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Abstract. Historically, it had been widely accepted that the female mammalian ovary contained a limited number of oocytes
that would reduce over time, without the possibility of replenishment. However, recent studies have suggested that female
germline stem cells (FGSCs) could replenish the oocyte-pool in adults. The aim of this study was to isolate FGSCs from
porcine ovaries and differentiate them into oocyte-like cells (OLCs). The FGSCs were successfully isolated from porcine
ovarian tissue and cultured in vitro, in DMEM/F-12 medium supplemented with growth factors (EGF, FGF, GDNF, etc.) and a
supplement (N21). These cells possessed spherical morphology and expressed specific germline characteristics (Vasa, Stella,
Oct4, c-kit). By evaluating different conditions for in vitro differentiation of FGSCs, co-culturing the isolated FGSCs with
METF cells, under three-dimensional (3D) cell cultures, were shown to be optimal. FGSCs could successfully be differentiated
into OLCs and reached about 70 um in diameter, with a large number of surrounding somatic cells. Importantly, OLCs
contained large nuclei, about 25-30 pm, with filamentous chromatin, similar to oocyte morphology, and expressed oocyte-
specific markers (Gdf9, Zp2, SCP3, etc.) at the same level as oocytes. In conclusion, we successfully isolated FGSCs from
porcine ovarian tissue and differentiated them into oocyte-like cells. This will provide a valuable model for studying a new,

alternative source of oocytes.
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It has widely been accepted that female mammals were born with
a fixed number of oocyte-containing follicles, which then became
exhausted with age [1]. This differs from males who can produce
sperm throughout their life, due to a source of constantly proliferating
spermatogonial stem cells (SSCs), which can differentiate and allows
male mammals a long-lasting reproductive period [2, 3]. In other
words, no germline stem cells exist in the postnatal female mammalian
ovary which can differentiate and produce new oocytes in order to
offset their consumption by ovulation. This explanation was widely
accepted due to shorter reproductive period of mammalian females,
compared to males.

In 2004, a study proposed that the mouse ovary had an unexpected
ability to rejuvenate the follicle pool, which led to the suggestion of
a source of cells for oogenesis during the reproductive period [4].
This opened much debate on whether germline stem cells really exist
in the postnatal ovary or not. In 2009, the first successful result in
isolating and purifying female germline stem cells (FGSCs), from
the ovary of neonatal and adult mice, by using magnetic bead sorting
technique against Vasa protein, a germline-specific marker, was
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reported. These cells could be differentiated into oocyte-like cells in
vitro [5]. Zhang et al. discovered FGSCs in mice and transplanted
different genes into them. These FGSCs were then transferred into
the ovaries of infertile, female mice, resulting in the creation of
transgenic mice, after mating with normal male mice [6]. Recently,
scientists have shown that FGSCs are a useful tool for the genetic
manipulation of animals, by creating transgenic rats [7]. Scientists
have suggested that the ability to produce transgenic animals in this
way, would be an excellent tool for biological reproduction in the
future. The benefits of this technology are significant in certain areas
such as animal cloning in agriculture, creation of domestic animals
with high commercial values, biotechnology-based pharmaceuticals
from transgenic animals, including the production of animal medicine
and specific proteins for clinical treatment. Interestingly, these studies
presented important evidence supporting the existence of germline
stem cells in postnatal female mammals and opened a new direction
in the study of stem cells in the human ovary.

Stem cells are considered to have multiple applications for cell
therapy. Ovarian failure can be caused by chemotherapy, radiation,
genetic induction, or hormonal stress [8, 9]. Additionally, ovarian
dysfunction, before the age of 40, is commonly caused by premature
ovarian failure, in 1% of young women [10]. Sterility from oocyte
loss can also be caused by some diseases, such as polycystic ovary
syndrome [11]. Some progress has been made in solving this problem
through assisted reproductive technologies, which found that FGSCs
play arole in fertility, providing future application for clinical therapies.
In 2012, remarkably, FGSCs were able to be isolated from the cortex
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of adult human female ovaries and differentiated into oocyte-like
cells in vitro [12]. Further, these isolated FGSCs formed into follicles
containing oocytes when transplanted into immunodeficient mice,
indicating that FGSCs could be cultivated for months and spontane-
ously generate oocytes [13]. Nevertheless, a new question arises:
Whether the egg cells were created from female germline stem cells
or not? If FGSCs do exist in the ovary, why does the phenomenon
of menopause occur only in females? The origin, ability, and roles
of these cells in female reproduction should be clearly understood
before the application of this treatment in humans. In 2014, our
group successfully established porcine FGSCs and demonstrated that
these FGSCs, derived from primordial germ cells (PGCs), had been
retained but deactivated in the adult ovary [14]. It was previously
thought that these PGCs were only existed during the fetal period
and that all of them would turn into oocytes before the individual
was born. In addition, other research has shown a similar pattern of
gene expression profiles in FGSCs and male germline stem cells [15].

