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Abstract

Background
The accurate identi�cation and isolation of ovarian stem cells from mammalian ovaries remain a major
challenge because of the lack of speci�c surface markers and suitable in vitro culture systems. Optimized
culture conditions for in vitro expansion of ovarian stem cells would allow for identifying requirements of
these stem cells for proliferation and differentiation that would pave the way to uncover role of ovarian
stem cells in ovarian pathophysiology. Here, we used three-dimensional (3D) aggregate culture system for
enrichment of ovarian stem cells and named them aggregate-derived stem cells (ASCs). We hypothesized
that mimicking the ovarian microenvironment in vitro by using an aggregate model of the ovary would
provide a suitable niche for the isolation of ovarian stem cells from adult mouse and human ovaries and
wanted to �nd out the main cellular pathway governing the proliferation of these stem cells.

Results
We showed that ovarian aggregates take an example from ovary microenvironment in terms of
expression of ovarian markers, hormone secretion and supporting the viability of the cells. We found that
aggregates-derived stem cells proliferate in vitro as long-term while remained expression of germline
markers. These ovarian stem cells differentiated to oocyte like cells in vitro spontaneously.
Transplantation of these stem cells in to chemotherapy mouse ovary could restore ovarian structure.
RNA-sequencing analysis revealed that interleukin6 is upregulated pathway in ovarian aggregate-derived
stem cells. Our data showed that JAK/Stat3 signaling pathway which is activated downstream of IL6 is
critical for ovarian stem cells proliferation.

Conclusions
We developed a platform that is highly reproducible for in vitro propagation of ovarian stem cells. Our
study provides a primary insight into cellular pathway governing the proliferation of ovarian stem cells.

Introduction
Various tissues in the body contain populations of stem cells that may be quiescent or actively divid (1,
2). The proliferation property of stem cells varies in various tissues; Stem cells in skin, stomach, intestine,
bone marrow, and the hematopoietic system have extensively capacity of proliferation (3). To date, very
little is known about the nature and localization of stem cells in mammalian female reproductive tract
and in especially in the ovary (3, 4). Recent evidences support the existence of stem cells including theca
stem cells(5, 6), very small embryonic-like stem cells (VSELs) (7) and oogonial stem cells (OSCs) (8, 9)
within the ovary. The mammalian ovary undergoes cyclic ovulatory rupture and repair every month. This
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remarkable cyclic regenerative capacity of the ovarian surface epithelium suggests the existence of
resident stem cells (6, 10, 11).

Most stem-cell enrichment protocols rely on immune sorting, and use sets of antibodies to surface
proteins on the target cells(12–14). However, the isolation of stem cells from the ovary in humans and
rodents has been hindered by the lack of cell-surface markers speci�c for ovarian stem cells, and by the
lack of suitable in vitro culture systems which maintain these cells in an undifferentiated state and
testing the stem cell properties(15, 16). Recent approaches in three-dimensional (3D) cultures relies on
the assumption that the fate of stem cells and the cell cycle are controlled by interactions between the
cells and their particular microenvironment, known as stem cell niche(17–19). These culture systems are
being widely used for enrichment of stem-like cells(14, 20). This approach have been recently used for
propagation of stem cells in many adult epithelial system, including the mammary gland(13) and
prostate(21). In this approach, using the elimination of the constraint of a niche that leads to quiescent
stem cells in vivo(22), cells undergo cell division in 3D matrix culture (both symmetric and asymmetric),
generating both stem and progenitor cells that rapidly reproduce toward the lineage commitment(14, 23,
24). Therefore, we hypothesized that an 3D culture approach composed of ovarian cells (without mature
oocytes) would provide a suitable environment for the isolation of presumptive ovarian stem cells from
adult mouse and human ovaries. We developed a 3D culture from ovarian cells that generated ovarian
aggregates and assessed the characteristics of aggregated derived stem cells (ASCs) which were
emerged in this platform. Next, we investigated the intrinsic nature of these cells and found that the
Janus kinases (JAKs)/signal transducer and activator of transcription proteins (JAK/STAT3) signaling
pathway is involved in self-renewal of ASCs. It is known that the JAK/STAT3 signaling pathway is crucial
for maintenance of pluripotency in embryonic stem cells(25) but to our best knowledge, this is a �rst
evidence regarding the effects of the JAK/STAT3 pathway on proliferation of ASCs.

Materials And Methods
Animals

Wild-type adult female NMRI mice (6–8 weeks old) were purchased from Pasteur Institute (Tehran, Iran).
The female mice were used for ovarian cell isolation of ovarian tissues. The nude female mice that were
used in the transplantation experiments and teratoma assessments were obtained from Pasteur Institute
(Tehran, Iran). All animals were maintained on a 12 h light-dark cycle with access to water and standard
chow ad libitum. The Royan Institutional Review Board and Institutional Ethical Committee of Royan
Institute approved all animal care studies and procedures (No: Ec/92/1026).

