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Abstract: Background: Some research studies provided evidence for the differentiation capacity of
adult stem cells (ASCs) into germ cells (GCs). Since the generation of GCs from stem cells (SCs) has
been proposed as a potential way for treatment of infertility, many research groups have begun their
creative studies on generation of new GCs both in vitro and in vivo, and utilized different ASC types
such as bone marrow mesenchymal stem cells (BM-MSCs), skin stem cells, pancreatic stem cells, and
adipose tissue MSCs. Despite many interesting reports with promising results, an obvious problem in
the research projects was the functionality of the produced GCs.
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Results: The most evaluated papers have shown that ASCs from various tissues can differentiate into

GCs but rarely were the produced GCs functional and could form fertile gametes neither in vitro, nor
in vivo (after transplantation into the gonads).

Conclusion: There are still so many unknown issues about gametogenesis. Perhaps making alterations
in treatment methods and utilizing creative techniques like tissue engineering and gene targeting help
to achieve a standard method of in vitro GC production from ASCs.
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1. INTRODUCTION

Stem cells (SCs) were characterized in the late 20" cen-
tury and their extraordinary ability to differentiate into vari-
ous cell types was recognized; researchers in the field of
infertility thought that they would find their key to solve the
infertility problem. Several researchers all around the world
began to investigate the probable applications of SCs for
infertility treatment. Various reports have indicated that in-
fertility affects up to 15% of couples, where the vast majority
have disturbed gametogenesis [1] and need to have new
gametogenic or germ cells (GCs). In this regard, during the
past couple of decades, a number of research groups have
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focused on the generation of GCs from different types of
SCs. The findings indicated that different kinds of SCs in-
cluding embryonic stem cells (ESCs) [1-8], induced pluripo-
tent stem cells (iPSCs) [9-12] and adult stem cells (ASCs)
[13-26] can differentiate into GCs in vitro and/or in vivo.
Due to both ethical and immunological issues related to
clinical studies and applications of ESCs, and safety prob-
lems in using iPSCs for therapy purposes [27-29], some re-
search teams tend to use ASCs for their studies on generation
of GCs, though most of them utilize mesenchymal stem cells
(MSCs) in their projects.

Therefore, the purpose of this article is to review all of
the published work in the field of derivation of GCs from
ASCs, and to discuss their results to achieve a clear insight
into this issue for more efficient studies in the future.

For a better understanding, details of the studies dis-
cussed here are presented separately on derivation of male
(m) and female (f) primordial germ cells (PGCs) as well as
adult GCs. In addition, each section is divided into subsec-
tions based on the cells from which GCs are generated.

© 2018 Bentham Science Publishers
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2. DEVELOPMENTAL BIOLOGY OF GERM CELLs
(GCs)

GCs are of the most important types of cells in the body
since they are the only cells, which can go through meiotic
divisions and form gametes to transfer genetic information
into the next generation. Primary germline cells or primor-
dial germ cells (PGCs) are established in post-implantation
mammalian embryos from the pluripotent cells of proximal
epiblast under the influence of some signals from adjacent
extraembryonic ectoderm-like BMP4 and BMP8 [30-32].
The produced PGCs then begin to migrate through the hind-
gut into genital ridge (which will form the primitive gonad),
while they proliferate by mitotic divisions [33, 34]. Two
important genes, which are activated by BMP signaling and
play an important role in specification of PGCs are Blimp1l
and Prdm14 [33, 35]. Moreover, PGCs at this stage express
some other markers like POU5F1/OCT4, GAGE, MAGE-
A4, KIT, Dppa3/Stella, Ifitm3/Fragilis and Tnap/Alpl/Ap
[34, 36].

After arrival and colonization of PGCs into the primary
gonad, they are called gonocytes. These cells express some
specific markers like Ddx4/Vasa, MAGE-A4, DAZ, KIT,
PLAP, POU5F1, TFAP2C/AP-2y and UTF1. Determination
of whether GCs enter into male or female gamete develop-
mental processes (sex determination) happens at this stage
[34, 37]. This decision is completely under the influence of
signals from the surrounding somatic compartments rather
than their own XX or XY chromosomal contents [34, 38,
39]. Gonocytes in females form oogonia while in males they
form spermatogonia. In female gonads, oogonia normally
stop their proliferation and begin the chromosomal conden-
sation to enter into meiosis. This stage is mediated by reti-
noic acid (RA) and activation of Stra8 gene. Finally, these
cells arrest at the first meiotic prophase until puberty and
ovulation. In contrast, in male gonads spermatogonia do not
enter meiosis and arrest at GO/G1 stage until puberty. Meio-
sis in fetal spermatogonia is prohibited by the activity of
Cyp26b1 gene and therefore, degradation of RA [33, 37, 40].
In addition, Stra8, Scp3, Dmcl, Rec8, Dazl and Boule are
the genes, which play important roles in the meiosis of oo-
gonia. Moreover, some of the genes, which play undeniable
roles in the initiation of spermatogonia development, are
Dhh, Fgf9, M33, Dmrtl, Amh, Sry and Sox9 [33, 34].
Primary oocytes, which are surrounded by somatic granolosa
cells, grow under the influence of factors like hormones and
eventually change to antral follicles with the ability to
ovulate. In this transition, mollecular markers like Figla,
Nobox and Thp2, Gdf9 and Zp3 play crutial roles [33]. In
adult males, renewal and differentiation of spermatogonial
stem cells (SSCs) are regulated by the function of sertoli
cells and genes such as Gfral, Thyl/CD90, Plzf , Mage-A4,
Dazl, Gprl25, Rbm, c-kit, Hsp90a, Tex18, Dazl, Piwil2,
stra8 as well as 1 and o6 integrins [25, 34]. Evantually, the
product of male and female gametogenesis process is sperm
and oocyte, respectievly, which possess an intact genomic
pack to transfer into the next generation. A schematic
summary of spermato- and oogenesis is illustrated in Fig.
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3. MALE PGCs FROM ASCs
3.1. Bone Marrow (BM)-MSCs

In 2011, Mazaheri and colleagues conducted a study on
measuring the effects of different doses of BMP4 on viabil-
ity and proliferation of murine BM-derived MSCs (BM-
MSCs), and also the expression of Vasa, which is necessary
for the development of GCs. In this study, researchers treated
mouse BM-MSCs with various concentrations of BMP4
(0.01, 0.1, 1, 5, 25, 50, and 100 ng/ml) for 4 days. Their re-
sults indicated that both cell viability and proliferation rates
were increased in 1, 5 and 25 ng/ml groups, while they were
decreased in 50 and 100 ng/ml groups. On the other hand,
the expression of mouse vasa homolog (Mvh) significantly
increased in the cells treated with 25, 50 and 100 ng/ml
compared to the three other treatment groups. Based on these
results, the authors suggest that 25 ng/ml BMP4 was the
most effective concentration among the tested concentrations
for generation of PGC features in BM-MSCs [41].

In 2012, a study by Shirazi and his colleagues reported
generation of PGCs from mouse BM pluripotent (SSEA-17)
cells. In this research, BM SSEA-1" cells were isolated using
magnetic-activated cell sorting (MACS) and after confirma-
tion of their pluripotency, the isolated cells were treated with
20 ng/ml BMP4 for 4 days in order to induce differentiation
into PGCs. The results showed that BM SSEA-1" cells ex-
pressed a number of pluripotency- and also GC-specific
markers like Oct4, Nanog, SSEA-1, ALP, Stella and Fragilis,
without any treatment, and BMP4 treatment induced the ex-
pression of c-Kit, Dazl and Mvh in the cells. Further findings
indicated that the produced PGC-like cells did not further
differentiated along the germ cell lineage and never ex-
pressed markers like Stra8 and Piwil2, SYCP3 and Pgk2,
TP2, GDF9 and ZP3 (male and female meiotic and post-
meiotic GC-specific markers) in the culture. Therefore, the
researchers concluded that 4 days of treatment with 20 ng/ml
BMP4 induced differentiation in BM SSEA-1" cells only up
to the PGC stage [42].

3.2. Umbilical Cord (UC)-MSCs

In 2014, Latifpour and co-workers performed a study on
human UC-MSCs. In this study, researchers isolated and
characterized human UC-MSCs, then treated them with 20
ng/ml BMP4 for 4 days and after that with 10 M RA for 14
days. Their results showed that the treatment with BMP4 and
RA resulted in morphological changes in the cells. Moreo-
ver, gene expression analysis and immunocytochemistry
showed that the expression of a number of GC-specific
markers like Vasa (DDX4), SSEA4 and Oct4 were increased
in the treated cells. Therefore, the researchers concluded that
they had some PGCs in the culture after treating Human UC-
MSC:s for 18 days with BMP4 and RA [43].

Li et al. recently reported that the overexpression of
CD61 (ltgb3) in human UC-MSCs can prone these cells to
differentiate into PGC-like cells under the influence of 12.5
ng/ml BMP4 treatment for 7 days. They showed that trans-
fected CD61- human UC-MSCs after two days of treatment
changed into spheroid-shaped cells resembling PGCs. Mo-
lecular evaluation on day 7 post-treatment with BMP4



62 Current Stem Cell Research & Therapy, 2018, Vol. 13, No. 1

Ghasemzadeh-Hasankolaei et al.

L J
L J Py P
BMP4 Extraembryonic
BMB';"PS"' ., ectodermecells Ueht
2 ”
SCF D9 Tspy
n Nanog Itgb1
Plzf  Itgaé Strag Dazl
® e Thyl Piwilz  Rec8 Tnpi Prm1
. . Vasa Hsp90a Scpl Thp2 Prm2
® @ Proximal Dazl Oct4  Scp2 Dmrtl Ldhe
e epiblast cells 3 Stella Ckit ~ Scp3 Dmcl Crem
i Spermatogonia === Sperm ‘c’a;:
] Meiosis Sep3
[ ] Tnp1
Thp2
¥ SRY
7 AMH
& soxs
2 DHH
’
‘ migration to
EEE. 9 Gonocytes
‘ genital ridge Vasa o %
Dazl 1
Blimp1 Genal |‘ Foxl2
Oct4
3d4 Fragilis ‘| Rspol Strag Vasa
anog Stella ¥ Rec8 Tnpl Dasl
Fragilis Mage-A4 Sepl  Tnp2 Gdfo
Stella Plap Scp2 Dmrtl Zp1
Tnlzp Q Scp3 Dmel Zp2
kit . 703
Alp Oogonia ---9 Oocyte et
Dazl Fargilis Meiosis Scp3
Boule Oct4 Spo11
Vasa Figla
Genal Oct4

Fig. (1). Primordial germ cells (PGCs) are progenitors of gametes and arise from proximal epibalsts of early embryos (around day 6.5 of
gestation in the mouse and third week of gestation in humans), under the influence of some inductive factors from adjacent visceral endo-
derm and extraembryonic ectoderm. Although a number of these factors have been characterized like BMP4, BMP8b, BMP2 and SCF, there
are surely some other factors, which have not been identified yet. The formed PGCs migrate to two genital ridges, which will form gonads.
During migration, the cells highly proliferate. After the cells reside in genital ridge and are surrounded by somatic cells, they are called
gonocytes. In males, gonoctes start to change into spermatogonia following activation of proteins like SRY, SOX9, WT1, and AMH. These
cells stop proliferating until birth and migrate to basal membrane of primary seminiferous tubules during the first 6-month after birth to be-
come spermatogonia. In contrast, in female fetus, SRY is not expressed and gonocytes immediately enter into first meiotic division and form
primary oocyets under the influence of retinoic acid (RA) from the nearby somatic cells. In males, an enzyme called CYP26B1 destroys RA.
Both primary oocytes and spermatogonia become quiescent until puberty, and they begin gametogenesis because of changes in their micro-
environment (niche). In adult males, the production of CYP26B1 enzyme is stopped and meiosis occurs. Each developmental stage from
PGCs into gametes is controlled by a number of genes and/or protein markers and each cell type in this process expresses its specific genes

as well. Some of the markers are shown here.

revealed that the expression of some GC-specific markers
like SSEA-1, Prdml, Prdml14, Ap2c, Stella, Sox2, C-kit,
Stra8, Scp3 and Prml were upregulated in the transfected
cells far more than in the non-transfected BMP4 treated
human UC-MSCs. Although the researchers claimed that
they saw a number of spermatid-like cells, which expressed
post meiotic marker, Acr, they did not show further evidence
such as the chromosomal content and fertilizing capacity of
the cells [44].

