses of germ cells and gonadal somatic cells. The present
study shows potential molecular causes that underlie germ cell dis-
ruption in sex-reversed mice, demonstrating that primordial germ
cells (PGCs) of sex-reversed mice substantially deviate from normal
developmental processes in stages of mitotic proliferation prior to
entry into the stage of meiotic differentiation.

Materials and methods

Animals and ethic statements
This study was carried out in strict accordance with the Tokyo
University of Agriculture Guide for Care and Use of Laboratory

Animals. The protocol was approved by the Committee on the Ethics
of Animal Experiments of the Tokyo University of Agriculture (Per-
mit Number: 260064SE). At the time of sample collection, all an-
imals were sacrificed by cervical dislocation, and all efforts were
made to minimize suffering.

Generation of Sry mutant mice (XYsry− females)
by CRISPR/Cas9 system
To generate the Sry targeting vector, we used a pX330-U6-Chimeric
BB-CBh-hSpCas9 (pX330) plasmid, kindly provided by Dr Masahito
Ikawa (Research Institute for Microbial Diseases, Osaka Univer-
sity). An sgRNA sequence was designated within the SRY HMG-
box domain (5′–TGGTGTGGTCCCGTGGTGAG–3′), inserted an-
nealed double-strand DNA with four overhangs into the BbsI site
of the pX330 plasmid. C57BL/6 female mice were superovulated
and mated with C57BL/6 male mice; then, zygotes were collected
from ampulla of the oviducts. The microinjection of the Sry-targeting
pX330 plasmid (2 ng/μl) into male pronuclei of PN3-5 stage zygotes
was carried out under standard procedures. The injected zygotes
were cultured in potassium simplex optimized medium (KSOM) at
37◦C and embryos that developed into the two-cell stage were trans-
ferred into the oviducts of pseudopregnant ICR female mice (Sup-
plementary Figure S1).

Germ cells and gonadal somatic cells collection
To collect E13.5 PGCs, postneonatal day 1 (P1) oocytes, and gonadal
somatic cells, gonads from 13.5 dpc and 1 dpp post-embryo trans-
fer were digested in 1 mg/ml collagenase solution (Wako, Oosaka,
Japan) at 37◦C for 40 min, followed by treatment with 0.25%
trypsin-EDTA solution (0.53 mM; Sigma, MO, USA) at 37◦C for
15 min. After adding foetal bovine serum, a single-cell suspension
was obtained by gentle pipetting. Cells were then incubated in a
1:50 dilution of PE-conjugated anti-SSEA1 (for labeling of E13.5
PGCs; 560142, BD Pharmingen, NJ, USA) or PE (Phycoerythrin)-
conjugated anti-CD117 (for labeling of P1 oocytes, 105807, BioLe-
gend, CA, USA) antibody. PE-positive cells (PGCs and oocytes) and
PE-negative cells (gonadal somatic cells) were isolated and collected
using a FACSAria II cell sorter (BD Bioscience, NJ, USA, Supple-
mentary Figure S1). Ovulated MII oocytes were extracted from the
oviducts of XX and XYsry− female mice according to the methods
described in our previous report [23]. Considering the variability in
the genotype of the XYsry− females, when collecting PGCs, neonatal
oocytes, gonadal somatic cells, and MII oocytes, we supplied pooled
gonadal cell suspensions and MII oocytes from, respectively, four
and five XYsry− female individuals at each time point. MII oocytes
were also collected from superovulated XX and XYsry− females at 4
weeks of age for single-oocyte RNA-seq.

RNA isolation, RNA-seq library preparation, and
sequencing
Total RNA of PGCs, oocytes, and gonadal somatic cells was isolated
using an RNeasy Micro Kit (QIAGEN, Hilden, FRG) with DNase
treatment. Complementary DNA synthesis and pre-amplification
were performed with total RNA (10 ng) using, respectively, a
SMARTer Ultra Low Input RNA Kit and an Advantage 2 PCR Kit
(Clontech, CA, USA), both according to the manufacturers’ instruc-
tions. Pre-amplified cDNA was fragmented into 200-bp fragments
using an S2 sonicator (Covaris, MA, USA) and then used to construct
sequencing libraries using a NEBNext Ultra DNA Library Prep Kit
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according to the manufacturer’s protocol (New England BioLabs,
MA, USA). Two biological replicates were used for each sample.

To perform single-cell RNA-seq analyses of 4-week-old XX and
XYsry− MII oocytes, single and bulk (n = 20–22) MII oocytes from
oviducts of respective genotypes were picked by glass pipettes and
were immediately lysed in Clontech Lysis Buffer. The whole lysate
was supplied for cDNA synthesis and RNA-seq library preparation
with, respectively, a SMARTer Ultra Low Input RNA Kit (Clontech,
CA USA) and Nextera XT library prep kit (Illumina, CA, USA), each
according to the manufacturer’s instructions. Indexed libraries were
pooled (10 nM each) and sequenced using an Illumina HiSeq 2500
System under single-end, 100-bp conditions.

Statistical analyses
All bulk RNA-seq data were collected from two replicates. To de-
tect differentially expressed genes between XX and XYsry− female
samples, we employed two criteria; fold change (FC) > 2 and mod-
erated t-test with a Benjamini-Hochberg false-discovery rate (FDR)
of P < 0.05. For comparison of gene expression levels in multiple
groups, one-way ANOVA and Tukey–Kramer tests were used. Statis-
tically significantly differences in populations between two samples
were detected by chi-squared and Fisher exact tests. A Student t-test
was used to compare mean values of cell number and oocyte diam-
eters between two samples. A Fisher exact test was also used for
detection of significantly enriched Gene Ontology (GO) term and
KEGG pathway. Exact numbers of animals used and data analyses
are described in the figure legends. All statistics were performed by
using StrandNGS software (Agilent, CA, USA), R packages or the
DAVID web tool. Details of other standard methods and reagents
are described in the “Supplementary Experimental Procedures.”

Accession number
The RNA-seq data from this study have been deposited in the DDBJ
under the accession numbers DRA005345 and DRA005822.