Mice ovarian cell isolation

For each experiment, we collected ovarian tissues from 4 mice (8 ovaries). The fat pad, bursa, and
oviduct were carefully removed from each of the ovarian tissues. Then, the ovaries were minced and
washed twice in Hank’s balanced salt solution (HBSS, Sigma-Aldrich) that contained 1% penicillin and
streptomycin (Invitrogen). Ovarian tissues underwent enzymatic digestion along with a gentle hand
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orbital shaking at 37°C in a water bath for 10 min in a solution of 2 ml HBSS that included 800 U/ml of
type IV collagenase (Invitrogen) and 1 μg/ ml DNase I (Sigma-Aldrich). Because of the in�uence of
mechanical stress on cell viability during isolation (26), we did not use from orbital shaker for ovarian cell
dissociation, that led to increased cell viability and later aggregate formation (data not shown). Moreover,
stem cells are sensitive to enzymes (27), therefore, fresh enzyme solution was prepared for each
experiment. We replaced 1.5 ml of the supernatant with 1.5 ml fresh enzyme solution and continued the
procedure until the majority of the ovarian tissues were dissociated (Supplementary Fig. 1). The collected
supernatants were kept on ice for each repeat of the procedure. Finally, the supernatants collected from
all of the procedures were �ltered through a 40 μm nylon mesh and centrifuged at 300 g for 5 min, then
washed twice with HBSS. The supernatant was removed carefully and the clumps of cells were
resuspended in culture medium.

Human ovarian tissues

Human ovarian tissue samples were obtained after provision of written informed consent from eight
reproductive age women (35–45 years of age) who presented for treatment of uterine disorders. These
women were candidates for either a myomectomy or hysterectomy due to various reasons that included
uterine �broids which caused pain and bleeding or they were candidates for tubectomy for blocked
fallopian tubes. Each woman signed an informed consent for participation and a questionnaire that
recorded sex, age, and medical history was completed at the time of enrollment. The Royan Institutional
Review Board and Institutional Ethical Committee of Royan Institute (No: Ec/92/1026) approved the use
and preparation of the human ovarian samples for this study.

Human ovarian cell isolation

Biopsies of the human ovary tissues (2×2×2 cm) were transported in α-MEM media that contained
penicillin (100 U/ml) and streptomycin (100 μg/ml) (both from Invitrogen) on ice to the laboratory. The
biopsies were gently washed several times in HBSS that contained antibiotics. The ovarian tissues were
dissected and minced by a sterile surgical instrument and rinsed with HBSS. Tissue dissociation was
performed by using the enzymatic digestion method described for mice ovaries.

Aggregate formation 

We seeded the single cells on agarose-coated plates to generate ovarian aggregates from the ovarian
cells. For optimization of cell seeding, we used 1×105–5×105 cells per 3 cm2 plate in 2 ml medium and
observed that 3×105 cells/3 cm2 plate (Falcon) were suitable for aggregate formation over 2–3 days of
culture (data not shown). Seeding less than 3×105 cells decreased both the size and number of the
aggregates, and resulted in their gradual degeneration. Aggregate formation with higher numbers of
cultured cells joined together after 24 h and formed more dense aggregates. The cells were seeded on
plates precoated with 1% agarose and incubated at 37°C and 5% CO2 in α-MEM (Invitrogen)
supplemented with 10% FBS (Hyclone), 1 mM sodium pyruvate (Invitrogen), 1 mM nonessential amino
acids (Invitrogen), 2 mM L‐glutamine (Sigma), 1X penicillin-streptomycin (Invitrogen), 0.1 mM β-



Page 5/33

mercaptoethanol (Sigma-Aldrich), 1% N2 supplement (R&D), 103 units/ml leukemia inhibitory factor (LIF,
Royan BioTech), 10 ng/ml recombinant human epidermal growth factor (rhEGF, Royan BioTech), 1 ng/ml
basic �broblast growth factor (bFGF, Royan BioTech), and 40 ng/ml glial cell-derived neurotropic factor
(GDNF, Royan BioTech). After 2–3 days of cell culture, we observed the formation of round or oval
aggregates of ovarian cells that were 50–100 µm in diameter. 

In vitro derivation and expansion of ASCs 

The aggregates were collected using a thin Pasteur pipette and plated in 12-well plates (approximately 5
aggregates per well). The 12-well plates were precoated with mitotically inactivated mouse embryonic
�broblasts (MEF), which were treated with mitomycin (Sigma-Aldrich). After three days, we observed the
appearance of round cells that migrated from the aggregates and expanded in the culture. These cells
were similar in size and morphology to the previously reported germline stem cells by White et al.(9). 

The ASCs proliferated in culture over time. The medium was renewed every 2–3 days. The mice ASCs
were passaged initially at a 1:2 split ratio with 0.05% trypsin-EDTA (Invitrogen) and re-plated on fresh
MEF; after 4–5 passages, they were split at a 1:3 ratio. The human ASCs were passaged every 30 days
with a split ratio of 1:2.

In vitro differentiation of ASCs into oocyte-like cells 

Spherical oocyte-like cells (OLCs) spontaneously formed in culture during in vitro expansion of the
ASCs. For directed oocyte differentiation, we cultured the ASCs in differentiation medium that contained
α-MEM supplemented with 10% FBS, 1 mM sodium pyruvate, 1 mM nonessential amino acids, 2 mM
L‐glutamine, 1X concentrated penicillin-streptomycin, 0.1 mM β-mercaptoethanol, 1% N2 supplement
(R&D), 10 ng/ml rhEGF, 5 μl/ml insulin/transferrin/selenium (Invitrogen), 0.05 IU follicle stimulating
hormone (FSH; Sigma-Aldrich), and 0.03 IU luteinizing hormone (LH; Sigma-Aldrich). Each 2–3 days we
replaced half of the medium with fresh medium. Supplementary Material Table S3 lists the differentiation
media.

ASCs cryopreservation

The ASCs were trypsinized and gently mixed with cryoprotective solution (90% FBS and 10% DMSO),
incubated overnight at -80°C, and then transferred to liquid nitrogen. 