3.3. Adipose Tissue MSCs

More recently, Wei et al. showed that the treatment of
canine adipose MSCs with 12.5 ng/ml BMP4 for 7 days
caused the formation of PGC-like cells in the culture. The
produced germ-like cells showed increased levels of GC-
specific markers Prdm1, Prdml4, Ap2y, CD61, Plzf and
Dmrtl [45].

In addition, there are many studies that reported the gen-
eration of male adult germ-like cells from SCs, that are de-
scribed in the next section.

4. MALE ADULT GERM CELLs (MGCs) FROM DIF-
FERENT ASCs

4.1. BM Stem Cells

Nayernia and colleagues using mouse BM-MSCs pub-
lished the first report on generation of mGCs from ASCs in
2006 [25]. They treated the characterized BM-MSCs with 1
uM retinoic acid (RA) for various periods of time and
checked the emergence of GC characteristics in the cells
through molecular analysis. They indicated that treatment of
the cells for 7, 14 and 21 days with RA caused formation of
some GCs in the culture, which expressed a number of GC-
specific markers like fragilis, stella, Rnfl7, Mvh (mouse
vasa homologue), Oct4, Rbm, c-Kit, Tex18, Stra8, Piwil2
and Dazl. In addition, on dayl4 post-treatment, they ob-
served large colonies of germ-like cells in their cultures. In-
terestingly, they also showed that the GCs that were derived
in vitro, which arose from MSCs after 21 days of treatment
with RA, not only can survive in the testis of infertile male
mice for 8-12 month, but also they can proliferate, migrate to
the basement membrane of the seminiferous tubules and
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colonize them in about 33% of the recipient mice. They
stated that one of their study unresolved questions was the
arrest of the differentiated GCs at pre-meiotic stage and
failed to enter into meiosis. Thus, they did not observe any
haploid mGCs neither in vitro nor in vivo. They suggested
that providing more support for the produced GCs like addi-
tion of some other growth factors to the culture medium or
co-culturing with ESC-derived embryoid bodies (EBs) could
help to solve the problem of entering meiosis.

Nayernia and his team published their second report on
treatment of hBM-MSCs with 1 or 10 uM RA for 15 days
[26]. They showed that this treatment can induce the cells for
differentiation into mGCs in vitro. They observed that un-
treated hBM-MSCs expressed Oct4, Fragilis, Stella, Vasa, c-
kit, cyclin A2 and Piwil2, which were upregulated after treat-
ing with RA. They suggested that expression of GC-specific
markers by untreated BM-MSCs would be an evidence of the
existence of a population of germ-like cells in the BM. The
results of this study indicated that, hBM-derived MSCs have
the capacity of differentiation into mGCs; however, their
ability to undergo meiosis and to form sperm cells was not
verified.

The first in vivo study on the effects of ASCs on testicu-
lar germinal epithelium regeneration was published in 2007.
Lue and colleagues isolated BM cells from femurs and tibias
of transgenic mice and immediately injected them into both
the seminiferous tubules and interstitial space of testes in
recipient mice. After 10 to 12 weeks, the cell-injected testes
were evaluated by immunocytochemistry to determine the
differentiation of BM cells into germ or somatic cells. The
results showed that donor cells survived in the testes and
were observed both in the lumen of seminiferous tubules and
testicular interstitium. Moreover, immunostaining revealed
that transplanted cells not only differentiated into GCs
(spermatogonia and spermatocytes), but also differentiated
into somatic cell types of the testis (sertoli and leydig cells).
The produced donor-derived GCs were stopped at early
spermatocyte stage and did not further differentiate into
spermatid and sperm. Although the authors did not determine
which of the two kinds of BM stem cells (hematopoietic or
mesenchymal) differentiated into GCs and somatic cells in
the testis, findings of this study were important [46].

In 2008, two in vivo studies were performed to investi-
gate the effects of BM-derived cells on regeneration of testis
germinal epithelium.

In the first study, Horn et al. isolated rat BM mononu-
clear cells using Ficoll Paque, and then transplanted them
into the testes of busulfan-treated rats after labeling with
DAPI. After fifteen days, the rats were sacrificed and their
testes were evaluated by histology under microscope. Their
results showed that all transplanted cells had died and no
donor cells were observed in the germinal epithelium of
seminiferous tubules [47].

In the second study, whole BM-derived cells (including
hematopoietic SCs, blood cells and MSCs) were obtained
from the BM of transgenic (EGFP+) mice and transplanted
into the testes of busulfan-induced infertile mice. Recipient
testes were evaluated 3, 6 and 8-9 months after transplanta-
tion. It was found that although a very small percentage of
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the donor cells could survive in the testes, they did not at all
colonize the seminiferous tubules, differentiate into mGCs,
or participate in spermatogenesis. The entire transplanted
testes were evaluated under flourecense microscope in order
to detect localization of donor cells in the tubules. However,
no immunostaining was performed and the testes were not
evaluated at cellular level. Therefore, it may be that a num-
ber of questions still need to be answered in their study [48].

In one of the two papers that Hua and colleagues pub-
lished in 2009, they report that they isolated MSCs from BM
of human fetus and treated them with an inductive mixture
composed of 10 M RA and adult goat testis extracts for 10-
15 days. Reverse transcription polymerase chain reaction
(RT-PCR) revealed that human fetal BM-MSCs expressed
many GC-specific markers such as Oct4, c-Kit, Ddx4 (Vasa),
Dazl, Stella, Itgb, FshR, Stra8, Scp3, Acr, Prml and H2b
innately. Immunocytochemistry showed the expression of a
number of GC markers like Oct4, Vasa, Itgbl and SSEA1 in
the treated cells at protein level. Moreover, Immunocyto-
chemistry revealed an increase in the number of cells ex-
pressing Vasa and two spermatid markers, FE-J1 and Emal,
in the culture after treatment with 10 #M RA and the testis
extract. Although the authors concluded that MSCs differen-
tiated into mGCs and even spermatid-like cells, which ex-
pressed post meiotic markers, they stated that they were not
sure if complete meiosis has happened in the culture. Fur-
thermore, they didn’t report the formation of fully competent
and functional sperm cells [20].

Since zinc (Zn) is one of the most important trace ele-
ments in the body, and is essential for male gametogenesis
[49] in our own laboratory, we sought to determine if it has
any inductive effects on BM-MSCs for differentiation into
GC lineage. After isolation and characterization of MSCs
from male sheep (ram) BM samples, the cells were treated
with 0.14 pg/ml ZnSO, for 21 days. Our evaluations re-
vealed that Zn treatment changed the expression levels of
some GC-specific genes. For instance, Vasa and Integrin bl
(Itgb1) were mildly upregulated and Piwil2 and Oct4 were
severely downregulated. The amount of alkaline phosphatase
(ALP) protein remained almost unchanged and the expres-
sion of GC-specific marker, Pgp9.5 was not induced in
treated MSCs. Overall, it seemed that Zn ions did not induce
CG characteristics in MSCs and they only altered the expres-
sion of some GC-specific markers [19].

In 2013, an in vivo research report was published on the
potency of MSCs for reconstruction of testis germinal epi-
thelium. In this study, rat BM-MSCs were transplanted into
the testes of busulfan-induced sterile rats. The testes were
evaluated after 8 weeks. It was reported that germinal epithe-
lium of infertile rats was repaired after transplantation of
donor cells. The researchers claimed that not only did BM-
MSCs differentiate into SSCs, but also they further differen-
tiated into spermatocytes, spematids and spermatozoids. Al-
though their entire conclusion was based on the morphologi-
cal data of the testicular cells and did not really evaluate mo-
lecular characteristics and gene expression patterns of the
produced cells. Furthermore, fertility potency of the pro-
duced gametes was not assessed [50].

In an in vitro study in 2013, researchers compared the
capability of mouse BM-MSCs and adipose-derived MSCs
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for differentiation into GCs. After isolation and characteriza-
tion of MSCs from the two sources, the cells were treated
with 10 uM RA for 7 days and then, the expression of a
number of GC-specific markers (Mvh, Dazl, Stra8 and Scp3)
was evaluated with real time RT-PCR, immunocytochemis-
try and flow cytometric analysis. Their results showed that
all of the tested markers were upregulated after the treatment
with RA, and the amount of upregulation was significantly
higher for BM-MSCs compared to adipose MSCs. Moreo-
ver, the researchers detected the expression of Vasa and Dazl
proteins in both types of MSCs after the treatment. However,
flow cytometry revealed that the percentage of Vasa and
Dazl positive cells were significantly higher in RA-treated
BM-MSCs than RA-treated adipose MSCs. The authors con-
cluded that both types of MSCs had the capacity of differen-
tiation into mGCs, though BM-MSCs showed higher poten-
tials [51].

Since different concentrations of RA were tested in pre-
vious in vitro studies, our team designed a study in order to
determine the most effective concentration of RA for induc-
tion of differentiation into GCs in MSCs. For this goal, we
evaluated the inductive effects of three different concentra-
tions of RA (1, 5 and 10 pM) on ram BM-MSCs. The cells
were divided into separate groups and treated with distinct
concentrations of RA for 21 days. At the end of the treatment
period, the cells were evaluated with real time RT-PCR and
immunocytochemistry in order to detect the expression level
of some GC-specific markers at mRNA and protein levels,
respectively. Our results showed that all three concentrations
of RA downregulated the expression levels of Piwil2 and
Oct4 and upregulated Vasa and Itgbl. Moreover, all tested
concentrations significantly increased ALP levels and in-
duced the expression of Pgp9.5 protein in treated cells. Al-
though the percentage of the positive cells in the 10 pM
group was significantly more than that in the other two con-
centration groups. Therefore, we concluded that among the
three tested concentrations of RA, 10 uM was the most ef-
fective concentration for induction of differentiation into
mGCs in ram BM-MSCs [16].

In our next study, we assessed the inductive effects of
three members of transforming growth factor (TGF) super-
family, BMP4, BMP8b and TGFb1, for derivation of mGCs
from ram BM-MSCs. Therefore, after isolation and charac-
terization of BM-MSCs, we treated the cells with 100 ng/ml
BMP4, 100 ng/ml BMP8b and 10 ng/ml TGFb1 in separate
groups for 21 days. The results of molecular and protein
analyses confirmed that all growth factors induced GC char-
acteristics (upregulation of Vasa and Itgbl, high ALP activ-
ity, downregulation of Piwil2 and Oct4, and induction of
Pgp9.5 and Dazl expression) in BM-MSCs. Although BMP4
and BMP8D treated cells mainly showed characteristics simi-
lar to PGCs, when TGFbl treated cells expressed adult
mGCs (SSCs or spermatogonia) features [18], none of the
produced cells expressed meiotic markers.

