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A B S T R A C T

Gonadal soma-derived factor (Gsdf) is a unique TGF-β factor essential for both ovarian and testicular devel-
opment in Hd-rR medaka (Oryzias latipes). However, the downstream genes regulated by Gsdf signaling remain
unknown. Using a high-throughput proteomic approach, we identified a significant increase in the expression of
the RNA-binding protein Igf2bp3 in gsdf-deficient ovaries. We verified this difference in transcription and protein
expression against normal gonads using real-time PCR quantification and Western blotting. The genomic
structure of igf2bp3 and the syntenic flanking segments are highly conserved across fish and mammals. igf2bp3
expression was correlated with oocyte development, which is consistent with the expression of the igf2bp3
ortholog Vg1-RBP/Vera in Xenopus. In contrast to the normal ovary, cysts of H3K27me3- and Igf2bp3-positive
germ cells were dramatically increased in the one-month-old gsdf-deficient ovary, indicating that the gsdf de-
pletion led to a dysregulation of Igf2bp3-mediated oocyte development. Our results provide novel insights into
the Gsdf-Igf2bp3 signaling mechanisms that underlie the fundamental process of gametogenesis; these me-
chanisms may be well conserved across phyla.

1. Introduction

Gonadal soma-derived factor (gsdf) plays an essential role in the
development of both the testis and the ovary, as demonstrated by the
gain- and loss-of-function in the medaka (Jananese rice fish; Oryzias
latipes) (Zhang et al., 2016). The expression of gsdf was co-localized and
regulated by the master sex-determining gene dmy (also known as
dmrt1bY) during the initiation of morphological testicular differentia-
tion (Matsuda et al., 2002; Nanda et al., 2002; Shibata et al., 2010).
Importantly, gsdf depletion leads to an excessive proliferation of germ
cells during sexual differentiation, regardless of sex (XX or XY) (Imai
et al., 2015; Zhang et al., 2016). Thus, gsdf knockout (gsdf KO) ovaries
are hypertrophic, with numerous primary oocytes (Guan et al., 2017).
This ovarian phenotype resembles those of anti-Müllerian hormone
receptor II knockout (amhr2 KO, hotei mutant) (Morinaga et al., 2007),

follicular stimulating hormone knockouts (fsh KO) (Takahashi et al.,
2016), and follicular stimulating hormone receptor knockouts (fshr KO)
(Murozumi et al., 2014). The C-terminal TGF-β domains of the Gsdf and
Amh proteins are highly homologous and have similar expression pat-
terns during sexual differentiation (Shibata et al., 2010; Zhu et al.,
2016). Moreover, gsdf deletion leads to a downregulation of fshr in
medaka gonads (Sun et al., 2017), suggesting that Gsdf, Amh and Fshr
are involved in the principal pathway of germ cell development.
However, the molecular mechanisms underlying the roles of these
proteins in gametogenesis remain elusive.

In medaka, germ cells have an inherent feminizing effect
(Nishimura et al., 2018). Thus, germ cells drive their own sexual dif-
ferentiation (Nishimura et al., 2015, 2018), independent of the somatic
dmy master sex-determining gene (Matsuda et al., 2002; Nanda et al.,
2002). Disruption of the germ cell-intrinsic sex-determining factor
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Forkhead box L3 (foxl3) induces the development of functional sperm in
the female gonadal environment (Nishimura et al., 2015). Depletion of
gsdf increases the number of germ cells sufficient for male-to-female sex
reversal in XY medaka (Imai et al., 2015; Nishimura et al., 2018; Zhang
et al., 2016). Thus, in medaka, the feminizing effects of the germ cells
(derived from primordial germ cells, PGCs) may be activated during
gonocyte formation when gsdf is depleted (Nishimura et al., 2018).
However, it remains unclear how somatic sex-determining signaling
coordinates the germ cell-intrinsic cues that lead to germ cell differ-
entiation.