Flow cytometry

We performed �ow cytometry analysis to assess the effects of cryopreservation on ASCs viability.
Propidium iodide (PI) was used to detect the nonviable cells. Cells before and after cryopreservation were
incubated with 0.05% trypsin-EDTA at 37°C for 3 min to obtain a single-cell suspension. We added PI to
the cell suspension just prior to FACS analysis to enable detection of any nonviable cells by the BD FACS
Aria II.
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Reverse transcription-polymerase chain reaction (RT-PCR) analyses 

Total RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacturer’s protocol.
Reverse transcription was performed using the cDNA Synthesis Kit (K1632, Fermentas). The presence of
each indicated mRNA was analyzed by conventional RT-PCR using the primers listed in Table S1. 

Measurements of 17 β-estradiol and inhibin

We evaluated the endocrine functions of ovarian cells in the aggregates by measuring the levels of 17 β-
estradiol (E2) and inhibin in the culture media. Ovarian cells were cultured in the presence and absence of
0.01 IU FSH and 7.5 IU LH for two days under 3D culture conditions. The culture media was collected to
assess the secretion of these hormones with an ELISA kit (Shanghai Crystal Day Biotech Co., Ltd.)
according to the manufacturer’s instructions.

Alkaline phosphatase 

We used an Alkaline Phosphatase Staining Kit (Sigma-Aldrich) to detect alkaline phosphatase (AP)
activity in the ASCs. Mouse embryonic stem cells (mESCs) were used as the positive control.

Immunocyto�uorescence staining 

aggregate-derived cells were washed with 1X-concentrated phosphate-buffered saline (PBS) and �xed in
4% PFA for 20 min. After permeabilization with 0.5% Triton X-100, the cells were incubated for 1 h in
blocking buffer that consisted of PBS and 10% normal goat serum, followed by an additional overnight
incubation period with primary antibody (Table S2) in a humidi�ed chamber at 4°C. The cells were
subsequently incubated with the appropriate secondary antibody at room temperature for 45 min. For
nucleus staining, we used 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Immunostaining without
primary antibodies was used as the negative control for the cells.

Histological analysis 

Teratomas in the teratoma assessment groups and ovarian tissue in the Sterilized mice were �xed in 10%
formalin and 4% Bouin’s solution. They were subsequently dehydrated in a graded ethanol series, vitri�ed
in xylene, and embedded in para�n and �nally sectioned into 6 μm sections. These sections were
mounted onto slides. The slides were de-waxed in xylene and rehydrated through an ethanol gradient and
stained with hematoxylin and eosin (H&E, Sigma-Aldrich). 

Detection of apoptosis by the TUNEL assay 

We used the TUNEL assay to evaluate cell apoptosis in the aggregates. The aggreagte sections were
each washed twice in PBS for 5 min after depara�nization. The sections were permeabilized by
incubation in 0.1% Triton X-100 and 0.1% sodium citrate for 8 min at room temperature. The sections
were washed twice with PBS and incubated with the TUNEL reaction mixture (5 µl enzyme solution and
45 µl labeling solution) for 60 min at 37ºC in the dark. The negative control consisted of tissue sections
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incubated with only labeling solution. After incubation with the reaction mixture, the sections were
washed three times with PBS. Apoptotic cells (green �uorescence) were visualized by a �uorescence
microscope (Olympus). Counterstaining with DAPI was used to visualize the nuclei.

This assay was performed using the Death Detection Kit (Roche Molecular Biology, Germany), which
identi�es apoptotic fragmented DNA by terminal deoxynucleotidyl transferase (TdT)-mediated
incorporation of �uorescein-12-dUTP into the 30-hydroxyl end of DNA TdT.

Teratoma formation 

We subcutaneously injected 1 x 105 ASCs into the neck area of three nude female mice (Pasteur Institute,
Tehran, Iran). Controls were age-matched female nude mice that were injected at the same site with
mouse ESCs (mESCs). The mice were monitored weekly for teratoma formation for up to three months.

Sterilization of adult mouse ovaries by chemotherapy

We intraperitoneally injected busulfan (30 mg/kg, resuspended in DMSO) and cyclophosphamide (120
mg/kg) into 2-month-old C57BL/6 female wild-type mice (28) (n=10). Controls were injected with DMSO.
The transplantation of ovarian cells was performed one week after chemotherapy treatment and
assessments were done 4 weeks after cell transplantation.

Sample preparation for RNA sequencing analysis

To assess gene expression pro�les throughout the course of aggregate cell derivation, we initially
collected samples from aggregates, ASCs at different time points (primary culture: P0, 4, 10, and 40) and
MEFs (at least three biological replicates in each group). These time points were chosen to evaluate
changes in transcriptions that occurred during derivation of the aggregate cells and their long-term
culture. Due to the presence of MEF cells with different densities during the culture of the aggregate-
derived cells, we chose the MEF samples for this cell contamination. The cells were collected and
preserved at -80°C until RNA extraction. 

Analysis of RNA-sequencing data

Initially all reads were controlled by FastQC (version 0.11.7)(29) followed by Trimmomatic (version 0.38)
(30) for trimming low quality bases. The remaining reads were aligned to the mouse reference genome
GRCm38 (downloaded from Ensembl database) (31) using HISATt2 (32). In order to �nd the differentially
expressed genes (DEGs), we used the HTSeq (version 0.9.1)(33) and DESeq2(34) packages and the R
program for �nding clusters using the K-means algorithm. We performed gene ontology (GO) analysis
using the Enrichr (35) package in the R program for both enriched GOs and biological pathways.