Zhang and his team in 2014 tested the differentiation po-
tential of rat BM-MSCs both in vitro and in vivo. They co-
cultured BM-MSCs with sertoli cells and evaluated the
changes in morphology and molecular characteristics of the
cells. They reported that co-culturing with sertoli cells
changed the morphology of BM-MSCs into round shaped
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cells and induced Itgbl protein expression. In their in vivo
phase, they treated rat BM-MSCs with 20 pM RA for 3 days
and then labeled the cells with Hoechst 33342 and trans-
planted them into the testes of busulfan-induced infertile rats.
They evaluated the transplanted testes after 1, 2, 3, 4 and 8
weeks. Their results showed that only a few of donor BM-
MSCs survived in the testes until week 8 post-
transplantation. The surviving cells homed in the basement
membrane of the seminiferous tubules. The researchers
showed that transplantation of RA-treated BM-MSCs im-
proved the expression of spermatogonia-specific markers
like Vasa, Dazl, GCNF, c-Kit and Stella, in the recipient
testes. Although they concluded that BM-MSCs have the
potency of differentiation into mGCs both in vitro and in
vivo, they did not observe any evidence for meiotic division
in the donor cells. Moreover, in their in vitro study, they
evaluated the expression of just one GC-marker, which was
perhaps not enough evidence for making any judgments on
BM-MSC differentiation into GCs [52].

In an interesting study by Yan et al. in 2015, the differen-
tiation of goat BM-MSCs into GCs was induced with two
methods, using extrinsic and intrinsic factors. In the first
method, researchers treated goat BM-MSCs with different
inducers in three treatment groups and each in 14 days. In the
first group, the cells were treated with 1 uM RA, the second
group received 25 ng/ml BMP4 and the third group was
treated with both RA and BMP4 collectively. Their molecu-
lar analysis evaluations revealed that the expression of exam-
ined GC-specific markers (Oct4, Nanog, c-Kit, Mvh, Dazl,
Stella, Stra8, and Scp3) increased in all three groups, though
RA alone was more efficient than BMP4 alone and
RA+BMP4. As an intrinsic factor, the authors overexpressed
Dazl in goat BM-MSCs for GC development, and showed
the importance of Dazl gene for induction of differentiation
into GCs. They overexpressed Dazl at two different DNA and
mRNA levels. Their results showed that the overexpression
of Dazl increased the expression levels of Mvh and Scp3 and
decreased the expression of Nanog, although transfection at
mRNA level was more efficient. In addition to these find-
ings, the results of knockdown experiments further con-
firmed the inevitable role of Dazl in GC differentiation.
Therefore, this study confirmed the capacity of goat BM-
MSCs for differentiation into germ-like cells, but the re-
searchers did not confirm the functionality of the produced
germ-like cells and their ability to enter meiosis as well as
participation in the spermatogenesis process [53].

In 2015, Tamadon et al. reported that transplantation of
hamster BM-MSCs into the testes of busulfan-treated infer-
tile hamsters restored sepermatogenesis. However, their
evaluation lacked molecular analyses and immunostaining of
the tissues to detect GC markers. Their main analytical tech-
niques were H-E staining and histomorphometric, which do
not seem to provide enough support for their conclusions.
Moreover, they did not show any data on participation of
donor cells in the regeneration of germinal epithelium and
gamete production [54].

In one of our studies published in 2016, we investigated
and compared the efficiency of three different inductive
methods for derivation of mGCs from BM-MSCs in the
laboratory. Ram BM-MScs were divided into three distinct
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study groups. The cells of the first group were treated with
10 uM RA for 14 days, the second group was treated with 10
uM RA for 21 days and the cells of the third group were
treated with 10 ng/ml TGFbl for 21 days. Following the
treatments, the expression of GC markers was evaluated us-
ing real time RT-PCR, immunocytochemistry and ELISA.
Our results revealed that a number of cells in all three groups
showed GC characteristics, but TGFb1 had the highest effect
in induction of GC features in ram BM-MSCs. Moreover,
after confirmation of generation of GCs in the cultures, the
cells of each treatment group were labeled with PKH26 and
transplanted into testes of ram lambs. The transplanted testes
were evaluated two month later. Our results showed that
donor cells of each group survived in the testes and a number
of them migrated to the germinal epithelium, settled on the
basement membrane of the seminiferous tubules and ex-
pressed GC-specific marker, Pgp9.5. Moreover, some donor-
derived colonies, which expressed Pgp9.5, were also ob-
served. Overall, based on the in vitro and in vivo results,
TGFb1 treatment was the most efficient method for induc-
tion of BM-MSCs to differentiate into mGC. Unfortunately,
no further differentiation of donor cells toward the spermato-
cyte or spermatid stages was observed in the recipient testes.
Although these findings were important and interesting, we
could not verify having functional GCs with the potency for
participation in spermatogenesis process [17].

In a recent study by Li et al., they evaluated the role of
overexpression of different genes for induction of BM-MSC
for differentiation into GCs. In this study, goat BM-MSCs
were isolated and characterized, and then transfected with
plasmids carrying Stra8, Boule and Dazl transgenes in sepa-
rated groups. In addition, one group of cells was transfected
with all these three transgenes together. Two days after
transfection, the cells were evaluated with real time RT-
PCR, immunocytochemistry and Western blot analysis to
check for the expression of a number of specific markers
related to different stages of GC developmental process. The
results showed that the overexpression of each of the three-
abovementioned genes increased the expression of GC-
specific markers from different stages of development, like
PGC markers (Oct4, Nanog, Stella and c-Kit), pre-meiotic
genes (Mvh, Dazl, Piwil2, Stra8, Boule, Rnfl7) and also
meiotic marker (Scp3) in goat BM-MSCs. Moreover, co-
overexpression of the three genes had the highest inductive
effect for differentiation into GCs. The authors indicated that
all stages of GC development process from PGCs to post
meiotic stage had occurred in the culture, though they did not
further check the cells for DNA content and fertilizing ca-
pacity [55].

Recently, we have evaluated the fate of untreated autolo-
gous BM-MSCs after transplantation into the testes of infer-
tile male rats. Rat BM samples were collected from the tibia
bones under anesthesia. MSCs were isolated from whole BM
cultures. Infertility was induced in each donor rat with a sin-
gle injection of busulfan (40 mg/kg BW) and after 28 days,
characterized BM-MSCs were labeled with PKH-26 and
transplanted into the testes seminiferous tubules via the rete
testes by thin pipettes. Transplanted testes were evaluated 4,
6 and 8 weeks after transplantation. Our results showed that
donor cells survived in the testes of the three treatment
groups, though their numbers decreased dramatically over
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time. We observed that a number of BM-MSCs migrated to
the germinal epithelium and localized at the basement mem-
brane and expressed spermatogonia-specific markers, Dazl
and Stella. Therefore, we concluded that a number of trans-
planted BM-MSCs differentiated into mGCs in the testes
successfully, although their numbers had severely decreased
from the time of transplantation after week 8 and no further
differentiation into the stages beyond spermatogonia stage
(spermatocytes and spermatids) was observed in any of the
treatment groups. Moreover, the evaluation of epididymal
contents revealed no PKH26 positive sperms in recipient
rats. Therefore, BM-MSCs could differentiate into mGCs in
the seminiferous tubules, but they couldn’t participate in
spermatogenesis to restore the host fertility [56].

4.2. Lung-derived MSCs

In another 2009 study, Hua and his colleagues derived
some male germ-like cells from MSCs of human fetal lung
with the same treatment as their previous work (10 uM RA
and adult goat testis extracts for 10-15 days). Their analyses
showed that the treatment of the cells caused induction of the
expression of some GC-specific genes like Vasa, Scp3 and
Acr. Moreover, they observed that a number of sperm-like
cells, which were positive for a post-meiotic marker, Emal,
existed in the culture. Overall, they concluded that human
fetal lung MSCs differentiated into mGCs in the laboratory.
Although they claimed that they observed a number of sper-
matid-like cells in the culture and also a number of treated
cells expressed SCP3 (meiotic marker) and Emal, they
didn’t perform further investigation in order to confirm the
occurrence of meiosis and formation of haploid mGCs in the
culture [21].

4.3. UC-MSCs

A group of researchers in 2010 indicated that human UC
Wharton's jelly-derived MSCs can differentiate into mGCs
in vitro. They treated male Wharton's jelly-derived MSCs
with inductive medium consisted of high glucose Dulbecco’s
modified essential media (H-DMEM) supplemented with 5%
fetal bovine serum (FBS), 50% filtered testicular-cell condi-
tioned (TCC) medium, 2 yM RA and 1 uM testosterone.
They found that a number of GC markers like Oct4, CD49f,
Stella and c-kit started to be expressed on day 3 of treatment,
while the expression of Vasa was first observed on day 14 of
the treatment. Although they stated that MSCs of umbilical
Wharton's jelly can differentiate into mGCs, they did not
evaluate their functionality and ability to enter meiosis, and
to form haploid gametes [22].

In a study in 2014, Li and colleagues isolated and puri-
fied SSEA-1" MSCs from cultures of human UC-MSCs and
then treated the cells with 12.5 ng/ml BMP4 for 7-14 days.
At the end of the treatment, immunocytochemistry and real
time RT-PCR were performed for detecting the expression of
GC-specific markers. Their results showed that the treatment
of SSEA-1" MSCs with BMP4, not only upregulated the
expression of PGC-specific genes like SSEA-1, PRDM1,
Stella, Sox2 and c-Kit, but also caused increase in the ex-
pression of mGC markers like Stra8, Plzf and Vasa and also
meiotic markers like Scp3 and Acrosin. Moreover, it was
showed that some of the treated cells showed sperm-like
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morphology, which was strongly positive for Acrosin. Fur-
ther evaluation revealed that SSEA-1" MSCs did not show
GC differentiation capacity. The researchers concluded that
SSEA-1" MSCs successfully differentiated into both PGCs
and mGCs, and they claimed that they observed a number of
sperm-like cells in the culture, but they did not examine their
chromosomal contents nor fertility capacity [57].

In 2015, a research team preformed a study on human
Wharton's jelly-derived MSCs. After isolation and charac-
terization of MSCs of Wharton's jelly, passage 3 to 4 cells
were divided into three treatment groups. Group 1 cells were
treated with 10 ng/ml BMP4 (for 4 days), followed by the
treatment with 1 uM RA for 17 days (total of 21 days);
group 2 cells were treated with 1 uM RA together with 50%
TCC for 21 days, and the third group was treated with a mix-
ture comprised of 1 pM RA and 50% placental cells condi-
tioned medium (PCC) for 21 days. At the end of the treat-
ment period, the treated cells were evaluated for characteris-
tics of mGCs. Real time RT-PCR revealed that c-Kit was
upregulated significantly in both BMP4+RA and RA+TCC
groups, while it was downregulated in RA+PCC group com-
pared to untreated control cells. Moreover, the expression
levels of Vasa, piwil2 and Dazl increased in all three treat-
ment groups, though the elevation was significantly higher in
RA+TCC than the other groups. Therefore, the researchers
concluded that TCC had some hormones and growth factors
caused differentiation of Wharton’s jelly-derived MSCs to
mGCs. Nonetheless, the researchers did not check the ex-
pression of the other GC-specific markers, nor functionality
of the generated mGCs [58].

In an in vivo study in 2015, Chen et al. evaluated the ca-
pacity of human UC-MSCs for reconstruction of testis ger-
minal epithelium. For this purpose, after isolation and char-
acterization of UC-MSCs, the cells were transplanted into
the testes of busulfan-induced male mice and the trans-
planted testes were evaluated after 30, 60 and 120 days. The
evaluation showed that donor cells survived at least for 120
days in the testes. From day 30 to 60, the transplanted UC-
MSCs gradually migrated to the basement membrane of the
seminiferous tubules and by day 120, a number of donor
cells returned to luminal space again. Tubular diameter in the
transplanted testes in any evaluated time was significantly
greater than that in non-transplanted testes. Moreover, the
transplanted cells expressed Oct4, Itga6, Mvh and c-Kit,
which confirmed the differentiation of human UC-MSCs
into mGCs in the testes. However, they did not test the ex-
pression of meiotic markers nor confirmed the generation of
haploid cells [59].