The protein networks underlying the sex reversal of swamp eel can
be systematically identified on a quantitative analysis of protein ex-
pression from high-resolution, comprehensive proteomic databases
(Sheng et al., 2015). Proteomics supports the characterization of bio-
logical outcomes and allows alterations in key factors to be identified
via the annotation of proteins significantly differentially in experi-
mental groups as compared to control groups (Zhu et al., 2010). In this
study, we used proteomics to isolate the RNA-binding protein Igf2bp3,
which was highly expressed in gsdf-deficient XY ovaries, as compared to
normal female and male gonads. We used reverse transcription-poly-
merase chain reactions (RT PCRs), real-time PCRs (qPCRs), and Wes-
tern blots to show that igf2bp3 gene transcription and translation were
greater in gsdf-deficient ovaries than in normal ovaries. We found that
gsdf-depletion led to an abnormal increase of cystic germ cells growing
in one-month-old XY ovary, with high igf2bp3 expression in some zy-
gotene and pachytene oocytes, but igf2bp3-silencing in the gonocytes
and other pachytene oocytes within the same cyst. Therefore at least
two populations of oocytes were developed after the onset of meiosis in
gsdf KO ovary. Our results suggested that gsdf-igf2bp3 played an es-
sential role in germ cell differentiation during mitosis-meiosis transition
in medaka.

2. Materials and methods

2.1. Sample preparation, and protein digestion for label-free proteomic
analysis

Hd-rR strain was used in this experiment and housed in re-circu-
lating systems at 26–28 °C, with a 14-h light/10-h dark photoperiod. All
of the fish were handled following the guidelines of the Committee for
Laboratory Animal Research at Shanghai Ocean University (Shanghai,
China). From each group (wild-type ovary, wild-type testis and gsdf-
deficient ovary), we selected 7∼ 10 fish to serve as a pooled sample, in
order to minimize individual differences. Sex genotyping was per-
formed with PCR to amplify a dmy-specific fragment and a dmrt1
fragment (Matsuda et al., 2002), and gsdf alleles described previously
(Zhang et al., 2016).

Pooled samples were homogenized in liquid nitrogen and extracted
with lysis buffer [8M urea, 100mM Tris-HCl, and 1% (v/v) cOmplete™
Protease Inhibitor Cocktail (Roche Diagnostics, Basel, Switzerland)].
The supernatants were collected from lysates after being sonicated,
centrifuged, and subcequently reduced using 5mM dithiothreitol (DTT)
at 37 °C for 45min and alkylated using 20mM iodoacetamide (IAA) at
room temperature (RT) for 30min in the dark. Protein concentrations
were measured using Bradford protein assay kits (Biyuntian, Shanghai,
China). All of the protein samples were digested on filters with trypsin
(Sigma-Aldrich, St. Louis, MO), at a 1:50 trypsin to protein ratio, at
37 °C for 12 h. Digested fractions were collected and stored at −80 °C
for proteomics analysis. Three sets of samples (representing three bio-
logical replicates) were analyzed independently for each group,
yielding a total of nine biological samples.

2.2. Label-free mass spectrometry

Label-free proteomics was performed by the Beijing Bangfei
Bioscience Co., Ltd. (Beijing, China). Enzyme specificity was set to

trypsin, and a maximum of two missed cleavages were allowed. The
mass tolerance for precursor ions was set to 20 parts per million (ppm)
in the first search and 5 ppm in the main search; and the mass tolerance
for fragment ions was set to 0.02 Da. A carbamidomethyl group on
cysteine was specified as a fixed modification, while oxidation and N-
terminal acetylation were specified as variable modifications. Protein
abundance among the samples was determined using label-free quan-
tification (LFQ), with the false discovery rate (FDR; calculated as N
(decoy)*(N(decoy)+N(target)) threshold set to< 1%, and the ex-
pected ion score cut-off set to< 0.05 (95% confidence).

