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The field of stem cells research is one of the most exciting
and fast developing fields with a great potential to heal
different degenerative diseases in regenerative medicine, to
better understand cancer and to improve quality of human
life. In spite of great enthusiasm and effort, there are several
general obstacles and questions about stem cells, which still
need to be resolved to enable safe and efficient treatment of
degenerative diseases in the future.There aremore interesting
types of stem cells in humans, as also evidenced by thirteen
manuscripts published in this special issue.

Very small embryonic-like stem cells (VSELs) represent
one of the most interesting types of stem cells in humans.
These small stem cells are suggested to originate in epiblast of
an embryo and to persist in a quiescent state in adult human
tissues and organs (e.g., bone marrow) from embryonic
period of life. They are mobilized into peripheral blood to
regenerate the damaged area. It is not excluded that they are
involved in tumor formation at inappropriate condition.They
have been proven to be multipotent with a degree of pluripo-
tency and able to differentiate into different cell types of all
three germ layers. In the manuscript by H. Sovalat et al. it is
shown that VSELs have been present in the peripheral blood
of healthy volunteers in the same numbers regardless of their
age, ranging from 20 to 70 years. Interestingly, endurance
exercise such as long-distance running mobilizes VSELs into
peripheral blood and increases their number in bonemarrow
in favor of regeneration, as found by K. Marycz et al. The
VSELs have also been identified in bone marrow of other

mammalian species such as rat (A. Labedz-Maslowska et al.).
Moreover, the VSELs have been proposed by D. Bhartiya et
al. to exist in adult mammalian ovaries and to participate in
primordial follicle assembly and postnatal oogenesis under
the regulation of follicle-stimulating hormone (FSH). This
idea has been experimentally supported by M. Zbucka-
Kretowska et al. who evidenced the effective release of VSELs
into peripheral blood of women treated by FSH hormonal
therapy to retrieve the oocytes in the in vitro fertilization
program.

The VSELs are related to germinal lineage, especially
primordial germ cells (PGCs), and it is not excluded that they
are related to germinal stem cells (GSCs) and may be even
their progenitors. The PGCs, precursors of gametes, can be
generated from stem cells, thereafter, result in birth of mouse
pups, and represent an exciting new tool to treat infertility in
the future, as reviewed by A. Nikolic et al. The female GSCs,
namely, oogonial stem cells, can be efficiently isolated from
adult mouse ovaries by a newmethod provided by Z. Lu et al.
and might be also applied to human ovaries. B. Fereydouni et
al. have demonstrated the development of oocyte-like cells in
long-term cell cultures of neonatal marmoset monkey ovary
expressing several genes related to the germinal lineage. The
ovarian GSCs are very interesting to regenerate the nonfunc-
tional ovaries although also some other types of cells such
as human amniotic epithelial cells can express a beneficial
paracrine effect on function of chemotherapy-treated ovaries
in a mouse model (X. Yao et al.). The GSCs can also be
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retrieved from adult human testicles but are heterogeneous
and, along with genes related to the germinal lineage, express
more or less pluripotency, as reported by S. Conrad et al.
In a mouse model, derivation of embryonic-like stem cells
from spermatogonial stem cells (SSCs) depends on animal
age (up to 7 weeks of age) and special time window in long-
term SSC cultures (H. Azizi et al.). Not only reproductive
tissues but also parthenogenetic embryos may represent an
interesting source of pluripotent stem cells after activation of
nonfertilized oocytes from the in vitro fertilization program,
as reviewed by A. Bos-Mikich et al.

Last but not least, the microRNAs, noncoding RNA
molecules mediating the translational suppression and post-
transcriptional control of gene expression, have been exposed
by I. Virant-Klun et al. as extremely important regulators of
developmental processes, pluripotency, differentiation, and
also shift to cancer.

The manuscripts published in this special issue bring an
important new knowledge to the field and arise some new
interests and challenges for the future.

Irma Virant-Klun
Hong-Thuy Bui

Mariusz Z. Ratajczak



Research Article
Long-Term Oocyte-Like Cell Development in
Cultures Derived from Neonatal Marmoset Monkey Ovary

Bentolhoda Fereydouni,1 Gabriela Salinas-Riester,2 Michael Heistermann,3

Ralf Dressel,4 Lucia Lewerich,1 Charis Drummer,1 and Rüdiger Behr1

1Stem Cell Biology Unit, German Primate Center-Leibniz Institute for Primate Research, Kellnerweg 4, 37077 Göttingen, Germany
2Microarray and Deep-Sequencing Core Facility, University Medical Center Göttingen (UMG), Justus-von-Liebig-Weg 11,
37077 Göttingen, Germany
3Endocrinology Laboratory, German Primate Center-Leibniz Institute for Primate Research, Kellnerweg 4, 37077 Göttingen, Germany
4Department of Cellular and Molecular Immunology, University of Göttingen, Humboldtallee 34, 37073 Göttingen, Germany

Correspondence should be addressed to Rüdiger Behr; rbehr@dpz.eu
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We use the common marmoset monkey (Callithrix jacchus) as a preclinical nonhuman primate model to study reproductive and
stem cell biology. The neonatal marmoset monkey ovary contains numerous primitive premeiotic germ cells (oogonia) expressing
pluripotent stem cell markers including OCT4A (POU5F1). This is a peculiarity compared to neonatal human and rodent ovaries.
Here, we aimed at culturingmarmoset oogonia fromneonatal ovaries.We established a culture system being stable formore than 20
passages and 5 months. Importantly, comparative transcriptome analysis of the cultured cells with neonatal ovary, embryonic stem
cells, and fibroblasts revealed a lack of germ cell and pluripotency genes indicating the complete loss of oogonia upon initiation of
the culture. From passage 4 onwards, however, the cultured cells produced large spherical, free-floating cells resembling oocyte-like
cells (OLCs). OLCs strongly expressed several germ cell genes and may derive from the ovarian surface epithelium. In summary,
our novel primate ovarian cell culture initially lacked detectable germ cells but then produced OLCs over a long period of time.
This culture system may allow a deeper analysis of early phases of female primate germ cell development and—after significant
refinement—possibly also the production of monkey oocytes.

1. Introduction

It is a long-held opinion in reproductive biology that in
females of most species, including the human, the postnatal
germ cell pool is limited in number and cannot be replen-
ished or even expanded. Early studies in the rat showed
that oogonia, the proliferating female germ line progenitor
cells that enter meiosis to produce oocytes, were found
only during fetal development [1]. Human females are also
thought to be born with a nonrenewable pool of germ cell
follicles which declines with age [2]. In postnatal human
ovaries, oogonia were found only very sporadically and were
undetectable by the age of two years [3]. A lack of evidence
for postnatal germ cell proliferation in human ovaries was
also reported by Liu et al. [4]. Instead, by far most of

the proliferation-competent oogonia in the human ovary
entered meiosis by the end of the second trimester of
gestation [5, 6]. Recent studies using transgenic mice and
nonhuman primates also reported a lack of evidence for
germ cell proliferation in adult mouse [7, 8] and monkey [9]
ovaries. However, these data supporting the view of a fixed
postnatal female germ cell pool are profoundly challenged
by reports starting a decade ago [10, 11], suggesting replen-
ishment of the ovarian germ cell pool in mice. The existence
of mitotically active germ line stem cells in postnatal mouse
and human ovaries was suggested by the isolation, molecular
characterization, and transplantation of cell populations [10,
12]. Probably the strongest evidence so far for a germ line stem
cell pool in the ovary was provided by Zou et al. [13], who
generated mouse female germ line stem cells (FGSCs) with
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the ability to reconstitute oogenesis and produce offspring
after transplantation. Other authors reported the production
of oocyte-like cells in vitro from cultures of adult ovarian sur-
face epithelium (OSE) [14–16]. In summary, currently there
are several apparently contradictory reports which provide
data supporting or negating generation of new oocytes in the
postnatal rodent and primate—including the human—ovary.
Adding to this complex situation, Dyce et al. [17] reported
that even fetal porcine skin cells can form oocyte-like cells
(OLCs) in vitro.

We use the common marmoset monkey (Callithrix jac-
chus) as a nonhuman primate model to study reproductive
and stem cell biology. In contrast to other species used
in reproductive biology, the marmoset monkey still has
numerous oogonia in the neonatal ovary, which robustly
express the pluripotency associated markers OCT4A, LIN28,
and SALL4, the germ cell marker VASA, and the proliferation
marker KI-67 [18]. Therefore, these oogonia in the neonatal
marmoset ovary share important pluripotency markers with
marmoset monkey embryonic stem (ES) cells [19]. We failed
to detect this proliferating and pluripotency-marker-positive
cell population in the one-year-old and adult ovary [18]
indicating a fast postnatal oogonial clearing also in this
nonhuman primate species. Here, we report studies on
the culture of neonatal marmoset ovarian cells. We origi-
nally aimed at culturing the proliferating marmoset monkey
oogonia exhibiting a pluripotency signature similar to mar-
moset monkey embryonic stem cells. Hence, we established
a mouse embryonic fibroblast- (MEF-) based cell culture
system, which allowed the long-term culture of ovarian cells.
However, germ cell and pluripotency marker expression was
lost in the first passages indicating the complete loss of the
oogonia. After a few passages, however, germ cell marker
expression recovered, and we observed in later passages the
development of large spherical, free-floating cells which we
called oocyte-like cells (OLCs) due to their morphological
resemblance with the cells reported by Dyce et al. [17]. OLCs
had a diameter up to ∼40 𝜇m and strongly expressed several
germ cell markers. This study demonstrates the development
of oocyte-like cells in long-term ovarian cell cultures from
a translational and experimentally accessible nonhuman
primate species.

2. Materials and Methods

2.1. Animals. Marmoset monkeys (Callithrix jacchus) for this
study were obtained from the self-sustaining breeding colony
of the German Primate Center (Deutsches Primatenzen-
trum; DPZ). The German Primate Center is registered and
authorised by the local and regional veterinary governmental
authorities (Reference number 122910.3311900, PK Landkreis
Göttingen). Health and well-being of the animals were
controlled daily by experienced veterinarians and animal
care attendants. The legal guidelines for the use of animals
and the institutional guidelines of the DPZ for the care
and use of marmoset monkeys were strictly followed. The
animals were pair-housed in a temperature- (25 ± 1∘C)
and humidity-controlled (65 ± 5%) facility. Illumination was
provided by daylight and additional artificial lighting on

a 12.00 : 12.00-hour light : dark cycle.The animals were fed ad
libitum with a pelleted marmoset diet (ssniff Spezialdiäten,
Soest, Germany). In addition, 20 g mash per animal was
served in the morning and 30 g cut fruits or vegetables
mixed with noodles or rice was supplied in the afternoon.
Furthermore, once per week mealworms or locusts were
served in order to provide adequate nutrition. Drinkingwater
was always available.

In captivity,marmosets sometimes give birth to triplets or
even quadruplets. However, the mother is usually able to feed
and rear only two neonates, which is the normal litter size of
free-living marmosets. Therefore, the neonates from triplet
births were used to collect organs for this study. Marmoset
monkey ovaries were obtained from six neonatal animals
(postnatal days 1–5). All animals were narcotized with Pento-
barbital (Narcoren; 0.05mL intramuscular) and euthanized
by an experienced veterinarian with an intracardial injection
of 0.5mL Pentobarbital before a lack of nourishment caused
suffering of the animals. Wherever applicable, the ARRIVE
guidelines were followed.

2.2. Numbers of Animals. Altogether, ovaries from 6 neonatal
marmosets were used in this study: 5 pairs for culture and one
pair as reference for transcriptome analysis.

2.3. Neonatal Common Marmoset Monkey Ovarian Cell Cul-
tures. Neonatal ovaries (approximate dimensions 2mm ×
1mm × 1mm; see also [18]) were first collected and washed
in a Petri dish containing cold DPBS. Fat and blood cells
were removed and the whole ovary including the OSE was
transferred to fresh buffer and minced with sterile scissors.
Minced ovaries were then transferred to a 15mL falcon tube.
After gentle centrifugation, DPBS was removed and ovarian
tissue fragments were resuspended in DMEM/F12 medium
containing collagenase (Sigma #C2674) and DNase and kept
for 45 minutes at 37∘C. Every 5 to 10min the ovaries were
gently pipetted to disintegrate the tissue. Finally, 10% FBS
was added to inactivate the enzyme. In order to remove
larger undigested tissue fragments, the cells were passed
through 70 𝜇m strainer (BD, USA) and were centrifuged at
200 g for 10min. Then the supernatant was removed and the
cells were resuspended in culture medium and transferred
on a prepared feeder layer of mouse embryonic fibroblast
(MEF) feeder at a concentration 3–5 × 105 cells per 5 cm
well. After one week large colonies were individually picked
with a microprobe (FST, Heidelberg, Germany, #10032-13)
and digested with Accutase (Life Technologies, Germany) for
4min.Then the cells were centrifuged at 300 g for 10 minutes
and resuspended in the culture medium for further passages.
Cultures were maintained at 37∘C under 5% CO

2
and 5%

oxygen in a humidified incubator.

2.4. Culturing Neonatal Common Marmoset Ovaries. Differ-
ent cell culture conditions were tested. Finally this condition
was selected: DMEM/F12 supplemented with FBS (10%),
Pen/Strep, amphotericin B, and human LIF (10 𝜇g/mL) on
an irradiated mouse embryonic fibroblast (MEF) feeder cell
layer. For further passages (usually after 7–10 days) colonies
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were mechanically removed with a sterile probe, digested
with Accutase, and placed on a newly prepared MEF layer.

2.5. CulturingMarmosetMonkey Embryonic StemCells. Mar-
moset monkey ES cells were basically cultured as described
previously [20]. Only for passaging of the ES cells, StemPro
Accutase (Life Technologies) was used instead of trypsin-
EDTA with subsequent mechanical dissociation.

2.6. Immunofluorescence Staining. For immunofluorescence
staining,mediumwas removed and cell colonieswerewashed
twice in PBS and then fixed in 4% PFA for 15 minutes.
Cells were permeabilized by 0.1% Triton X-100 in PBS for
10 minutes at room temperature. Primary antibody (VASA,
R&D Systems, AF2030) was diluted in 3% BSA-PBS, and
colonies were incubated for 1 h at 37∘C. Cells were washed
twice in PBS. The secondary antibody, which was diluted
in 3% BSA-PBS, was added to the cells and incubated for
20 minutes in a dark box at 37∘C. Cells were washed again
twice in PBS and 5% DAPI-PBS was added. Cells were
washed again with PBS and mounted with CitiFluor (Science
Services AF1, Glycerol/PBS solution). For negative controls,
the primary antibody was (i) omitted or (ii) replaced by
IgG isotopes. DAPI staining of the OLCs was performed
in 5% DAPI-PBS for 5 minutes followed by two washes in
PBS.

2.7. Histology and Immunohistochemistry Staining. Histology
of the colonies was performed after mechanically detaching
of whole MEF layer including the ovarian cell colonies
from the cell culture well. After detachment, the randomly
arranged MEF layer was fixed in Bouin’s solution for 3
hours, washed several times for at least 24 h in 70% EtOH,
and then embedded in paraffin wax. The resulting cell
culture conglomerate was randomly sectioned. Due to the
large number of colonies sufficient sections of ovarian cell
colonies in different orientations were available for histo-
logical analysis. Immunohistochemistry was performed as
described recently [18] using the following primary anti-
bodies: OCT4A (#2890S, Cell Signaling Technology, Ger-
many; 1 : 100), LIN28A (#3978S, Cell Signaling Technol-
ogy; 1 : 100–1 : 200), SALL4 (#ab57577, Abcam, UK; 1 : 200),
and VASA (DDX4; #AF2030, R&D Systems, Germany;
1 : 100).

2.8. Western Blot Analysis. Western blotting was performed
according to standard procedures. In brief, 20mg of frozen
tissue per samplewas used. Proteinswere isolated bymechan-
ical destruction of the tissue in a TissueLyser at 50HZ
(Qiagen, Hilden, Germany). The samples were denatured for
5 minutes at 95∘C. Samples were then run on a 10% SDS-
page gel in Tris HCl buffer, pH 8.8, and then semi-dry-
blotted onto a PVDFmembrane (150mA for 1 h). Blocking of
unspecific bindingwas achieved by incubating themembrane
in 5% skim milk powder diluted in TBS for 1 h. Primary
antibodies against VASA (#AF2030, R&D Systems; 1 : 2000)
and 𝛽-actin (Santa Cruz, SC-1616-R; 1 : 5000) were diluted
in blocking buffer. Membranes were incubated in primary

antibody solutions for 16 hours at 4∘C and then washed
three times with blocking solution supplemented with
Tween 20. After incubation with the horseradish peroxidase-
coupled secondary antibody (1 h at 20∘C) the membrane
was washed again. Detection of bound antibody was per-
formed using the Amersham ECL Western Blotting Detec-
tion Reagents Kit (RPN2106). Signals were detected and doc-
umented using the ChemoCam Imager (INTAS, Göttingen,
Germany).

2.9. Transcriptome Analysis. For transcriptome analysis, two
neonatal marmoset ovaries, colonies from P4 from two
different individual animals (100–300 colonies per sample),
marmoset skin fibroblasts, and marmoset ES cells were
analyzed. Primary fibroblasts were obtained and cultured as
described recently [21]. RNA was isolated using the TRIzol
Reagent (Life Technologies) according to the manufacturer’s
instructions. RNAquality was assessed bymeasuring the RIN
(RNA Integrity Number) using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA). Library preparation
for RNA-Seq was performed by using the TruSeq RNA
Sample Preparation Kit (Illumina, Cat. number RS-122-2002)
starting from 500 ng of total RNA. Accurate quantitation
of cDNA libraries was performed by using the QuantiFluor
dsDNA System (Promega). The size range of final cDNA
libraries was determined applying the DNA 1000 chip on the
Bioanalyzer 2100 from Agilent (280 bp). cDNA libraries were
amplified and sequenced by using the cBot and HiSeq2000
from Illumina (SR; 1 × 50 bp; 5-6GB ca. 30–35 million
reads per sample). Sequence images were transformed with
Illumina software BaseCaller to bcl files, which were demul-
tiplexed to fastq files with CASAVA v1.8.2. Quality check
was done via fastqc (v. 0.10.0, Babraham Bioinformatics).
The alignment was performed using Bowtie2 v2.1.0 to the
cDNA for Callithrix jacchus. Data were converted and sorted
by samtools 0.1.19 and reads per gene were counted via
htseq version 0.5.4.p3. Data analysis was performed by
using R/Bioconductor (3.0.2/2.12) loadingDESeq, gplots, and
goseq packages. Candidate genes were filtered to a minimum
of 4x fold change and FDR-corrected 𝑝 value < 0.05.The data
discussed in this paperwere generated in compliancewith the
MIAME guidelines and have been deposited in NCBI’s Gene
Expression Omnibus and are accessible through GEO Series
accession number GSE 64966.

2.10. Quantitative Reverse Transcriptase Polymerase Chain
Reaction (RT-qPCR) Analysis. RT-qPCR was carried out
as described previously [18]. Total RNA was extracted
from different passages of colony-forming cells. Around
50–100 colonies per passage were pooled and analyzed.
Three independent cultures (derived from three different
animals) were analyzed. Each RNA sample was analyzed
in triplicate. As positive controls, neonatal marmoset ovary
and marmoset embryonic stem cells were used. Marmoset
monkey fibroblasts served as a biological negative control
for pluripotency and germ cell markers. Primers are listed in
Supplementary Table 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/2480298. For oocyte-
like cell RNA extractions, altogether 28 cells from different
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Table 1: Primer sequences, sizes of amplicons, and concentration of respective primers.

Primer Primer sequence PCR product size (bp) Concentration [nM]
Cj GAPDH Fw 5-TGCTGGCGCTGAGTATGTG-3 64 300
Cj GAPDH Re 5-AGCCCCAGCCTTCTCCAT-3 50
Cj LIN28 Fw 5-GACGTCTTTGTGCACCAGAGTAA-3 67 300
Cj LIN28 Re 5-CGGCCTCACCTTCCTTCAA-3 50
Cj SALL4 Fw 5-AAGGCAACTTGAAGGTTCACTACA-3 77 900
Cj SALL4 Re 5-GATGGCCAGCTTCCTTCCA-3 50
Cj VASA Fw 5-TGGACATGATGCACCACCAGCA-3 210 50
Cj VASA Re 5-TGGGCCAAAATTGGCAGGAGAAA-3 900
Cj OCT4A Fw 5-GGAACAAAACACGGAGGAGTC-3 234 300
Cj OCT4A Re 5-CAGGGTGATCCTCTTCTGCTTC-3 50
Cj PRDM1 Fw 5-ATGAAGTTGCCTCCCAGCAA-3 147 50
Cj PRDM1 Re 5-TTCCTACAGGCACCCTGACT-3 50
Cj PRDM14 Fw 5-CGGGGAGAAGCCCTTCAAAT-3 91 50
Cj PRDM14 Re 5-CTCCTTGTGTGAACGTCGGA-3 50
Cj DAZL Fw 5-GAAGAAGTCGGGCAGTGCTT-3 70 50
Cj DAZL Re 5-AACGAGCAACTTCCCATGAA-3 50
Cj DPPA3 Fw 5-GCGGATGGGATCCTTCTGAG-3 129 50
Cj DPPA3 Re 5-GAGTAGCTTTCTCGGTCTGCT-3 50
Cj NOBOX Fw 5-GAAGACCACTATCCTGACAGTG-3 320 50
Cj NOBOX Re 5-TCAGAAGTCAGCAGCATGGGG-3 50
Cj SCP3 Fw 5-TGGAAAACACAACAAGATCA-3 60 50
Cj SCP3 Re 5-GCTATCTCTTGCTGCTGAGT-3 50

passages were collected and randomly divided into two
groups. The RNA was isolated with the RNeasy MICRO kit
(Qiagen) according to the manufacturer’s instructions. To
analyze the relative gene expression level changes during
the culture within one passage, colonies from P7 were
seeded into 8 separate wells. The cells from two wells were
harvested for analysis at days 2, 4, 6, and 8. Primer sequences,
sizes of PCR products and primer concentrations are given
in Table 1.

2.11. Hormone Measurements. Measurement of progesterone
in the selected cell culture medium samples after at least
3 days of conditioning was performed using an enzyme
immunoassay (EIA) using antiserum raised in sheep against
progesterone-11-hemisuccinate-BSA as described by Heister-
mann and colleagues [22]. Freshmediumwas used as control.
Estradiol-17𝛽 was determined using an EIA according to
Heistermann et al. [23] with the exception that 17𝛽-estradiol-
6-horse-radish-peroxidase was used as label. Both steroid
measurements were performed in undiluted samples and
fresh medium was used as control.

2.12. Cell Transplantation Assay. In order to test the cul-
tured ovarian cells for their regenerative and tissue neomor-
phogenesis potential, we subcutaneously injected ∼106 cells
per mouse. The cells were obtained from Accutase-treated
ovarian cell colonies from the 5th passage. Four female adult
RAG2−/−𝛾c−/− mice lacking B, T, and NK cells were used.
The technical procedure has been described previously for
neonatal testis tissue [24].

3. Results

3.1. General Observations and Morphology of the Primary
Cell Cultures. We established a long-term primary culture of
ovarian cells. This included passaging as well as expansion
of the cells. Five individual primary cultures of neonatal
marmoset ovaries were performed and run up to 6 months
with very similar morphology and kinetics. The maximum
passage number was 23. Then the cells stopped prolifera-
tion. Initially, relatively small ovarian cell colonies (OCCs)
formed which could be distinguished from the MEFs by
the morphology of the cells and the colonies’ boundaries
(Figure 1(a)).TheOCCs quickly increased in size forming big
colonies with diameters up to 1000 𝜇m (Figure 1(b)) within a
few days.The cells forming the OCCs exhibited an epitheloid
phenotype as judged from morphology (Figure 1(d)); that
is, they are apparently polar with apical nuclei, and no
intracellular matrix was visible between the cells forming the
colonies by lightmicroscopy.However, the cells lacked typical
epithelial markers such as E-cadherin (CDH1). For further
details, see below. In higher passages the individual OCCs
became smaller (compare Figures 1(b) and 1(c)). Some OCCs
developed in their centers a second layer of cells on top of
the primary cell layer (Figure 1(c)). The morphology of the
colonies was faintly reminiscent of primate ES cell colonies
[20] (Figure 1(e)). Colonies with the morphology of OCCs
were never observed in pure mouse embryonic feeder cell
cultures.

3.2. OCCs Lack a Germ Cell Population in Early Passages.
In order to initially compare the neonatal ovary-derived cell
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Figure 1: Morphology of ovarian cell colonies (OCCs). (a–c)Morphology of cell colonies in the first passage and in higher passages. (d) H&E
staining of cross sections of colonies. Cells have an epitheloid morphology with rather apical nuclei. (e) Morphology of a marmoset monkey
ES cell colony.

colonies on the transcriptome level with reference samples
we performed a comprehensive transcriptome analysis of
OCCs by deep sequencing and compared the data set with
the transcriptomes of neonatal ovaries, which served as
starting material and contained oogonia, marmoset ES cells
as a reference for pluripotent cells, and skin fibroblasts,
which represent prototypic mesenchymal cells. Each indi-
vidual sample’s transcriptome was represented by at least
12Mio. reads (Supplementary Figure 1). About 40.000 dif-
ferent transcripts were detected in each individual sample
(Supplementary Figure 2). We used low passage number
samples (passage 4) in order to obtain data from cells without
extensive cell culture adaptation artefacts. Due to the very
limited material, only two independent OCC samples and
two neonatal ovaries could be analyzed.However, already this
small set of samples provided valuable insights (Figure 2).
TheOCC samples were clearly distinct from native ovary and
fibroblasts (Figure 2(a)). In contrast, the differences between
the OCCs’ and the ES cells’ transcriptomes were smaller.
Importantly, the PCA plot (Figure 2(a)) indicates fundamen-
tal differences between the transcriptomes of ovaries and
OCCs. Notably, the top 50 differentially expressed genes
between native ovaries and OCCs revealed two major facts
(Figure 2(b)). (1) Almost all differentially expressed genes
were overrepresented in the native ovary. This suggests that
the OCCs generally represent a subpopulation of the whole
cell population constituting the native ovary and that no
completely different or novel cell type developed in culture,
at least not in detectable quantities. (2) Among the top
50 differentially expressed genes are numerous germ-cell-
specific genes likeMAEL, RNF17, TEX12, TDRD9,MOV10L1,

NOBOX, ZP3, FIGLA, SOHLH2, DAZL, and SYCP2. In fact,
several germ cell genes, including DAZL, MAEL, RNF17,
TEX12, TEX101, and TDRD, were totally undetectable in the
transcriptomes of the OCCs. Other transcripts like OCT4,
LIN28, and VASA were also extremely low or absent. This
strongly indicates the complete loss of the typical neonatal
ovarian germ cell population, including postmigratory PGCs,
oogonia, and oocytes in the cell culture.

The comparison between the OCCs and the fibroblasts
revealed an increased expression of many genes in the OCCs
(Figure 2(c)). The upregulated genes include COL2A1, the
keratin gene KRT36, and VCAM1. Importantly, however, no
germ cell gene was found upregulated in OCCs compared
to fibroblasts, further substantiating the absence of germ
cells from the OCC cultures. The comparison of the top 50
differentially expressed genes between the OCCs and the ES
cells showed thatmost genes were upregulated in ES cells, like
TDGF1, LIN28A, OCT4 (POU5F1), and NANOG. Only a few
genes including the dual specificity phosphatase 13 (DUSP13)
and the serine peptidase inhibitor, Kazal type 1 (SPINK1),
were upregulated in OCCs (Figure 2(d)).

The detailed cellular identity of the OCCs could not be
determined so far. Many of the cells of the OCCs were pro-
liferation marker Ki-67-positive (Supplemental Figure S3).
Although the cells had an epitheloid shape, we failed to
detect E-cadherin in the transcriptome data as well as by
IHC (data not shown). Also cytokeratins as characteristic
proteins of epithelial cells were only barely represented in the
transcriptomes. Vimentin as typical protein of cells of mes-
enchymal origin was expressed at medium levels (∼50% of
neonatal ovary levels and 30% of fibroblast levels). However,
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Figure 2: Continued.
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Figure 2: Transcriptome analysis of OCCs. (a) Principal component analysis of the transcriptome analyses of ovarian cell colonies (OCCs),
neonatal ovaries, which served as starting material for OCC cultures, embryonic stem cells, and fibroblasts.The latter two served as reference
samples. OCC transcriptomes differ from the neonatal ovaries’ transcriptomes. However, ovaries, ES cells, and OCCs are more similar among
each other than to fibroblasts (see component 1, relative weight of 38.54%). (b) Top 50 differentially expressed genes between native neonatal
ovary and OCCs. For gene bank and Ensembl identifiers, see Table 1 of Supplementary Material. (c) Top 50 differentially expressed genes
between OCCs and fibroblasts. (d) Top 50 differentially expressed genes between OCCs and ES cells. (e) Gene ontology analysis of OCCs
versus native ovary. Cell adhesion, ion and neurotransmitter transporters, and signaling pathways are predominantly upregulated in OCCs
compared to the native ovary.

other cadherins such as CDH2 (at similar levels in cultured
ovarian cells compared to ovaries, fibroblasts, and ES cells)
and CDH22 (the same range as neonatal ovaries, 10–20%
of fibroblasts, and 50% of ES cells) were expressed by the
OCCs. Hence, the phenotypical and molecular indicators
of the status of the cells constituting the OCCs are not
congruent. In order to initially characterize the features of
the OCCs we performed a gene ontology analysis based on
the genes upregulated in OCCs compared to native ovary
(Figure 2(e)). This shows that particularly cell adhesion, ion
and neurotransmitter transport, and signaling pathways are
upregulated in the OCCs.

In summary, the transcriptome data indicate that germ
cells are absent from theOCCs.However, the detailed identity
of the OCCs remains unclear so far. Due to the limited
number of samples (𝑛 = 2) and the fact that we could
analyze only one time point by deep sequencing, we further
investigated specific genes by RT-qPCR in different passages
to obtain also longitudinal data over the course of the OCC
culture.

We have recently shown that the neonatal marmoset
monkey ovary contains primitive proliferating germ cells
expressing the germ cell and pluripotency markers OCT4A,
SALL4, LIN28, and the general germ cell marker VASA
(DDX4) [18]. All these markers are only very poorly repre-
sented in the transcriptomes of the early passage OCCs or
were even absent. We also failed to detect OCT4A, LIN28,
or VASA on the protein level in early passage OCC samples
by a well-established immunohistochemistry protocol [18]
(data not shown). In order to quantify the expression of
selected key marker genes in OCCs in relation to ES cells,
skin fibroblasts, and neonatal ovaries by an independent
method and also at higher (>4) passages, we performed RT-
qPCR for a number of pluripotency and (premeiotic) germ

cell markers including OCT4A [25], NANOG [25], SALL4
[26], LIN28 [27], VASA [28, see also Figure 5], DAZL [29],
NOBOX [30], DPPA3/STELLA/PGC7 [31, 32], PRDM1 [33],
and PRDM14 [34, 35]. Figure 3 shows the exemplary RT-
qPCR data of one culture from passage 1 to passage 13.
These data confirm that the most indicative pluripotency
factors OCT4A and NANOG were not expressed in all OCC
samples analyzed (Figure 3). In contrast, SALL4, LIN28, and
VASA were induced in passages ≥P4 except for SALL4 and
LIN28 in P9. In order to further substantiate these findings,
we also tested the expression of PRDM1, PRDM14, DAZL,
DPPA3, NOBOX, and SCP3 in the OCCs from different
passages (Figure 4). DAZL, DPPA3, NOBOX, and SCP3 as
specific germ cell genes were absent or very low at low
passages, which is in concordance with the data shown in
Figure 3. In later stages, however, all markers were detectable
at variable levels. In contrast, PRDM1 and PRDM14, early
germ cell specification genes but not specific to germ cells,
were robustly expressed in all cell culture samples. These
data suggest that our culture supports the survival and
probably also the selection of cells that have the potential to
(re)express a set of premeiotic and female germ cell marker
genes.

3.3. The OCCs Generate Oocyte-Like Cells. OCCs generated
large, free-floating spherical cells, which we termed oocyte-
like cells (OLCs; [17]). OLCs had a morphology resembling
immature oocytes.Their diameter ranged from 20 to ∼40 𝜇m
(Figure 5(a)). We sometimes also observed small structures
slightly resembling polar bodies (Figure 5(a), right picture).
However, we never observed Zona pellucida nor follicle-
like structures as described by Dyce et al. [17]. For com-
parison of the OLCs with real marmoset monkey oocytes,
see Figure 5(b). Importantly, OLCs developed even after 20



8 Stem Cells International

0
0.2
0.4
0.6
0.8

1
1.2
1.4

OCT4

P1 P2 P3 P4 P5 P9 P1
1

P1
3

N
B

ES
C

Fi
br

ob
la

sts

2
−
Δ
Δ

CT

(a)

0
0.2
0.4
0.6
0.8

1
1.2
1.4

NANOG

2
−
Δ
Δ

CT

P1 P2 P3 P4 P5 P9 P1
1

P1
3

N
B

ES
C

Fi
br

ob
la

sts

(b)

0
0.2
0.4
0.6
0.8

1
1.2

SALL4

P1 P2 P3 P4 P5 P9 P1
1

P1
3

N
B

ES
C

Fi
br

ob
la

sts

2
−
Δ
Δ

CT

(c)

0
0.2
0.4
0.6
0.8

1
1.2

LIN28

2
−
Δ
Δ

CT

P1 P2 P3 P4 P5 P9 P1
1

P1
3

N
B

ES
C

Fi
br

ob
la

sts

(d)

0

0.5

1

1.5
VASA

P1 P2 P3 P4 P5 P9 P1
1

P1
3

N
B

ES
C

Fi
br

ob
la

sts

2
−
Δ
Δ

CT

(e)

Figure 3: RT-qPCR analysis of OCCs in different passages. Real-time quantitative RT-PCR analysis of selected key pluripotency and germ
cell markers in OCCs. OCT4, NANOG, SALL4, and LIN28 are all robustly expressed in pluripotent stem cells as well as in primitive germ
cells. In contrast OCT4 and NANOG are absent from OCCs. SALL4 and LIN28 were absent or very low at low passages and increased in
expression at higher passages. VASA is a general germ cell marker and was detected in later OCC passages and in the neonatal ovary.

passages and more than 5 months of culture but were not
observed in passages < 4. We also observed OLCs neither
in MEF-only cell cultures nor in ESC cultures which are
also based on MEFs. This strongly indicates that the OLCs
indeed derive from the OCCs. To initially characterize the
OLCs, we tested the expression of key pluripotency and
germ cell markers by RT-qPCR. We collected 28 OLCs and
randomly allocated the cells to one of two groups (termed
OLCs1 and OLCs2), which were then analyzed. OCT4A,
NANOG, and LIN28 were low in OLCs compared to ES
cells and neonatal ovaries (Figures 5(c)–5(e)). SALL4 was
robustly expressed (Figure 5(f)) in the range of the controls.
In contrast, PRDM14, DPPA3, DAZL, and VASA were much
higher in OLCs than in neonatal ovary indicating very robust
expression of these germ cell markers in OLCs (Figures 5(g)–
5(j)).NOBOX was in a similar range as in the neonatal ovary.
Importantly,DAZL,VASA, andNOBOX are specific germ line

markers and are all not expressed by ES cells and fibroblasts
(Figures 5(i)–5(k)). As a marker of meiosis, we also tested
SCP3. This mRNA was also detected in OLCs, although at
lower levels compared to the neonatal ovary (Figure 5(l)).
SCP3 was undetectable in ES cells and fibroblasts. A good
indicator of meiosis is chromatin condensation in prepara-
tion of the reduction division (Figure 5(m), left). However,
we did not see a comparable chromatin condensation in
OLCs. In contrast, the OLCs showed a homogenous DAPI
signal throughout the nucleus (Figure 5(m), right). Although
there was no evidence for meiosis, the expression of the
markers strongly indicates a germ cell identity of the OLCs.
In order to further corroborate the germ line identity of
the OLCs we aimed at detecting also VASA protein in
the OLCs. First we characterized the VASA antibody to
prevent misleading antibody-based results as we [36] and
others [37] recently described. In western blot analysis a
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Figure 4: Expression of additional germ cell markers in OCCs. PRDM1 and PRDM14 are necessary for germ cell specification and are
expressed in all OCC passages in the range of the controls.DAZL andDPPA3 are also necessary for germ cell specification andwere detectable
only in few samples.NOBOX is a female-specific germ cell marker andwas detectable at relatively low levels inmost samples. SCP3 is ameiosis
marker and was detectable only in some samples at variable levels. In general, the germ-cell-specific markers were very low or absent during
the first three passages.

very intense and prominent band of the expected size of
∼85 kDa was detected in testis indicating a high specificity
of the VASA antibody (Figure 6(a)). Lack of a VASA signal
in the ovary was due to the fact that the ovary was from
an old monkey with an almost exhausted ovarian germ cell
reserve. Hence, VASA was below the detection limit in the
protein homogenate of the aged ovary. We also tested the
VASA antibody in immunohistochemistry on tissue sections
from adultmarmoset testis and ovary (Figures 6(b) and 6(c)).
In both sexes, the antibody very robustly and specifically
detected an epitope in germ cells resulting in clear cytoplas-
mic germ cell labeling. The nongerm cells were not stained
or showed only faint background staining. These findings
demonstrate the specificity of the antibody also formarmoset
VASA protein.We then used this antibody to detect potential

OLCs in OCCs. When we fixed OCCs of the 5th passage
in situ, large cells with strongly condensed chromatin, as
indicated by strong DAPI fluorescence in Figure 6(d), were
labeled by the VASA antibody (Figure 6(e)). Whether the
signal of the surrounding cells is only background staining or
whether it highlights small germ cell progenitor cells cannot
be decided at present. The diameter of the large labeled
cell was approximately 35 𝜇m like the diameter of the OLCs
shown in Figure 5(a). We also detached the cell cultures from
the culture dish and processed them—like the testis and ovary
shown in Figures 6(b) and 6(c)—for immunohistochemistry.
We detected large isolated cells that were strongly stained for
VASA (Figures 6(f) and 6(g)). The control where VASA was
replaced by the corresponding IgG showed only very faint
background signals (Figure 6(h)). These data demonstrate
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Figure 5: Continued.
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Figure 5: Oocyte-like cells derived from OCCs highly express germ cell markers. (a) Oocyte-like cells that spontaneously developed even in
high cell culture passages. The cells were freely floating in the cell culture medium and had a diameter of approximately 40 𝜇m.The passage
number is indicated in the upper right corner of each picture. Sometimes small spherical structures attached to theOLCs could be seen slightly
resembling polar bodies (arrow). (b) Left: a group of natural marmosetmonkey oocytes. Some oocytes are still associated with granulosa cells.
Right: highermagnification of amarmosetmonkey oocyte with a robust Zona pellucida. (c–l) Oocyte-like cells express pluripotency and germ
cell markers. Relative mRNA levels of selected pluripotency and germ cell markers in oocyte-like cells as revealed by real-time quantitative
RT-PCR. For OCT4A, SALL4, and LIN28, ES cells were used as positive control. Neonatal ovary was used as positive control for the germ
cell markers. Fibroblasts served as biological negative control. (m) DAPI staining of a natural oocyte (left) and of an OLC. While the oocyte
shows strongly compacted chromatin, the DAPI staining of the OLC is homogenous indicating a different chromatin state in OLCs and
natural oocytes.

that there are isolatedVASAprotein-positive oocyte-like cells
in the cultures derived from neonatal marmoset monkey
ovary.

3.4. The Relative Marker Abundance Is Decreasing within One
Passage. To obtain initial information on the transcript
abundance of themarkers during the OCC development over
time within one passage, we isolated RNA from duplicate
samples from OCCs after 2, 4, 6, and 8 days. OCT4A,
NANOG, and LIN28 were very low or absent (Figures 7(a)–
7(c)). In contrast, SALL4 and VASA were robustly detectable
in all samples (Figures 7(d) and 7(e)). Both markers exhib-
ited a high abundance at day 2. Later time points (days

4–8) showed a decrease in transcript abundance relative
to GAPDH probably reflecting a higher proliferation rate of
themarker-negative (butGAPDH expressing) cells compared
to the marker-positive cells leading to a dilution effect of the
VASA- and SALL4-positive cells.

3.5. No Production of Sex Steroids by the OCCs. We were
wondering whether the OCCs have the ability to produce
female sex steroids like specific cells of the ovary in vivo.
Therefore, we tested medium samples from low and high
culture passages after several days without medium change.
Samples were analyzed for estradiol, which is primarily
produced by ovarian granulosa cells, and progesterone, which
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Figure 6: Characterization of the VASA antibody and detection of VASA-positive cells in OCCs. (a) Western blot analysis using marmoset
monkey protein samples demonstrates the specificity of the VASA antibody. ∗ indicates that the ovary was from an aged animal. The ovarian
germ cell pool was therefore most likely strongly reduced or even exhausted leading to undetectable VASA protein concentrations in the
sample. (b and c) Immunohistochemical application of the VASA antibody to marmoset gonads showed germ-cell-specific labeling in the
adult testis and the adult ovary. (d) DAPI staining of a part of an OCC. Note the intensely stained nucleus in the central part. (e) The same
area shown in (d). The large cell containing the intensely stained nucleus strongly stains for VASA. The signal is blurry due to the fact that
the picture was taken through the bottom of a normal cell culture dish. (f, g) Examples of isolated VASA-positive cells in sections of paraffin-
embedded OCCs.

is synthetized by the cells of the Corpus luteum. Neither
estradiol nor progesterone was detected in medium sam-
ples. Moreover, FSHR transcripts were undetectable in OCC
samples by deep sequencing and LH/CGR abundance was
lower than in neonatal ovary, fibroblasts, and ES cells (data
not shown). Hence, the colonies do not consist of functional
endocrine cells of the ovary.

3.6. Neither TeratomaNor Ovarian Tissue Formation in a Sub-
cutaneous Transplantation Assay. Subcutaneous transplanta-
tion of cells into immune-deficient mice is a useful approach
to assay cells with regard to their differentiation capabilities,
for example, the teratoma formation assay. Moreover, we
have recently shown that single-cell suspensions derived from

dissociated neonatal monkey testis can reconstitute complex
testis tissue after transplantation into immune-deficient mice
[24]. In order to test whether the OCCs have the ability
to form ovarian tissue under the “in vivo” conditions after
transplantation, we injected ∼106 cells per mouse from the
5th passage subcutaneously into 4 female adult NOD-SCID
mice. Tissues from the injection site were collected for his-
tological analysis after 15 weeks. Neither ovary-like tissue nor
teratoma or any other conspicuous tissue was found (data not
shown).

4. Discussion

A controversial debate on the presence of mitotically active
germ line stem cells in the postnatal ovary characterized
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Figure 7: Pluripotency and germ cell markermRNA abundance during the development of OCCswithin one passage as revealed by real-time
quantitative PCR. Positive controls for OCT4A, SALL4, and LIN28 were ES cells. Neonatal ovary was used as positive control for the germ
cell marker VASA. NANOG was very low and OCT4A and LIN28 were absent at all time points analyzed. Relative abundance of SALL4 and
VASA generally decreased with time during the culture period. D: days of culture. W: well for cell culture. NB: newborn ovary.

the last decade of ovarian germ cell research in mammals.
Several reports provided data supporting the presence of
ovarian germ line stem cells in postnatal mouse ovaries, for
example, [10, 13, 38], while other studies failed to identify
female germ line stem cells, for example, [7, 8], thereby
supporting the classical view of ovarian biology [1]. In
primates including humans, the published data are similarly
controversial and still not fully conclusive. Byskov et al. [3]
failed to detect oogonia, which may be candidate cells for

ovarian stem cells, in the postnatal human ovary older than
two years, and even in younger postnatal ovaries the stem cell
marker OCT4 was detectable only very rarely. We recently
also failed to detect pluripotency and stem cell marker-
positive cells in marmoset ovaries at one year of age [18]. On
the other hand, White et al. [12] isolated mitotically active
cells from human adult ovarian cortex that had the potential
to form oocyte-like cells in vitro and to form ovarian follicles
in a combined alloxenografting approach. Recently, however,
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Yuan et al. [9] failed to provide evidence for mitotically active
germ line stem cells in rhesus monkeys (Macaca mulatta)
and mice concluding that adult ovaries do not undergo germ
cell renewal. Furthermore, almost ten years ago, Dyce et al.
[17] reported that not only ovarian cells have the potential
to develop female germ cells, but also fetal porcine skin
cells have. They formed oocyte-like cells in vitro which were
extruded from hormone-responsive follicle-like aggregates.

We have established a long-term cell culture system for
neonatalmarmosetmonkey ovarian cells. Seeding of themar-
moset monkey ovarian cell suspension onto the MEF cells
resulted in the development of cell colonies morphologically
resembling colonies which have been observed previously by
different other groups for human [39] and mouse [38, 40]
ovarian cell cultures. However, while these studies reported
the robust expression of pluripotency markers such as OCT4
and NANOG and therefore claimed an ES cell-like character
of the cells [40], we failed to detect these core pluripotency
markers in marmoset ovarian cell cultures on the transcript
and on the protein level (the latter not shown), although
our starting material, that is, neonatal ovary, was positive
for these factors. In fact, marmoset monkey primordial germ
cells [19] and oogonia [18] robustly express OCT4. This
discrepancy between the native premeiotic germ cells and the
cultured ovarian cells shows that themarmoset OCCs did not
contain remaining (“contaminating”) primordial germ cells
or oogonia. All our data point to the fact that premeiotic
germ cells were absent from the early passages of the cultured
ovarian cells. This is also in contrast to a publication on pig
ovarian stem cells. Bui and colleagues [41] derived putative
stem cells from adult pig ovary that gave rise to germ cell-
like cells corresponding to primordial germ cells. However,
these cells, unlike the cells described in our present study,
also robustly expressed pluripotency factors such as OCT4
and NANOG. Moreover, the phenotype of the pig cells in
culture was different from the colonies observed in this study
and other studies, for example, [40]. Interestingly, however,
despite the clearly different starting conditions, both our and
Bui’s cell culture systems resulted in the development of large
oocyte-like cells.

In addition to the absence of the pluripotency factors, we
did not detect even a single DAZL, MAEL, RNF17, TEX12,
TEX101, or TDRD1 transcript in OCCs of the 4th passage by
deep sequencing, while all these germ cell transcripts were
abundant in the neonatal ovary samples further supporting
the absence of germ cells from the marmoset ovarian cell
cultures at low passages. Hence, we conclude that marmoset
monkey OCCs are neither germ cells nor pluripotent stem
cells.The exact identity of theOCCswill be analyzed in future
studies. However, despite showing morphology resembling
an epithelium, the OCCs lacked characteristic proteins of
epithelia like E-cadherin and cytokeratins. However, from
OCC passage 4 onwards, we observed the development of
individual oocyte-like cells strongly expressing the germ
cell genes VASA, DAZL, NOBOX, DPPA3, and SALL4. Fur-
thermore, also the meiotic marker SCP3 was expressed in
OLCs even though at moderate levels. In contrast, OCT4A,
NANOG, and LIN28 were low in OLCs. In addition to the
marker expression data on the mRNA level we wanted to

confirm VASA also on the protein level. We detected robust
VASA protein expression in OLCs. Altogether, this marker
profile suggests that the OLCs may correspond to a late
premeiotic stage. These characteristics are partly similar to
those of the OLCs described by Dyce et al. [17]. However,
Dyce and colleagues showed that OLCs developed from cell
aggregates that detached from the cell culture surface and
formed hormone-responsive follicle-like structures. Then,
the OLCs were extruded from the follicles and released into
the medium. From ∼500,000 skin cells approximately 6–70
large cells were extruded. Our findings were in the same
rangewith typically 5–10 largeOLCs perwell and passage. But
we never observed follicle-like structures. Moreover, we did
not obtain any evidence for an endocrine regulation of OLC
development in the marmoset monkey ovarian cell cultures.

Since we originally intended to culture oogonia, we spun
down the cells down primary cells at 200 g. This may be
insufficient to quantitatively collect those cells in the pellet
that were cultured in previous studies, where the ovarian
germ line stem cells were sedimented at 300 g [13] or 1000 g
[14], respectively. Based on this, we hypothesize that we
collected in the present study oogonia (and other larger
somatic cells) using a force of 200 g but only marginal
amounts of the progenitors of the OLCs, which probably are
a subpopulation of the OSE [14]. The oogonia apparently
did not survive in our culture system. Therefore, we were
unable to detect pluripotency markers in our culture and
germ cell markers in the early passages. However, we further
hypothesize that despite the low 𝑔 force applied in our study
someOSE cells with stem cell capacity were still present in the
culture. They were hypothetically able to develop into OLCs
after more than three passages.

