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It has long been believed that most female mammalian species
lose the ability to generate oocytes in postnatal ovaries. Recent
evidence has demonstrated the isolation and culture of female
germline stem cells (FGSCs) from adult mice and humans.
However, the process and mechanisms of FGSC differentiation
in vivo following transplantation have not yet been studied.
Here, we isolated and characterized FGSCs from a single
EGFP-transgenic mouse, and traced the development and
behavior of transplanted FGSCs (F-TFs) in vivo. Comparisons
of folliculogenesis between recipients with FGSC transplanta-
tion and wild-type (WT) mice were performed by single follicle
RNA-sequencing (RNA-seq). Results showed that FGSCs ex-
hibited a homing ability and began to differentiate into early-
stage oocytes only when they reached the edge of the ovarian
cortex. The F-TFs restored function of premature ovarian fail-
ure (gdf9iCre; Pten'""**F genotype) and generated offspring.
Furthermore, results demonstrated that the developmental
mechanisms of follicles derived from F-TFs were similar to
that of WT follicles. Weighted gene co-expression network
analysis identified two potential sub-networks and core genes
that played a critical role in follicular development. These find-
ings provide a theoretical basis and lay a technology platform
for specific or personalized medical treatment of ovarian fail-
ure or other ovarian diseases.

INTRODUCTION

Germ stem cells are the only stem cells that can produce gametes
in vivo. These cells undergo meiosis, as well as mitosis. A century
ago, spermatogonial stem cells (SSCs) were postulated to exist in
male mammals,’ and the location and molecular characteristics of
SSCs have been well documented.”®> However, in female mammals,
it has long been believed that female germ cells arrested at the diplo-
tene stage of meiotic prophase I prior to birth. Until recently, a num-
ber of studies have challenged this belief.* '* Female germline stem
cells (FGSCs) were isolated from ovaries of 5-day-old and adult
mice using immunomagnetic sorting for the DEAD (Asp-Glu-Ala-
Asp) box polypeptide 4 (DDX4). The FGSCs were cultured for
more than 15 months or for 6 months, respectively, and exhibited a
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proliferation capacity and a normal karyotype. Furthermore, the
cell line produces fertile offspring after transplantation into ovaries.’
Subsequently, FGSCs were demonstrated in the rat and human.”'*""

Stem cells are thought to provide viable options in the field of cell
therapy. Ovarian failure is induced by chemotherapy, radiation, ge-
netic induction, or hormonal stress.'®"'® Additionally, premature
ovarian failure (POF) is one of the most common causes of ovarian
function cessation prior to the age of 40 and affects 1% of young
women.'” However, very little progress has been made to solve this
problem. The findings that FGSCs play a role in fertility provide
promising application for clinical therapies, as well as a strategy for
studying germ cell development and its mechanism.>*>*" Although
a previous study showed that transplanted FGSCs (F-TFs) differen-
tiate into oocytes in chemotherapy-treated sterile ovaries and are
capable of generating offspring,'® very little is known about whether
FGSCs can restore POF function (gdf9iCre; Pten'™"*** genotype).
Furthermore, the mechanisms involved in the developmental pat-
terns of F-TFs into oocytes in vivo remain poorly understood.

In mammalian germ cell development, meiosis is a crucial event, which
is a highly regulated process.”*** Meiosis has been shown to start soon
after the primordial germ cells (PGCs) arrive at the developing gonads
in female mammals. Expression of Stra8, which is required for the ret-
inoic acid pathway, leads to meiosis initiation.”**> Qogenesis is then
followed by a series of progressive changes in gene expression profiles
until meiosis arrests in dictyate.”>*” During oogenesis, the follicle is
formed and becomes a developmental unit, which consists of follicular
somatic cells and a central oocyte. Bidirectional communications be-
tween oocytes and follicular somatic cells in follicles maintain the
oocytes in meiotic arrest.”® The follicular antrum formation is an
important event for oocyte development or folliculogenesis because
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preantral-early antral follicle transition in vivo is a necessary step for
female fertility.””*° Moreover, oocytes resume meiosis in conjunction
with the downregulation of many genes (Aurka, Plkl, Btrc, Arppl9,
Prkaca, etc.).”' > RNA-sequencing (RNA-seq) has been employed
for transcriptional profiling of oocytes during folliculogenesis, as well
as granulosa cells.”” However, granulosa cells from different regions
play different roles in follicular development.”>*” Furthermore, the fol-
licle is a functional unit, and folliculogenesis is a complex process
requiring interaction between follicular cells.*® Thus, exploring the sin-
gle follicle expression profile is important to fully understand follicular
developmental mechanisms. However, transcriptional profile analysis
of single follicles at different stages, especially in preantral and antral
formation stages, has not been performed.