Results

Phenotype of Sry-targeted mice
To identify molecular mechanisms that underlie the fertility prob-
lems of sex-reversed XY female mice on an inbred C57BL/6 back-
ground, we deleted a portion of the Sry sequence adjacent to the
transcription start site via the CRISPR/Cas9 system (Supplementary
Figure S2A). Sequence analyses detected either small deletions, rang-
ing from 1 to 14 bps (n = 63, 95%), or large insertions of ≥ 500
bps (n = 3, 5%) in the Sry gene (Supplementary Figure S2B and
C). Of these, 7 bp deletions (n = 23, 41%) were the most frequent.
In total, we generated and examined 65 sex-reversed XYsry− fe-
male mice for our analyses. Detailed information regarding deleted
bases and position is shown in Supplementary Figure S2C. As de-
signed the deletion started from 3 bases after a specific protospacer
adjacent motif (PAM) sequences. Importantly, by converting DNA
nucleotide sequences to amino acid sequences, we confirmed that
all mutant lines contain frameshift mutations within the HMG-box
coding region of Sry and resulting in loss of function. This result
revealed that our CRISPR strategy is extremely efficient for pro-
ducing functionally Sry-deficient mice (37.8%, 65 of 172 XY pups,
Supplementary Figure S2D) in comparison with gene targeting by
homologous recombination using ES cells.

In all cases, these mice presented as anatomically normal fe-
males, although we detected aplasia in their reproductive organs

(Figure 1A). Moreover, we confirmed that our XYsry− females
showed estrus cycle through vaginal smear checks (data not shown).
Therefore, it was suggested that XYsry− females are hormonally re-
ceptive to males. Mating tests of 14 of the XYsry− females (8–10
weeks of age) with normal XY males revealed that the sex-reversed
mice were uniformly infertile (Figure 1B). To determine the cause
of infertility, we examined the numbers of PGCs and oocytes in
XX and XYsry− females. Strikingly, we noted a significant decrease
in PGCs by E13.5 in the XYsry− females (Figure 1C); subsequent
oocyte numbers at P1 were decreased to one-fifth that of controls,
and P8 oocyte numbers were decreased to one-sixth that of controls.
Immunofluorescence staining of DDX4, a germ cell marker, indi-
cated that fewer germ cells were apparent in XYsry− female gonads.
In particular, most primordial follicle oocytes were lost by P8 in
XYsry− females (Figure 1D). The decrease in PGCs in XYsry− female
ovaries progressed quickly after mid gestation, finally resulting in
ovarian atrophy accompanied by oocyte depletion by 6 weeks of age
(Figure 1E). These results revealed that the infertility of sex-reversed
XYsry− female mice was due to a complete depletion of germ cells.

Transcriptome analysis of XYsry− germ cells
To understand the mechanisms that underlie the depletion of germ
cells in XYsry− females, we conducted transcriptome analyses of
germ cells and gonadal somatic cells. RNA-seq datasets provided
accurate gene expression profiles; summaries of the gene expression
profiles are shown in Supplementary Tables S2 and S3. Hierarchi-
cal cluster analyses revealed that gene expression profiles segregated
into two groups representing E13.5 PGCs and P1 oocytes, and that
both profiles of the XYsry− female germ cells could be clearly dis-
tinguished from those of XX females and XY males (Figure 2A,
Supplementary Figure S3). Previously, we demonstrated pronounced
sex-specific gene expression profiles in E13.5 female and male PGCs,
and we determined groups of female PGC-specific expressed genes
(FSGs) and male PGC-specific expressed genes (MSGs) [24]. Us-
ing these lists of FSGs and MSGs, the present transcriptome data
revealed that many FSGs were significantly upregulated in XYsry−

PGCs at E13.5 (n = 245/651), while many MSGs were significantly
downregulated (n = 157/428: data not shown).

Transcriptome profiles were very similar between XX and XYsry-

females, while the several marker genes for PGCs (Figure 2B) and
gonadal somatic cells (Figure 2C) in XYsry− females were differ-
entially expressed. The expression of POU domain, class 5, tran-
scription factor 1 (Pou5f1), which encodes a transcription factor
necessary for germ cell differentiation and survival [25], was signifi-
cantly upregulated in E13.5 PGCs and downregulated in P1 oocytes
of XYsry− females. As well, deleted in azoospermia-like (Dazl),
which encodes an RNA-binding protein critical for the mitosis-
to-meiosis transition [26], was significantly decreased in XYsry−

PGCs (Figure 2B). In P1 XYsry- female gonadal somatic cells, ex-
pression of forkhead box L2 (Foxl2), a gene that encodes a fork-
head transcription factor required for female sex differentiation and
ovarian function [27], and expression of EGF-like-domain, multi-
ple 6 (Egfl6), which encodes an epidermal growth factor impli-
cated in ovarian differentiation [28], were both significantly de-
creased (Figure 2C). As expected, the expression of representative
Sertoli cell-marker genes was no longer detectable in XYsry− females
(Figure 2C). These findings demonstrate that the dysregulation of
several genes required for germ cells and gonadal somatic cells was
associated with germ cell defects in XYsry− females.
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Figure 1. XYsry− female mice evince infertility and oocyte depletion. (A) Representative images of external genitalia (top) and internal reproductive organs
(bottom) of an XY male (left), an XX female (mid), and an XYsry− female (right) at 8 weeks of age, derived from the same litter. XYsry− female mice were
characterized by a decreased ano-genital distance (white bracket) and a feminized internal reproductive structure. Tes, testis; Epi, epididymis; SV, seminal
vesicle; VD, vas deferens; Ova, ovary; Ovi, oviduct; Ute, uterus; Vag; vagina. Scale bar, 1 cm. (B) Fertility tests of XX and XYsry− females. The left bar graph shows
the total number of observed plugs; the right bar graph illustrates the total number of pregnancies. The number of tested XX and XYsry− females is shown at
the bottom of respective bars. (C) Boxplot of the total oocyte number per one fraction (x: 212.2 μm × y: 212.2 μm × z: 25.0 μm) in XX and XYsry− female gonads
(Student t-test, ∗∗P < 0.01). (D) Representative images of immunostained germ cells at different developmental stages (E13.5, P1, and P8) in XX and XYsry−

female gonads. PGCs and oocytes were stained with an antibody against a germ-cell-specific marker (DDX4, shown in red) and counterstained with DAPI (blue).
White dashed circles and arrowheads indicate primordial follicle pools (oocyte reserves) and primary follicles (which begin growth and development) at P8. Scale
bar, 20 μm; magnification, ×40. (E) Representative hematoxylin and eosin-stained sections of XX and XYsry− female ovaries at 3 and 6 weeks of age. Scale bar,
200 μm.