Another group of researchers investigated the capacity of
human Wharton's jelly-derived MSCs for differentiation into
mGCs with two different induction methods. In one of the
treatment groups, MSCs were treated with 10 ng/ml BMP4
for 4 days and then with 1 pM RA for 17 days. The cells of
the second group were first treated with 1 pM RA for 7 days
and then co-cultured with placental cells (Human amniotic
epithelial cells and human chorionic plate cells) for 14 days.
At the end of these treatments, real time RT-PCR and immu-
nocytochemistry were performed for detecting possible
changes in the expression of GC-specific markers in the
treated cells. Their results indicated that although both meth-
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ods induced upregulation in almost all of the tested genes
[POUSF1 (Oct4), Fragilis, Ddx4 (Vasa), Plzf and Piwil2
(Mili), Stra8, Dazl, Itgbl, Itga6] and also expression of some
markers (c-Kit, Ddx4 and SSEA4) at protein level, treating
the cells with BMP4+RA was more effective than the co-
culture method for stimulating Wharton's jelly MSCs to dif-
ferentiate into mGCs [60]. Similar to some other groups, the
authors did not check the functionality of their produced
GCs.

4.4. Adipose Tissue MSCs

In an in vivo study, Cakici et al. tested the potency of rat
adipose tissue-derived MSCs for restoring spermatogenesis
in experimentally infertile male rats with busulfan injection.
In this study, they isolated MSCs from peritoneal adipose
tissue and after characterization, they made transgenic GFP"
cells using a standard transfection kit. Recipient male rats
were made infertile using two injections of busulfan (15
mg/kg with 14 day intervals), and 1x10° transgenic MSCs
were injected into the left testis of each recipient rat via the
rete testis. After 12 weeks, the researchers evaluated the tes-
tes by morphological analyses and immunohistichemistry for
the GC marker, Vasa. Their results showed that adipose tis-
sue-derived MSCs not only supported endogenous SSCs for
the recovery of spermatogenesis, but also transdifferentiated
into GFP' SSCs, which further differentiated into GFP*
sperm cells. Moreover, they claimed that the transplanted
rats obtained their fertility after 12 weeks and could produce
a number of viable offspring after mating with female rats. In
addition, they confirmed that these offspring carried GFP
transgene in some cells of their bodies. Although the study
was well designed with outstanding findings, the researchers
did not evaluate the expression of so many other GC-specific
markers. Moreover, they did not further investigate the fac-
tors involved in inducing MSCs into fully differentiated
sperm [61].

4.5. Amniotic Membrane-Derived MSCs

Recently, we isolated and characterized MSCs from am-
niotic membrane of pregnant mice and then treated them
with a two-step approach. At first, the cells were treated with
25 ng/ml BMP4 for 5 days and then treated with 1 uM RA
for the following 12 days. At the end of the treatment, the
expression of GC-specific markers was evaluated using real
time RT-PCR analysis, immunocytochemistry and folw cy-
tometry. Real time RT-PCR showed that except for the Oct4,
all other tested genes (Itgb1, Dazl, Stra8, Piwil2, Mvh and c-
Kit) were upregulated post-treatment, and immunostaining
confirmed the expression of Mvh and Dazl proteins in a
number of treated cells. Flow cytometry revealed that a con-
siderable number of treated MSCs expressed these markers
and that there was a significant difference between the per-
centage of Mvh and Dazl expressing cells between treated
and untreated groups. Although our results confirmed the
presence of germ-like cells in the culture derived from
mouse amniotic membrane MSCs, we did not check the ex-
pression of meiotic markers and/or the functionality of the
produced germ-like cells [62].

Analyzing the results of conducted studies reported
above shows that the findings are controversial to some ex-
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tent despite being promising. Since most of the conducted
studies show an absence of conformational and functional
techniques in the evaluation of the produced germ-like cells,
their results do not render a completely established proce-
dure for generation of GCs from ASCs. Moreover, it seems
that spermatogenesis is very complex and many aspects of
this process are still unknown. Although mGCs were gener-
ated from ASCs in some studies (in vitro and/or in vivo),
their functionality and potency for producing fertile gametes
with normal karyotypes are debatable. In the end, despite all
the promising results, it must be admitted that much more
detailed investigations should be performed in order to gen-
erate functional GCs with the ability to produce normal gam-
etes from ASCs. The summary of the studies on the deriva-
tion of male GCs from different types of ASCs are shown in
Table 1.

5. FEMALE PGCs FROM ASCs
5.1. BM-Derived Cells

In 2007, Bukovsky et al. reported that transplantation of
BM-derived immune cells (via the tail vein), however did
not differentiate directly to germ-like cells, but helped with
the emergence of new PGCs from ovarian surface epithelium
SCs in normal adult female rats. The researchers also indi-
cated the generation of PGCs from medullary precursors in
neonatally estrogenized adult female rats as well [63].

5.2. Amniotic Fluid Stem Cells (AFSCs)

Antonucci et al. in 2014 reported that they had success-
fully isolated and cultured a group of cells from human AF,
which expressed characteristics of pluripotent cells and
formed embryoid bodies (EBSs) in suspension cultures. These
EBs were positive for ALP and vastly expressed pluripo-
tency markers Oct4 and Sox2. Moreover, EB cells expressed
specific markers related to three germ layers and also mark-
ers of ESCs, FGF4 and DAPPAA4. Additionally, EBs ex-
pressed PGC-specific markers, Fragilis, Stella, Vasa, c-Kit,
and Rnfl7. The authors concluded that human AFSCs ex-
pressed many shared markers with PGCs and ESCs, which
may be important for their usage in cell therapy. However,
they did not check their differentiation capacity into GCs
[64].

5.3. UC-MSCs

Asgari and colleagues co-cultured human UC-MSCs and
placental cells for 14 days and then evaluated the expression
of four PGC markers, Oct4, c-Kit, SSEA4 and Vasa, as well
as two oocyte markers, GDF9 and ZP3, by immunostaining
and real time RT-PCR. The findings of these experiments
were also compared with the effects of RA treatment on the
expression of the aforesaid markers. The results showed that
co-culture of UC-MSCs with placental cells increased the
expression of Oct4, SSEA4, c-Kit and Vasa significantly
compared to their expression in RA-treated cells. Moreover,
GDF9 and ZP3 were also upregulated, though it was not
statistically significant. The researchers concluded that co-
cultured human UC-MSCs showed higher tendency to dif-
ferentiate into female PGCs than RA-treated cells. They con-
cluded that this observation was probably a result of the ac-
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tivity of some factors such as TGFa and B and also bFGF,
secreted by placental (including both amniotic and chorionic)
cells [65].

6. FEMALE ADULT GERM CELLs (fGCs) FROM ASCs

The old belief of a finite number of female gametes was
challenged after a landmark paper published by Johnson
et al. in 2004. This research confirmed that ovaries of post-
natal mammals contained some germline stem cells, which
renewed the follicular pool of ovaries [66]. Therefore, scien-
tists hypothesized that maybe the generation of female gam-
etes could be possible in the laboratory and several research
groups focused on isolation of ovary GCs and induction of
differentiation into gametes in those cells. Nonetheless, a
number of researchers began to study the generation of fGCs
or gametes from other sources of SCs. There are some valu-
able research papers on derivation of fGCs from ASCs iso-
lated from various tissues.

6.1. BM and Peripheral Blood (PB) Stem Cells

In a very interesting study by Johnson and his team, they
showed that BM and PB consisted of a group of cells, which
were potentially GCs and could establish new folliculogene-
sis and oocyte production in the ovaries of sterile female
mice. Researchers firstly found a group of adhesive cells in
the BM, which expressed GC markers, and then transplanted
them to mutant sterile and chemotherapy-sterilized female
mice via the tail vein. Evaluating the transplanted ovaries
showed that several hundreds of donor-derived oocyte-
containing follicles were generated in the recipient ovaries.
Further, they isolated PB mononuclear cells and transplanted
them to other sterile mice. Their assessments revealed that
PB transplantation led to the generation of a considerable
number of donor-derived oocytes in the ovaries of recipient
female animals.

Overall, from the results of their experiments, they con-
cluded that both BM and PB possessed putative GCs, which
could regenerate the oocyte pool of the ovaries in infertile
females. Although they found the same pool of fGCs in the
BM and PB of human females, they did not conduct any in-
vestigations on human cases using these cell types. Even
though these results were very important, especially because
they introduced BM and PB as potential sources of fGCs, as
stated by authors of the paper, they did not check the ability
of donor-derived oocytes for normal fertilization and devel-
opment into viable offspring [67].

Lee et al. in 2007 conducted a study on mouse folliculo-
genesis. They performed BM transplantation in experimen-
tally infertile female mice after high-dose chemotherapy with
single injections of busulfan and cyclophosfamide. They
assessed the effects of BM transplantation at 1 week and 2
months after chemotherapy on restoration of ovarian func-
tion. They used transgene (GFP+) donor cells and trans-
planted the cells via the tail vein. Their evaluations revealed
that BM transplantation had considerable effects on restora-
tion of ovarian function, mating and having live-birth preg-
nancies. In addition, they showed that BM transplantation 1
week following chemotherapy was more effective than in 2
months after chemotherapy. The authors also evaluated the
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Table 1.

Reports on derivation of male germline cells from adult stem cells (ASCs).

Ghasemzadeh-Hasankolaei et al.

Research Team Year Utilized Stem Cell Type Treatment Produced Germ-Like Cells
Nayernia et al. 2006 Mouse BM-MSCs” 1 uM RA” for 1, 2 and 3 weeks Male adult GCs”
Drusenheimer et al. 2007 Human BM-MSCs 1 or 10 uM RA, for 15 days Male adult GCs
Lue et. al 2007 Whole BM cells Transplantation into the testis and evaluation Male adult GCs, primary
10-12 weeks later spermatocytes
Horn et al. 2008 BM mononuclear cells Transplantation into the testis and evaluation None of the transplanted
15 days later cells were alive and no
differentiation was observed
Lassalle et al. 2008 Whole BM cells Transplantation into the testis and evaluation No differentiation into GCs
3, 6 and 8-9 months later
Hua et al. 2009 Human fetal BM-MSCs 10 uM RA and adult goat testis extract for 10- Male adult GCs
15 days
Hua et al. 2009 Human fetal lung MSCs 10 uM RA and adult goat testis extracts for Male adult GCs
10-15 days [
Spermatid-like cells
Huang et al. 2010 Wharton's jelly-derived Testicular-cell conditioned medium, 2 uM RA Male adult GCs
MSCs and 1 pM testosterone
Mazaheri et al. 2011 Mouse BM-MSCs 0.01, 0.1, 1, 5, 25, 50, and 100 ng/ml BMP4 PGC-like cells
for 4 days
Ghasemzadeh- 2012 Ram BM-MSCs 0.14 pg/ml Zinc sulfate for 21 days No differentiation
Hasankolai et al.
Shirazi et al. 2012 Mouse BM pluripotent 20 ng/ml BMP4 for 4 days PGCs
(SSEA-17) cells
Monsefi et al. 2013 Rat BM-MSCs Transplantation into the testis of busulfan- Male adult GCs (SSCs),
treated male rats and evaluation 8 weeks later spermatocytes, spematids
and spermatozoids
Cackiet 1. 2013 Rat adipose tissue- MSCs Transplantation into the testis of busulfan- SSCs, spermatocytes, spe-
treated male rats and evaluation 12 weeks matids and fertile sperm
later cells
Hosseinzadeh Shirzeily 2013 Mouse BM-MSCs and adi- 10 pM RA for 7 days Male adult GCs
etal. pose-derived MSCs
Latifpour et al. 2014 Human UC-MSCs’ 20 ng/ml BMP4 for 4 days + 14 days with 10 PGCs
uM RA
Ghasemzadeh- 2014 Ram BM-MSCs 1,5 and 10 uM RA for 21 days Male adult GCs
Hasankolai et al.
Ghasemzadeh- 2014 Ram BM-MSCs 100 ng/ml BMP4, 100 ng/ml BMP8b and 10 Male adult GCs
Hasankolai et al. ng/ml TGFb1 for 21 days in separate groups PGC
s
Zhang et al. 2014 Rat BM-MSCs 20 uM RA for 3 days and then transplantation Male adult GCs
them into the testes of busulfan-treated rats
Lietal. 2014 Human SSEA-1* UC-MSCs 12.5 ng/ml BMP4 for 7-14 days PGCs
male adult GCs