In this study, we isolate and characterize FGSCs from a single EGFP-
transgenic mouse and transplant them into infertile recipients: chemo-
therapy-treated and POF (gdf9iCre; Pten'™""™" genotype) female
mice. In the recipients, ovarian function is restored and they are able
to generate offspring. We then trace the migration of F-TFs and devel-
opmental patterns in vivo. Results show that the transplanted cells
differentiate into oocytes after they migrate into the edge of the ovarian
cortex. Folliculogenesis is also analyzed by RNA-seq in a single follicle
at different stages. Results show that developmental mechanisms of fol-
licles derived from F-TFs are similar to that of WT follicles. This study
provides a theoretical basis and lays a technological platform for clinical
translational research and application of FGSCs.

RESULTS

Isolation and Characterization of FGSCs from a Single Mouse
FGSCs were isolated from ovaries of a single neonatal CAG (cytomeg-
alovirus [CMV] early-enhancer/chicken B-actin promoter)-EGFP
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Figure 1. FGSC Characteristics

(A) Morphology (left image) and immunofluorescence
analysis of DDX4 and Pou5f1 (right images) from isolated
FGSCs cultured for 3 days. The cells exhibit a grape-
like morphology. Arrow shows a dividing cell. Scale
bars, 10 um. (B) FGSCs cultured for 1 day after im-
munomagnetic sorting. Arrows show EGFP-positive cells
in bright field. The inset shows a divided cell. Scale bars,
10 um. (C) Morphology (left image) and immunofluores-
cence for DDX4 or BrdU (right images) of FGSCs cultured
for 8 weeks. Scale bars, 10 um. (D) Gene expression
profile of FGSCs. Lane M: 100 bp DNA ladder marker.
(E) Cytogenetic analysis shows FGSCs with a normal
karyotype.

transgenic mouse for each time using two-step
enzymatic digestion following the described
protocols.”® After 3 days in primary culture,
the cells grew into grape-like clusters consisting
of two to eight cells and exhibited typical divi-
sion morphology. Furthermore, immunofluo-
rescence analysis showed that these cells ex-
pressed DDX4 (exclusively expressed in germ
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cells) and Pou5fl (a germ cell-specific transcriptional factor) (Fig-
ure 1A). After the initial passage, FGSCs were purified by DDX4-
based immunomagnetic sorting (MACS) and were cultured. The
sorted cells were round with a high nuclear-to-cytoplasm ratio (Fig-
ure 1B). The cells were then subcultured every 4-7 days at a 1:2 ratio
for more than 2 months, and finally four independent long-term
cultured FGSCs were established (n = 4). The proliferative potential
and DDX4 expression of these cells were confirmed by immunofluo-
rescence (Figure 1C). Subsequently, we assessed the gene expression
profile of these cells using the following markers for germ cells or plu-
ripotency stem cells: Ddx4, Dppa3 (a maternal effect gene mainte-
nance of pluripotency), Ifitm3 (a marker of germ cells, especially early
germ cells), Pou5f1, Dazl (a marker of germ cells), Nanog (a pluripo-
tency sustaining factor), Prdm1 (a known transcriptional repressor
and marker of early germ cells), Figla (a meiosis-specific marker),
Kit (a stem cell factor receptor), Sycp3 (synaptonemal complex pro-
tein 3), and Zp3 (zona pellucida glycoprotein 3). RT-PCR results
showed that the cells expressed Ddx4, Dppa3, Ifitm3, Pou5f1, Dazl,
and Prdml, but not Nanog, Figla, Kit, Sycp3, or Zp3 (Figure 1D).
Moreover, karyotype analysis showed a normal karyotype (40, XX)
in approximately 65% of cells (Figure 1E). These findings suggested
that the cells possessed characteristics of germline stem cells with
normal chromosomes, which was consistent with previously identi-
fied FGSCs.”***! Furthermore, we also isolated long-term cultured
FGSCs from a single 8-day-old (n = 3) or 10-day-old mouse (n = 3)
(Figure S1).

Tracing the Development and Behavior of F-TFs In Vivo

To trace differentiation of FGSCs in vivo, the EGFP-expressing
FGSCs were transplanted into ovaries of mice sterilized by
busulfan and cyclophosphamide, and monitored by a laser

Molecular Therapy Vol. 25 No 6 June 2017 1409


http://www.moleculartherapy.org

Molecular Therapy

Figure 2. Tracing of Transplanted FGSCs In Vivo

(A) FGSCs scattered throughout the ovary at 2 days after FGSC transplantation. Scale bar, 50 um. (B) FGSCs migrated to the edge of the ovary by day 4 post-transplantation.
Scale bar, 50 um. (C-E) Cells (white arrows) are slightly larger than others on days 6 (C) and 9 (D), and significantly larger on day 16 (E) (red arrow) post-transplantation. Scale
bars, 50 um. (F) Gene expression profile of a single EGFP-positive FGSC on days 4, 6, 9, and 16 post-transplantation. The image shows Stra8 and Sycp3 expression in cells
on day 6, Sycp3 and Zp2 expression on days 9 and 16, and Zp1 expression on day 16 post-transplantation. Lane M: 100 bp DNA ladder marker.