We also tested magnetic activated cell sorting (MACS)
to enrich putative stem cells. However, MACS using, for
example, TRA-1-81 antibodies was not successful. It must
be noted, however, that the neonatal marmoset ovary is
extremely tiny and that its availability is very limited. Indeed,
the size of the neonatal ovary is only about 2mm × 1mm ×
1mm. Hence, experimental refinement and cell enrichment
approaches are extraordinarily challenging. Therefore, we
decided in the present study to culture the unsorted cell
population obtained after tissue digestion.

In summary, we have established a long-term neonatal
marmoset monkey ovarian cell culture system. However, we
failed to detect pluripotent stem and premeiotic germ cell
markers in low OCC passages. From passage 4 onwards,
however, OLCs developed and were still developing at high
passages (>20) after more than 5 months of culture. Con-
sidering the marker expression data, the view of a germ
cell identity of the OLCs appears justified. An essential
prerequisite of gamete formation is meiosis [42]. Except for
the expression of SCP3, which is an essential protein for
meiotic synaptonemal complex formation, we obtained no
evidence for meiotic entry of the OLCs except the formation
of some structures morphologically resembling polar bodies.
We also never observed a Zona pellucida. Altogether, OLCs
generated in this culture system appear to be germ line cells,
but they are neither functional female gametes nor do they
represent meiotic germ cell stages.
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Currently it remains to be proven from which progenitor
cells the OLCs develop in our culture system. So far, we were
not able to identify these cells in the marmoset. However, a
candidate tissue for the presence of ovarian stem cells with
germ line potential could be the ovarian surface epithelium,
which is discussed to be a multipotent tissue possibly harbor-
ing a stem or progenitor cell type [43]. In this regard, also the
concept of the very small embryonic-like stem cells (VSELs)
should be taken into account [16].

5. Conclusion and Outlook

In conclusion, we have established a nonhuman primate
cell culture system that allows the long-term culture and
development of OLCs from a nonhuman primate species.
The vast majority of the cultured cells in this study, how-
ever, are neither pluripotent stem cells nor germ (line
stem) cells, as has been suggested or shown in previous
reports [38–40]. Future experiments should aim at resolving
this discrepancy and test whether this is a species-specific
phenomenon.

Future experiments will also aim at the identification
and functional characterization of the stem/progenitor cell
population in the marmoset culture system. Furthermore,
protocols are needed that support the entry of the OLCs
into meiosis potentially giving rise to mature oocytes in the
future. Besides functional testing of these cells, their correct
epigenetic state needs to be confirmed. In the future, a refined
culture system based on the one described here may allow
more detailed in vitro studies on early phases of primate germ
cell development and on the molecular and cellular identity
ofOLCs and their progenitors in an experimentally accessible
NHP system. In the long term, this may also contribute in the
future to the development of novel therapeutic approaches of
female infertility.
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Here, we aimed to answer important and fundamental questions in germ cell biology with special focus on the age of the male
donor cells and the possibility to generate embryonic stem cell- (ESC-) like cells. While it is believed that spermatogonial stem cells
(SSCs) and truly pluripotent ESC-like cells can be isolated from adult mice, it remained unknown if the spontaneous conversion
of SSCs to ESC-like cells fails at some age. Similarly, there have been differences in the literature about the duration of cultures
during which ESC-like cells may appear. We demonstrate the possibility to derive ESC-like cells from SSC cultures until they reach
adolescence or up to 7 weeks of age, but we point out the impossibility to derive these cells from older, mature adult mice. The
inability of real adult SSCs to shift to a pluripotent state coincides with a decline in expression of the core pluripotency genes Oct4,
Nanog, and Sox2 in SSCs with age. At the same time genes of the spermatogonial differentiation pathway increase. The generated
ESC-like cells were similar to ESCs and express pluripotency markers. In vitro they differentiate into all three germ lineages; they
form complex teratomas after transplantation in SCID mice and produce chimeric mice.

1. Introduction

Pluripotent stem cells (PSCs) are undifferentiated cells which
have the potential for proliferation, self-renewal, and dif-
ferentiation into ectodermal, mesodermal, and endodermal
cells of all three embryonic germ layers in vitro and in
vivo [1]. So far, several different approaches were used
for the generation of PSCs, including ESCs obtained after
fertilization from the inner cell mass of an embryo at the
blastocyst stage [1, 2]. They were also procured by enforced
expression of pluripotency genes in somatic cells, giving

rise to the so-called induced pluripotent stem cells (iPSCs)
[3, 4]; one of the promising methods for a more natural
and ethical unproblematic establishment of PSCs is SSCs,
especially for therapeutic approaches in humanmedicine [5–
11]. SSCs are present in a small number in the testis, but they
can be isolated and expanded in vitro [5]. Although they are
unipotent stem cells under the environmental control of their
stem cell niche, under specific culture conditions outside the
niche and without any exogenous pluripotency genes, they
are able to convert to ESC-like cells at different times after
the initiation of culture or isolation of SSCs [5, 9, 10].
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The generation of PSCs of mouse testis cells dates back to
2004 by Kanatsu-Shinohara et al. [5], when they generated
ESC-like cells in SSC culture from two-day-old pups and
obtained these cells 4–7 weeks after the initiation of culture.
Guan et al. [9] obtained ESC-like cells from populations of
STRA8-GFP positive cells of 4–7-week-old adult mice. Ko et
al. repeated the induction of pluripotency in 5-week- to 7-
month-old Oct-4 GFP positive adult SSCs and described the
dependence of the induction on the initial number of plated
SSCs and the length of culture time of Oct-4-positive cells
without splitting [7]. On the other hand, this group worked
in the later published protocol of conversion of SSCs into
pluripotent stem cells only with SSCs of mice from postnatal
day 35 (5 weeks old) [8].

Also Seandel et al. generated adult spermatogonial-
derived stem cells from GPR125-positive cells in 3-week- to
8-month-old mice, but these cells were only multipotent [10].

In our experiments, we identified the spontaneous
conversion of SSCs in ESC-like cells from neonate and nearly
adult testis up to 7-week-old mice. On the contrary, it was
impossible to generate ESC-like cells from mice older than 7
weeks. According to the NIH criteria (http://www.research-
gate.net/post/At what age are laboratory mice considered
adult2), mice are considered adult after 8 weeks of age. The
sexual activity of mice starts between 5 and 6 weeks of age
[12]. According to Finlay and Darlington [13], mice should
be considered mature adult between 3 and 6 months of age.

The potential generation of pluripotent cells from SSCs
can apparently only be realized up to the age of 7 weeks.
Therefore, it is a debatable point whether generation of
pluripotent SSCs depends on their development status in
correlation with the completion of puberty. The possibility
of generating ESC-like cells from this cell type seems to stall
before donor mice are fully matured adults.

2. Material and Methods

2.1. Isolation of SSCs and Establishment and Culture of ESC-
Like Cells. All animal experiments were confirmed to the
local and international guidelines for the use of experi-
mental animals and were approved by the Royan Institu-
tional Review Board and Institutional Ethical Committee
(Tehran, Iran) and by the regional authorities in Germany
(Regierungspräsidium Karlsruhe). Testis cells were isolated
from C57BL/6, 129/Sv mouse strains of 6-day- to 6-month-
old transgenic Oct4-GFP-reporter mice. After removing the
tunica albuginea, the seminiferous tubules were separated
and placed in a digestion solution which contained collage-
nase IV (0.5mg/mL, Sigma), DNAse I (0.5mg/mL, Sigma),
and Dispase I (0.5mg/mL, Roche) in HBSS buffer with Mg++
and Ca++ (PAA) at 37∘C for 8 minutes. Digestion enzymes
were stopped with 10% ESC-qualified FBS (Invitrogen) and
additionally the cell suspension was triturated by pipetting
to obtain a single cell suspension. After centrifugation, the
cell pellet was washed with DMEM/F12 (PAA), filtered
through a 70 𝜇m cell strainer, and centrifuged again for
10 minutes at 1200 rpm. The supernatant was completely
removed and the cells were resuspended in mouse SSC
medium (StemPro-34 medium, N2-supplement, D+ glucose,

bovine serum albumin, L-glutamine, 𝛽-mercaptoethanol,
penicillin/streptomycin, MEM vitamins, NEAA, estradiol,
progesterone, EGF, FGF, GDNF, LIF, ES-FBS, ascorbic acid,
pyruvic acid, and DL-lactic acid) and plated onto 0.1%
gelatin-coated culture dishes (5 × 105 cells per 9.6 cm2 for
neonate and 5 × 105 cells per 9.6 cm2 for adult mice). About
3–7 days later, cultures of cells from neonate mice and 7–14
days later from adult mice, GFP-positive SSC colonies were
manually selected from the primary culture and plated on
a mouse embryonal feeder (MEF) layer in at least four 24-
well plates (approximately 500 cells per well) per group. Cells
were passaged 1 : 1–1 : 4 every 3-4 weeks. At the beginning,
SSCs expressed Oct4-GFP especially from neonate mice and
much weaker in mice older than 7 weeks. But this signal was
downregulated after 2-3 weeks after the initiation of culture.
During SSC cultivation we screened daily for colonies which
were similar to mouse ESCs, ESC-like cells that re-expressed
a high level of Oct4-GFP.

These generated ESC-like cells were manually selected
and subcultured on aMEF feeder layer inmouse ESC (mESC)
medium with KO-DMEM, (Invitrogen) 15% ESC-qualified
FBS (Invitrogen), 1% NEAA (PAA), 1% L-glutamine (PAA),
1% Pen-Strep (PAA), 0.1% 𝛽-mercaptoethanol (Invitrogen),
and LIF (ESGRO, Millipore) at a final concentration of
1000U/mL. ESC-like colonies were grown in mESCs media
and were passaged every 3-4 days.

In the supplementary method section (in Supplementary
Material available online at http://dx.doi.org/10.1155/2016/
8216312), we describe inmore detail thematerial andmethods
of RNA extraction and RT-PCR analysis, gene expression
analyses (Fluidigm Biomark), immunofluorescence staining
(IMH), electrophysiology, FACS analysis, alkaline phos-
phatase assay, embryoid body (EB) formation, neuronal
differentiation, cardiomyocyte differentiation production of
teratoma and chimeric mice, and the statistical analysis.

3. Results

3.1. Isolation and Expansion of SSCs. After mild digestion
with collagenase, the seminiferous testicular tubules from
neonatal, 7-week-old, and 12-week-old mice were sepa-
rated and could be microscopically investigated under UV-
light. The Oct4-GFP signal was clearly observable in the
freshly isolated seminiferous tubules of neonate mouse testis
(Figure 1(a)), while in adult mice the number and intensity
of Oct4-GFP signals were much lower and very low in 12-
week-old mice (Figure 1(b)). After digesting and plating, the
expression of the Oct4-GFP signal was detectable in both
neonate and adult SSCs, although in adult SSCs to a much
lower extend and with lower intensity (data not shown). All
the isolated Oct4-GFP SSCs were positive for DDX4 (Vasa)
and negative for Vimentin immunocytochemistry (data not
shown). The morphology of SSCs was similar, irrespective of
the age of themice and the days of the culture. Representative
examples of spermatogonial cultures are shown in Figure 1.

Up to 14–21 days after initiation of the primary testis
cultures with SSC medium, SSCs with a positive Oct4-GFP
signal were observed during the culture of neonate but were
observed very rarely during the culture of adult mice (Figures
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Figure 1: Number and intensity of GFP signals in the neonate and adult mouse testicular tubules (a, b) and SSC cultures (c, d) from transgenic
Oct4-GFP reporter mice. (A1–A3) In the freshly dissected testicular tubules, the number of Oct4-GFP positive cells and the intensity of the
Oct-GFP signal were higher and stronger in neonate mice than in adult mice >7 weeks (B1–B3). (C1–C3) Oct4-GFP positive SSCs were clearly
present during initial cultures fromneonatemice, while in adultmice>7weeks SCCsOct4-GFP signals weremuchweaker from the beginning
(D1–D3). SSC colonies were grown on MEF feeder layers. (A1–D1) bright field; (A2–D2) green fluorescence for Oct4-GFP; (A3–D3) merged
images. Scale bars: (a)–(c) 50 𝜇m, (d) 25 𝜇m.
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Figure 2: Different gene expression profiles of neonatal and adult SSCs with germ cell-enriched and pluripotency associated genes. Adult
SSCs were obtained from 7- and 12-week-old mice. (a) Dendrogram and (b) PCA demonstrate that neonate and adult SSCs are distinct and
localize in separated trees in the dendrogram or areas in the PCA. (c) Heat map shows array of pluripotency and germ cell associated genes
with a cluster of different populations of neonatal SSCs (coloured dark blue), while adult SSCs cluster from 7- and 12-week-old mice in a
separate tree (coloured light blue and green).

1(c) and 1(d)). After three weeks, the Oct4-GFP signal was
completely downregulated and in the near of not observable
during long-term culture (data not shown). The SSCs were
passaged for more than 22 times and could be cultivated up
to one year and longer.

3.2. Gene Expression Profiling of SSCs from Neonatal and
Adult Mice. We quantified and analyzed the expression of
important germ cell-enriched genes (LHX1, Stella, VASA,
DAZL, CD9, EPCAM, GPR125, GDF3, THY1, STRA8, GFRa1,
1ITGB1, TAF4b, KIT, ETV5, and BCL6B) and pluripotency
associated genes (Oct4, Nanog, Sox2, TDGF1, KLF4, MYC,

LIN28, SALL4, DPPA3, and DPPA5) in neonatal and adult
SSCs, which were obtained from 7- and 12-week-old mice by
real-time PCR with Fluidigm nanofluid technology.

Hierarchical clustering (dendrogram) and principal com-
ponent analysis (PCA), as in Figure 2, made evident that
neonatal and adult SSCs are different and localized in sepa-
rated trees in the dendrogram or areas in the PCA.

The heat map analysis with an array of pluripotency and
germ cell associated genes revealed that a cluster of various
populations of neonatal SSCs was significantly different from
the other groups, while adult SSCs from 7- and 12-week-old
mice clustered in a separate tree.
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Figure 3: Bar plot showing expression of pluripotency and germ cell associated genes between neonatal SSCs (coloured dark blue), 7-week-
old adult SSCs (coloured light blue), and 12-week-old adult SSCs (coloured green blue). Red arrows mark significantly downregulated genes
and purple arrowsmark upregulated genes in adult SSCs (more than 2-fold and𝑃 < 0.05). Note that the core pluripotency genes Oct4, Nanog,
and Sox2 are downregulated in adult SSCs from 12-week-old mice.

The neonatal SSCs expressed a significantly higher level
of the pluripotency genes Oct4, NANOG, TDGF1, and Sox2
in comparison to adult SSCs (fold change > 2 and 𝑡-test 𝑃 <
0.05) (Figures 2 and 3; Supplementary Table 1).

In contrast, several germ cell associated genes in the adult
SSCs were expressed in descending order MYC, NODAL,
LHX1, GDF3, GPR125, BCL6B, TERT, CD9, ITGB1,VASA,
TAF4b, EPCAM, BCL2L2, ETV5, DAZL, KLF4, RET, and
THY1 and at a significantly higher level than in neonatal SSCs
(fold change > 2 and 𝑡-test 𝑃 < 0.05).

Not significantly regulated between neonate and adult
SSCs were GFRa1, KIT, STRA8, LIN28, and DPPA3 (fold
change > 2 and 𝑡-test 𝑃 < 0.05).

In a comparison between neonatal SSCs and SSCs
obtained from 12-week-old mice, these differences became
even more apparent (see Supplementary Tables). Moreover,
comparing SSCs from 7-week-old and 12-week-old mice, the
pluripotency genes are significantly higher expressed in SSCs
obtained from 7-week-old mice.

As apparent in the bar plot (Figure 3), the core pluripo-
tency genes Oct4, Nanog, and Sox2 were significantly down-
regulated in adult SSCs from 12-week-old mice, while the
expression of germ cell genes was found more stable in
the more developed and differentiated epithelium of sper-
matogenesis. In contrast to neonatal SSCs and those from

7-week-old mice, Oct4 was also insignificantly differentially
expressed in 12-week-old mice in comparison to fibroblasts.
This possibly indicates that an important prerequisite for a
natural shift to pluripotency in male germ cells is lost during
adolescence. The decline in the expression of pluripotency
genes at the edge of adultness is demonstrated in aheat map
and correlation analyses in Figure 4 as well. The expression
levels of core pluripotency genes Oct4, Nanog, and Sox2
decrease in SSCs with the age of the animal.

3.3. The Occurrence of Pluripotent ESC-Like Cells from Oct4
GFP Positive Cells Is Restricted to Neonatal up to 7-Week-Old
Mice. As documented in Figures 5 and 6, ESC-like cells could
only be generated from SSCs obtained from mice not older
than 7 weeks, during a cultivation time of these SSCs between
46 days and 143 days. As shown in Figures 5(a) and 5(b), ESC-
like colonies were observed in days 46, 48, 84, 91, 101, and
119 in neonatal SSCs and after 116 and 143 days in 7-week-
old mice, counting from initiation of the culture (Figures 5
and 6). No ESC-like cells or colonies could be observed in
the groups of SSCs obtained from 9–16-week-old and 23-24-
week-old mice (Figures 5 and 6).

We observed no development of ESC-like colonies from
the SSC cultures at all before 46 days and after 143 days.
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Figure 4: Continued.
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Figure 4: (a) Heat map and (b–d) correlation analyses reveal expression levels of core pluripotency genes Oct4, Nanog, and Sox2 decrease
in SSCs with age of the animal. A decline in Oct4, Nanog, and Sox2 expression is clearly observable after 7 weeks of age and becomes even
more evident after 12 weeks of age. Arrows in (b–d) mark the localization of Oct4, Nanog, and Sox2 in the correlations.
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Figure 5: (a) Table and (b) graph demonstrate that ESC-like cells can only be obtained with SSCs obtained frommice until the age of 7 weeks.
SSCs obtained from older adult animals are unable to show a shift to pluripotency (red arrows).

3.4. The ESC-Like Cells Are Fully Pluripotent, Form Teratoma,
and Produce Chimera. ESC-like colonies had a packed
spindle- to round-shaped morphology with smooth borders
(Supplementary Figure 2A1).Moreover, they displayed a high
intensity of the Oct4-GFP signal (Supplementary Figures
2A2, 2A3). The ESC-like cell lines were passaged 1 : 5–1 : 8

for more than 15 times following trypsin digestion, with
an estimated doubling time of 48–72 h. They still expressed
Oct4-GFP after long-term cultivation. The cells preserved
their undifferentiated state in multiple passages. The estab-
lished ESC-like cell lines were successfully expanded, cry-
opreserved, and thawed with no loss in proliferation or
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Figure 6: Schematic illustration pinpoints that occurrence of
pluripotent ESC like cells from Oct4 GFP positive cells with the
production of chimera and formation of teratoma is restricted to
neonatal up to 7-week-old mice.

differentiation capacities. Figures 7 and 8 make evident the
close similarity of the gene expression profiles of ESC-like
cells and ESCwith germ cell-enriched and pluripotency asso-
ciated genes but show clear distinction to fibroblasts. Reading
the dendrogram, PCA, and heat map, we observe the ESCs
derivation from neonatal and 7-week-old mice and the ESCs
intermingling in den trees und areas. Moreover, it becomes
evident from the bar plots that all of the pluripotency genes
were strongly expressed in ESC-like cells and ESCs (Figures
7 and 8; Supplementary Tables 1 and 2). DPPA3, BCL2L2,
SALL4, and Nanog were upregulated in ESC-like cells in
comparison to ESCs (fold change > 1.5 and 𝑡-test 𝑃 < 0.05).

The ESC-like cell lines showed the ability to differentiate
spontaneously in vitro into derivatives of all three germ layers
by EB formation at day 10 and after plating (Supplementary
Figure 4 and Supplementary Figure 5A). mRNA and protein
expression of the lineage specific marker genes for ectoderm
(Nestin,Map2, Tuj1,NeuN,GFAP, and Pax6) (Supplementary
Figure 4), mesoderm (Gata4, Brachyury, EPCAM1, Myf5,
MyoD, Islet1, SM-actin, and FLK1), and endoderm (Afp
and Keratin-18) demonstrate this (Supplementary Figure

5A). Moreover, directed differentiation into cardiomyocytes
showed 14 (±3) beating areas for each well of 6-well plate
with 87 (±36) beating contractions per minute (Supple-
mentary Figure 3C; Supplementary film). Also differentiated
cardiomyocytes were analyzed by whole-cell current clamp
for pacemaker activity. It was observed that beating cells
have a rhythmic action potential generation over time, with a
constant amplitude (Supplementary Figure 3C).

Thus, the expression of lineage specific marker genes,
Map2, Nestin, NeuN, Pax6, Tuj1, and GFAP, demonstrated
the directed differentiation into the neural cell phenotype
(Supplementary Figure 4). We further examined the func-
tion of ESC-like cell-derived neuronal cells by patch clamp
recordings (Supplementary Figure 3F). Upon a brief current
pulse of 5ms, all cells (𝑛 = 6) could fire an action potential.
There were cells that would fire continuously (2 cells out
of 6 cells recorded) and cells that would not fire (4 cells
out of 6 cells recorded, data not shown). Interestingly, the
recorded cells displayed a strong hypopolarizing current after
action potential generation. Moreover, the resting membrane
potential was variable between the cells.

We tested the capacity of the ESC-like cells to form a ter-
atoma and to generate chimeric mice to further confirm their
pluripotency. We subcutaneously transplanted 2 × 106 ESC-
like cells into SCID mice. At four weeks after injection, ESC-
like cells resulted in teratomas that contained all three germ
layers (Figures 9(a)–9(d); Supplementary Figure 5B). Histo-
logical analyses showed the presence of neural structures and
epidermis (as ectodermal derivatives), bone structure and
adipose tissue (as mesodermal structures), and gut structure
(as endodermal derivatives) in the teratoma sections (Figures
9(a)–9(d); Supplementary Figure 5B). To investigate chimera
formation, ESC-like cells were transferred into blastocyst and
chimeric mice were identified by coat color (Figures 9(e)–
9(h)).

4. Discussion

SSCs are the only source of naturally occurring truly pluripo-
tent stem cells in the organism after birth, which do not have
to be artificially reprogrammed such as iPSCs.Themolecular
mechanisms underlying the natural shift from a unipotent
to a completely pluripotent cell during the establishment of
mouse ESC-like cells from SSCs are not completely under-
stood until now. However, it appears that the age of animals,
the mouse strain used, the culture conditions with growth
factors involved, the cell density of SSCs during culture, the
time period after initiation of culture, and the length of
culturemight all be key players in the transition process [5, 8–
11].

In our work, we demonstrated the scarcity of the con-
version of SSCs to ESC-like cells. Conversion occurred
spontaneously from SSCs of neonate and up to 7-week-old
mouse testis but not from older mice considered adult or
even mature adult [12, 13]. This observation implies that the
generation of ESC-like cells from SSCs coincides with the
general development of the mouse up to an adolescent stage
and thereafter ceases. Although mice are sexually mature by



Stem Cells International 9

ESC-like neonatal
ESC-like neonatal

ESC-like neonatal
ESC-like neonatal

ESC-like neonatal

ESCs P17

ESCs P17
ESCs P17

Fibroblasts, CF1
Fibroblasts, CF1
Fibroblasts, CF1

50 100
ESC-like, 7 w adult

w adult

w adultESC-like, 7

ESC-like, 7

(a)

ESC-like, 7w
ESC-like, neonatal

ESCs

Fibroblasts

PC1
−66−68 −64 −62 −60 −58 −56 −54 −52 −50 −48 −46 −44

PC
2

−16

−18

−20

−22

−14

−12

−10

−8

−6

−4

−2

0

2

4

6

8

(b)

SOX2

DAZL
DPPA5

GFRa1

NANOG
DPPA3
TDGF1

THY1
Vimentin

NODAL

LHX1

MYC

BCL6B

RET

VASA

OCT4

LIN28

KLF4

TERT
GPR125

KIT

SAL4

TAF4b

EPCAM

STRA8

CD9

ITGB1
FN1

ES
C-

lik
e n

eo
na

ta
l

ES
C-

lik
e n

eo
na

ta
l

ES
C-

lik
e n

eo
na

ta
l

ES
C-

lik
e n

eo
na

ta
l

ES
C-

lik
e n

eo
na

ta
l

Fi
br

ob
la

sts
, C

F1

Fi
br

ob
la

sts
, C

F1

Fi
br

ob
la

sts
, C

F1

ETV5

BCL2L2

GDF3

ES
C-

lik
e,
7

w
 ad

ul
t

ES
C-

lik
e,
7

w
 ad

ul
t

ES
C-

lik
e,
7

w
 ad

ul
t

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

(c)

Figure 7: Similar gene expression profiles of ESC-like cells and mESCs with germ cell-enriched and pluripotency associated genes. (a)
Dendrogram and (b) PCA clearly demonstrate that ESC-like cells and mESCs are similar to each other but distinct to fibroblasts which
localize in separated trees or areas. (c) Heat map shows array of pluripotency and germ cell associated genes with a cluster of ESC-like cells
and mESCs (both underlined with orange bar), while fibroblasts cluster in a separate tree (underlined with black bar).

35 days of age, relatively rapidmaturational growth continues
for most biological processes and cells. Tissues and organs
continue to develop in the mouse until about three months
of age [12, 13].

We observed that the amount of positive cells and signal
density of Oct4-GFP in the seminiferous tubules of the
neonate mouse testis was higher than in old mouse testis
(after 7 weeks of age). Reduction of Oct4, Nanog, Sox2, and
TGF𝛽1 expression with agingmay be related to a reduction of
the undifferentiated SSCpool.Thesemight include gonocytes
and prespermatogonia in the testis of neonates and older
animals. These observations might also indicate difficulties
for the generation of ESC-like cells from older mice.

We also observed another limitation for appearance of
ESC-like cells after initiation of culture that only occurred

during a special time window (46 until 143 days) after
initiation of SSCs cultures. Several reports concerning long-
term cultivation for SSCs failed to describe this spontaneous
shift of SSCs to pluripotent ESC-like cells [14, 15].

These results give the impression of a critical time
window for the generation of pluripotent cells from SSCs
and the impracticality of ESC-like cells being generated from
continuous Oct4-GFP SSC culture. Kanatsu-Shinohara et al.
also generated ESC-like cells during a time window about
4–7 weeks after initiation of culture in the neonate mouse
SSCs [5]. To answer the question related to the origin of the
SSC-ESC-like shift, different reporters including Stra8 [9],
GPR125 [10], and Oct4 [7, 8] were employed for generation
of ESC-like cells. Furthermore, Kanatsu-Shinohara et al.
[16] analyzed the developmental fate of a single cell from
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Figure 8: Bar plot showing expression of pluripotency and germ cell associated genes between ESC-like cells (coloured pink or dark red) and
mESCs (coloured light red). Note that the core pluripotency genes Oct4, Nanog, and Sox2 are not differentially regulated between ESC-like
cells and mESCs.
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Figure 9: Pluripotency characterization of ESC-like cells with teratoma formation including tissue structures of all germ layers (a–d) and
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a SSC culture that appeared during transfection experi-
ments. But in all these experiments, the original cell source
was heterogeneous, although the ESC-like cells were highly
enriched.

Ko et al. [8] showed the induction of pluripotency from a
SSC culture fromOct4 transgenic reportermouse at postnatal
day 35.They argued that this transitionwasmainly dependent
on a distinct number of SSCs and on the length of culture
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for reprogramming (2–4 weeks), while they did not really
mention if reprogramming occurred in every stage of the SSC
culture.

We demonstrated that the ESC-like cells are fully pluripo-
tent, express pluripotency markers, have the potential for
complex teratoma formation, and produce chimera in the
recipient mouse similar to mouse ESCs. Moreover, they are
highly capable of differentiating into neuronal and cardiomy-
ocyte phenotypes after in vitro differentiation, which also has
been shown by other groups [17, 18].

It would be of major interest to study factors, including
small molecules, that could increase the probability and
also the restricted time window of SSC to PSC conversion.
Recently it has been shown that the addition of glycogen
synthase kinase-3 inhibitors to the testis-derived SC cultures
increases the likelihood for the occurrence of ESC-like cells
from SSCs [11].

In the primary culture of isolated cells from Oct4 trans-
genic reporter mice, we observed that the Oct4-GFP signal
was expressed at a moderate level in neonate up to a low
level in older or adult SSCs. This expression was completely
downregulated during short- and long-term SSC culture [19],
and a high density signal only remerged after conversion to
ESC-like cells.

mRNA expression profiling confirmed that the expres-
sion of germ cell specific genes increased with age and
was therefore significantly higher in SSCs from 7- to 12-
week-old mice compared with neonatal SSCs. In parallel,
we observed that the expression of Oct4a and Nanog, and
Sox2 was significantly upregulated in neonatal SSCs and
downregulated in the adult SSCs.

In PSCs, core transcriptional genes control the expression
of different lineage specific genes and prevent pluripotent
cells from differentiation [20]. It has been demonstrated that
these genes as well as other genes associated with pluripo-
tency are already expressed in neonatal SCCs although
mostly to a lower extent [5]. Our analysis showed a crucial
time window for a shift of SSCs to ESC-like cells derived
from mouse SSCs which occurred with a downregulation
of germ cell genes and upregulation of core pluripotency
genes in the postnatal mouse until adolescence. The natural
potential of mouse SSCs to convert into a fully pluripotent
cell comparable to mouse ESCs is still not understood. Some
controversial challenges for pluripotency and multipotency
of ESC-like cells exist (especially in ESC-like cells which
were generated from human testis) [6]. However, the natural
shift from a unipotent cell involved in spermatogenesis to a
versatile cell population, which is able to differentiate into
germ cells and cells of all germ layers, offers an ethically
unproblematic and nonartificial alternative for regenerative
medicine. But there might be limitations, which could be
related to the age of the donor and also to a special time
window in which natural reprogramming of SSCs can be
observed during culture.

This study has come to the conclusion that the natural
reprogramming of unipotent SSCs into pluripotent cells can-
not occur during adulthood and implies that this conversion
is only observable until adolescence and during a special time
window after initiation of culture.
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MicroRNAs are a family of naturally occurring small noncoding RNA molecules that play an important regulatory role in gene
expression.They are suggested to regulate a large proportion of protein encoding genes by mediating the translational suppression
and posttranscriptional control of gene expression. Recent findings show that microRNAs are emerging as important regulators of
cellular differentiation and dedifferentiation, and are deeply involved in developmental processes including human preimplantation
development. They keep a balance between pluripotency and differentiation in the embryo and embryonic stem cells. Moreover,
it became evident that dysregulation of microRNA expression may play a fundamental role in progression and dissemination of
different cancers including ovarian cancer. The interest is still increased by the discovery of exosomes, that is, cell-derived vesicles,
which can carry different proteins but also microRNAs between different cells and are involved in cell-to-cell communication.
MicroRNAs, together with exosomes, have a great potential to be used for prognosis, therapy, and biomarkers of different diseases
including infertility. The aim of this review paper is to summarize the existent knowledge on microRNAs related to female fertility
and cancer: from primordial germ cells and ovarian function, germinal stem cells, oocytes, and embryos to embryonic stem cells.

1. Introduction

It is estimated that only approximately 2% of the human
genome represents the protein-coding region. More and
more, it turns out that the key factor of this phenomenon
may be microRNAs (miRNAs, miRs). It is known that
miRNAs are a family of naturally occurring small noncoding
RNA molecules of 19–24 nucleotides in length that play an
important regulatory role in gene expression [1, 2]. They
are thought to regulate a large proportion of protein-coding
genes [3]. MiRNAs mediate the translational regulation and
control gene expression posttranscriptionally by binding to
a specific site at the 3-UTR of target mRNA, which results
in mRNA cleavage and translation repression. MiRNAs are
transcribed by RNA polymerase II as part of polyadenylated

primary transcripts (pri-miRNAs) that can be protein-coding
or noncoding. The primary transcripts are then cleaved
by the Drosha ribonuclease III enzyme that produce an
approximately 70-nucleotide stem-loop precursor miRNA
(pre-miRNA), which is further cleaved by the cytoplasmic
Dicer ribonuclease (Dcr-1) to generate the mature miRNA
and antisense miRNA star (miRNA∗) products. Further, the
mature miRNA is incorporated into RNA-induced silenc-
ing complex (RISC), which recognizes the target mRNAs
through imperfect base pairing with the miRNA and mostly
results in translational inhibition or destabilization of the
target mRNA. In general, it has been estimated that about
30% or even more of human mRNAs are regulated by
miRNAs [4]. Nearly 2865 mature miRNAs have been iden-
tified in the human genome until now, and it is believed
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that these miRNAs may contribute to at least 60% of the
human transcriptome. Recent scientific findings show that
miRNAs are emerging as important regulators of cellular
differentiation and dedifferentiation and are deeply involved
in developmental processes.Moreover, it became evident that
dysregulation of miRNA expression may play a fundamental
role in progression and dissemination of different cancers.
However, it is becoming clear that the activity of miRNAs
is not always determined by their expression in cells. Their
activity can be affected by RNA-binding proteins such as
dead end (DND1), which inhibits the function of variety
of miRNAs by blocking the access of target mRNAs [3].
Regarding all this new knowledge, miRNAs may play an
important role in modulating gene expression during human
preimplantation development from primordial germ cells to
the embryo. The interest is still increased by discovery of
exosomes, cell-derived vesicles, which are released from the
cell when multivesicular bodies fuse with the plasma mem-
brane or are released directly from the plasmamembrane [5].
Exosomes can carry different proteins but also miRNAs and
mRNAs [6] between different cells and are deeply involved in
cell-to-cell communication. They can be found in almost all
body fluids and also in media of cell cultures [7]. Exosomes
have a great potential to be used for prognosis, therapy, and
biomarkers of different diseases including infertility.

The analysis of small RNAs can now be performed by
diverse techniques including cDNA cloning and sequencing,
real-timePCR,microarrays, andRNA-sequencing.TheRNA-
seq massively improved and enabled the discovery of novel
small RNAs, including miRNAs and sensitive quantitative
small RNA expression analysis [8].

The aim of this review paper is to summarize the existent
knowledge on miRNAs related to female fertility and cancer:
from primordial germ cells and ovarian function, stem cells,
oocytes, and embryos that lead to the birth of a new human
being or else to aggressive cancers as something goes wrong
on this long way. The data on humans reinforced some
interesting findings in the animal models.

2. Primordial Germ Cells and
Germ Cell Tumors

2.1. Primordial Germ Cells. The human preimplantation de-
velopment may be supposed to begin with primordial germ
cells (PGCs) which surprisingly arise outside the genital ridge
region and can first be identified in the human embryo
at about 3 weeks in the yolk sac epithelium near the base
of developing allantois [9]. They are recognized by their
distinctive morphology and alkaline phosphatase activity.
The PGC population is expanded by mitosis and migrates
by ameboid movement to the connective tissue of the hind
gut and from there into the gut mesentery. About 30 days
after fertilization, the majority of the PGCs pass into the
region of the developing kidneys and then to adjacent gonadal
primordial where they, based on chemotaxis, join the cells
of the sex and medullary cords. It has been demonstrated
that robust PGC migration is regulated by their miRNAs
(e.g., miR-430) in the zebrafish model [10]. Throughout the
PGC migration and early colonization, it is not possible to

discriminate between female and male gonads and we talk
about the indifferent gonads. In the human embryo, the PGC
colonization is completed during the sixth week of gestation
and after that time the female gonad, ovary, started to develop
due to the lack of chromosome Y and the gene SRY, namely,
and the PGCs start to develop into female gametes.

The germ cell development requires timely transition
from PGCs self-renewal to meiotic differentiation, that is
associated with several changes in gene expression, includ-
ing downregulation of stem cell-associated genes, such as
OCT4 and KIT, and upregulation of genes related to germ
cells and meiosis, such as VASA, STRA8, and SYCP3. It
has already been evidenced that stem cell-expressed RNA-
binding protein LIN28 is essential during normal germ cell
development for PGC specification in mice. Recently, the
expression of LIN28 was examined during normal germ cell
development in the human fetal ovary, from the PGC stage,
throughmeiosis and to the initiation of follicle formation [11].
It was found that LIN28 transcript levels were the highest
when the fetal ovary contained only PGCs and decreased
significantly with increasing time of gestation, concordant
with the germ cell differentiation. In addition, immunohis-
tochemistry revealed the expression of LIN28 protein to be
germ cell-specific at all stages examined. All PGCs expressed
LIN28, but at later gestation time the expression of this
protein was restricted to a subpopulation of germ cells, which
were demonstrated to be primordial and premeiotic germ
cells based on immunofluorescent colocalization of proteins
LIN28 and OCT4 and absence of meiosis marker SYCP3.
Moreover, the expression of the LIN28 target precursor
miRNA transcripts Let-7a/f/d andLet-7gwas substantiated in
the human fetal ovary, and that expression of these transcripts
was the highest at the PGC stage, like for LIN28. The spatial
and temporal restriction of LIN28 expression and coincident
peaks of expression of LIN28 and target pri-miRNAs suggest
important roles for this protein in the maintenance of the
germline stem cell state and the regulation of miRNA activity
in the developing human ovary. Beside this study, there is
almost no data on miRNAs in human PGCs in literature and
the main findings came from animal studies.

One of the most important roles of miRNAs in PGCs is
targeting the epigenetics-related genes andDNAmethylation
process in developing gonads. In themousemodel, it has been
found that miR-29b may play an important role in female
gonadal development by targeting epigenetics-related genes
such as DNMT3A and DNMT3B and thereby modulating
methylation of genomic DNA in PGCs [12]. Similarly, it has
been found in a chicken, where it has been confirmed that
DNMT3B expression was reestablished in a female germ cell-
specific manner, downregulation by four miRNAs: miR-15c,
miR-29b, miR-383, and miR-222 [13]. Some other studies in
the vertebrate species such as golden fish [14], zebrafish [15],
medaka [16], frog [17], chicken [18], and fruit fly [19] revealed
some other miRNAs that may be essential for development
and maintenance of PGCs, as can be seen in Figure 1. The
pattern of miRNA expression in PGCs seems to be species-
specific although some miRNAs such as miR-29b and miR-
430 overlap between different species. Some data show that
a germline-specific RNA-binding protein DAZ-like (DAZL)
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Figure 1: Most expressed miRNAs in primordial germ cells [10–19], germ cell tumors [24], and human oocytes [28, 29]. MiR-29b and
miR-430 are overlapping between different vertebrate species. MiR302a, upregulated, and Let-7, downregulated, in germ cell tumors are
overlapping with miRNAs identified in vertebrate PGCs. The expression of gene LIN28 is essential during normal germ cell development for
PGC specification. Tumor-suppressor Let-7 miRNA family is downregulated in malignant germ cell tumors because of abundant expression
of the regulatory gene LIN28.

acts as an “anti-miRNA factor” during vertebrate germ cell
development [15]. During zebrafish embryogenesis, miR-430
contributes to suppress NANOS1 and TDRD7 to primor-
dial germ cells (PGCs) by mRNA deadenylation, mRNA
degradation, and translational repression of NANOS1 and
TDRD7mRNAs in somatic cells. It was shown thatDAZL can
decrease themiR-430-mediated repression of TDRD7mRNA
by inducing poly(A) tail elongation (polyadenylation). These
data indicated that DAZL acts as an “anti-miRNA factor”
during vertebrate germ cell development. Interestingly, in the
case of fruit flies, it was found that embryos derived from
miR-969- and miR-9c-mutant mothers had reduced germ
cell numbers and increased variance in the phenotype [19]
thus indicating that miRNAs may be related to (in)fertility.
In addition, it has been confirmed that Dicer1 (Dcr-1) and
miRNAs are involved in maintenance and self-renewal of
ovarian germinal stem cells in fruit fly ovaries [20–23].

2.2. Germ Cell Tumors. PGCs do not always further develop
into female gametes but may form uncommon but aggressive
and malignant germ cell tumors, which are mostly found in
young women or adolescent girls and manifest as different

types of malignancies: dysgerminoma (DS), yolk sac tumor
(YST), and immature teratoma (IT) [24]. The origin of
germ cell tumors traces back to PGCs in the embryo and
reflects their specific characteristics such as totipotency and
sensitivity to DNA damaging agents; therefore, germ cell
tumors provide a useful model to study the gene regulation
involved in oncogenesis [25]. Germ cell tumors show some
similarities with pluripotent precursor PGCs and stem cells in
terms of expression of genes/proteins related to pluripotency
(e.g., NANOG, POU5F1, and SOX-2) and embryogenesis
(e.g., GATA4, GATA6, and TFAP2C). The molecular char-
acteristics are comparable to DS and testicular counterparts
(KIT signaling pathway), while they are quite specific for YST
(WNT/B-catenin and TGF-B/bone morphogenetic protein
signaling pathways) [24].

The recent data show that dysregulation of miRNAs may
be involved in the manifestation of germ cell tumors [24,
26, 27]. Different types of germ cell tumors may develop
by different developmental processes involving insufficient
sexual differentiation of PGCs and different irregular patterns
of miRNA expression, as can be seen in Figure 1. Genomic
and protein-coding transcriptomic data have suggested that
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germ cell tumors (GCTs) in childhood are biologically dis-
tinct from those of adulthood. It has been shown that all
malignant germ cell tumors overexpress themiR-371–373 and
miR-302/367 clusters with increased serum levels, regardless
of patient age, histological subtype, or anatomical site of
tumor [26, 27]. The tumor-suppressor Let-7 miRNA family
has also been shown to be universally downregulated in
malignant germ cell tumors because of abundant expression
of the regulatory gene LIN28 and results in upregulation of
oncogenes includingMYCN, AURKB, and LIN28 by itself.

Interestingly, some miRNAs such as miR-29b and miR-
430 overlapped between different vertebrate species and some
miRNAs upregulated (miR302a) or downregulated (Let-7)
in germ cell tumors overlapped with miRNAs identified in
vertebrate PGCs according to different studies, as can be
seen in Figure 1. MiRNAs identified in PGCs and germ cell
tumors differ from miRNAs that were found to be abundant
in mature human oocytes [28, 29].

3. Ovary: Oocytes, Cumulus (Granulosa) Cells,
and Follicular Fluid

3.1. Ovary. After migration and colonization, PGCs become
oogonia in the forming fetal ovary. The oogonia proliferate
extensively by mitotic divisions to up to 5–7 million cells
in humans. Each oogonium inside the fetal ovary divides
and enters into the initial stage of meiosis to become the
primary oocyte. The diploid primary oocyte stopped at the
first meiotic prophase stage. It has a nucleus called the
germinal vesicle (GV); therefore, this stage refers to the
GV-stage of maturity. GV oocytes are localized within the
primordial follicles, where they are surrounded by flattened
and condensed layer of surrounding granulosa cells. The
data derived from the mouse model show that miRNA-376a
regulates the primordial follicle assembly in the ovary by
modulating the expression of proliferating cell nuclear anti-
gen (PCNA) gene in mouse fetal and neonatal ovaries. MiR-
376a negatively correlated with PCNA mRNA expression in
fetal andneonatalmouse ovaries anddirectly bound to PCNA
untranslated region [30], while there is no data available for
humans at present.

By the end of the fetal period, all primary oocytes are
formed and stopped at the first meiotic prophase stage.
The primary oocytes are maintained for years, until puberty
(menarche), when they finish the first meiotic division and
divide into two daughter cells: a haploid secondary oocyte
and an extruded polar body. During the reproductive period
of life, in each menstrual cycle, only a few primary oocytes
are recruited, and only one of them indeed matures and is
ovulated to be fertilized. When the secondary oocyte enters
the second meiotic division, it is not finished but arrested
again and held at the metaphase II (MII) stage until fertil-
ization. When the oocyte is fertilized, the process of meiosis
is terminated and the second polar body is extruded. The
MII-stage oocyte has the potential to be fertilized, while the
immature GV-stage oocyte does not. During each menstrual
cycle, only 15–20 early antral follicles/oocytes are recruited
and only one dominant follicle, indeed, matures and is ovu-
lated. The miRNAs are confirmed to be involved in follicular

maturation.Three different miRNAs, miR-224, miR-378, and
miR-383, have been found to be involved in the regulation
of aromatase expression during follicle development. In
addition,miR-21 proved to promote the follicular cell survival
during ovulation. Proangiogenic miR-17-5p and let-7b were
shown to be essential for normal development of the corpus
luteum after ovulation [31].The experimental data in amouse
model showed that ribonuclease III named Dicer1, essential
for synthesis of mature functional miRNAs, is involved in the
process of folliculogenesis [32]. Dicer1 protein was expressed
in both oocytes and granulosa cells of follicles. The role of
miRNAs in mouse ovarian development was explored by
using Dicer1 conditional knockout (cKO) mouse in which
Dicer1 was deleted specifically in granulosa cells. With Dicer1
deletion, miR-503, that is more abundant in a mouse ovary
than in other tissues, was significantly downregulated. The
increased pool of primordial follicles accelerated the early
follicle recruitment and more degenerated follicles could be
observed. The ovarian niche is extremely important for the
growth and maturation of follicles/oocytes and irregularities
may lead to infertility.

3.2. Oocyte-Cumulus Complex
3.2.1. Human Oocytes. Each oocyte develops and matures
in the functional unit of the ovary, the follicle, surrounded
and supported by granulosa and theca cells, which represent
the important niche for oocyte growth and maturation. The
communication between the oocyte and surrounding follic-
ular cells is a prerequisite for normal growth and maturation
of the oocyte resulting in fertilization and the development
of an embryo. This oocyte-cumulus communication is still
poorly understood and it is proposed that miRNAs may play
an important role. There is little data on miRNAs in human
oocytes because they do represent a scarce and sensitive bio-
logical material, which is mostly not available to researchers.
Despite that, miRNAs have already been confirmed in human
oocytes retrieved in the in vitro fertilization program in rare
studies. In one study, the dynamic changes of miRNAs from
GV- to MII-stages were analyzed [28] by miR-CURY LNA
microarray platform and quantitative RT-PCR. Oocytes were
divided into four groups, corresponding to GV oocytes, MI
oocytes, MII oocytes in vitro matured at conventional FSH
level (5.5 ng/mL), and MII oocytes matured in vitro at a high
FSH level, 2,000 ng/mL, respectively. Altogether, 722miRNAs
were identified in oocytes. In mature MII-stage oocytes, four
miRNAs were upregulated and eleven were downregulated
in comparison to immature GV-stage oocytes, as can be
seen in Figure 2. The RT-PCR analysis of miR-15a and miR-
20a expression revealed the concordant dynamic changes
of these two miRNAs during meiosis. Moreover, the high
concentration of FSH in the in vitro maturation medium led
to reverse effect on the expression of miR-15a and miR-20a,
which confirmed the involvement of these twomiRNAs in the
oocyte maturation process influenced by FSH [28]. Another
study illustrated that miR10A, miR100, and miR184 were
abundant in human mature MII-stage oocytes and that they
differed from the palette ofmiRNAs abundant in surrounding
cumulus oophorus, a cluster of cells called cumulus cells
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Figure 2: Comparison of miRNAs in immature and mature human oocytes and surrounding cumulus cells according to female age,
steroidogenesis, proliferation, and apoptosis [28, 29, 33, 40, 41, 45–47]. Legend: ∗miRNAs which are also abundant in the mouse cumulus
cells.

surrounding the oocyte in the ovarian follicle (see Figure 2)
[29].

The predicted target genes of the oocyte miRNAs were
associated with the regulation of transcription and cell
cycle, while genes targeted by cumulus cell miRNAs were
involved in extracellular matrix and apoptosis. The compari-
son of predicted miRNA target genes and mRNAmicroarray
data resulted in a list of several target genes that were
differentially expressed in MII oocytes and cumulus cells,
including PTGS2, CTGF, and BMPR1B that are important for
cumulus-oocyte communication. Further functional analysis
in primary granulosa cell cultures revealed that BCL2 and
CYP19A1 mRNA levels were decreased when miR23a is
overexpressed. These results suggested that miRNA could
play an important role in the regulation of oocyte and
cumulus cell cross talk [29]. Interestingly, some of miRNAs
that were abundant in human cumulus cells such as miR-93
and Let-7 overlapped with those in mice [33].