Sperm-like cells

Table (1) contd....
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Research Team Year Utilized Stem Cell Type Treatment Produced Germ-Like Cells
Yan et al. 2015 Goat BM-MSCs G1:1 UM RA, 25 ng/ml BMP4 and Male adult GCs
RA+BMP4 i t for 14 days.
+ in separate groups for ays Male adult GCs
G2: Overexpression of Dazl by transfection
Amidi et al. 2015 human Wharton's jelly MSCs G1: 10 ng/ml BMP4 for 4 days + 1 uM RA
for 17 days
Y Male adult GCs
G2: 1 uM RA + 50% testicular cells condi-
tioned medium for 21 days
G3: 1 uM RA + 50% placental cells condi-
tioned medium for 21 days
Chen et al. 2015 Human UC-MSCs Transplantation into the testis of busulfan- Male adult GCs
treated male mice and evaluation 30, 60 and
120 days later
Tamadon et al. 2015 Hamster BM-MSCs Transplantation into the testis of busulfan- The authors did not show
treated male hamsters and evaluation 35 days formation of donor-derived
later germ-like cells but reported
restoration of spermatogene-
sis
Nejad et al. 2015 Human Wharton's jelly- G1: 10 ng/ml BMP4 for 4 days and then for
derived MSCs 17 days with 1 RA for 17 days
W yswi M y Male adult GCs
G2: 1 uM RA for 7 days and then co-culturing
with placental cells
Ghasemzadeh- 2016 Ram BM-MSCs G1: 10 uM RA for 14 days Male adult GCs
Hasankolai et al.
G2: 10 uM RA for 21 days (The cells homed at the
basement membrane of
G3: 10 ng/ml TGFb1 for 21 days .
testis after transplanta-
tion)
Lietal. 2016 goat BM-MSCs G1: Stra8 overexpression Treated cells expressed GC-
G2: Boul . specific markers from PGCs
: Boule overexpression 0 post meiotic GCs
G3: Dazl overexpression
G4: overexpression of Stra8, Boule and Dazl
together
Afsartala et al. 2016 Mouse amniotic membrane 25 ng/ml BMP4 for 5 days and then 1 uM RA Male adult GCs
MSCs for the following 12 days
Ghasemzadeh- 2016 autologous rat BM-MSCs Transplantation into the testis of busulfan- Male adult GCs
Hasankolai et al. treated male rats and evaluation 4, 6 and 8
weeks later
Lietal. 2016 Human UC-MSCs overexpression of CD61 (ltgh3) and treatment PGCs
with 12.5 ng/ml BMP4 for 7 days
Wei et al. 2016 canine adipose MSCs 12.5 ng/ml BMP4 for 7 days PGCs

BM-MSCs: bone marrow mesenchymal stem cells; GCs: germ cells; RA: retinoic acid; PGCs: primordial germ cells; SSCs: spermatogonial stem cells; UC-MSCs: umbilical cord

mesenchymal stem cells; G: study group

effects of BM transplantation after chemotherapy on the
number of follicles in recipients’ ovaries. Thus, they trans-
planted GFP™-BM cells after chemotherapy and assessed
recipient ovaries after 2 months. They found that although
the total number of follicles in the ovaries of BM-

transplanted mice was lower than non-treated control ani-
mals, it was considerably higher than that in mice received
chemotherapy drugs without BM transplantation. Further-
more, they indicated that there were a number of donor-
derived oocytes in the immature follicle pool in the recipient
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ovaries (= 1.4%), but they were never seen in antral or
Graafian stage and never ovulated. This was also confirmed
by their findings that the mice had donor BM-derived oo-
cytes in their ovaries, but the origins of all offspring from
chemotherapy-induced females, whose fertility was rescued
by BM transplantation, were recipient GCs. All these results
were very interesting because they showed that BM cells
differentiated into fGCs (although they were not functional),
and more importantly played a supportive role for endoge-
nous GCs and restoration of fertility. Despite the valuable
achievements, it would be helpful if the researchers checked
the donor-derived oocyte fertilization capacity in vitro, and
figured out the gene expression profile and chromosomal
contents of the donor-derived GCs and gametes [68].

In a study in 2012, Ghadami et al. transplanted whole
BM cells to FSHR (-/-) female mice. FSHR (-/-) or FORKO
(follitropin receptor knockout) female mice have small non-
functional ovaries, thin uterus wall, high follicle stimulating
hormone (FSH) and low estrogen levels and are sterile due to
the absence of folliculogenesis. The results showed that BM
transplantation caused significant changes in total body and
reproductive organs weights, as well as in hormonal levels of
the treated animals. Both total body and reproductive organs
alone showed significant weight gains in the treated group
compared to the control group. Hormonal assay revealed that
serum FSH level, which is high in FORKO female mice,
decreases significantly after BM transplantation. Moreover,
BM transplantation caused considerable elevation in serum
estrogen level, which is lower than normal in FORKO fe-
males. RT-PCR showed that follicle stimulating hormone
receptor (FSHR) expression was induced in ovaries of the
recipient females while it was absent in untreated females.
Researchers suggested that FSHR expression was a conse-
quence of a decrease in serum FSH. Evaluations showed that
BM transplantation stimulated folliculogenesis in FORKO
mice so that the total number of follicles and the number of
antral follicles would be both higher in the transplanted
group compared to the control group. Moreover, ovarian
cycles were induced in the transplanted animals following
BM transplantation. Despite all these interesting data, which
confirm the restoration of follicolugenesis and stroidogenesis
in sterile female mice, transplanted FORKO females never
ovulated oocytes nor got pregnant [69].

6.2. Skin-Derived Stem Cells

In an interesting study in 2006, Dyce et al. isolated por-
cine skin SCs and then treated them with differentiation me-
dium comprised of DMEM supplemented with 5% FBS, 5%
filtered porcine follicular fluid, 0.23 mM sodium pyruvate,
0.1 mM pB-mercaptoethanol, 0.1 mM non-essential amino
acids and 2 mM l-glutamine. After 30-40 days, a number of
suspended aggregates were formed from the attached cells to
the poly-D-lysine surface of cell culture dish. After another
10-15 days in the culture, a number of aggregates showed
large cells in their centers, resembling comolus-oocyte com-
plexes (COCs). These cell aggregates clearly expressed
Oct4, GDF9, Dazl and Vasa transcripts. In the next step, cell
aggregates were collected and cultured in oocyte growth
medium, which consisted of TCM 199 supplemented with 3
mg/ml BSA, 1 ng/ml EGF, 5 pl/ml insulin transferring sele-
nium, 0.005 international units (IU) FSH, 0.23 mM pyruvic
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acid, 0.003 TU LH and 1 mg/ml fetuin, for 5-10 days. In this
step, the researchers observed that some cell aggregates ex-
truded some large cells, which resembled oocytes and
seemed surrounded by a structure similar to zona pellucida.
Molecular analyses revealed that these large cells obviously
expressed a number of fGC-specific markers, Vasa, Oct4,
Scp3, c-Mos, ZPA and ZPC at mRNA level, and ZPC and
Scp3 at protein level as well. In addition, they showed that
some of the cells around the large cells were positive for
P450-arom, which is a marker of granulosa cells. Further-
more, it was shown that the treatment of the cells caused
them to secrete steroid hormones, namely estradiol and
progesterone in the culture. Interestingly, it seemed that
some of the oocyte-like cells parthenogenically changed to
blastocyte-like compartments, whose cells expressed Oct4.
The researchers concluded that since a few subpopulations of
skin SCs showed the ability of differentiation into fGCs,
maybe a number of PGCs were lost during their develop-
mental process, located in the skin, and therefore could now
produce female gamete-like cells in the culture. However,
the authors did not check for the expression of other fGC
markers either at mRNA or protein levels, and did not test
the fertilization capacity of the cells. Besides, they did not
evaluate the produced oocyte-like cells epigenetically [14].

In 2009, Linher and colleagues tested the capability of
porcine skin SCs for differentiation into fGCs. They isolated
SCs from the skin of porcine fetuses. Skin SCs were non-
adherent cells. After characterization, the cells were cultured
in poly-D-lysine treated dishes and treated with differentia-
tion medium that consisted of DMEM, penicil-
lin/streptomycin, 5% heat inactivated fetal bovine serum
(FBS), 5% porcine follicular fluid, 0.23 mM sodium pyru-
vate, 2 mM L-glutamine, 0.1 mM b-mercaptoethanol, and
0.1 mM non-essential amino acids for 50 days. Evaluations
showed that some of the attached fibroblast-like skin SCs
acquired a new morphology and became round shaped and
blebbed from days 15 to 30 of this treatment, while their
sizes were greater than untreated cells. These cells were still
proliferative and some of them gradually detached from the
culture dish and became floating as single cells or clusters of
cells. The researchers reported that these cells resembled
natural PGCs. Moreover, they showed that morphologically
distinct cells were positive for ALP. Furthermore, RT-PCR
revealed that undifferentiated skin SCs expressed GC mark-
ers (Oct4, Fragilis, Stella, Dazl, Vasa and c-kit) innately,
which is expected for pluripotent SCs. Therefore, semi-
quantitative real time PCR was performed in days 0, 20, 25
and 30 after treatment, and indicated that except for Vasa
and c-kit, which were downregulated moderately, all the
other markers were upregulated significantly after the treat-
ment with differentiation medium. Immunostaining on day
30 of treatment revealed that the produced PGC-like cells
expressed Oct4, Vasa, Stella, c-kit and Dazl proteins. Con-
trol cells were negative for all of the tested markers. Epige-
netic evaluation showed that in vitro-derived PGC-like cells
underwent imprint erasure and had the same methylation
pattern in H19 DMRI. To investigate the capacity of pro-
duced PGC-like cells, the cells on day 25 of treatment were
collected, transduced lentivirally with Dazl-GFP transgene
and cultured for a longer period. Evaluations showed that a
number of either cell aggregates or large oocyte-like cells
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(OLCs) were formed in the cell cultures after 5 to 15 days.
These Dazl-GFP positive OLCs were surrounded by negative
cells, which were similar to granulosa cells. RT-PCR re-
vealed that OLCs expressed fGC-specific markers- Oct4,
Vasa and GDF9, while there was no expression in the control
group. Although, all these findings were important and help-
ful, the authors did not test the expression of many other GC
markers at mRNA and protein levels. Moreover, the devel-
opmental competence and fertilization capacity of the pro-
duced cells were not evaluated [24].