confocal microscope (Olympus). Results showed scattered FGSCs
in the ovary on the second day after transplantation (Figure 2A).
On day 4 post-transplantation, FGSCs migrated to the edge of
the ovarian cortex (Figure 2B). Some transplanted cells were
slightly larger than others on day 6 post-transplantation (Fig-
ure 2C), suggesting that the transplanted cells settled in the edge
of the ovarian cortex and began to differentiate into early oocyte
stages. On day 9 or 16 post-transplantation, some cells left the
edge of the ovarian cortex and reached the depth of the ovary,
becoming 1.5-3 times larger than other cells (Figures 2D and
2E), suggesting that the transplanted cells continued to differen-
tiate into oocytes at different stages of development. To confirm
this, we conducted RT-PCR of a single EGFP-positive cell to detect
expression of EGFP, Ddx4, Stra8, Sycp3, Zp1, and Zp2. On day 6
post-transplantation, some EGFP-positive cells expressed Stra8
and Sycp3, suggesting meiosis. On day 9, Sycp3 and Zp2 were de-
tected; on day 16, Zp1, Sycp3, and Zp2 were detected (Figure 2F).
These results were confirmed by dual-immunofluorescence anal-
ysis of expression of DDX4/EGFP, STRA8/EGFP, and SYCP3/
EGFP in transplanted cells (Figures 3A-3F). Interestingly, on
day 16 post-transplantation, primary or secondary follicles were
found in recipient ovaries (Figure 3E). Furthermore, RT-PCR
and immunofluorescence analysis showed Ybx2, a crucial regulator
in diplotene stage,** was expressed on days 9 and 16, suggesting
F-TFs developed gradually and reached meiosis arrest on day 9
(Figure S2).
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Restoration of Ovarian Function and the Generation of Offspring
from FGSCs of a Single Mouse

To determine whether FGSCs from a single mouse can recover ovary
function and generate offspring, we transplanted FGSCs into infertile
recipients: chemotherapy-treated and POF (gdf9iCre; Pten'™"*" ge-
notype) female mice. The supernatant from the wash PBS was in-
jected into the ovaries of infertile recipients as controls. Two months
after transplantation, recipient ovaries were collected and evaluated
for morphology and dual expression of EGFP and DDX4. Histological
analysis showed that recipient ovaries injected with FGSCs contained
numerous female germ cells at all stages of development, including
FGSCs and oocytes expressing both EGFP and DDX4 (Figures 4C-
4F) or EGFP (Figures 4G-4I). However, control ovaries from chemo-
therapeutically treated mice or from POF mice consisted of stromal
and interstitial cells, as well as atretic follicles (Figures 4A and 4B).
To determine whether FGSC oocytes from a single mouse could
produce offspring, we mated sterilized recipient females with wild-
type (WT) adult males 5-8 weeks after cell transplantation. Results
showed that 75% of transplanted recipients produced offspring (Fig-
ure 4J; Table S1). PCR and Southern blot analysis showed EGFP
expression in the offspring, but not in the recipient mice (Figures
4K and 4L). Furthermore, fluorescence detected by live imaging under
a Lumazone imaging system (Mag Biosystems) also showed strong
green fluorescence signals in the offspring (Figure 4M). These results
indicate that FGSCs from a single mouse can restore ovary function
and generate offspring.
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Figure 3. Development of Transplanted FGSCs

In Vivo

(A and B) Immunofluorescence analysis of DDX4 and
EGFP on days 2 (A) and 4 (B) after FGSC transplantation.
Images show FGSCs scattered in the ovary by day 2,
which migrated to the ovarian cortex surface by day 4
post-transplantation. Scale bars, 25 pm. (C and D)
Immunofluorescence analysis shows STRA8 expression
(red arrow) in germ cells on day 6 (C) and SYCP3
expression (green arrows) on day 9 (D) post-trans-
plantation. Scale bars, 25 um. (E) A representative view of
immunofluorescence analysis with DDX4 and EGFP on
day 16 post-transplantation. White dashed oval indicates
that the follicle contains an EGFP-labeled oocyte and so-
matic cells (n = 5). Scale bar, 25 um. (F) Development
model of transplanted FGSCs in vivo. Arrow represents