2.3. Bioinformatics data analysis and protein identification

Raw data were converted to Mascot generic peak lists using the
Maxquant search engine (v.1.5.2.8). Tandem mass spectra were sear-
ched against O. latipes sequence database (UP000001038, 26,094 en-
tries) using mascot 2.0 (Matrix Science, London, UK). Both peptide and
protein identifications were filtered using a cutoff of 1% for the peptide
false identification rate (FDR). The minimum and maximum peptide
lengths were set to 6 and 144 amino acids, respectively. Proteins con-
taining more than one unique peptide were considered unique.

2.4. qPCR amplification and Western blots

Total RNAs were extracted from multiple tissues and reverse-tran-
scribed into first-strand cDNA using AMV reverse transcriptase (Takara,
Dalian, China), and oligo-dT(18) primers (Shenggong Co. Ltd.,
Shanghai, China), following the manufacturer’s instructions. qPCR was
performed using cDNA as template, with SYBR Fast qPCR mix (Takara,
Dailian, China) on a 7500 real-time PCR system (Applied Biosystems,
Foster City, CA). The housekeeping gene β-actin was used to normalize
expression values. Statistical significance was determined using pair-
wise Student’s t-tests. We considered p < 0.05 to be statistically sig-
nificant. Data are presented as mean values ± standard error of six
individuals’ adult gonads.

Gonadal proteins were separated on 10% dodecyl sulfate, sodium
salt (SDS)-Polyacrylamide gel electrophoresis, blotted onto poly-
vinylidene difluoride (PVDF) membranes on ice, and blocked for 1 h at
RT with 5% nonfat milk in phosphate-buffered saline (PBS). Membranes
were incubated with primary antibodies (1:1000) overnight at 4 °C,
washed with 0.1% Tween-20 (Gibco) PBS three times, incubated with
the horseradish peroxidase-linked secondary antibody (1:2000, MBL
Nagoya, Japan) for 2 h at RT, and finally visualized using Amersham
ECL Prime Western blotting analysis system and imaged with a GE
Healthcare Amersham imager 600 (GE Healthcare, UK). The primary
antibodies of Gsdf, Igf2bp3 and β-actin are listed in Table S4.

2.5. Multi-color fluorescent immunostaining

Immunofluorescence (IF) was performed using antibodies (α-
Igf2bp3 and α-H3K27me3) listed in Table S2 with gonadal sections
fixed in 4% paraformaldehyde (PFA), and embedded in paraffin as
described previously (Sun et al., 2017). Signals were visualized using a
TSA Plus TMR/Fluorescein system (PerkinElmer Inc., Waltham, MA),
following the manufacturer’s instructions, and nuclei were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI). Results were
viewed and photographed under a confocal laser scanning microscope
(DMi8 TCS SP8, Leica, Germany).

3. Results

3.1. Putative downstream genes regulated by Gsdf signaling

To identify downstream genes regulated by Gsdf signaling, we
compared the proteomics profiles of three adult medaka gonads: a
normal XY testis, a normal XX ovary, and a gsdf KO ovary (Fig. 1A).
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Western blots indicated that the Gsdf protein was expressed in the
normal testis only; Gsdf protein was undetectable in the normal ovary
or in the gsdf KO ovary (Fig. 1B). After four rounds of mass spectro-
metry, 2556 proteins were identified in each of the three biological
replicates, which were further quantified and clustered as five groups,
using pairwise-comparisons to identify significantly up- or down-
regulated proteins (Fig. 1C), based on the average of Exponential Means
of Fold Changes derived from three biological replicates.

We identified three expression profiles in cluster I subset. The RNA-
binding protein Igf2bp3 was significantly greater in the normal ovary
than in the normal testis (p < 0.0001; a 38-fold difference; Table S1).
It was further up-regulated in the gsdf-deficient ovary as compared to
the normal ovary (p < 0.0001; a ∼5.8-fold increase in expression;
Table S1). By contrast, Vitellogenin 1 was approximately 342 times
more abundant in the ovary than in testis. It decreased in the gsdf-de-
ficient ovary to one tenth of the level in the normal ovary (Table S1),
consistent with the histological observation that vitellogenic oocytes

are rarely present in gsdf KO ovaries (Guan et al., 2017). House-keeping
gene glyceraldehyde-3-phosphate dehydrogenase (gapdh), was slightly
down-regulated in the gsdf-deficient ovary, in contrast to a four-fold
higher in the normal ovary than the normal testis (Table S1).