Dyce and co-workers in another study examined the abil-
ity of skin SCs for differentiation into fGCs, alone and in co-
culture with ovarian cells (OV). They isolated SCs from the
skin of newborn female Oct4-GFP transgenic mice. The iso-
lated SCs were then divided into two treatment groups, SC
only and SCs+OV’ however, an OV only group was consid-
ered as a positive control. The treatment groups were cul-
tured in differentiation medium that consisted of TCM199
(no antibiotics) supplemented with 0.05 IU FSH, 0.03 TU
LH, 5 ml/ml ITS, 1 ng/ml EGF, 0.23 mM sodium pyru-
vate, 3 mg/ml BSA, and 1 mg/ml Fetuin, for 12 days. After
the treatment of non-adherent skin SCs, and also SCs+OV
cells, a number of cell aggregates were formed, and contained
some large GFP™ OLCs. Flow cytometric analysis showed
that the percentage of GFP+ cells increased in SC group after
treatment, which confirms the generation of positive cells in
vitro. After dissociation of these OLCs, the authors observed
that they were very similar to oocytes of the positive control
group and both appeared to be surrounded by a structure
similar to zona pellucida. The size of OLCs produced in
treatment groups was almost similar to the oocytes of adult
female mice. Molecular analysis indicated that despite large
variations, the expression levels of fGC-specific markers,
Oct4, GDF9, Vasa, Dazl and Figo, in the treatment group
were comparable to the positive control group. Interestingly,
OLCs derived from SCs showed higher levels of Sox2 and
Fragilis than the oocytes of adult mice, while the expression
levels of Nanog and Stella were higher in oocytes compared
to the OLCs. It was also shown that among Zpl, Zp2 and
Zp3, only Zp3 was expressed in SC-derived OLCs. Further-
more, immunostaining confirmed the expression of Dazl,
Vasa and Stella proteins. Investigation for the occurrence of
meiosis revealed that SC-derived OLCs did not express
Rec8, while they expressed mRNA of other meiotic markers,
such as Scp3 and DMC1. Some of the OLCs seemed to have
a germinal vesicle. The researchers concluded that OLCs
entered into the meiosis process but did not further differen-
tiate beyond the M1 phase. In the other part of the study,
researchers mixed skin SCs with OV and after a 72-hour
culture in the laboratory, transplanted them under the kidney
capsules of immunedeficient recipient mice. They found that
after 5-16 weeks, a number of SCs differentiated into folli-
cle-like structures with Oct4-GFP* OLCs. Although all these
findings are interesting and helpful, the authors did not
evaluate the developmental competence and fertilization
capacity of the produced OLCs [13].

Lai et al. in 2014 showed that skin-derived (S) MSCs
helped to restore fertility in busulfan + cyclophosfamide-
treated infertile female mice. In this study, one week after
inducing infertility by chemotherapy, female mice received
male and female SMSCs in two different groups from the tail
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vein. The results showed that transplantation of both male
and female SMSCs led to weight gain in both total body and
reproductive organs. Moreover, transplantation of SMSCs
contributed to new folliculogenesis, and thus follicles at dif-
ferent stages of development were detected from 2 weeks to
2 months after transplantation in the ovaries of both male
and female SMSCs-transplanted mice. Surprisingly, the
transplanted mice showed higher pregnancy rates and fecun-
dity in comparison to the untreated control mice. No donor-
derived GCs were observed in the recipient ovaries and the
authors concluded that MSCs altered the adverse effects of
chemotherapy on the ovaries [23].

In an investigation by Ge et al. in 2015, it was indicated
that female human fetus skin-derived stem cells (SDSCs)
differentiated into GC-like cells. They found that thSDSCs
after 4 days of culture in EB culture medium, comprised of
TCM 199, supplemented with 3 mg/ml BSA, 1 mg/ml fetuin,
5 p I/ml insulin transferring selenium, 1 ng/ml EGF (Epi-
dermal Growth Factor), 0.23 mM pyruvic acid, 30 ng/ml
BMP4, and 20 ng/ml Activin A expressed GC-specific
markers, Dazl and Vasa. Further treatment of the cells with
OLCs differentiation medium, which contains DMEM/High
glucose supplemented with 5% FBS, 5% filtered porcine
follicular fluid, 2 mM L-glutamine, 0.1 mM non-essential
amino acids, 0.23 mM sodium pyruvate, and 0.1 mM B -
mercaptoethanol, penicillin (100 U/ml), streptomycin (100
mg/ml), changed the morphology of the cells and formed
some vesicular structures in the cells. Moreover, both Dazl
and Vasa were overexpressed along with the emerging of
AMH expression, which indicated the formation of some
granulosa cells in the culture. Therefore, the authors con-
cluded that some fGCs were produced in the culture. The
authors also showed that the treatment of human fetal
SDSCs with a second differentiation medium containing
DMEM: F12 (1:1) basic, supplemented with 15% FBS, 1500
U/ml LIF, 5 p I/ml ITS, 10 ng/ml EGF, 50 international units
(mIU) FSH, 2% B27 supplement, penicillin (100 U/ml),
streptomycin (100 mg/ml), induced Scp3 overexpression.
They concluded that meiosis has taken place in their system.
Ploidy analysis and fluorescent in situ hybridization (FISH)
analysis revealed that indeed a number of 1IN cells existed in
the culture. Interestingly, the researchers claimed that these
IN cells were male GCs because they expressed SCP3
marker. Thus, they reported that they could produce both
male and female GCs from female human fetus SDSCs. It
should be noted that SCP3 not only is expressed in male GCs
but also has been shown that oocytes also express this mei-
otic marker [70]. Although these findings were truly valu-
able, the researchers did not check the OLCs fertilizing ca-
pacity and also chromosomal content or the occurrence of
meiosis or existence of any polar bodies. As they said in
their paper, they did not examine the 1N cells fertilization
capacity [15].

6.3. Pancreatic Stem Cells

In an investigation, Danner at al. showed that pancreatic
(P)SCs can spontaneously form OLCs in cell culture. In this
study, scientists established a clonal SC line from passage 75
(P75) PSCs, which could form cell aggregates after culture
as hanging drops. They found that after culturing, the cells
aggregated in the culture dish, and some floating single cells
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were released into the culture medium. Morphological
evaluations showed that these cells resembled oocytes. Mo-
lecular analyses showed that among four study groups, P8
and P75 PSCs, clonal cell line and OLCs, P8 cells expressed
all of the examined SC and GC markers (Oct4, Nestin, CD9,
SCp3, DMC1 and Vasa), except for SSEA1 and GDF9. P75
SCs did not express SCP3 and DMCL1. Finally, clonal cells
and OLCs expressed all of the tested markers. Furthermore,
immunostaining showed that OLCs vigorously expressed
Oct4, SCP3 and DMC1 proteins, which were very weak or
negative in primary cell population. In their conclusion, re-
searchers presented an interesting interpretation of the ex-
pression of GC-specific markers in PSCs and their ability for
differentiation into fGCs. They claimed that it is possible
that a number of PGCs get “lost” during their migration from
the wall of the yolk sac to the primary gonads, and locate in
other organs like pancreas. Probably these cells can maintain
their GC capacity and could be active again any time in the
right culture conditions. Although this was a really interest-
ing description, the researchers did not check the expression
of other fGC-specific markers at neither mMRNA nor protein
levels. In this study, OLC maturation, fertilization capacity
and chromosomal content (to check for meiosis) were not
examined [71].

6.4. Muscle MSCs

In an interesting study Lv et al. tested the ability of por-
cine muscle-derived (PM)-MSCs for differentiation into
fGCs. In this study, researchers isolated MSCs from porcine
muscle tissue and after characterization of the cells by differ-
entiation capacity test and confirmation of their pluripotency,
the cells were treated by 10% and 20% bovine follicular
fluid (FF) for 5-18 days. Their data showed that a number of
attached fibroblastic PM-MSCs changed into round and oval
shaped cells and then some of these cells detached from the
culture dish and grew larger as floating single cells or in
clusters. These large cells resembled PGCs. Some of these
large cells became larger (40-60 um in diameter) and a few
of them generated oocyte-like structures. Molecular analyses
revealed that the expression levels of GC-specific markers
Figla, Vasa, Gdf9, Scp3, ZP1 and ZP3 were increased in
PM-MSCs treated with 20% FF in comparison with the cells
treated with 10% FF and untreated PM-MSCs. In addition,
the expression levels of mesoderm marker, Desmin, pluripo-
tency marker, Oct4, and proliferation marker, PCNA, were
lower in 20% FF-treated cells compared to the two other
groups. Furthermore, the level of estradiol was higher in
20% FF cultures than in 10% FF and untreated control
groups. In another part of the study, the authors evaluated the
role of a small molecule, Reversine, in differentiation induc-
tion in PM-MSCs toward GCs. Therefore, PM-MSCs were
treated with 1uM Reversine for 2 days and then for 10 days
with 20% FF in the absence of Reversine. Evaluations re-
vealed that Reversin-treated PM-MSCs acquired larger sizes
than both untreated PM-MSCs and DMSO (solvent of Re-
versine)-treated cells. Three to ten days after treatment with
FF, some large female germ-like cells appeared in the cul-
tures. The number of fGCs was significantly more than the
cells in the two other groups. The generated fGCs clearly
expressed Stra8 and Zp3 proteins. Quantitative RT-PCR in-
dicated that the expression of Gdf9, Dazl, Vasa, Scp3, Figla
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and Zp2 were upregulated in Reversine-treated PMMSCs in
comparison with the other groups. Furthermore, immunocy-
tochemistry showed that similar to porcine oocytes, in vitro-
derived large round or oval GC’s were positive for Vasa,
Dazl, Stra8, Scp3, Zp2 and Zp3 and were negative for Oct4.
On the other hand, Vasa, Dazl, Stra8 and Zp2 were not ex-
pressed in untreated PMMSCs. The authors then mixed pre-
treated PMMSCs with 20% FF for 10 days with the cell re-
covered from ovaries (by enzymatic digestion), and trans-
planted them under kidney capsule. Four weeks later they
evaluated the grafts. They observed that a number of BrdU-
labeled PMMSCs expressed Vasa, Dazl, Stra8 and Scp3,
while some of them expressed Figla, Zp2 and Zp3. The
authors concluded that PMMSCs were capable of differentia-
tion into fGCs, and that treatment with FF and Reversine
promoted the differentiation process. Overall, it seems that
muscle MSCs would be a new source of SCs for use in cell
therapy procedures, although the researchers did not evaluate
the potency of in vitro-derived OLCs for fertilization and
formation of viable embryos [72].

6.5. Amniotic Fluid Stem Cells (AFSCs)

Lai and colleagues published a research article in 2013,
and they explain how they isolated human AFSCs in 18"
week of pregnancy and let the cells form colonies. They har-
vested colonies and cultured them in EB media enriched with
5% human FF for 7-14 days to stimulate EB formation. The
produced EBs were then cultured in differentiation medium,
which consisted of EB medium supplemented with a germ
cell factor cocktail containing: human SCF 100 ng/ml,
bFGF 20 ng/ml, SDF1 20 ng/ml, CYP26 inhibitor
R115866 1 mM, BMP4 50 ng/ml, and N-acetylcysteine 1
mg/ml, forskolin 5 mM, RA 1 mM for another 7-14 days.
Molecular evaluation on P1 to P6 of untreated human
AFSCs revealed high expression levels of Oct4, Stella, Scpl
and Scp3, and low expression levels of Stra8, c-Mos and
ZPC. They also had high but variable expression levels of
Dazl, Vasa and GDF9. At protein level, just Oct4 was ex-
pressed by untreated human AFSCs. Moreover, it was found
that under standard differentiation situation, without GC
factor cocktail or human FF, Oct4 and Nanog were dowregu-
lated, while Blimpl, Stra8 and Stella were upregulated. In-
terestingly, the expression of Dazl was not detected in un-
treated cells at the end of the experiment. In contrast, after
treatment with differentiation media with GC factor cocktail
or human FF, the expression of Blimpl, Stella, Dazl, Vasa,
Stra8, Scp3 and c-Mos clearly increased in EB cells, whereas
the levels of Oct4 and Nanog expression decreased. In line
with these data, immunocytochemistry confirmed the in-
crease in the expression of Blimpl, Stella, Dazl, Scp3, and
ZPC. The cells in the control group expressed only Blimp1,
Stella and ZPC. Scp3 was specifically expressed in the
treated cells. Next, they transfected human AFSCs with
EGFP and transplanted them into the ovaries of chemothera-
peutically sterilized female mice. Two months after trans-
plantation, histological analysis revealed that similar to the
ovaries of non-sterilized mice, the transplanted ovaries pos-
sessed a large number of oocytes in different developmental
stages, and EGFP" cells surrounded some of them. Immuno-
histochemistry showed that these cells were positive for
FSHR, a granulosa cell marker. Although transplantation of
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AFSCs improved the histology of the sterilized ovaries, and
many EGFP" somatic cells that were derived from trans-
planted cells were observed near the oocytes, no donor-
derived fGC was observed in recipient ovaries in the end.
Therefore, the authors concluded that human AFSCs restored
ovarian function by differentiation into granulose cells and
improvement of the ovarian niche. No additional experiment
was performed in order to check for the functionality of the
in vitro produced fGCs [73].