Characterizing Development of Follicles Derived from F-TFs

To determine the molecular characteristics during development of
F-TFs in vivo, we used preantral follicle (PF) and small antral follicle
(SAF) derived from F-TFs or from WT ovaries (Figures 5A-5E)
to perform single-follicle RNA-seq. Using an Illumina HiSeq2500
sequencer, we generated 51.5 Gb of sequencing data from the eight
samples. On average, we detected expression of 20,966 (47%) out of
44,788 RefSeq genes. Thus, half of the known mouse genes were ex-
pressed in the samples. To determine whether these gene expression
profiles correlated with developmental stages of follicles, we used unsu-
pervised and hierarchical clustering to analyze the RNA-seq data from
follicles at different developmental stages. Results showed an obvious
difference in transcriptional profiles between PF and SAF with 7,005
or 5,764 differential expression genes (DEGs), respectively, using the
criteria fold change (FC) >2 or <0.5 (Figure S3). However, gene expres-
sion profiles of PF derived from F-TFs (PF-TF) were similar to those of
PF from WT (PF-WT). Furthermore, SAFs from F-TFs (SAF-TF) and
WT (SAF-WT) shared similar transcriptional profiles (Figures 5F and
5G; Table S2). Similar within-stage and different between-stage expres-
sion patterns were also confirmed by principal component analysis
(PCA) (Figure 5H). To validate the RNA-seq analysis, we monitored
expression of a subset of genes using QRT-PCR. Oocyte-specific genes
(Bmp15 and Wee2), granule cell-specific genes (Amh and Nr5al), and
other genes (Aszl, Pdk4, and Actg2) were selected. Results confirmed a
differential expression during the folliculogenesis process (Table S3).
To investigate the biological functions associated with folliculogenesis,
we conducted gene ontology (GO) analysis for DEGs on cell processes
and signal pathways involved in meiosis. Results showed similar bio-
logical functions in follicles derived from F-TFs compared with WT
(F-WT) (Figure 5I). Further DEG analysis revealed that F-TF and
F-WT shared 3,896 DEGs during development (Figure S3). Some genes
were associated with oocyte meiotic arrest (Aurka, Plk, Btrc, etc.)
or resumption (Crebl and Creb3).>%33% Additionally, meiotic arrest-
related genes were downregulated and meiotic resumption-related

development process. Short line segments on arrow
represent development time. Purple pans represent ovary.
Blue and green represent the nucleus and cytoplasm of

EGFP* EGFP* X .
Stra8* Stra8  Stra& female germ cells (FGSCs), respectively. Gene expression
Sycp3* Sycp3* Sycp3* ) . )

it 2tz profiles of FGSCs at different stages are listed below.

Zp2 Zp2* Zp2*

genes were upregulated, suggesting that F-TF developmental mecha-
nisms were similar to F-WT. Kyoto encyclopedia of genes and genomes
(KEGG) analysis of transcriptional profiles in follicular development
showed that steroid biosynthesis upregulated antrum formation of fol-
licles. Furthermore, 118 or 105 genes in the phosphatidylinositol 3-ki-
nase (PI3K)-Akt signaling pathway participated in protein synthesis,
cell proliferation, DNA repair, and cell cycle, suggesting an important
role for the PI3K- Akt signaling pathway in folliculogenesis (Figure S4).
Multiple genes (syk, pten, etc.) were also upregulated in the PI3K
pathway. Together, these findings demonstrated that F-TF develop-
mental mechanisms were similar to F-WT.

Exploring the Potential Regulatory Network of Folliculogenesis
from F-TFs

Weighted gene co-expression network analysis (WGCNA) revealed a
crucial shift in folliculogenesis gene networks at the systems level in
TF. With this unsupervised and unbiased analysis, we identified distinct
co-expression modules corresponding to clusters of correlated tran-
scripts (Figure 6A). Notably, 4 of 10 co-expression modules exhibited
stage-specific expression values. These modules consisted of genes that
tended to be overexpressed in a single developmental stage (Figure 6B).

The stage-specific modules (in particular, those with high r value
variations) likely represented core gene networks operating at
different stages of follicular development. The SAF module under-
went a sharp activation over the course of development, whereas
the PF module exhibited a sharp degradation (Figure 6C; Figure S5).
In total, 5,468 genes belonged in the PF to SAF stage-specific modules,
revealing a stepwise requirement of new transcripts involved in ste-
roid- and cytokine-regulating genes, followed by chromatin- and
centriole-regulating genes (Figure 6D).

To identify core genes, we chose potential follicle-associated mRNAs
and significantly different lon non-coding RNA (IncRNAs) to
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(A-D) Representative ovary morphology from chemical-treated mice without (A) or with (C) FGSC transplantation and POF mice without (B) or with (D) FGSC trans-
plantation for 2 months. Arrows indicate different follicle stages. n = 3. Scale bars, 1 mm (A and B) and 50 pum (C and D). (E and F) Immunofluorescence analysis of DDX4
and EGFP for ovaries of chemical-treated (E) and POF (F) mice 2 months post-transplantation. Red arrows indicate different follicle stages. Green arrows indicate potential
FGSCs. Scale bars, 50 um. (G-l) Representative oocyte separated from recipient ovaries at 2 months post-FGSC transplantation. Images were captured in fluorescence
(G), bright field (H), and merged (l) for (G) and (H), respectively. n = 5. Scale bars, 25 um. (J-L) Representative offspring from FGSC-transplanted mice (J); n = 8. Offspring
and recipients were detected by PCR (K) and Southern blotting (L). Lane M: 100 bp DNA ladder marker; lane F: mouse used for isolation FGSCs; lane P1: female recipient
mouse; lane P2: male mouse used for mating; lanes 1-5: offspring. (M) Offspring were identified in bright field (top) and fluorescence (bottom). Lanes 1-5: offspring.