3.2. Structural and evolutionary conservation of igf2bp3 across phyla

Medaka igf2bp3 encodes a 586-amino-acid protein with two RNA-
recognition motifs (RRMs) and four K homology (KH) domains
(Fig. 2A), conserved between fish and mammals. It is distinct from in-
sulin-like growth factor binding protein 3 (Igfbp3), which consists of
IGFBP domain and Thyroglobulin type 1 repeats (TY), and mediates the
embryo-maternal signaling necessary for embryo implantation in
mammals (Fig. 2B) (Herrler et al., 2003). Medaka Igf2bp3 and human
IGF2BP3 share a high amino acid similarity (> 76%) (Table S2).
igf2bp3 and neighborhood transformer 2 (tra2) genes are orthologous to
the fruit fly (Drosophila melanogaster) genes IMP and tra2, respectively

Fig. 1. Proteomic profiles of adult gonads. (a) Normal XX female, XY male, and gsdf KO female. (b) Western blots detected Gsdf expression in the testis but not in the
normal or gsdf KO ovaries. (c) Heat map showing protein quantification in three biological replicates. Right panel reveals the top 41 of significantly differential
proteins in the sub-cluster I, with protein details listed in Table S1. A [wild-type female (WT ovary)]; B [wild-type male (WT testis)]; and C [gsdf null female (gsdf-/-

ovary)]. Pooled samples (7–10 individual gonads per group) were used to reduce the effects of individual variation.
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(Dauwalder et al., 1996; Nielsen et al., 2000). Our comparative
genomic analysis indicated that Tra2 and IMP were located on separate
chromosomes (2R and X, respectively) in fruit flies, but were closely
linked, appear to have been duplicated as tra2a/igf2bp3 and tra2b/ig-
f2bp2a in vertebrates. Syntenic genes flanking igf2bp3/tra2a (Fig. 2C, in
red) and igf2bp2a/ tra2b segments (Fig. 2C, in orange) were located on
medaka chromosome 11 and 21, corresponding to segments on human
chromosome 7 and 3, respectively. Notably, dazl gene (deleted in
azoospermia like; Fig. 2C, in blue) was located close to igf2bp3 in

medaka. In humans, one copy of dazl was located on human chromo-
some 3 near IGF2BP2A, while the other copy was translocated onto the
Y chromosome to become DAZ (Fig. 2C, in light blue), only found in old
world monkeys and hominids (Saxena et al., 1996).

3.3. Predominant expression of igf2bp3 in the developmental ovary

To explore the role of igf2bp3 in gonad development, the cDNA of
igf2bp3 was sub-cloned using specific primers for this study (based on