The differentiation ability of FGSCs in mammalian ovaries remains
a controversial issue between reproductive biologists and stem cell
researchers. Many groups have been studied for the differentiation
potential of FGSCs [16—18]. However, there is still no success in
creating offspring from FGSCs in large mammals, except for mice
and rats [6, 7]. Therefore, research on a mammalian model other
than mice needs to be done and a porcine model is compelling for
the study of medical applications due to the different mechanisms
underlying biological processes in mouse eggs compared with human
eggs. Recently, cryopreservation of ovarian cortical tissue has been
developed for woman with cancer [19]. Thus, isolation and cultivation
of FGSCs from this tissue, before or after cryopreservation, may be
useful for clinical fertility therapies. The pioneering work from our
group has been successful in establishing porcine FGSCs and sustaining
them, long term [14]. In this study, we have further researched on the
differentiation potential of FGSCs into oocyte-like cells (OLCs), by
using freshly isolated FGSCs, from porcine ovarian tissue.

Materials and Methods

Ethics statement

The treatment of porcine tissue used in this study followed the
guidelines of International University — Vietnam National University,
Ho Chi Minh City.

Isolation and culture of FGSCs

Porcine ovaries (10—12 samples per experiment) were collected
from a slaughterhouse and washed in phosphate buffer saline (PBS).
FGSCs were isolated using a previously described method [14].
Briefly, the ovarian cortical tissue (0.1-0.5 mm thick) was cut, minced
and resuspended in DMEM/F12 medium (Sigma-Aldrich, St. Louis,
MO, USA), containing 1 mg/ml collagenase (Sigma-Aldrich), for
20 min and 0.25% Trypsin-EDTA (Sigma-Aldrich) for 10 min at
37°C. The enzyme was deactivated by adding 10% fetal bovine
serum (FBS) (Sigma-Aldrich) and cells were passed through a 40
um strainer (Biologix, Abingdon, UK) to remove large, undigested
tissue fragments. The dispersed cells were then precultured for 8 h
in order to reduce fibroblast and somatic cell contamination. Most
fibroblasts and somatic cells adhered to the surface of the dish, due

to the different adherence characteristics of primary culture cells to
a gelatin-coated surface, while FGSCs remained in solution, after 8
h. The remaining, floating, ovarian cells were collected and cultured
in a 4-well, gelatin-coated plate (Nunc) with a density of 1-2 x 10*
mlL. The cells were cultured in DMEM/F12 that was modified as
previously described [14]. Two different media for FGSC cultures,
with growth factors and supplements, were evaluated. The first medium
included DMEM/F12 with 10% FBS, while the second medium,
used as a serum-free condition, included DMEM/F12, with FBS
being replacement by N21 and growth factors. The N21 Supplement
(ARO008; R&D Systems, Minnesota, USA) is a serum-free media
supplement containing 21 different components, specially optimized
for the long-term survival and culture of stem cells [20]. Detailed
compositions of each medium are shown in Supplementary Table
1 (online only). Cells were maintained at 37°C in an atmosphere of
5% CO,, in humidified air.

Isolation of oocyte from ovaries for control group

Cortical slices (0.1-1.5 mm thick) were cut from the ovarian surface
using a surgical blade. Under a microscope, follicles of different
sizes (0.1 mm, 0.5 mm, and 1 mm) were dissected from the tissue.
Oocyte-granulosa cell complexes from the follicles were collected
in HEPES solution. The oocytes from different size follicles were
denuded by mouth pipetting, mounted on a slide, fixed in acetic
alcohol and stained with 1% orcein. The diameters of the oocytes,
chromatin, and nucleolar structure were examined using an inverted
microscope (Eclipse Ti, Nikon, Tokyo, Japan) and NIS-Elements
Microscope Imaging Software.

Oocytes from other groups were used for immunostaining to
compare the expression of some markers and the morphology with
OLC:s differentiated from FGSCs.

In vitro differentiation of FGSCs

FGSCs were collected 1 week after isolation, for in vitro dif-
ferentiation, and 4 differentiation conditions were evaluated.

Condition 1: FGSCs were plated on a 0.1% (w/v) gelatin-coated,
non-feeder well of a 4-well plate, in the differentiation medium.