Heat map clustering, volcano plot, principal component analysis (PCA), and K-means clustering were
performed using the R studio platform. GO and functional enrichment were assessed with Enrichr
(https://amp.pharm.mssm.edu/Enrichr/) by taking into consideration enriched functions in at least two
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different data bases (Kyoto Encyclopedia of Genes and Genomes [KEGG] 2016, Wiki Pathways 2016,
Biocarta 2016, and Reactome Pathway 2016 as well as GO terms 2018).

Small molecule treatment

We plated 200.000 aggregate-derived cells that were cultured for at least 40 passages onto 12-well plates
with basal culture medium or basal medium supplemented with 10 ng/ml IL-6 (36), different
concentrations of  JAK inhibitor and Stat3 inhibitor or basal medium without LIF. Three replicates for
each condition were examined. Cell number and viability were counted after three days using a
hemocytometer after trypan blue staining. 

Image analysis and cell counts 

We determined the numbers of ASCs, OLCs, and Ki67-positive cells with wide angle (20x) images that
covered approximately 200–1000 cells per image in ImageJ software using the ‘cell counter’ plugin. We
counted at least �ve �elds of view for every condition.

Statistical analysis 

All experiments were conducted in at least three independent replications. All data are expressed as mean
± SD, and analyzed by student’s t-test. All graphs were generated using GraphPad Prism software version
8.0.  P-values <0.05 were considered signi�cant.

Data availability

The datasets and computer code produced in this study are available in the following database:

RNA-Seq data: Gene Expression Omnibus (GEO) under accession number the submission ID=
PRJNA664684.

Results
Ovarian aggregate formation 

We initially developed ovarian aggregates in a 3D culture system by preparing 3×105 mouse single
ovarian cells per 3 cm2 plate (Fig. 1Aa). These cells generated aggregates (50-100 µm diameter) within
2–3 days after cell seeding on the agarose-coated plates (Fig. 1Ab-d). We determined the localization of
the cells by immunostaining. The aggregates exhibited an outer rim that expressed the Extracellular
Matrix (ECM) markers laminin (37) and �bronectin (38) (Fig. 1B). Some of the cells in the aggregates
expressed the stromal marker AMH (39) (Fig. 1B). The internal cells expressed germ cell markers that
included Dazl and Ddx4(40) (Fig. 1B). A few intermediate cells expressed both germline and stromal
markers. Ddx4/Ki67 double-positive cells in the aggregate showed the presence of germ cell-like cells
with proliferating activity (Fig. 1B). Hormone analysis in the aggregate showed secretion of β-estradiol
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(E2) and inhibin in response to gonadotropins (FSH and LH)(41) (Fig. 1C). The TUNEL assay results
indicated that the viability rate of these aggregates was approximately double compared to ovarian cells
grown in the 2D culture (Fig. 1D, E). Collectively, these observations demonstrated that the 3D culture of
adult mouse ovarian cells could support the formation of aggregates.

Derivation and expansion of aggregate-derived stem cells

We plated �ve aggregates in 0.5 ml of medium per well of a 12-well plate that was coated with
inactivated mouse embryonic �broblasts (MEFs). After three days, we observed round cells that were
approximately 10 µm in size that emerged around the aggregates (Fig. 2A). These cells increased in
number and some formed grape-like clusters. These cells became con�uent after three weeks and we
passaged them by 0.05% trypsin-EDTA at a 1:2 split ratio (Fig. 2A). 

Cells that emerged from the aggregates expressed markers have been known as germ line stem cells
markers(40) Prdm1, Dppa3, I�tm3, Ddx4, Dazl, Oct4 and pluripotency markers Oct4 and TERT (42,
43) (Fig. 2B). Immuno�uorescence analysis also con�rmed expressions of Ddx4, Dazl, Dppa3, Oct4,
Prdm1, and I�tm3 markers at the protein level (Fig. 2C). But the aggregated-emerged cells were negative
for thecal stem cell markers(44, 45) CD29, CD90, and Lhr (Supplementary Fig. 3). We examined these
cells by dual immuno�uorescence staining for Ddx4 and Ki67 to test whether they expressed germ cell
markers with proliferating activity. The results indicated that most Ddx4-positive cells expressed Ki67
(Fig. 2D). These results con�rmed that the cells which proliferated and emerged from ovarian aggregates
were mitotically active cells that expressed germ cell markers. Hereafter, we called them aggregated-
derived stem cells (ASCs).

Next, we assessed the ability of ASCs to expand in vitro. They were passaged every three to four weeks in
0.05% trypsin-EDTA at a 1:2 split ratio and cultured on new MEF-coated plates (Fig. 3A). After P4-5, the
ASCs proliferated more rapidly and needed to be passaged every four to �ve days with a split ratio of 1:3
(Fig. 3B). Of note, we could propagate them in vitro for 90 passages over a two-year period. Moreover,
these expanded cells could be successfully freeze-thawed and underwent propagation in vitro after re-
culturing with no signi�cant differences in cell viability before and after the freeze-thawed process (Fig.
3C, D).

We observed co-expression for Ddx4 and Ki67 during the long-term culture of the ASCs (Fig. 3E-F) or after
the freeze-thawed process (data not shown). In addition, these long-term cultured cells expressed Ddx4,
Dazl, Dppa3, Oct4, Prdm1, and I�tm3 after long term culture (P12) (Fig. 3G).  These �ndings
demonstrated that ASCs could undergo long-term propagation in culture and still maintain their primary
culture characteristics. 