Next, we focused on differentially expressed genes in E13.5
XYsry− PGCs, which were screened based on two parame-
ters: (1) a FC of > 2, and (2) statistical significance deter-
mined using a moderated t-test with a Benjamini–Hochberg FDR
of <0.05 (Figure 2D). In E13.5 XYsry−PGCs, 2537 (21% of
all transcripts) were upregulated and 2031 (17% of all tran-
scripts) genes were downregulated (Figure 2D, Supplementary
Table S4). In P1 oocytes, the number of upregulated genes decreased
to 411 (3.2%), and the number of downregulated genes decreased
to 368 (2.9%; Figure 2D, Supplementary Table S5). Of the genes
that underwent significant changes in expression, most were classi-
fied as protein-coding (84%–98% of all transcripts, Supplementary
Figure S4A). Interestingly, we observed an enriched proportion of
noncoding RNAs (11.3%) among the downregulated genes of E13.5
XYsry− PGCs (Supplementary Figure S4A). We list the 20 genes with
the greatest statistical significance in the PGCs and oocytes of XYsry-

females in Supplementary Figure S4B and C. Relatively low numbers

of differentially expressed genes (16 upregulated and 69 downreg-
ulated) were detected in gonadal somatic cells of E13.5 XYsry− fe-
males (Figure 2D, Supplementary Table S6). However, we observed
a marked increase in the numbers of differentially expressed genes in
the P1 stage, particularly for upregulated genes (797 upregulated and
209 downregulated, Figure 2D; Supplementary Table S7). These re-
sults demonstrate that sex-reversed germ cells and gonadal environ-
ments conceal transcriptional anomalies prior to obvious phenotypic
defects.

These findings raised the possibility that significant changes to the
epigenome lead to global gene expression changes. To test this possi-
bility, we examined the expression of DNA methylation- and histone
modification-related genes in E13.5 XYsry− PGCs. No significant
changes were found amid DNA methylation- and demethylation-
related genes, save for Dnmt3b and Tet3, whose expression were
very low even in WT female PGCs. However, expression of
genes related to histone modifications implicated in both active
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Figure 2. Extensive transcriptional changes in XYsry− germ cells. (A) Unsupervised hierarchical cluster of all transcript profiles (n = 36 172) from six RNA-seq
datasets. (B) Ten germline-specific gene expression patterns (mean ± SEM) from each germ cell RNA-seq dataset at E13.5 (top) and P1 (bottom) with two
replicates per sample. Asterisks indicate statistically significant differences between XX WT and XYsry− females (moderated t-test, ∗∗P < 0.01). (C) Gonadal
somatic cell-marker gene expression patterns (five medullary cell markers, five cortical cell markers, and four Sertoli cell markers; mean ± SEM) from each
gonadal somatic cell RNA-seq dataset at E13.5 (top) and P1 (bottom) with two replicates per sample. Asterisks indicate statistically significant differences
between WT and XYsry− females (moderated t-test, ∗∗P < 0.01). (D) The upper two panels illustrate scatter plots of log2 RPKM values of WT (X-axis) and XYsry−

germ cell RNA-seq samples (Y-axis) obtained at E13.5 and P1. The lower two panels illustrate scatter plots of log2 RPKM values of WT (X-axis) and XYsry–

gonadal somatic cells RNA-seq samples (Y-axis) obtained at E13.5 and P1. Red circles indicate genes found to be differentially expressed (≥twofold difference
in the expression level; moderated t-test, significance level of ≤0.05).

transcription and repression underwent significant changes in many
cases (Supplementary Figure S5). While Suv39h1, an H3K9 methyl-
transferase, was downregulated in the XYsry− females, Kdm4a,
an H3K9 demethylase, was upregulated in XYsry− females. Such
changes in expression have the potential to decrease H3K9 methy-
lation in the germ cells of XYsry− females. In addition, Kdm6a,

an H3K27 demethylase, was downregulated, while Ring1a, an
H2AK119 ubiquitin ligase, was upregulated.

Y-linked genes
Contrary to XY sex-reversed female mice, XO female mice are fertile
[29, 30], although this fertility does not apply to humans. Therefore,
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it can be assumed that the immediate cause of XYsry− infertility is
deleterious effects from the Y chromosome which result in transcrip-
tional anomalies for autosomal genes. To investigate this hypothesis,
we examined the expression levels of Y-linked genes in XYsry− germ
cells at the E13.5 and P1 stages via RNA-seq analyses, comparing
Y-linked gene expression patterns based on the different subcellular
conditions between oocytes and spermatogonial cells. Single-copy
genes located in the Y chromosome MSYp region (schematic shown
in Supplementary Figure S6A) were expressed at similar levels to
those of XY male germ cells, although the expression levels of Zfy1,
Elf2s3y, and Uty were significantly decreased in E13.5 XYsry− PGCs
(Supplementary Figure S6B). The expression of multicopy genes such
as Rbmy1a1 was also significantly decreased in XYsry− germ cells,
especially in P1 oocytes. These results raise the possibility that the
expression of particular Y-linked genes in XYsry− females is delete-
rious in XYsry− female germ cells.

Causes of primordial germ cell and oocyte depletion
The number of PGCs at E13.5, when proliferation has ceased [25],
was already significantly lower in XYsry− females (Figure 1C), sug-
gesting that XYsry– PGCs evinced decreased proliferation compared
with that of XX females and, thus, could not reach the maximum
number. Furthermore, the number of PGCs in XYsry− females de-
creased to one-fifth of XX females at the P1 stage. Gene ontology
and functional pathway analysis using differentially expressed gene
sets provided valuable information toward understanding the mech-
anisms that underlie germ cell depletion in XYsry− females (Supple-
mentary Figure S7, Supplementary Tables S8 and S9). Up- and down-
regulated genes were enriched for the following categories of biolog-
ical processes (Supplementary Figure S7A and B): For upregulated
genes, the categories were “Tissue morphogenesis” and “Enzyme
linked receptor protein”; for downregulated genes, the categories
were “DNA metabolism,” “Cell cycle process,” and “Chromosome
organization.” GO term interaction analysis formed three large net-
works with regard to “Regulation of gene expression,” “Tissue mor-
phogenesis,” and “Cell cycle and cell division” (Supplementary Fig-
ure S7C).

In particular, many “Wnt/β-catenin signal”-related genes were
upregulated (Figure 3A, Supplementary Table S4) in PGCs of XYsry−

females at E13.5. Although expression of β-catenin (Ctnnb1) was not
changed (Supplementary Table S2), immunofluorescence staining re-
vealed that the β-catenin protein was specifically located in the nuclei
of PGCs in XYsry− females but not in XX females (Figure 3B and
C). This observation suggests that β-catenin has an adverse effect on
cell proliferation. Conversely, our observation of downregulation of
many genes related to meiosis suggests that the transition of PGCs to
meiosis at E13.5 was delayed in XYsry− females (Figure 3D, Supple-
mentary Table S4). In support of this, immunofluorescence of Ki67,
which is expressed by proliferating cells in all phases of the active cell
cycle (G1, S, G2, and M), revealed that many germ cells in XYsry−

females are still actively proliferating at E14.5 (Figure 3E). At this
stage, XX female germ cells enter meiosis while XY male germ cells
become quiescent; thus, the expression of a proliferation marker in
E14.5 XYsry– germ cells might cause the delayed entry into meiosis.