Fig. 2. Amino acid alignment and Phylogenetic relationship of Igf2bp3 and Igfbp3 across phyla. (A) Amino acid alignment was performed with CLUSTALW.
Conserved domains (RRMs and KHs of Igf2bp3 homologs; IGFBP and TY of Igfbp3 homologs) are in grey and green shadows respectively. (B) Phylogenetic re-
lationship of Igf2bp3 and Igfbp3 proteins is analyzed with Mega 6.0 program by bootstrap analysis using neighbor-joining (1000 replicates). Medaka, ol; zebrafish,
dr; chicken, gg; mouse, mm; human, hm. The human IGF sequence (NM_000618.4) was used as an out-group. (C) Synteny segments flanking igf2bp3 were well
conserved across vertebrates. tra2 and igf2bp3 (Drosophila IMP) were located on chromosomes 2R and X ,respectively, but were tightly linked and duplicated before
the segregation of vertebrates. Synteny segments are shown in red (core with igf2bp3); orange (duplicated in fish); blue (Dazl group); or light blue (Daz).
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database from ensembl.org/Oryzias_latipes/Gene; HdrR strain
ASM223467v1; Table S3). igf2bp3 transcripts were detectable in me-
daka brain, liver, and testis/ovary, but was not expressed in the eye,
head kidney, and intestine by RT-PCR analysis (Fig. 3A). igf2bp3 was
expressed throughout embryogenesis (Fig. 3B). Using Western blot, we
detected an extra fragment of Igf2bp3 in the adult brain, in addition to
the common Igf2bp3 fragment identified in the liver and gonad. This
suggested that a different Igf2bp3 isoform was likely generated by post-
translational modifications in the central nervous system of the medaka
(Fig. 3C). It was reported an expression of igf2bp3 orthologue in the
fetal central nervous systems of mice and fruit flies (Mori et al., 2001;
Nielsen et al., 2000), but decreased to be undetectable in adult brain in
mice (Mori et al., 2001). The abundance of protein products was
highest in the gsdf KO ovary, followed by the normal ovary, and the
testis (Fig. 3C), consistent with the results from our proteomics analysis
(Fig. 1C). qPCR also identified a greater abundance of transcripts in the
gsdf KO ovary (Fig. 3D). The high levels of igf2bp3 expression in the
medaka ovary were consistent with the expression of the orthologous
gene Vg1RBP/Vera, which is critical for mRNA polarization in Xenopus
laevis oogenesis (Deshler et al., 1998). In contrast to lower vertebrates,
mammalian igf2bp3 is highly expressed in mouse and human testes, but
weakly expressed in ovaries (Hammer et al., 2005; Mori et al., 2001;
Shantha Kumara et al., 2015).

3.4. Dynamic expression of H3K27Bp3 and Igf2bp3 in gonad during early
oogenesis

The gonads are morphologically similar in early XX and XY em-
bryos, but are distinct during the hatching stage when germ cells enter
meiosis in female ovary (Nishimura et al., 2016). Signals of anti-
Igf2bp3 antibodies were detectable in the nucleus of zygotene oocytes
(based on morphological evaluation) in normal XX, during the hatching
stage by IF (Fig. 4a, an enlarged image in 4a′). It was co-localized with
H3K27me3, one of oogonia meiotic entry markers also found in mouse

oogenesis (Fu et al., 2017). Gsdf was detectable in somatic cells sur-
rounding oocytes in normal ovaries at 15-dah stage, different from the
Igf2bp3 signals around chromosomes of prophase oocytes (Fig. 4b-b′).
Signals of Igf2bp3 and H3K27me3 were transferred from chromosomes
to perinuclear area of oocytes at stage of 25-dah (Fig. 4c, an enlarged
image in 4c′). The specificity of IF signals was verified as the absence of
any signals in sections without primary antibodies, which served as
negative controls (Fig. 4b″ and c″).

3.5. Cystic cell proliferation activated abundantly in 1-month-old gsdf-
deficient ovary

Igf2bp3 expression was transferred from the nucleus of zygotene
germ cells to the cytoplasm of primary oocytes in 1-month-old ovary of
normal and gsdf KO females (Figs. 4 and 5). In medaka, germ cells
commit two types of division during development: a self-renewal di-
vision (type I), and a synchronously and successively division to enter
meiosis (type II) (Nishimura et al., 2014). Germ cells enter meiosis after
a cystic division (type II division) by the hatching stage in female, or
keep type I division in male until 1-month later to initiate type II di-
vision and subsequently enter spermatogenesis (Nishimura et al.,
2014). However, we were surprised to observe that numerous type II
cystic germ cells accumulated in one-month-old of gsdf deleted ovary,
the phenomenon rarely observed in normal ovary (Fig. 5). Many cysts
were composed of 2- (Fig. 5a1 **asterisk) to 8-synchronized type II cells
positive to both Igf2bp3 and H3K27me3 antisera (Fig. 5a and an en-
larged image in 5a1). A few of cysts were even composed of asyn-
chronous germ cells with both Igf2bp3/H3K27me3 positive and nega-
tive germ cells inside one cyst (Fig. 5b and 5b1). Morphological
evaluation of these germ cells was confirmed by hematoxylin and eosin
(HE) staining shown in Fig. S1a-a2 and Fig. S1b-b2 respectively. Seven
germ cells (No 2–8 in Fig. 5b-b1) negative to Igf2bp3/H3K27me3 an-
tibodies were probably type I self renewal germ cells with a clear nu-
cleolus. No. 1 (a pachytene like germ cell in Fig. 5b1 and Fig. S1b-b2)