The ASCs also expressed very low alkaline phosphatase (AP) as an indicator of pluripotent stem cells
(Supplementary Fig. 4A) (42, 46). We examined the tumorigenicity of the in vitro cultured ASCs and found
no evidence of tumor formation in nude female mice that were transplanted (n=3) with these ASCs, even
at 12 weeks after transplantation (Supplementary Fig. 4B). However, control mice (n=3) that received the
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mouse ESCs had evidence of teratoma formation in the neck region within four weeks (Supplementary
Fig. 4B). These results demonstrated an intrinsic nature for ASCs, which somehow differed from
pluripotent stem cells.

This approach was highly reproducible. We isolated ASCs 20 times from 20 biological replicates using
eight adult mouse ovaries per replicate.

In vitro differentiation of oocyte-like cells from mouse ASCs

During culture of ASCs, we observed the expression of large spherical cells of up to 55 µm in size
spontaneously formed upon in vitro culture of ASCs (Fig. 4B). These large cells were morphologically
similar to oocytes; therefore, we called them oocyte-like cells (OLCs) (Fig. 4B). Then, we tested whether
directed differentiation could improve OLC formation and found that the media with oocyte maturation
factors (Fig. 4A, Table S3) would produce OLCs up to 75 µm in diameter (Fig. 4Bc). There were more,
larger-sized OLCs that underwent directed differentiation compared to the spontaneously formed OLCs
(Fig. 4C, D). 

The OLCs expressed oocyte-speci�c markers(40) GDF9, Zp1, Sycp3, Nobox, and Lhx8 (Fig. 4E).
Immuno�uorescence analysis revealed that OLCs expressed Gdf9, Zp1, and Ddx4 at the protein level,
which are speci�c to germ cells at the oocyte stage. The OLCs expressed c-Kit, which is routinely
expressed in the cytoplasm of oocytes at all stages of follicle development (47)(Fig. 4F).

Taken together, we established a highly reproducible method for isolation of mitotically active germ cell-
like cells that used an adult mouse aggregate approach. 

In vivo evaluation of mouse ASCs

We sought to determine the function of the ASCs by injecting them (1×104 cells/ovary) into the ovaries of
female mice one week after the animals underwent chemotherapy treatment with cyclophosphamide
(120 mg/kg body weight) and busulfan (30 mg/kg body weight). We found numerous remnants of
degenerated follicles in the ovaries of the sterilized vehicle recipients (n=5), (Fig. 5A). However, in ASCs
injected mice (n=5), the ovaries became more structured and new primordial and primary follicular
structures formed in the ovaries four weeks after cell transplantation. (Fig. 5B).

Establishment of aggregates from adult human ovarian samples

We applied the same procedure as mouse ASCs for isolation and seeding eight ovarian samples (35–45
years of age) (Supplementary Fig. 1). Initially, we generated human aggregates according to the same
protocol for mouse aggregates. We observed the appearance of follicle-like structures in the human
aggregates (Fig. 6Aa-d). The outer rim of human aggregates, like mouse aggregates, expressed laminin
and �bronectin and some cells expressed AMH. The inner localized germ cells were characterized by
expressions of DDX4 and DAZL (Fig. 6B). Human aggregates immunostained for Ki67 and DDX4
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demonstrated proliferative Ki67-positive cells that expressed DDX4 dispersed along the aggregates (Fig.
6B). 

We investigated the capacity of human aggregates to support ASCs generation. The aggregates were
replated on inactivated MEF-coated plates according to the procedure for mouse aggregates. The
human ASCs were expanded in vitro for 240 days (Fig. 7A-B). The proliferation rate of human ASCs was
lower than mouse ASCs, which were passaged every 30 days with a split ratio of 1:2. The expanded
human ASCs concurrently expressed Ki67 and DDX4, which provided evidence of their proliferative
capacity (Fig. 7C, D). The ASCs expressed DDX4, DAZL, DPPA3, OCT4, PRDM1, and IFITM3 (Fig. 7E). This
approach was reproducible, as we isolated ASCs eight times from eight patients. However, the isolated
ASCs could only be passaged for 3-8 passages in 3 cases. Moreover, human ASCs spontaneously
differentiated into 80-100 µm diameter OLCs that expressed the oocyte-speci�c markers GDF-9 and ZP1
(Fig. 8A, B). 

Therefore, we showed that adult human aggregates supported the e�cient isolation of ASCs with the
expressions of markers, and potential for self-renewal and differentiation into OLCs in vitro 

Transcriptome analysis for mouse ASCs

Transcriptional pro�ling of their mRNA with RNA-sequencing (RNA-seq) in different passages of ASCs
was performed and compared with aggregate and MEF. We used clustering and principal component
analysis (PCA) to determine the relationships between groups, which also revealed reproducibility in the
transcriptome data. Hierarchical clustering showed major clusters of aggregates, ASCs at different
passages (P0, 4, 10, and 40), and MEF (Fig. 9A). Dimension reduction of gene expression data by PCA
depicted a striking similarity between ASCs in different passages (P4, 10, and 40) that were clustered
together and apart from aggregates and ASCs at P0 (Fig. 9C). The close relationship between ASCs-P0
and MEF cells (Fig. 9C) might re�ect residual MEF contamination, which was higher at P0 than the other
passages. The same clustering of passaging cells (Fig. 9A,B) demonstrated that these cells maintained
their characteristics even after extended passaging. A volcano plot (Fig. 9B) was employed to identify the
top differentially expressed genes (DEGs). There were 892 genes that upregulated in the �rst passage of
ASCs compared to the aggregates and 2343 genes that upregulated in further passages (P4, 10, and 40)
compared to ASCs-P0 (Fig. 9B). Extracellular matrix organization and glutathione metabolic processes
(GO biological process terms) were enriched in aggregates and ASCs-P0, respectively (Fig. 9B left panel),
while cytokine receptor activity term was downregulated by passaging the ASCs (Fig. 9B right panel).