WT, wild-type.

perform gene co-expression network analysis (Table S4). Results re-
vealed 42 core mRNAs and 6 core IncRNAs with a k-core = 39 in
the SAF module, and 56 core mRNAs and 12 core IncRNAs with a
k-core = 42 in the PF module (Figures S6 and S7).

The potential networks of the two modules were explored, identifying
hormone-associated genes (Nrlh3, Nr5al, Nr4al, Mmp19, and Rarb)
in the SAF module and meiosis-associated genes (Mos, Pde3a,
Fbxo43, Gpr3, Aurka, and Dicerl) in the PF module. We obtained
two sub-networks that consisted of most core genes. One of the
sub-networks showed that IncRNA LOC102633401 was the single
core IncRNA that was co-expressed with Mmpl19, Rarb, Nrlh3,
Nr5al, and Nr4al in the SAF module. Another one showed that
IncRNA Gm10857 was the single core IncRNA that was co-expressed
with aurka, Pde3a, Mos, Gpr3, Fbxo43, and Dicerl in the PF module
(Figures 7 and S8).

Dynamic Patterns of Alternative Splicing in Folliculogenesis
Alternative splicing (AS) is an important mechanism for controlling
follicular development.** However, the global AS pattern of folliculo-

1412 Molecular Therapy Vol. 25 No 6 June 2017

genesis remains unclear. We evaluated known genes with two or more
AS patterns. After comparing SAF with PF, 611 kinds of AS events
were identified in F-TF and 267 kinds of AS events were identified
in F-WT (FDR < 0.05). In total, eight kinds of ASs were identified
in both F-TF and F-WT (Figure 8A).

Notably, Cassette and altStart were the primary AS patterns in folli-
culogenesis, with 51% of genes representing the cassette AS pattern
and >17% genes representing the altStart AS pattern (Figure 8B). These
data suggest an important role for Cassette and altStart in follicular
development. Biology function analysis showed that these genes control
folliculogenesis by RNA splicing and mRNA processing (Figure 8C).
Indeed, rbm39 is an RNA binding protein located in the nucleus.
This protein co-localizes with core spliceosomal protein, suggesting
that it is a possible splicing factor.** Furthermore, this gene exhibited
three kinds of AS patterns in F-TF-Cassette, IR, and A3SS. Among these
AS patterns, there was a significant difference in A3SS expression be-
tween PF-TF and SAF-TF (Figure 8D). Interestingly, rbm39 functions
as a transcriptional co-activator for JUN/AP-1 and estrogen recep-
tors,*® suggesting an important role in follicular development.
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(A-D) Representative PF and SAF used for RNA-seq: PF-WT (A), PF-TF (C), SAF-WT (B), and SAF-TF (D). n = 3. Arrows indicate a follicular antrum. Scale bars, 10 um
(A and C) and 50 um (B and D). (E) Representative ovary for isolating follicles from FGSC-transplanted mice. n = 3. Scale bar, 25 um. (F and G) Heatmap display of un-
supervised hierarchical clustering of DEGs (F) and folliculogenesis-associated genes (G) between compartments. Red, black, and green represent high, mean, and low
expression levels, respectively. (H) Principal component analysis (PCA) of all samples. () GO analysis. Bars represent p values at a logarithmic scale. Full information lists of GO

terms are shown in Table S6.

DISCUSSION

Because stem cells are undifferentiated biological cells that can differ-
entiate into specialized cells and are capable of self-renewal, they play
a key role in tissue maintenance and regeneration. They are also
located in a specific microenvironment known as a niche that has
both anatomical and functional dimensions.*” For example, mamma-
lian SSCs are located in the seminiferous tube base-membrane and
can home to the niche after transplantation into a recipient testis.***’
Stem cell characteristics show great advantages and promise in the
field of regenerative medicine.”® Through the use of dual immunoflu-
orescence of DDX4 or IFITM3 and bromodeoxyuridine (BrdU) in
mammalian species, researchers showed that the FGSCs retain the
basic properties of stem cells in the mouse and rat.**'*°! Results
from the present study showed that isolated and cultured FGSCs
migrated toward the ovarian cortex surface following transplantation
into sterile ovaries. On day 4 post-transplantation, the FGSCs reached
the ovarian cortex surface beneath the epithelium. We observed
migrated cells that expressed Stra8 and Sycp3 on day 6 post-trans-
plantation, suggesting that these cells began to differentiate into early

oocyte stages. Three days later, these germ cells expressed Sycp3,
Ybx2, and Zp2, suggesting the cells were preparing for recombination,
meiosis arrest, and fertilization.””>* On day 16 post-transplantation,
the germ cells expressed Zp1, as well as Sycp3, Ybx2, and Zp2, sug-
gesting a gradual differentiation into oocytes. Interestingly, when
the FGSCs began to differentiate into the early oocyte stages, the cells
gradually left the surface of ovarian cortex and moved toward the
depths of the ovary. These results indicated that the ovarian cortex
surface beneath the epithelium is the niche for FGSCs.