Condition 2: FGSCs were plated on a mitomycin C-treated (10
pg/ml, Sigma-Aldrich), mitotically inactivated, mouse embryonic
fibroblast (MEF) feeder layer, in a well of a 4-well plate, in the
differentiation medium.

Condition 3: FGSCs were co-cultured with granulosa cells, col-
lected from porcine follicle ovaries, in an ultra low attachment dish
(Corning, New York, USA), in the differentiation medium.

Condition 4: FGSCs were co-cultured with mitomycin C-treated (10
pg/ml), mitotically inactivated, MEF cells, in an ultra-low attachment
dish, in the differentiation medium.

The differentiation medium was modified based on previous
studies [14]. The detailed composition of the differentiation medium
is shown in Supplementary Table 2 (online only).All cultures were
maintained at 37°C in an atmosphere of 5% CO,, in humidified air.
Half of the culture medium was changed every other day.

Immunofluorescence staining and image acquisition
For the staining of isolated FGSCs, after culturing in 4-well plates,
cells were washed with PBS, fixed in 4% paraformaldehyde and
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treated as described previously [21]. The primary antibodies were
rabbit polyclonal anti-Vasa (Santa Cruz Biotechnology, CA, USA),
mouse monoclonal anti-Oct4 (Santa Cruz Biotechnology), rabbit
polyclonal anti-Oct4 (Abcam, Cambridge, UK), mouse monoclonal
anti-Stella (Millipore, CA, USA), and mouse monoclonal anti-CD117
(c-kit) (BD Bioscience, Franklin Lakes, NJ, USA). The secondary
antibodies were either Alexa-Fluor-488-labeled goat anti-rabbit
IgG or Alexa-Fluor-568-labeled goat anti-mouse IgG (Invitrogen,
California, USA).

For the staining of OLCs and porcine oocytes, individual cells
were collected from supernatants, fixed, and used for immunos-
taining. The primary antibodies were rabbit polyclonal anti-Vasa
(Santa Cruz Biotechnology), mouse monoclonal anti-Zp2 (Santa
Cruz Biotechnology), mouse monoclonal anti-GDF9 (Santa Cruz
Biotechnology), rabbit polyclonal anti-SCP3 (Abnova Corporation,
CA, USA), mouse monoclonal anti-DAZL (Santa Cruz Biotechnology),
rabbit anti-acetyl-histone H3 at lysine 9 (Ac-H3-K9; Sigma-Aldrich),
and goat anti-dimethyl-histone H3 at lysine 4 (Abcam). The secondary
antibodies were Alexa-Fluor-568-labeled donkey anti-goat IgG
(Invitrogen) and others as mention above.

Finally, DNA was counterstained with 2 pg/ml 4,6-diamidino-
2-phenylindole (DAPI; Molecular Probes). Images were obtained
using an inverted microscope (Nikon Eclipse Ti) and a Nikon digital
camera, using fluorescein optics for TRITC and FITC, and ultraviolet
optics for DAPIL.

Collection and culture of granulosa cells

Granulosa cells were isolated using a previously described method
[22]. Briefly, healthy pig antral follicles, 4-6 mm in diameter, were
everted in HEPES-199 to collect mural granulosa cells, using two
pairs of fine forceps. Granulosa cells were dispersed by vigorously
aspirating them in and out of a pipette, and the suspension was then
transferred to a tube. After centrifugation at 500 g for 3 min, the
pellet was resuspended in PBS. This process was repeated twice
and the resulting pellet of granulosa cells was resuspended in a
small amount of Dulbecco’s modified Eagle’s medium (DMEM,
Sigma Chemical, Missouri, USA), supplemented with 10% FBS.
These cells were seeded on a 0.1% gelatin (Sigma Chemical) coated
dish and cultured in an atmosphere of 5% CO, humidified air, at
38.5°C for 2 days. After culture, the granulosa cells were collected
by trypsinization. Briefly, the culture medium was removed, and
the cells were thoroughly rinsed twice with PBS. Trypsin solution
(Sigma Chemical) was added to cover the cultured granulosa cells
for 1 min, then 2 ml of serum supplemented DMEM was added.
Granulosa cells were dispersed and transferred to a tube. After
three rounds of washing and centrifugation, granulosa cells were
co-cultured with FGSCs.

Statistical analysis

Each experiment was repeated at least three times, with more than
50 samples (FGSCs or OLCs or oocytes) examined in each group.
All data are presented as mean + SEM. Statistical tests and graph
generation were performed using Microsoft® Excel (Microsoft) and
P < 0.05 was considered to indicate a significant difference.