A K-means (K=8) clustering analysis was subsequently conducted to group genes with similar behaviors.
The pro�le plots for each cluster with the thick red lines representing the learned cluster center is shown
in the Figure 9D. Genes in clusters 5 and 2 exhibited increased expression in P0 and aggregates
respectively, decreased in subsequent passages and then remained unchanged. Enriched functions in
cluster 2 encompassed epithelium development and vasculogenesis and in cluster 5 is extracellular
matrix organization. Clusters 3 and 4 respectively contained 587 and 1270 genes, whose expression



Page 12/33

increased in P0 and remained unchanged during subsequent passages. These clusters were enriched in
neutrophil mediated immunity and degranulation. 

We also performed a gene ontology (GO) analysis based on the genes that were upregulated in ASCs
during different passages (P0, 10, and 40). Intriguingly, we observed that the germ cell markers such as,
Ddx4, Dppa3, Dazl, and Oct4 were poorly represented in the transcriptome of the ASCs in P0 and higher
passages, however Prdm1, Cpeb1 and I�tm3 is found in cluesters 3 and 4 (Fig. 9D).

The role of JAK/STAT3 signaling pathway for maintaining self-renewal in ASCs

The DEG enriched pathways according to KEGG analysis of the ASCs revealed an upregulation of
pathways related to the in�ammatory response and neutrophil function in these clusters (Supplementary.
Table S4). This was particularly remarkable for signaling pathways related to interleukin 6 (IL-6) in cluster
VIII (Table S4). It has been shown that IL-6 activates the Janus kinases (JAKs)/signal transducer and
activator of transcription proteins (JAK/STAT3) pathway and enhances cellular proliferation and
stemness(48, 49). These �ndings raised the question of whether IL-6 and the JAK/STAT3 signaling
pathway would be one of the principal active pathways during the passaging of ASCs.  Moreover, we
used LIF in our culture medium, which also activates JAK/STAT3 signaling(50, 51). In order to examine
the function of this pathway in the maintenance and proliferation of ASCs, we assessed cell counts and
viability after adding IL-6 to our culture media, removing LIF, and inhibiting JAK and STAT3 by small
molecules, 420099 and Stattic, respectively (Fig. 10A). We examined selected concentrations of
inhibitors, JAK inhibitor (0.6, 1.2, 1.8, 2.4 µM) and Stat3 inhibitor (0.5, 1, 2, 5, 10 µM)] (36, 52-55)
(Supplementary Fig. 4). The cells were maintained and proliferated with or without IL-6 with no
considerable changes in morphology, viability or cell numbers (Fig. 10B-D). Following increasing the
concentration of JAKi, the cell number dramatically decreased. We detected a signi�cant decrease in cell
numbers with morphological alterations including transition from rounded to spindle like cells compared
to the control group in 2.4 µM concentration of JAKi, while the cell viability did not change (Fig. 10B-D,
Supplementary Fig. 4). Of note, when LIF was depleted from the culture medium, we observed a
remarkable decrease in cell numbers as well as morphological changes (Fig. 10B,C). Treating the cells
with increasing concentrations of Stat3i, led to a decrease in cell numbers, while cell viability decreased
signi�cantly following treatment only with 10 µM of Stat3i (Supplementary Fig. 4). According to the
morphologically changes, reduction in cell numbers and unaffected viability in the groups treated with 2
µM of Stat3i and 2.4 µM of JAKi (Fig. 10B-D), we propose that JAK/STAT3 signaling pathway contributed
to ASCs proliferation.

Discussion
Our study reports an in vitro platform for aggregate formation from ovarian tissue that enables a highly
reproducible system for e�cient derivation of proliferating stem cells. We provided an aggregate system
from whole ovarian cells (without mature oocyte) to make communication between germ cells and
somatic cells that is critical for stem cell maintenance and germ cell proliferation(56). Here, we used from
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mouse and human whole ovarian cells (without mature oocyte) and three-dimensional (3D) culture
approach to provided permissive and suitable niche for the survival and propagation of ASCs. The 3D
aggregate cultures mimic physiological conditions in vitro by supporting intensive communication
between cells, and provide biomechanical and biochemical cues that mediate intercellular functions(57).
It is well known that bilateral connection between mature oocyte and ovarian somatic cells is require for
meiotic arrest of mammalian oocyte (58–60), so depletion of mature oocytes in our aggregate system
removed this inhibitory effect, and provided a suitable niche for the survival and proliferation of the ASCs.