To determine the mechanisms of F-TF development in vivo, we used
single-follicle RNA-seq analysis to identify the transcriptome land-
scape during the preantral-to-antral follicle transition. There was an
obvious difference in transcriptional profiles between PF and SAF
derived from F-TFs, which was similar to WT. The DEGs primarily
regulated antrum formation of follicles, cell cycle, or cell differentia-
tion, and only some were related to meiosis arrest. For instance, trans-
forming growth factor B (TGF-B) promotes antrum formation by
promoting proliferation of granulosa cells, PF growth, progesterone
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Figure 6. WGCNA of Folliculogenesis
(A) Hierarchical cluster tree shows co-expression mod-
0.5 ules identified using WGCNA. Modules correspond to
branches and are labeled by colors. (B) Heatmap reporting
0 correlation between modules and stage indicators in
FGSC-transplanted mice. Color legend indicates correla-
tion level between gene co-expressions with stage-spe-
08 cific expression. (C) Heatmap display of relative expression
of two representative stage-specific modules. The mod-
ules are assigned to highly correlated stages. (D) GO
analysis of PF and SAF modules. Full information lists of
GO terms are shown in Table S6.
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production, and follicle-stimulating hormone (FSH)-induced estro-
gen synthesis.””>> Furthermore, pathway analysis showed that the
steroid biosynthesis pathway might play an important role in antrum
formation of follicles in transplanted and WT ovaries. Recent studies
indicated that aquaporins 1, 7, and 8 regulate water permeability
during antrum formation.’® Aurka, which is a centrosome-localized
serine/threonine kinase, plays a vital role in cell cycle regulation. In
meiosis I, Aurka is a critical microtubule organizing center compo-
nent involved in meiosis resumption, and Aurka overexpression leads
to an abnormal spindle.”” Cpeb1 controls meiosis progress by acti-
vating maternal mRNAs. The upregulation of Cpebl increases the
rate of meiotic resumption in porcine.”” However, Cpebl is degraded
during the first meiotic in Xenopus oocytes.”® In our study, Cpebl
expression was low, suggesting a similar function between mouse
and Xenopus. The findings demonstrated that once the oocyte reaches
the antral compartment, it is fully capable of restarting the meiotic
process,” confirming that antrum formation is an important event
for female germ cell development.**°"

Moreover, AS showed that Cassette and altStart were the primary
splicing patterns in folliculogenesis. Furthermore, GO analysis
confirmed that RNA splicing and mRNA processing were the primary
AS mechanisms for regulating follicle development in transplanted
and WT ovaries. These results suggested that folliculogenesis of
F-TFs was similar to WT in vivo.

Folliculogenesis is a complex process that involves proliferation and
differentiation of both germ cells and somatic cells. Single-follicle
RNA-seq and WGCNA are powerful tools for fully understanding
the intricate processes in follicle development, revealing potential
core genes. Some core genes have been shown to be important in
follicular development. For example, Junb is a transcription factor
binding protein involved in follicle-stimulating hormone activity
in the SAF module,’” and Fgf8 is a growth factor that plays a poten-
tially important role in regulating follicular activation in the PF
module.®’ Furthermore, most core genes associated with folliculogen-
esis have been analyzed, such as Mos, Wee2, Dazl, Nanos2, Gpr3,
Fbxo43, Fgf8, Aszl, Tet3, Zfp57, Bmp6, and Aurka.>>>>%77? Interest-
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gene expression was downregulated, suggesting

that downregulation was the main regulation
manner for follicular development after the PF stage. Using WGCNA,

we, for first time, identified regulation networks between potential
core genes and IncRNAs; in particular, the sub-network consisted
of Mmpl9, IncRNA LOC102633401, Rarb, Nrlh3, Nr5al, and
Nrdal, or Aurka, IncRNA Gm10857, Pde3a, Mos, Gpr3, Fbxo43,
and Dicerl. Furthermore, IncRNA Gm10857, which is the single
core IncRNA in the sub-network of the PF module, was downregu-
lated in follicle development. Additionally, Gm10857 was co-ex-
pressed with meiosis-associated genes, such as Mos and Pde3a. This
suggested that Gm10857 might be crucial in regulating meiosis
resumption. This provides a basis for studying the role of IncRNAs
in follicular development.

In the present study, we isolated, purified, and cultured FGSCs long
term from a single EGFP-transgenic mouse. Furthermore, we found
that these FGSCs possessed characteristics of germline stem cells
with normal chromosomes, demonstrating that these cells were
consistent with previously identified FGSCs. More importantly, the
FGSCs from a single mouse restored ovarian function and generated
offspring when transplanted into POF mouse ovaries. After tracing
FGSC migrations and developmental patterns in vivo, we found
that FGSCs gradually differentiated into oocytes, but not somatic
cells, suggesting the unipotency characteristic. These findings provide
the theoretical basis and lay a technology platform for specific or
personalized medical treatment of ovarian failure or other ovarian
diseases.