Results

Growth factor and serum-free supplement promoted the
proliferation of FGSCs

DMEM/F12 supplemented with FBS, or serum-free N21, were
initially used to explore the ideal conditions for FGSC isolation and
culture. The cells were cultured in 2 different media for 7 days, on
gelatin-coated dishes (Fig. 1). The results indicate that the serum-free
N21 medium significantly enhanced the proliferation of FGSCs.
Although medium containing DMEM supplemented with 10% FBS
and growth factors, such as EGF, FGF, and GDNF (Supplementary
Table 1), also promoted cell growth, FBS stimulated the proliferation
of flat ovarian somatic cells, which led to interfere the growth of
FGSCs, and decreased their number. On the other hand, the quantity
of FGSC cultured in serum-free medium had significantly increased.
Therefore, DMEM/F12 supplemented with serum-free N21 and
growth factors (Supplementary Table 1), was considered to be the
most effective medium for FGSC development.

Morphological and characterization of FGSCs after isolation
After the first day, the FGSCs were observed as spherically shaped,
shiny, dark colored cells with a diameter of about 7 pm, which were
easily distinguished from red blood cells, which have a typical
biconcave disc morphology (Fig. 2Aa). Some flat somatic cells (such
as epithelial cells and fibroblasts) were still present, attached to the
bottom of the culture substrate. Because of that, the primary culture
without MEF was chosen. After 1 week of culture, FGSCs increased
in both number and size, to a round shape of about 10 um diameter,
forming groups of cells that clustered around the ovarian cell colonies
(Fig. 2Ab). Immunofluorescence results showed that the group of
cells expressed both germ cell markers (Vasa) and stem cell markers
(Oct4), in most cells (Fig. 2Ba, b). In addition, some DAPI-positive
cells, which did not form groups, were negative for both germ cell
markers (Stella) and stem cell markers (Oct4) (Fig. 2Bf, arrows).
This confirmed that some ovarian somatic cells still remained in the
culture dish, 1 week after isolation. Taken together, these results
indicate that the isolated FGSCs, from porcine ovaries, have the
characteristics of germline stem cells, as reported previously [14].
The proliferative potential and germline specific protein expression
of isolated FGSCs were further confirmed after a long period in in
vitro culture. These cells maintained a size of 10—12 pm, were round
in shape, and continuously grew and formed clusters of cells (Fig.
2Ca). Importantly, these cells maintained proliferative potential, by
forming groups of cells, and expressed identifying germline markers
Oct4 and c-kit (Fig. 2D). Although the FGSCs continued to grow,
most of the ovarian somatic cells gradually disappeared after more
than a month in culture. Therefore, the FGSCs were transferred
onto mitomycin C-treated MEF feeder layers, for long-term culture.

The growth and development of OLCs in various
differentiation conditions

The chromatin morphology of growing oocytes, collected from
porcine ovaries, was compared with OLCs derived from FGSCs.
Growing oocytes were collected from three sizes of follicles: 0.1 mm,
0.5 mm, and 1 mm in diameter, as a control group. When the follicle
increased in size to 0.1 mm, 0.5 mm, and 1 mm, the diameter of the
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Fig. 1.
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oocyte also increased significantly (ranging from 59.42 +2.63 um,
80.23 £3.96 pm to 107.45 £ 4.10 um, respectively, Fig. 3A, B, C).
In both 0.1 mm and 0.5 mm follicle groups, the oocytes contained
diffuse chromatin in the nucleoplasm with a filamentous configuration
and a nucleolar-like body (approximately 5 pm in diameter) (Fig.
3A, B). Filamentous configuration is defined as the stage when
filamentous chromatin is decondensed and distributed throughout the
germinal vesicle (GV) [23]. In the third group of follicles, 1 mm in
size, the oocytes also contained a nucleolar-like body. However, the
GV chromatin had a transitional, filamentous-reticular configuration
(Fig. 3C). This pattern of transition of chromatin between the 0.1
mm, 0.5 mm, and 1 mm groups is similar to the pattern of transition
between oocytes in secondary and pre-antral follicles [24]. Nuclei of
oocytes maintained the same size, about 25 pm in diameter, during
the growth phase of oocytes. This was confirmed by both orcein and
DAPI staining (Fig. 3A-F)

To study the differentiation potential of FGSCs, isolated FGSCs
after 1 week of culture were used. Since the ovary contains a high
ratio of somatic cells to oocytes, it was essential to provide the
required microenvironment for oocyte growth and differentiation,
proper oocyte function, acting through bidirectional communication
with surrounding ovarian somatic cells [25]. For that reason, using
FGSCs 1 week after isolation, where ovarian somatic cells still
remained in the culture, was necessary to study in vitro differentiation
into oocyte-like cells.