Mammalian oocyte maturation is characterized by asym-
metric cell division that results in a large oocyte and a small
polar body in contrast to symmetric division in mitosis of
somatic cells. The asymmetry results from oocyte polariza-
tion including spindle positioning, migration, and cortical
reorganization, critical for fertilization and for early embryo
development. The actin dynamics is involved in this process,
and miRNAs are proposed to play an important regulatory
role [34].

3.2.2. Animal Oocytes. Because human oocytes are a rare and
difficult available research material, some confirmation and
interesting findings came from animal experiments in other
mammalian species, especially in mouse and bovine (see
Supplementary Table 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/3984937). Similar to
human oocytes, 59 miRNAs were differently expressed in
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immature and mature bovine oocytes [35]. Moreover, it was
found that 47 and 51 of miRNAs were highly abundant in
bovine GV and MII oocytes in comparison to the surround-
ing cumulus cells. Six miRNAs that were enriched in oocytes,
namely, miR-96, miR-122, miR-146a, miR-146b-5p, miR-
150, and miR-205, dramatically decreased during in vitro
maturation [36]. Experiments with the bovine model showed
that the expression of an oocyte-specific basic helix-loop-
helix transcription factor FIGLA, essential for primordial
follicle formation and expression of many genes required
for fertilization and early embryonic survival, is regulated
by miR-212 [37]. MiR-212 was expressed in oocytes and
increased in early embryos. Using transient transfection and
reporter assays, it turned out that miR-212 repressed the
expression of FIGLA in bovine oocytes and embryos. Both
LIN28a and LIN28b transcripts were abundant in mouse
oocytes. In marked contrast to vertebrate PGCs, LIN28a and
LIN28b were inactive during oocyte growth because their
knockdown has no effect on Let-7a levels in intact germinal
vesicle (GV) oocytes [38]. Furthermore, transgenic females
were fertile and produced healthy offspring, and their overall
breeding performance was comparable to that of wild-type
mice. In spite of several miRNAs identified inmouse oocytes,
some experimental data revealed that miRNA function may
be globally suppressed in mouse oocytes and early embryos
and that another type of small RNAs, small interfering RNAs
(siRNAs), may play an important role [39]. It is known that
the deletion ofDgcr8, also known as Pasha that is required for
miRNA processing (binds to Drosha), specifically blocks the
production of canonical miRNAs, while the deletion ofDicer
blocks the production of both miRNAs and endo-siRNAs
in cells. The conditional deletion of Dicer in mouse oocytes
leads to severe defects in chromosomal alignment, spindle
organization, and infertility. In contrast to Dicer, Dgcr8-
deficient mouse oocytes matured normally and produced
healthy offspring after fertilization. Their mRNA profiles
were identical to oocytes of wild-type mice, while Dicer-
null oocytes showed several misregulated transcripts. This
phenomenon needs to be further elucidated in humans and
other mammalian species.

3.3. Cumulus and Granulosa Cells. The data on human
cumulus cells with predominating granulosa cells are much
more abundant, because it is easier to retrieve the cumulus
cells in the in vitro fertilization program than oocytes by
themselves. The cumulus cells can be obtained mechani-
cally (cutting) or by enzymatic (hyaluronidase) denudation
of oocytes and are otherwise discarded in daily medical
practice. Cumulus cells can be studied from various angles
as they are related to oocyte maturation and quality. A
large-scale profiling of EIF2C2- (protein argonaute-2-) bound
miRNAs was performed in three human granulosa-derived
cell lines (i.e., KGN, HSOGT, and GC1a) and in primary
human granulosa cells using high-throughput sequencing
[40]. Argonaute proteins with their argonaute-2 containing
PIWI domain have a dominant effect on RNA interference.
They interactwithDicer1 and participate in short-interfering-
RNA-mediated gene silencing. MiR-21 accounted for more
than 80% of EIF2C2-bound miRNAs thus suggesting that it

was enriched in the RNA-induced silencing complex (RISC)
and was important for human granulosa cells. The target of
miR-21 in granulosa cells was COL4A1 mRNA that is related
to a component of the basement membrane surrounding the
granulosa cell layer and the granulosa-embedded extracellu-
lar structure.

3.3.1. Female Age. The increase in female age is the main
factor reducing female fertility and the outcome of assisted
conception. The mechanisms are still not well understood.
It has been found that female aging alters the expression
of variety of genes in human cumulus cells being essential
for oocyte quality and potential targets of specific miRNAs
previously identified in cumulus cells, such as miR-425, miR-
744, miR-146b, and Let-7d for younger (<30 years) and
middle-aged (31–34 years) women and miR-202 and Let-7e
for elder (>37 years) women [41].

3.3.2. Follicle and Steroidogenesis. Some studies demon-
strated that miRNA pattern is a dynamic feature in a follicle
and may differ between different groups of follicular cells
surrounding and supporting the oocyte. In more detail, there
was a difference in the miRNA pattern between the corona
radiata, the innermost layer of the cumulus oophorus, directly
adjacent to the oocyte zona pellucida, and the rest of the
cumulus cells [42]. A total of 785 and 799 miRNAs were
identified in corona radiata and the rest of the cumulus cells.
Seventy-two miRNAs were differently expressed between
these two groups of cells.The bioinformatics analysis showed
that these miRNAs were related to amino acid and energy
metabolism. Another study determined the miRNA pro-
file of two intrafollicular somatic cell types: mural (MGCs
from the outer “wall” of the follicle) and cumulus (CGCs
inner cells around the oocyte) granulosa cells from women
undergoing controlled ovarian stimulation for in vitro fer-
tilization [43]. Altogether, 936 annotated miRNAs and nine
novel miRNAs were identified, and 90 of the annotated
miRNAs were differentially expressed between MGCs and
CGCs. The bioinformatic prediction revealed that different
pathways, such as TGF𝛽, ErbB signaling, and heparan-sulfate
biosynthesis, were targeted by miRNAs in both granulosa
cell populations, while extracellular matrix remodeling, Wnt,
and neurotrophin signaling pathways were enriched among
miRNA targets in MGCs. Interestingly, two of the nine novel
miRNAs identified were found to be of intronic origin: one
from the aromatase and the other one from the FSH receptor
gene; the latter miRNA was predicted to target the activin
signaling pathway. These results suggest that posttranscrip-
tional regulation of gene expression by miRNAs may play an
important role in the modification of gonadotropin signaling
[43]. This is in accordance with the general knowledge on
granulosa cells. Within the follicle, the granulosa cells sur-
rounding the oocyte are in intimate contact with it by gap and
adhesion junctions and release several substances decisive
for oocyte growth and maturation. Granulosa cells are also
involved in the endocrine activity of follicle, steroidogenesis,
by transforming the androgens (androstenedione) from theca
cells into estrogens by aromatase activity. They possess
FSH hormone receptors and the number of granulosa cells



Stem Cells International 7

increases directly in response to the increased levels of circu-
lating gonadotropins or decreases in response to testosterone.
They also produce some peptides involved in the regulation
of ovarian hormone synthesis. Furthermore, the effect of
transfection of cultured primary human ovarian granulosa
cells with 80 different gene constructs encoding human pre-
miRNAs on release of hormones, progesterone, testosterone,
and estradiol, was evaluated by enzyme immunoassay [44].
In addition, two selected antisense constructs, blocking the
corresponding miRNAs, were tested on progesterone release
in granulosa cells. It has been shown that 36 out of 80 tested
miRNA constructs resulted in inhibition of progesterone
release and 10 miRNAs promoted progesterone release in
human granulose cells. Fifty-seven miRNAs tested inhibited
testosterone release, and only one miRNA enhanced testos-
terone output and 51 miRNAs suppressed estradiol release,
while none of the miRNAs tested stimulated it. The authors
suggested thatmiRNAs can control reproductive functions by
enhanced or inhibited release of ovarian progestagen, andro-
gen, and estrogen in human granulosa cells and suggested
that such miRNA-mediated effects could be potentially used
for the regulation of reproductive processes including fertility
and for the treatment of reproductive and other steroid-
dependent disorders of women [44]. The proof was given
that miR-133b downregulates FOXL2 expression by directly
targeting the 3UTR and inhibiting the FOXL2-mediated
transcriptional repression of StAR and CYP19A1 to promote
estradiol production in the mouse granulosa cells [45].

It has also been found that miR-513a-3p is involved in the
control of the luteinizing hormone/chorionic gonadotropin
receptor (LHCGR) expression by an inversely regulated
mechanism at the posttranscriptional level, essential for
normal female reproductive function [46].

3.3.3. Proliferation and Apoptosis. One of themost important
factors affecting the oocyte quality is apoptosis of granulosa
cells surrounding the oocyte. The granulosa cell apoptosis
can be related to impaired oocyte quality. To better elucidate
the potential role of miRNAs in the regulation of prolif-
eration and apoptosis in ovarian granulosa cells, the effect
of transfection of cultured primary human granulosa cells
with 80 different constructs encoding human pre-miRNAs
on the expression of the proliferation marker, PCNA, and
the apoptosis marker Bax was evaluated using immunocy-
tochemistry [47]. The results showed that eleven out of 80
tested miRNA constructs resulted in stimulation, and 53
miRNAs resulted in inhibition of PCNA. Moreover, 11 out of
the 80 miRNAs tested promoted accumulation of Bax, while
46 miRNAs caused a reduction in Bax in human granulosa
cells. In the next step, two selected antisense constructs
blocking the corresponding miRNAs miR-15a and miR-188
were used to evaluate their effects on the expression of PCNA.
An antisense construct inhibiting miR-15a increased PCNA,
while an antisense construct of miR-188 did not affect PCNA
expression. Validation of effects of selected pre-miR-10a,
miR-105, andmiR-182 by using othermarkers of proliferation
(cyclin B1) and apoptosis (TdT and caspase 3) confirmed the
specific role ofmiRNAs in human granulosa cell proliferation
and apoptosis [47].

3.4. Follicular Fluid and Plasma. It is of great advantage that
miRNAs can be identified in body fluids such as follicular
fluid retrieved in the in vitro fertilization program or in blood
plasma. Follicular fluid is retrieved by ultrasound-guided
aspiration of oocytes from follicles after controlled hormonal
stimulation of ovaries for in vitro fertilization. When the
oocytes are removed for in vitro fertilization, the follicular
fluid is discarded in dailymedical practice but can represent a
perfect material to study the ovarian physiology and patholo-
gies and the oocyte quality. It has been reported that miRNAs
can readily be detectedwithinmembrane-enclosed vesicles of
human follicular fluid. In a current research, 37miRNAswere
found to be upregulated in human follicular fluid in compar-
ison to plasma in the same women [48]. It was evidenced that
32 of these miRNAs were carried bymicrovesicles, exosomes,
that expressed the well-characterized exosomal markers such
as CD63 and CD81. The authors suggested that these miR-
NAs identified in the follicular fluid are involved in the
critically important pathways for follicle growth and oocyte
maturation. Specifically, nine of these miRNAs are known
to target and negatively regulate mRNAs expressed in the
follicularmicroenvironment by encoding inhibitors of follicle
maturation and meiosis resumption. It has been evidenced
that increased female age affected the pattern of miRNAs in
follicular fluid [49]. In the miRNA profile of the follicular
fluid of younger (<31 years) and older (>38 years) women,
there was a set of four differentially expressed miRNAs.
The predicted targets of these miRNAs were genes involved
in the heparan-sulfate biosynthesis, extracellular matrix-
receptor interaction, carbohydrate digestion and absorption,
p53 signaling, and cytokine-cytokine-receptor interaction. It
needs to be exposed that several of these pathways are related
to fertility, suggesting that this set ofmiRNAs and their targets
need to be studied in relation to reproductive aging and
assisted conception outcome.

Moreover, it has been found that ovarian pathologies
such as polycystic ovary syndrome (PCOS) and premature
ovarian failure (POF) or primary ovarian insufficiency affect
the miRNA expression in follicular fluid and plasma.

3.4.1. Polycystic Ovary Syndrome. PCOS is a systematic dis-
ease represented by a set of symptoms due to hormone imbal-
ance in women [50]. It is usually diagnosed by anovulation,
high androgen levels, and several ovarian cysts detected by
ultrasound. The typical symptoms include irregular or no
menstrual periods, heavy periods, obesity, excess body and
facial hair (hirsutism), acne, pelvic pain, low fertility and
trouble getting pregnant, and patches of thick and darker
skin. It can be related to the type 2 diabetes, obstructive
sleep apnea, heart disease, mood disorders, and endome-
trial cancer. Moreover, PCOS is one of the most common
endocrine disorders in women of reproductive age and
causes low fertility. Microarray profiling of human follicular
fluid revealed the expression of 235 miRNAs in human
follicular fluid and 29 of them were differentially expressed
between the PCOS and normal groups of women [51]. After
PCR validation, 5 miRNAs showed significantly increased
expression in the PCOS group of women (Figure 3). The
potential target genes were related to insulin regulation and
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Figure 3: MiRNAs that were differently expressed in follicular fluid and plasma of women with polycystic ovary syndrome [51–54] and
premature ovarian failure [55–60] in comparison to healthy women with normal ovaries.

inflammation. Moreover, the most highly expressed miRNA
targeted genes were found to be associated with reproductive,
endocrine, and metabolic processes. In another study, it has
been found that two miRNAs, miR-132 and miR-320, were
expressed at significantly lower levels in the follicular fluid of
women with PCOS than in a group of healthy women, as can
be seen in Figure 3. In addition, it has been evidenced that
miR-132, miR-320, miR-520c-3p, miR-24, and miR-222 that
are present in the follicular fluid regulate estradiol concentra-
tions and miR-24, miR-193b, and miR-483-5p progesterone
concentrations [52]. The authors concluded that there are
several miRNAs in human follicular fluid and that some
of them may play an important role in steroidogenesis and
PCOS. Interestingly, the miR-320 was differently expressed
in the follicular fluid of women with PCOS in still one study
[53] and was along miR-383 upregulated in comparison with

healthy (control) women.This study demonstrated that miR-
320 regulates the proliferation and steroid production by
targeting E2F1 and SF-1 in granulosa cells and is involved
in the follicular development. The authors summarized that
understanding the regulation ofmiRNAbiogenesis and func-
tion in the follicular development in humans will potentiate
the usefulness of miRNA in the treatment of some steroid-
related disorders and female infertility. In comparison to
healthy women, a total of 59 known miRNA were identified
that were differentially expressed in cumulus granulosa cells
of women with PCOS: 21 miRNAs were increased and 38
miRNAs decreased [54]. Several important processes could
be targeted by these miRNAs, such as Notch signaling,
regulation of hormones, and energy metabolism. Moreover,
Notch3 and MAPK3, the members of Notch signaling and
ERK-MAPK pathway, were found to be directly regulated by
miR-483-5p.
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3.4.2. Premature Ovarian Failure. Another indication of
severe ovarian infertility is POF, which is defined as an
ovarian disorder of multifactorial origin characterized by
amenorrhea, hypergonadotropism (e.g., increased FSH lev-
els), hypoestrogenism, and no follicles/oocytes to be fertilized
in women under the age of 40 years [55].The plasma samples
are usually analyzed on miRNAs in patients with POF
because they mostly do not have follicles. In one study, the
microarray chip results demonstrated that 10 miRNAs were
significantly upregulated and 2 miRNAs were downregulated
in plasma of POF patients compared with normal women,
as can be seen in Figure 3 [56]. Among miRNAs that were
upregulated in plasma was miR23a, which has been con-
firmed to be of great importance in regulation of apoptosis
in ovarian granulosa cells via decreasing X-linked inhibitor
of apoptosis protein (XIAP) expression [57]. Further, miR-
22-3p has been found to show a lower expression level in
the plasma of women with POF and distinguish them from
control subjects. In addition, it was negatively associated with
serum FSH levels [58]. The target functions of miR-22-3p
were apoptosis, endocytosis, and tumorigenesis. The authors
suggested that decreased expression of miR-22-3p in plasma
of POF patients reflects the diminished ovarian reserve as a
consequence of the pathologic process of POF. Further, the
current study provided the evidence to implicatemiR-518 and
TGFBR2 gene polymorphisms as novel susceptibility factors
for POF, age at natural menopause, and early menopause
risk [59]. Some findings suggest that putative gene-gene
interaction betweenmiR-146 andmiR-196a2may be involved
in POF development [60]. It is very important to study the
causes of diminished ovarian reserve. Actually, there are no
relevant biomarkers available to estimate the ovarian reserve
in (in)fertile women and to predict the assisted conception
outcome. The existing ultrasound monitoring of ovaries and
the determination of FSH and AMH hormone levels in
serum have been proven to be insufficient and nonreliable.
Therefore, some new biomarkers are needed.

4. Fertilization and Paternal Contribution to
the Embryo

Fertilization is the fusion of gametes to initiate the devel-
opment of a new individual organism and represent one of
the main events in the human preimplantation development.
Naturally, it occurs in the ampullary region of the oviduct
but may also occur in vitro. During fertilization, sperm
contribute some genetic and epigenetic factors that affect the
early embryogenesis [61]. Epigenetic factors contributed by
sperm include a functional centrosome, proper packaging of
the chromatinwith sperm-specific protamines,modifications
of histones, and imprinting of genes. In addition, the fertil-
izing spermatozoon provides its own mRNAs and miRNAs,
which may contribute to the embryonic transcriptome and
regulate the embryonic gene expression. All these epigenetic
factors may directly or indirectly affect the expression of
genes in the developing embryo.

In general, spermatozoa are transcriptionally inactive,
extremely specialized haploid cells with a head containing a
compact nucleus andminimal cytoplasm. On the other hand,

especially during recent years, it has been proven that sperm
still contain a complex population of RNAs that comprises
rRNA, mRNA, and both long and small noncoding RNAs. It
was suggested that the intact mRNA sequences are enriched
for genes associated with the infertility, fertilization, and
early embryo development [8]. It has been demonstrated that
mRNA is retained in sperm and increases after fertilization
prior to zygotic genomic activation [62]. rRNA is the most
enriched RNA population but highly fragmented thus ensur-
ing the translationary inactivated state of the sperm cell.

Gradually, the overall functional significance of RNA
in sperm is better recognized. Using the zona pellucida
free hamster oocyte/human sperm penetration assay, it has
been shown that sperm-specific transcripts, not present
in the unfertilized oocyte, are transmitted to the oocyte
upon fertilization [63]. Further, it has been demonstrated
that injection of a sperm-borne transcript PLC-zeta, not
present in the unfertilized oocyte, can be translated in
the oocyte into a functional calcium oscillator and oocyte
activator during fertilization [64]. The presence of non-
coding RNAs in sperm also postulated potential roles in
early postfertilization and embryonic development. These
assumptions have been extended to the view that sperm-
borne RNAs might have epigenetic effects on the phenotype
of the developing organism. The region of mature sperm
chromatin that harbors imprinted genes exhibits a dual nucle-
oprotamine/nucleohistone structure with DNase-sensitive
regions that might be implicated in the establishment of
efficient epigenetic information in the developing embryo
[65, 66].

MiRNAs are the most characterized noncoding sperm
RNAs. It has been suggested thatmiRNAs in sperm (Figure 4)
might function in embryonic histone replacement [67] or
transcriptionally balance the genome for early expression
signaling or effect epigenetic modification [68] since nearly
10% of all small noncoding RNAs map to histone enriched
TSS and promoter regions. MiR-34c is a highly abundant
miRNA in humans [69]. It has been revealed that it is
essential for early embryo development and required for the
first cleavage division of the zygote in mice. Also miRNA
precursors are present in human sperm, such as pri-miR-
181, whose targets might have a function in early embryonic
development and globally decrease at the 4–8-cell stage of
human embryo development [8]. A specific target of pri-
miRNA-181 is the embryonic stem cell pluripotency factor,
termed coactivator-associated arginine methyltransferase I
(CARM1). With the mouse model, it was demonstrated
that miRNAs are present in mouse sperm structures that
enter the oocyte at fertilization. The sperm contained a
broad profile of miRNAs and a subset of potential mRNA
targets, which were expressed in fertilizable metaphase II
(MII) oocytes [70]. However, the levels of sperm-borne
miRNAs were low in comparison to those of unfertilizedMII
oocytes, and fertilization did not alter the oocyte miRNA
repertoire that included the most abundant sperm-borne
miRNAs. In general, after fertilization, potential mechanisms
and functions of sperm RNA could include translation
of intact paternal mRNAs by the MII oocyte machinery,
translational regulation by paternal miRNAs, activation of
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Let-7

miRNAs

Sperm Mature oocyte Embryo

miR-34c Several miRNAs including

pri-miR-181 miR-10A, miR-100, Upregulated:

miR-184, miR193a-5p, miR-372, miR-141,

miR-297, miR-602, miR-27b,

and miR-625 miR-339-3p,

and miR-345

Downregulated:

miR-191

(ii) Arrested embryo:

Upregulated:

miR-25, miR-302c,

miR-196a2,

and miR-181a

(iii) Nonimplanted embryo:

Upregulated:

miR-191, miR-372,

and miR-645

+

(i) Euploid embryo:

Figure 4: MiRNAs in human sperm, mature oocytes, and embryos, important for fertilization and embryo development [75–80]. Some
miRNAs identified in sperm are contributed to the oocyte during the fertilization process and are involved in embryogenesis. Abundant
maternal miRNAs of Let-7 family are involved in oocyte-to-embryo transition and are replaced by embryonic miRNAs, related to
pluripotency.

paternal pri-miRNAs by maternal Dicer, and transcriptional
regulation by paternal miRNAs. Noncoding RNAs have
been postulated as epigenetic modifiers including histone
modification and DNA methylation and playing a function
in transgenerational epigenetic inheritance. The profiling of
small RNAs by highly sensitive techniques, such as next
generation sequencing and real-time PCR, might have some

potential for the discovery of new fertility markers in human
medicine [71].The comparison of differential expressed small
RNAsmight lead to the discovery of new regulatory pathways
underlying male infertility. The possibility that the profile
of small noncoding RNA in sperm could be controlled by
environmental factors, such as paternal stress exposure [72],
early trauma [73], and pollution [74], also shed new light and
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speculations on the determination of epigenetic traits to the
next generation.

5. Embryo

The oocyte-to-embryo transition means the transformation
of a highly differentiated oocyte into a totipotent zygote and
pluripotent blastomeres of the preimplantation mammalian
embryo. It includes the replacement of abundant maternal
miRNAs that are enriched also in differentiated cells and
exemplified by the Let-7 family, with embryonic miRNAs
that are common in pluripotent stem cells (e.g., miR-290
family in the mouse) [38], as can be seen in Figure 4. The
fertilization process is followed by the development of an
embryo mainly developed on the basis of maternal mRNAs.
The embryo starts to express its own genome at the stage of
4–8 cells before implantation. It develops through themorula
stage with approximately 30 cells to the blastocyst stage with
approximately 100 cells.The human embryo usually implants
at the late morula or blastocyst stage. The role of miRNAs
in early mammalian development, and particularly in the
posttranscriptional regulation of maternal mRNAs, is still
controversial. With the mouse model, it has been illustrated
that the capacity to process the miRNAs diminishes after
fertilization thus reducing the miRNA activity in the later
stages of preimplantation development [75]. However, by
analyzing the different precursor andmature forms of specific
miRNAs that are abundant in the mouse blastocyst, such
as miR-292-3p and miR-292-5p, it has been found that
miRNA-duplexes and/or miRNAs bound to target mRNAs
can appear andmay serve as potential stock ofmiRNAs in the
developing embryo. It has been suggested that such stockpile
could directly provide functional and mature miRNAs in
response to demand [75]. This phenomenon needs further
research.

5.1. Genetic Status of Embryos. Human embryos have already
been analyzed on miRNAs and it has been demonstrated
that the miRNAs expression pattern depends on the chro-
mosomal status (Figure 4). In one study, it has been found
that the miRNA patterns of euploid embryos, normal for
all chromosomes, differ from aneuploid embryos in humans
[76]. The most highly expressed miRNA in euploid embryos
was miR-372, as revealed by an array-based quantitative
real-time polymerase chain reaction (qPCR). Several of the
highly expressed miRNAs have shown to be critical to
the maintenance of stem cell pluripotency and mammalian
embryo development. There were some miRNAs, differently
expressed between euploid and aneuploid embryos, such as
miR-141, miR-27b, miR-339-3p, and miR-345 that were all
upregulated in euploid embryos.

5.2. Embryo Development and Implantation. Surprisingly, it
has been demonstrated that human embryos secrete miR-
NAs into culture media and that miRNAs may represent
new biomarkers for embryo development and implantation
[77, 78]. In human and bovine, differential miRNA gene
expression was observed in (spent) media after culture of
embryos that developed to the blastocyst stage and those

that were arrested and failed to develop from the morula to
the blastocyst stage. In spent media, miR-25, miR-302c, miR-
196a2, and miR-181a expression were found to be higher in
arrested embryos than in blastocysts [77], as can be seen in
Figure 4.

The spent culture media from 55 single-embryo transfer
cycles were tested for miRNA expression using an array-
based quantitative real-time polymerase chain reaction anal-
ysis and the expression of the identified miRNA was cor-
related with pregnancy outcomes in these cycles [78]. Two
miRNAs, miR-191 and miR-372, were expressed specifically
in spent media after embryo culture. Interestingly, miRNAs
were related to some bad condition: miR-191 was more highly
concentrated in media from aneuploid embryos, and miR-
191, miR-372, and miR-645 were more highly concentrated
in media from failed in vitro fertilization cycles without
pregnancy (Figure 4). In addition, miRNAs were found to
be more highly concentrated in media after intracytoplasmic
sperm injection (ICSI) and day-5 media samples when
compared to media after classical in vitro fertilization with
oocyte insemination (IVF) and day-4 samples, respectively
[78]. Embryo implantation also depends on the endometrial
receptivity. The repeated implantation failure (RIF) is one
of the major problems encountered in the in vitro fertiliza-
tion program. Thirteen miRNAs have been identified being
different in RIF endometrial samples, compared to normal
ones, and putatively regulate the expression of 3800 genes
[79]. It was found that ten miRNAs were overexpressed in
RIF endometrial samples, including miR-23b, miR-99a, and
miR-145, whereas three were underexpressed. According to
the miRNA-predicted targets, mRNA levels related to the cell
adhesion molecules, Wnt signaling, and cell cycle pathways
were lower in RIF-IVF patients.With themousemodel, it has
been shown that a minimal uterine expression of miR-181 is
essential for the onset of embryo implantation and that it is
regulated by the leukemia inhibitory factor (LIF) [80].

5.3. Human Embryonic Stem Cells. Human embryonic stem
cell (hESC) lines can be created from supernumerary
embryos from the in vitro fertilization program.They can be
retrieved by isolation and in vitro culture of blastocyst inner
cell mass (ICM) which otherwise develops into embryonal
tissues after implantation. The creation of hESC lines and
their research has answered several important questions
about pluripotency and stem cell self-renewal and differen-
tiation. Moreover, several studies show that dysregulation of
miRNA expression may play a fundamental role in progres-
sion and dissemination of different cancers.

5.3.1. Pluripotency. The miR-302/367 cluster represents the
most abundant cluster of eight miRNAs that are specifically
expressed in hESCs [81]. Functional studies identified impor-
tant roles of miR-302/367 in regulation of pluripotency and
differentiation of hESCs in vitro. Beside its role in TGF-𝛽 sig-
naling, miR-302/367 also promotes the bone morphogenetic
protein (BMP) signaling. Several studies [82–87] have shown
that miRNAs are deeply involved in the balance between
pluripotency and differentiation of hESCs by regulating the
genes related to pluripotency, as can be seen in Table 1.
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Table 1: MiRNAs regulating pluripotency and differentiation of hESCs.

Genes related to pluripotency References
OCT4 NANOG SOX2 KLF4 LEFTY NR2F2

Maintenance of pluripotency
miR-203 miR-203 [82]

Regulation of stem cell renewal and differentiation
miR-200c [83]
Delay of differentiation, balance between differentiation and pluripotency

miR-302s [84]
Low in self-renewal and high during differentiation

miR-145 miR-145 miR-145 [85]
Regulation of cell cycle genes in pluripotent stem cells

miR-302a miR-302a [86]
Balance between pluripotency and differentiation, NR2F2 critical for neural gene activation

miR-302 miR-302 [87]

5.3.2. Differentiation and Development of hESCs into AllThree
Germ Layers. Interestingly, there is a cluster of primate-
specific miRNAs (ps-miRNAs), a set of 269 ps-miRNAs
that are evolutionarily conserved and may contribute to
the difference between high-level primates and nonprimate
mammals or lower vertebrates [88]. They are enriched in
chromosomes 19 and X and represented by the miR-548
family. Most ps-miRNAs were low expressed in adult tissues
but were highly expressed in reproductive system and hESCs.
The target genes were strongly associated with developmental
processes and various cancers. It is suggested that ps-miRNAs
may play critical roles in regulating of differentiation and
growth during the early development and in maintaining the
pluripotency of hESCs.

Several studies [89–93] proved that miRNAs are deeply
involved in the differentiation of hESCs into different types
of cells of all three germ layers (endoderm, mesoderm, and
ectoderm), as can be seen in Table 2.

Some miRNAs are involved in maintaining the pluripo-
tency of hESCs but direct their differentiation into a germ
layer when they are upregulated [90].

All these recent findings are extremely important for
the understanding of the early human development and the
improvement of hESC differentiation protocols.

5.3.3. Cancer. If something goes wrong during the process of
development and miRNAs are dysregulated, different types
of cancers can occur. Oncogenic miRNAs are involved in
manifestation of cancers, while another group of suppressive
miRNAs is involved in the suppression of cancers [94]. A new
mechanism of telomerase regulation by means of noncoding
small RNAs has been revealed. It has been shown that miR-
498 induced by vitamin D3 decreases the mRNA expression
of human telomerase reverse transcriptase [95]. The levels
of miR-498 expression are decreased in malignant human
ovarian tumors as well as in human ovarian cancer cell lines.

The protein LIN28 is an evolutionarily conserved RNA-
binding protein and is known to be a master regulator
controlling the pluripotency of hESCs. Together with OCT4,

SOX2, and NANOG, LIN28 can reprogram somatic cells
and produce induced pluripotent stem cells (iPSCs). The
expression of LIN28 is restricted to ESCs and developing
tissues and is highly upregulated in human tumors. It func-
tions as an oncogene promoting malignant transformation
and tumor progression. It has been demonstrated that four
miRNAs, let-7, miR-9, miR-30, and miR-125, directly repress
the LIN28 expression in hESCs and cancer cells [96]. It has
been suggested that global downregulation of these miRNAs
may be one of the key mechanisms of LIN28 reactivation and
manifestation of human cancers.

Dicer1, an endoribonuclease that is essential for the
synthesis of miRNAs, also acts as a tumor suppressor. It
has been demonstrated that inactivation of its RNase IIIB
domain by mutation of D1709, a residue mutated in a subset
of nonepithelial ovarian cancers, results in complete loss of
5p-derivedmaturemiRNAs, including the tumor-suppressive
let-7 family and the consequent progression of cancer
[97].

5.4. Female (In)Fertility. Recently, the role of Dicer function
in female reproductive tissues has begun to be elucidated by
the use of knockout mouse models. As already mentioned,
the ribonuclease III endonuclease, Dicer1 (also known as
Dicer), is essential for the synthesis of miRNAs. Although
it is generally established that miRNAs are expressed in the
female reproductive tract, their functional role and effects on
reproductive processes remain unknown. In an interesting
study, the reproductive phenotype of mice with loxP inser-
tions in the Dicer1 gene (Dicer1fl/fl) when crossed with mice
expressing Cre-recombinase driven by the anti-müllerian
hormone receptor 2 promoter (Amhr2Cre/+) was established
for the first time [98]. Adult female Dicer1fl/fl;Amhr2Cre/+
mice displayed normal mating behavior but did not produce
offspring after mating in experimental condition. Morpho-
logical and histological assessments of the reproductive
tracts of mice showed that their uterus and oviducts were
hypotrophic and highly disorganized. Natural mating of
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Table 2: MiRNAs and their target genes related to differentiation of hESCs, development of all three germ layers (endoderm, mesoderm, and
ectoderm), and cancer.

Development
References

Endoderm Mesoderm Cardiomyocytes Neural
lineage

Endothelial cells,
angiogenesis CANCER

miR-302a
(OTX2) [89]

miR-302/373
(LEFTY) [90]

miR-302
(NR2F2,
JMJD1C)

[91]

miR-1,
miR-499 [92]

miR-126,
miR-210 [93]

miR-498 [95]
let-7,

miR-9, miR-30,
and miR-125

[96]

let-7 family [97]

Dicer1fl/fl;Amhr2Cre/+ females resulted in successful fer-
tilization but the oviductal transport of embryos was dis-
rupted, as evidenced by the failure of embryos to enter the
uterus. These data implicated that Dicer1/miRNAs mediated
posttranscriptional gene regulation in reproductive somatic
tissues that is critical for female fertility. The loss of Dicer
within the oocyte, the ovarian granulosa cells, the luteal
tissue, the oviducts, and, potentially, also the uterus causes
female infertility [99].

It has been shown that miR-290–295, a mammalian-
specific cluster of miRNAs, plays a decisive role in embryonic
development, as indicated by the partial lethality of mutant
mouse embryos [100]. In surviving miR-290–295-deficient
mouse embryos, only female fertility was compromised. It
has been suggested that this fertility impairment arises from
a defect in migrating PGCs and occurs equally in male and
female mutant animals. However, male miR-290–295(–/–)
mice were able to recover from this initial germ cell loss due
to the extended proliferative lifespan of their germ cells and
are fertile, while femalemiR-290–295(−/–)mice are unable to
recover and are sterile because of premature ovarian failure.

6. Diagnostics and Treatment of Female
Infertility: Prospects

The new knowledge and methodology on miRNAs may
provide some new biomarkers of female infertility from
different aspects: from ovarian physiology to the oocyte
and embryo quality, embryo implantation potential, and
endometrial receptivity. An important task remains to study
the causes of diminished ovarian reserve because there are
no relevant biomarkers available to estimate the ovarian
reserve in (in)fertile women and to predict (or explain)
the assisted conception outcome. miRNAs seem to be an
extremely interesting tool to do that. Some of these miRNAs

as well as the exosomes, vesicles transporting them, can
be easily detectable in the bloodstream and could be used
as reliable biomarkers of interest in infertility care. The
data show that miRNAs can control reproductive functions
by enhanced or inhibited release of ovarian progestagen,
androgen, and estrogen in human granulosa cells and suggest
that such miRNA-mediated effects could be potentially used
for regulation of reproductive processes and for the treatment
of reproductive and other steroid-dependent disorders in
women with fertility problems.

At present, the oocytes and embryos retrieved in the in
vitro fertilization program can be evaluated only bymorphol-
ogy or preimplantation genetic diagnostics after “aggressive”
embryo biopsy. The secretion of miRNAs into the culture
medium may represent an interesting noninvasive tool to
evaluate the oocytes and embryos in the in vitro fertilization
program. Moreover, the studies with animal models show
that some suboptimal procedures, such as in vitromaturation
of ovarian follicles, could be improved using miRNAs. It has
been demonstrated that hCG supplementation and vitamin
C status in the culture medium alter the miRNA expres-
sion profiles in oocytes and granulosa cells during in vitro
growth of murine follicles [101]. Moreover, the transfection
of murine granulosa cells with let-7c-, miR-27a-, and miR-
322-inhibitor sequences increased the oocytematuration rate
by 1.5- to 2.0-fold in comparison with control during in vitro
maturation of mouse follicles [102]. These findings suggest
that sophisticatedmiRNA regulation in granulosa cells might
improve oocyte maturation efficiency during ovarian follicle
development in vitro. Last but not least, the new knowledge
on miRNAs in hESCs leads to better understanding of the
human development on the one hand and the manifestation
of cancer on the other hand. This may result in optimized
in vitro differentiation protocols and treatment of different
cancers.
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7. Conclusion

It may be concluded that miRNAs represent a great challenge
in reproductive and regenerative medicine to understand the
preimplantation development in humans including female
reproductive tissues, PGCs, gametes, embryos, and embry-
onic stem cells better. The forthcoming new knowledge may
provide new biomarkers and treatments of fertility disorders
and degenerative diseases in the future.
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Recently, murine hematopoietic progenitor stem cells (HSCs) and very small embryonic-like stem cells (VSELs) were demonstrated
to express receptors for sex hormones including follicle-stimulating hormone (FSH). This raised the question of whether FSH
therapy at clinically applied doses can mobilize stem/progenitor cells in humans. Here we assessed frequencies of VSELs (referred
to as Lin−CD235a−CD45−CD133+ cells), HSPCs (referred to as Lin−CD235a−CD45+CD133+ cells), and endothelial progenitor cells
(EPCs, identified as CD34+CD144+, CD34+CD133+, and CD34+CD309+CD133+ cells) in fifteen female patients subjected to the
FSH therapy. We demonstrated that FSH therapy resulted in statistically significant enhancement in peripheral blood (PB) number
of both VSELs and HSPCs. In contrast, the pattern of responses of EPCs delineated by different cell phenotypes was not uniform
and we did not observe any significant changes in EPC numbers following hormone therapy. Our data indicate that FSH therapy
mobilizes VSELs and HSPCs into peripheral blood that on one hand supports their developmental origin from germ lineage, and
on the other hand FSH can become a promising candidate tool for mobilizing HSCs and stem cells with VSEL phenotype in clinical
settings.

1. Introduction

Maintenance of appropriate size and composition of both
stem cell and progenitor cell pool is tightly regulated by con-
tinuous responding to surrounding and long-range orches-
trating signals. Interestingly, sex hormones appeared lastly as
important regulators of hematopoietic stem/progenitor cells
(HSPCs) proliferation [1]. Recently, Nakada and colleagues
revealed that hematopoietic stem cells (HSCs) expressed

high levels of estrogen receptor and the administration of
estradiol increased HSC cell division and self-renewal [2].
In support of this notion, murine HSPCs along with very
small embryonic-like stem cells (VSELs) were also recently
demonstrated to express receptors for pituitary-derived sex
hormones, namely, follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) [3]. In concert with this finding,
murine HSPCs and VSELs following either in vitro or in vivo
FSH and LH stimulation presented with high proliferative
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Table 1: The clinical and hormonal characteristics of female patients (𝑛 = 15) subjected to FSH stimulation.

Studied parameter Mean SD Minimum Maximum
Age (years) 32.9 3.9 27 39
Duration of stimulation (days) 8.8 1.1 8 11
Mean daily dose of FSH (IU) 194.4 43.8 120 262.5
Number of mature follicles after FSH stimulation 10.9 3.4 5 16
Estradiol at 7th day (pg/mL) 1153 405 540 1684
Progesterone at 7th day (ng/mL) 0.5 0.15 0.25 0.67
LH at 7th day (mIU/mL) 1.1 0.67 0.31 2.33
Estradiol at the last day (pg/mL) 2314 1367 1367 3294
Progesterone at the last day (ng/mL) 0.8 0.33 0.32 1.52
LH at the last day (mIU/mL) 1.7 0.85 0.72 2.97

response as evidenced by BrdU incorporation. In the light of
above mentioned observations, it is tempting to hypothesize
the existence of developmental link between HSCs and
VSELs and primordial germ cells (PGCs) that are naturally
responsive to sex hormones [4, 5].

To date, however, it remained unknown whether the fact
that stem cells are susceptible to signaling mediated by sex
hormones can be used for mobilization of these cells in
clinical settings. Moreover, based on the currently available
scarce data, it is difficult to speculate if therapies using sex
hormones will affect only fate of primordial stem cells and
HSCs or rather would exert their actions toward all pro-
genitor cell populations. Therefore, in the current study, we
wished to investigate the effects of FSH therapy at clinically
applied doses on mobilization of HSCs and VSELs as well
as populations of endothelial progenitor cells (EPCs). In this
study, EPCs were chosen as an example of easily identifiable,
highly differentiated, and relatively numerous progenitor cell
populations that account for endothelial repair and thus
largely contribute to maintenance of appropriate vascula-
ture [6–8]. On the other hand, quantification of decreased
numbers of EPCs was found to improve prognostication of
cardiovascular diseases (CVD) [9–11]. Thus, the search for
therapeutic approaches aimed at efficient mobilization of
functional EPCs is continuously warranted.

Here we tested in human model the actions of widely
accepted regimens of FSH treatment with regard to three
stem/progenitor cell subsets at different developmental hier-
archy and differentiation level, namely, VSELs, HSCs, and
EPCs. Moreover, given the previous reports indicating the
crucial role of stroma derived factor-1 (SDF-1) for mobiliza-
tion of stem cells [12–14], we set out to analyze whether
any actions of clinically applied gonadotropins could affect
not only stem cells and progenitor cells but also mediators
regulating their migratory pathways.

2. Material and Methods

2.1. Patients and FSH Stimulation. For the purpose of the
study we recruited fifteen women aged 32.9±3.9 years (range:
27–39 years) who were prepared for in vitro fertilization and

underwent controlled FSH ovarian stimulation. FSH stimu-
lation has been initiated on 3rd day of menstrual cycle and
FSH dose was adjusted based on patient age, ovarian reserve,
and previous response to FSH stimulation (if performed).
Only two patients received stimulation based on combination
of FSH and LH. EDTA-anticoagulated peripheral blood was
collected twice: before FSH ovarian stimulation (or in five
cases within first days of such stimulation) and at the end
of FSH stimulation (days 7–11). Mean daily dose of FSH
(either Gonal F, Merck Serono, or Puregon, Schering, or,
in two patients, Menopur, Ferring) was 194.4 IU. Detailed
characteristics of hormonal status of analyzed patients are
presented in Table 1.

All patients’ samples were collected upon the approval of
Ethics Committee of the Medical University of Bialystok.

2.2. Extracellular Staining and Flow Cytometry. 170 𝜇L of
fresh EDTA-anticoagulated whole blood was stained with the
set of murine anti-human monoclonal antibodies described
in detail in Table 2. Samples were incubated for 30min at
room temperature in the dark. Thereafter, 2mL of FACS
lysing solution (BD) was added, followed by 15min incu-
bation in the dark. Cells were washed twice with cold
PBS (phosphate-buffered saline) and fixed with CellFix (BD
Biosciences). Appropriate fluorescence-minus-one (FMO)
controls were used for setting compensation and for assuring
correct gating. The gating strategy for HSCs and VSELs
is shown in Figure 1, while gating strategy for identifying
CD34+ cells and EPCs is presented in Figure 2. Samples
were acquired using FACSCalibur flow cytometer (BD Bio-
sciences). Obtained data were analyzed using FlowJo version
7.6.5 software (Tree Star).

2.3. Enzyme-Linked Immunosorbent Assays. SDF-1 plasma
levels were quantified by means of commercially avail-
able enzyme-linked immunosorbent assays (ELISA, DuoSet,
R&D). Samples were directly assayed according to manufac-
turer’s instructions. The protein levels in the specimens were
calculated from a reference curve generated by using refer-
ence standards. The detection range of used ELISA set was
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Table 2: Detailed characteristics of monoclonal antibodies used in the study.

Name Clone Isotype Format Additional information Manufacturer

Mouse anti-human anti-CD34 8G12 IgG1 FITC
This antibody binds to 105–120 kDa
single-chain transmembrane glycoprotein,
IVD

Becton Dickinson

Anti-human lineage cocktail 2 (lin 2) FITC Becton Dickinson

Mouse anti-human anti-CD3 SK7 IgG1 This antibody binds to epsilon chain of the
CD3 antigen, IVD

Mouse anti-human anti-CD19 SJ25C1 IgG1 This antibody recognizes a 90 kDa antigen,
IVD

Mouse anti-human anti-CD20 L27 IgG1
This antibody binds to phosphoprotein
with a molecular weight of 35 or 37
kilodaltons (kDa), depending on the
degree of phosphorylation, IVD

Mouse anti-human anti-CD14 M
𝜑

P9 IgG2b
This antibody reacts with a 53–55 kDa
glycosylphosphatidylinositol- (GPI-)
anchored and single chain glycoprotein,
IVD

Mouse anti-human anti-CD56 NCAM16.2 IgG2b
This antibody recognizes a heavily
glycosylated 140 kDa isoform of NCAM, a
member of the immunoglobulin (Ig)
superfamily, IVD

Mouse anti-human anti-CD235a GA-R2 IgG2b FITC
This antibody binds to glycophorin A, a
sialoglycoprotein present on human red
blood cells (RBC) and erythroid precursor
cells

Becton Dickinson

Mouse anti-human anti-CD45 HI30 IgG1 PE This antibody binds to 190, 190, 205, and
220 kDa protein isoforms, RUO Becton Dickinson

Mouse anti-human anti-CD144 55-7H1 IgG1 PE
This antibody reacts with
calcium-independent epitope on cadherin
5, RUO

Becton Dickinson

Mouse anti-human anti-CD309 89106 IgG1 PE
This antibody reacts with CD309 (vascular
endothelial growth factor receptor-2
(VEGFR-2))

Becton Dickinson

Mouse anti-human anti-CD133 AC133 IgG1 APC This antibody reacts with epitope 1 of
CD133, RUO Miltenyi Biotec

IVD: this clone is used for in vitro diagnostics; RUO: suitable for research use only.

between 7,81 and 500 pg/mL.The samples were analyzed with
automated light absorbance reader (LEDETEC 96 system).
Results were calculated by MicroWin 2000 software.

2.4. Statistics. Statistical analysis was carried out using
GraphPad Prism 6 (GraphPad software). Wilcoxon test was
used. The differences were considered statistically significant
at 𝑝 < 0.05. The results are presented as medians (interquar-
tile range).

3. Results

First, we analyzed the effects of FSH administration on
the frequencies of circulating HSCs (Figure 3(a)). We
found that FSH treatment resulted in statistically signifi-
cant increase in Lin−CD133+CD45+ HSC numbers ((from
125.5 (66–133.5) to 175.5 (83.5–428.8) cells per 170 𝜇L of
whole blood), 𝑝 = 0.0303). Similarly, FSH treatment led to

significant enhancement of Lin−CD133+CD45− VSEL lev-
els (Figure 3(b)). Following FSH therapy, VSEL numbers
increased from 4 cells (3–11,5) to 34 cells (16,5–57) per 170𝜇L
of whole blood (𝑝 = 0.0057).

Next, we set out to investigate the influence of FSH
administration on the frequencies of entire population
of CD34+ cells and the population of EPCs delineated
by such phenotypes as CD34+CD144+, CD34+CD133+,
and CD34+CD133+CD309+ cells. Notably, we did not
observe any significant changes in the numbers of single
CD34+ cells following FSH administration (Figure 4(a)).
Similarly, we did not demonstrate any significant changes
in numbers of EPCs identified as CD34+CD144+ cells
(Figure 4(b)), CD34+CD133+ cells (Figure 4(c)), and
CD34+CD133+CD309+ cells (Figure 4(d)).

Finally, we wished to investigate whether FSH adminis-
tration affected serum levels of SDF-1, one of crucial mobiliz-
ing factors for VSELs and HSCs (Figure 5). However, we did
not find any significant change in SDF-1 concentrations upon
completion of FSH administration (𝑝 > 0.05).
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Figure 3: Summary of analyses of time-course changes of the numbers of HSCs (a) and VSELs (b) during FSH therapy.
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Figure 4: Summary of analyses of time-course changes of the numbers of CD34+ cells (a), CD34+CD144+cells (b), CD34+CD133+ cells (c),
and CD34+CD133+CD309+ cells (d) in the course of FSH therapy.

4. Discussion

Here we demonstrated that administration of pituitary-
derived sex hormones at clinically applied doses allowed for
efficient mobilization of frequencies of VSELs and HSCs but
not endothelial progenitor cells. These findings build a plat-
form for developing novel sex-hormone- based therapeutic

strategies aimed at enhancement of either VSELs or HSCs
numbers in conditions that would require efficient mobiliza-
tion of these cells subsets.

Notably, it was shown that the links between
gonadotropin hormones and stem cells may extend far
beyond the effects exerted on VSELs and HSCs. Tadokoro
and colleagues showed that FSHwas one of crucial regulators
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Figure 5: Time-course analysis of individual changes in serum
levels of SDF-1 in the course of FSH therapy.

of germinal stem cell (GSC) fate [15]. FSH regulated
homeostatic control of glial cell line-derived neurotrophic
factor (GDNF) which in turn accelerated proliferation of
GSCs. These findings indicated that regulation of GCS
population size is regulated by the GDNF/FSH pathway. It
remains to be established whether effects of FSH treatment
on VSELs and HSCs were related to actions mediated by
GDNF. Recently, in concert with this notion, Tourkova
and colleagues demonstrated that mesenchymal stem cells
(MSC) expressing FSH-R responded with adhesion and
proliferation following addition of FSH [16]. Moreover,
short-term treatment by FSH at doses comparable to those
observed in menopause augmented MSC proliferation by
affecting signaling associated with Erk1/2 phosphorylation.