MATERIALS AND METHODS

Animals

CAG-EGFP female mice were obtained from the Model Animal
Research Center of Nanjing University. The CAG-EGFP female
mice, also named C57BL/6-Tg(CAG-EGFP)C14-Y01-FM131-Osb,
and the mice were generated by Okabe et al.”> in 1997. Gdf9-iCre
mice were obtained from Austin J. Cooney’s Lab (Baylor College of
Medicine). Pten'®? mice, with BALB/c; 12954 genomic back-
ground, were purchased from Jackson Laboratory. To obtain (Gdf9-
iCre; Pten'?"*P) genotype POF female mice, we first generated
Gdf9-iCre/Pten™"" male mice using Pten' ™" genotype female
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Figure 7. Sub-network Analysis in SAF Module

. Tmem176b
N kocvﬂl.

K-core

Sub-network consists of Nrth3, Nrba1, Nrdat1, Mmp19, and Rarb in the SAF module. Top right corner image represents potential network extracted from sub-network. Color
legend in bottom right corner indicates k-core values from 1 to 39. Circle with color represents mRNA, and arrowhead with color represents INCRNA.

mice crossed with Gdf9-iCre/Pten*’* male mice. Then, the Gdf9-
iCre/Pten*"" male mice were crossed with Pten""**" genotype
female mice. After multiple rounds of crossing, the (Gdf9-iCre;
Pten'™ 1Py genotype POF mice were identified by genotyping as
described by Reddy et al.”* Six-week-old females were used as recip-
ients and were sterilized by intraperitoneal injection of busulfan
(30 mg/kg) and cyclophosphamide (120 mg/kg). All animal experi-
ments were approved by the Institutional Animal Care and Use Com-
mittee of Shanghai and were performed according to the National
Research Council Guide for Care and Use of Laboratory Animals.

Isolation and Culture of FGSCs

Ovaries from one neonatal female mouse (6 days old) were collected
in ice-cold Hank’s balanced salt solution (HBSS) without calcium or
magnesium, and cells were isolated using the two-step enzymatic
method.” After initial culture, FGSCs were purified using DDX4-
based immunomagnetic beads. The sorted FGSCs were then cultured
on mitotically inactivated STO (SIM mouse embryo-derived thiogua-
nine- and ouabain-resistant) cell feeders in minimum essential
medium alpha (MEMoy; Invitrogen) supplemented with 10% fetal
bovine serum (FBS) (Life Technologies), I mM non-essential amino
acids (NEAA) (Life Technologies), 2 mM L-glutamine (Sigma),
30 pg/mL pyruvate (Amresco), 50 uM B-mercaptoethanol (Biotech),
20 ng/mL mouse epidermal growth factor (EGF) (PeproTech),

10 ng/mL basic fibroblast growth factor (bFGF) (PeproTech),
10 ng/mL mouse glial cell line-derived neurotrophic factor (GDNF)
(PeproTech), and 10 ng/mL mouse leukemia inhibitory factor (LIF)
(Santa Cruz Biotechnology). The FGSCs were subcultured every
4-7 days at a 1:2 ratio.

BrdU Labeling

BrdU (50 pg/mL) was added to cultured medium and incubated for
5 hr. Immunofluorescence of BrdU was performed as described
below.

Immunofluorescence

Samples were washed with PBST (PBS containing 0.1% Triton
X-100), blocked in 5% BSA, and then incubated with primary anti-
bodies at 4°C overnight.”> After washing twice with PBST, secondary
fluorescence antibodies were used, including tetraethyl rhodaminei-
sothiocyanate (TRITC)-conjugated goat anti-rabbit IgG (1:100;
Proteintec), fluorescein isothiocyanate (FITC)-conjugated donkey
anti-goat IgG (1:100; Proteintec), and TRITC-conjugated goat anti-
mouse IgG (1:100; Proteintec). Images were acquired using a
Leica digital camera under a fluorescent microscope (DM2500,
DMI3000B; Leica). The following primary antibodies were used: rab-
bit polyclonal anti-DDX4 (1:200; Abcam), anti-Pou5f1 (1:200; Chem-
icon), anti-SYCP3 (1:100; Santa Cruz), anti-STRAS (1:100; Abcam),
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(A) All AS patterns. Yellow box represents splicing exon. (B) Constitution of eight kinds of AS patterns in transplanted and wild-type ovaries. (C) GO analysis of AS genes.
x bars represent p values at a logarithmic scale. Full information lists of GO terms are shown in Table S6. (D) Numbers of junction reads in three splicing events of Rom39.

Green and purple bars: AS of PF-TF reads. Red and black bars: AS of SAF-TF reads.

anti-YBX2 (1:100; Abcam), goat polyclonal anti-EGFP (1:1000; Ab-
cam), or mouse anti-BrdU (1:100; Lab Vision Corporation).