After 2 weeks of differentiation, the diameter of FGSCs increased
to become OLCs, under 4 conditions. Under the first condition,
FGSCs were cultured in gelatin-coated dishes in differentiation

medium. Although all the FGSCs were exposed to the same culture
medium, only ~0.07% developed into OLCs, with all of the OLCs
increasing in cell diameter to around 30 um (Fig. 4A; Table 1). After
4 weeks of culture, most of them still remain in the same size, only
few OLC reached the diameter 4050 um (8.89%) (Table 2). These
results suggest that a gelatin-coated dish was not adequate for the
differentiation of FGSCs.

MEF feeder layers had a beneficial effect on the survival and
growth rate of preantral follicles [26]. Therefore, under the second
condition, FGSCs were cultured on mitotically deactivated MEF
feeder layers, for in vitro differentiation. This condition increased
the number of FGSCs that developed into OLCs (0.25%) and they
reached between 4050 um after two weeks (18%) (Table 1). Although
it also increased the number of FGSCs that developed into OLCs, the
diameter of OLCs were maintained after 4 weeks of differentiation
(Table 2) (Fig. 4A). Therefore, MEF feeder layers had a positive effect
on the initial differentiation of OLCs, compared to gelatin-coated
dishes, but they do not contribute to long-term growth.

Recently, new approaches have emphasized that three-dimensional
(3D) cell growth could mimic the in vivo environment [27] and induce
specific differentiation of stem cells [28]. Previous studies showed
that the presence of ovarian granulosa cells has an essential impact
on primordial germ cell development and oocyte differentiation in
vitro and in vivo, via cell-cell interactions [29]. In addition, MEF not
only provided a substrate for stem cells to grow on but also secreted
critical growth factors, cytokines, and nutrients [30, 31]. Based on
the information above, we further optimized in vitro differentiation
conditions using FGSCs that were co-cultured in a 3-D low attachment
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Fig. 2.

Representative morphology and immunofluorescence analysis of FGSCs. (A) After 1 day in culture, FGSCs appeared dark and shiny with round

shape (a). FGSCs increased in number and maintained ovoid shape after 1 week in culture (b). (B) After 1 week in culture, small FGSCs showed
cytoplasmic localization of Vasa (a, d), Oct4 (b), and Stella (e). (C) Representative morphology of FGSCs in vitro culture for 1 month (a). Note
the high nucleus-cytoplasmic ratio of FGSCs (b). (D) FGSCs could be cultured in vitro for months without the loss of germ cell markers, Oct4 (a)

and c-kit (b). Scale bars: 50 um (A, B, C, D).

dish under differentiation medium with granulosa cells isolated from
porcine ovaries (condition 3) or MEF cells (condition 4).

Under these conditions, the diameter of the OLCs reached 50—70
um after 2 weeks of differentiation; however, this phenomenon was
not observed under the first and second conditions (Table 1). Under
conditions 3 and 4, the number of OLCs that developed from FGSC
was significantly higher than under conditions 1 and 2 ( 0.55% and
0.6% vs 0.07% and 0.25%, respectively, Table 1). These results
indicated that 3-D culture in low attachment dishes was most suitable
for the in vitro differentiation and growth of OLCs. Furthermore,
co-culture with granulosa cells or MEF enhanced the differentiation

potential of OLCs.

After 4 weeks of culture, the number of OLCs that developed from
FGSC was higher in both conditions 3 and 4 (0.76% and 0.74%,
respectively) (Fig. 4A and Table 2). In addition, OLCs that increased
in size to more than 60 pm were significantly higher under condition
4, compared to condition 3 (6.45% and 0.79%, respectively) (Table
2). In addition, the OLCs under the 4™ condition were observed
with a large number of somatic cells surrounding them (Fig. 4B).
Furthermore, after long term differentiation culture under condition
4, many of the small OLCs grew larger in size (Fig. 4C). These
results showed that co-culturing the FGSCs together with MEF cells,
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Fig. 3.

Typical pattern of nucleus and chromosomes morphology of growing oocytes in 3 groups. Oocytes isolated from follicle (A) 0.1 mm, (B) 0.5 mm,

(C) 1 mm were collected from porcine ovaries, denuded of cumulus cells and fixed for staining. Oocytes were stained by 1% Aceto-orcein solution
and observed under microscope. In the 0.1 mm and 0.5 mm follicle size groups, the oocytes contained diffuse chromatin in the nucleoplasm
with a filamentous configuration and a nucleolar-like body. In 0.5-1 mm group, the oocytes also contained a nucleolar-like body, but the GV
chromatin had a transitional, filamentous-reticular configuration. (D, E, F) The typical patterns of filamentous chromatin in growing oocytes were
counterstained by DAPI. Nuclei of oocytes maintained the same size, about 25 pum in diameter, during growth phase. Scale bar: 20 um

in 3-D low attachment dishes, increased the development rate and
the diameter of OLCs.