In another study again using human AFSCs, Yu and co-
workers isolated SCs from AF of second-trimester pregnant
women. AFSCs expressed MSCs characteristics and showed
potency for multilineage differentiation. These cells were
treated with GC-inductive medium, which consisted of al-
pha-MEM supplemented with 5% FBS, 5% porcine FF, 0.1
mM B-mercaptoethanol, and 2 mM L-glutamine, 1% NEAA,
for 15 days. This treatment caused the formation of some cell
aggregates, which were highly positive for ALP and showed
elevated expression levels of GC-specific markers, Figla,
Dazl, Ifitm3 and Gdf9. In addition, the expression of a hum-
ber of GC-specific genes like Oct4 and Vasa were induced
after treatment with GC medium. From these results, the
researchers concluded that they had some primordial follicle-
like structures in the culture. A number of cell aggregates,
which were considered as COCs were excluded from these
structures. In addition, the cell aggregates were treated with
OLC maturation medium that consisted of TCM 199 sup-
plemented with 3 mg/mL BSA (bovine serum albumin), 10
U/mL human chorionic gonadotropin (hCG), equine chori-
onic gonadotropin (eCG), 2.5 U/mL FSH, 0.23 mM pyruvic
acid, 10 ng/mL epidermal growth factor (EGF), and 1% insu-
lin-transferrin-selenium for 7 days. This treatment resulted in
the formation of OLCs, which were surrounded by granu-
lose-like cells. These structures were detected next to the
treated cell aggregates. Floating OLCs were in different sizes
ranging from 50 to 120 um in diameter. Expression of Zp2
was detected in OLCs while untreated AFSCs did not ex-
press this marker. Moreover, the expression levels of Zpl
and Zp3 were upregulated in OLCs compared to the AFSCs.
Production of estradiol was also evaluated during the treat-
ment with OLC medium and was shown to be significantly
elevated due to the treatment. Similarly, the expression lev-
els of steroidogenic enzymes (P450, Cypl7 and Fshr) were
significantly upregulated in follicle-like structures derived
from human AFSCs after the treatment with GC medium.
Molecular analysis revealed that some haploid cells were
formed after the treatment, which expressed meiotic markers,
Scp3, Dmcl and FoxI2. Researchers in this study reported
the formation of some embryo-like multicellular structures
and suggested the parthenogenesis of OLCs for their produc-
tion. Therefore, these findings were truly exciting, but the
number of fGC-specific markers, which were evaluated in
this study, were very few and also the researchers did not
check the fertilization potency of the produced OLCs [74].

6.6. UC-MSCs

In an interesting research project, Qiu and colleagues
tested the ability of male and female human UC-MSCs for
differentiation into fGCs and OLCs under the treatment with
cattle FF containing inductive medium. After isolation and
characterization of UC-MSCs, the cells were treated for 7-14
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days with 20% cattle FF containing differentiation medium.
They observed that after 4 days, a number of round cells
were formed in both male and female cell cultures, though
the number of these round cells in the female culture was
more than that in the male culture. At the end of the treat-
ment period (day 14), a number of large round cells similar
to oocytes were formed in both male and female cultures and
interestingly the size of the female UC-MSC-derived OLCs
(40-50 uM) was clearly greater than that of OLCs derived
from male UC-MSC (25-35 pM). Both male and female cells
expressed high levels of fGC and meiotic markers like Stella,
Dazl, GDF9, ZP1, ZP3 and Stra8 after induction with differ-
entiation medium. Real time RT-PCR showed that induced
male cells had the peak of gene expression level (for all
markers) on day 7 and then gene expression levels were de-
creased. In contrast, in female cells, all markers except for
Dazl reached the peak on day 14. Furthermore, mRNA levels
of GDF9 and ZP2 were higher in the female treatment group
than the male group. Researchers showed that treatment with
cattle FF containing medium caused an increase in the
amount of estradiol in both treatment groups, while female
group had a higher level of estradiol compared to the male
group. Immunostaining of OLCs from both male and female
treatment groups showed that they were positive for Oct4,
Vasa, Dazl, ZP2, Zp3 and Stra8. Researchers also trans-
planted the cultured UC-MSCs into seminiferous tubules and
kidney capsule of mouse to see if they had the capacity to
differentiate into GCs in vivo. They observed that a mouth
after transplantation, there were a number of male UC-MSCs
in the seminiferous tubules, which expressed Vasa and Dazl.
Furthermore, transplanted female HUMSCs in the kidneys
were positive for Vasa, Dazl and ZP2 after 1-2 months.
Overall, the researchers concluded that FF induced differen-
tiation into fGCs in both male and female UC-MSCs, though
female cells showed more potency for differentiation into
OLCs. Moreover, they stated that in vitro-derived female
gamete-like cells did not reach maturity in the culture [75].

Hu et al. (2015) used first trimester human UC-MSCs to
see if they have the capacity to differentiate into fGCs. For
this purpose, they treated the characterized cells for 24 days
with a differentiation medium comprised of a-MEM sup-
plemented with 10% FBS, 25% human FF, 150 mlU lu-
teinizing hormone (LH), 150 mIU FSH, and 300 pg/ml of
estradiol. The morphology of the cells together with the ex-
pression of PGC-specific genes e.g., Oct4, SSEAL, Blimp1,
PRDM14, TFAP2C, Vasa, Stella, Dazl, Ifitm3, and oocyte
markers Scp3, GDF9, ZP1, 2 and 3 were evaluated on days
0, 7 and 24 of the treatment period with real time RT-PCR,
immunocytochemistry and western blotting. On day 7, the
researchers found some round PGC-like cells in the culture,
which expressed elevated levels of all tested PGC markers.
Moreover, expression levels of most oocyte markers, except
for ZP2 and 3, increased on day 7 compared to day O.
Upregulation of Scp3 and GDF9 was not significant. After
day 7, PGC-like cells continued to produce some primordial
follicle-like structures and later COCs and OLCs in the cul-
ture. Assessment on day 24 revealed that there were some
OLCs in the culture ranging from 50-120 uM in diameter,
and except for PRDM1, which was slightly upregulated, ex-
pression levels of all the other PGC markers went down se-
verely in the produced OLCs. In contrast, oocyte markers
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were all upregulated significantly in these cells. Addition-
ally, the researchers reported that the amount of estradiol
increased during the treatment process, which was a conse-
quence of the human UC-MSC-derived somatic granulose-
like cells activity in COCs. This was further supported by the
elevated amounts of LIF and VEGF proteins in the cultures
during differentiation process. Overall, this report demon-
strated that first trimester human UC-MSCs successfully
differentiated into PGCs, granulosa-like cells and also OLCs.
Furthermore, the authors stated that they did not see any dif-
ferences between male and female HUMSCs regarding the
efficiency of differentiation into GCs. Despite these remark-
able findings, the authors did not show chromosomal con-
tents, developmental competence or fertilization capacity of
the produced OLCs [76].

6.7. Endometrial (En) MSCs

A recent study by Lai et al. showed the ability of
EnMSCs to differentiate into OLCs in vitro. In this study,
researchers isolated MSCs from menstrual blood of women
and after confirming their stemness through differentiation
tests, they treated them with differentiation medium com-
prised of DMEM/F12 supplemented with 10% ES-FBS, 20%
filtered human FF, 1% glutamine and 1% penicillin/ strep-
tomycin, 4 ng/ml bFGF, 0.23mM sodium pyruvate, 0.1mM
non-essential amino acids, 2mM L-glutamine, and 0.1mM f-
mercaptoethanol, for 1 day, 1 week, 2 weeks and 4 weeks. At
the end of treatment, the cells’ morphology and expression
of GC-specific genes were assessed. After 2 weeks of induc-
tion, the fibroblastic En-MSCs were changed into round
shaped cells and some cell aggregates were also formed in
the culture. Some of the round cells detached from the cell
aggregates and formed floating spheroidal cells gradually.
After 4 weeks of differentiation induction, some cell aggre-
gates were similar to follicle-like structures. Even though
RT-PCR showed that fGC-specific markers, Oct4, NANOG,
Gdf9, Bimpl, Dazl, Stella, Stra8, Vasa, Scpl, Scp3, ZpA,
and ZpC, were expressed in both treated and un-treated
EnMSCs, real time RT-PCR revealed that, the expression
levels of Scp3, Dazl, Stella and Gdf9 were significantly
upregulated by the treatment until week 4. Immunocyto-
chemistry revealed that large floating spheroidal OLCs were
generated in the culture of EnMSCs after 4 weeks of treat-
ment, expressed Bimpl, Dazl, Stella, Scp3, and ZpC, while
no positive cells were observed in the untreated culture.
Moreover, evaluations indicated that granulose cell-specific
markers, FshR and LHR were expressed by a number of cells
in the cells aggregates, which suggested differentiation of a
number of treated EnMSCs into granulose-like cells in the
culture. Stimulation of these cell aggregates with FSH and
LH showed that they reacted to the stimulation by secretion
of both estradiol and progesterone. Researchers then co-
cultured EnMSCs with granulosa cells isolated from the FF
in induction medium for 21-28 days. They observed that a
number of OLCs were formed in the culture and a few of
them changed to multicellular structures resembling parthe-
nogenic embryos. At the end, researchers concluded that
EnMSCs successfully differentiated into fGCs, gamete-like
cells and also granulosa-like cells under stimulation of FF.
Despite these interesting results, they did not evaluate the
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fertilization capacity of the produced OLCs, as well as gen-
eration of viable embryos to create a successful pregnancies
[771.

Considering the variability of the cell types that have
been used in various studies, different research teams have
made a good progress and so many useful reports have been
published. Although none of these valuable studies could
generate functional fGCs or gametes from ACSs, the results
are completely promising. It seems that just like the male
cells, a lack of knowledge on the female GC biology and
gametogenesis, is the main reason for the incomplete proto-
cols available. These issues can be addressed by detailed and
creative research studies. Table 2 summarizes the informa-
tion reported on generation of female germ line cells from
different types of ASCs.

CONCLUSION

Different types of ASCs from various sources have been
utilized for generation of GCs in the laboratory setting. Nev-
ertheless, the vast majority of studies have used MSCs, and
regardless of the different sources from which these cells
were isolated, almost all of them showed the capacity to dif-
ferentiate into germ-like cells both in vitro and in vivo. Most
studies used MSCs from the BM probably because of their
ease of isolation and availability.