Fig. 3. Spatio-temporal expression profiles of igf2bp3. (A) igf2bp3 expression is detectable in brain, liver, ovary and testis by RT-PCR. (B) igf2bp3 transcripts persist
throughout embryogenesis by RT-PCR analysis. (C) Igf2bp3 protein is predominantly expressed in ovary, slightly in liver and testis. An additional isoform of Igf2bp3
is only detected in female and male brains. Igf2bp3 protein expression is higher in gsdf KO XY ovary than normal ovary detected by Western blot (right panel). (D)
Comparison of igf2bp3 transcripts among the wild-type ovary (WT XX), wild-type testis (WT XY), and homozygous ovary (MT XX and MT XY gsdf-/-) by quantitative
PCR analyses. Relative mRNA expression was normalized against β-actin in gonads. Vertical bars represent means ± SEM (n=6). Asterisks indicate significant
differences compared to WT XX.
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was negative to both Igf2bp3 and H3K27me3 antisera reaction,
showing the clear appearance of the meiotic chromosomes’ condensa-
tion and pairing. These results indicated the existence of at least two
populations of germ cells during mitosis to meiosis transition within the
same cyst, which were distinct from each other by the presence of
Igf2bp3 and H3K27me3. By contrast, the protein translation of Igf2bp3
and H3K27me3 was apparently less in normal oocyte than gsdf KO
oocytes (Fig. 5c-c1), consistent with the results from proteomics ana-
lysis. A few of synchronous germ cells were observed in the normal 1-
month ovary (Fig. 5d). The presence of heterogeneous germ cells in one
cyst was observed in all three gsdf KO XY ovaries (Fig. S2), but not in
normal XX ovaries (n=4), nor gsdf KO XX individuals (n=3) being
checked (data unpublished), indicating this type of asynchronous cysts
were probably only present in gsdf KO XY ovaries. The number of pri-
mary oocytes in gsdf KO XY ovary is about 1.5 times that of normal XX
ovary at one-month-old stage (the ratio of 76.8 to 49.9 in Fig. 5e).
Metaphase I oocytes increased significantly to one forth of total primary
oocytes in gsdf KO XY ovary, by contrast to the one tenth of total pri-
mary oocytes in normal XX ovary (Fig. 5e). Therefore, we concluded
that the irregular accumulation of excessive primary oocytes in the gsdf

deficient ovary was probably resulted from the abnormal increase of
cystic division and proliferation, caused by in the shortage of Gsdf
signaling.

4. Discussion

In this study, we identified an Igf2bp3-mediated pathway, regulated
by Gsdf, which was involved in oocyte development. Our proteomics-
based comparison of gsdf-intact and gsdf-null mutant gonads indicated
that Igf2bp3 protein expression was dramatically elevated in the gsdf-
deficient ovary. Importantly, primary oocytes within numerous cysts
highly expressed Igf2bp3/H3K27me3 at zygotene and pachytene
stages. Both Igf2bp3/H3K27me3 positive and negative germ cells were
observed in 1-month-old gsdf-deficient ovary. In contrast to gonocyte
type II division followed by spermatogenesis usually occurs in 1-month-
old testis in medaka (Nishimura et al., 2014), type II cysts were scarcely
found in 1-month-old normal ovary. This result revealed the oocyte
heterogeneity with respect to the protein expression of igf2bp3. Inter-
estingly, oocyte heterogeneity has also been reported in XY sex-re-
versed mouse as the result of unsynapsed XY chromosomes (Taketo