Live and dead cell analyses con�rmed that the aggregates exhibited much higher ovarian cell viability
compared with the 2D culture. Our results were consistent with previous �ndings, which showed that cell
viability, proliferation, gene and protein expressions, stable morphology, and general cell function were
more consistent in the 3D culture compared to 2D cultures(20). We found that our aggregates secreted E2
and inhibin in response to LH and FSH, as does the ovary(61). In addition, we demonstrated that these
aggregates e�ciently expressed a proliferation marker (Ki67)(62, 63) and germ cell markers (Ddx4 and
Dazl)(64). The double Ki67 and Ddx4 positive cells were also reported in the adult mouse ovarian surface
epithelium(65). Of note, all Ddx4-positive cells did not express Ki67, which demonstrated the presence of
a mitotically active germ cell population in both mouse and human aggregates. However, a limitation of
this study is that speci�c markers for ovarian cells other than germ cells were not evaluated. Such data
may give us a deeper view of ASCs. These mouse ASCs showed high potential for in vitro expansion; the
isolated ASCs propagated for 90 passages for more than two years. We observed that ASCs
spontaneously produced OLCs that had a similar morphology and gene expression pro�les as mouse
oocytes when cultured in vitro. OSCs isolated by DDX4 spontaneously produced 35–50 µm diameter
OLCs(9). Here, we improved ASCs differentiation to OLCs by the addition of FSH, ITS, EGF and LH, which
acts on oocyte development in vitro(56, 66). Directed differentiation produced more OLCs than
spontaneous formation. In vitro maturation media support the culture of OLCs up to 75 µm in size, which
characterizes oocytes at the antral follicle stage(67). Oocyte maturation is normally triggered by LH, EGF,
ITS, and FSH. These hormones, in turn, would cause cytoplasmic maturation of the oocytes(68, 69).

Hierarchical clustering of their transcriptomes demonstrated more similarities between P10 and P40 cells
than with the P4 cells. This �nding was consistent with the morphological observations, so that the
growth of ASCs during the initial culture phases was very slow, after �ve passages, we observed a
dramatic increase in cell growth rates that re�ected the transitional stage from P4 cells to higher
passages.

Our data obtained from RNA-sequencing revealed that the most upregulated genes in ASCs at various
passages were associated with immune cells and an in�ammatory response. Regarding this �nding, it is
notable that these cells were immune-positive for germ line markers but did not show upregulation
expression in RNA-sequencing data. These results were in accordance with a recent report that identi�ed
a complete map of cell types in the human ovarian cortex by single-cell analysis(70). Wanger et al. found
the cells that were sorted based on expression of DDX4 and were immune-positive for DDX4 antibody
while not expressing DDX4 transcript(70).
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RNA Seq analysis highlighted immune system-related pathways including in�ammatory response with
especially on the IL-6-mediated signaling pathway in ASCs. An increasing number of studies indicate that
correlation between the IL-6 and activation of JAK/Stat3 signaling pathway for maintaining self-renewal
in the stem cells(51, 71, 72). The important role of JAK/Stat3 signaling pathway in this study was
con�rmed by the use of small molecules that inhibit this pathway and by removal of LIF as the main
activator factor for this signaling pathway. Our �nding is in line with a recently published study that
showed activation of immune system related pathways including in�ammatory response and STAT
pathways contribute to stemness in ovary surface epithelium(73). Moreover, the critical role for LIF in
maintaining self-renewal and pluripotency of mouse embryonic stem cells (mESCs)(74, 75) were
con�rmed in previous reports and our �ndings are in line with previous studies (76–78). The role of the
JAK/STAT3 signaling pathway in numerous developmental and homeostatic processes that include
hematopoiesis, immune cell development, stem cell maintenance, organismal growth, and mammary
gland development are well known(79).

The insight and model explained here is valuable for better understanding of ovarian stem cells and their
using to clinical applications. According to the best of our knowledge, this report is the �rst to
demonstrate the role of JAK/STAT3 pathway on proliferation of ASCs. Future lineage-tracing studies is
necessary to elucidate the role of ovarian stem cells in homeostasis, tissue injury and reproductive tract.
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Figure 1

Mouse ovarian aggregates formation and characterization. (A) Phase-contrast images of mouse ovarian
cell suspension after dissociation (a) and ovarian aggregates formation on day two (b). Histological
image of two-day aggregates by hematoxylin and eosin (H&E) staining (c). Higher magni�cations of the
(c) panel indicate follicular-like structures (d). (B) Immuno�uorescent images of aggregate sections show
that aggregates contained cells that expressed Ddx4, Dazl (arrowheads), and AMH (arrows). Laminin and
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�bronectin were detected in the outer rims of the aggregates (indicated with arrows). Many of the Ddx4-
positive cells co-expressed the proliferation marker Ki67. Sections were counterstained with DAPI (blue)
to visualize the nuclei. (C) β-estradiol (E2) and inhibin production by aggregates in the presence or
absence of follicle stimulating hormone (FSH; 0.01 IU) and luteinizing hormone (LH; 7.5 IU) in basal
medium (α-MEM medium with LIF, EGF, bFGF and GDNF). Data are presented as mean ± SD from three
independent experiments (t-test, *P<0.05). (D) TUNEL assay for ovarian cells in a 2D compared with the
3D culture. (E) Quanti�cation of the TUNEL assay. Error bars are the mean of at least �ve independent
�elds of view ± SD. 
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Figure 2

Characterization of ovarian aggregates-derived cells. (A) Phase-contrast images of plated aggregates and
emergence of round cells on MEF. D: Day. (B) RT-PCR analysis of markers in aggregate-derived cells. An
adult mouse ovary was used as the positive control. NTC refers to mock reverse-transcribed RNA
samples. (C) Immuno�uorescence staining of aggregate-derived cells for germ cell-speci�c markers. The
feeder cells were negative for these markers. (D) Dual immuno�uorescence staining of Ki67 (green) and
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Ddx4 (red) expressions in aggregate-derived cells. Immuno�uorescence staining for panels (C) and (D)
were done two weeks after the aggregate plating.