Moreover, the review of literature shows that, various
ASCs can differentiate into germ-like cells under appropriate
conditions, while they express GC-specific markers at
mRNA or protein levels. However, as stated earlier, none of
the research groups could produce functional GCs, which
can be used for treatment of infertility. Although all the con-
ducted studies were fabricated based on the events and
mechanisms, which took place in the body and had interest-
ing results, the final goal is yet to be achieved. Apparently,
some important factors, which play crucial roles, are still
unknown. Therefore, despite valuable and helpful research
that has been done so far, there are still some dark zones in
GC biology (like GC inductive factors, mechanism of enter-
ing into meiosis, etc.), which lead to low efficiency in mim-
icking the developmental process of GCs in the laboratory.
Detailed investigation on GC developmental biology and
determination and characterization of the factors and mecha-
nisms involved in specification of GCs and gamete produc-
tion are still necessary.

PERSPECTIVES AND FUTURE DIRECTIONS

To expand our knowledge in the field of GC develop-
ment, some important research topics would be: identifying
factors involved in specification of PGCs, entering into
meiosis, maintaining stemness, renewal and differentiation
of SSCs, different stages of gametogenesis, epigenetic
changes of GCs in the culture, and GC fertilization capacity.

There are still uncovered data on emergence and specifi-
cation of GCs. Despite some good available information, we
have not exactly characterized the factors, which determine
the fate of a group of embryonic cells as PGCs. Another im-
portant and unexplained event in the developmental process
of GCs is meiosis. Up to now, one of the greatest barriers in
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Table 2. Reports on derivation of female germline cells from adult stem cells (ASCs).
Research Team Year Utilized Stem Cell Type Treatment Produced Germ-Like Cells
Johnson et al. 2005 Mouse BM” and PB” mononu- Transplantation to sterile female mice via the New donor-derived follicles
clear cells tail vein and oocytes in recipient
ovaries
Dyce et al. 2006 porcine skin SCs” 5% filtered porcine follicular fluid, 0.23 mM Oocyte-like cells
sodium pyruvate, 0.1 mM non-essential amino
acids, 2 mM I-glutamine and 0.1 mM B-
mercaptoethanol for 30-40 days
Leeetal. 2007 Mouse whole BM cells Transplantation to chemotherapeutical infertile New donor-derived follicles
female mice via the tail vein and oocytes in recipient
ovaries and restoration of
infertility by reactivation of
endogenous folliculogenesis
Danner et al. 2007 Pancreatic SCs Spontaneously Oocyte-like cells
Linher et al. 2009 porcine skin SCs 5% porcine follicular fluid, 0.23 mM sodium PGCs and Oocyte-like cells
pyruvate, 0.1 mM non-essential amino acids, 2
mM L-glutamine, and 0.1 mM b-
mercaptoethanol, for 50 days
Dyce et al. 2011 Mice skin SCs G1": SCs Oocyte-like cells (both in
. . vitro and in vivo)
G2: co-culture of SCs with ovarian cells
Both treated with TCM199 (no antibiotics)
supplemented with 0.05 IU FSH, 0.03 IU LH, 3
mg/ml BSA, 5 ml/ml ITS, 0.23 mM sodium
pyruvate, 1 mg/ml Fetuin, and 1 ng/ml EGF, for
12 days
G3: transplantation of SCs+ ovarian cells after
3 days co-culture under the kidney capsule and
evaluation 5-16 weeks later
Ghadami et al. 2012 Mouse whole BM cells Transplantation to FORKO (follitropin receptor Support and reactivation of
knockout) female mice endogenous folliculogenesis
Lvetal 2012 Porcine muscle-derived (PM)- G1: 10% bovine follicular fluid PGCs and oocyte-like cells
MSCs . . .
G2: 20% bovine follicular fluid both for 5-18
days
G3: s days treatment with Reversine” and then
for 10 days with 20% bovine follicular fluid
Laietal. 2013 Human amniotic fluid stem G1: EB” media supplemented with 5% human G1: generation of some
cells (hAFSCs) follicular fluid for 7-14 days to stimulate EB germ-like cells
formation and then treatment of the produced G2: diff tiati fth
EBS with human SCF 100 ngiml, SDF1.20 ng/ml, | > ! te;e” 'I‘:‘ '_‘": orthe
bFGF 20 ng/ml, BMP4 50 ng/ml (all R&D Sys- | | 2n=Pan |e ce S”'" 0 granu-
tems, Minneapolis, Minnesota, USA), N- osa cells
acetylcysteine 1 mg/ml, forskolin 5 mM, reti-
noic acid 1 mM and CYP26 inhibitor R115866 1
mM for further 7-14 days
G2: transplantation of hAFSCs into the ovaries
of chemotherapeutically sterilized female mice
Qiu etal. 2013 Male and female human UC- 20% bovine follicular fluid for 7-14 days Oocyte-like cells

MSCs”
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Research Team Year Utilized Stem Cell Type Treatment Produced Germ-Like Cells
Antonucci et al. 2014 Human amniotic fluid stem No treatment EB-like structures a number
cells (hAFSCs) of which expressed PGC
markers
Yuetal. 2014 Human amniotic fluid stem Medium supplemented with alpha-MEM sup- Follicular-like structures and
cells (hAFSCs) plemented with 5% FBS, 5% porcine follicular oocyte-like cells
fluid, 2 mM L-glutamine, 1% NEAA, and 0.1
mM B-mercaptoethanol, for 15 days and then
with a medium comprised of TCM 199 supple-
mented with 3 mg/mL BSA, 2.5 U/mL FSH, 10
U/mL hCG, eCG, 0.23 mM pyruvic acid, 10
ng/mL EGF and 1% insulin-transferrin-
selenium for 7 days.
Laietal. 2014 Male and female skin-derived Transplantation into busulfan + cyclophos- No donor-derived GCs just
(S)-MSCs famide treated infertile female mice via the tail support of the endogenous
vein folliculogenesis and ovarian
function
Asgari et al. 2015 Human UC-MSCs Co-culturing with placental cells for 14 days PGCs
Geetal. 2015 Human fetus skin SCs G1: TCM 199, supplemented with 3 mg/ml
BSA, 1 mg/ml fetuin, 5 p I/ml insulin transfer- PGCs
ring selenium, 0.23 mM pyruvic acid, 1 ng/ml
EGF, 20 ng/ml Activin A, and 30 ng/ml BMP4 fGCs
for 4 days and further treatment with oocyte-
like differentiation medium containing Oocyte-like cells
DMEM/High glucose supplemented with 5% IN GCs
FBS, 5% filtered porcine follicular fluid, 0.23
mM sodium pyruvate, 2 mM L-glutamine, 0.1
mM non-essential amino acids, and 0.1 mM B -
mercaptoethanol, penicillin (100 U/ml), strep-
tomycin (100 mg/ml)
G2: 1500 U/ml LIF, 50 mIU FSH, 10 ng/ml
EGF, 2% B27 supplement, 5 pu /ml ITS, penicil-
lin (100 U/ml), streptomycin (100 mg/ml)
Huetal. 2015 Human UC-MSCs 25% human follicular fluid, 150 mIU FSH, 150 PGCs
mlU LH and 300 pg/ml of estradiol for 24 days .
Oocyte-like cells
Laietal. 2016 Endometrial- MSCs 20% filtered human follicular fluid, 4 ng/ml
bFGF, 0.23mM sodium pyruvate, 0.1mM non- .
essential amino acids, 2mM L-glutamine, and Oocyte-like cells
0.1mM B-mercaptoethanol, for 1 day, 1 week,
2 weeks and 4 weeks

PB: peripheral blood; BM-MSCs: bone marrow mesenchymal stem cells; GCs: germ cells; SCs: stem cells; PGCs: primordial germ cells; SSCs: spermatogonial stem cells; UC-
MSCs: umbilical cord mesenchymal stem cells; Reversine: is a small molecule, G: study group.

the way of achieving gametes form SCs has been meiosis. It
is not exactly known what factors control meiotic division
and how we can mimic and control this phenomenon in the
laboratory conditions. However, a very useful research paper
has described the gold standards for proof of in vitro meiosis
[78].

Even though we have so much good information on
mechanisms of stemness maintenance, renewal process and
triggering of differentiation in various SCs, there are still
some unknown aspects in these areas, especially for SSCs
and female germline SCs. Since testis is a closed and highly

specialized environment, which is strictly controlled, inves-
tigation and understanding of so many events, which take
place in it are nearly impossible. Moreover, the biology and
function of sertoli cells, the only cell types that are in direct
contact with SSCs in the testis and control their behavior
have not been completely understood yet. Furthermore,
numbers and types of components secreted by sertoli cells,
SSC-sertoli cell interactions, and also the events that take
place and control each developmental stage during gameto-
genesis procedure have not been fully understood. On the
other hand, a similar role is conceivable for somatic cells of
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the ovary, granolusa cells, which should be fully investigated
in detail. Recent studies on transcriptomic and proteomic
analyses of gametogenesis are such valuable work and
should be continued in order to have a better understanding
of these processes [79-81].

One of the most important issues in the field of in vitro
gametogenesis is epigenetic change in the cells and their
imprinting states. Knowing the epigenetic modifications in
an in vitro-derived gamete is really crucial because it can
directly affect the cells’ fate and fertilization capacity. As
can be seen, so many un-resolved problems are still remain-
ing in gametogenesis.

A number of research teams have recently proposed an
idea focusing on the construction of an artificial gonad using
tissue engineering techniques. Although this hypothesis is in
its first steps and all studies have been conducted on animal
models, their results were promising and interesting [82-86].
MSCs, are multi/pluripotent undifferentiated cells, which
reside in almost all tissues, can be simply isolated from tis-
sue biopsies and have the capacity to differentiate into meso-
dermal and non-mesodermal cell types as well as germ-like
cells [25, 87, 88]. Because of these characteristics and also
some other important features like immunosuppressive activ-
ity, MSCs are vastly under consideration for cell therapy and
tissue-engineering purposes [89-92]. Regarding these data,
testis and/or ovary tissue engineering using MSCs can be
attractive fields of research to find new techniques for treat-
ment of infertility in both males and females.

Accomplishments in each of these fields will certainly
help to achieve a standard system of in vitro gametogenesis
using ASCs. Undoubtedly, results of these research studies
will lead to set up a method for treatment of infertility using
SC therapy in near future.

LIST OF ABBREVIATIONS

SCs = Stem cells

ASCs = Adult stem cells

BM = Bone marrow

MSCs = Mesenchymal stem cells

GCs = Germ cells

ESCs = Embryonic stem cells

iPSC = Induced pluripotent stem cells

PGCs = Primordial germ cells

UC-MSCs =  Umbilical cord mesenchymal stem cells

EBs = Embryoid bodies

ALP = Alkaline phosphatase

TGF = Transforming growth factor

SSCs =  Spermatogonial stem cells

mGCs = Male adult germ cells

fGCs = Female adult germ cells

RT-PCR = Reverse transcription polymerase chain reac-
tion

FBS = Fetal bovine serum

TCC = Testicular-cell conditioned medium

PCC = Placental cell conditioned medium

AFSCs = Amniotic fluid stem cells

FSHR = Follicle stimulating hormone receptor

COCs = Comolus-oocyte complexes

OLCs = Oocyte-like cells

Current Stem Cell Research & Therapy, 2018, Vol. 13, No. 1 77

ov = Ovarian cells

0] = International units

SDSCs = Skin-derived stem cells

PSCs = Pancreatic stem cells

PM-MSCs = Porcine muscle-derived mesenchymal stem
cells

FF = Follicular fluid

hCG = Human chorionic gonadotropin

EGF = Epidermal growth factor

EnMSCs = Endometrial mesenchymal stem cells
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