Another interesting feature of the gene expression change in
PGCs of XYsry− females at E13.5 is the elevation of apoptosis-related
genes. For example, the Tnf family, including tumor necrosis fac-
tor receptor superfamily member 12A (Tnfrs12a), evinced elevated
expression (Supplementary Figure S8A, Supplementary Table S4).
Additionally, mRNA expression of the cell death makers Tnfrsf21,

Traf3, Traf4, Traf6, Ripk2, and Casp8 were increased in XYsry−

PGCs as well. However, the apoptotic cell populations were not
significantly changed in E13.5 XYsry− PGCs compared with WT
controls (Supplementary Figure S8B and C).

Interestingly, expression levels of many endogenous retrovirus
(ERVs) and LINE-1 retrotransposons were notably elevated in E13.5
XYsry− PGCs (Figure 3F). ERV1 and satellite DNA were upregu-
lated in P1 oocytes. Furthermore, α-thalassemia mental retardation
X-linked (Atrx), which is involved in retrotransposable element si-
lencing, and suppressor of variegation 3–9 homolog 1 (Suv39h1),
which is an H3K9 methyltransferase involved in chromatin remod-
eling of constitutive heterochromatin structures, were both markedly
repressed in E13.5 XYsry− PGCs (Figure 3G, Supplementary Table
S4).

Next, we asked whether the aberrant expression of retrotrans-
posable elements is associated with meiotic defects in the fetal germ
cells of XYsry– females. To this end, we performed immunofluores-
cence analyses of chromosome spreads from E17.5 oocytes. At this
stage, a majority of cells are in the midst of the pachytene stage, when
synapsis of homologous chromosomes has completed as determined
by immunofluorescence against synaptonemal complex protein 3
(SYCP3), a structural component of meiotic chromosome axes. Im-
munofluorescence against histone H2AX phosphorylated at Serine
139 (γ H2AX), a marker of DNA damage signaling, demonstrated
that 83.3% of XYsry− oocytes evinced γ H2AX foci compared to
18.2% in the XX oocytes (Figure 3H and I), suggesting that an ec-
topic accumulation of DNA damage signaling takes place in XYsry−

oocytes. Based on immunofluorescence against SYCP3 and SYCP1, a
central structural component of meiotic chromosome axes, chromo-
somal asynapsis was detected in 38.1% of XYsry− oocytes, compared
to 11.9% in the XX oocytes (Figure 3H and I). These results sug-
gest that asynapsis was increased in XYsry− oocytes in response to
ectopic DNA damage signaling. Furthermore, immunofluorescence
against MLH1, a marker of sites of recombination crossover forma-
tion, revealed that 91.8% of XYsry− oocytes were lacking MLH1 foci
compared to 8.9% in the XX oocytes (Figure 3J and K), indicating
an extensive impairment of crossover formation in XYsry− oocytes.

In accord with widespread meiotic defects, histopathological
analysis (Figure 4A) and immunofluorescence staining against DDX4
(Figure 4B, Supplementary Figure S9) demonstrated that only a few
oocytes were observed in the cortical region of P1 XYsry− ovaries,
and barely any oocytes were detected in the medullary region (Sup-
plementary Figure S9). Masson trichrome (MT) staining showed
that connective tissues and collagen fibers were increased in the
medullary region of XYsry− ovary (Figure 4A). Interestingly, XYsry−

oocytes in the cyst were apparently smaller than those of XX fe-
males, and the proportion of the oocytes in the cyst was signif-
icantly high (Figure 4C), suggesting that oocyte cyst breakdown
was largely impaired. Furthermore, a high proportion of apoptotic
oocytes was detected in the cortical region of control XX ovaries,
although only a few were detected in XYsry− ovaries at P1 (Figure
4B and D, Supplementary Figure S9). These observations were sup-
ported by transcriptome data. Many “Cell adhesion” -related genes
and folliculogenesis-related genes were dysregulated in P1 XYsry−

oocytes (Figure 4E, Supplementary Table S8). GO analysis revealed
that upregulated genes in the P1 XYsry− oocytes were enriched with
particular annotations, including “Cell adhesion” and “Negative
regulation of apoptosis” (Supplementary Table S8). Furthermore,
histopathological analysis of the P8 ovary demonstrated that only
a few growing primary follicles exist in the cortical region, and the
primordial oocyte reserve mostly disappeared from the entirety of P8
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Figure 3. Meiotic defects of XYsry− germ cells that accompany the impairment of cell cycle progression and the activation of retrotransposable elements. (A)

Expression patterns of components of the Wnt signaling pathway from each E13.5 PGC RNA-seq dataset with two replicates per sample. Asterisks indicate
statistically significant differences between RPKM values in E13.5 female, XYsry−, and male PGCs (Tukey–Kramer test, ∗P < 0.05, ∗∗P < 0.01). (B) Representative
images of immunostained E13.5 gonads. PGCs were stained with antibodies against a germ-cell-specific marker (TRA98, green) and β-catenin (red), and coun-
terstained with DAPI (blue). White arrowheads show XYsry− PGCs that evince stabilized localization of β-catenin in nuclei. Scale bar, 20 μm; magnification, ×40.
(C) The pattern of subcellular localization of β-catenin in E13.5 PGCs from XX female and XYsry−, and an XY male. Localization patterns were assigned as
predominantly nuclear or cytoplasmic. (D) Expression patterns of meiosis-related genes from each E13.5 PGC RNA-seq dataset with two replicates per sample.
Asterisks indicate statistically significant differences between RPKM values in E13.5 female, XYsry−, and male PGCs (Tukey–Kramer test, ∗P < 0.05, ∗∗P < 0.01).
(E) Representative images of immunostained E14.5 gonads. PGCs were stained with anti-TRA98 and anti-Ki67 (cell proliferation marker, red) antibodies, and
counterstained with DAPI. Scale bar, 20 μm; magnification, ×40. (F) Expression of representative retrotransposable elements in E13.5 and P1 germ cells. Data are
represented by a heatmap of the relative expression levels of each retrotransposable element. (G) Expression of Suv39h1 and Atrx from each germ cell RNA-seq
dataset with two replicates per sample. Asterisks indicate statistically significant differences between RPKM values in XX female, XYsry−, and male germ cells
(Tukey–Kramer test, ∗P < 0.05, ∗∗P < 0.01). (H) Immunofluorescence analysis of E17.5 pachytene oocytes from XX and XYsry− females (n = 3 for each) stained
with anti-γ H2AX (magenta), anti-SYCP3 (green), and anti-SYCP1 (red) antibodies, and counterstained with DAPI. Representative images, termed “Normal” and
“Defective,” were derived from, respectively, XX and XYsry− oocytes. Scale bar, 10 μm; magnification, ×60. (I) The percentage of defective oocytes with DNA
damage (γ H2AX+) and extensive chromosomal asynapsis. Asterisks indicate statistically significant differences between XX and XYsry− oocytes (Fisher exact
test, ∗∗P < 0.01). (J) Immunofluorescence analysis of E17.5 pachytene stage oocytes from XX and XYsry− females (n = 3 for each) for MLH1. Oocytes were stained
with anti-SYCP3 (green) and anti-MLH1 (red) antibodies, and counterstained with DAPI. Representative images, termed “Normal” and “Defective,” were derived
from, respectively, XX and XYsry− oocytes. Magnified images of dashed rectangles are shown to the right. Scale bar, 10 μm; magnification, × 60. (K) Percentage
of defective oocytes lacking MLH1 foci. Asterisks indicate statistically significant differences between XX and XYsry− oocytes (Fisher exact test, ∗∗P < 0.01).