Figure 3

Characterization of long-term cultured mouse ASCs. (A) Phase-contrast images of expanded ASCs at
different passages in culture on MEF-coated plates. (B) Long-term proliferation pattern of ASCs. (C) The
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cells were frozen and propagated after thawing. (D) Cell viability before and after cryopreservation at
P20. (E) Both Ki67 incorporation and Ddx4 expression were detected in the ASCs after long-term culture.
(F) Quanti�cation of ASCs (Ddx4-positive cells) and actively proliferating cells (Ki67-positive cells) in
primary (day 21, before cell passage) and long-term (approximately �ve months, P12) cultures. Data are
represented as mean ± SD for three independent experiments and analyzed by the t-test. (G)
Immuno�uorescence staining at P12. The feeder cells are negative for these markers.  
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Figure 4

Characteristics of oocyte-like cells (OLCs) generated from mouse ASCs in vitro. (A) Schematic of the
procedure for ASCs differentiation. (B) Phase-contrast images of formation of OLCs. (B-a) OLCs
formation from ASCs. (B-b) Spontaneous generation of large spherical cells that morphologically
resembled oocytes. (B-c) Directed differentiation media supported formation of OLCs that were up to 75
μm in diameter (C, D). Directed differentiation of ASCs to OLCs led to signi�cantly larger and more
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numerous OLCs in culture compared with spontaneously formed OLCs. Data represent mean ± SD for
three independent experiments (t-test). Quanti�cation of cell numbers using the ImageJ cell counter
plugin. The images were captured with a wide angle (20x) and at least �ve �elds were counted per
condition. (D) Numbers of OLCs counted per �ve aggregates. (E) mRNA expression levels of oocyte-
speci�c markers in spontaneously differentiated OLCs. (F) Immuno�uorescence detection of germ cell
and oocyte-speci�c markers in OLCs. Merged images of germ cell markers and DAPI in OLCs that were
generated spontaneously from ASCs in MEF-coated plates.

Figure 5

Transplantation of ASCs into mouse ovaries. (A) Hematoxylin and eosin (H&E) images. (A-a) The ovaries
from control female mice (normal levels of follicle reserves), (A-b) sterilized recipient ovary (one week
after chemotherapy treatment), the arrows indicate the presence of atretic primordial or primary follicles
and (A-c) sterilized recipient ovary one month after ASCs injection. The arrowheads denote the new
formed primordial and primary follicles. The mice were sterilized with intraperitoneal injection of
cyclophosphamide and busulfan. (B) Higher magni�cations of the panel (A).
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Figure 6

Establishment and characterization of human aggregates. (A) Phase-contrast images of human ovarian
cell suspension after dissociation (a) and aggregate formation on day two (b). Histological image of
aggregates according to H&E staining (c). The inset indicates the presence of follicular-like structures (d).
(B) Immuno�uorescent images of aggregate sections show that human aggregates contain laminin and
�bronectin on the outer side (arrows) and the inner cells expressed germline markers, Ddx4 and DAZL
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(arrowheads), and a stromal marker, AMH. Proliferating cells detected by immuno�uorescence for Ki67.
Germ cells with proliferating activity are shown by double immunostaining for Ki67 and Ddx4.

Figure 7
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Emergence of ASCs after plating of human aggregates. (A) Phase-contrast microscope images of
cultured cells during generation and passaging (day 30 in different passages: P1, P3, P5, P6, and P7) of
ASCs on MEF-coated plates. (B) Growth curve of human ASCs. (C) Immuno�uorescence staining for
germline markers in human ASCs (after six passages) on MEF-coated plates. Cells were counterstained
with 4,6-diamidino-2-phenylindole (DAPI, blue) to visualize the nucleus. (D) Immuno�uorescence analysis
for DDX4 and Ki67 in ASCs after six months in culture at P6. Nuclei were stained with DAPI (blue). (E)
Quanti�cation the number of Ki67/DDX4-positive cells over time (six months in culture). Data are mean ±
SD from three independent �elds of view.

Figure 8

In vitro formation of oocyte-like cells (OLCs) from human ASCs. (A) Morphological assessment of OLCs
formed by human ASCs in culture (phase-contrast picture). (B) OLCs stained positive for DDX4, GDF9,
and ZP1. The adjacent somatic cells were negative for these markers stained with DAPI.



Page 31/33

Figure 9

Transcriptome analysis. (A) Correlation heat map of gene expression data across cell types. The vertical
distances on each branch of the dendrogram represent the degree of similarity between gene expression
pro�les of various samples. (B) Volcano plot to inspect ASCs between P0 and aggregate (left) and P0
and other passages (right). The genes which are located in star box represent the ASCs under conditions
of log2 (FC.) >4 and -Log10 (adjusted p-value) >5 and enriched terms with an adjusted p-value <0.05 are
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reported in the red and blue boxes. (C) Principal component analysis (PCA) of time course gene
expression pro�les. (D) Patterns of gene expression by K-means cluster analysis (K=8). K-means
clustering of relative expression of all transcripts reveals eight prevalent patterns.

Figure 10

The effect of JAK/STAT3 inhibitor treatment on ASCs derivation.
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(A) Schema of designed groups to understand the role of the JAK/STAT3 signaling pathway in regulating
ASCs pluripotency. (B) Phase-contrast picture from ASCs derived in different culture condition for three
days. The insets show the morphological transition with higher magni�cation. (C, D) The number and
viability of ASCs after three days of culture in different medium. Cells were counted using a
hemocytometer after trypan blue staining. Data are means ± SD for three independent experiments.
*P<0.05, **P<0.01. 
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