OLCs expressed oocyte-specific markers

After in vitro differentiation for 4 weeks, OLCs were subjected to
immunostaining to determine the expression of oocyte related genes,
including Vasa, ZP2, GDF9, DAZL, SCP3, the acetylation level of
histone H3 at K9 (Ac-H3-K9) and the methylation of histone H3
at K4 (Me-H3-K4).

The results showed that after in vitro differentiation, not only did
the OLCs increase in size, but their nuclei also increased in size
(approximately 25 um in diameter), compared to growing oocytes
isolated from ovaries (Fig. 5, bright field). This nuclei size was
similar to that of growing oocytes collected from secondary follicles
of porcine ovaries as we show in Fig. 3.

ZP2 protein is a component of zona pellucida [32], which was
clearly detected and localized surrounding the OLCs (Fig. 5A).
Compared with the oocyte, OLCs had similar expression of both
oocyte specific markers, Vasa and ZP2. Growth differentiation factor
9 (GDF9) is an oocyte derived growth factor, in the transforming
growth factor B (TGF-P) superfamily. It is highly expressed in the
oocyte and has a pivotal influence on the surrounding somatic cells,
particularly granulosa, cumulus, and theca cells [33]. GDF9 is es-
sential for the overall process of folliculogenesis, oogenesis, and
ovulation and, thus, plays a major role in female fertility. Here, the
OLC expressed GDF9 throughout the cytoplasm, similar to oocytes

(Fig. 5B, C). High levels of Ac-H3-K9 are commonly known as a
specific histone modification during the oocyte’s growth stage [34].
Immunofluorescent staining showed a high level of Ac-H3-K9 in
OLCs, with expression similar to that of oocytes from an ovary (Fig.
5B). Moreover, it has been suggested that Me-H3-K4 plays a crucial
role in structuring accessible chromatin domains in higher eukaryotes.
K4 methylation is being associated with transcriptionally active
chromatin, the main activity during the oocyte growth stage [35].
The methylation of H3-K4 was also detected in OLCs, with a signal
level similar to the control oocyte (Fig. 5C). Finally, synaptonemal
complex protein 3 (SCP3), a component of the synaptonemal complex
which is a meiosis-specific protein structure essential for synapsis
of homologous chromosomes, and DAZL, a germ cell-specific
RNA-binding protein [36, 37] were both highly expressed in OLCs,
similar to the oocytes taken from ovaries. Taken together, these results
show that the OLCs have the same morphology and characteristic of
oocytes from secondary follicles, from porcine ovaries.

Discussion

Confirming the presence of ovarian germline stem cells in the
adult ovary is important to reproductive biology. It could suggest new
strategies to promote ovarian regeneration, delay menopause, and
cure ovarian dysfunction, and FGSCs have previously been suggested
for use in therapy for ovarian disorders [38, 39]. However, to better
understand ovarian physiology and develop effective strategies for
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change of the cells occurred after 2 weeks (a) and 4 weeks (b) of culture. In condition 2, the cells started to increase in diameter to form small
OLC:s after 2 weeks (c) and 4 weeks in culture (d). In condition 3, the number of OLCs was significantly increased after 2 weeks (e) and became
larger in diameter after 4 weeks (f). In condition 4, many of the small OLCs grew larger in size, some OLCs growing larger than 70 pm in diameter
(h). (B) Morphology of an OLC after 4 weeks in vitro differentiation, under condition 4. An OLC (arrow) with a diameter of 60 um with somatic
cells surrounding OLCs (asterisk). (C) Comparison of the number of OLCs between different diameter groups after in vitro culture under condition

4. Scale bars: 50 pm (A), 100 um (B).

Table 1. Oocyte like cells (OLCs) increase in diameter after 2 weeks of in vitro culture and differentiation under various conditions

No. (%) of OLCs at the diameter of

Condition No. of total OLCs counted

3040 um 40-50 pm 50-60 pm 60-70 um >70 um
Condition 1 34 34 (100.00) # 0(0)? 0(0)2 0(0)2 0(0)®
Condition 2 125 102 (81.60) ® 23 (18.40)® 0(0)2 0(0)2 0(0)®
Condition 3 273 211 (77.29) ¢ 52 (19.05)® 9(3.30)° 1(0.37)¢ 0(0)®
Condition 4 306 226 (73.86) ¢ 58 (18.95) P 19 (6.21)¢ 3(0.98)¢ 0(0)?