XYsry− ovaries (Figure 4F and G). These findings suggest that oocyte
cyst breakdown and subsequent maintenance of oocyte pools were
largely impaired in neonatal XYsry− ovaries.

Mature oocyte dysfunction
XYsry− females were infertile but possessed antral follicle oocytes at
3 weeks of age (Figure 1E). To determine the capabilities for fertiliza-
tion and embryo development of XYsry– antral follicle oocytes after
ovulation, we first examined whether the XYsry− females respond
to exogenous gonadotropins administered at 4 weeks. The ovulated
XYsry− oocyte diameters (including the zona pellucida) were simi-
lar to those of WT oocytes (Supplementary Figure S10A), although
the number of ovulated oocytes was less than half of the WT (XX
n = 3: 51.5 ± 2.5 (mean ± SEM) vs XYsry− n = 3: 20.5 ± 9.1
(mean ± SEM), Student t-test P < 0.01). MII oocytes evinced aber-
rant spindle formation: diffused poles, skewed spindles, disrupted
spindles, and misaligned and decondensed chromosomes (Supple-
mentary Figure S10B and C). After in vitro fertilization (n = 3),
34.7% (16/46) of the MII oocytes showed the capability for fertil-
ization and formed male and female pronuclei. Ten developed to
the 4-cell stage, and one grew to a blastocyst (Supplementary Figure
S10D). Immunostaining against OCT4 showed that OCT4-positive
cells were observed even in the outer cell layer of the XYsry− female-
derived blastocyst (Supplementary Figure S10E). This result suggests
that differentiation into inner cell mass cells and trophectoderm cells
failed in the XYsry− female-derived embryo.

To unravel molecular mechanisms underlying the mature oocyte
dysfunction in XYsry− females, we conducted single-oocyte tran-
scriptome analyses using 27 XYsry− and 30 XX oocytes. Principal
component analysis revealed almost identical gene expression pro-
files in XX single-oocyte libraries (Figure 5A, Supplementary Table
S10). However, each XYsry− oocyte profile largely varied for the
second principal component (PC2) (Figure 5A). The maternal effect
genes, which are important for early development, were expressed
at similar levels to those of XX oocytes (Figure 5B). K-means clus-
tering analyses revealed that 15 XYsry− oocytes were classified into
a cluster distinct from the WT cluster consisting of 29 oocytes (Fig-
ure 5C). The other mutant oocytes formed a subcluster that differed
from the WT cluster. GO analysis using differentially expressed gene
sets from XYsry− oocytes provided terms related to oocyte dysfunc-
tions (Figure 5C); for example, upregulated genes included the cat-

egories “meiotic cell cycle” and “apoptotic process”; on the other
hand, downregulated genes included the categories “protein ubiq-
uitination,” “sister chromatid cohesion,” and “meiotic nuclear di-
vision.” Furthermore, retrotransposable elements such as LINE-1,
ERV, and satellite DNA were highly expressed in 18 XYsry− oocytes,
and only one WT oocyte was classified in this cluster (Figure 5D,
Supplementary Table S12). Thus, single-oocyte RNA-seq data
demonstrated that most XYsry− MII oocytes exhibited extensive
transcriptional anomalies, which likely impair the progression of
the second meiotic division and early development.

Discussion

Paradoxically, germ cells from any type of sex-reversed mice—i.e.
both XX males and XY females—exhibit morphologically normal
sexual features yet, in many cases, germ cell development fails and
fertility is severely or entirely impaired [4, 7, 16–19, 31–33]. Here,
by combining a detailed phenotypic analysis using contemporary
molecular cytogenetic and histological methods with transcriptomic
profiling, we provide new insights to understand the basis of germ
cell failure.

Impaired primordial germ cell proliferation and the
mitosis-to-meiosis transition in XYsry− germ cells
The decrease in XYsry− PGCs follows the transition from the mitotic
stage to meiosis—it is conceivable that the Wnt/β-catenin signaling
pathway is involved in the decline of PGC proliferation in XYsry−

females; this is because a large number of genes that comprise the
pathway evince significant increases in expression (Figure 3A). Al-
though the expression of β-catenin itself was not increased, nuclear
localization of β-catenin was observed in the XYsry− PGCs. It has
been reported that the stable localization of β-catenin in the nu-
clei of mitotic-stage PGCs blocks the transition from the G1 to S
stages, thereby leading to inhibitory effects on germ cell prolifera-
tion in mice [34]. Furthermore, the nuclear localization of β-catenin
is inhibited by phosphorylation of a portion of the protein encoded
by exon 3, and this phosphorylation is catalyzed by glycogen syn-
thase kinase 3β (GSK-3b) [35]. Therefore, the finding that Gsk3b
expression was decreased in XYsry− PGCs suggests that β-catenin
localization into the nuclei of these cells arises from a lack of inhi-
bition, leading to likely and extensive impacts on gene regulation.
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Figure 4. Slowing of oocyte-cyst breakdown and elimination of primordial follicles in neonatal XYsry- ovaries. (A) Representative Masson trichrome (MT) staining
of ovarian sections of XX and XYsry− females at P1. Bottom panels are magnified images of dashed rectangles depicted in the upper panels. White arrows/dashed
circles indicate oocyte cysts; arrowheads indicate primordial follicles. Scale bar, 100 μm. (B) TUNEL assay. Representative images of immunostained ovaries
from XX and XYsry− females at P1. Ovaries were stained with an antibody against a germ-cell-specific marker (DDX4, red) and TUNEL (an apoptotic cell
marker, green). White arrows/dashed circles indicate oocyte cysts; arrowheads indicate primordial follicles. Scale bar, 20 μm; magnification, ×40. (C) Population
percentages of oocytes in either cysts or oocytes in follicles from XX and XYsry− ovaries at P1. Asterisks indicate statistically significant differences between the
groups (chi-squared test:, ∗∗P < 0.01, n = 3). (D) Percentages of TUNEL-positive oocytes from P1 XX and P1 XYsry- ovarian sections. Percentages of apoptotic
oocytes (TUNEL-positive) are shown as mean ± standard error of the mean. Asterisks indicate a statistically significant difference between the groups (Student
t-test, ∗∗P < 0.01, n = 3). (E) Expression patterns of folliculogenesis-related genes from each P1 germ cell RNA-seq dataset with two replicates per sample.
Asterisks indicate statistically significant differences in XX oocytes, XYsry− oocytes, and XY spermatogonia (Tukey–Kramer test, ∗P < 0.05, ∗∗P < 0.01). (F)