Karyotype Analysis
Cultured cells were treated with colchicine (100 ng/mL) for 2 hr, hy-
potonically treated with 75 mM KCl for 20 min at 37°C, and fixed
twice in methanol-acetic acid (3:1) for 30 min at room temperature.
The fixed cells were then dropped onto a glass slide, air-dried, and
stained with Giemsa.

RNA Isolation and PCR

Total RNA from FGSCs was extracted using TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions.””” After treating
with DNase I, total RNA was reverse-transcribed to cDNA with
Reverse Transcriptase moloneymurine leukemia virus (M-MLV;
Takara). Single cell or follicle RT-PCR was performed according to
a previously described method.”® Single sample was collected into
RNase-free PCR tubes using a mouth pipette with 5 pL of ice-cold
lysis buffer (50 mM Tris-HCl, 75 mM KCl, and 3 mM MgCI2).
HiScript II Q RT SuperMix for gPCR kit (Vazyme Biotech) was
used to obtain cDNA. Briefly, samples were incubated for 10 min at
65°C, then 10 min at 42°C with 2 pL of DNA-wiper, followed by
the addition of 2 pL of 5X qRT SuperMix II for 30 min at 42°C, fol-
lowed by 85°C for 2 min to inactivate the enzyme.

For single-cell PCR, 45 PCR cycles were performed using Taq poly-
merase with instruction. For real-time PCR, cDNA products were
diluted at 1:5 and then performed with 7500 real-time PCR amplifi-
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cation system using SYBR Green PCR mix (Roche). All primers are
listed in Table S5.

FGSC Transplantation

FGSCs were collected, washed, and then resuspended in PBS at a con-
centration of 1 x 10°/uL. Recipient mice were anaesthetized with a
sodium pentobarbitone injection (45 mg/kg body weight, intraperito-
neal). Approximately 10 pL of cell suspension containing about
10,000 cells was injected into each ovary. Approximately 10 uL of su-
pernatant from the wash PBS was injected into each ovary for the
control.

Southern Blotting

Genomic DNA was extracted from mouse tails and digested with
EcoRI for 22 hr. Samples were separated by 0.8% agarose gels.
Following denaturation and neutralization, DNA was transferred to
a nylon membrane via capillary blotting. After pre-hybridization, hy-
bridization was performed with an EGFP probe overnight in a hybrid-
ization oven at 55°C. Signals were then detected using a CDP-Start kit
(GE Healthcare).

Library Construction and Transcriptional Profile of Single
Follicles

A single follicle was separated by a hypodermic needle; then a PF or
SAF was collected according to size and morphology using a finely
drawn glass pipette and was stored at —80°C. The ¢cDNA library
was prepared using SMARTer UltraLow Input RNA for Sequencing
(Clontech Laboratories). In brief, first-strand cDNA was synthesized
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using SMARTScribe Reverse Transcriptase and then purified using
SPRI Ampure Beads. After amplification using the Polymerase Mix,
double-stranded complementary DNA (ds cDNA) was purified using
SPRI Ampure Beads and stored at —20°C.

After sequencing using HiSeq 2500, high-quality clean reads were
obtained from raw reads by removing the adaptor sequences, reads
with >5% ambiguous bases, and low-quality reads. The clean reads
were then aligned to the mouse genome (version: mm10_GRCm38)
using TopHat program. Gene expression was calculated using the
FPKM method (fragments per kilobase per million mapped reads)
and adjusted using the upper-quartile algorithm. DEG analysis was
performed using DESeq. Raw sequence data and processed data
were submitted to the GEO and are accessible through the accession
number GEO: GSE85412.

GO

GO analysis was applied to analyze the main function of DEGs accord-
ing to GO, which is the Wey functional classification of NCBI. Gener-
ally, the Fisher’s exact test and the  test were used to classify the GO
category, and false discovery rate (FDR) was used to adjust the p value.

WGCNA

A signed weighted correlation network was conducted by first estab-
lishing the correlation matrix that contained pairwise correlations of
all DEG pairs. The adjacency matrix was calculated by raising the co-
expression to the power of 19, which was the soft threshold of the cor-
relation matrix. Based on the resulting adjacency matrix, a topological
overlap measurement was used to cluster genes with a highly similar
co-expression relationship into a network module.

RNA AS

After mapping, information regarding chromosome position for
exonic reads and exon-exon junction reads was generated. All junction
reads were selected using the following criteria: a potential junction
site must match perfectly with at least 6 nt of a read to each of the
two flanking regions, and filter the site with more than three non-
redundant reads in both samples. ASs were then identified in the soft-
ware AS detector (ASD) using the Fisher’s exact test.”” RNA AS events
were adjusted using JSD (Jensen-Shannon divergence) (FDR < 0.05).

Statistics

Generally, one-sided Student’s t test was used in real-time PCR anal-
ysis; the Fisher’s exact test and the Xz test were used in GO and
pathway analysis. Pearson correlation was used for the gene co-
expression network analysis, and FDR was used to adjust the p value.
Fisher’s exact test was used for ASs analysis. A p value less than 0.05
was considered significant, and a p value less than 0.005 was consid-
ered extremely significant.
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