a-d Within a column, the value associated with each different superscript differs significantly (P < 0.05). FGSCs after 1 week
from isolation were differentiated to OLCs for 2 weeks, as mentioned in Materials and Methods. The experiments were repeated
5 times. In each experiment, the number of differentiated OLCs, from the total number of FGSCs, was counted for 5 times. The
number of OLCs that developed from FGSCs (5 x 10%) in condition 1, 2, 3, 4 were 34, 125, 273, 306 and correspond to 0.07%,

0.25%, 0.55%, 0.6%, respectively.

treatment of ovarian dysfunction through FGSCs, the isolation,
characterization and differentiation mechanisms of FGSCs needs
to be further explored.

We found that DMEM/F12 exhibited a significant effect on the
FGSCs proliferation and formation of cell groups. Furthermore, the
FGSCs were effectively grown under leukemia inhibitory factor (LIF),
epidermal growth factor (EGF), glial cell-derived neurotrophic factor

(GDNF), and fibroblast growth factor (FGF). LIF had profound effects
on the survival and maintenance of stem cells [40], while GDNF,
EGF and FGF played vital roles in the growth of germline stem cells
[41]. While the conditions containing FBS caused an overgrowth
of ovarian somatic cells and interfered with growing FGSCs, the
serum-free medium, with N21 supplement, significantly promoted
the growth of FGSCs, in a concentration-dependent manner. N21
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Table 2. Oocyte like cells (OLCs) increase in diameter after 4 weeks of in vitro culture for differentiation under various conditions

No. (%) of OLCs at the diameter of

Condition No. of total OLCs counted

3040 um 40-50 pm 50-60 um 60-70 um >70 um
Condition 1 45 41 (91.11) 4(8.89)2 0(0)? 0(0)? 0(0)®
Condition 2 176 147 (83.52) ® 29 (16.48)® 0(0)? 0(0)? 0(0)®
Condition 3 379 170 (44.85) ¢ 136 (35.88) ¢ 70 (18.47)° 3(0.79)® 0(0)®
Condition 4 372 140 (37.63) ¢ 127 (34.14) ¢ 80 (21.51)¢ 24 (6.45) ¢ 1(0.27)°

a-d Within a column, the value associated with each different superscript differs significantly (P < 0.05). FGSCs after 1 week from
isolation were differentiated to OLCs for 4 weeks as mentioned in Materials and Methods. The experiments were repeated 5 times.
In each experiment, the number of differentiated OLCs, from the total number of FGSCs, was counted for 5 times. The number of

OLCs that developed from FGSCs (5 x 10%) in condition 1, 2, 3, 4 were 45, 176, 379, 372 and correspond to 0.09%, 0.35%, 0.76%,
0.74%, respectively.

Merge with DAPI DAPI Vasa ZP2
A
b
OLC
R D DAPI SCP3
OLC
Oocyte 2
B Merge with DAPI __ Ac-H3-K9 Merge Oocyte
NS
OLC DA
Oocyte
OLC
C Merge with DAPI___ Me-H3-K4 GDF9 Merge
Oocyte
OLC
Oocyte
Fig. 5.

Expression of oocyte-specific markers in OLCs after differentiation. (A) Dual immunofluorescent of two oocyte-specific-markers, Vasa and Zp2,
were expressed at the same level throughout the cytoplasm in both OLC and oocyte. The DNA was counterstained with DAPI. (B, C) GDF9,
another of the oocyte markers, was distributed at the same level throughout the cytoplasm in both OLC and oocyte. In addition, Acetylation of
histone H3 at lysine 9 (Ac-H3-K9) and Methylation of histone H3 at lysin 4 (Me-H3-K4) were expressed in similar levels in both OLC and oocyte.

(D, E) The synaptonemal complex protein (SCP3), a meiosis-specific protein structure, and DAZL, a germ cell-specific RNA-binding protein, were
highly expressed in OLCs, similar to oocytes extracted from ovaries. Scale bars: 30 pm.
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Supplement is a serum-free, media supplement containing different
components specially optimized for the long-term survival and culture
of stem cells [20]. The quantity of FGSCs cultured in serum-free
medium was remarkably increased, making serum-free medium the
most effective condition for the in vitro culture of FGSCs.