Representative MT sections of ovaries of P8 XX and XYsry− females. Bottom panels represent magnified images of dashed rectangles in the upper panels. White
arrows indicate primordial follicles; white arrowheads indicate primary follicles. Scale bar, 100 μm. (G) Numbers of respective oocytes per one ovarian section
at P8. Asterisks indicate a statistically significant difference between XX and XYsry− oocytes (Student t-test, ∗∗P < 0.01, n = 3).

In tumor cells, overexpression of β-catenin induces a delay in the
cell cycle as well as apoptosis, independent of the actions of Tcf and
Lef1 [36, 37]. Therefore, we infer that the Wnt/β-catenin signaling
pathway comprises a critical factor in the decreased proliferation of
PGCs in XYsry− females.

In mice, PGCs reach their maximum numbers (∼12 000) and
enter the prophase stage of meiosis I at E13.5–14.5; afterwards,
they continuously decrease in number, resulting in a population of
less than one-third of the maximum number of cells around the
time of birth [25, 38, 39]. In the present study, we show that most
germ cells in XYsry− ovaries were positive for Ki67, suggesting that
these ovaries undergo mitotic proliferation. Previous studies demon-
strated that expression of pluripotent-related genes, such as Pou5f1
and Nanog, prevented meiotic gene expression and entrance into the
meiotic phase [28]; furthermore, Dazl-deficient female PGCs main-
tained Ki67 signals into even E15.5 [29]. Our transcriptome data
demonstrated that expression levels of Pou5f1 were significantly up-

regulated, while expression levels of Dazl were significantly down-
regulated in XYsry– PGCs (Figure 2B). These results suggest that up-
and downregulation of, respectively, Pou5f1 and Dazl in XYsry−

PGCs led to impairment of the mitosis-to-meiosis transition and
prolonged the mitotic phase into and beyond E13.5–14.5.

Furthermore, excessive activation of retrotransposable elements
preceded meiotic defects in XYsry− pachytene oocytes. We have
demonstrated that a marked increase in the expression of LINE-
1 and ERV retrotransposons (>10-fold) in XYsry− females is as-
sociated with germ cell depletion. Forced enhancement of LINE-
1 expression is involved in fetal oocyte attrition [40]. Consis-
tent with previous findings, excessive activation of transposable
elements, including LINE-1, in E13.5 XYsry– germ cells precedes
such meiotic defects as the ectopic accumulation of DNA damage
signaling, increased frequencies of asynapsis, and extensive impair-
ment of crossover formation (Figure 3F, H–K). Moreover, expression
levels of Atrx and Suv39h1, which are involved in the suppression of
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Figure 5. Gene expression profiling of MII oocytes from XYsry− females via single-cell transcriptome analysis. (A) Bidimensional principal component analysis
of gene expression profiles of XX (n = 30) and XYsry− (n = 27) single oocytes. The bulk oocyte (from 20 oocytes, n = 2) data are shown in the square. The first
principal component (PC1) captures 94.4% of the gene expression variability, and the second principal component (PC2) captures 1.3% of the gene expression
variability. (B) Boxplots of log2 RPKM values for 12 representative maternal effect genes in XX (pink) and XYsry− oocytes (purple). With respect to the expression
of each gene, no significant difference was observed between the two groups. (C) Heatmap of the relative expression of the 902 common upregulated and 874
common downregulated genes expressed in each XYsry− MII oocyte as identified by k-means clustering. Representative GO terms and the enrichment P values
are shown at right (Fisher exact test). WT, XX female; SryKO, XYsry− female. (D) Heatmap shows relative expression of 20 LINE-1 subfamilies, 3 ERV2 elements,
and 3 forms of satellite DNA in XYsry− MII oocytes as identified using k-means clustering. The blue dashed rectangle indicates a cluster comprised of highly
expressed retorotransposable elements. Notably, XYsry− MII oocytes were highly assigned to this cluster (18/19 (94.7%), Fisher exact test; P < 0.01). WT, XX
female; SryKO, XYsry− female.

retrotransposable elements via trimethylation of H3K9 and the pro-
motion of heterochromatin formation, were significantly decreased
in XYsry– germ cells. These data raise the possibility that the failure
to silence retrotransposable elements, as a consequence of downreg-
ulation of Atrx and Suv39h1, is followed by meiotic defects.

Deleterious effects of the Y chromosome for XYsry−

oogenesis and fertility
The fertility of XO female mice strongly indicates that genes ex-
pressed from the Y chromosome are involved in oocyte depletion
and impaired fertility in XYsry− females [32]. However, other than
the function of Sry, little is known about the function of these genes.
To date, mice that bear many types of Y chromosome mutations
have been reported [18, 33, 41]. Using a genetic model of XO mice
carrying genes located on the short arm of the Y chromosome, the
functions of the Y-associated genes have been investigated [18]. As
a Y-linked transcriptional regulator, Zfy2 is essential for promoting
Meiosis II in male germ cells [33, 42], and ectopic Zfy2 expression
in XO oocytes led to frequent Meiosis II defects and preimplantation
embryo arrest [22]. Infertility of XO mice expressing Zfy2 indicates
that Zfy2 can serve as a malignant factor if it is expressed in oocytes
[18].