It remains elusive whether mobilizing effects of FSH/LH
therapy on VSELs and HSCs in female patients were related
to their direct effects on bone marrow-derived stem cells
or rather on mobilization of stem cells localized in ovaries.
On the other hand, both possibilities do not have to be
mutually exclusive. Previously, it was demonstrated that stem
cells found in ovaries have the phenotype of VSELs and they
can give rise to more differentiated ovarian GCS [17, 18].
This was confirmed by later studies by Parte and colleagues
who demonstrated that VSELs and GSCs were present in
ovary surface epithelium (OSE) [19]. In this study, FSH
treatment resulted in prominent proliferation of stem cell-
harboring OSE and release of functional stem cells from
ovaries. Moreover, Patel and colleagues found that FSH
treatment resulted in increased clonal expansion of ovary-
associated stem cells (both VSELs and ovarian GCSs), while
FSH receptors were expressed only on ovarian stem cells but
not on ovarian epithelial cells [20]. Similarly, Sriraman and
colleagues showed that PMSG (FSH analog) increased VSELs
numbers in chemoablated female mice [21]. Nevertheless,
the question of how effects of gonadotropin hormones on
stem cell population size are related to ovaries would require
enrollment of male patients subjected to therapy with FSH
and/or LH, the condition that due to ethical reasons certainly
could not be achieved in the settings of the current study.

Notably, in our study, we did not demonstrate any
significant effects of gonadotropin therapy on the levels of

EPCs. In concert with this notion, in a representative group
of patients with inflammatory bowel disease, Garolla and
colleagues did not find relationships between levels of FSH
or LH and numbers of EPCs [22]. In some contrast, however,
reduced numbers of EPCs were found in hypogonadotropic
hypogonadal male patients presenting with low levels of FSH
and LH [23]. Interestingly, receptor for FSH is expressed by
the endothelium of blood vessels in themajority ofmetastatic
tumors [24]. Therefore, despite lack of significant effects of
gonadotropin therapy on numbers of circulating EPCs ana-
lyzed in the current study, the subject of mutual relationships
among EPCs, endothelial cells, and pituitary-derived sex
hormones certainly deserves further investigation.

Our findings also bring about an interesting perspective
for understanding relationships between stem and progenitor
cells and elevated levels of FSH and LH that are detected
at elderly age. In the light of our data, it is tempting to
hypothesize that enhanced FSH and LH levels in elderly
individuals could represent the mechanism of enhancing
otherwise diminished hematopoiesis and decreased stem cell
numbers. Similarly, this observation was previously docu-
mented inmousemodel, wherein the numbers of VSELswere
shown to be highest in young subjects and decreased with age
[25].

Given these data, FSH and LH therapy could become an
attractive and easily available tool enabling mobilization of
stem cells in regenerativemedicine. However, given the broad
spectrum of the effects exerted by sex hormones, the safety of
such approach would need to be examined in further clinical
studies performed in different groups of patients including
males. One has to keep in mind that FSH and LH were
found to be involved in the growth of certain tumors. As an
example, Ji and colleagues found significantly higher levels of
mRNAencoding receptor for FSH (FSHR) in invasive ovarian
tumors compared to low malignant tumors and normal OSE
[26]. Similarly, it was reported that overexpression of FSHR
in OSE cells led to an increase in expression of proteins
involved in ovarian cancer development such as EGFR, c-
myc, and HER2/neu. Thus any therapeutic strategies aimed
at enhancement of the size of stem/progenitor cell pool by
the use of gonadotropin-based therapies would need to be
carefully investigated in terms of clinical safety.

Altogether, our data support recent findings on the role
of FSH in the biology of VSELs and HSCs that were reported
by our group in mouse model [4]. Thus, these data support
a concept of a developmental link between germ line, VSELs,
and hematopoiesis [4, 5]. Finally, we demonstrated here for
the first time that mobilization of stem cells with VSELs
phenotype and HSPCs can be achieved by the use of widely
available therapeutic regimens based on pituitary-derived sex
hormones.
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Infertility is a condition that occurs very frequently and understanding what defines normal fertility is crucial to helping patients.
Causes of infertility are numerous and the treatment often does not lead to desired pregnancy especially when there is a lack of
functional gametes. In humans, the primordial germ cell (PGC) is the primary undifferentiated stem cell type that will differentiate
towards gametes: spermatozoa or oocytes. With the development of stem cell biology and differentiation protocols, PGC can be
obtained from pluripotent stem cells providing a new therapeutic possibility to treat infertile couples. Recent studies demonstrated
that viable mouse pups could be obtained from in vitro differentiated stem cells suggesting that translation of these results to human
is closer. Therefore, the aim of this review is to summarize current knowledge about PGC indicating the perspective of their use in
both research and medical application for the treatment of infertility.

1. Introduction

Today, in the second decade of this millennium, infertility
remains a global condition with a high prevalence of occur-
rence [1, 2]. Boivin et al. [3] revealed that the rate of 12-month
prevalence ranges from 3.5% to 16.7% in more developed and
from 6.9% to 9.3% in less-developed countries, with an aver-
age prevalence of 9%.The diagnosis of infertilitymay become
a cause of life crisis in many couples, so it is necessary to
develop mechanisms to overcome temporary or permanent
loss of fertility and the possibility to have a biological child [1].
For infertile couples that are unable to have a child by other
treatments, artificial reproductive technique (ART) and the
possibility to derive gametes from stem cells offer potential
reproductive strategies to individuals who are infertile due
to injuries, exposure to toxicants, or immune-suppressive
treatments and suffer from gonadal insufficiency due to pre-
mature ovarian failure or azoospermia, reproductive aging,
and idiopathic cases of poor gamete quality [4, 5].

In most multicellular organisms, germ cells are the origin
of new organisms that provide the inheritance of the genetic
and epigenetic information in the following generations [6].
The germ cell lineage is the source of totipotency, providing
the creation of new organisms [7]. In the 19th century, August
Weismann published the hypothesis according to which the
presence of preformed germ cell determinants (germplasm)
are inherited only through the germ cells ensuring the
totipotency and continuity of the germ line [8].This has been
demonstrated in invertebrates and lower vertebrates, where
the germplasm is required for germ cell formation, while
in mammals, this process involves epigenetic mechanisms
and not preformation. That regulated event, in which some
environmental influences play a crucial role, and totipotency
is maintained through the germ line, allowing further devel-
opment in the following generation.

Germ cells undergo two significantly different develop-
mental phases [9].The first phase occurs during early embry-
ogenesis, when primordial germ cells (PGCs) are formed and
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actively migrate to the gonadal ridge [10, 11]. In the second
phase, the germ cells receive appropriate signals from their
environment and initiate one of two distinct programs of con-
trolled cell division, meiosis, and differentiation-oogenesis or
spermatogenesis, to form gametes. The molecular basis of
both processes and early germ cell development is very well
understood in two species, Drosophila and Caenorhabditis
elegans, where systematic genetic reviews have identified
many of the genes required in this process [12–15]. PGCs in
humans have not been intensely investigated because of the
technical and ethical obstacles to obtaining such cells from
early embryos [16]. The greater part of our knowledge of
mammalian PGC specification has been obtained from stud-
ies using early mouse embryos, in which the germ cell fate
is induced in pluripotent proximal epiblast cells soon after
implantation in the uterine wall [17].

In this review we summarize current knowledge about
mammalian PGC and indicate the perspective of their use in
research and to generate mature gametes that could be used
in treatment of human infertility.

2. Origin and Development of
Primordial Germ Cells

In mammals, the origin of the germ cell lineage in embryoge-
nesis was initially unclear due to the absence of the character-
istic germplasm present in the egg as seen in other organisms
such as X. laevis and D. melanogaster [17]. PGCs were first
identified in mammals by Chiquoine in 1954 [18]. He found
a population of germ cell lineage cells capable of generating
both, oocytes and spermatozoa at the base of the emerging
allantois at E7.25 in the endoderm of the yolk sac of mouse
embryos, immediately below the primitive streak, identified
by high alkaline phosphatase (AP) activity. While ethical
constraints limit our knowledge of the specification of human
PGC, it is clear that common signaling pathways operate
acrossmammals and possibly all vertebrates [19]. Based upon
staining of AP different studies have suggested diverse sites
of origin for the PGC including the posterior primitive streak
(reviewed in [20]). The founder population of germ cells is
few in number and deeply which causes major difficulties in
studying the genetic basis for the specification of the germ
cell lineage [8]. Germcells, soon after their lineage restriction,
acquire morphology which would reflect underlying unique
molecular features. Saitou et al. have established a system to
identify key factors that determine germ cell fate in mouse
and to understand the distinctive features that the germ cells
acquire at the molecular levels [21]. They dissected out an
embryonic region with around 300 cells that contained the
founder germ cells at E7.5 (EB stage) and dissociated it into
single cells. These cells are morphologically similar but fall
into two classes distinguishable by differential expression of
two germcell-specific genes, Stella andFragilis [8].The cluster
of 300 cells demonstrates universal expression of Fragilis but
Stella expression is restricted to a subset of cells within the
centre of the cluster. Therefore, both genes appear to have
major roles in germ cell development and their ability to
differentiate [21]. Stella is the first gene to be expressed in the
population of cells considered to be lineage restricted germ

cells [8] that also show high expression of tissue nonspecific
AP (Tnap), a gene for AP activity of PGC [22].

Migrating germ cells continue to show strong and specific
expression of Stella but exhibit strong repression of all
the homeobox genes examined (Hoxb1, Hoxa1, Evx1, and
Lim1), despite high levels of expression of these genes in the
neighbouring somatic cells [8]. Since the role of homeobox
genes is to specify the regional identity of cells along the body
axis or induce differentiation of cells towards specific somatic
cell lineages, this suggests that the founder germ cells acquire
the ability to avoid somatic specification by preventing or sup-
pressing homeobox gene expression.This could be one of the
key features that mammalian germ cells possess that allows
them to maintain or regain totipotency and differ from other
surrounding cells in the niche. This concept is supported by
continued expression of Oct4 and other pluripotency genes
in germ cells [23].

In mouse, the specification of germline begins around
E6.25 in the proximal epiblast in a small population of cells
identified by expression of Blimp1 (B-lymphocyte-induced
maturation protein 1)/Prdm1 (Pr domain containing protein
1) [24] and Prdm14 [25]. Interestingly, Blimp1 and Prdm14
have distinct binding patterns relative to promoters [26]
and Blimp1 has a dominant role for PGC specification.
Blimp1 is important for the repression of almost all the genes
normally downregulated in PGCwith respect to their somatic
neighbours, as well as for the restoration of pluripotency and
epigenetic reprogramming. Conversely, Prdm14 regulates the
restoration of pluripotency and epigenetic reprogramming
independently from Blimp1 and defines a novel genetic
pathway with strict specificity to the germ cell lineage [27].
Expression of these two factors starts independently in a
small number of cells of the proximal posterior epiblast at the
beginning of the early-streak stage [28]. These cells increase
in number and form PGC with AP activity and Stella (also
known as Dppa3 or Pgc7) expression [21, 29]. PGCs in
the mouse are induced during gastrulation by bone mor-
phogenetic protein (BMP) signaling and as yet unidentified
signal(s) from the extraembryonic ectoderm and visceral
endoderm to underlying pluripotent epiblast cells at E6.5
[30]. This induction results in Blimp1/Prdm1 mediated tran-
scriptional regulation of epiblast cells which promotes the
expression of PGC-specific genes, such as Stella, and represses
the expression of somatic cell genes such as members of the
Hox gene family [24, 31]. It is still unknown whether the
Smads activate Blimp1 and Prdm14 transcription directly or
indirectly [7]. Determination of the element(s) responsible
forBlimp1 expression in the epiblast in response to BMP4 and
examination of whether or not the Smads directly bind to and
control Blimp1 will be crucial to provide a definitive answer
to this question. Induction of PGC seems to require BMP4 or
BMP8b alone or in combination indicating that signalling for
various BMPs occurs through separate receptors. In mice,
a number of other factors which have been implicated in
specification andmaintenance of PGC occur at around E6.25,
marked by the sequential expression of two transcription
factors Blimp1/Prdm1 and Prdm14 in response to BMPs [32].
Blimp1, Prdm14, and Stella-positive PGC integrate key events
to repress a somatic mesodermal differentiation program in
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Figure 1: Time schedule and signals involved in the regulation of primordial germ cells (PGCs) migration and colonization in mice.

PGC [7]. WNT signalling is also essential for the PGC fate,
possible through posttranscriptional interaction with sug-
gesting that theWNT signalingmay act posttranscriptionally
on BMP signalling components [7]. WNT signaling can sta-
bilize Smad1 by inhibiting GSK3-mediated phosphorylation
of its linker region thereby preventing its degradation [33]
but the tyrosine-kinase receptor c-kit and its ligand, stem cell
factor, are essential for the maintenance of PGC in both sexes
[19].

3. Migration of Primordial Germ Cells

In contrast to D. melanogaster and zebrafish, little is known
about PGC migration and initiation of that process in mice
[33]. Soon after specification, the cells begin to exhibit polar-
ized morphology and cytoplasmic extensions and initiate
migration through the primitive streak into the adjacent pos-
terior embryonic endoderm, extraembryonic endoderm, and
allantois [20]. The first step in mouse PGC migration is the
movement of cells from the posterior primitive streak to the
endoderm at E7.5. Between E8.5 and E13.5, the Tnap positive
PGCs proliferate and migrate via the hindgut endoderm
and mesentery followed by bilateral migration to the genital
ridges, after which they can enter into meiosis in the female
or mitotic arrest in the male and initiate differentiation into
either oocytes or spermatozoa [16, 34]. Duringmigration, the
PGC population doubling time is fairly uniform at about 16
hours between 8.5 and 13.5 days. E13.5mouse embryos should
have about 24000 PGCs in their genital ridges [35]. In this
migratory phase, PGCs undergo extensive genome repro-
gramming and alteration of epigenetic information, such as
DNAmethylation and histonemodification patterns, and the
erasure of gene imprinting that may be essential for restoring
totipotency to the germ cell lineage [16].

Currently, there is no evidence for sex-specific differences
during PGC migration in any organism. A subset of germ
cells in the gonad acquires the ability to function as germline
stem cells, which undergomeiosis to produce sperm and eggs
and promote the next generation of embryonic development
and PGC migration. Vasa protein is an essential component
of germplasm and represents a poorly understood complex of

RNA and proteins that is required for germ cell determina-
tion. Null mutation leads to sterility in female mice resulting
from severe defects in oogenesis [10]. In humans, VASA
expression begins at the end of the migratory phase of PGC
development [9]. Tilgner et al. generated and characterized
human embryonic stem cell (hESC) lines with a construct in
which expression of the pEGFP-1 gene was driven by a DNA
sequence representing the VASA reporter [36]. They demon-
strated that hESC could be used as a development model
system for PGC specification under in vitro conditions. Also,
they were able to establish a small number of the presumed
female PGCs isolated on the basis of VASA promoter driven
GFP fluorescence. These results and the fact that specific
expression of Vasa in the germ cell lineage during colo-
nization of the gonadal ridge suggest that Vasa is required
to maintain the functionality of germ cells. For instance,
male mice homozygous for a targeted mutation of the mouse
Vasa ortholog Mvh are sterile and exhibit severe defects in
spermatogenesis while homozygous females are fertile [37,
38]. Other signals (Figure 1) involved in the regulation of
PGC migration and colonization are the adhesion molecule
E-cadherin [39] and extracellular matrixmolecule integrin 𝛽1
[40, 41]. Unfortunately, the precise function of these factors
and signalling pathways remain to be explained.

Migratory PGCs maintain a genomic program associated
with pluripotency. They express core pluripotency genes
(Oct4, Nanog, and Sox2) and are able to form teratomas after
injection into postnatalmouse testes [6, 42, 43]. Besides these,
migratory PGCs express stage-specific embryonic antigen 1
(SSEA1) [16]. Upon arrival in the gonad, germ cell-specific
RNA binding protein DAZL (deleted in azoospermia-like)
is essential for developing PGC [44]. Many studies revealed
that the DAZL functions as a translational enhancer [45–47].
Knockout for target mRNA binding partners of DAZL (Mvh,
Scp3, and Tex19.1) resulted in severe phenotypic changes [48–
50] suggesting that DAZL may have additional roles during
the PGC stage of mammalian gametogenesis. DAZL is also a
gatekeeper of apoptosis in PGC and regulates the expression
of key Caspases acting as an elegant fail-safe mechanism that
prevents stray PGC from forming teratomas and eliminating
aberrant PGC [51]. In the absence of DAZL, the germ cells fail
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Table 1: Summarized genes that participate into PGC development.

Full name Alternate names Time of expression Location of coded protein References

Tissue nonspecific AP
(Tnap) E7.25-14

At the cell surface, linked to
the cell membrane via a

phosphatidylinositol glycan
linkage

[22]

Stella
Developmental

pluripotency-associated
3 or Dppa3 or Pgc7

E7.5
Protein that may shuttle
between the nucleus and

cytoplasm
[8, 21]

Fragilis E7.5 Transmembrane protein [8, 21]
B-lymphocyte-induced
maturation protein 1
(Blimp1)

Pr domain containing
protein 1 (Prdm1) E6.25 Cytoplasmic transcriptional

repressor [24]

Prdm14 Pr domain containing
protein 14 E6.25 Transcriptional regulator [25]

Mouse Vasa ortholog
(Mvh)

E13.5(10.5) end of the
migratory phase of
PGC development

Cytoplasm [9]

Deleted in
azoospermia-like
(DAZL)

E12.5(11.5) Cytoplasmic protein [44–52]

to develop beyond the PGC stage as shown by continued
expression of pluripotency markers. These findings suggest
that DAZL is a “licensing factor” required for sexual dif-
ferentiation of PGC [52]. Genes that participate in PGC
development are summarized in Table 1.

Postmigration PGCs, marked by the expression of several
RNA binding proteins such as MVH, DAZL, and NANOS3,
undergo sexual dimorphic development [46–53]. In mice,
female germ cells quickly initiatemeiosis and arrest atmeiosis
I stage, while male ones mitotically divide for several rounds
and then enter a quiescent stage when they are known as
gonocytes. Specifically, the PGCs upregulate a set of genes
that enable them to undergo sexual differentiation and game-
togenesis while suppressing their pluripotency program [54].
In the female XX embryo, the PGCs continue to prolifer-
ate and subsequently enter into the prophase I of meiotic
divisions [35]. Hereafter, they are arrested at the diplotene
stage of prophase I of meiosis. After birth, the gonocytes are
surrounded by cells from the cortical interstitial layer and
become primary oocytes in primordial follicles, thereby end-
ing precursor proliferative potential and arresting their devel-
opment process until puberty. After puberty, hormonal stim-
ulation during ovulation causes the maturation and release
of oocytes from the ovary into the oviduct followed by com-
pletion of the first meiotic division with concomitant extru-
sion of the first polar body. Upon fertilization with a haploid
spermatozoon, the oocyte completes the second meiotic
division and extrudes the second polar body [6, 55, 56].

In contrast to those in the female, XY PGCs enter into
mitotic arrest upon entry into the genital ridges and stay
quiescent in the G

0
/G
1
phase of the cell cycle for the

remaining embryonic period as a prospermatogonium, while
retaining a proliferative precursor potential [57]. Around day
5 postpartum, many of prospermatogonia resume active pro-
liferation, while some migrate to the basement membrane of

the seminiferous tubule and form tight junctions with Sertoli
cells thereby forming spermatogonial stem cells (SSC) incor-
porated into their appropriate niche.Thus, comparedwith the
very limited size of the oocyte pools, the spermatozoa can
be obtained from differentiation of SSC. In culture, germline
stem cells bearing the abilities for long-term proliferation
and for spermatogenesis upon transplantation into testes
are established in the presence of GDNF (glial cell-derived
neurotrophic factor), most readily fromneonatal testes [6, 55,
56].

4. Derivation of PGC from Pluripotent Cells

PGC can be isolated from whole mouse embryos at E6.0 in
serum- and feeder-free conditions in suspension [7]. Under
such conditions leukaemia inhibitory factor has an activity
to suppress the induction of goosecoid, a marker for the
mesendoderm, which suggests that Blimp1 expression in the
serum-free mediummight reflect a differentiation of epiblast
cells into a mesendodermal lineage. The data indicate that
essentially all epiblast cells at E6.0, if separated from visceral
endoderm a source for inhibitory signals, are able to express
Blimp1 in response to BMP4 alone (Figure 1). Until now,
evidence has been provided that isolated epiblasts can be
induced to form Blimp1, Prdm14, and AP-positive PGC-like
cells after 36 hours in a serum-free culture with BMP4 [58].

Meanwhile differentiation of hESC to PGC has substan-
tial potential as a method to examine the mechanisms of
normal and abnormal development of human germline. To
derive larger numbers of human PGCs from hESC Tilgner
et al. [16] have developed an in vitro growth system that
demonstrates the usefulness of SSEA1 to enrich a population
of putative PGC.The SSEA1-positive cells sharemany charac-
teristics with ex vivo PGC, such as the expression of key genes
(VASA,OCT4, and STELLA), but their cell-cycle status differs
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Figure 2: Making gametes from pluripotent stem cells (PSC). Primordial germ cells (PGCs), embryonic germ cells (EGCs).

from previous observations in embryonic mice, indicating
that PGCs from E9.0 were largely arrested in G2/M, while
the SSEA1-positive population is largely in S-phase, which
suggests that the majority of the cells may still be in their
mitotic expansion phase. Therefore, targeted differentiation
of human pluripotent stem cells (PSC) offers an excellent
opportunity to investigate the mechanisms involved in matu-
ration of PGC. However, the limited number of publications
indicates that the derivation of germ cells from PSC is still
an immature technology [59–61]. The first reported study of
induction ofmouse germcells fromPSCwas study byHübner
et al. [60] but Hayashi et al. [62] were the first to describe the
high efficiency two-step procedure to obtain PGC-like cells
(PGCLC) frommouse ESC and iPSC. In this procedure, ESC
and iPSC were first induced into epiblast-like cells that were
subsequently induced to PGCLC [62] and later ESC could
be differentiated towards germ cells [63]. Chuma et al. [42]
transplanted PGC in testis and obtained mature sperm
whereas Matoba and Ogura [64] reported that PGCs isolated
from E12.5 male foetus under the kidney capsule yield sper-
matids (Figure 2). The milestone of these studies is the birth
of healthy offspring. Similar toMatoba andOguraHashimoto
et al. [65] reported that PGCs isolated from female foetus
when transplanted under the ovarian bursa or kidney capsule
result in functional oocytes. Therefore, we are a step closer
to obtaining human gametes from in vitro produced PGC
using ESC or iPSC [62, 66, 67] but in human some obstacles
remain: (i) how tomake the PGC to convert tomature oocyte
without transplantation and (ii) how to repeat the mouse
work in humans to produce PGC for infertility treatment.
Nevertheless, the advantage of using hESC and patient-
specific iPSC is the possibility to decipher the mechanisms
involved in differentiation andmaturation of human gametes
with the aim of completely translating gene expression profil-
ing of these cells. This can be confirmed by previous publica-
tion [68] with clear evidence that the SOX17 is the key regu-
lator of human PGC fate. The study revealed that the Blimp1
is downstream of SOX17 and represses endodermal and other
somatic genes during specification of humanPGC,whichwas

unexpected since Sox17 does not have role in specification
of mouse PGC. Once we have in our hands the protocol
to drive differentiation of human iPSC towards functional
gametes we will be able to produce patient-specific oocytes
and spermatozoa under controlled in vitro conditions.

5. Conclusion

The possibility of generating mature gametes from PGC
represents an area of investigation that provides more
insight into signalling pathways of gametogenesis and repro-
ductive dysfunction in humans. Very recent progress in
work with targeted differentiation of iPSC offers tailor-
made/personalized iPSC therapies also for the treatments of
azoospermia in males or primary ovarian insufficiency in
females [69–73]. However, problems in derivation of sperm
cells and oocytes under in vitro conditions in human remain:
the differentiation of germ cells is dependent on the somatic
environment rather than the sex chromosome content of the
germ cell. Therefore, the demonstration of gametogenesis
from cultures of differentiatingmouse ESC and iPSC suggests
that “artificial” human gametes may also be obtained in this
way, and the live birth of mouse pups suggests that the
human cells may also be functional, although the successful
demonstration of human gamete formation in this way is still
awaited, but already followed by numerous ethical discus-
sions. Nevertheless, obtaining of human viable spermatozoa
and oocytes under in vitro conditions would for sure open in
reproductive medicine new horizons to a new form of infer-
tility treatment.
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Endurance exercise has been reported to increase the number of circulating hematopoietic stem/progenitor cells (HSPCs) in
peripheral blood (PB) as well as in bonemarrow (BM).We therefore became interested in whether endurance exercise has the same
effect on very small embryonic-like stem cells (VSELs), which have been described as a population of developmentally early stem
cells residing in BM.Mice were run daily for 1 hour on a treadmill for periods of 5 days or 5 weeks. Human volunteers had trained in
long-distance running for one year, six times per week. FACS-based analyses and RT-PCR ofmurine and humanVSELs andHSPCs
from collected bone marrow and peripheral blood were performed. We observed that endurance exercise increased the number of
VSELs circulating in PB and residing in BM. In parallel, we observed an increase in the number of HSPCs.These observations were
subsequently confirmed in young athletes, who showed an increase in circulatingVSELs andHSPCs after intensive running exercise.
We provide for the first time evidence that endurance exercisemay have beneficial effects on the expansion of developmentally early
stem cells.We hypothesize that these circulating stem cells are involved in repairingminor exercise-related tissue and organ injuries.

1. Introduction

Bonemarrow (BM) contains a variety of stem cells, including
hematopoietic stem/progenitor cells (HSPCs), endothelial
progenitor cells (EPCs),mesenchymal stem cells (MSCs), and
the dormant population of stem cells from early embryonic
development that have been named very small embryonic-
like stem cells (VSELs) [1–3]. It has been shown that BM-
derived stem cells, especially HSPCs, circulate in peripheral
blood (PB) at a very low level under steady-state conditions
[4]. This circulation allows the pool of stem cells maintained
in BM to be spread to bones located in distant parts of
the body. Another important suggested purpose of this

circulation is that various types of such circulating stem
cells play a role in “patrolling” peripheral tissues to prevent
infections and tissue damage [5].

Evidence has also accumulated that HSPCs and EPCs
expand in bonemarrow (BM) in response to endurance exer-
cise and are subsequently mobilized into peripheral blood
(PB) [6–9]. Therefore, we became interested in whether the
pool of BM-residingVSELswould respond in a similar way as
HSPCs to endurance exercise.These cells, as demonstrated in
several reports, have the ability to differentiate into cells from
all three germ layers [10] and play an important role in tissue
and organ rejuvenation [11], and their number positively
correlates with life span in experimental animals [12].
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Egress of stem cells from the BM is triggered by activa-
tion of the complement cascade, which releases important
active cleavage fragments, such as the C5 component C5a,
that induce granulocytes and monocytes in BM to release
proteolytic enzymes that attenuate stem cell retention signals
in BM niches and permeabilize the BM–PB barrier, thus
facilitating the egress of stem cells [13]. The major chemoat-
tractant for stem cells in PB is sphingosine-1-phosphate (S1P),
and, in the process of mobilization, certain other factors are
also involved, including 𝛼-chemokine stromal-derived factor
1 (SDF-1) [14]. It has also been proposed that mobilization
of particular types of stem cells may be modulated by stem
cell type-specific factors, such as vascular endothelial growth
factor (VEGF), which is involved in mobilization of EPCs
[15]. Our recent research demonstrated that mobilization of
stem cells not only is triggered by but also correlates with
activation of the complement cascade, and its activation can
be easilymeasured in PB using commercially available ELISA
assays to detect, for example, the C5b-C9 membrane attack
complex (MAC) [16].

Our data confirm that HSPCs are released from BM
into PB in response to physical exercise and demonstrate
for the first time that, in parallel, VSELs are also mobilized.
Importantly, we demonstrate a positive effect of exercise on
expansion of this primitive pool of stem cells in BM. Since
these small cells may differentiate into several types of cells
across the three germ layers, their increase may explain, in
a novel way, the positive effect of regular exercise on tissue
and organ rejuvenation. Of note, a similar positive effect
on this pool of cells by caloric restriction has recently been
demonstrated [17].Therefore, VSELsmay be able to reconcile
reported observations of a positive effect of both exercise and
caloric restriction on life quality and extension of life span.
However, we are aware that more direct data are necessary to
fully support this novel concept.

2. Materials and Methods

2.1. Animal Care and Use. Conducted studies were approved
by the II Local Ethical Committee, Environmental and Life
Science University, and adhered to American College of
Sports Medicine (ACSM) animal care standards.

2.2. Experimental Animals. Theexperiments were performed
on 90 4-week-old C57BL/6 mice. Sedentary control (SED)
and exercise-trained (EX) C57Bl/6 mice were housed three
per cage in an ultraclean facility on ventilated racks and were
provided food and water ad libitum during the experiment
period. The animals were purchased from the Animal Lab-
oratory House, Wroclaw Medical School, and housed in the
Animal Experimental Laboratory (Wroclaw Medical School,
Norwida 34, Poland). Mice were maintained on a 12 h light-
dark cycle at 22 ± 0.2∘C.

2.2.1. Mice Endurance Exercise on Treadmill. The animals
used in this study were divided into two groups: sedentary
control animals, which did not undergo physical activity
(𝑛 = 6), and animals undergoing physical activity (𝑛 =
6). Animals were exercise-trained (𝑛 = 6) on an Exer 3/6

Treadmill (Columbus Instruments, Columbus, OH, USA)
3 d/wk (Monday, Wednesday, and Friday) for 5wk. The mice
were accustomed to the treadmill a week before training. For
the 5wk training period, mice were subjected to a progressive
exercise protocol, with the training portion of the protocol
beginning at 14m/min for 45min (wk 1) and increasing
to 24m/min for 45min (wk 5). The training portion of
the protocol was always preceded by a 10min warm-up at
10m/min and followed by a 5min cool-down at 10m/min as
described previously [8]. SED mice (𝑛 = 6) were exposed
to the treadmill and were given similar inducements on the
same days as EX mice but were not subjected to training.
The training intensity corresponded to 70–75% of VO

2max
(murine maximal oxygen uptake). Electrical stimulation was
not used to encourage the animals to run.

2.2.2. Mice Exercise on Rotating Wheels. Twelve 4-week-old
C57BL/6 mice were accustomed for 7 days to the presence
of a rotating wheel and were subsequently subjected to
controlled 45-minute exercise on rotating wheels. Standard
mouse exercise wheels were attached directly to the side wall
of the cages, and each wheel had a magnet directly attached.
Prior to commencement of the running trial, the mice in the
EX group were placed in a cage containing an exercise wheel
and kept there for 7 days.

2.2.3. Human Volunteers. Twelve healthy volunteers, with a
mean age of 24 ± 1 years (20–28 years old), mean body
weight of 85.0 ± 3.2 kg (68.0–93.5 kg), and mean VO

2max of
49.4 ± 1.6mL kg−1min−1 (43.3–55.1mL, kg−1, min−1) were
recruited to take part in the experiment. All individuals were
divided into two groups: sedentary (𝑛 = 6) and physically
active students (𝑛 = 6). The volunteers recruited to the
sedentary group were students at Wroclaw Medical School
and were not engaged in regular training. Physically active
students were recruited from Wroclaw Sport Club (WKS
Slask) and had trained in long-distance running for one
year, with endurance training performed six times per week
during the year. The regular training sessions consisted of
endurance running at a distance of 9-10 km/day with a speed
of 0.2 km/min, which is equivalent to ∼65% of VO

2max.
The peripheral blood from physically active students was
collected 30min after the last training session in the Faculty of
Pharmacy, Medical University inWroclaw. Following routine
medical screening, subjectswere advised of the purpose of the
study and associated risks, and all provided written informed
consent. The experimental protocol was approved by the
Local Ethical Committee at Wroclaw Medical School.

2.2.4. FACS-Based Analysis of VSELs and HSPCs from
Murine BM and PB. Total nucleated cells (TNCs), which
were obtained from BM and PB, were subsequently
stained for CD45, hematopoietic lineage markers (Lin),
and Sca-1 antigen for 30min in medium containing
2% fetal bovine serum. The following anti-mouse
antibodies (BD Pharmingen) were used for staining:
rat anti-CD45 (allophycocyanin/Cy7, clone 30F11), anti-
CD45R/B220 (PE, clone RA-6B2), anti-Gr-1 (PE, clone
RB6-8 C5), anti-T-cell receptor-𝛼𝛽 (PE, clone H57-5970),



Stem Cells International 3

anti-T-cell receptor-/𝛿 (PE, clone GL3), anti-CD11b (PE,
clone M1/70), anti-Ter119 (PE, clone TER-119), and anti-
Ly-6A/E (also known as Sca-1, biotin, clone E13-161.7, with
streptavidin conjugated to PE–Cy5). Cells were then washed,
resuspended in RPMI medium with 2% fetal bovine serum,
and sorted with an Influx cell sorter (BD, CA, USA). Two
populations were analyzed: Lin−Sca-1+CD45− (VSELs) and
Lin−Sca-1+CD45+ (HSPCs) [18].

2.2.5. FACS-Based Analysis of VSELs andHSPCs fromHuman
PB. Whole human PB was lysed in BD lysing buffer (BD
Biosciences, USA) for 15min at room temperature and
washed twice in phosphate-buffered saline (PBS). A single-
cell suspension was stained for lineage markers (CD2 clone
RPA-2.10, CD3 clone UCHT1, CD14 clone M5E2, CD66b
clone G10F5, CD24 clone ML5, CD56 clone NCAM16.2,
CD16 clone 3G8, CD19 clone HIB19, and CD235a clone GA-
R2) conjugatedwith fluorescein isothiocyanate (FITC), CD45
(cloneHI30) conjugatedwith phycoerythrin (PE), and a com-
bination of CD133 (CD133/1) conjugated with APC, CD34
(clone 581) conjugated with PB, CD31 (clone WM59) (APC-
Cy7), and CD51 (clone 23C6 RUO) conjugated with PE-Cy7
for 30min on ice. After washing, VSELs (CD45−Lin−CD133+
and CD45−Lin−CD34+ cells), HSPCs (CD45+Lin−CD133+
and CD45+Lin−CD34+ cells), EPCs (CD34+CD133+KDR+),
and MSCs (CD45−Lin−CD31− CD51+) were analyzed by
fluorescence-activated cell sorting (FACS, Navios, Beckman
Coulter, USA). At least 106 events were acquired and analyzed
using Kaluza software.

2.2.6. Real-TimeQuantitative Reverse Transcription PCR (RQ-
PCR). Total RNA was isolated from cells harvested from BM
andPB from experimental and controlmice by employing the
RNeasy Kit (Qiagen, Valencia, CA). The RNA was reverse-
transcribed with MultiScribe reverse transcriptase and oligo-
dT primers (Applied Biosystems, Foster City, CA). Quanti-
tative assessment of mRNA levels was performed by real-
time reverse transcriptase polymerase chain reaction (RT-
PCR) on anABI 7500 Fast instrument employing Power SyBR
Green PCR Master Mix reagent. Real-time conditions were
as follows: 95∘C (15 sec) followed by 40 cycles at 95∘C (15 sec)
and 60∘C (1min). According to melting point analysis, only
one PCR product was amplified under these conditions. The
relative quantity of target, normalized to the endogenous
control 𝛽-2 microglobulin gene and relative to a calibrator,
is expressed as fold change (2−ΔΔCt), where ΔCt = (Ct of
target gene) − (Ct of the endogenous control gene, 𝛽-2
microglobulin) and ΔΔCt = (ΔCt of target gene) − (ΔCt of
calibrator for the target gene). The following primer pairs
were used: 𝛽2-microglobin, 5-CAT ACG CCT GCA GAG
TTA AGC A-3 (forward) and 5-GAT CAC ATG TCT CGA
TCC CAG TAG-3 (reverse); Oct-4, 5-TTC TCA ATG CTA
GTT CGC TTT CTC T-3 (forward) and 5-ACC TTC AGG
AGA TAT GCA AAT CG-3 (reverse); Sox2, 5-GCG GAG
TGG AAA CTT TTG TCC-3 (forward) and 5-GGG AAG
CGT GTA CTT ATC CTT CT-3 (reverse); Rex1, 5-AGA
TGG CTT CCC TGA CGG ATA-3 (forward) and 5-CCT
CCA AGC TTT CGA AGG ATT T-3 (reverse).

2.2.7. In Vitro Clonogenic Assays of Murine HSPCs. The
growth of murine HSPCs isolated from BM and PB was eval-
uated by an in vitro clonogenic assay, as described previously
[17]. Briefly, 2 × 105 BM-derived and 4 × 105 PB-derived
cells were resuspended in 0.4mL of RPMI-1640 medium
and mixed with 1.8mL of MethoCult HCC-4230 methylcel-
lulose medium (StemCell Technologies Inc., Canada), sup-
plemented with L-glutamine and antibiotics. Specific murine
recombinant growth factors (all from R&D Systems, USA)
were added. To stimulate granulocyte-macrophage colony-
forming units (CFU-GM), IL-3 (20U/mL), SCF (10 ng/mL),
and GM-CSF (5 ng/mL) were used. EPO (5U/mL), SCF
(10 ng/mL), and IL-3 (20U/mL) were used to stimulate
erythrocyte burst-forming units (BFU-E). The colonies were
counted under an inverted microscope after 7–10 days of cul-
ture. Each clonogenic assay was performed in quadruplicate.

2.2.8. ELISA to Detect Murine MAC, SDF-1, and VEGF. Fifty
microliters of PB was taken from the vena cava of the six
C57BL/6 mice and collected into Microvette EDTA-coated
tubes (Sarstedt Inc., Newton, NC).The concentration of C5b-
C9 (MAC) was measured by employing the commercially
available, highly sensitive enzyme-linked immunosorbent
assay (ELISA) kit K-ASSAY (Kamiya Biomedical Company,
Seattle, WA, USA), according to the manufacturer’s protocol.
The concentrations of SDF-1 and VEGF were measured
by employing the commercially available, highly sensitive
enzyme-linked immunosorbent assay (ELISA) (R&D Sys-
tems, Europe Ltd.).

2.2.9. ELISA to Detect Human Oct-4, Sox2, and Nanog.
Fifty microliters of PB was taken from the vena cava of
the six C57BL/6 mice and collected into Microvette EDTA-
coated tubes (Sarstedt Inc., Newton, NC).The concentrations
of Oct-4, Sox2, and Nanog were measured by employing
the commercially available, highly sensitive enzyme-linked
immunosorbent assay (ELISA) (MyBioSource), according
to the manufacturer’s protocol. Results were calculated and
presented as percentage fold difference.

2.2.10. Statistical Analysis. All data were analyzed using
Microsoft Excel 2007 and Statistica version 7.1 software. Most
results are presented as mean ± standard error of the mean.
The Mann-Whitney 𝑈 and Student’s 𝑡-tests were used, and
statistical significance was defined as 𝑃 < 0.05.

3. Results

3.1. Short Exercise on Rotating Wheels Mobilizes VSELs into
Peripheral Blood. It has been demonstrated that physical
activity mobilizes HSPCs, both in mice and humans [6–9].
To address the effect of short periods of physical activity on
the mobilization of VSELs, we exercised normal mice for
45 minutes on a standard rotating wheel, and immediately
afterwardsmicewere evaluated for the numbers ofVSELs and
HSPCs circulating in peripheral blood (PB, Figures 1(a) and
1(b)) and activation of the complement cascade (Figure 1(c)),
which, as we demonstrated previously, is crucial for egress of
stem cells from the bone marrow (BM) microenvironment
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Figure 1: Effect of short (45min) exercise on a rotating wheel on stem cell mobilization in mice. (a, b) The number of VSELs (a) and HSPCs
(b) circulating in PB after 45min of exercise on a rotating wheel (effort) compared with nonexercising mice (control). (c) Activation of the
complement cascade in PB after 45min of exercise on a rotating wheel (effort) compared with nonexercising mice (control) measured by
C5b-C9 (MAC) ELISA. (d)The increase in the number of clonogenic progenitors circulating in PB after 45min of exercise on rotating wheels
(effort) compared with nonexercising mice (control) (𝑛 = 6mice/group).

into PB [13–15]. We observed a significant ∼2x increase in
the numbers of VSELs (Figure 1(a)), increased numbers of
HSPCs (Figure 1(b)), and increased numbers of clonogenic
CFU-GM circulating in PB (Figure 1(d)). The increases in
number of these circulating cells correlated with activation
of the complement cascade, as evidenced by an increase in
C5bC9 (also known as themembrane attack complex (MAC))
measured in PB plasma by ELISA (Figure 1(c)).

3.2. Prolonged Endurance Exercise on a Treadmill Increases
the Number of VSELs Circulating in PB as well as Residing
in BM. Subsequently, we performed an endurance exercise
experiment in which mice were subjected to forced running

on a treadmill for 5 days or 5 weeks. Figure 2(a) shows that
forced exercise for 5 consecutive days or 5 weeks significantly
enhanced the number of VSELs both circulating in PB (left
panel) and residing in BM (right panel). This increase in
the number of VSELs circulating in PB correlated with an
increase in expression of mRNA for VSEL markers such
as Oct-4, Sox2, and Nanog [11, 12] in PB mononuclear
cells (Figure 2(b)). Again, mobilization of VSELs correlated
with an increase in activation of the complement cascade
(Figure 2(c)). A representative FACS analysis of VSELs circu-
lating in PB in control mice as well as mice that had exercised
for 5 days or 5weeks is shown in Supplemental Digital Content
available online at http://dx.doi.org/10.1155/2016/5756901.
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Figure 2: Effect of 5 days or 5 weeks of exercise on a treadmill on the number of VSELs in PB and BM. (a)The number of VSELs circulating in
PB (left panel) and BM (right panel) after 5 days or 5 weeks of exercise on a treadmill (effort) compared with nonexercisingmice (control). (b)
Quantitative real-time PCR changes in expression of Oct4, Sox2, and Nanog in PB mononuclear cells after 5 days or 5 weeks of exercise on a
treadmill (effort) compared with nonexercising mice (control), whose expression level was defined as 100%. (c) Activation of the complement
cascade in PB measured by C5b-C9 (MAC) ELISA after 5-week exercise on a treadmill (effort) compared with nonexercising mice (control)
(𝑛 = 6mice/group).

Interestingly, these changes in the numbers of VSELs and
HSPCs did not correlate with the plasma levels of SDF-1
or VEGF. In fact, we did not observe significant changes
in the levels of these factors in PB between control and

exercising mice (data not shown), which indicates, along
with our previous observations in other models of stem cell
mobilization, that if the complement cascade is activated
and stem cells are released from their niches in BM due to
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Figure 3: Effect of 5 days or 5 weeks of exercise on a treadmill on the number of HSPCs in PB and BM. (a)The number of HSPCs circulating
in PB (left panel) and BM (right panel) after 5 days or 5 weeks of exercise on a treadmill (effort) compared with nonexercising mice (control).
(b) The increase in the number of clonogenic progenitors (CFU-GM, left panel, and BFU-E, right panel) in BM after 5 days or 5 weeks of
exercise on a treadmill (effort) compared with nonexercising mice (control) (𝑛 = 6mice/group).

a proteolytic microenvironment, the plasma level of S1P is
sufficiently high to induce egress of stem cells from BM into
PB [14].

At the same time, we observed the predicted increase in
HSPCs (Figure 3(a)), both circulating in PB (left panel) and
residing in BM (right panel). An increase in the numbers of
HSPCs in BM correlated with increases in the numbers of
clonogenic CFU-GM and BFU-E progenitors (Figure 3(b)).

3.3. Increases in VSELs Circulating in PB after Running
Exercise in Young Athletes. The effect of running exercise

on increasing the numbers of HSPCs circulating in PB
has already been demonstrated in humans [8]. In this
study, encouraged by our murine data, we enumerated the
number of small CD34+Lin−CD45− and CD133+Lin−CD45−
cells circulating in PB (Figure 4(a)) that correspond to the
VSEL population (left panels) in sedentary and physically
active students, and, in parallel, we enumerated the num-
ber of CD34+Lin−CD45+ and CD133+Lin−CD45+ cells that
correspond to HSPCs (right panels). Figure 4(a) shows an
increase in the numbers of these cells circulating in PB in
physically active subjects after running effort (90–120min of
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Figure 4: Effect of exercise on stem cell mobilization in healthy young volunteers. (a) The number of CD133+ and CD34+ VSELs (left)
and CD133+ and CD34+ HSPCs (right) circulating in PB in young athletes after not exercising (control) or after running exercise (effort). (b)
Quantitative real-time PCR changes in expression of Oct4, Sox2, andNanog in PBmononuclear cells after running exercise (effort) compared
with nonexercising subjects (control). Changes are shown compared with values detected in control volunteers (defined as 100%). (c) The
number of EPCs (left panel) andMSCs (right panel) circulating in PB in young athletes after not exercising (control) or after running exercise
(effort) (𝑛 = 6 volunteers/group).
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training session corresponding to 65% of training consisting
of VO

2peak at the distance of 8 km). An increase in the number
of VSELs circulating in PB has been subsequently con-
firmed by ELISA to detect Oct-4, Sox2, and Nanog proteins
(Figure 4(b)). We also observed a small increase in the num-
ber of EPCs but not MSCs circulating in PB (Figure 4(c)).

4. Discussion

The salient observation of this work is the positive effect
of exercise on mobilization into PB and expansion in BM
of VSELs. Since these small developmentally early cells
may differentiate into several types of cells across all three
germ layers and play a role in regeneration [10–12, 18], this
observation may explain, in a novel way, the positive effect of
regular exercise on tissue and organ rejuvenation.

In addition to VSELs, we have confirmed that physical
activity also mobilizes HSPCs into PB. In support of this
observation, there are several reports in the literature demon-
strating that physical exercise mobilizes both HSPCs and
EPCs into PB [6, 8, 9]. The efficacy of the mobilization may
vary, depending on the intensity of the exercise protocols
employed in humanor animal subjects and the time of sample
collection of PB or BM after exercise for enumeration of
the stem cells. In our experiments, we evaluated the effect
of exercise on the release of VSELs and HSPCs from BM
immediately after a short, intensive run on rotating wheels or
after repeated daily running exercise on a treadmill for 5 days
or 5 weeks. We also evaluated the mobilization of VSELs and
HSPCs in healthy young athletes after a 10 km run. It is most
likely that stem cells mobilized during strenuous exercise act
as “circulating paramedics,” with a role in repairing micro-
scopic damage in skeletal muscles as well as in other tissues.
An important role in this phenomenon may be played by
VSELs, which, in appropriate in vivo models, are reportedly
able to differentiate into cells for different tissues, including
mesenchymal precursors, lung alveolar epithelium, gametes,
and endothelial cells [19–22]. In vitro research proved that
not only does an enabling environment improve releasing
and increasing cells’ proliferation but both mechanical and
physical stress, as well changed conditions (i.e., different
culture surfaces), are associated withmechanisms controlling
cellular functions. These findings provide evidence that
endurance training may play modulating role in regulation
of cellular functions and VSELs releasing [23–25].This ability
corresponds with several observations in which VSELs are
released into PB in clinical situations of organ or tissue
damage, such as heart infarct [26], stroke [27], skin burns
[28], and neural tissue toxic damage [29], and the extent of
their mobilization into PB may even have some prognostic
value [26–28]. Our data presented herein show for the first
time that not only are VSELs released from BM into PB in
response to physical exercise but there is also a positive effect
of exercise on the expansion of this primitive pool of stem
cells in BM.

We also observed that endurance exercise increases the
number of HSPCs in BM, corroborating reports from other
investigators [7, 9]. Specifically, mice trained on a treadmill at

progressive speeds over a 10-week period displayed increased
medullary and mobilized HSPC content from 50 to 800%,
depending on the HSPC type, and marrow cavity fat was
reduced by 78% [6]. Interestingly, as has been demonstrated
in another paper from this group, exercise promoted BM cell
survival, and exercise training increased survival of recipient
mice after BM transplantation with increased total blood
cell reconstitution [30]. Based on this finding, endurance
training has a positive prohematopoietic effect, both directly
on HSPCs and on accessory cells in the BM microenvi-
ronment (e.g., stroma and osteoblasts) that provide niches
for these cells [4]. Interestingly, in addition to HSPCs, it
has been reported that physical activity also has a positive
effect on neurogenesis in the adult and aging brain [31, 32].
Thus, physical activity has a positive effect on several types
of tissue-committed stem cells in various organs, such as
skeletal muscle satellite stem cells [31, 33], HSPCs [9], and
neural progenitors, and several factors triggered by exercise,
such as insulin-like growth factor 1, VEGF, platelet-derived
growth factor, hepatocyte growth factor, and hormones such
as androgens, mediate this effect [31]. On the other hand,
it is very likely that other non-peptide-based regulators of
cell growth, such as bioactive phosphosphingolipids and
alarmines released from hypoxic tissues, may play an impor-
tant role as well [31].