Fig. 4. Dynamic expression of H3K27me3 and Igf2bp3 during ovarian development. Protein expression was detected by IF in cross-sections of normal XX ovaries at 0
dah (a), 15 dah (b) and 25 dah (c), using antibodies of anti-H3K27me3 (in green), or anti-Gsdf (in green) and anti-Igf2bp3 (in red) respectively. Magnified images are
present in a′, b′ and c′ respectively. a1′ red and green are single channels of a1 frame in a’. As a negative control, no signals were detected in cross sections at 15 dah
(b″) and (c″) without primary anti-Igf2bp3 and anti-H3K27me3 antibodies. n: nephric duct; g: hindgut; Oc: oocyte.
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et al., 2013). It was noteworthy that H3K27me3 is known to be asso-
ciated with repression of gene expression and genomic imprinting at the
X chromosome inactivation-specific transcript (Xist) and IGF2 loci
(Dindot et al., 2004; Inoue et al., 2017). Maternal H3K27me3 has been
shown to coat Xist locus and is responsible for maternal Xist silencing in
mouse (Inoue et al., 2017). It might be possible that H3K27me3 was
activated and necessary for meiotic silencing of unsynapsed XY regions
in medaka as well, assuming that H3K27me3 plays the similar role of
genomic imprinting in medaka as it plays in mouse. The enrichment of
Igf2bp3 on condensed chromosomes, suggesting its potential

involvement in the synthesis inhibition or degradation of specific
mRNAs associated with chromosomal pairing and homologous re-
combination.

In medaka, transplantation of XY somatic cells is sufficient to induce
spermatogenesis in female XX medaka (Shinomiya et al., 2002), thus
demonstrated that gonadal somatic cells play the dominant role in
determining the sexual fate of germ cells. It was not surprising that
oocyte was developed as a result of switching off the somatic male
pathway by gsdf depletion. Higher expression of gsdf in Sertoli cells
surrounding type A spermatogonia in XY during gonadal sex

Fig. 5. Loss of gsdf led to a dysregulation of Igf2bp3-mediated oocyte development. Cross sections of 1-month-old gsdf KO (a-b) and wild-type ovaries (c to d) were
subjected to multi-color IF analysis using antibodies of Igf2bp3 (in red) and H3K27me3 (in green). Nucleus was counterstained with Dapi (in blue). Abundant cysts
composed of Igf2bp3/ H3K27me3 positive germ cells were detected in gsdf KO ovary (a-b, the magnified images a1-b1, three color channels of b1). The germinal
cradle in wild-type ovary was encircled by a dotted line (d). * and ** stand for single and double Igf2bp3-positive mitotic germ cells (a1); Oc: oocyte; M I: meiotic
metaphase I. (e) Number of meiotic oocytes (prophase I and metaphase I) were counted per section with two phases randomly collected from four individuals of
normal ovaries (n=4), and three gsdf KO XY ovaries (n=3). The asterisks indicated significant differences compared to the normal gsdf+/+ ovaries (**p < 0.01,
***p < 0.001).
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differentiation, suggesting the potential role of gsdf in the transition of
type I and type II division (Nishimura et al., 2014; Shibata et al., 2010).
It was noted that abundant cysts with type II cystic division present
abnormally in 1-month-old in gsdf deficient ovaries, supporting the
repression of type II cystic division under the regulation of Gsdf sig-
naling. It was possible that those Igf2bp3 expressing oocytes within the
cysts of gsdf deficient ovary might retain somewhat male features, and
therefore failed to grow normally in the absence of gsdf or other somatic
factors. As a result, an excessive primary oocyte accumulation was
shown in the adult ovary.

In summary, we identified a novel mechanism of Gsdf/Igf2bp3
regulation during medaka germ cell development. The similar pattern
of expression identified in medaka and Xenopus suggested that Igf2bp3
plays an important role in oocyte development, which is conserved
across the lower vertebrates. Functional analyses of Igf2bp3 will pro-
vide further insights into the mechanisms underlying the onset of oo-
genesis and spermatogenesis in medaka, which may be conserved
across phyla.
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