In our single-oocyte RNA-seq analyses, Zfy2 was expressed in
66.7% (18/27) of XYsry− MII oocytes (Supplementary Table S11).
This finding supports a scenario whereby ectopic expression of Zfy2
in XYsry– MII oocytes contributed to oocyte dysfunction and infertil-
ity. In spermatogenesis, germ cells that fail to synapse their homolo-
gous chromosomes, or that fail to undergo meiotic sex chromosome
inactivation, are eliminated by apoptosis during the mid-pachytene
stage [33, 43]. Zfy2 was proposed to be a surveillance gene, which
acts to remove cells with unpaired chromosomes during meiosis [33].
Therefore, it is intriguing to speculate that ectopic expression of Zfy2
in XYsry− females is involved in the depletion of pachytene oocytes
rife with asynapsis.

Moreover, the other five MSYp genes (Zfy1, Eif2s3y, Ube1y1,
Uty, Ddx3y) are also expressed in XYsry− mature MII oocytes. As a
result of GO analysis using the DAVID web tools [44], it was revealed
that Ddx3y and Eif2s3y have functions associated with, respectively,
“Chromosome segregation” and “Translation.” Therefore, it was
suggested that expression of Y-linked genes in XYsry− oocytes led
to frequent meiosis II defects and preimplantation developmental
arrest [22]. Transcriptome analyses at E13.5 and P1 revealed that
the Zfy1, Ube1y1, Smcy, Eif2s3y, Uty, and Ddx3y genes expressed in
XY male PGCs were also expressed in XYsry− PGCs (Supplementary
Figure S6B). These findings suggest that Y-linked genes might have
detrimental effects on fetal and perinatal oogenesis.

Another possible explanation for impaired oogenesis in XYsry−

females is the presence of asynapsed XY chromosomes. In XO fe-
male mice, it was shown that oocyte numbers are reduced to nearly
half that of XX females in neonatal and developmental periods [45,

46]. Recently, Cloutier et al. showed that oocyte elimination in XO
mice is linked to the presence of γ H2AX on asynapsed chromosomes
[30]. Consistent with this notion, we found that 16.7% of XYsry−

oocytes did not evince γ H2AX signals (Figure 3I). Previous stud-
ies demonstrated that the X chromosome of XO pachytene oocytes
frequently engages in nonhomologous self-synapsis, thereby evading
the meiotic silencing of unsynapsed chromatin [33]. Thus, it is pos-
sible that γ H2AX-negative XYsry− oocytes are capable of meiotic
progression by nonhomologous self-synapsis of, respectively, the X
and Y chromosomes.

Failure of oocyte cyst breakdown and follicular
maintenance in XYsry− females
Oocyte loss in postnatal XYsry− females was drastic and distinct;
thus, oocyte cyst breakdown may be closely related. It is known that
Foxl2-positive medullary granulosa cells are important for precise
oocyte cyst breakdown and primordial follicle formation [47, 48].
Knockout of Foxl2 in granulosa cells impairs cyst breakdown by
inhibiting granulosa differentiation and the proper establishment of
basal lamina around the forming follicle [27]. In this study, expres-
sion of Foxl2 and apoptotic oocytes were significantly decreased in
XYsry− female gonadal somatic cells compared with WT (Figures
2C and 4D). This might be related to the excessive proliferation
of connective tissues and collagen fibres that we observed in the
medullary region of P1 XYsry− ovaries (Figure 4A). Thus, regression
of granulosa cells and a decrease in Foxl2 expression might be in-
volved in the impairment of oocyte cyst breakdown and primordial
follicle formation in neonatal XYsry− ovaries. However, the major
elimination of XYsry− female germ cells occurred in the fetal stage
via delayed cell cycling, meiotic defects, and excess transposable el-
ement activation. On the other hand, decreased apoptotic oocyte in
the P1 stage merely indicated the failure of oocyte cyst breakdown.
Therefore, we believe that decreased oocyte numbers and decreased
apoptotic oocytes at P1 are independent phenomena. Furthermore, it
was reported that Foxl2 deficiency was also associated with prema-
ture ovarian failure [27, 49]. These results suggest that follicles in the
cortical region undergo aberrant activation via decreased expression
of Foxl2 in XYsry− ovaries, leading to the precocious exhaustion of
oocytes prior to the pubertal stage.

Conclusion

The present study suggests potential molecular causes that under-
lie germ cell loss in XYsry− sex-reversed female mice. These results
should contribute to our understanding of disorders of sex develop-
ment in humans, such as Swyer syndrome, in which patients with an
XY karyotype present as anatomically female and exhibit infertility
consequent to mutations in Sry and Map3k1 [50].
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Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Schematic representation of germ cell col-
lection by FACS for RNA-seq. Illustrations of experimental proce-
dures for the generation of XYsry− female mice and collection of
germ cells by FACS for RNA-seq. Approximately 2 to 3 pl of 2
ng/μl Sry-targeting pX330 plasmid solution was injected into the
male pronuclei of zygotes, which were then cultured in KSOM.
Cells that reached the 2-cell embryo stage were transferred into
the oviducts of recipient mice. XYsry− female gonads at the E13.5
and P1 stages were identified by PCR amplification of Xist and Zfy
loci and suspended by collagenase and trypsin-EDTA treatments.
PGCs and oocytes were stained with phycoerythrin (PE)-conjugated
anti-SSEA1 and anti-CD117 (KIT) antibodies. Following immunos-
taining, PE-positive cells were collected via FACS sorting. Confocal
microscopy images of collected PGCs and oocytes.
Supplementary Figure S2. Generation of Sry-mutated mice via the
CRISPR/Cas9 system and types of mutations. (A) Schematic dia-
gram of the mouse Sry locus. Start codon, HMG box domain coding
region, gRNA sequence, and PAM sequence were highlighted in red,
blue, orange, and green, respectively. TSS: Transcription start site.
(B) Precision of targeted mutation within Sry locus was confirmed by
Sanger sequencing. The number of XYsry− female samples is shown
with respect to each mutation type. (C) CAS9-mediated NHEJ muta-
tion types and frequency at HMG box domain coding region of Sry.
Indel mutation sites were highlighted in red underline. (D) Summary
of XYsry− female mice production efficiency.
Supplementary Figure S3. Hierarchical clustering analysis of tran-
scriptome datasets from E13.5 and P1 germ cells. Unsupervised hi-
erarchical clustering of all transcripts (n = 36 172) from 12 RNA-seq
datasets. The heat map shows relative expression levels.
Supplementary Figure S4. Gene expression profiles of differentially
expressed genes in XYsry− germ cells. (A) Pie charts showing numbers
of each reference gene type as defined in the UCSC Genome Browser
for differentially expressed genes. Expression values of the top 20
differentially expressed genes in E13.5 (B) and P1 (C) XYsry− germ
cells: upregulated genes (left panel) and downregulated genes (right
panel).
Supplementary Figure S5. Unsupervised hierarchical clustering of
gene expression for 37 representative epigenetic regulator genes from
E13.5 PGC RNA-seq datasets. The heatmap shows relative gene
expression levels.
Supplementary Figure S6. Expression of Y-linked genes in E13.5
PGCs and P1 oocytes of XYsry− females. (A) Schematic diagram of
the mouse Y chromosome showing the male-specific region of the
Y short arm (MSYp; represented at scale in the magnified view),
the male-specific region of the Y long arm (MSYq), and the pseu-
doautosomal region (PAR). The MSYp region has seven single copy
genes, two duplicated genes, and one multicopy gene. The MSYq
region carries several multicopy genes. The PAR is the chromosomal
region where sex (X-Y) chromosome pairing occurs. (B) Expression
patterns of Y-linked genes from E13.5 and P1 germ cell RNA-seq
datasets.
Supplementary Figure S7. GO and network analyses using differ-
entially expressed genes in E13.5 XYsry− PGCs. (A, B) Pie charts
illustrate the relative distribution of GO terms that describe the bio-
logical processes of upregulated genes (A) and downregulated genes
(B). (C) Cytoscape visualization of REViGO clustering results of sig-
nificantly enriched GO categories of differentially expressed genes.
Strongly enriched GO terms are shown as nodes, and pairwise simi-