Mobilization into PB and expansion in BM of VSELs,
which may differentiate into several types of cells across the
three germ layers [10, 11, 19–22] and express several genes
characteristic of early development stem cells (Oct-4, Sox-
2, and Nanog), may explain, in a novel way, the positive
effect of regular exercise on tissue and organ rejuvenation.
Of note, there is a similar positive effect on this pool of stem
cells by caloric restriction, as we demonstrated recently [16].
Therefore, VSELs may reconcile all observations reported so
far of a positive effect of both exercise and caloric restriction
on life quality and the extension of life span [12]. However, we
are aware that more direct data are necessary to fully support
this novel concept.

Mobilization of both HSPCs and VSELs correlated in our
studies with activation of the complement cascade.This again
confirms the pivotal role of this cascade, which is also seen
as a response to infection or tissue and organ damage in
triggering the mobilization process after strenuous exercise
[13]. Since the complement cascade has robust cross-talk with
two other evolutionarily ancient proteolytic cascades—the
coagulation and fibrinolytic cascades [34]—further studies
are needed to assess the role of the products of activation of
these cascades on mobilization of stem cells in response to
endurance exercise.

We conclude that physical activity may have a positive
effect on improving life quality by directly affecting the
pool of the most primitive stem cells residing in adult
tissues. Future studies will be important to address the
question of whether a combination of physical activity with
caloric restriction and some pharmacological drugs, such
as metformin, which is currently employed to increase life
span, have a synergistic effect on VSELs and tissue and
organ rejuvenation.These observations will be crucial for the
development and optimization of novel treatment strategies
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aimed at prolonging human life span, and physical activity is
an important part of this.
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Adult mammalian ovary has been under the scanner for more than a decade now since it was proposed to harbor stem cells that
undergo postnatal oogenesis during reproductive period like spermatogenesis in testis. Stem cells are located in the ovary surface
epithelium and exist in adult and menopausal ovary as well as in ovary with premature failure. Stem cells comprise two distinct
populations including spherical, very small embryonic-like stem cells (VSELs which express nuclear OCT-4 and other pluripotent
and primordial germ cells specificmarkers) and slightly bigger ovarian germ stem cells (OGSCs with cytoplasmic OCT-4 which are
equivalent to spermatogonial stem cells in the testes). These stem cells have the ability to spontaneously differentiate into oocyte-
like structures in vitro and on exposure to a younger healthy niche. Bone marrow may be an alternative source of these stem
cells. The stem cells express FSHR and respond to FSH by undergoing self-renewal, clonal expansion, and initiating neo-oogenesis
and primordial follicle assembly. VSELs are relatively quiescent and were recently reported to survive chemotherapy and initiate
oogenesis in mice when exposed to FSH. This emerging understanding and further research in the field will help evolving novel
strategies to manage ovarian pathologies and also towards oncofertility.

1. Introduction

The central dogma of reproductive biology that ovary has
fixed number of follicles at birth or shortly afterwards was
first put forth by Heinrich Waldeyer, a German anatomist-
embryologist in 1870. It stated that a woman is born
with a finite and nonrenewing pool of germ cells whose
numbers decline progressively with age, affecting ovarian
function and sudden demise of follicles with age results
in menopause. Besides the fixed number of follicles in the
ovary, it is also a well-established fact that ovarian function
is modulated by pituitary gonadotropins follicle stimulating
hormone (FSH) and luteinizing hormone (LH). FSH acts on
growing follicles through its receptors (FSHR) located on
the granulosa cells and initial follicle growth particularly in
women is gonadotropin independent [1]. LH is responsible
for ovulation and synthesis of steroid hormones.

The concept of biological clock of ovary and that a female
is born with a fixed number of follicles was challenged in
2004 by Professor Tilly and his group who rekindled the very
essence of the topic of postnatal oogenesis and presented
evidence that the rate of loss of oocytes in mice ovary due
to atresia and ovulation were indeed counterbalanced by a
mechanism which maintains a constant count of immature
oocytes [2]. These observations favored the concept of ovar-
ian stem cells and postnatal oogenesis and several groups
were drawn into this area of research.

First major step was to prove the presence of stem cells
in the ovary and their characterization, followed by how
they function under normal conditions leading to postnatal
oogenesis, and how they result in various pathologies like
ovarian failure, menopause, and cancer. Also, it became
pertinent to study whether stem cells present in the adult
ovary could bemanipulated to regain ovarian function under
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certain specific conditions, for example, after oncotherapy in
cancer survivors. Postnatal follicular regeneration in mouse
ovary [3] and ovary surface epithelium (OSE) as a source
of germ cells during fetal stage ovary was reported in the
past [4, 5]. It was also proposed that OSE is the active
site of origin for neoplasms and almost 90% of ovarian
cancers arise from the OSE [6]. Various other methods like
label retaining cells, Hoechst dye-excluding side population
confirmed the presence of stem/ progenitor cells [7–9] and
a novel population of stem-like cells coexpressing Lin28 and
Oct-4 in epithelial ovarian cancers have been reported [10].
Flesken-Nikitin et al. [11] showed the presence of stem cells in
the OSE in the hilum region as the niche for ovarian cancer
cells.

Present review provides a brief overview of our cur-
rent understanding on ovarian stem cells, their origin and
characterization, and how they are implicated in postnatal
oogenesis alongwith an interesting advance from the authors’
laboratory that they express follicle stimulating hormone
receptors (FSHR) and are modulated by FSH to undergo self-
renewal, clonal expansion to form germ cell nests, prolifera-
tion, differentiation, and primordial follicle (PF) assembly in
adult ovary. It also touches upon subtle technical issues that
should be kept in mind to arrive at a consensus on existence
of stem cells in adult mammalian ovary.

2. Stem Cells, Progenitors, and Germ Cell
Nests in Adult Mammalian Ovary

Ovary is a dynamic organ lined by a single layer of cuboidal
surface epithelial cells also called germinal epithelium which
is relatively less differentiated and uncommitted and express
epithelial and mesenchymal markers under normal condi-
tions. OSE is involved in follicular rupture, release of the
mature oocyte, subsequent ovarian remodeling, and repair
of follicle walls and hence becomes a discontinuous layer
in case of anovulatory cycles anovulatory cycles, polycystic
ovarian syndrome and during menopause and in sclerotic
ovaries [6]. First proof for the presence of ovarian stem cells in
OSE was given by Tilly’s group [2] when they showed MVH
and BrdU coexpressing cells in the OSE along with meiotic
markers (Scp3, Spo11, and Dmc1) and that on grafting wild
type ovary in GFP mice led to formation of follicles with
GFP oocyte enclosed by wild-type granulosa cells. Thereafter
various research groups became involved and investigated
ovarian stem cells with the help of varying approaches like
immunomagnetic antibody and flow cytometry based cell
sorting strategies (MACS and FACS), in vitro culture and
differentiation of ovarian stem cells, genetic lineage tracing,
and transplantation experiments, suggesting that the follicle
pool is not a static but indeed a dynamic population of
differentiating and regressing structure in adult mice and
human ovary. Main highlights of various studies that were
undertaken to show the presence of stem cells in adult ovaries
have been compiled in Table 1 [13–35].

As evident, Tilly’s and Bukovsky’s groups were the first
to report stem cells in adult mammalian OSE. Bukovsky’s
group reported spontaneous differentiation of oocyte-like
structures in vitro from OSE cells for the first time and both

the groups reported beneficial effect of bone marrow cells on
ovarian function. Tilly’s and Virant-Klun’s groups detected
stem cells inmenopausal and POFwomen.The former group
could restore ovarian function by providing a young niche
in mice while the latter group demonstrated spontaneous
differentiation of human OSE cells to oocyte-like structures
in vitro. Using a handful of characteristic markers (meiotic
and germ cells, PGCs, and primordial oocyte specific), Tilly’s
group has been successful to demonstrate PF assembly in
cortical tissue slices in vitro [21]. Virant-Klun’s group has
extensively characterized the ovarian stem cells and reported
the presence of spherical, very small 4 𝜇m cells which express
pluripotent and PGC specific markers [36]. Johnson et al.
[18] also detected PGCs (Stella, Fragilis, and Nobox) and
germ cells (Oct4, Mvh, and Dazl) specific transcripts in bone
marrow.

Our group initially obtained institutional ethical approval
to use human ovarian cortical tissue to establish methods to
cryopreserve PF for cancer patients. But few samples analyzed
by us revealed nil follicles/germ cells in the ovarian tissue.
Then with technical help from Professor Bukovsky, we ini-
tially reported that adult rabbit, sheep, monkey, and human
OSE harbored stem cells and for the first time demonstrated
that there existed two distinct populations of stem cells in
OSE including (i) spherical cells which were smaller than
RBCs in agreement with Virant-Klun’s observations and (ii)
a slightly bigger population of “progenitors.” Immunolocal-
ization studies showed that the smaller cells were pluripotent
and expressed nuclear OCT-4, whereas the bigger ones
expressed cytoplasmic OCT-4 (Figure 1). A careful survey
of literature showed that Professor Ratajczak’s group had
reported similar cells termed very small embryonic-like stem
cells (VSELs) in various adult tissues [37]. Thus we realized
that the smaller cells with nuclear OCT-4 were the VSELs
and when they entered differentiation, nuclear OCT-4 was
no longer required, shifted to cytoplasm, and eventually
degraded as cells became more committed. The cells with
cytoplasmic OCT-4 were termed ovarian germ stem cells
(OGSCs) and appear to be similar to the oogonial stem cells
(OSCs) reported by Tilly’s group. We have reported similar
VSELs in adult mammalian testes [38] as well and the OGSCs
(OSCs) are equivalent to SSCs in the testes [12, 39, 40].

A careful examination of scraped OSE cells shows the
presence of VSELs, OGSCs, and also occasional germ cell
nests (GCN) which are formed by rapid, clonal expan-
sion with incomplete cytokinesis of OGSCs. The detailed
protocols to study these cells (VSELs, OGSCs, and GCN)
by mechanical scraping of bigger sized mammalian ovaries
and after enzymatic digestion of mouse OSE were recently
described by us [12]. These cell types can also be successfully
scraped from a sheep ovary fixed overnight in neutral
buffered formalin (Figure 1(a)). Presence of germ cellmarkers
in bone marrow and expression of PGC markers on these
stem cells hints to the presence of a common population
of VSELs in bone marrow/peripheral blood and ovary as
suggested by Ratajczak’s group [41].

Presence of stem cells and GCN in adult ovary con-
tradicts the report by Lei and Spradling [42] and technical
reasons resulting in the discrepancy have been discussed [34].
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Figure 1: FSH-FSHR3-stem cell interaction in ovary surface epithelium. (a) H&E stained sheep OSE smear. Two distinct populations of
stem cells (encircled) including VSELs (arrow) which are smaller than the red blood cells and slightly bigger OGSCs (asterix) are clearly
visualized even after gently scraping sheep ovary fixed overnight in neutral buffered formalin. Red blood cells and epithelial cells are also
clearly visualized [12]. (b) (i)–(vi) Characterization of ovarian stem cells using pluripotent OCT-4 and SSEA4markers. Smaller VSELs express
nuclear OCT-4 and cell surface SSEA4 whereas slightly bigger OGSCs express cytoplasmic OCT-4 and minimal SSEA4. Note the VSELs do
not stain with DAPI [13]. (c) (i) Sheep OSE smear immunostained with FSHR antibody. Note epithelial cells are negative whereas the stem
cells exhibit distinct positive stain. (ii) Confocal microcopy localization of FSHR on VSELs and OGSCs and on a germ cell nest. (iii)-(iv) In
situ hybridization of FSHR on ovarian stem cells after FSH treatment using oligo probes specific for FSHR1 and FSHR3, respectively. Note
active transcription of FSHR3 mRNA in the cytoplasm of stem cells after FSH treatment whereas FSHR1 is expressed in the stem cells and
the expression is not affected by FSH treatment. (d) qRT-PCR analysis of FSHR1 and FSHR3 after 3 and 15 h of FSH treatment. Note that only
FSHR3 levels are increased transiently after 3 and return to basal levels by 15 h. (c) and (d) Panels show earlier published from 3 different
experiments represented individually by Patel et al. [14]. Please refer to the cited references for further details.
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Similarly, we also explained as to why Byskov et al. [43] failed
to detect stem cells and oogonia in adult human ovary [44].
Zhang and coworkers have published two papers [45, 46]
wherein they contradict the presence of stem cells in adult
ovary by using elegant lineage tracing studies. We had earlier
discussed [34] technical issues related to use of MVH for
lineage tracing studies by Zhang et al. [45]. Zhang et al. [46]
did not acknowledge our comments, rather discussed the
study by Lei and Spradling [42], and have performed further
lineage tracing studies to generate evidence against presence
of stem cells in adult ovary. But technology cannever overtake
biology and we have further discussed the study by Zhang et
al. [46] in context of our work [16] below.

Yuan et al. [47] have also extensively studied stem cells
in monkey ovary by different approaches like flow cytometry,
immunolocalization, Western blot, and RT-PCR with com-
pletely negative results using testes and fetal ovary tissues as
positive control. One thing that needs to be kept in mind is
that the rate of turnover of stem cells in testis and fetal ovary
is extremely high compared to production of 1-2 oocytes per
cycle in adult ovary in women andmonkeys and that absence
of evidence is not evidence for absence. It is mentioned in
the protocols followed in the study that ovarian filtrate was
spun at 1200 rpm for further use. We know by our experience
that ovarian VSELs and OGSCs do not pellet down when
spun at a speed of 1200 rpm; rather we always isolate them
by spinning at a speed of 1000 g. Using this speed we have
successfully detected 3–5𝜇m sized VSELs in adult mouse and
sheep ovary as LIN−/CD45−/SCA1+ in mice and as OCT4+
in sheep. We could detect 0.02 + 0.008% in normal mouse
ovary as LIN−/CD45−/SCA1+ [16]. Similarly 1.26 ± 0.19% of
(2–4𝜇m) and 6.86 ± 0.5% of (4–9 𝜇m) cells expressing OCT-
4 were detected in sheep OSE cell suspension [12]. Thus we
need to sharpen the technology rather than doubt the biology.
Moreover, if the study [47] used as mentioned, one out of
every 20 sections (each 5𝜇m thick), it is very likely ovarian
VSELs being 3–5 𝜇m will inadvertently get missed. We still
prefer to study ovarian stem cells in carefully scrapedOSE cell
smears rather than on sections and for flow cytometry/RNA
extraction studies care is taken to spin the cells at 1000 g
(rather than the standard 1200 rpm speed). Also extracting
RNA from whole ovary, to detect few stem cells in OSE, may
not be a good approach; rather RNA should be extracted from
cortical tissue pieces or scraped OSE cells (various strategies
to enrich stem cells).

3. Characterization of Ovarian Stem Cells

VSELs are considered to be the descendants of embryonic
epiblast derived pluripotent primordial germ cells (PGCs)
that, while migrating along the dorsal mesentery to the
genital ridge, also gets deposited in various somatic tissues
[41]. The VSELs detected in both adult ovaries and testes
[36, 40, 48, 49] are probably the primordial germ cells that
survive in adult gonads in few numbers. Similar concept that
PGCs may survive in adult ovary was put forth by de Felici’s
group [50] and recently they supported Ratajczak’s views that
possibly there exists a mixing up of PGCs and hematopoietic
precursors during early embryonic development [51]. Thus

it was not at all surprising that both Virant-Klun and our
group have reported that the VSELs in the adult ovary express
both pluripotent and PGC specific markers (Table 1). Similar
expression of markers was reported in pig ovary stem cells
[52].

VSELs are distinctly spherical, with high nucleocytoplas-
mic ratio and nuclei stained dark with Hematoxylin and
also do not stain easily with DAPI. DAPI is understood
to preferentially stain heterochromatin [53, 54] and being
pluripotent these cells are expected to have abundant euchro-
matin. Dark Hematoxylin stained nuclei is characteristic
feature of a group of primitive spermatogonia in testis Adark
and we observe similar characteristic staining in primitive
stem cells in ovary as well. Immunophenotyping studies on
sheep OSE revealed the presence of two distinct populations
of stem cells including 1.26 ± 0.19% of (2–4𝜇m) and 6.86 ±
0.5% of (4–9 𝜇m) cells expressing OCT-4 [12]. Similarly,
flow cytometry analysis shows that 0.02% + 0.01% cells are
LIN−/CD45−/SCA1+ VSELs in normal mouse ovary [16].

However, presence of stem cells in adult mammalian
ovary has not yet been well accepted; rather there are groups
who have generated evidence against the presence of stem
cells in adult ovary and have been also discussed above. This
clearly shows that more research is required in the area.
Above review of literature and Table 1 show that stem cells do
exist in the OSE and it now becomes pertinent to understand
how these stem cells function and contribute to postnatal
oogenesis in normal adult ovaries. In the next section, various
studies done in the authors’ lab on how the ovarian stem cells
are modulated by FSH are described.

4. Novel Action of FSH on Ovarian Stem Cells

The existing dogma in reproductive biology advocates that
FSHR in the ovary are expressed exclusively on the granulosa
cells and initial follicle growth is gonadotropin independent.
Sairam’s group has made seminal contributions and shown
that sheep ovarian and testicular FSHR undergo alternative
splicing resulting in 4 distinct isoforms of which FSHR1
and FSHR3 have biological functions [55]. Babu et al. [56]
have reported FSHR isoforms in mouse ovary and their
altered expression after PMSG treatment. Both FSHR1 and
FSHR3 were detected by RT-PCR in normal ovary and
FSHR3 expression was selectively increased after 24 and 48 h
of PMSG treatment. Using a FSHR3 specific peptide IgG,
Western blotting confirmed the presence and upregulation
of FSHR3 in ovary after PMSG treatment. Sullivan et al. [57]
have studied relativemRNA expression for alternately spliced
FSHR transcripts (FSHR1, FSHR2, and FSHR3) and LHR in
small, medium, and preovulatory sheep follicles and have
found that FSHR3 is the predominant transcript by qRT-PCR
studies and is expressed in higher levels compared to the
canonical FSHR1 and that LHR are maximally expressed in
the preovulatory follicles. We have found that ovarian stem
cells are located in the ovary surface epithelium and express
FSHR and that it is the alternatively spliced FSHR isoform
FSHR3 which is actively transcribed on being stimulated
by FSH and as a result the ovarian stem cells undergo



8 Stem Cells International

proliferation and clonal expansion to form germ cell nests
(Figure 1) [14].

These results have relevance especially in light of the fact
that no significant association has been observed between
mutations or single nucleotide polymorphisms (SNPs) in
the canonical FSHR1 with premature ovarian failure and
infertility. We have discussed the possible role of FSH-
FSHR3-stem cells interaction in the OSE resulting in ovarian
cancers, POF, and menopause and how the reproductive
biologists have been misled by screening for mutations in
FSHR1 with a focus on exon 10 whereas FSHR3 may have
a more significant role (has exon 11 and lacks exons 9 &
10) thus explaining the accumulated negative data on lack
of mutations in FSHR in women with POF and cancer [58].
Various studies undertaken by us to decipher a novel role of
FSH via FSHR3 in stimulating ovarian stem cells (in addition
to itswell-studied effect on follicular growth via FSHR located
on the granulosa cells) resulting in postnatal oogenesis and
follicle are listed below:

(1) In 2012, we reported [15] that PMSG (FSH analog)
treatment tomice stimulatesOSE andnewer assembly
of follicles was evident just below the OSE. PMSG
treatment resulted in increased number of PF cohorts
compared to normal ovary (Figures 2(A) and 2(B)).
A subtle proliferation in OSE was also noted during
the proestrus stage of estrus cycle in untreated normal
ovary. PMSG treatment augmented this effect and
it is crucial to mention here that PMSG shows this
effect only when injected during carefully monitored
proestrus stage of the estrus cycle.

(2) While studying effect of FSH and bFGF on human
and marmoset ovarian cortical tissue culture, Parte
et al. [17] reported a prominent effect of FSH on
OSE (Figure 2(b), became hypertrophied and multi-
layered) in perimenopausal ovarian tissue and also
showed that a large number of stem cells get shed
onto the cell culture insert and retained the ability
to spontaneously differentiate into oocyte-like struc-
tures. qRT-PCR on cortical tissue exposed to FSH
and bFGF compared to untreated control showed
increased expression of pluripotent (Oct-4A and
Nanog), early germ cell (Oct-4, c-Kit, and Vasa), and
PF growth initiation (oocyte specific Gdf-9, Lhx8,
and granulosa cells specific Amh) markers. Results
suggest that FSH exerts a direct action on the stem
cells.

(3) Patel et al. [14] showed by immunolocalization studies
presence of FSHR on the sheep ovarian stem cells
whereas the epithelial cells were negative (Figure 1).
Using specific oligo probes for in situ hybridization
studies, they showed that both FSHR1 and FSHR3
mRNA were expressed in the stem cells but only
FSHR3mRNAwas actively transcribed and expressed
in the cytoplasm of stem cells after FSH treatment.
These results were also confirmed by qRT-PCR stud-
ies for FSHR1 and FSHR3 transcripts. A prominent
effect of FSH was observed on proliferation of stem
cells and germ cell nest formation accompanied with

upregulation of pluripotent markers Oct4A, Oct4,
and Sox2. Thus a functional interaction of FSH-
FSHR3-stem cells axis was deciphered for the first
time in adult ovary.

(4) Ovarian stem cells (VSELs) survive chemotherapy in
mice due to their quiescent nature and have the ability
to initiate neo-oogenesis on stimulation with FSH.
Flow cytometry data shows that LIN−/CD45−/SCA1+
VSELs in normal mouse ovary are 0.02% + 0.01% and
after chemoablation are 0.03% + 0.017%. PMSG treat-
ment to chemoablated ovary increased the numbers
of VSELs to 0.08 + 0.03% [16].

(5) Also a prominent effect of FSH was observed on the
OSE of chemoablated ovary after 7 days in culture
(Figures 2(C) and 2(D)). BrdU positive cells in OSE
were associated with the formation of germ cell clus-
ters. Culture of OSE cells isolated from chemoablated
ovary in the presence of FSH resulted in formation
of germ cell nests that stained positive for PCNA and
OCT-4 and oocyte-like structures in vitro that stained
positive for MVH and GDF-9 [16].

These data generated by our group suggest a novel action
of FSH on the stem cells located in the OSE and call
for paradigm shift in the field of reproductive biology. A
recent study describes presence of gonadotropin receptors
on human bone marrow hematopoietic progenitors includ-
ing VSELs [59] supporting a developmental link between
hematopoiesis and the germline. It becomes extremely per-
plexing as to how does FSH act on the ovary when an
infertility expert treats a woman in the clinic to collect eggs
for assisted reproduction. Is FSH really only playing a survival
role on ovarian follicles, preventing cell death of a cohort of
eggswhen they start growing or is it that FSH treatment exerts
direct action on the ovarian stem cells and an altogether new
cohort of follicles assembles and starts growing starting from
the stem cells! We need better means to decipher these well
kept secrets of Mother Nature on the surface of the ovary.

Initiation of maturation of the follicles from the pri-
mordial pool is a process that at least in humans is not
dependent on gonadotropins. Although FSH is a primary
factor controlling folliculogenesis, the “initial recruitment” of
human PF is mainly controlled by factors produced in the
ovaries [1]. In general FSH is secreted in high levels at mid
cycle (preovulatory surge) but there is another smaller peak
which occurs during late luteal phase and is termed the “inter-
cycle peak” in humans or the “proestrus peak” (secondary
surge) in rodents and is understood to be associated with
recruitment of follicles for the next cycle. Rani and Moudgal
[60] showed that rather than the “preovulatory” FSH peak,
the “proestrus” peak affects follicular growth and blocks
ovulation in the next cycle. It is probably this intercycle peak
of FSH that triggers stem cell activity in the OSE, resulting in
PF assembly [15, Figures 1-2] and these follicles then rapidly
grow and mature. But more carefully planned studies need
to be undertaken to generate more evidence to support this
preliminary observation.

Lei and Spradling [42] failed to detect “germline cysts”
by lineage tracing approach and thus concluded that adult



Stem Cells International 9

(A) (B) (C) (D)

(a)

Day 0 Day 3 Control Day 3 FSH

(b)

Figure 2: Novel action of FSH on adult mammalian ovary. (a) Effect of pregnant mare serum gonadotropin (PMSG) on intact and
chemoablated mice ovaries. (A)-(B) PMSG treatment to intact ovaries results in increased cohorts of primordial follicles below the OSE
compared to untreated control [15]. (C)-(D) Chemoablated mouse OSE also responds to PMSG treatment. Note overall thickening of OSE
after PMSG treatment compared to untreated control. Chemoablated ovaries are otherwise devoid of follicles [16]. (b) Effect of FSH on human
ovary surface epithelium cortical tissue in vitro [17]. H&E stained paraffin section on D0 at the start of culture exhibits a prominent OSE and
the cortical tissue is almost degenerated byD3 in culture whereas FSH exerts a survival effect on the cortical tissue and note the hypertrophied
nature of the OSE. Please refer to the cited references for further details.

mouse ovaries lack stem cells.They proposed that primordial
follicle pool generated during fetal life is sufficient to sustain
oogenesis and that there is no renewal of oocytes during
adult life. We had discussed various reasons that could have
led to their negative data [34] and also showed presence of
“cyst” (germ cell nest) which expresses OCT-4 and SSEA4 in
adult mouse OSE cell smears after PMSG treatment. Similar
structures have also been characterized in human and sheep
ovary [35]. Recently we published our protocols to isolate
two populations of ovarian stem cells [12] and we found
that it is the bigger OGSCs (equivalent to OSCs) that divide
rapidly and form cysts with incomplete cytoplasmic division.
Presence of cysts (germ cell nests) is considered to be a
hallmark feature of stem cell activity in adult ovary [42].

Recently Zhang et al. [46] have provided compelling
evidence against stem cell activity and postnatal oogenesis in
adult mice using 3 genetically modified mouse models. Their
experiments suggest that there is no generation of oocytes
from stem cells in adult ovary and also no somatic cells get
recruited to aid primordial follicle assembly with de novo-
regenerated oocytes. In contrast to their study where genetic

manipulations are done to answer a biological question, we
used a more physiological approach to address the same
question of postnatal oogenesis [16]. Firstly we characterized
the stem cells in enzymatically separated OSE cells and
used flow cytometry to study LIN−/CD45−/SCA+ VSELs in
normal (0.02 + 0.01%) adult ovaries and chemoablated (0.03 +
0.017%) mouse ovary. The VSELs survive chemotherapy and
48 h of PMSG treatment to chemoablated ovary resulted in
increase in their numbers (0.08 + 0.03%) accompanied by
initiation of neo-oogenesis in the OSE layer. The process was
modulated by FSH both in culture of mechanically isolated
OSE cells and adult chemoablated intact ovary culture.
Successful formation of germ cell nests was observed and the
manuscript was accepted for publication after a very strict
review process and only afterwe inserted images of 4 different
germ co-expressingOCT-4, PCNA andDAPI to convince the
reviewers.

Readers may wonder why we did not observe complete
neo-oogenesis and follicle assembly from the stem cells in
chemoablated ovary. The response is simple that chemother-
apy affects the ovarian stem cell niche similar to the report in
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testes [60]. Thus we saw self-renewal, clonal expansion, pro-
liferation, and initial differentiation of stem cells into oocytes
but the process of differentiation and PF assembly could not
be completed because of the compromised niche.We recently
achieved spectacular success of restoring spermatogenesis in
chemoablated testis by providing a healthy niche by way of
transplanting Sertoli or mesenchymal cells [61]. Transplanted
cells act as a source of growth factors and cytokines essential
for differentiation of surviving VSELs in chemoablated testes
into sperm. Similar experiments could not be attempted in
mice ovaries because of their small size which reduces further
after chemotherapy. Here we encourage the readers to refer to
the beneficial effects of mesenchymal cells (MSCs) transplan-
tation to improve ovarian function reviewed recently [36]. It
is intriguing that transplantingMSCs restores normal ovarian
function/morphology (but do not themselves form oocytes)
and rather endogenous oogenesis is restored (possibly from
the VSELs that survive cytotoxic insult). Similarly, Tilly’s
group reported that transplanting bonemarrow or peripheral
blood cells in chemoablated ovary resulted in restoration of
function and formation of oocytes from endogenous stem
cells [18]. All this exciting data emerging from various labora-
tories suggests that a quiescent population of VSELs in adult
mammalian ovary which survive oncotherapy should be
appreciated and further exploited to restore ovarian function.
VSELs may have a role in giving rise to PCOS was shown by
our group [49], but needs to be investigated in details.

Zhang et al. [46] further state that rather than the ovarian
stem cells, embryonic and induced pluripotent stem cells
(iPS) have a promising future to generate oocytes for fertility
treatment. Research efforts to make oocytes using mES cells
are ongoing for last 30 years and recent efforts for using hES
cells are ongoing for more than 15 years. Similarly iPS cells
have also been used tomake gametes in vitro but as concluded
recently obtaining gametes from these stem cells remains a
distant dream [62]. We recently discussed and compared the
ovarian/testicular VSELs with ES/iPS cells and why VSELs
(isolated from adult human, sheep, monkey, and rabbit
OSE) and from chemoablated mice ovaries spontaneously
differentiate into oocytes [16, 63]. Also for the first time,
we succeeded to spontaneously differentiate testicular VSELs
enriched from chemoablated mouse testis into sperm [64]. It
is difficult to convert ES/iPS cells into PGCs as they have very
distinct epigenetic status which cannot be replicated easily
in a culture dish. On the other hand, VSELs are considered
equivalent to PGCs and show excellent ability to differentiate
into gametes.

5. Conclusions

To conclude, data emerging from various laboratories sug-
gests the presence of stem cells in adult ovary surface
epithelium. Our group has shown that stem cells in the
OSE comprise smaller VSELs and slightly larger progenitors
(OGCSs/OSCs) equivalent to SSCs in the testes. They have
the ability to undergo postnatal oogenesis, differentiate into
oocytes, andundergoPF assembly under the influence of FSH
which acts through alternatively spliced FSHR3 isoform.This
increasing understanding of ovarian stem cell biology led

to initial success of restoration of function in chemoablated
adult mice ovary. Further studies are warranted to confirm
this amazing success achieved by our group and others in the
field. A similar FSH-FSHR3-stem cell axis has recently been
deciphered in mouse testis as well [65].
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Parthenogenetic activation of human oocytes obtained from infertility treatments has gained new interest in recent years as
an alternative approach to create embryos with no reproductive purpose for research in areas such as assisted reproduction
technologies itself, somatic cell, and nuclear transfer experiments and for derivation of clinical grade pluripotent embryonic stem
cells for regenerative medicine. Different activating methods have been tested on human and nonhuman oocytes, with varying
degrees of success in terms of parthenote generation rates, embryo development stem cell derivation rates. Success in achieving
a standardized artificial activation methodology for human oocytes and the subsequent potential therapeutic gain obtained from
these embryos depends mainly on the availability of gametes donated from infertility treatments. This review will focus on the
creation of parthenotes from clinically unusable oocytes for derivation and establishment of human parthenogenetic stem cell lines
and their potential applications in regenerative medicine.

1. Introduction

Parthenogenesis is a reproduction strategy common in some
jawed vertebrate species such as the whiptail lizard (Aspi-
doscelis uniparens) [1], in which no sperm is involved to
trigger embryonic development from the oocyte and the
female generates an offspring with no paternal inheritance.
In mammals, parthenogenesis is not a natural form of
reproduction, as the birth of an offspring is considered not
possible. However, parthenogenetic activation ofmammalian
oocytes by artificial manipulation results in early embryonic
development and in some instances fetal early development
can be achieved (mouse forelimb stage E9.5) stage [2]. No
further development is achieved due to the lack of expression
of imprinted paternal genes necessary for the establishment
of a functional placenta [3]. On the other hand, genetic
modification technologies have made the creation and birth
of fertile animals from mouse parthenogenetically activated
oocytes possible [4].

Why then do we study parthenogenesis in the scope of
assisted reproduction technologies (ART) if no human baby
can be generated from this reproductive maneuver?

Renewed interest in parthenogenetic activation of mam-
malian oocytes has come about for scientific, medical, and
economic reasons. First of all, experimental work involving
parthenogenetic embryos circumvents the ethical and legal
problems concerning the use of human embryos generated
for reproductive purposes. Parthenotes may be employed in
different research areas related to ART, studies on human
pluripotent stem cells or basic science uncovering regulatory
mechanisms that command human embryonic development
and cloning experiments using somatic cell or nuclear trans-
fer in mammalian oocytes.

Last but not least, the creation of clinical grade partheno-
genetic human embryonic stem cell (hpESC) lines have
the potential to benefit a considerable large number of
patients, when used in cell therapies, with a reduced risk
of transplant rejection. However, to this end, efforts should
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Figure 1: Oocyte insemination by in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) techniques.

be directed to clinicians to participate in research projects.
The establishment of parthenogenetic clinical grade human
embryonic stem cell lines for use in cell or tissue therapies
will only be possible, if research laboratories obtain enough
biological material from ART centers to evaluate activation
strategies, derivation, and culture media adequate for future
therapeutic use of phESC lines. Furthermore, well trained
committed staff, with good practice and knowledge of basic
embryology, is paramount for the conscious and successful
use of spare oocytes and embryos obtained from assisted
reproduction centers.

This review will explore techniques of parthenogenetic
activation, derivation, and cell and tissue differentiation
achieved in animal models, which reinforce the therapeutic
potential of these pluripotent embryonic stem cells, despite
concerns related to their putative genetic instability, an
inherent feature due to their monoparental origin [4].

ART In Vitro Fertilization and Intracytoplasmic Sperm Injec-
tion Techniques. Among the several treatments regarded as
ART, there are two insemination methods employed for the
generation of human embryos in the laboratory, the in vitro
fertilization (IVF) and the intracytoplasmic sperm injection
(ICSI) (Figure 1).

When performing IVF, oocytes and sperm are mixed
together and left to undergo the fertilization process in a
culture system that mimics the fallopian tubes environment.
Thus, IVF may be considered an assisted reproduction
technology that mimics “natural” fertilization phenomena
[5]. With IVF, the fertilizing spermatozoon will penetrate
through the surrounding cumulus cells, interact with the zona
pellucida proteins, and eventually attach and fuse with the
oocyte plasma membrane.

ICSI was developed to overcome situations where sperm
count, motility, ormorphology is compromised. By using this
insemination technology, the embryologist may choose the
“best looking” spermatozoon to inseminate the oocyte, even
if it is in very low numbers or presents limited motility in the
ejaculate.

ICSI is performed with the aid of a pair of glass pipettes
adjusted to an inverted microscope, where the embryologist
holds the oocyte with one pipette and injects the chosen
spermatozoon with the second pipette straight into the
ooplasm.

2. Parthenogenetic Activation Methodologies

2.1. Biochemistry of Oocyte Activation. Arrested nonfertilized
metaphase II (MII) oocytes will remain at this stage until a
stimulus, whichmay come from the fertilizing spermatozoon
or from an artificial agent (Figure 2), triggers intracyto-
plasmic Ca2+ rises and meiosis resumption. Intracellular
Ca2+ oscillations will inhibit the action of the metaphase
promoting factor (MPF) and the cytostatic factor (CSF) and
lead to metaphase/anaphase transition, segregation of sister
chromatids, and extrusion of second polar body. The impor-
tance of theseCa2+ transients for oocyte activationwas shown
by the prevention of the intracellular elevation of Ca2+ after
sperm penetration by preloading the oocytes with the Ca2+
chelator BAPTA 1-AM [6]. In the absence of any intracellular
Ca2+ increase, activation and subsequent embryo develop-
ment failed to occur. In mammals, intracellular Ca2+ tran-
sients are triggered by a putative sperm factor, the testis spe-
cific phospholipase C-zeta (plc-zeta), or the newly described
postacrosomal sheath WW domain-binding protein PAWP
released by the sperm during the normal fertilization process
[7]. Regardless of the exact nature of the sperm factor
responsible for eliciting the Ca2+ oscillations, its presence is
paramount for successful oocyte activation and embryonic
development.The activating agents used for parthenogenetic
activation may mimic the sperm bound stimuli to trigger
Ca2+ release from the endoplasmic reticulum, exit from
meiotic arrest, and start embryonic development.

2.2. Techniques of Parthenogenetic Activation. A wide range
of artificial stimuli have been employed as agents to trigger
the activation process in oocytes of several animal species.
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All the techniques which have been described for artificial
activation can be divided into two major groups, depending
on the nature of the activating stimulus, that is, chemical
or physical agents. Except for Sr2+ [6], all other artificial
agents that have been studied do not produce repetitive Ca2+
oscillations normally observed during fertilization. However,
the single rise in intracellular Ca2+ that is produced by agents
such as Ca2+ ionophore, ionomycin, or ethanol is adequate to
trigger the meiotic resumption and cortical granule release.
Specific oocyte activation protocols using strontium chloride
(SrCl
2
) to induce continuous Ca2+ oscillations during exit

from second meiosis and first embryonic mitosis seem to
have a role in long-term embryonic events, such as the num-
ber of cells in the inner cell mass (ICM) and trophectoderm
of the resulting blastocyst [8].

Despite the fact that various methods have been inves-
tigated for parthenogenetically activating oocytes through
intracytoplasmic Ca2+ elevations, it seems that there is not
a single method that activates oocytes from every species
studied. Thus, parthenogenetic activation strategies have
presented varying degrees of success, regarding activation
rates and subsequent embryonic development according to
the protocol employed and the species.

Figure 2 shows how embryos are generated after fertil-
ization of an MII oocyte and the three possible parthenotes
thatmay result according to the activation protocol employed

to stimulate exit from MII, in the absence of a fertilizing
spermatozoon.

In the first instance (Figure 2(A)), treatment with an
activating agent such as SrCl

2
, ethanol, Ca2+ ionophore, or

ionomycin is followed by another chemical, for instance, 6-
DMAP (broad protein synthesis inhibitor) or cytochalasin
B or D (inhibitors of actin filaments polymerization), which
blocks second polar body (PB2) extrusion.Thus, the resulting
parthenote is a “pseudodiploid” heterozygous embryo con-
taining the two sister chromatids of each maternal chromo-
some present in the MII oocyte.

Alternative activationmethodologymay allowPB2 extru-
sion and the resulting parthenote containing a single copy
of the sister chromatids undergoes spontaneous diploidiza-
tion giving rise to a completely homozygous embryo
(Figure 2(B)).

Last, the activating agent induces exit from MII and PB2
extrusion, without diploidization (Figure 2(C)). The result of
this strategy is a haploid zygote, which develops into a haploid
parthenote. However, in this instance, embryo development
to the blastocyst stage is generally very low (Bos-Mikich,
personal communication).

High oocyte activation and blastocyst formation rates
were achieved, when mouse oocytes were exposed to Ca2+-
free medium supplemented with 10mM SrCl

2
for 2 hours

[6, 9]. However, similar success rates were not achieved
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when the same protocol was employed to activate human and
bovine oocytes [10].

On the other hand, bovine oocytes presented high acti-
vation rates and development to the blastocyst stage, when
exposed to the Ca2+ salt ionomycin for 5minutes, followed by
2mM 6-dimethylaminopurine (6-DMAP) for 3.5 hours [11].
This last activating method has been employed to generate
parthenogenetic bovine pluripotent embryonic stem cell,
resulting in high rates of derivation and proliferation of
primary embryonic stem cell colonies [12].

2.3. Activating Protocols for Fresh Human Oocytes. Human
oocytes have been artificially activated mainly with the aim
to generate blastocysts for the creation of parthenogenetic
human embryonic stem cell (phESC) lines [13]. Notably,
parthenogenetic embryo development and ESC derivation
efficiencies are similar to those of sperm fertilized counter-
parts [14].

The first phESC lines were created using Ca2+ ionomycin
together with 6-DMAP [15]. In that study, fresh oocytes
were obtained from shared oocyte donation cycles and the
activation procedure took place few hours (3-4 hours) after
collection. Twenty-three blastocysts (50%) were generated,
from which six phESC lines were established. Mai et al. [14]
described an activationmethodology that combines electrical
and chemical stimuli using ionomycin and 6-DMAP, for the
artificial activation of fresh oocytes. Despite the fact that their
parthenogenetic blastocyst rate was lower (21%) than the pre-
vious report [15], the inner cell mass of three blastocysts was
used for the successful derivation of two newparthenogenetic
stem cell lines. Blastocyst formation rates also vary consider-
ably in ART cycles, depending on several factors such as the
age of the patient, ovarian stimulation protocol, and culture
conditions, among others. Thus, it is not surprising that
reports on developmental rates of human parthenogenetic
embryos vary between studies, as the age of the donors and
the stimulation protocols may differ considerably, affecting
the final blastocyst rates and consequently their ICM quality.

2.4. Activation of Failure to Fertilize Human Oocytes. The
detection of nonfertilized oocytes after insemination is not
uncommon in ART treatments, both due to gamete imma-
turity and unknown factor that led to a failure to fertilize
(FF). Most frequently, FF occurs after IVF. In this situation,
the oocyte will remain arrested in MII. Rescue insemination
by ICSI, few hours after detection of FF, has been proposed
as a valid alternative to induce the creation of zygotes
from the nonfertilized oocytes [16–19]. There is, however,
the underlying risk of chromosome abnormalities in the
resulting embryo, mainly because of oocyte aging from the
collection time to the moment of reinsemination by ICSI,
which may occur 30 hours (or more) after oocyte pick-up.
Also, the resulting clinical gestation rates vary considerably
from center to center, which hampers rescue insemination to
be used as a routine procedure in infertility treatments.

On the other hand, it has been shown that unwanted,
FF human oocytes retain their developmental potential and
may generate viable blastocysts by exposure to ionomycin
followed by 6-DMAP and a protein synthesis inhibitor,

cyclohexamide [20]. The embryos presented a similar gene
expression profiling and developmental potential as normally
fertilized ones making the unwanted artificially activated
oocytes an alternative route for the generation of human
embryonic stem cell lines.

A recent study [21] compared the efficacy of SrCl
2
or Ca2+

ionophore on the activation rates of 3-day-old FF human
oocytes and observed that the treatment with the ionophore
was more efficient in activating aged unfertilized oocytes and
embryo development to the blastocyst stage. However, these
reports on the activation of FF oocytes do not reflect the
real parthenogenetic embryonic development potential of the
human oocyte as the studies mentioned earlier [11, 14, 15],
because, in these last instances, there is a high probability that
a paternal genome is present in the ooplasm, considering that
IVF or ICSI was previously performed.

As an adjunct procedure in ART cycles, two intracellular
Ca2+ releasing agents, SrCl

2
, and ionomycin have been used

aiming at activating oocytes during fertilization. In a series of
nine cases of coupleswhohave had total fertilization failure or
very low fertilization rates in previous cycles, Kyono et al. [22]
exposed oocytes soon after insemination by ICSI to chemical
stimulation using SrCl

2
. Fertilization rates increased from

21.7% in the previous cycles to 64.5% in the cycles using SrCl
2

artificial activation. Six pregnancies were established, four of
whichwent to term. Five healthy childrenwere born and their
1-year followup did not show any physical or neurological
abnormality. In another study, the same group of authors
employed theCa2+ ionophore to activate zygotes generated by
ICSI using globozoospermic sperm [23]. The alternative use
of Ca2+ ionophore to activate the oocytes during fertilization
and induce embryo development and gestation in cases
of previous FF of human oocytes was also reported with
relatively good success rates by other groups [24–27].

The exposure to SrCl
2
or Ca2+ ionophore may have

induced the release and oscillations of intracellular Ca2+
needed for oocyte exit from themeiotic arrest and embryonic
development [6, 9]. However, the putative epigenetic effects
of this procedure demands caution and more research on the
procedure. Also, the long-term followup of the children born
by this methodology is necessary, before it can be considered
as a routine methodology in human ART programs.

2.5. Oocyte Activation after In Vitro Maturation. In classical,
stimulated ART cycles, immature germinal vesicle (GV) or
metaphase I (MI) oocytes are commonly collected together
with the mature MII. The immature oocytes may be sub-
mitted to in vitro maturation and ICSI to produce embryos
for reproductive purposes. Resulting implantation and preg-
nancy rates are generally poor and there are controversies
on whether to use these immature oocytes and embryos for
reproductive purposes [28]. However, attempts to in vitro
mature GV or MI oocytes obtained from stimulated ovaries
may yield MII oocytes and potentially parthenotes, under
suitable IVM conditions. Liu et al. [29] have shown that
cryopreserved GV or MI oocytes collected from stimulated
cycles yield good rates of high quality blastocysts, after
insemination by ICSI and exposure to the activating agent
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ethanol. Thus, immature oocytes collected from stimulated
ovaries should not be neglected as an additional source
of gametes for parthenogenetic activation. Research should
focus on protocols devised specifically to improve their
cytoplasmic and nuclear maturation to generate blastocysts
with high quality ICMs.

On the other hand, IVMprotocols to promotematuration
of oocytes collected from unstimulated ovaries exist and they
are employed in several fertility centers around the world,
as an alternative to classical, stimulated cycles [30–32]. The
present results show that implantation and gestation rates
after IVM are close to those obtained in classical stimulated
cycles. Thus, surplus immature oocytes obtained from IVM
cycles or from oophorectomy, in patients who undergo sex
reassignment surgery [33], for instance, may represent an
important source of gametes for artificial parthenogenetic
activation and blastocyst formation after exposure to ade-
quate IVM conditions.

3. Genetic and Epigenetic Outcomes in
Parthenogenetic Stem Cells

The uniparental origin of parthenogenetic SCs (pESCs)
confers its great advantage of producing immunocompatible
pESCs [34], an adequate alternative source of pluripotent
SCs presenting the main features of biparental stem cells, for
example, typical morphology, expression of the pluripotency
markers, self-renewal, and cell fate determination [35].More-
over, some lineages have been reported as homozygous for
human leukocyte antigens and therefore may be useful for
regenerative therapies for a large number of patients [36].

Many aspects related to the biology of these cell lines,
however, still need to be elucidated. Probably one of the
major concerns of using pESCs cell for regenerative medicine
is the inability of parthenote mammal embryos to support
full-term development. It is known already that the accurate
establishment of epigenetic regulation and maintenance of
genomic imprints during embryogenesis are essential for
normal embryonic/placental development [37].The genomic
imprinting phenomenon is conserved amongst eutherian
mammals [38, 39] and is believed to have an important role in
the allocation of maternal resources to fetal growth [40, 41].

In parthenotes, the lack of sperm alleles leads to the tran-
scription of both alleles of maternally expressed imprinted
genes and the absence of paternally expressed imprinted
genes, possibly causing the overexpression of imprinted
genes often associated developmental abnormalities [42, 43].
Indeed, the importance of the parental origin of genes was
demonstrated when Kono and collaborators [4] success-
fully produced viable parthenogenetic offspring in mice by
correcting the imprinted genes Igf2/H19 dosage. Genetic
manipulation of oocytes allowed authors to demonstrate the
possibility of parthenote survival.

Although parthenogenetic embryos retain aberrant
imprints and consequently cannot develop to term, estab-
lished parthenogenetic ESCs were reported morphologically
indistinguishable from ES derived from fertilized embryos
and may also present normal gene expression or even

correction genomic imprinting in chimeras, when pESCs
were used in tissue contribution [44]. Hence, the possibility
of using cells or tissues derived from parthenotes for
therapeutic applications is still important and desired.