The FGSCs were next characterized by immunofluorescence
analysis. The Oct4 gene encodes a transcription factor that plays a
key role in the self-renewal of embryonic stem cell development and
stem cell pluripotency [36]. An Oct4 marker was used in order to
examine the differentiation ability of the isolated FGSCs. In normal
development, Vasa, also known as Ddx4 homolog, should be expressed
in migratory primordial germ cells, in the region of the gonadal ridge.
Vasa protein is present in fetal and adult gonadal germ cells, in both
males and females, and most abundant in spermatocytes and mature
oocytes [42]. Stella protein is specifically, and highly, expressed in
primordial germ cells [43]. These genes are considered highly specific
markers of germ cells. In our results, the newly isolated FGSCs
expressed these markers, Vasa, Stella and Otc4. Furthermore, the
isolated FGSCs could be cultured in vitro for a long period of time,
without the loss of germline stem cell markers Oct4 and c-Kit. The
tyrosine-kinase receptor, c-Kit, is essential for the maintenance of
primordial germ cells (PGCs) in both males and females [44]. This
demonstrated that these cells retained the characteristics of germ
cells with, multipotent potential.

To study the differentiation potential of FGSCs, freshly isolated
FGSCs after 1 week of culture were used because some ovarian
somatic cells still remained together with the FGSCs in the culture
dish, as mentioned in the above results. Previous studies showed
that the presence of ovarian somatic cells has an essential impact on
oocyte development and growth, both in vivo and in vitro, through
cell-cell interaction and paracrine factors [45, 46].

This study also evaluated various in vitro differentiation conditions
for FGSCs. Two-dimensional (2D) cell culture has been used for
some time now, but growing cells in flat layers on plastic surfaces
does not mimic the in vivo condition accurately. Three-dimensional
(3D) cell culture allows biological cells to grow and interact with
their surroundings, in an artificial environment. Cells grown in a 3D
model have proven to be more physiologically relevant, and have
shown improvements in several studies of biological mechanisms
[47]. A 3D culture system was used in order to allow somatic cells
to be able to surround and directly communicate with FGSCs in
every direction. Previous studies showed that the presence of somatic
cells is critical for primordial germ cell development, through the
secretion of different factors that induce differentiation of PGCs into
gonocytes. Furthermore, direct cell-cell contact between somatic
cells and gonocytes, due to the action of anti-apoptotic proteins,
is also vital to their differentiation [48]. Our study demonstrated a
significant increase in the percentage of large OLCs in fibroblastic
cell co-culture groups, compared to granulosa cell co-culture groups.
Previous studies showed that oviductal cells collected during the
interestrual stage had no beneficial effect on meiotic resumption
and maturation of dog oocytes in vitro [49] whereas, co-culture with
cells from the estrus stage improved the meiotic capability of the
oocytes [50]. This variable may reduce the ability of granulosa cells
to induce OLC differentiation. By contrast, the MEF cells were all
homogenous and well-characterized. These fibroblast cells secrete

several cytokines, such as leukemia inhibitory factor, bFGF, stem cell
factor, insulin-like growth factor and bone morphogenetic proteins,
which are all critical for early follicle development. MEF paracrine
factors stimulate follicle growth, allowing the follicle to survive,
transition to the secondary stage and produce oocytes responsive to
in vitro maturation [51]. Furthermore, MEF co-culture systems were
also shown to have more of an effect on mouse embryo development,
compared to ovarian cell co-culture systems [52]. The results show
that, when the 1-week old FGSCs are co-cultured with MEF cells
in differentiation medium enhanced with surrounding somatic cells,
FGSCs possess greater potential to differentiate into oocyte-like cells.

The oocyte-like cells expressed multiple oocyte-specific mark-
ers, Vasa, GDF9, SCP 3 and Zp2. GDF9 plays a critical role as a
growth and differentiation factor during early folliculogenesis, as
well as playing a role as an oocyte-secreted, paracrine factor to
regulate several, crucial granulosa cell enzymes. These enzymes
are involved in cumulus expansion and maintenance of an optimal
oocyte microenvironment, processes that are essential for normal
ovulation, fertilization, and female reproduction [53]. While GDF9
is required for normal folliculogenesis, SCP3, a meiosis-specific
protein, and ZP2 glycoprotein, a component of the zona pellucida,
are expressed only in oocytes [31]. Besides that, the OLCs expressed
high levels of acetylation of histone H3 at K9 and methylation of
histone H3 at K4, which are common changes in small immature
oocytes released from secondary follicles. This indicated that the
OLCs shared similar characteristics to small oocytes and had high
potential for further growth and development.

In summary, the FGSCs have successfully been isolated from
porcine ovarian tissue, cultured under serum-free medium, supple-
mented with growth factors, and differentiated into large numbers of
OLCs, with similar characteristics to oocytes released from secondary
follicles. While studies into producing fertilizable oocytes from
FGSCs are ongoing in our laboratory, this study provides a valuable
model for a potentially new, alternative source of oocytes.
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