larities are shown as edges. (D) Expression of differentially expressed
genes related to the Wnt receptor signaling pathway (GO: 0016055),
apoptosis (GO: 0006915), and cell cycle process (GO: 0022402).
The genes are ranked in the order of decreasing fold-change (FC)
values.
Supplementary Figure S8. Detection of apoptotic cells in E13.5 go-
nads. (A) Expression of apoptosis-related genes from each E13.5
PGC RNA-seq dataset. Asterisks indicate statistically significant dif-
ferences between XX female, XYsry− and XY male PGCs (Tukey–
Kramer test, ∗P < 0.05, ∗∗P < 0.01). (B) Left: representative
images of immunostained E13.5 gonads. PGCs were stained with
anti-TRA98 and anti-cCASP3 antibodies, and counterstained with
DAPI. Arrowheads show apoptotic germ cells detected by the anti-
cCASP3 antibody. Scale bar, 20 μm; magnification, ×40. Right:
the percentage of apoptotic cells is shown in the right panel and ex-
pressed as the mean ± standard error of the mean. (C) Left: represen-
tative images of immunostained E13.5 gonads. PGCs were stained
with anti-TRA98 and anti-cPARP antibodies, and counterstained
with DAPI. Arrowheads show apoptotic germ cells detected by the
anti-cPARP antibody. Scale bar, 20 μm; magnification, ×40. Right:
the percentage of apoptotic PGCs are shown. Right: the percentage
of cPARP-positive cells (number of cPARP-positive cells/number of
TRA98-positive cells) is expressed as the mean ± standard error of
the mean.
Supplementary Figure S9. Slowing of oocyte-cyst breakdown and
elimination of primordial follicles in the neonatal XYsry− ovaries.
Representative images of immunostained P1 ovaries in XX and
XYsry− females. Ovaries were stained with ant-DDX4 antibody and
TUNEL, and counterstained with DAPI (blue). White dashed lines
indicate cortex–medulla boundaries. Arrowheads indicate TUNEL-
positive cells. Scale bar, 50 μm. ×20 magnification.
Supplementary Figure S10. Defects of spindle formation and chro-
mosomal alignment in MII oocytes derived from XYsry− females, and
the developmental capability of XYsry− MII oocytes. (A) Dot plots
of MII oocyte diameters from XX and XYsry– females. No signifi-
cant difference was observed between XX and XYsry− MII oocytes
(Student t-test, P = 0.0895). (B) Representative images of immunos-
tained MII oocytes in XX and XYsry− females. MII oocytes were
stained with anti-α-tubulin and counterstained with DAPI. Normal
spindles (Type I) were observed in only the XX group. The α-tubulin
images show a barrel-shaped microtubule spindle in a position paral-
lel to the oolemma and evince two clearly defined spindle poles. The
condensed chromosomes were aligned on the equatorial plate. Aber-
rant spindles (Type II–Type IV) were observed solely in the XYsry-

group (Type II: bulkier spindle with diffused spindle poles, Type III:
skewed spindle, Type IV: disrupted spindle and misaligned chrom-
somes; misaligned and de-condensed chromosomes). Scale bar, 20
μm. (C) Left: percentage of MII oocytes containing each type of
meiotic spindle from XX and XYsry– MII oocytes. The definitions
of Type I, II, III, and IV spindles were described in (B). Right: per-
centage contribution of aligned and misaligned chromosome from
XX and XYsry– MII oocytes. Aligned and misaligned chromosomes
were defined in (B). (D) Fertilization and developmental rates of
the described oocytes derived from XX and XYsry− females. Aster-
isks indicate statistically significant differences between the groups
(Chi-squared test, ∗∗P < 0.01). (E) Representative images of im-
munostained E4.5 blastocysts derived from XX and XYsry− females.
Blastocysts were stained with anti-OCT4 and counterstained with
DAPI.
Supplementary Table S1. Alignment and quantification statistics for
each RNA-seq library sample.

https://academic.oup.com/biolre/article-lookup/doi/10.1093/biolre/ioy214#supplementary-data
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Supplementary Table S2. Gene expression profiling of germ cells
from WT and XYsry− female mice by RNA-seq analysis.
Supplementary Table S3. Gene expression profiling of gonadal so-
matic cells from WT and XYsry− female mice by RNA-seq analysis.
Supplementary Table S4. List of differentially expressed genes in
E13.5 XYsry− PGCs.
Supplementary Table S5. List of differentially expressed genes in P1
XYsry− oocytes.
Supplementary Table S6. List of differentially expressed genes in
E13.5 XYsry− female gonadal somatic cells.
Supplementary Table S7. List of differentially expressed genes in P1
XYsry− female gonadal somatic cells.
Supplementary Table S8. Results of GO and KEGG pathway analy-
ses using differentially expressed genes from XYsry− germ cells.
Supplementary Table S9. Results of GO and KEGG pathway analy-
ses using differentially expressed genes from XYsry− female gonadal
somatic cells.
Supplementary Table S10. Alignment and quantification statistics
for single-cell RNA-seq analyses.
Supplementary Table S11. Gene expression profiling of MII oocytes
obtained from XYsry− females via single-cell transcriptional analyses.
Supplementary Table S12. List of differentially expressed genes com-
mon to each XYsry− MII oocyte identified by k-means clustering.
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