4. Parthenogenetic Stem Cells for
Regenerative Medicine

Whereas bone marrow transplantation is an example of stem
cell therapy that is in clinical use worldwide, the therapeutic
use of pluripotent stem cells, such as human embryonic stem
cells (hESCs) or phESCs, is still in its infancy. First clinical
trials in the US using hESCs involved specific conditions
such as macular degeneration [45]. The wider application of
hESCs is limited due to their genetic background, which will
most likely be divergent from a potential patient. phESCs
may overcome this limitation presented by hESCs in autol-
ogous histocompatible transplantations, as they should be
isogenic with the gamete donor. One particularly interesting
characteristic of phESCs is the fact that they show frequent
homozygosity in the major histocompatibility locus, which
may allow efficient immune matching [46, 47]. Furthermore,
detailed genetic analysis on five rhesus monkey pESC lines
showed that high levels of heterozygosity are maintained at
loci, which were polymorphic in the oocyte donors [36] (see
Figure 2(B)). While no clinical trial has been reported so
far, exciting findings on the potential therapeutic use in of
pESCs have been reported in mice and primate experimental
models. Espejel et al. [48] demonstrated that pESC differen-
tiated into hepatocytes and provided normal liver function
in adult mice with lethal liver failure due to deficiency of
fumarylacetoacetate hydrolase (Fah). Also in mice, it has
already been shown that pESC derivates supported long-term
hematopoiesis [49] and integrated electrically into recipient
myocardium, becoming functionally undistinguishable from
the recipient cardiomyocytes [34]. Finally, primate pESCs
that differentiated into dopamine neurons presented long-
term survival after transplantation into brain (allograft),
without any teratoma formation [50].

Taken together, these observations indicate that pESC
lines have the potential to be used in regenerative medicine,
not only for autologous transplantation into oocyte donors,
but also for creation of a bank of histocompatible cell lines.
However, the possibility of an interplay of epigenetic repro-
gramming on a monoparental background, together with the
lack of paternal imprinted genes expression, cast caution on
hpESCs therapeutic application. Thus, additional research
is needed to ensure the safety of using parthenogenetically
derived ESC lines in regenerative medicine.

4.1. Generation of Gametes from Stem Cells. Despite all the
advances in infertility treatments since the birth of Louse
Brown in 1978, one challenging situation that remains to be
overcome by ART is the patients with complete absence of
gametes or gonads, who cannot have their genetically related
child. Presently, gamete donation is the available alternative
for these patients to conceive their children. Unfortunately, a
worldwide shortage of altruistic gamete donors has exposed
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an increasing transaction of donor sperm and oocytes across
borders [51]. This uncomfortable, sometimes ethically ques-
tionable, situation should be highly benefitted by advances on
the generation of sperm and oocytes bymanipulation of their
progenitor cells or somatic cells [52].

Tesarik [53] proposed more than a decade ago the cre-
ation of haploid MII oocytes by introducing female somatic
cell nuclei into enucleatedMII oocytes.These gametes would
undergo second polar body extrusion and haploidization in
vitro, but fundamental limitations of chromosome segrega-
tion and imprinting relegated this methodology to the realm
of the “fantastic” [54]. However, a recent report demonstrated
that the use of a specific medium (4i) together with growth
factors and Rho-kinase inhibitor for the culture of human
embryonic stem cells and human induced pluripotent stem
cells leads to the formation of embryo bodies, from which
primordial germ-like cells were generated [55].

In another elegant study by Duggal et al. [56], the authors
demonstrated that the synergism between inductive signals
facilitates primordial germ cell, directed specification of
embryonic stem cells followed by a premeiotic induction, in
the presence of adequate IVM culture conditions.

These findings represent important steps towards the
development of novel therapies in cases where patients are
entirely devoid of viable gametes. Considering that in vitro
differentiation of hpESCs has already provided completely
different cell types [57, 58], the ability of these cells to generate
primordial germ cells andmature oocytesmay soon become a
reality, which would represent an enormous gain in infertility
treatments and related research areas.

5. Conclusion

It is clear from the information presented here that partheno-
genetic activation of human oocytes rescued from infertility
treatments results in embryos which are comparable to their
biparental counterparts. The use of human parthenogenetic
embryos as a source of cells for the generation of pluripotent
stem cell lines is feasible and should be given more relevance
in the present ESC research scenario. Considering the large
number of oocytes discarded in infertility treatments [59], the
in vitro differentiation of human parthenogenetically derived
clinical grade stem cells shall produce a wide range of cell
types, which will eventually have many clinical applications,
including ART procedures.
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Female germline stem cells (FGSCs) or oogonial stem cells (OSCs) have the capacity to generate newborn oocytes and thus open
a new door to fight ovarian aging and female infertility. However, the production and identification of OSCs are difficult for
investigators. Rare amount of these cells in the ovary results in the failure of the acquisition of OSCs. Furthermore, the oocyte
formation by OSCs in vivo was usually confirmed using tissue sections by immunofluorescence or immunohistochemistry in
previous studies. STO or MEF feeder cells are derived from mouse, not human. In our study, we modified the protocol. The cells
were digested from ovaries and cultured for 2-3 days and then were purified bymagnetic-activated cell sorting (MACS).The ovaries
and fetus of mice injected with EGFP-positive OSCs were prepared and put on the slides to directly visualize oocyte and progeny
formation under microscope. Additionally, the human umbilical cord mesenchymal stem cells (hUC-MSCs) were also used as
feeder cells to support the proliferation of OSCs.The results showed that all the modified procedures can significantly improve and
facilitate the generation and characterization of OSCs, and hUC-MSCs as feeder will be useful for isolation and proliferation of
human OSCs avoiding contamination from mouse.

1. Introduction

Ovarian aging is characteristic of progressive decline of foll-
icle reservoir, and thus women suffer aging-related health
problem and psychological stress. Since 2004, the research
of stem cells related with female germ cell commitment
emerged, gradually increased, and became a hot spot [1–8].
Female germline stem cells (FGSCs) or oogonial stem cells
(OSCs), first reported byWu group and subsequently by Tilly
group [9, 10], demonstrated the existence of a population of
germline stem cells in postmammalian ovaries [11]. However,
after the onset of isolation and identification of FGSCs/OSCs,
the controversy against these observations continues to exist
[12–15]. Perhaps this is firstly because no enough comprehen-
sive evidence, especially regenerated oocytes or follicles in
vivo from FGSCs/OSCs, was obtained to testify prior obser-
vations and challenge traditional paradigm and secondly

because generation and characterization of FGSCs/OSCs-
related complication hampered the new researchers into
this field. For instance, only rare cells were acquired in
the process of two-step enzymatic digestion of ovaries from
mice, resulting in evenminimal cells aftermagnetic-activated
cell sorting (MACS) or fluorescence-activated cell sorting
(FACS), which means that it is extremely hard to successfully
establish oogonial stem cell lines. In addition, it is comparably
difficult for newcomers to perform the experiments on the
observation of differentiation into oocytes or progenies.
Thus, we attempted to make some modification to facili-
tate these experiments [9, 10, 16, 17]. So the aim of our
study is to facilitate the derivation and identification of
OSCs, overcoming the difficulties on the way to obtain the
OSC lines and to attract more researchers into the field.
Only if more researchers work in this field and publish
more comprehensive studies about OSCs, we can determine
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the true nature of the OSCs to conclude the debate. Initially,
we performed the MACS for cell suspension of ovarian
tissue 2-3 days after culture of total population of dispersed
cells from the digested ovaries; thus, there were more cells
and more viable cells for sorting based on antibodies. In
addition, 2-3-day culture after digestion can avoid further
damage in the process of MACS and restore the viability
of cells to some extent. Secondly, identifying the differen-
tiation capacity of OSCs through immunofluorescence or
immunohistology on consecutive sections greatly decreases
the possibility and increases the difficulty to find the positive
oocytes or follicles originating from EGFP-expressing OSCs.
Therefore, we developed a novel method to directly visualize
the fluorescence from EGFP-expressing oocytes or follicles
under microscope. Briefly, the ovaries injected with EGFP-
expressing OSCs were dissected; then, these ovaries were
mechanically or enzymatically dispersed to release oocytes
or follicles which were harvested together with remaining
tissues to be visualized on the slides with a cover glass under
fluorescence microscopy. Next, we found that the fetus at
E12.0 can be visualized under fluorescence microscopy to
verify if EGFP-positive mice are generated. This helps the
investigators to obtain the outcomes of differentiation as fast
as possible and does not need any expensive instruments
like live imaging system. Finally, the human umbilical cord
mesenchymal stem cells (hUC-MSCs) were employed to
support the growth of OSCs, which aim to establish human
OSC lines without any contamination from mouse. In brief,
using thesemodifications, the isolation and identification can
be easily finished, and the improvement will facilitate and
prompt future researches on the oogonial stem cells.

2. Materials and Methods

2.1. Animals. Six-week-old C57BL/6 mice used in this study
were purchased from the Center of Medical Experimental
Animals of Hubei Province (Wuhan, China) and the Center
of Experimental Animals of Chinese Academy of Medical
Science (Beijing, China). All procedures involving animals
were approved by the Animal Care and Use Committee of
Tongji Medical College and were conducted in accordance
with the National Research Council Guide for Care and Use
of Laboratory Animals.

2.2. Isolation and Culture of OSCs. OSCs were isolated from
6-week-old mice using the methods described previously
[9, 10, 16, 17]. Briefly, the ovaries from female mice were
dissected and minced into slurry in the collagenase/Dnase
I solution (Worthington, USA) and then incubated at 37∘C
for 20 minutes which was repeated once or followed by
trypsin treatment for 5–10min and finally the trypsin was
neutralized by 10% fetal bovine serum (FBS). After cen-
trifugation of suspension and removal of supernatant, the
pellet was placed onto 6-well plate without STO feeder
layer. Two or three days later, the cells were trypsinized
and purified by MACS using Fragilis antibody and goat
anti-rabbit IgG microbeads [18]. The sorted cells were
cultured onto feeder cells with the medium which con-
sisted of minimum essential medium 𝛼 medium (MEM-𝛼)

(32561-102, Invitrogen), 10% FBS (06902, Stemcell), 1mM
sodium pyruvate (P2256-25, Sigma), 1mM nonessential
amino acids (11140-050, Gibco), 0.1mM 𝛽-mercaptoethanol
(ES-007-E, Millipore), 1000 units/mL LIF (ESG1106, Mil-
lipore), 1 ng/mL bFGF (13256-029, Gibco), 10 ng/mL EGF
(PHG0311L, Gibco), 20 ng/mL human GDNF (212-GD-
010, R&D), 1×-concentrated N2-supplement (AR009, R&D),
and 1×-concentrated penicillin-streptomycin. Subculture of
oogonial stem cells (OSCs) was performed according to
reports published previously.

2.3. Culture and Preparation of STO Cell Line and hUC-
MSCs. The OSCs were plated onto mitotically inactivated
STO cell feeders fromATCC. STO cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) with high glucose
(Life Technologies), supplemented with 1mM nonessential
amino acids (11140-050, Gibco), 2mM glutamine, 30mg/L
penicillin, 75mg/L streptomycin, and 10% FBS (Invitrogen),
which was described in previous reports. To prepare STO
cell feeder, the STO cells were first treated with mitomycin
C (10 𝜇g/mL, Sigma) for 2-3 hours and then washed with PBS
and plated on 24-well plate.

Human umbilical cord mesenchymal stem cells (hUC-
MSCs) were donated from Hubei Key Laboratory of Embry-
onic Stem Cell Research in Taihe hospital, and the medium
preparation and cell culture were performed as described by
them [19]. To prepare hUC-MSCs cell feeder, like STO cells,
the hUC-MSCs of passages 3–5 were treated with mitomycin
(10 𝜇g/mL, Sigma) for 3 hours, washed, and plated on 24-well
plate.

2.4. Immunofluorescence. OSCs were fixed with 4% para-
formaldehyde for 15min at room temperature and then
incubated in blocking solution (10% normal goat serum in
PBS) for 1 h at room temperature. Following the incubation at
37∘C for 1 h with primary antibodies (rabbit polyclonal anti-
MVH (1 : 200 dilution, ab13840, Abcam), rabbit polyclonal
anti-Fragilis (1 : 500 dilution, ab15592, Abcam)), OSCs were
incubated with FITC conjugated secondary antibody (goat
anti-rabbit IgG, 1 : 1000 dilution) and then were stained by
DAPI for 15min.

2.5. Reverse Transcription-Polymerase Chain Reaction. Total
RNA was extracted with RNAiso reagent (Takara, China)
according to the manufacturer’s instructions. Approximately
2 𝜇g of RNA was treated by Dnase I to remove trace amounts
of DNA contamination; then, the RNAwas used to synthesize
cDNA using transcriptor reverse transcriptase (transcriptor
cDNA first strand synthesis kit, Roche) following the man-
ufacturer’s manual. Finally, the cDNA was performed for
PCR amplification and the primers are listed in Table 1 with
reference to other reports [9, 10].

2.6. Karyotype Analysis of OSCs. After 3 days of OSC passage,
the cells were treated with OSC medium supplemented with
80 ng/mL colchicine for 3 h and were then hypotonically
treated with 40mM KCl for 30min. Following the fixation
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Table 1: Details regarding PCR primers used in RT-PCR for mouse ovary and OSCs.

Gene Accession number Product size (bp) Primer sequence (5-3)

Gdf9 NM 008110 709 F: TGCCTCCTTCCCTCATCTTG
R: CACTTCCCCCGCTCACACAG

Nobox NM 130869 379 F: CCCTTCAGTCACAGTTTCCGT
R: GTCTCTACTCTAGTGCCTTCG

Zp3 NM 011776 183 F: CCGAGCTGTGCAATTCCCAGA
R: AACCCTCTGAGCCAAGGGTGA

Fragilis NM 012013 151 F: GTTATCACCATTGTTAGTGTCATC
R: AATGAGTGTTACACCTGCGTG

MVH NM 010029 216 F: ACCCAGTTTGGTCATTCAGTTCG
R: TTGTTCCTTTGATGGCATTCCTG

Prdm1 NM 007548 149 F: ACAGAATGGCAAGATCAAGTATGA
R: GGTGGGCGAGCTGAGTAAAA

Tert NM 009354 120 F: GCTTCCCTTTGACCAGCGTGTTA
R: GCCTTTAGTGTCATTCCTGGATTCTT

Dazl NM 010021 358 F: GTTAGGATGGATGAAACCGAAAT
R: ATGCCTGAACATACTGAGTGATA

Gapdh NM 008084 458 F: GTCCCGTAGACAAAATGGTGA
R: TGCATTGCTGACAATCTTGAG

in methanol-acetic acid (3 : 1) for 1 h, the slides were stained
with Giemsa buffer and observed under the microscope.

2.7. Self-Inactivation of Lentivectors in OSCs. To observe
whether transduced OSCs were unable to produce infec-
tious lentiviral particles, the infected OSCs with EGFP
expression were seeded on 6-well plates and cultured to
confluency without changing the medium. The supernatant
was then collected and filtered through a 0.45 𝜇m pore-sized
polyethersulfone membrane, and 1 or 2mL was incubated
with wild-type OSCs without EGFP expression. Then, the
EGFP expression of wild-type cells was observed.

2.8. Alkaline Phosphatase Staining. Alkaline phosphatase
activity was assayed by AP detection kit (1101-050, SiDanSai,
Shanghai, China) according to the manufacturer’s instruc-
tions. Briefly, the cells cultured on the plates were fixed with
4% paraformaldehyde for 1-2 minutes and washed by PBS
twice and then incubated by TBST solution. Finally, the AP
staining solution was prepared with solutions A, B, and C
according to instructions and then was added to the cells for
15 minutes. The cells were then observed under microscope.

2.9. OSCs Infection with Lentivirus Vector and Transplan-
tation into Recipient Mice. The lentivirus vector express-
ing EGFP and its packaged virus particles were purchased
fromGenechem company (Shanghai, China).The established
OSCs were infected according to the company’s manual. At
least 1 week after infection, the OSCs were trypsinized into
cell suspension and about 1 × 104 cells were injected into each
ovary of the recipient mice using Nanofil syringe (World Pre-
cision Instruments, USA) according to the protocol described
previously [9, 16].

2.10. Southern Blotting. DNA probe for southern blotting
was synthesized by PCR amplification from plasmid DNA
carryingEGFPgene as template using the specific primers: 5-
ATGGTGAGCAAGGGCGAGG-3 and 5-CGTCCTCGA-
TGTTGTGG-3. The 523 bp amplification products were
electrophoresed and purified. Digoxigenin labeling was done
by using the DIG high prime DNA labeling and detection
starter kit I (Roche). Genomic DNA was extracted from the
tails of the progenies digested with PstI and the digested
DNA samples of 25–30 𝜇g were electrophoresed in 0.8%
agarose gels. Plasmid DNA was used as positive control. The
separated DNA fragments were transferred to 0.45 𝜇m nylon
membranes and fixed by UV cross-linking; then hybridiza-
tion and stringency washes were carried out. Finally, the
detection was performed using anti-Anti-Digoxigenin Alka-
line phosphatase (AP) and its substrate with the above DIG
detection kit (Roche) following the manufacturer’s manual.

3. Results

3.1. Isolation and Long-Term Culture of OSCs. According to
improved MACS method by Zou et al., we employed Fragilis
as the marker for selection of OSCs [18]. If the dissected
ovaries are enzymatically treated and MACS is promptly
performed, the purification will likely fail considering that
the harvested cells from digested ovaries are in considerably
small amount and suffer further damage of their viability due
to the two-step preparation including digestion and MACS.
So, we cultured the digested cells from 6 ovaries for 2-3 days
during which the total number of cells increased to 0.5–1
× 105; then, these cells were used for MACS by antibody
of Fragilis and finally 2–5 × 104 cells (about 5%) flushed
“positive cells” (including contaminated false-positive cells)
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were obtained from the total cells. Then, these rare cells
were cultured on the STO feeders for about 5–7 days in 24-
well plates, and until the cells grew to confluence, they were
prepared into cell suspension by trypsin and passaged onto
a new 24-well plate with STO feeders. Usually after in vitro
culture and proliferation for about 1 month, these purified
putative OSCs can be established. The morphology of our
established OSCs was the same as previous reports, which
represented as ovoid and clustered cells with a large ratio of
nuclear plasma (Figure 1(a)). After the OSCs were established
in vitro for over 1 month, these cells were cultured in the
absence of feeder cells, just like the report by Tilly et al.
[10, 16].

3.2. Identification of OSCs for Gene Expression, Immunoflu-
orescence, AP Staining, and Karyotyping. After the OSCs
were established, these cells were subsequently identified for
gene expression profile which displayed the cells having the
characteristics of female germ cells, not oocytes (Figure 1(b)).
The specific genes for oocytes including Gdf9, Nobox, and
Zp3 showed that Gdf9 and Zp3 were weak positive to OSCs,
which suggested that during the culture some OSCs have
differentiated. The genes for germ cells including Fragilis,
MVH, Prdm1, and Tert were positive to OSCs. To extend
mRNAs analyses of MVH and Fragilis, which are classic
primitive germline markers, proteins coded by both genes
were detected and found to exhibit a pattern of membrane
or plasma subcellular localization (Figure 1(c)), which agrees
with previous reports. These OSCs showed positive staining
for Alkaline phosphatase (AP) as compared to strong stain-
ing of mouse embryonic stem cells (mESCs) (Figure 1(d)).
Finally, we performed karyotyping of the OSCs and the
results displayed the normal karyotype in about 62% (Figures
1(e) and 1(f)).

3.3. Differentiation of OSCs intoOocytes, Follicles, and Progeny
Formation. To confirm the oogenic capacity of these putative
OSCs, they were stably transfected with a lentivirus EGFP-
expressing vector (Figure 2(a)). Due to the concern about
the remaining lentivirus particles in the OSCs which can
contaminate the endogenous oocyte or follicle population
in the ovary, we cultured these EGFP-OSCs and passaged
them for at least 1 week to avoid the risk of contamination
after successful transfection (most of cells expressed EGFP
(Figure 2(b)), hereafter called EGFP-OSCs). At the same
time, we conducted self-inactivation of EGFP-OSCs to verify
whether these cells can still generate lentivirus particles and
the results showed that no EGFP signals were detected in
wild-type OSCs suggesting EGFP-OSCs did not generate
virus particles. In addition, although most of the OSCs
expressed EGFP after transfection, there was still a small
amount of OSCs without EGFP expression. Subsequently,
approximately 1 × 104 infected EGFP-OSCs were injected
into the ovaries of recipient female mice pretreated with
cyclophosphamide and busulphan or into the ovaries of
wild-type mice. We collected ovaries for retrieval of oocytes
and follicles at least 12 days after injection to detect the
presence of EGFP-positive oocytes or follicles. These ovaries

were slightly dissected and dispersed by needle and then
put on the slides with coverslip and were directly visualized
under fluorescence microscope. We successfully found some
EGFP-expressing oocytes in the ovaries (Figure 2(c)). To
our surprise, these EGFP-expressing oocytes were similar
with primitive immature oocytes and mature oocytes or
follicles were hardly detected by fluorescence. This is likely
because EGFP expression was silent in the process of oocyte
development in spite of the integration of EGFP gene into
genomes of oocytes from OSCs and also because of the very
weak signal in matured oocytes due to the pUbi promoter.
Subsequently, the recipient female mice were mated with
wild-type male mice, and at E12.0 fetuses were collected and
placed onto the slides to observe the fluorescence under
microscope. We easily found EGFP-positive as well as EGFP-
negative samples mainly because fetuses at this stage were
thoroughly transparent (Figures 2(d) and 2(e)); so we only
need general microscope to distinguish the fetus integrated
with EGFP. Finally, the progenies were obtained from the
mated recipients which had a rate of 6–9 offspring per
pregnant mouse. The genome DNA from the fetus and
offspring, together with wild-type mice as negative control
was extracted and PCR was performed to screen whether
the exogenous EGFP gene was integrated into genome. The
results showed that both the samples from fetus and offspring
were EGFP-positive; however, the controls were all negative
(Figures 3(a)–3(c)). Subsequently, the PCR products from the
positive samples were extracted and sequenced, confirming
the successful EGFP integration (data not shown). The
southern blot analysis was performed to further confirm
the integration of EGFP and showed five positive and one
negative sample (Figure 3(d)). As shown in the southern
blot, lanes 2 and 5 displayed fewer number of integration
sites than lanes 1, 3, and 4, which suggested there were two
types of transgenic structure in F1 offspring. To sum up,
the results suggested that our established OSCs possess the
capacity of differentiation into oocytes, ultimately resulting
in the generation of progenies.

3.4. Comparison between STO and hUC-MSCs as Feeder Cells.
To evaluate whether hUC-MSCs can serve as feeder cells,
established OSCs were placed on respective STO and hUC-
MSCs. After they proliferated at confluence at passage 2,
they were harvested and RNA was extracted for reversed
transcriptional PCR (RT-PCR) to examine their expression
profiles. OSCs cultured on hUC-MSCs showed the nest-
like colony morphology that was distinct from that cultured
on STO (Figure 4(a)). However, OSCs on hUC-MSCs still
retained germline expression pattern similar toOSCs on STO
(Figure 4(b)), which showed that hUC-MSCs could be used
as feeder layer for OSCs, especially for human OSCs, so
that we can obtain human OSCs free of any mouse cellular
contamination in the future.

4. Discussion

The presence and validation of FGSCs or OSCs are of signif-
icance for reproductive biology; therefore, some researchers



Stem Cells International 5
O

SC
s

M
VH

M
VH

ST
O

STO

Fr
ag

ili
s

Fr
ag

ili
s

OSCs mESCs

(a)
Fragilis

M

MVH

Prdm1

Tert

Gapdh

Nobox

Zp3

Gdf9

Ovary OSCs No RT

(b)

(c)

(d)

(e)

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19 xx

(f)

Figure 1: Morphology and characteristics of the established OSCs. (a) Overview of the OSCs immediately after MACS (left) and the
established OSCs (right) which formed the typical structure of cell clusters. (b) Reverse transcriptional PCR analysis for expression profile of
OSCs and ovarian tissues as the positive control. There were two set of genes: one for oocytes including Gdf9, Nobox, and Zp3 and another
one for germ cells including Fragilis, MVH, Prdm1, and Tert, displaying that OSCs are characteristic of germ cells. No RT, PCR of RNA sample
without reverse transcription. (c) Immunofluorescence forMVH and Fragilis in established OSCs and STO as negative control. Green,MVH,
and Fragilis immunofluorescence; Blue, DAPI. At the bottom are the images (bright field, Green, DAPI, and merge) of STO from left to right.
(d) Alkaline phosphatase staining for established OSCs, mESCs, and STO showed that OSCs (arrows) were positive, whereas mESCs were
strongly positive. mESCs, mouse embryonic stem cells. (e-f) Cytogenetic analysis for established OSCs showed normal karyotype.
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Figure 2: Transfection of OSCs and transplantation into ovaries of recipient mice. (a) Schematic diagram for the lentivirus vector with EGFP.
LTR, long terminal repeat; pUbi, ubiquitin promoter. (b) Immunofluorescence-based analysis (right) and bright field view (left) of OSCs
transfected with EGFP vector. (c) The ovaries from the recipient were dissected 12 days after injection with EGFP-expressing OSCs and the
oocytes within these ovaries were visualized under fluorescence microscope. EGFP-positive oocyte (above) displayed fluorescence and the
negative one (below) showed no fluorescence. (d, e) The fetuses from the mated recipients were obtained and observed under fluorescence
microscope under the same exposure time. (d) On the top is the overview of the EGFP-positive fetus under stereoscope and at the bottom
are the images from the head, body, and tail section showing fluorescence. (e) On the top is the EGFP-negative fetus under stereoscope and
at the bottom are the images showing no signal in three sections under fluorescence microscope.
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Figure 3: PCR for detection of EGFP gene integrated into the genomes of fetus and offspring. (a–c) Examples of PCR analysis of fetus,
offspring and the wild types for detection of EGFP integrated into recipient genomes. There were positive outcomes of 366 bp PCR product
in both fetus (a) and offspring (b), but no positive band was found in the wild types (c) which served as the negative control. (d) Southern
blot analysis of tail DNA from six offspring, produced from the same recipient mouse and one wild type using a 523-bp PCR product from
the control plasmid with primers for EGFP gene as a probe, showing five positive and one negative. Genomic DNA was digested with PstI.
Size markers are indicated in the right of southern blot. Lanes 1–6, transgenic mice; lane 7, WT mouse; and lane 8, the control plasmid.

paid attention to whether or not oogenesis occurs from these
stem cells in vivo in the adult mammalian ovary [12–15]. In
return, supporters of OSCs also criticized their investigations
by showing that various adult body organs possess two types
of stem cells including active and also dormant stem cells
[16, 20–23], which may suggest in vivo OSCs can represent
the dormant state as well, resulting in no oogenesis. In
addition, other types of germ stem cell in adult ovary have
been reported which suggests the existence of niche for
germ stem cell in ovary [24–29]. Factually, identification
and isolation of FGSCs/OSCs clearly demonstrated their
existence although the in vivo counterpart of OSCs showed
no direct evidence for active differentiation into newborn
follicles after birth. Practically, we could call this state of in
vivo OSCs “silence” or “mitotically active state” rather than
deny the existence of these cells [11]. Also, in vitro cultured
OSCs have been a great tool to researchers; for instance, the
OSCs were used for attempts in in vitro differentiation into
oocytes [30], in generation of transgenic animals [31, 32],
and in cell therapy [33]. Therefore, the isolation and related
researches of OSCs should be promptedwhich will ultimately
settle the controversy on this issue.

The reason for selection of 2-3 days after culture of dis-
persed ovarian tissues is that this period of time can enable
the cells to not only restore its viability from the damage
of prior treatment but also reach the optimum amount of
cells for MACS. In addition, within 2-3 days, the cells can
also retain the initial state to the maximal extent as in vivo.
Alternatively, selective adhesion method can be chosen to
remove large amount of granulosa cells and stromal cells,

and this method can enable dispersed cells to proliferate for
even longer time because the period of selective adhesion is
usually about 7 days, and ultimately more putative OSCs can
be obtained after MACS sorting.

The capacity of differentiation into oocytes and progeny
is most relevant to the OSCs. However, previous studies
observed and evaluated the oocytes and follicles formation all
through consecutive sections and subsequent staining such
as immunofluorescence. Although these methods effectively
helped the investigators to reach their goals, yet it is not a
unique choice compared with the method employed in our
studies. It is more optimal if the EGFP fluorescence signal can
be directly visualized under general fluorescencemicroscope.
In our experiments, we indeed found some EGFP-expression
oocytes; however, only few oocytes displayed the fluorescence
signal. It is known that pUbi promoter drives weak expression
of the downstream gene and that the expression of exogenous
gene such as EGFP is complicated by the integrated location
in the genome. If the CMV or other optimal promoters are
to be used in this study, the EGFP expression can be easily
detected and perhaps be observed in the majority of follicles
in ovaries. Since the outcome from this method has some
limitation, we should optimize the method to easily detect
the EGFP-positive oocytes or follicles. In addition, due to
the concern about the possible contamination from the virus
particles generated from the transducedOSCs, we performed
the test to verify whether these cells produced particles
[34] and the results showed that the EGFP-positive oocytes
detected cannot be false-positive because no fluorescencewas
observed by thewild-type cells as control. Finally, considering
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Figure 4: Comparison of STO and hUC-MSCs as feeder cells. (a) Morphological overview showed that OSCs cultured on the hUC-MSCs
represented nest-like colonies (left), as compared to the typical cluster-like structures on STO (right). (b) RT-PCR analysis for gene expression
profiles of OSCs cultured on STO and hUC-MSCs. The results displayed that, compared to STO feeder, OSCs on hUC-MSCs still retained
the germ cell markers. STO and MSC, the negative controls for RT-PCR.

that we did not purify the transduced OSCs by FACS, the
EGFP-OSCs invariantly included some untransduced OSCs
whose oocytes could not express EGFP.

Likewise, the fetuses at E12.0 were selected to examine
if EGFP-expressing progeny was produced because they are
transparent and can be easily visualized under general fluo-
rescence microscope. Indeed, to some extent, visualization of
EGFP was more easy and more sensitive under fluorescence
microscope than live imaging system.Moreover, this method
is more convenient and can provide investigators with more
confidence to perform their identification tests. However, the
limitation from the weak promoter influenced the observa-
tion; thus, based on our experience, the fetus for fluorescence
screening should be earlier than E12.0 because the size of fetus
more than E12.0 usually becomes larger and therefore hardly
transparent. In addition, EGFP expression is much compli-
cated in transgenic animals resulting in no EGFP expression
in some organs of offspring; however, all the organs of the
fetus can be easily screened and thus do not suffer due to

the limitation. Additionally, the fetuses were subsequently
used for PCR screening. The results were consistent with the
observation under fluorescencemicroscope.We also used the
genome DNA extracted from the positive fetus for southern
blot analysis in another study and found that it is as feasible
as tail DNA from the offspring. In contrast to the PCR,
southern blot analysis can supply detailed information about
the genetic structure of the transgenic alteration, for example,
transgene copy number and the number of integration sites
within the genome. As shown in Figure 3(d), we found that
multiple insertions occurred in offspring which suggested the
successful integration of EGFP gene.

In summary, we demonstrated the modifications on the
MACS selection and identification of mouse OSCs, including
presort culturing for 2-3 days, and the direct visualization of
EGFP-positive oocytes and fetus. In addition, hUC-MSCs as
the feeder layer will be useful to the clinical application for
human OSCs as well. Although there are restrictions in our
study, the outcome of this study may facilitate the research
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on the OSCs and attract more researchers into this field
to make novel investigations to settle the remaining debate
about OSCs.
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Human amnion epithelial cells (hAECs) transplantation via tail vein has been reported to rescue ovarian function in mice with
chemotherapy-induced primary ovarian insufficiency (POI). To test whether intraperitoneally transplanted hAECs could induce
therapeutic effect and to characterize the paracrine effect of transplanted hAECs, we utilized a chemotherapy inducedmicemodel of
POI and investigated the ability of hAECs and conditionedmedium collected from cultured hAECs (hAECs-CM) to restore ovarian
function.We found that transplantation of hAECs or hAECs-CMeither 24 hours or 7 days after chemotherapy could increase follicle
numbers and partly restore fertility. By PCR analysis of recipient mice ovaries, the presence of SRY gene was only detected in mice
transplanted with male hAECs 24 hours following chemotherapy. Further, the gene expression level of VEGFR1 and VEGFR2 in
the ovaries decreased, although VEGFA increased 2 weeks after chemotherapy. After treatment with hAECs or hAEC-CM, the
expression of both VEGFR1 and VEGFR2 increased, consistent with the immunohistochemical analysis. In addition, both hAECs
and hAECs-CM treatment enhanced angiogenesis in the ovaries. The results suggested that hAECs-CM, like hAECs, could partly
restore ovarian function, and the therapeutic function of intraperitoneally transplanted hAECs was mainly induced by paracrine-
mediated ovarian protection and angiogenesis.

1. Introduction

Primary ovarian insufficiency (POI), which used to be
defined as premature ovarian failure or primary ovarian fail-
ure, is a subclass of ovarian dysfunction that has been caused
by damage within the ovary [1]. POI is characterized by the
triad of amenorrhoea, increased secretion of gonadotropins,
and diminished production of estrogen under the age of 40
years. Chemotherapy for cancer has been suggested to be
associated with POI. Ovarian tissue will often show follicle
loss, cortical fibrosis, and vascular damage after chemother-
apy by histologic examination [2–4]. Alkylating agents (such
as cyclophosphamide) and busulfan appear to be high risk
for inducing gonadotoxicity [5]. We used mice sterilized
by intraperitoneal injection of busulphan and cyclophos-
phamide (Bu/Cy) to establish an infertile mice model [6].

Developed from the epiblast 8 days after fertilization
and before gastrulation, human amniotic epithelial cells
(hAECs) might maintain the plasticity of pregastrulation
embryo cells. hAECs have been demonstrated to maintain
the capability to differentiate into liver (endoderm), pancreas
(endoderm), cardiomyocyte (mesoderm), and neural cells
(ectoderm) in vitro [7]. Pluripotency, low immunogenicity,
few ethical problems with usage, and nontumorigenicity
make hAECs a useful source of stem cells for cell transplan-
tation and regenerative medicine [8]. Transplanted hAECs
have been shown to improve cardiac function in a rat model
of myocardial infarction via injection of hAECs into the
infarction area [9]. And intraperitoneal administration of
hAECs into lung-injured mice decreased pulmonary fibrosis,
reduced structural lung damage, and preserved lung function
[10, 11]. Our previous study suggested that intravenously
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injected hAECs could transdifferentiate into granulose cells
and restore folliculogenesis in a POI mouse model [12].
However, it is not clear whether hAECs could restore ovarian
function through paracrine effects.

Vascular endothelial growth factor A (VEGFA) plays an
important role in the regulation of angiogenesis in the ovary
[13]. Although VEGFA is most well known as an angiogenic
factor, it is also involved in many key events in the course
of an ovulatory cycle, including follicular growth, ovulation,
and corpus luteum development [14]. In vivo, the number
of primary and secondary follicles increased after injection
of VEGF into rat ovaries [15]. In addition, both the antrum
formation rate and the progression ofmeiosis to theMII stage
were enhanced after adding VEGFA to the culture medium
of caprine preantral follicles [16]. What is more, though
inhibition of both VEGFR1 and VEGFR2 could reduce both
vascular and follicle development, inhibition of VEGFR2
blocks follicle progression but does not necessarily disrupt
vascular development in perinatal rat ovaries, which suggests
that VEGFA and its receptors could potentially be involved in
nonangiogenic and angiogenic mechanisms in the regulation
of follicle development [17].

Herein we investigated if hAECs transplantation could
restore Bu/Cy-damaged ovarian function by intraperitoneal
administration and whether the therapeutic efficacy is medi-
ated by the paracrine effect. We also detected the expression
of VEGFA and its receptors in the mice ovaries induced
by Bu/Cy administration and analyzed the effects of trans-
planted hAECs and factors secreted by hAECs on the ovarian
angiogenesis.

2. Materials and Methods

2.1. Isolation and Culture of hAECs. Male hAECs were
isolated and cultured as described previously [12]. In brief,
discarded placentas from male fetus were obtained at term
pregnancy during uncomplicated caesarean sections with
written informed consent from woman who tested negative
for HIV-I and hepatitis B and C.The indication for caesarean
section is breech presentation, repeat operation, fetal distress,
and twins. The institutional ethics committee approved the
use of human amnions for this project.

After mechanically peeled from the chorionic portion
of the placenta, the amniotic membrane, which looks like
a translucent sheet, was placed in 250 mL flasks containing
Dulbecco’s modified eagle medium (DMEM)/F12. After cut
with a razor to yield 0.5 to 1.0 cm2 segments, the placental
segments were digested with 0.25% trypsin/EDTA at 37∘C
for 45min. Centrifuged at 250×g for 5 minutes at 25∘C,
the cells were resuspended with PBS after the supernatant
was discarded. Then after being filtered through a 100 𝜇m
cell strainer, washed with PBS once, and resuspended, the
resulting cell suspensions were seeded in a six-well plate in
DMEM/F12 medium supplemented with 10% fetal bovine
serum (FBS, Gibco, Grand Island, NY, USA), streptomycin
(100U/mL; Gibco), penicillin (100U/mL; Gibco), and glu-
tamine (0.3mg/mL; Gibco) and incubated at 37∘C 5%CO

2
in

humidified air. Once hAECs reached 80 to 90% confluence,
cells were ready for experiments.

2.2. Immunofluorescence Staining. hAECswere fixed with 4%
paraformaldehyde for 20 minutes at room temperature and
then washed twice (5 minutes each) with PBS. Cells were
permeabilized with 0.1% Triton X-100 for 10 minutes at room
temperature and then washed twice with 1 × PBS. Then cells
were blocked with blocking solution for 30minutes and incu-
bated overnight at 4∘C with anti-Cytokeratin 18 (mouse anti-
human 1 : 200, Boster, Wuhan, China), anti-CD34 antibody
(rabbit anti-human 1 : 100, Abcam, Cambridge, MA, USA),
and anti-Vimentin (rabbit anti-human 1 : 100, Cell Signaling
Technology, Danvers, MA, USA). Washed three times with
PBS, the cells were probed with FITC-labeled IgG (1 : 200,
Santa Cruz, CA, USA) or Rhodamine- (TRITC-) labeled
IgG (1 : 100, Invitrogen, CA, USA). Fluorescence images were
obtained with a Leica DMI3000 microscope (Heidelberg,
Germany).

2.3. Preparation of Conditioned Medium (CM) from Cultured
hAECs. The CM of hAECs was prepared according to a
protocol described previously by Yang et al. [18], with minor
modifications. Eighty percent of confluent hAECs were
washedwith PBS twice and then fedwith serum-freemedium
for 24 hours. The medium was then collected and used for in
vivo experiments. For each animal, we used CM generated by
4× 106 hAECs.TheCMwas centrifuged at 300 g for 5minutes
and sterilized through a 220 nm filter. The collected CM was
concentrated using Amicon Ultra-15 centrifugal filter units
(3 kDa cut-off; Millipore).

2.4. Animals. Six-week-old female C57BL/6 wild-type mice
were purchased from Shanghai SLAC Laboratory Animal
Co., Ltd. All animals were maintained on 12-hour light/dark
cycles with food and water available ad libitum. To establish
the POI model of chemotherapy-induced ovarian damage,
a total of 85 mice used as recipients were sterilized by
one intraperitoneal (IP) injection of Bu/Cy (busulphan,
30mg/kg, and cyclophosphamide, 120mg/kg, both resus-
pended in DMSO) [6]. All procedures involving animals
were approved by the Institutional Animal Care and Use
Committee of Shanghai and were conducted in accordance
with the National Research Council Guide for Care and Use
of Laboratory Animals. After injection, Bu/Cy-treated and
control animals were weighed twice a week at 9 a.m.

2.5. IP Injection of hAECs and hAECs-CM. The C57BL/6
wild-type mice were randomly divided into six groups. The
normal control mice received no treatment (𝑛 = 20). In
the Bu/Cy group, the mice were administered Bu/Cy only
(𝑛 = 15). In the Bu/Cy + hAECs (24 h) group (𝑛 =
20), mice received Bu/Cy administration and then an IP
transplantation of 4 × 106 hAECs in a volume of 0.2mL PBS
24 h later. In the Bu/Cy + hAECs-CM (24 h) group (𝑛 = 15),
mice received Bu/Cy administration and then an IP injection
of 0.2mL CM generated by 4 × 106 hAECs 24 h later. In
the Bu/Cy + hAECs (7 d) group (𝑛 = 20), mice received
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Table 1: Primers sequence for real-time PCR (hAECs).

Gene Primer sequence 5 → 3 Amplicon size (bp)

Oct4 Forward GGCCCGAAAGAGAAAGCGAACC 224
Reverse ACCCAGCAGCCTCAAAATCCTCTC

Nanog Forward TTCCTTCCTCCATGGATCTG 213
Reverse TCTGCTGGAGGCTGAGGTAT

SOX2 Forward GCCGAGTGGAAACTTTTGTC 264
Reverse GTTCATGTGCGCGTAACTGT

E-cadherin Forward TGAGCTTGCGGAAGTCAGTT 219
Reverse ACCGTGAACGTGTAGCTCT

N-cadherin Forward CGCCATCCGCTCCACTT 227
Reverse GGACTCGCACCAGGAGTAAT

Vimentin Forward CTCTGGCACGTCTTGACCTT 231
Reverse ACCATTCTTCTGCCTCCTGC

CK19 Forward CCTACAGCTATCGCCAGTCG 243
Reverse TGGTTAGCTTCTCGTTGCCC

Snail Forward CTCGGACCTTCTCCCGAATG 223
Reverse TCATCAAAGTCCTGTGGGGC

Beta-actin Forward TCGCCTTTGCCGATCC 202
Reverse GAATCCTTCTGACCCATGCC

Bu/Cy administration and then an IP transplantation of 4
× 106 hAECs 7 days later. In the Bu/Cy + hAECs-CM (7 d)
group (𝑛 = 15), mice received Bu/Cy administration and
then an IP injection of CM generated by 4 × 106 hAECs 7
days later. The administration of hAECs or hAECs-CM was
repeated the following day. While five mice in each group
were kept for mating experiments, the other mice were culled
either 14 or 28 days following Bu/Cy administration or the
second treatment. The bilateral ovaries were collected from
each animal for analysis.

2.6. Mating Experiment. The control mice, Bu/Cy-treated
only mice, and mice treated with Bu/Cy and then hAECs
or hAECs-CM were housed with C57BL/6 male mice one
month after chemotherapy. Adult males of proven fertility
were housed with females at a ratio of 1 : 2. The number of
litters per pregnancy was recorded.

2.7. Ovarian Follicle Counts and Morphologic Analysis. One
month after treatment, the ovaries were collected and the
follicles were detected and classified. The removed ovaries
were fixed in 4%paraformaldehyde for at least 24 hours. After
fixation, the ovaries were dehydrated, paraffin-embedded,
serially sectioned at 5𝜇m, and mounted on glass microscope
slides. Routine hematoxylin and eosin (H&E) staining was
performed for histologic examination with light microscopy.
Primordial, primary, secondary, and antral follicles were
counted in every fifth section. Only follicles containing an
oocyte were counted to avoid counting any follicle twice.
Follicles were classified as follows: primordial follicle, oocyte
surrounded by a single layer of squamous granulosa cells;
primary follicle, intact enlarged oocyte with a visible nucleus
and one layer of cuboidal granulosa cells; secondary follicle,

more than one layer of cuboidal granulosa cells without
antral space; antral follicles (including preovulatory follicles),
emerging antral spaces [19].

2.8. Real-Time Quantitative PCR. The hAECs cells were
collected when the cells reached 80 to 90% confluence. And
ovarian samples were collected 2 weeks after last treatment.
Then total RNA was isolated from the ovarian samples
and 500 ng of total RNA from each sample was reverse
transcribed using the primescript RT reagent kit (Takara Bio
Inc., Shiga, Japan). Real-time PCR was performed on cDNA
using SYBR Premix Ex Taq (Takara) on the Mastercycler ep
realplex (Eppendorf, Hamburg, Germany). All reactionswere
carried out in triplicate, using a 25 𝜇L volume. In brief, PCR
amplification was carried out using an initial denaturation at
95∘C for 5min, followed by 40 cycles for 30 sec at 95∘C, 30 sec
at 60∘C, and 30 sec at 72∘C. A sample lacking template DNA
was used as a negative control. The primers for the genes are
provided in Tables 1 and 2.

2.9. Immunohistochemical Analysis. Ovaries from treated
and control animals were fixed, dehydrated, vitrified, and
embedded in paraffin. The ovarian sections (5𝜇m thick)
were deparaffinized with xylene and hydrated using an
ethanol gradient. The hydrated sections were washed in
3% hydrogen peroxide in methanol for 20min at room
temperature and blocked in PBS (Sigma) containing 3%
BSA (Sigma) for 30min. Sections were treated with pri-
mary antibodies including rabbit anti-CD34 antibody (1 : 200;
Abcam, Cambridge, MA, USA), rabbit anti-VEGFA antibody
(1 : 50; Abcam), rabbit anti-VEGFR1 antibody (1 : 200; Cell
Signaling Technology, Danvers, MA, USA), or rabbit anti-
VEGFR2 antibody (1 : 200; Abcam) for antibody detection
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Table 2: Primers sequence for real-time PCR (mice ovaries).

Gene Primer sequence 5 → 3 Amplicon size (bp)

VEGFA Forward GCAGCGACAAGGCAGACTAT 169
Reverse AACCTCCTCAAACCGTTGGC

VEGFR1 Forward TCAAGCTAGAGGTGTCCCCG 152
Reverse CTCGGCACCTATAGACACCC

VEGFR2 Forward GGCGGTGGTGACAGTATCTT 152
Reverse GAGGCGATGAATGGTGATCT

Beta-actin Forward TGGCTCCTAGCACCATGAAG 193
Reverse AACGCAGCTCAGTAACAGTCC

at 4∘C overnight. After washing, slides were then incu-
bated with HRP labeled anti-rabbit antibody (Peroxidase
reaction kits, Vector Laboratories, Burlingame, CA, USA).
Peroxidase substrate was developed by using a DAB (3,39-
diaminobenzidine) substrate kit (Vector Laboratories). Slides
were counterstained with hematoxylin QS (Vector Labora-
tories) and were dehydrated and mounted with VectaMount
Permanent Mounting Medium (Vector Laboratories).

2.10. Determination of Microvessel Density (MVD). Angio-
genesis was measured by MVD, which was assessed by light
microscopic analysis (400×) for areas of the sections contain-
ing themost microvessels. Two independent researchers who
were blinded to the experimental conditions were assigned
to observe and calculate the MVD in five sections at ten
sections intervals. Microvessel was defined as a brown-
staining endothelial cell cluster with incomplete CD34+
endothelial cell–cell contact. The microvessel numbers from
the five sections were counted and calculated for the mean
number ofmicrovessels per ovary [20]. Further, sections from
five ovaries of each group were investigated for the average
MVD.

2.11. PCR Analysis. To predict whether hAECs from male
fetus placentas could migrate to the mouse ovaries, a multi-
plex PCR for amplification of the Y-specific SRY sequences
was done as suggested by Tungwiwat et al. [21], with
little modification. Ovarian DNA was extracted using the
TIANamp Genomic DNA Kit (TIANGEN, China) with the
protocol supplied by the manufacturer. The SRY-specific
sequence was amplified firstly by PCR primer pair, Y1.5 (5-
CTAGACCGCAGAGGCGCCATC-3) and Y1.6 (5-TAG-
TACCCACGCCTGCTCCGG-3). Using the first PCR prod-
uct as a template, the SRY-specific sequence was amplified by
another primer pair Y1.7 (5-CATCCAGAGCGTCCCTGG-
CTT-3) and Y1.8 (5-CTTTCCACAGCCACATTTGTC-
3). Ten microliters of each product was analyzed on a
2% agarose gel electrophoresis and visualized under UV
light after ethidium bromide staining. The nested Y-specific
fragment SRY gene was 198 bp in length [21]. Identifications
of the Y-specific sequences in hAECs from male and female
fetus placentas were used as positive and negative controls.
Ovarian DNA of female mice without hAECs injection was
also used as template for negative control.

2.12. Data Analysis and Statistics. Data were expressed in
each experimental group as mean ± SEM. Statistical signifi-
cance was determined by statistical analysis software (Graph-
Pad Prism, GraphPad Software Inc., USA) and evaluatedwith
Student’s t-test. Statistical significance was accorded when
𝑃 < 0.05.

3. Results

3.1. Characterization of Isolated hAECs. Under light micro-
scope, the hAECs formed confluent cobblestone-shaped
monolayer epithelial cells (Figure 1(a)). To examine the stem
cell specific genes and epithelial gene in hAECs, real-time
PCRwas done. Consistentwith previous studies [7], we found
that the isolated AE cells expressed Oct-4, Nanog, and Sox2,
which are all involved in cellular pluripotency [22–24]. In
addition, we detected the expression of epithelial (Cytokeratin
19 (CK19) and E-cadherin) and mesenchymal (N-cadherin,
Vimentin, and Snail) markers in cultured cells. As shown
in Figure 1(c), both E-cadherin and Cytokeratin 19 were
highly expressed in cultured hAECs cells. Comparatively,
mRNA expression of mesenchymal cell marker, including N-
cadherin and Vimentin, was low and the expression of Snail
gene was scarcely detected.

To further identify the purity of the freshly isolated
hAECs, immunofluorescence staining was done. The cells
were clarified with positive staining against Cytokeratin 18
and negative for CD34 andVimentin (Figure 1(d)). Almost all
freshly isolated hAECs were Cytokeratin positive. Simultane-
ously, no CD34 staining was observed, which indicated that
the isolates are not contaminated with hematopoietic stem
cells such as umbilical cord blood or embryonic fibroblasts.
Meanwhile, absence of Vimentin suggested that the hAECs
were not contaminated with mesenchymal cells from amni-
otic membrane.

3.2. Effect of hAECs and hAECs-CM Treatment after Bu/Cy
Administration on BodyWeight. To assess the effect of human
hAECs and hAECs-CM on total body weight, wild-type
female mice were sterilized by pretreatment with Bu/Cy and
then intraperitoneally administrated with hAECs or hAECs-
CM. Compared to normal control mice, administration of
Bu/Cy resulted in a significant reduction in body weight over
7 days (18.72 ± 0.33 g versus 17.07 ± 0.26 g, 𝑃 < 0.01,
Figures 2(a) and 2(b)). No significant difference was observed
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Figure 1: Identification and characterization of isolated hAECs. (a) The representative characteristics of hAECs under light microscope. (b)
Expression of Oct-4, Nanog, and Sox2 (relative to a beta-actin internal control) in cultured hAECs by real-time PCR analysis. The results
presented were the average values from five different donors. (c) The analysis of epithelial and mesenchymal markers expression (relative to
a beta-actin internal control) in isolated hAECs by real-time PCR. The results presented were the average values from five different donors.
(d) Immunofluorescence detection of Cytokeratin 18, CD34, and Vimentin in cultured hAECs. Scale bar: 200𝜇m.
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Figure 2: The effect of human hAECs and hAECs-CM administration on mice body weight and the detection of transplanted hAECs. (a)
Weight of mice treated with hAECs and hAECs-CM 24 hours after chemotherapy.Theweight of Bu/Cy-treated administratedmice decreased
significantly 7 days after chemotherapy when compared with mice in the control group (𝑃 < 0.01). Mice of hAECs- and hAECs-CM-treated
groups weighed more compared with Bu/Cy mice treated with Bu/Cy administrated at any time point, although the differences were not
significant. (b) The weight of mice that received Bu/Cy treatment and then an IP injection of hAECs or hAECs-CM 7 days later. (c) A
representative gel electrophoresis of detection of the SRY gene in female mice ovaries treated withmale hAECs by a simultaneous nested PCR
analysis. The nested amplified product of the SRY sequence on the Y chromosome is 198 bp in length.

between Bu/Cy-treated mice and mice that received hAECs
or hAECs-CM treatment after Bu/Cy administration at any
time point.

3.3. hAECs Transplanted 24 h after Bu/Cy Administration
Can Infiltrate into the Damaged Ovarian Tissues. To confirm
whether male hAECs could transfer into recipient ovaries,
PCR analysis of the SRY sequences on the Y chromosomewas
done. As shown in Figure 2(c), genomic DNA prepared from
male hAECs clearly demonstrated the presence of 198 bp
SRY-specific sequences. Genomic DNA from both female
hAECs and C57BL/6 mouse ovaries was used as negative
control, with some nonspecific bands and absence of the
198 bp SRY-specific sequences. Interestingly, while the 198 bp
fragments were identified on the ovarian samples of mice

treated with male hAECs 24 hours after chemotherapy, there
was no detectable product on the ovarian samples frommice
treated with male hAECs 7 days after chemotherapy.

3.4. Both hAECs Transplantation and hAECs-CM Treatment
Increase Follicle Number at Varied Stages in POI Mice. To
determine whether hAECs transplantation and hAECs-CM
treatment via peritoneal cavity could restore ovarian follicu-
logenesis, the serial sections obtained from ovaries 1 month
after hAECs and hAECs-CM treatment were stained with
H&E. As shown in Figure 3(a), administration with Bu/Cy
induced follicle loss, interstitial fibrosis, and atretic follicles.
However, histological evaluations revealed that hAECs or
hAECs-CM treatment after chemotherapy increased follicle
number in recipient ovaries.
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Figure 3: Histological analysis of mice ovaries and the follicle number count after treatment with hAECs or hAECs-CM. (a) Ovary tissues
from each group were stained with hematoxylin and eosin. Numbers of oocyte-containing follicles at all stages were classified and counted
in every fifth section. The primordial follicles (b), primary follicles (c), secondary follicles (d), and antral follicles (e) were identified and
calculated. Data are shown as mean ± SEM, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001. Scale bar: 200 𝜇m (Panels (a)(A)) and 50 𝜇m (Panels
(a)(B)), respectively.
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To further calculate the number of follicles in all stages,
every fifth section was analyzed, and the number of pri-
mordial, primary, secondary, and antral follicles was counted
using light microscopy. Compared with normal control
group, the number of primordial (251.25 ± 26.35 versus
31.25±8.5,𝑃 < 0.001), primary (184±21.57 versus 35.75±7.7,
𝑃 < 0.001), secondary (153.5 ± 12.77 versus 2.75 ± 1.89,
𝑃 < 0.0001), and antral follicles (111.25 ± 17.28 versus
2 ± 1.22, 𝑃 < 0.001) decreased significantly in Bu/Cy-treated
mice. In the ovaries of mice treated with hAECs 24 hours
after chemotherapy, the number of primordial (107 ± 18.57)
and primary follicles (114 ± 21.81) increased significantly
compared to those in the Bu/Cy-treated group (𝑃 < 0.05,
Figures 3(b) and 3(c)). However, there is no significant
difference in the amounts of secondary and antral follicles
between the hAECs-treated group and the Bu/Cy-treated
group. In addition, the primordial follicles of mice treated
with hAECs-CM 24 hours after Bu/Cy administration and
mice transplanted with hAECs 7 days after Bu/Cy admin-
istration increased significantly (62.33 ± 5.67 and 97.33 ±
6.44, resp.). Moreover, compared with Bu/Cy-treated mice,
the antral follicles of the hAECs-CM-treated group increased
significantly, whether they were treated 24 hours or 7 days
after chemotherapy (13.33 ± 4.91 versus 2 ± 1.22 and 7 ± 1.52
versus 2 ± 1.22, resp., 𝑃 < 0.05, Figure 3(e)).

3.5. hAECs Transplantation and hAECs-CM Treatment
Improve the Fertility of POI Mice. To estimate whether the
treatment of hAECs or hAECs-CM via peritoneal cavity
could restore the ovarian function, the female mice were
naturally mated with male mice of proven fertility four weeks
after treatment. The number of litters per pregnancy was
calculated. The average number of litters in the group of
Bu/Cy-treated mice (1.5 ± 0.29) was significantly lower than
that in the normal control group (7 ± 0.58). Treatment of
hAECs and hAECs-CM 24 hours after Bu/Cy administration
significantly increased the litters per pregnancy (2.7 ± 0.3
and 2.75 ± 0.25, resp.) compared with Bu/Cy-treated mice.
The litters per pregnancy in mice treated with hAECs or
hAECs-CM 7 days after Bu/Cy administration increased, but
there were no significant differences. Therefore, mice fertility
can be partly improved by injecting hAECs and hAECs-CM
into the abdominal cavity of Bu/Cy-treated mice (Figure 4).

3.6. The VEGFA Pathway Is Involved in the Therapeutic
Efficacy of hAECs and hAECs-CM. As it has been reported
that VEGFA and its receptors could potentially be involved
in the regulation of follicle development [17], we attempted to
examine whether VEGFA pathway molecules are involved in
ovarian restoration after treatment with hAECs and hAECs-
CMby analyzing the RNA and protein expression levels using
real-time PCR and immunohistochemistry. As shown in Fig-
ures 5(b) and 5(c), the VEGFR2 expression level significantly
decreased in the ovaries 2 weeks after chemotherapy (𝑃 <
0.05), along with increased VEGFA expression (𝑃 < 0.05)
in mRNA levels compared with the normal control group.
After treatment with hAECs or hAECs-CM, both VEGFR1
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Figure 4: Intraperitoneal injection of hAECs and hAECs-CM could
partly restore fertility in mice treated with chemotherapy. The litter
size per pregnancywas recorded.Data representmeans± SEM, ∗𝑃 <
0.05, ∗∗∗𝑃 < 0.001.

and VEGFR2 were higher expressed than Bu/Cy-treated only
mice (Figures 5(a) and 5(b)).

Immunohistochemical analysis of ovaries 2 weeks after
treatment showed that VEGFA and its two receptors had
similar expression at the protein level as that of mRNA
expression levels (Figures 6–8). Immunohistochemical stud-
ies revealed that VEGFA, VEGFR1, and VEGFR2 were
frequently observed in the normal control group both at
2 weeks and at 1 month. Interestingly, decreased expres-
sion of VEGFA, VEGFR1, and VEGFR2 was observed 1
month after chemotherapy in the Bu/Cy-treated group.
However, the expression of these proteins in hAECs- or
hAECs-CM-treated mice ovaries was partly restored to the
levels of those seen in control group (see Supplemental
Figures 1–3 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/4148923).

3.7. hAECs Transplantation and hAECs-CM Treatment
Increase the MVD in Ovarian Tissues of POI Mice. CD34, an
endothelial marker used in this study for vessel evaluation,
was stained by immunohistochemistry in ovarian tissues to
evaluate the MVD. Histological evaluations demonstrated
that the number of CD34-staining vessels was significantly
decreased in ovarian tissues after Bu/Cy administration
(Figures 9(a) and 9(c)). As shown in Figures 9(b) and 9(d),
compared with normal control group, ovarian MVD was
diminished by 34% (𝑃 < 0.01) and 60% (𝑃 < 0.001),
respectively, in mice ovaries 2 weeks and 1 month after Bu/Cy
administration. One month after treatment with hAECs
or hAECs-CM, CD34 was significantly higher in all four
treatment groups than the Bu/Cy-treated group, regardless
of the timing of hAECs or hAECs-CM administration.There
were no significant differences among the four treatment
groups 2 weeks after treatment (Figures 9(a) and 9(b)).
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Figure 5: Real-time PCR analysis for VEGFR1, VEGFR2, and VEGFA expression in mice ovaries of different groups 2 weeks after treatment.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01.

However, 1 month after treatment, levels of ovarian MVD in
the hAECs-CM-treated group were significantly higher than
in the hAECs-treated group regardless of time of injection,
either 24 hours or 7 days after chemotherapy (𝑃 < 0.05,
Figures 9(c) and 9(d)).

4. Discussion

hAECs have attracted interest for their possible use for regen-
erative medicine because of their pluripotency, low immuno-
genicity, nontumorigenicity, and few ethical problems with
their usage [8].There are two possible mechanisms to explain

the therapeutic efficiency of hAECs transplantation. One
is the differentiation potential of the transplanted cells to
damaged cells. The other is the ability to secrete functional
or protective factors from the transplanted cells. These
factors may stimulate proliferation, inhibit apoptosis of cells
residing in the damaged organs, and promote angiogenesis of
damaged tissues to improve oxygen delivery and metabolic
exchange [25, 26]. To address the mechanism underlying
the beneficial effect of hAECs in ovarian restoration, we
used a preclinical mouse model of Bu/Cy-induced ovarian
failure. Then we injected hAECs and hAECs-CM into the
peritoneal cavity of the Bu/Cy-treated mice to investigate
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Figure 6: Immunohistochemical analysis for VEGFR1 expression inmice ovaries of different groups 2 weeks after treatment; ovarian sections
with no primary antibody were served as negative controls. (a) control group; (b) Bu/Cy-treated group; (c) Bu/Cy + hAECs (24 h) group; (d)
Bu/Cy + hAECs-CM (24 h) group; (e) Bu/Cy + hAECs (7 d) group; (f) Bu/Cy + hAECs-CM (7 d) group; (g) negative control. Scale bar:
100𝜇m.

whether hAECs could migrate to the ovary to revive ovarian
function and whether factors secreted by hAECs could also
induce similar therapeutic effect.

In 2002, Wang and colleagues [27] reported that real-
time PCR was sensitive, species- and sex-specific in detect-
ing the male SRY gene after sex-mismatched liver cell
transplantation. More recently, PCR detection of the SRY
gene in the ovaries was suggested as an effective method
to investigate whether male marrow-derived mesenchymal
stem cells could immigrate into chemotherapy-damaged
ovaries to restore ovarian function [3, 28]. Interestingly,
in our study, cell tracking experiments using PCR analysis
confirmed the presence of donor male hAECs-derived SRY
gene in ovaries after hAECs were transplanted 24 hours after
chemotherapy. However, mice treated with hAECs 7 days
after chemotherapy did not have SRY gene in any ovary. It was
reported that women exposed to a variety of chemotherapy
regimes could induce subcapsular focal cortical fibrosis [4],
which may inhibit hAECs from immigrating into ovaries 7

days after chemotherapy. In addition, a maximal benefit was
achieved when hAECs were transplanted 24 hours (versus 7
days) after Bu/Cy administration.The number of primordial,
primary, secondary, and antral follicles was higher in mice
transplanted with hAECs 24 hours after chemotherapy than
after 7 days, though the difference was not significant. These
results suggest that the timing of the transplantation was
important and whether hAECs could migrate to the ovary or
not could affect the therapeutic effect.

Recently, more and more studies had employed factors
released from cells as cellular therapeutics in regenerative
medicine. It was demonstrated that conditioned media iso-
lated from adipose-derived stem cells (ADSC) had a similar
protective effect as intact ADSC in improving both cardiac
function of infarcted hearts and lung vascular protective
function after lung tissue microvascular injury [18, 29].These
results strongly support major involvement of paracrine
effects in regenerative medicine. Similar to these results,
IP injection of hAECs-CM in our study partly restored
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Figure 7: Immunohistochemical analysis for VEGFR2 expression inmice ovaries of different groups 2 weeks after treatment; ovarian sections
with no primary antibodywere served as negative controls. (a) control group; (b) Bu/Cy administrated group; (c) Bu/Cy+hAECs (24 h) group;
(d) Bu/Cy + hAECs-CM (24 h) group; (e) Bu/Cy + hAECs (7 d) group; (f) Bu/Cy + hAECs-CM (7 d) group; (g) negative control. Scale bar:
100𝜇m.

follicle number and improved fertility when compared with
Bu/Cy-treated mice. Though treatment 24 hours after Bu/Cy
treatment seemed more effective than treatment after 7 days,
there is no significant difference. To our surprise, hAECs-
CM injection significantly increased the number of antral
follicles regardless of the timing of administration. In brief, IP
injection of 0.2mL concentrated hAECs-CM collected from
4 × 106 hAECs (30-fold concentrated) seemed sufficient to
improve ovarian function of chemotherapy-induced ovarian
damage. Hence, hAECs-CM might be a meaningful treat-
ment strategy for clinical application.

It was reported that VEGF is a factor that acts by stimulat-
ing the mitosis of endothelial cells and by increasing vascular
permeability [30, 31], whichmay result in the accumulation of
antral fluid, formation of antrum in the growing follicles, and,
finally, inducement of follicle rupture [14, 32, 33]. Actually,
addition of VEGF to the culture medium improved the
development of caprine preantral follicles cultured in vitro,
allowing the production of mature oocytes [16]. Therefore,

the therapeutic effect of hAECsmay partly result fromhAEC-
derived paracrine factors, especially VEGFA.

In the present study, we analysed the expression of
VEGFA and its receptors (VEGFR1 and VEGFR2) in the
ovaries by real-timePCRand immunohistochemical analysis.
Compared with normal control mice, the expression of
VEGFR1 and VEGFR2 was decreased 2 weeks after Bu/Cy
administration, along with increased VEGFA expression. IP
transplantation of hAECs or hAECs-CM into the Bu/Cy-
treatedmice induced the expression ofVEGFR1 andVEGFR2
2 weeks after treatment. We speculated that the increased
expression of VEGFA in Bu/Cy-treated mice was transient
and caused by autoregulation as a response to the reduction
of VEGFR1 and VEGFR2 expression. Actually, the expres-
sion of VEGFA, VEGFR1, and VEGFR2 was decreased 1
month after chemotherapy. In addition, the transplantation
of hAECs or hAECs-CM into the ovaries that showed
decreased angiogenesis due to Bu/Cy treatment resulted in
the induction of more CD34-positive cells, namely, more
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(g)

Figure 8: Immunohistochemical analysis for VEGFA expression in mice ovaries of different groups 2 weeks after treatment; ovarian sections
with no primary antibody were served as negative controls. (a) control group; (b) Bu/Cy administrated group; (c) Bu/Cy + hAECs (24 h)
group; (d) Bu/Cy + hAECs-CM (24 h) group; (e) Bu/Cy + hAECs (7 d) group; (f) Bu/Cy + hAECs-CM (7 d) group; (g) negative control. Scale
bar: 100 𝜇m.

angiogenesis. Taken together, hAECs and hAECs-CM may
restore ovarian function by regulating expression of VEGFA
and its receptors, thus inducing angiogenesis and increasing
the follicular growth related to paracrine activity.

So if VEGFA and its receptors played a role in restoring
ovarian function, can we just treat POI with administration
of VEGFA? Takehara et al. [34] demonstrated that only a
small recovery was induced when VEGFA was administered
into mouse ovaries. Recently, it has been demonstrated that
human hAECs secrete a variety of growth factors, such
as epidermal and fibroblast growth factors (HB-EGF, EGF-
2, bFGF, FGF-4, FGF-6, and FGF-7), angiogenic growth
factors (VEGF, VEGF-D, VEGF-R2, and VEGF-R3), insulin-
like growth factors (IGF-1, IGF-ISR, IGFBP-1, and IGFBP-4),
and platelet-derived growth factors (PDGF-AA, PDGF-BB,
PDGFRa, and PDGFRb) [35].Therefore, ovaries damaged by
chemotherapy needed not only VEGFA for restoration but
also other growth factors secreted by hAECs.

5. Conclusion

The present study demonstrates that IP injection of hAECs
and hAEC-CM could partly restore ovarian function and
hAECs-CM seemed sufficient to improve ovarian function
of chemotherapy-induced ovarian damage. In addition, our
findings suggest that the possible mechanism by which
hAECs participate in reviving ovarian function is by regu-
lating VEGFA and its receptors to induce follicular growth
related to paracrine activity. Further investigation is needed
to determine whether increasing frequency of IP adminis-
tration of condition medium from hAECs or direct admin-
istration of hAECs-CM into the damaged ovaries could more
effectively restore ovarian function.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.



Stem Cells International 13

(A) (B) (C)

(D) (E) (F)

(a)

C
on

tro
l

Bu
/C

y

Bu
/C

y
+

hA
EC

s (
2
4

h)

Bu
/C

y
+

hA
EC

s-
CM

 (2
4

h)

Bu
/C

y
+

hA
EC

s (
7

d)

Bu
/C

y
+

hA
EC

s-
CM

 (7
d)

M
ic

ro
ve

ss
el 

de
ns

ity

120

100

80

60

40

20

0

∗∗ ∗∗

∗∗

∗∗∗

(b)

(A) (B) (C)

(D) (E) (F)

(c)

C
on

tro
l

Bu
/C

y

Bu
/C

y
+

hA
EC

s (
2
4

h)

Bu
/C

y
+

hA
EC

s-
CM

 (2
4

h)

Bu
/C

y
+

hA
EC

s (
7

d)

Bu
/C

y
+

hA
EC

s-
CM

 (7
d)

0

M
ic

ro
ve

ss
el 

de
ns

ity
80

60

40

20

∗

∗∗∗ ∗∗∗

∗∗∗

∗∗∗

(d)

Figure 9: Angiogenesis on Bu/Cy-treated ovaries after intraperitoneal injection of hAECs or hAECs-CM. Immunohistochemistry for CD34
((a) and (c)) andmicrovessel density ((b) and (d)) were examined on ovaries obtained 2weeks ((a) and (b)) or 1month after treatment ((c) and
(d)). Data were given as mean ± SEM. (A): control group; (B): Bu/Cy administrated group; (C): Bu/Cy + hAECs (24 h) group; (D): Bu/Cy +
hAECs-CM (24 h) group; (E): Bu/Cy + hAECs (7 d) group; (F): Bu/Cy + hAECs-CM (7 d) group. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001. Scale
bar: 100 𝜇m.

Authors’ Contribution

Xiaofen Yao and Yuna Guo contributed equally to this work.

Acknowledgments

This work was supported by grants from Shanghai Munici-
pal Health Bureau, Shanghai, China (no. XBR2011069), the
NSFC (National Natural Science Foundation of China, no.
81370678), and Shanghai Municipal Council for Science and
Technology (no. 12431902201).

References

[1] M. de Vos, P. Devroey, and B. C. Fauser, “Primary ovarian
insufficiency,”The Lancet, vol. 376, no. 9744, pp. 911–921, 2010.

[2] A. N. Hirshfield, “Relationship between the supply of primor-
dial follicles and the onset of follicular growth in rats,” Biology
of Reproduction, vol. 50, no. 2, pp. 421–428, 1994.

[3] S. H. Abd-Allah, S. M. Shalaby, H. F. Pasha et al., “Mechanistic
action of mesenchymal stem cell injection in the treatment of
chemically induced ovarian failure in rabbits,” Cytotherapy, vol.
15, no. 1, pp. 64–75, 2013.



14 Stem Cells International

[4] D. Meirow, J. Dor, B. Kaufman et al., “Cortical fibrosis and
blood-vessels damage in human ovaries exposed to chemother-
apy. Potential mechanisms of ovarian injury,”Human Reproduc-
tion, vol. 22, no. 6, pp. 1626–1633, 2007.

[5] M. Sommezer and K. Oktay, “Fertility preservation in female
patients,” Human Reproduction Update, vol. 10, no. 3, pp. 251–
266, 2004.

[6] K. Zou, Z. Yuan, Z. Yang et al., “Production of offspring from a
germline stem cell line derived from neonatal ovaries,” Nature
Cell Biology, vol. 11, no. 5, pp. 631–636, 2009.

[7] T. Miki, T. Lehmann, H. Cai, D. B. Stolz, and S. C. Strom, “Stem
cell characteristics of amniotic epithelial cells,” Stem Cells, vol.
23, no. 10, pp. 1549–1559, 2005.

[8] A. Toda, M. Okabe, T. Yoshida, and T. Nikaido, “The potential
of amniotic membrane/amnion-derived cells for regeneration
of various tissues,” Journal of Pharmacological Sciences, vol. 105,
no. 3, pp. 215–228, 2007.

[9] C.-H. Fang, J. Jin, J.-H. Joe et al., “In vivo differentiation of
human amniotic epithelial cells into cardiomyocyte-like cells
and cell transplantation effect on myocardial infarction in
rats: Comparison with cord blood and adipose tissue-derived
mesenchymal stem cells,” Cell Transplantation, vol. 21, no. 8, pp.
1687–1696, 2012.

[10] S. Murphy, R. Lim, H. Dickinson et al., “Human amnion
epithelial cells prevent bleomycin-induced lung injury and
preserve lung function,” Cell Transplantation, vol. 20, no. 6, pp.
909–923, 2011.

[11] P. Vosdoganes, R. Lim, E. Koulaeva et al., “Human amnion
epithelial cells modulate hyperoxia-induced neonatal lung
injury in mice,” Cytotherapy, vol. 15, no. 8, pp. 1021–1029, 2013.

[12] F.Wang, L.Wang, X. Yao, D. Lai, and L. Guo, “Human amniotic
epithelial cells can differentiate into granulosa cells and restore
folliculogenesis in a mouse model of chemotherapy-induced
premature ovarian failure,” Stem Cell Research andTherapy, vol.
4, no. 5, article 124, 2013.

[13] E. Geva and R. B. Jaffe, “Role of vascular endothelial growth
factor in ovarian physiology and pathology,” Fertility and
Sterility, vol. 74, no. 3, pp. 429–438, 2000.

[14] P. M. Lam and C. Haines, “Vascular endothelial growth factor
plays more than an angiogenic role in the female reproductive
system,” Fertility and Sterility, vol. 84, no. 6, pp. 1775–1778, 2005.

[15] D. R. Danforth, L. K. Arbogast, S. Ghosh, A. Dickerman, R.
Rofagha, and C. I. Friedman, “Vascular endothelial growth
factor stimulates preantral follicle growth in the rat ovary,”
Biology of Reproduction, vol. 68, no. 5, pp. 1736–1741, 2003.
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6Institute of Biotechnology at the Czech Academy of Sciences Videnska 1083, 14220 Prague 4, Czech Republic
7Institute of Anthropology and Human Genetics, Microarray Facility, University Clinic, Calwerstraße 7, 72076 Tübingen, Germany
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The aim of this study was to elucidate the molecular status of single human adult germ stem cells (haGSCs) and haGSC colonies,
which spontaneously developed from the CD49f MACS and matrix- (collagen−/laminin+ binding-) selected fraction of enriched
spermatogonia. Single-cell transcriptional profiling by Fluidigm BioMark system of a long-term cultured haGSCs cluster in
comparison to human embryonic stem cells (hESCs) and human fibroblasts (hFibs) revealed that haGSCs showed a characteristic
germ- and pluripotency-associated gene expression profile with some similarities to hESCs and with a significant distinction
from somatic hFibs. Genome-wide comparisons with microarray analysis confirmed that different haGSC colonies exhibited gene
expression heterogeneity with more or less pluripotency. The results of this study confirm that haGSCs are adult stem cells with a
specific molecular gene expression profile in vitro, related but not identical to true pluripotent stem cells. Under ES-cell conditions
haGSC colonies could be selected and maintained in a partial pluripotent state at the molecular level, which may be related to their
cell plasticity and potential to differentiate into cells of all germ layers.

1. Background

Human adult germ stem cells (haGSCs) derived from highly
enriched spermatogonia isolated from adult human testicular
tissuewere shown to be highly versatile and having some sim-
ilarities with human embryonic stem cells (hESCs), including
the expression of genes associated with pluripotent cells and
the ability to be in vitro differentiated into a number of cell
lineages comprising the three germ layers [1–6].

In the studies of Mizrak et al. [5], Chikhovskaya et al.
[7], and Gonzalez et al. [8], the cells expressing markers
of pluripotency were probably derived from mesenchymal
stem cells (MSCs) or were more MSC-like. Moreover, it has
also been proposed that haGSCs may be low-differentiated
testicular fibroblasts [9]. In contrast, Stimpfel et al. [10]
demonstrated that both germ- and mesenchyme-derived
stem cells were present in stem cell clusters fromhuman testis
biopsy, which could differentiate into cells of all three germ
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layers. Recently, Lim et al. [6] provided evidence that haGSCs
show similarities to hESCs and are being able to generate
small teratomas.

The findings of all these studies raised some new ques-
tions about the real character of pluripotency in haGSCs.
It is generally accepted that pluripotency of cells requires
the activation of a transcriptional regulatory network [11], a
phenomenon which has been observed in ex vivo cultures of
early embryonic cells and also in cells of the germ cell lineage,
in which members of the pluripotency network are nor-
mally active, including embryonic cells during development
of morula and blastocyst-stage (inner cell mass) embryo,
epiblast, primordial germ cells (PGCs), and germline stem
cells.

One main step in analyzing the biology of haGSCs and
pluripotency in adult stem cells is to determine their germ
cell-specific gene expression profile. The present knowledge
regarding the molecular markers that define haGSCs and
their pluripotency is significantly limited. Therefore, the goal
of this study was to investigate the molecular profile of
haGSCs, which are able to comprise both the expression of
a residual germ cell profile and genes related to pluripo-
tency, in addition to our previous study on hSSCs [1]. In
order to accomplish this goal, we sought to compare the
gene expression profiles of haGSCs generated from short-
term cultured enriched spermatogonial stem cells (hSSCs)
to hFibs and hESCs using (1) single cell nanofluid real-
time PCR (Fluidigm) of a representative haGSC colony, (2)
microarray analysis, and (3) Fluidigm real-time PCR and
immunohistochemistry of haGSC colonies to validate the
microarray data. Here, we show that haGSCs are adult stem
cells with a specific molecular profile, which is related to
spermatogonia. Under hESC culture conditions they can be
selected and cultured and maintain a state resembling in part
gene expression related to the expression patterns found in
pluripotent cells.

2. Results

2.1. Generation of haGSC Colonies from Enriched Fraction
of Spermatogonia. Colonies or clusters of haGSC developed
spontaneously from the CD49f MACS and matrix (collagen
nonbinding, laminin binding) selected fraction of enriched
spermatogonia (Figure 1) but not from the negative selected
fraction of cells or from patients without spermatogonia.
By MACS and matrix selection, the hFibs, which overgrow
the primary cell cultures, were depleted and remained in
the nonselected populations of cells. The hFibs appeared
morphologically completely different compared to haGSCs
(Figure 1). In the primary cultures, the first small haGSC
colonies/islands started to appear 4–6 weeks after culture
of enriched spermatogonia in hGSC medium. The denser
haGSC aggregations were manually selected for further
propagation and characterization (Figure 1(d)). The typical
haGSC colony consisted of central part of colony and
outgrowing epithelial cells resembling early cell colonies of
hESCs (Figure 1(e)). In the negatively selected cell fraction,
no epithelial haGSC colony formation was observed [9].This

typical epithelial morphology is an important distinction to
hFibs (Figure 1(g)).

2.2. Single Cell Analysis of hFibs, hESCs and haGSCs. As can
be seen from the dendrogram in Figure 2(a), the nanofluid
single cell real-time PCR gene expression profiling from a
typical single haGSC colony revealed that most cells from the
group of haGSCs (72.3%, 34/47 cells) clustered together in a
single tree, most closely related to hESCs, where also most of
the cells clustered in a single tree (82.6%, 19/23 cells). These
two groups were separated from hFibs which clustered in a
single tree with several outliner haGSCs (26.7%, 13/47 cells)
and a few outliner hESCs (17.4%, 4/23 cells). The majority
of single haGSCs clearly separated from hFibs expressing
genes of pluripotency, combined with a residual germ cell
profile distinct from hFibs (Figures 2 and 3). According to
the dendrogram, the haGSCs were divided into two groups:
the group of all haGSCs and the group of haGSCs without
outliners (group I) for further analysis (Figure 2(b)).

When analysing all the selected germ- and pluripotency-
associated genes in more detail, the gene expression profiling
showed that the group of all haGSCs expressed a high
level of the known germ cell-specific genes STELLA, the
GDNF-receptor GFR𝛼1, TSPYL, and CD9 (haGSCs versus
hFibs, 𝑡-test and Mann-Whitney test, 𝑃 < 0.05) (Figure 3).
In this single cell analysis, the germ cell associated genes
VASA, DAZL, and LIFR were not expressed by any group
of cells. Furthermore, haGSCs expressed the pluripotency-
related genes NANOS, DNMT3B, TDGF1, STAT3, NANOG,
LIN28, GPR125, OCT4A, and SOX2 at a significantly higher
level than hFibs,while hFibs expressed KLF4 at a higher level
than haGSCs, as revealed by 𝑡-test and Mann-Whitney test
(𝑃 < 0.05) (Figure 3, Supplementary Table 3, available online
at http://dx.doi.org/10.1155/2016/8582526). In the comparison
of haGSC group I and hFibs, the same array group of genes
andDNMT1were significantly regulated in haGSCs, although
at a higher intensity (Figure 3 and Supplementary Table 3).
The hFibs did not show any amplification product for SOX2,
UTF1, TDGF1, LIN28B, TERT, and CADH1.

When comparing single hESCs with haGSCs group I
(Figure 3 and Supplementary Table 3), hESCs more strongly
expressed most of the pluripotency-related genes, including
SOX2, NANOG, LIN28, LIN28B, GDF3, CADH1, OCT4a,
TDGF1, andUTF1, while haGSCsmore strongly expressed the
germcell-related genesCD9,GFR𝛼1, NANOS, STAT3, TSPYL,
GPR125, andMYC (hESCs versus haGSCs group1, 𝑡-test and
Mann-Whitney test, 𝑃 < 0.05) (Supplementary Table 3). The
analysis of all haGSCs revealed a similar profile with lower
expression levels (Figure 3 and Supplementary Table 3). This
indicates that the haGSCs expressed the core pluripotency-
related genes including OCT4a, NANOG, SOX2, and LIN28,
while still retaining a partial germ cell-related gene expres-
sion profile. The intensity of the expression of the core
pluripotency-related genes was lower in haGSCs than in
hESCs but significantly higher than in hFibs (Supplementary
Table 3).

On a single cell level haGSCs are a heterogeneous popula-
tion of cells, where there are 12 out of 47 (25.5%) coexpressed
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Figure 1: haGSC colonies were derived from enriched spermatogonia and share morphological similarities with early hESC colonies after
passaging. Typical representative morphology of spermatogonia and haGSCs from the same patient (157) during culture. (a) Human testis
dissociated cells during the first week of culture before selection of spermatogonia. ((b) and (c)) Single, pairs, chains, and groups of round
cells with high nucleus/cytoplasm ratio typical of spermatogonia were observable after selection. (d) After 4–6 weeks, some aggregations of
the first epithelial haGSCs were observed. (e) Examples of typical early haGSC, (f) early hESC colonies, and (g) typical fibroblasts from testis.
Scale bar in ((a)–(c)) 20𝜇m and ((d)–(g)) 100 𝜇m.

transcripts of core pluripotency genes OCT4a, NANOG, and
SOX2 (Figure 2(a)).

These observations encouraged us to have a closer look
at the changes in genes global expression and in particu-
lar the expression of germ-, pluripotency-, fibroblast-, and
mesenchymal-associated genes and genes activated during
ESC-like haGSC cluster formation (natural reprogramming
of human spermatogonia).

2.3. Microarray Gene Expression Profiling. To this end, we
investigated the transcriptome of the following cell types by
microarray technology 4 cell groups: hFibs (F161; negative
control), hESCs (H1; positive control), short-term cultured

hSSCs, and 4 different natural reprogramming trials of single
clones of haGSCs.

2.3.1. Sample to Sample Relations. In the first step, we
investigated relations between samples especially with regard
to different cell types and reprogramming trials. To this
end, hierarchical clustering (complete linkage with Euclidean
distance) and as well as a principal component analysis
(PCA) were performed (Figure 4). For both methods, the set
of genes was reduced to the medium variance genes (gene
whose standard deviation is higher than the average standard
deviation + 2SDs). All the different cell types were clearly
separated by the two best principal components, which
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Figure 2: Gene expression profiling of single hESCs, haGSC, and hFibs of germ cell-enriched and pluripotency associated genes. (a) Heat
map showing array of pluripotency and germ cell associated genes with each column representing a single cell. Note that haGSCs (coloured
blue) are a heterogenic population of cells with more similarities to hESCs (coloured black), while some outliner cluster with hFibs (coloured
red). (b) PCA showing the distribution of single cells selected from the separated trees from (a). The group of haGSCs which cluster with
hESCs in (a) are named haGSCs I and were coloured dark blue.

explain 79% of the complete variance. The same separation
was observed in the cluster dendrogram. In particular, hESCs
and hSSCs were aggregated in nicely separated clusters.
However, the group of haGSCs was more heterogeneous and
the sample 157-23 P5 especially seemed to be more different.
The cluster dendrogram was very similar even when the
whole transcriptome (all 54K genes) was considered (data not
shown).

Then we further investigated the Pearson correlation of
the 4 distinct haGSCs to the three other cell types based on
the medium variance genes. Three out of the four haGSCs
showed their highest correlation to hSSCs with the Pearson
correlation coefficient of 0.82–0.85 while the correlation
coefficient to hESCs and hFibs was lower between 0.75 and

0.79. Only reprogramming sample 157-30c+d showed the
highest correlation coefficient to hFibs.

This analysis clearly pointed that all cell types showed
a distinct gene expression pattern and they were clearly
distinguishable from each other.This was true for the selected
set of genes based on themedium variance genes but was also
found for the complete transcriptome.

2.3.2. High Variance Genes. For 150 genes with the high-
est variances across all samples, we calculated a heatmap
(independent clustering of samples and genes) (Figure 5). As
already seen in the dendrogramof themedian variance genes,
all cell types were separated consistently and grouped cor-
rectly into subtrees. The high variance genes were clustered
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Figure 3: Bar plot showing relative expressions of (a) germ- and (b, c) pluripotency-associated genes between haGSCs (coloured light blue),
haGSC I (coloured dark blue), hESCs (coloured black), and hFibs (coloured red). For 𝑃 < 0.05 haGSCs versus hFibs and 𝑃 < 0.05 haGSC I
versus hFibs, see Supplementary Table 3.
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Figure 5: Heatmap of 150 features with the highest variance generated by independent clustering of genes and samples using complete
linkage clustering and Euclidean distance. All cell types were separated consistently and grouped correctly into subtrees. Each cell type was
characterized by a specific set of highly expressed genes (block pattern). The set of high variance genes could be grouped in 3 classes of genes
with high expression: (1) in hESCs (H1), (2) in hFibs, and (3) in haGSCs.
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in cell type-specific sets of highly expressed genes (visible
as block pattern). The set of high variance genes could be
grouped in 3 classes of genes with high expression: (1) in
haGSCs, (2) in hFibs, and (3) in both hESCs and haGSCs.

Each of the three groups of genes was searched for enrich-
ment of gene ontology (GO) terms. The 10 most significant
GO terms for each group are shown in Supplementary Table
4. Genes highly expressed in hFibs showed typical func-
tional annotation, which involves mainly extracellular matrix
production, including collagen and proteoglycan metabolic
process. The hESC genes were typically related to embryonic
morphogenesis/development and diverse positive regulated
cellular processes. In partial overlap with the hESC group,
hSSCs and haGSCs expressed several hESC cell-related genes,
including NANOG, LIN28, and SALL4. The genes which
were highly expressed in haGSCs revealed a heterogeneous
enrichment of gene ontology terms including biochemical
processes, which partially overlapped with hSSC and hFib
mechanisms of cell adhesion and immunological defense
responses (Supplementary Table 4).

2.3.3. Analysis of haGSCs with Predefined Gene Sets for
Germ-, Pluripotency-, Fibroblast-, and MSC-Associated Genes
from the Literature. In an extended approach, we considered
different predefined sets of genes: (1) ES cell-specific genes,
a gene set containing human pluripotency-related genes
specific for ES cells, and (2) hSSC-specific genes, a set of genes
specific for germ cells. These two sets reflected the general
knowledge from the literature. In addition to these two sets
of genes, we used (3) genes which were found to be related to
mesenchymal stem cells (MSCs) according to Chikhovskaya
et al. [7], (4) hESC-enriched genes, and (5) genes found to
be enriched in hFibs. The last two sets of genes (4 and 5)
were extracted from the publication of Ko et al. [9] (Figure
1k -Human ES cell-enriched genes). The expression of three
different sets of genes 1, 2, and 3 is presented in heatmaps in
Supplementary Figures 1 and 2.

The analysis clearly showed that (1) none of the hESC cell-
specific genes were expressed in hFibs. The genes PROM1,
FOXO1, and CD24 had a higher expression in haGSCs and in
one of them (157-23 P5) also the genes related to pluripotency
NANOG, LIN28A, SALL4, and POU5F1 were expressed at a
higher level than in hFibs. In contrast, themicroarray analysis
revealed that some genes were highly expressed in hESCs
but not in “reprogramming trials” (SOX2, ZIC3, DPPA4, and
LEFTY2). (2) From the set of hSSC-specific genes, GFR𝛼1,
TSPYL, GPR125, and CD9 showed a higher expression in
haGSCs than in hFibs. Some of the MSC-related markers,
which are commonly used for the characterization of MSCs,
are CD73, CD29, CD90, CD105, CD140b, CD146, and CD166.
(3) Most of the set of MSC-related genes which could be
detected by microarray analysis (CD73, CD29, CD90, CD105,
CD146, and CD166) were not differentially expressed in
haGSCs in comparison to hFibs or hESCs (see heatmap,
Supplementary Figure 2). The gene CD146 (MCAM) which
was used to strengthen the similarity of testicular stem cells
to MSCs by Chikhovskaya et al. [7] was also not differentially
expressed in haGSCs in comparison to hFibs and hESCs.

Furthermore, most of the genes used by Chikhovskaya et
al. [7] to demonstrate that their testis-derived stem cells
might be MSC-like were also not differentially expressed in
haGSCs in comparison to hFibs and hESCs. Additionally,
also the genes CD34 and CD73 which were used by Choi
et al. [12] to isolate their testis-derived fibroblasts were not
expressed in haGSCs. In our analysis, the only MSC-specific
genes which were differentially expressed in haGSCs were
VCAM1, FN1, CDCP1, TM4SF1, and IL6ST. There were also
some other MSC-specific genes such as NCAM1, CD44,
and BMPR2, which were expressed in hSSCs or hESCs. A
heatmap for the expression of genes for gene sets is shown
in Supplementary Figure 2 which corresponded to Figure 1k
from the publication of Ko et al. [9]. From this analysis, it was
evident that some ESC-enriched genes, like TERF1, CXADR,
PHC1, HOOK1, NANOG, POU5F1, SALL4, and LITD1, were
highly expressed in “reprogramming” trials, while others
were not. A similar situationwas observed for the set of hFibs-
enriched genes. Some of them (NNMT, IL1R1, NR2F2, and
GREM1) were highly expressed in haGSCs, while others did
not show any regulation.

Considering the Pearson correlation based on five gene
sets, three out of the four haGSC samples showed similar
correlation coefficients of 0.48–0.55 to hFibs and to hESCs.
But, one “reprogramming” sample (157-23 P5) showed a
higher correlation to hESCs (0.68) and lower correlation
to hFibs (0.46). Of the four “reprogramming” samples, this
sample showed the highest similarity to hESCs.

The expression profiling data support the conclusion that
haGSCs were not hFibs or MCSs but instead possess a strong
germ-line specific background and a degree of similarity to
hESCs.

2.3.4. Extended Profile Search. The differential analysis com-
paring haGSC sampleswith hFibs andhESCs allowed to iden-
tify differentially expressed genes in these groups of cells. Our
special attentionwent to the comparison of “reprogramming”
sample 157-23 P5 to hFibs and hESCs.ThehaGSC sample 157-
23 P5 was selected since it showed the highest similarities to
hESCs by other comparisons.

For comparing 157-23 P5with hFibs andhESC, log
2
ratios

of the two corresponding differential analyses (comparisons
of reprogramming trials with hFibs and with hESCs) were
plotted in a scatter plot. The plot was divided into nine
different sectors taking log

2
ratios of −2 and 2 as thresholds

which corresponds to a 4-fold differential regulation (see
Figure 6(a)).

The majority of genes were not differentially expressed
between 157-23 P5, hFibs, and hESCs (49K genes in Sec-
tor V). But there were still many genes showing similar
expression in 157-23 P5 and hESCs but differential expression
between 157-23 P5 and hFibs (454 genes in Sector IV and
855 genes in Sector VI). Considering the expression of these
genes, reprogramming sample was similar to hESCs and
different from hFibs. On the other hand, there were also
many genes, which showed similar expression in both the
157-23 P5 reprogramming sample and hFibs, while they were
differentially expressed between 157-23 P5 and hESCs (895
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Figure 6: (a): Scatter plot of log
2
ratios for the two differential analyses of reprogramming versus hFibs (𝑥-axis) and haGSCs versus hESCs

(𝑦-axis). Grey dashed lines represent the thresholds of −2 and 2 used definition of the sectors. Different sectors are labelled with blue-coloured
Roman numerals. The plot is divided into nine different sectors taking log

2
ratios of −2 and 2 as thresholds which corresponds to a 4-fold

differential regulation.The nine sectors were as follows. Sector I 798 genes were upregulated in 157-23 P5 compared to hFibs and upregulated
in 157-23 P5 compared to hESCs. Sector II 895 genes were not differentially regulated in 157-23 P5 compared to hFibs and upregulated in
157-23 P5 compared to hESCs. Sector III 8 genes were downregulated in 157-23 P5 compared to hFibs and upregulated compared to hESCs.
Sector IV 454 genes were upregulated in 157-23 P5 compared to hFibs and not differentially regulated in 157-23 P5 compared to hESCs.
Sector V 49468 genes are not differentially regulated in 157-23 P5 compared to hFibs and not differentially regulated in 157-23 P5 compared
to hESCs. Sector VI 855 genes are downregulated in 157-23 P5 compared to hFibs and not differentially regulated in 157-23 P5 compared to
hESCs. Sector VII 2 genes are upregulated in 157-23 P5 compared to hFibs and downregulated in 157-23 P5 compared to hESCs. Sector VIII
1744 genes are not differentially regulated in 157-23 P5 compared to hFibs and downregulated in 157-23 P5 compared to hESCs. Sector IX
451 genes are downregulated in 157-23 P5 compared to hFibs and downregulated in 157-23 P5 compared to hESCs.The majority of the genes
were not differentially expressed between 157-23 P5, hFibs, and hESCs (49K gene in Sector V). (b) Heatmap with pluripotency associated
genes upregulated by haGSCs in comparison to hFibs according to microarray experiment. (c) Gene expression profiling of hESCs, haGSCs,
and hFibs of additional pluripotency associated genes upregulated according to microarray study in haGSCs. (a) haGSCs are a heterogenic
population of cells with some similarities to hESCs (coloured black) and hSSCs (coloured aquamarine) but not to hFibs (coloured red).
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genes in Sector II and 1744 genes in Sector VIII). According
to these genes, the reprogramming sample 157-23 P5 was
similar to hFibs but different from hESCs. Additionally, 798
genes in Sector I were upregulated in reprogramming sample
in comparison to hFibs and hESCs.

For the genes in Sectors II, IV, VI and IIX, a functional
annotation was performed. The 10 GO terms with the most
significant 𝑃 values are shown in Supplementary Table 4.The
genes in Sector VI were expected to be related to fibroblast-
enriched GO terms, since these genes showed a high expres-
sion in fibroblasts but low expression in the reprogramming
sample 157-23 P7. And indeed these genes were related to the
“extracellular region” and “matrix” terms. Analogously the
genes in SectorVIII showed high expression in hESCs but low
expression in the 157-23 P7 sample. These genes were related
to hESC cell-linked GO terms such as “nuclear part” or “cell
cycle.” The genes, which were upregulated in the sample 157-
23 P7 from Sector IV, were mostly linked to GO terms of
“nuclear processes.”

2.3.5. IPA Ingenuity Analysis. TheSector I genes (upregulated
in the haGSCs sample 157-23 P5 compared to hFibs and
hESCs) and Sector IV genes (upregulated in the sample 157-
23 P5 compared to hFibs and not differentially regulated
in 157-23 P5 compared to hESCs) were analyzed by IPA
Ingenuity programme.

The results showed that, among Sector I genes which
were upregulated in haGSCs in comparison to both hFibs
and hESCs, there were gene networks related to (1) amino
acid metabolism, small molecule biochemistry, and gene
expression (39 genes), (2) cellular assembly and organization,
cellular function and maintenance, skeletal and muscular
system development and function (37 genes), (3) cell mor-
phology, cellular assembly and organization, and gastroin-
testinal disease, and (4) cell-to-cell signaling and interaction,
cellular assembly and organization, and cellular function
and maintenance (28 genes). Among these genes the most
expressed canonical pathwayswere TREM1 signaling, hepatic
fibrosis/hepatic stellate cell activation, ILK signaling, IL-
17A signaling in airways cells, and production of nitric
oxide and reactive oxygen species in macrophages. The main
transcription factors were RELA,NFΚB (complex),CTNNB1,
NFΚBIB, andNfat (family). In terms ofmolecular and cellular
functions, the highest proportion of upregulated genes was
related to cellular growth and proliferation (190 genes), cell
death (187 genes), cellular function and maintenance (144
genes), cell morphology (139 genes), and cellular movement
(130 genes). In terms of physiological system development
and function, the highest proportion of upregulated genes
was related to tissue development (180 genes), organismal
development (132 genes), tissue morphology (111 genes),
cardiovascular system development and function (82 genes),
and connective tissue development and function (42 genes).
In terms of disease, the highest proportions of upregulated
genes were related to cancer (230 genes) and reproductive
system disease (133 genes). In comparison to hFibs, the most
upregulated genes in haGSCs were CLDN1, LYPD1, GPR39,
PAX8, CFTR, NCAM1, PARD6B, and CRLS1, while the most

upregulated genes in comparison to hESCs were KRT7, IL8,
GBP1, C3, BHLHE41, CLDN1, PAX8, and CCL2.

Among Sector IV genes, which were upregulated in
haGSCs (157-23 P5) in comparison to hFibs and not differ-
entially regulated in comparison to hESCs, there were gene
networks related to (1) RNA posttranscriptional modifica-
tion, cell morphology, cellular assembly, and organization
(57 genes), (2) cellular assembly and organization, cellular
compromise, and nervous system development and func-
tion (52 genes), (3) gene expression, cellular growth and
proliferation, and embryonic development (50 genes), (4)
cell-to-cell signaling and interaction, cellular assembly and
organization, and tissue development (44 genes), and (5)
cancer, hematological disease, DNA replication, recombina-
tion, and repair (41 genes). Among these genes the most
expressed canonical pathways were Sertoli cell-Sertoli cell
junction signaling, tight junction signaling, cell cycle: G1/S
checkpoint regulation, Wnt/catenin signaling, and chronic
myeloid leukemia signaling. The main transcription regula-
tors were YY1, FOXD3, E2F4, HOXA9, and NPAT. In terms
of molecular and cellular functions, the highest proportion
of genes was related to gene expression (83 genes), cellular
assembly and organization (46 genes), cellular function and
maintenance (34 genes), cell-to-cell signaling and interaction
(24 genes), and RNA posttranscriptional modification (23
genes). In terms of physiological system development and
function, the highest proportion of genes was related to
tissue development (43 genes), nervous system development
and function (30 genes), cardiovascular system development
and function (28 genes), organ morphology (27 genes), and
skeletal and muscular system development and function (7
genes). In terms of disease, the highest proportions of genes
were related to cancer (153 genes) and reproductive system
disease (76 genes).

Interestingly, among Sector IV genes, which were upreg-
ulated in haGSCs (157-23 P5) in comparison to hFibs and
not differentially regulated in comparison to hESCs, there
was also a network of 50 genes related to gene expression,
cellular growth and proliferation, and embryonic develop-
ment, including the genes related to pluripotency. All these
genes were upregulated in the haGSC sample 157-23 P5 in
comparison to hFibs. The most upregulated gene in haGSCs
was NANOG. These results indicated that the haGSC repro-
gramming sample 157-23 P5 expressed a relatively higher
degree of pluripotency genes, which was significantly higher
than in hFibs.

2.3.6. Validation of Microarray Results by Real-Time PCR
and Immunohistochemistry. In addition to the initial panel
of germ cell- and pluripotency-associated genes, the fol-
lowing germ cell- and pluripotency-associated genes were
also selected for the Fluidigm real-time PCR analysis (see
Figure 6(c) and Supplementary Figure 3) based on microar-
ray results (see Figure 6(b)): L1TD1, SALL4, JARID2,HOOK1,
EPCAM, PROM1, SALL2, IGFR2BP3, REX1, and GATA4. In
similarity to haGSC clones derived from patients 157 and
159, the genes VASA, DAZL, and PLZF were predominantly
expressed in haGSCs derived from two additional patients
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239 and 240 (Supplementary Figure 3). The haGSCs showed
a profound decreased expression of germ cell-specific genes
VASA, DAZL, and PLZF in comparison to hSSCs. In con-
trast, the other two germ cell-specific genes, STELLA and
GFR𝛼1, were strongly expressed in haGSCs. In comparison
to hSSCs the genes REX1, LIFR, and NANOS were expressed
in haGSCs in a similar range than in hSSCs, while the gene
CD9 was more strongly expressed in haGSCs. The genes
DAZL and LIFR were not expressed in hFibs at all. All
germ cell-associated genes were significantly more strongly
expressed in hSSCs and haGSCs than in hFibs (𝑡-test, <0.05).
In comparison to hSSCs, haGSCs similarly compared to
hESCs possessed a rudimentary germ cell- associated gene
expression profile. The genes CD9 and GFR𝛼1 were more
strongly expressed in haGSCs than in hESCs (Supplementary
Figure 3).

The expression of pluripotency-associated genes was
similar in haGSCs clones from two different patients 239
and 240. All pluripotency-associated genes were significantly
upregulated in the best haGSC clones in comparison to hFibs
(𝑡-test, <0.05) (Supplementary Figure 3 and Supplementary
Figure 4b). From the genes in Sector IV, which were dif-
ferentially upregulated in the clone 157-23 P5 according to
the previous microarray analysis, 8 pluripotency- and germ
cell-associated genes were reconfirmed, with the exception of
genes SALL2 and IGFR2BP3 (Figure 6(c)).

Immunocytochemistry of haGSC clusters in comparison
to hESCs and hFibs clearly demonstrated that CD9, CD24,
Oct4, and Nanog were expressed by haGSCs and hESCs but
not in hFibs (Figure 7). Furthermore immunohistochemical
staining with typical germ cell proteins of haGSC clusters
in comparison to hESCs and hFibs also clearly demon-
strated that VASA, UTF1, TSPYl2, STELLA, and GFR𝛼1 were
expressed by haGSCs and in part by hESCs, but not in hFibs
(Figure 8).

3. Discussion

The haGSCs displayed a specific gene expression profile,
with some properties of both germ cells and hESCs. In
general, they showed a higher expression of someESC-related
genes, which were not expressed in hFibs in this study. In
the microarray study this distinct gene expression profile
was found on all three presented levels: (1) the heatmap of
high variance genes showedmany pluripotency-related genes
which were highly-expressed in haGSCs; (2) in particular one
out of four reprogramming samples of haGSCs (157-23 P5)
showed a higher similarity to hESCs. However, none of the
reprogramming samples exhibited a full pluripotency-related
gene expression profile, but only to a degree, as reported by
some other groups [13].

According to the microarray experiments in this study,
the core pluripotency-related genes NANOG, LIN28, and
POU5F1were upregulated in haGSCs in comparison to hFibs,
while SOX2was not. As revealed by pilot single-cell Fluidigm
analysis and also by a reconfirmation experiment with new
haGSC clones by the same technology, haGSCs expressed all
above mentioned pluripotency-associated genes, including

Sox2, TDGF𝛽1, andUTF1, and also some germline-associated
genes, such as STELLA, CD9, GFR𝛼1, and TSPY.

As published by someother groups, the list of significantly
regulated genes in haGSCs in comparison to hFibs included
several genes which are highly expressed in hESCs, such
as CD24 [14], EPCAM [15–18], L1TD1 [19, 20], SALL4 [21],
JARID2 [22–24], DNMT3A [25, 26], HOOK1 [27], ACTIVIN
A receptor 1B [28], and REX1 [29, 30]. The significant upreg-
ulation of these genes in haGSCs, revealed by microarray
analyses, was also reconfirmed by Fluidigm RT-PCR and for
CD24 by immunohistochemistry.

It is important that there were several genes related to
pluripotency, which were regulated in haGSCs. The microar-
ray analysis showed that the cell surface protein-encoding
gene CD24 was strongly expressed in all haGSC clones
and to a lesser extent also in the enriched population of
spermatogonia. The gene CD24 was identified as one of
the hESC-associated genes proposed by Assou et al. [14] by
carrying out a meta-analysis of the hESC transcriptome.This
gene encodes a membrane-specific protein, which is strongly
expressed in hESCs and enables purifying them by FACS
from cocultured fibroblasts.

In this study, we also found that CD9 and EPCAM were
also strongly expressed in both haGSCs and hESCs. It is
known that the pluripotency-associated epithelial surface
marker EPCAM is strongly expressed in human fetal gonads
and can be effectively used as a selector marker for germ cell
enrichment from differentiating ES cells [18]. This molecule
has been shown to play a role in progenitor proliferation
in the mouse SSC culture system [15]. The gene EPCAM,
which forms functional complexes with some other genes
such as CLDN7, CD44V6, TSPAN8, and CD9, might increase
the efficiency of transcriptions-factor mediated pluripotency
reprogramming by upregulation ofOCT4 and suppression of
the p53-p21 pathway [17].

It has already been illustrated that the RNA-binding pro-
tein L1TD1, which is highly expressed in haGSCs, is a marker
for undifferentiated hESCs [19, 31]. The L1TD1 gene is also
rapidly activated during iPSC generation, but it is dispensable
for the maintenance and induction of pluripotency [20]. In
these publications it is documented that LITD1 interacts with
the core pluripotency gene LIN28 and has an important
function in the regulation of stemness, including hESC self-
renewal and cancer cell proliferation. The L1TD1 gene is
a downstream target of NANOG and represents a useful
marker to identify undifferentiated hESCs. Additionally, the
L1TD1 gene is also highly expressed in testicular seminoma,
and depletion of L1TD1 in seminoma cancer cells influences
their self-renewal and proliferation [20]. One of genes highly
upregulated in haGSCs was also SALL4. Hobbs et al. [32]
have demonstrated the critical and distinct roles of SALL4 in
development of germ cells during embryonic period of life
and differentiation of postnatal spermatogonial progenitor
cells. It has further been demonstrated that the stem cell-
associated gene SALL4 suppresses the transcription through
recruitment of DNA methyltransferases [21]. There were
also some other genes, which were regulated in haGSCs
such as JARID2/JUMONJI, DNMT3A, and HOOK1. It was
shown by Shen et al. [22] that the JARID2/JUMONJI is
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Figure 7: Immunohistochemistry of hESCs, haGSCs, and hFibs with CD9, CD24, Oct4, and Nanog antibodies. The different markers are
shown in green and the staining of the nuclei with DAPI in blue. Scale bar is 100 𝜇m.
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Figure 8: Immunohistochemistry of hFibs, hESCs, and haGSCs with cytoplasmic staining of VASA ((a)–(c)), nuclear staining of UTF1 ((d)–
(f)), cytoplasmic staining of TSPYL2 ((g)–(i)), cytoplasmic and nuclear staining of STELLA ((j)–(l)), and cytoplasmic staining of GFR𝛼1
((m)–(o)). The different germ cell different markers are shown in green (Alexa 488 for TSPYL2 and GFR𝛼1) or red (Alexa 546 for VASA,
UTF1, and STELLA) and the staining of the nuclei with HOECHST is shown in blue. Scale bar is 50 𝜇m.
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a DNA-binding protein that functions as a transcriptional
repressor and modulates POLYCOMB activity and self-
renewal versus differentiation of stem cells during embryonic
development. This protein facilitates the recruitment of the
PRC2 complex to target genes [33]. These authors have also
shown that JARID2 regulates the binding of POLYCOMB
repressive complex 2 to target genes in ESCs and is therefore
responsible for the proper differentiation of ESCs and normal
development. It is interesting that epigenetically regulated
gene DNMT3A was also regulated in haGSCs. In general,
the mammalian cells can epigenetically modify their genome
by DNA methylation. The protein DNMT3A functions as
a de novo methyltransferase and was found to be highly
expressed in mitotically quiescent human fetal spermatogo-
nia [25, 26]. In addition to the established spermatogonial
markers, haGSCswere found to express the ES cell-associated
gene HOOK1, which is a cytosolic protein attached to the
microtubules thatmediates the binding to cell organelles.The
HOOK1 protein was found to be present at high levels in
human testes [27].

There were also some other genes related to pluripotency
and ES cells which were regulated in haGSCs, such as
ACTIVIN A and ACTIVIN receptors IIA and IIB, IGFR2BP3,
and IGF2.The data from the literature indicate thatACTIVIN
A and ACTIVIN receptors IIA and IIB may be involved in
the regulation of germ cell proliferation in the human ovary
during the period leading up to primordial follicle formation.
The insulin growth factors are known to have a key role in
maintaining the status of pluripotency [28]. For example,
the gene IGFR2BP3, which encodes a member of the IGF-II
mRNA-binding protein (IMP) family, was also upregulated
in haGSCs. The encoded protein binds to the 5 UTR of
the insulin-like growth factor 2 (IGF2) mRNA and thereby
regulates the IGF2 translation.

Also REX1 (ZFP42) is another gene whose expression was
regulated in haGSCs and is known to be closely associated
with pluripotency/multipotency in both mouse and human
embryonic stem cells [30]. It was demonstrated that the REX1
(ZFP42) null mice show impaired testicular function, abnor-
mal testis morphology, and aberrant gene expression. Also
BRD7, a novel PBAF-specific SWI/SNF subunit which was
expressed in haGSCs, is known to be required for target gene
activation and repression in embryonic stem cells [29].There
were also some reprogramming-related genes which were
expressed in haGSCs. Kuo et al. [34] documented the novel
role of miR-302/367 in reprogramming, a process which is
normally involved in the early embryonic development and
embryonic stem cell formation.

According to the microarray analysis in this study most
of ESC-associated genes (includingPROMININ1 andMYCN)
which were upregulated in haGSCs were also upregulated in
enriched population of spermatogonia cultured in vitro, but
not in hFibs. The correlation analysis of the microarray data
showed that haGSCs are more closely related to spermatogo-
nia. This might be related to their cellular origin.

From the single cell population, it became obvious that,
under the conditions which we employed to select and
maintain long-term culture haGSCs, the cells are a hetero-
geneous population of cells where most of the cells possess a

residual expression of germ cell genes (TSPY, CD9, GFR𝛼1,
and STELLA), but only 25% of the cells express the core
pluripotency genes OCT4, NANOG, and SOX2.

Recently, there were more reports on the presence of
MSCs in adult human testicles [10–12]. In contrast to them
[10–12], we found that most of the genes, proposed to be
expressed in testicular MSCs, were not expressed in the
haGSCs presented in this study. In the studies of Mizrak
et al. [5], Chikhovskaya et al. [7], and Gonzalez et al. [8],
different populations of testicular stem cells might be isolated
from the tissue and cultured in vitro. It is not excluded that
there are different types of stem cells present in adult human
testicles, which might interact and reflect the complexity of
this reproductive organ.

In conclusion, the molecular analysis in this study con-
firmed that haGSCs were generated from the enriched popu-
lation of CD49f MACS and matrix-selected spermatogonia.
During the long-term culture in vitro, they reexpressed
some genes related to developing germ cells in culture,
which might be otherwise blocked by their natural niche,
testicular tubules, in adult human testicles. The haGSCs are
a heterogeneous population of cells that are different from
hFibs or MSCs and express a degree of pluripotency. The
further research is needed to optimize the culture condition
to avoid the molecular block, which prevents the haGSCs
from becoming fully molecular pluripotent stem cells.

4. Conclusions

During the cell culture, haGSCs originate in the enriched
population of CD49f MACS and matrix-selected spermato-
gonia, but never in the negatively selected fraction or from
patients without spermatogonia [1]. The haGSC colonies
were easily distinguishable from hFibs and resembled the
early hESC colonies characterized by central cluster with
outgrowing “epithelial”-like cells. By single-cell Fluidigm
analysis it was found that haGSCs were quite distinct from
hFibs in terms of the expression of germ- and pluripotency-
associated genes. Only a minority of outliner hESCs and
haGSCs shared some similarities with hFibs, but the majority
of them did not. It also became clear that haGSC colonies
were heterogeneous, displaying more or less similarities to a
state of pluripotency. Also in the microarray study different
haGSC colonies were confirmed to be relatively heteroge-
neous in terms of the expression of germ- and pluripotency-
associated genes. When analysing the whole transcriptome
and the high variance genes in haGSCs in comparison with
hESCs and hFibs, it was found that the haGSCs separated
from hFibs and represent a specific population of cells.

5. Material and Methods

5.1. Testicular Tissue andExperimentalDesign. This studywas
conducted from October 2009 to September 2012 using tes-
ticular material from 5 adult men, patients (P157, 159, 171, 239,
and 240) with different medical background. The detailed
information on patient’s data is provided in Supplementary
Table 1. All experiments with human material conducted
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here were approved by the local ethics councils (University
Hospitals of Tübingen andHeidelberg) and informedwritten
consent was obtained from all the human subjects. Age of
the patients ranged from 23 to 67 years. Healthy donated
tissue included heterogeneous material from patients with
different medical background including orchiectomies as
part of a reassignment surgery of transsexual patients after
hormone therapy (1), orchiectomies of healthy testis in case
of penis carcinoma and prostate cancer (2), and biopsies of
“healthy” (nonmalignant) peritumoral testicular tissue from
patients with seminoma (3). Histopathological examinations
of the testicular tissue used in this study were conducted by
experts at the Department of Pathology (University Clinic,
Tübingen) in routine diagnostics and in case of cancer with
more cancer specific diagnostics.

In this study short-term (<2 weeks after matrix selection)
SSC cultures and long-term (>2 months, up to 6 months)
haGSC cultures from testicular tissues of all 5 men were
analyzed on gene expression profile to evaluate the character
of testicular adult stem cells. The experimental design of this
study can be seen in Supplementary Table 2. The single cells
from the different groups of cells were first analyzed on gene
expression profile by Biomark Real-Time quantitative PCR
(qPCR) system (Fluidigm), followed by microarray analysis
in comparison with hESCs and hFibs. The selected group
of genes from microarray analysis was validated by Biomark
Real-Time quantitative PCR (qPCR) system (Fluidigm). We
mainly focused on pluripotency-, germ cell-, fibroblast- and
mesenchymal stem cell-associated genes.

5.2. Selection and Cultivation of haGSCs. After removing of
the tunica albuginea, the obtained human testicular tissues
weremechanically disrupted to dissociate the tubules. In each
sample, the dissociated tubules were enzymatically digested
with 750U/mL collagenase type IV (Sigma), 0.25mg/mL
dispase II (Roche), and 5 𝜇g/mL DNase in HBSS buffer
with Ca++ and Mg++ (PAA) for 30 minutes at 37∘C, with
gentle mixing, to obtain a single-cell suspension. Then the
digestion was stopped with 10% ES cell-qualified FBS. The
cell suspension was passed through a 100 𝜇m cell strainer and
centrifuged for 15 minutes at 1000 rpm. The supernatant was
removed and the pellet was washed with HBSS buffer with
Ca++ and Mg++. After washing, the cells (approximately 2 ×
105 cells per cm2) were plated into culture dishes (𝑑 = 10 cm),
coated with 0.2% gelatin (Sigma), in hGSC (human germ
stem cell) medium consisting of StemPro hESC medium, 1%
N2-supplement (Invitrogen), 6mg/mL D+ glucose (Sigma),
5 𝜇g/mL bovine serum albumin (Sigma), 1% L-glutamine
(PAA), 100 𝜇M 𝛽-mercaptoethanol (Invitrogen), 1% peni-
cillin/streptomycin (PAA), 1% MEM vitamins (PAA), 1%
nonessential amino acids (PAA), 30 ng/mL estradiol (Sigma),
60 ng/mL progesterone (Sigma), 20 ng/mL epidermal growth
factor (EGF; Sigma), 10 ng/mL basic fibroblast growth factor
(FGF; Sigma), 8 ng/mL glial-derived neurotrophic factor
(GDNF; Sigma), 100U/mL human LIF (Millipore), 1% ES cell
qualified FBS, 100𝜇g/mL ascorbic acid (Sigma), 30𝜇g/mL
pyruvic acid (Sigma), and 1 𝜇L/mL DL-lactic acid (Sigma).

In this culture medium, the cells were incubated in a CO
2
-

incubator for 96 hours at 37∘C and 5% CO
2
in air. After

72 hours the half volume of culture medium was replaced
with fresh culture medium of the same volume and the
cells were further cultured for 4 days. On day 7 the culture
medium was carefully removed and the testis cell culture was
gently rinsed with 5mL DMEM/F12 culture medium with L-
glutamine (PAA) per plate to harvest the germ cells bound
to the monolayer of adherent somatic cells attached to the
dish bottom. This procedure was repeated by pipetting 5mL
of DMEM/F12 culture medium. The cell suspension pooled
from 5 culture dishes per tissue sample was centrifuged
for 5 minutes at 1000 rpm. The pellet was resuspended in
10mL of MACS buffer and centrifuged again for 5 minutes
and the cells were further purified with MACS separation
(Miltenyi), CD49f-FITC (𝛼

6
-integrin; AbD Serotec), and

anti-FITC beads (Miltenyi). After MACS separation, cells
were transferred to dishes coated with collagen I (5 𝜇g/cm2,
Becton &Dickinson) and incubated at 37∘C for 4 h. Cells that
did not bind to collagen I dishes (ColNB cells) were harvested
and pelleted at 1000 rpm. The ColNB cells were suspended in
medium and plated at 0.5–1 × 106 cells per mL per well in
12-well plates precoated with laminin (4.4𝜇g/cm2, Sigma).
The plated ColNB cells were incubated for 45min at 37∘C
and unbound cells (ColNB/LamNB cells) were removed from
bound cells (LamB cells) by pipetting andwere discarded.The
LamB cells were rinsed twice with 1mLmedia.The LamB cells
then were harvested by gentle pipetting and were plated onto
a 12-well plate with hGSC culture medium, on irradiated CF-
1 feeder layer. A half volume of culture medium was removed
every 2-3 days and replacedwith fresh hGSC culturemedium.
Under these conditions, the spermatogonia heterogeneously
proliferated. The best cell cultures were split 1 : 2 every two to
three weeks. It was important not to dilute the cells too much
and to keep the appropriate cell number in the wells all the
time.

5.3. Cultivation of Human Fibroblasts. The human fibrob-
lasts were obtained from the dermis of the scrotum and
a primary cell line was generated in DMEM high glu-
cose, 10% FBS Superior (Biochrom), 200𝜇M L-glutamine
(PAA), 1% nonessential amino acids (PAA), and 100mM 𝛽-
mercaptoethanol (Invitrogen).

5.4. Cultivation of hESCs. The H1 human ES cell line from
the National Stem Cell Bank were cultured, respectively,
according to the protocols from WiCell on CF1 Feeder in
DMEM/F12 with L-glutamine (PAA), 20% knockout serum
replacement (Invitrogen), 300𝜇M L-glutamine (PAA), 1%
nonessential amino acids (PAA), 100mM𝛽-mercaptoethanol
(Invitrogen), 1mM HEPES, and 4 ng/mL basic fibroblast
growth factor (FGF, Sigma).

5.5. Collection of Single Cells from the Population of Enriched
Spermatogonia (hSSCs) with Micromanipulation System. In
each sample, the spermatogonial cells were rinsed with the
culture medium to remove the spermatogonia from the
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attached monolayer of somatic cells or feeder layer in a cul-
ture dish. After gentle resuspension, the cells were transferred
to a single cell suspension into the top of small culture dish
(𝑑 = 3.5 cm). The top of dish was placed onto a prewarmed
(37∘C) working platform of a Zeiss inverted microscope with
the micromanipulation system. At magnification 20x, the
cells were collected step by step by a micromanipulation
pipette. The typical morphology of short-term cultured sper-
matogonia was clearly observed.This was primarily based on
their round shape, diameter of approximately 6–12 𝜇m, and
high nucleus-to-cytoplasm ratio, which could be observed
by a clear small shining cytoplasmic ring between the round
nucleus and the outer cell membrane.

5.6. Collection of Single Cells from Enzymatically Degraded
Typical haGSC Colonies, hESCs, and hFibs with a Microma-
nipulation System. In order to characterize the single cells
in the haGSC colony, we enzymatically degraded a typical
haGSC and hESC colony or confluent growing hFibs to
a single cell level and manually selected individual cells
one by one (24 hFibs, 24 hESCs, and 48 haGSCs) with a
micromanipulation system for single cell gene expression
profiling. With this technique, we aimed to provide infor-
mation about single cell profiles of important germ- and
pluripotency-associated genes in these cells and the homo-
/heterogeneity of the selected cells from a typical haGSC
colony and to culture further those colonies with the “best”
germ- and pluripotency-associated gene expression profile.
Single cells per sample probe were collected for Fluidigm
analysis and 200 cells per probe for microarray analysis and
also for validation of selected pluripotency associated genes
by Fluidigm analysis. After collection, the cells were directly
transferred into 6.5 𝜇L of cells direct buffer for Fluidigm or
10 𝜇L RNA direct lyses buffer for microarray analysis.

5.7. Gene Expression Analyses by Fluidigm Biomark Sys-
tem. Gene expression analysis of single cells and 200 cells
was performed using the Biomark Real-Time quantitative
PCR (qPCR) system (Fluidigm) in comparison with hESCs
(positive control) and human testis hFibs (F161; negative
control). In all cell samples the expression of the following
genes was analyzed by Taqman assays: germ cell-specific
genesTSPYL,DDX4 (VASA),DAZL, ZBTB16 (PLZF),DPPA3
(STELLA), CD9,NANOS,UTF1, GFR𝛼1, GPR125, REX1, KIT,
KITLG, LIFR, STAT3, pluripotency-associated genesPOU5F1
(OCT4)A, POU5F1 (OCT4)B, LIN28, NANOG, SOX2, GDF3,
KLF4, MYC, TDGF1, TERT, DNMT3B, DNMT1, CDH1,
LIN28B, OCT4B, and the housekeeping genes 18SRNA,
CTNNB1, HNBS, and GAPDH.

According to genes upregulated in haGSC clone 157-
23 P5 in the microarray experiment, the following further
assays were selected: SALL4 (sal-like 4), SALL2 (sal-like
2), PROM1 (prominin 1), EPCAM (epithelial cell adhe-
sion molecule), GATA4 (GATA binding protein 4), HOOK1
(hook homolog 1), L1TD1 (LINE-1 type transposase domain
containing 1), JARID2 (JUMONJ), IGFR2 BP3 (insulin-like
growth factor 2 mRNA binding protein 3), REX1 (zinc finger
protein 462), and ACVAR1B (activin receptor-like kinase 4).

The inventoriedTaqMan assays (AppliedBiosystem)were
pooled to a final concentration of 0.2x for each of the assays.
Cells to be analyzed were harvested directly into 9 𝜇L RT-
PreAmp Master Mix consisting of 5.0𝜇L CellsDirect 2x
Reaction Mix (Invitrogen), 2.5𝜇L 0.2x assay pool, 0.2 𝜇L
RT/Taq Superscript III (Invitrogen), and 1.3 𝜇L TE buffer.The
harvested cells were immediately frozen and stored at −80∘C.
Cell lysis and sequence-specific reverse transcription were
performed at 50∘C for 15min. The reverse transcriptase was
inactivated by heating to 95∘C for 2minutes. In the same tube,
cDNA subsequently underwent limited sequence-specific
amplification by denaturing at 95∘C for 15 seconds and 14
cycle-annealing and amplification at 60∘C for 4 minutes.
These preamplified products were 5-fold diluted prior to
analysis with Universal PCR Master Mix and inventoried
TaqMan gene expression assays (ABI) in 96.96 Dynamic
Arrays on a Biomark system. Each sample was analyzed in
two technical replicates.

5.8. GenEx Statistical Analysis. Ct values obtained from the
Biomark system were transferred to the GenEx software
(MultiD) for analysis. Missing data in the Biomark system
were assigned a Ct of 999 by the instrument software. These
were removed in GenEx. Also Ct’s larger than a cutoff of
25 were removed, since high Ct’s in the Biomark 96 × 96
microfluidic card were expected to be false positives due to
baseline drift or formation of aberrant products and since
a sample with a single template molecule is expected to
generate a lowerCt.The effect of setting cutoff to 25was tested
by repeating the analysis with a slightly different cutoff and
was found to have negligible effect on the analysis results.
Technical repeats were then averaged and any remaining
missing data were replaced by the highest Cq measured + an
offset of 1 for each gene separately. Managing missing data is
primarily required for downstreammultivariate classification
of the data. An offset of 1 corresponds to assigning a
concentration to the samples with off-scale Cq values, that is,
half of the lowest concentration measured for a truly positive
sample. The magnitude of the offset does not influence 𝑃
values calculated with nonparametric methods, which were
preferred when there were off-scale data, but it has small
influence on 𝑃 values calculated by 𝑡-test and on multivariate
classification. In essence, the offset tunes and the weight of
the off-scale measurement compared to the positive reading;
larger offset gives higherweight to the off-scalemeasurement.
We tested the importance of the offset by repeating the
analysis using a higher offset up to +4, which corresponds
to a concentration of 6% of a truly positive sample, and
found negligible effect on the multivariate results. Linear
quantities were calculated relative to the sample having lowest
expression and data were then converted to log

2
scale for

analysis. Because of the very large and uncorrelated cell-
to-cell variation of genes’ expressions normalization to the
housekeeping genes is not meaningful. Instead, expression
levels were presented “per 50-cell” average expression of
the genes in different groups was calculated including .95%
confidence interval and groups were compared using 1-way
ANOVA (Tukey-Kramer pairwise comparison) and unpaired
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2-tailed 𝑡-test. Expression of genes with multiple off-scale
readings was compared with nonparametric Mann-Whitney
test. For multivariate analysis to classify the samples based
on the combined expression of all the genes data were either
mean centred, that is, subtracting the average expression
of each gene, or autoscaled, which is mean centre data
also divided by the standard deviation (so called 𝑧-score).
Autoscaling gives all the genes equal weight in the classifica-
tion algorithms making them equally essential. Hierarchical
clustering (Ward’s algorithm, Euclidean distance measure)
including heatmap and principal component analysis (PCA)
were performed.

5.9. Microarray Analysis. The total RNA isolated from short-
term spermatogonia and long-term haGSC cultures, hESC
line H1 (positive control), and testicular fibroblasts (hFibs;
negative control) was prepared using the RNeasy Mini
Kit (Qiagen), followed by an amplification step with Mes-
sageAmp aRNAKit (Ambion). In each sample, 200 cells were
collected per probe with the micromanipulation system and
transferred directly into 10 𝜇L of RNA direct lysis solution
and stored at −80∘C. Samples were analysed at themicroarray
facility of the University of Tübingen Hospital, Germany.
Gene expression analysis was performed using the Human
U133 + 2.0 Genome oligonucleotide array (Affymetrix). The
raw data (CEL-files) was provided to the MicroDiscovery
GmbH, Berlin, Germany, for normalization and biostatistical
analysis.

5.10. Microarray Data Normalisation and Analyses. Microar-
ray data was imported into the R Statistical Environment
version 2.12.1 (2010-12-16). Data condensationwas performed
using Bioconductor package affy version 1.28.0. The con-
densation criteria were as follows: bg.correct = FALSE, nor-
malize = FALSE, pmcorrect.method = “pmonly,” and sum-
mary.method = “medianpolish.” Additional normalization
was performed between samples using multi-lowess algo-
rithm, a multidimensional extension of lowess normalization
strategy [15]. The data were analyzed in terms of sample to
sample relations, high variance genes, predefined gene sets for
germ-, pluripotency-, fibroblast-, and MSC-associated genes
from the literature, and extended profile search. A proportion
of data was transferred into the IPA Ingenuity program to
evaluate the gene functions and pathways. Additional data are
provided in the Supplemental Methods section.

5.11. Antibodies and Staining. The following primary anti-
bodies were used as stem cell markers: mouse monoclonal
anti-CD9 (R&D System, Stem cell marker kit, SC009), mouse
monoclonal anti-CD24 (Abcam, ab31622), rabbit polyclonal
anti-OCT4 (Abcam, ab19857), and rabbit polyclonal anti-
nanog (Abcam, ab21624). For the staining of germ cells, the
following markers were used: rabbit polyclonal anti-VASA
(Abcam, ab13840), mouse monoclonal anti-UTF1 (Chemi-
con, MAB4337), rabbit polyclonal anti-TSPYL2 (Proteintech,
12087-2-AP), rat monoclonal anti-STELLA (R&D Systems,
MAB2566), and goat polyclonal anti-GFR𝛼1 (R&D Systems,
AF714).

Alexa Fluor-488-conjugated goat anti-mouse IgG, Alexa
Fluor-488-conjugated goat anti-rabbit IgG, Alexa Fluor-488-
conjugated donkey anti-goat IgG, Alexa Fluor-546 goat
anti-mouse IgG, Alexa Fluor-546 goat anti-rabbit IgG, and
Alexa Fluor-546-conjugated goat anti-rat IgG were used as
secondary antibodies. Nuclear costaining was performed for
stem cell markers with DAPI and for germ cell markers with
Hoechst.
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The purpose of our study was to determine whether the number of human very small embryonic-like stem cells (huVSELs) would
vary depending on the age of humans. HuVSELs frequency was evaluated into the steady-state (SS) peripheral blood (PB) of healthy
volunteers using flow cytometry analysis.Their numbers were compared with volunteers’ age. Blood samples were withdrawn from
28 volunteers (age ranging from 20 to 70 years), who were distributed among three groups of age: “young” (mean age, 27.8 years),
“middle” (mean age, 49 years), and “older” (mean age, 64.2 years). Comparing the three groups, we did not observe any statistically
significant difference in huVSELs numbers between them.The difference in mRNA expression for PSC markers as SSEA-4, Oct-4,
Nanog, and Sox2 between the three groups of age was not statistically significant. A similar frequency of huVSELs into the SS-PB
of young, middle-aged, and aged subjects may indicate that the VSELs pool persists all along the life as a reserve for tissue repair
in case of minor injury and that there is a continuous efflux of these cells from the BM into the PB.

1. Introduction

Under steady-state conditions, small amounts of hematopoi-
etic stem cells (HSCs) constantly leave the bone marrow
(BM), penetrate the tissues, and return to the BM or periph-
eral niches via the blood or the lymphatic system [1–3].
Thus, the peripheral blood (PB) may be envisioned as a
highway by which HSC can relocate between distant stem
cell niches to keep the pool of BM stem cells in balance.
In adult organisms, circulating stem/progenitor cells show a
circadian rhythm with a peak occurring early in the morning
and a nadir at night. Their number increases modestly
during minor hematopoietic stresses, such as infection or
strenuous exercise, [4–6]. In addition to HSCs, some rare
other stem/progenitor cells such as mesenchymal stem cells
(MSCs) [7], fibrocytes [8, 9], skeletal progenitors [10, 11],
and endothelial progenitor cells (EPCs) [12–14] may also
circulate into the PB after tissue/organ injury. Recently, a
population of very small embryonic-like stem cells (VSELs)
was identified in murine adult bone marrow [15]. Murine
VSELs (muVSELs) are small, nonhematopoietic cells with

high nuclear/cytoplasm ratio and unorganized euchromatin
and express markers of pluripotent embryonic and primor-
dial germ cells. MuVSELs have been identified in most
tissues [16]. These cells circulate in a very few number into
the PB under steady-state (SS) conditions and in much
larger numbers after administration of granulocyte-colony
stimulating factor (G-CSF) [17]. It was demonstrated that,
either under steady-state conditions or after response to G-
CSF, circulating VSELs numbers were lower in older animals
than in younger ones [18, 19]. Human VSELs (huVSELs) have
been firstly identified in umbilical cord blood as CXCR4+,
CD34+, CD133+, Lin−, and CD45− cells enriched for Oct-
4 and SSEA-4 [20]. We have recently shown that a similar
population of huVSELs was present in both adult BM and
PB and could be harvested by leukapheresis after G-CSF
administration [21].

However, whether the number of VSELs would also vary
in humans depending on the age has to be determined. In the
present study, we have both assessed the presence of huVSELs
into the steady-state PB of healthy volunteers and compared
their numbers in function of age.
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2. Material and Methods

2.1. Human Healthy Volunteers. 28 healthy volunteers (12
females and 16males;mean age, 41.9±15.4 years; range 20–70
years), not taking any medication, were enrolled in this study
after informed consent.

20mL of SS-PB was withdrawn by venous puncture from
each subject early in the morning to avoid the impact of any
physical effort on PB cell counts, collected on EDTA, and
immediately processed. The absolute number of white blood
cells (WBC) was determined at the same time using a Coulter
AcT diff cell counter (Beckman Coulter, Roissy, France).

2.2. Flow Cytometry (FCM) Analysis. Staining and FCM
analysis were performed as previously described [21]. Briefly,
samples of whole PB were lysed in hypotonic ammonium
chloride buffer (IOTest lysing solution, Beckman Coulter,
Roissy, France) to remove red blood cells. Total nucleated
cells (TNC) were stained with a mixture of lineages (Lin)
associating monoclonal antibodies (MoAbs) conjugated with
fluorescein isothiocyanate (FITC). At the same time, phyco-
erythrin (PE) conjugated-CD45 MoAb clone J33 (Beckman
Coulter, Roissy, France) and a combination of allophy-
cocyanin (APC) conjugated MoAbs, CD133 clone AC133
(Miltenyi Biotec, Paris, France), CD34 clone 8G12, or CD184
(CXCR4) clone 12G5 (BD, Le Pont de Claix, France), were
added for 30 minutes on ice. Cells were then washed and
fixed with 4% formaldehyde (FA) for 20 minutes. Finally, 7-
aminoactinomycin D (7-AAD; BD, Le Pont de Claix, France)
was added to stain nucleated cells.

FCM analyses were performed using a FACSVantage
DIVA fluorescence-activated cell sorting device (BD Bio-
sciences, Erembodegem, Belgium). At least 106 small events
ranging from 2 to 10 𝜇m were included in the gate after
comparison with five different size beads calibrated at stan-
dard diameters of 1, 2, 4, 6, and 10 𝜇m (Flow Cytome-
try Size Calibration, Invitrogen/ThermoFischer Scientific,
Illkirch, France). CXCR4+ Lin− CD45−, CD34+ Lin− CD45−,
or CD133+ Lin− CD45− cell subset amounts were counted
among the nucleated 7-AAD+ cells.

Cell subpopulations absolute numbers were calculated in
1mL of PB.

2.3. Reverse Transcription-Quantitative-Polymerase Chain
Reaction (RT-qPCR)Analysis. RNAextraction from total PB-
NC and analysis of Oct-4, Nanog, and Sox2 mRNA were
carried out as previously described [21]. Primer sequences of
Oct-4, Nanog, Sox2, and 𝛽

2
are summarized in Table 1. RNA

isolated from H9 and HUES 3 hESC lines [22, 23], kindly
provided by the “PlateformeCellules Souches Embryonnaires
Humaines” (Inserm U602 Villejuif, France), was used as
reference sample for each PCR reaction.

2.4. Immunofluorescence Staining. The expression of pluripo-
tency antigens was determined for each healthy volun-
teer. NC were stained for 2 hours with antibodies against
SSEA-4 (clone MC-813-70, mouse monoclonal IgG), Tumor
Rejection Antigen (TRA-1-81, clone TRA-1-81, mouse mon-
oclonal IgM), OCT-4A/4B (clone 9E3.2, mouse monoclonal

IgG), and NANOG (goat polyclonal) (Millipore, Molsheim,
France), as previously described in detail [21]. Appropriate
secondary FITC or tetramethylrhodamine-5-isothiocyanate
(TRITC) goat anti-mouse IgG or IgM and FITC-goat anti-
rabbit (Beckman Coulter, Marseille, France) were added
for 1 h. The nuclei were labelled with 4,6-Diamidino-2-
phenylindole (DAPI) complemented with Vectashield (Vec-
tor Laboratories, Abcys, Paris, France). Cells stained with
secondary antibodies only were used as negative controls.
Slides with H9 and/or HUES3 hESC lines were stained
similarly and used as positive controls. Fluorescence images
were recorded with the AxioVision 4.7 “Full support” system
attached to a fluorescent microscope Axiostar Plus Zeiss and
captured by AxioCam ICC 1 R3 Cameras (Lordil, Villers-les-
Nancy, France).

2.5. Statistical Analysis. Data were expressed as mean ± stan-
dard deviation (SD). To verify the difference in expression of
eachmarker between the different age groups, normality data
were tested by the Shapiro test. Once normality is verified,
one-way ANOVA was chosen to carry out this comparison;
on the contrary, the Kruskal-Wallis test was chosen when
normality was not verified. 𝑡-test pairwise analysis was
performed when previous tests were significant.

3. Results

3.1. VSELs Numbers Do Not Decrease with Aging. Enumer-
ation of circulating VSELs requires FACS-unique gating
strategies to focus on very rare and small events (Figures 1(a)
and 1(b)).

We applied here the identification strategy which was
published in detail by Zuba-Surma and Ratajczak [24]. Three
different subpopulations of huVSELs (diameter ranging from
3 to 6 𝜇m) have thus been detected into SS-PB but in very low
numbers. Considering altogether the healthy adult volunteers
enrolled in this study, 290 ± 150 CD133+ Lin− CD45− cells,
80±60CD34+ Lin− CD45− cells, and 300 ± 260CXCR4+ Lin−
CD45− cells were counted on average per mL of total blood.

When volunteers were distributed among three groups
of age, “young” (mean age, 27.8 years, range from 20 to 39
years; 𝑛 = 13), “middle,” (mean age, 49 years, range from
40 to 59 years; 𝑛 = 10), and “older” (mean age, 64.2 years,
range from 60 to 70 years; 𝑛 = 5) groups, not any statistically
significant difference in huVSELs frequency (expressed as
number of cells/mL) in PB was observed between these three
groups (𝑃 > 0.05; one-way analysis of variance (ANOVA))
(Figure 2).

However, in the older group, all VSELs subset numbers
were lower in 3 of the subjects compared to the other 2,
but this decline was not statistically significant. It may be
due to the low number of “old” patients (𝑛 = 5) compared
to the number of “young” and “middle-aged” groups. It is
clearly important to increase the number of patients in the
“old” group to have a clear data. This low number of aged
healthy volunteers is due to our difficulty to find people
with advanced age taking any drug. In fact, in our future
investigations, by increasing our collaborations with other
laboratories we hope to resolve this problem.
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Figure 1: FCM analysis of PB-derived VSELs. Erythrocytes were removed by hypotonic lysis and PB NCs were stained with fluorescein
isothiocyanate-lineagemarkers (Lin), phycoerythrin-CD45 and allophycocyanin-CD133, CD34, or CXCR4mAbs. (a) Left dot plot: 106 events
ranging from 2 to 10 𝜇m were included in the P2 gate. Right histogram: Lin− cells were included in the P1 analysis gate. Middle histogram:
P1 gated cells stained with 7-aminoactinomycin D (7-AAD) were included in the P2 gate. Right histogram: Lin− cells were included in the P3
gate and were analyzed for CD45 coexpression with CD133, CD34, or CXCR4 antigens. (b) Dot plots showing the size of analyzed CD133+,
CD34+, or CXCR4+, Lin−, CD45− VSELs (upper row) and CD133+, CD34+, or CXCR4+, Lin−, CD45+ HSC (lower row).



4 Stem Cells International

Table 1: Sequences of the forward and reverse primers employed for qPCR.

Forward Reverse
Oct-4 GAT GTG GTC CGA GTG TGG TTC T TGT GCA TAG TCG CTG CTT GAT
Nanog GCA GAA GGC CTC AGC ACC TA AGG TTC CCA GTC GGG TTC A
Sox2 TAC AGC ATG TCC TAC TCG CAG GAG GAA GAG GTA ACC ACA GGG
Beta-2-microglobuline AAT GCG GCA TCT TCA AAC CT TGA CTT TGT CAC AGC CCA AGA TA
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Figure 2: Age-dependent frequency of Lin−/CD45− cell subsets expressing (a) CD133, (b) CD34, and (c) CXCR4 into the PB.Three groups of
healthy human volunteers were designed according to their age: “young” (20–39 years; 𝑛 = 13), “middle” (40–59 years; 𝑛 = 10), and “older”
(60–70 years; 𝑛 = 5). Frequency of Lin− CD45− cell subsets was calculated per mL of PB. Each square represents the number of VSELs/mL
per volunteer in each group. The difference between the three groups of volunteers is not statistically significant (𝑃 > 0.05; one-way analysis
of variance (ANOVA)).

3.2. A Population of Small CD45− Cells Expressing Several
Pluripotent Stem Cell Markers Is Present in SS-PB of Young,
Middle, and Older Subjects. Immunofluorescence staining
showed that CD45− cell subsets express both specific pluripo-
tent stem cell (PSC)markers such as SSEA-4 and TRA-1-81 on
their surface and OCT-4 and NANOG transcription factors
at the protein level (Figure 3).

Expression of PSC markers was confirmed by RT-qPCR.
The differences in mRNA expression for those markers
between the three groups of age were not statistically signifi-
cant (𝑃 > 0.05, Kruskal-Wallis test) (Figure 4).

4. Discussion

The PB could be envisioned as a highway by which stem cells
are trafficking in the body to keep in balance a pool of stem
cells located in different niches in peripheral tissues. In this
context, the BM has been proposed to be a main reservoir

for these circulating cells [25]. In addition to HSCs, several
other types of stem/progenitor cells have been described
in the adult BM, such as mesenchymal stem cells (MSCs)
[26], marrow-isolated adult multilineage inducible (MIAMI)
cells [27], and multipotent adult stem cells (MASCs) [28]. A
population of VSELs was first identified in the murine BM
by the group of Ratajczak [15]. These cells express several
markers characteristics for embryonic stem cells (ESCs), such
as Oct-4, Nanog, and SSEA-1. MuVSELs circulate at very low
numbers (∼150–300/mL) into themurine SS-PB.Wojakowski
et al. have also recently shown that very small numbers of
VSELs (80–1300 cells/mL) could be detected under steady-
state condition into the SS-PB of healthy humans, aged from
30 to 50 years, thus reflecting a continuous efflux of these
cells from the BM [29]. Our present study, performed in a
population of healthy adults with a larger age range (from 20
to 70 years), confirms that huVSELs actually circulate at very
low levels (80–300/mL) into the SS-PB, in young and in older
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Figure 3: Immunofluorescence analysis of PB-derived VSELs. A typical triple-staining with 4,6-diamidino-2-phenylindole (DAPI) (blue:
nuclei), fluorescein isothiocyanate- (FITC-) CD45 (green fluorescence), and tetramethylrhodamine-5-isothiocyanate- (TRITC-) SSEA-4−,
TRA-1-81, OCT-4, or NANOG (red) shows (a) VSELs: small CD45− cells NANOG+ and leukocytes: greater CD45+ NANOG− cells and (b)
VSELs: CD45− cells which express OCT-4 in nuclei or TRA-1-81 and SSEA-4 on the surface.
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Figure 4: Relative expressions of PSC markers, Oct-4, Nanog,
and Sox2, were measured by RT-qPCR and compared using equal
amounts of mRNA isolated from CNT PB of young, middle, and
older healthy volunteers.The relative expression of each PSCmarker
is calculated according to a positive control PCR (RNA isolated from
H9 and HUES 3 hESC lines). Data represent the mean ± standard
deviation for each age group.The difference in mRNA expression of
these markers between the three groups of age was not statistically
significant (𝑃 > 0.05, Kruskal-Wallis test).

subjects. Furthermore, they can be physiologically mobilized
in order to participate in tissue/organ repair. Indeed, in
several pathological situations, both in mice and in humans
(e.g., heart infarct, stroke, skin burn injury, Crohn’s disease,
etc.), VSELs are released into the PB and their circulating
numbers thus significantly increase [30–34]. However, when
VSELs are released from the BM as a physiological response

to tissue/organ injuries, even if they are able to home to the
damaged areas, it is likely that they can only participate in the
regeneration of minor tissue injuries and not of the largest
ones, because of their too small amounts. To improve their
potential regenerative impact, murine and huVSELs could
then be mobilized by G-CSF administration [17, 21]. We have
thus observed that circulating huVSELs amounts increase up
to 2–4-fold after 4 days of G-CSF administration [35].

In case of myocardial infarct, it was also noticed that
the intensity of the pic of VSELs spontaneous mobilization
correlates with the extend of the ischemic [36, 37] or stroke
lesion [32]. The knowledge of time occurrence of the mobi-
lization pic might thus allow the determination of a thera-
peutic “window” useful for clinical application. On the other
hand, the spontaneous (equal to physiological) mobilization
rate could reflect the overall “regenerative potential” of an
adult organism. Reduced spontaneous stem cell mobilization
has been associated with poor prognosis in patients with
myocardial infarction [37]. Thus, we suggest that the mean
steady-state level of circulating huVSELs determined from
a large enough cohort of healthy subjects might serve as a
reference value which could be used as a baseline fromwhich
the physiopathological VSEL mobilization rate following an
organ injury (e.g., heart infarct or stroke) would be correlated
with its severity and its prognosis.

We also focused our study on the potential effect of aging
on the amounts of huVSELs circulating in PB under steady-
state conditions. The effects of aging on the HSC compart-
ment have been extensively studied in mice. In the murine
HSC system, several studies have reported an increase in the
absolute number of phenotypically defined HSCs, although
elderly animals have a reduced repopulation potential when
compared to younger organisms [38–42]. Additionally, other
investigators interestingly showed in mice that the frequency
of the HSC subpopulation phenotypically defined as lineage
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negative Sca-1+, c-kit+, Thy-1+, CD135− side population (SP)
steadily increased in the BM of the femurs and tibias with
age. But, although long-term repopulation assays indicated
that SP cells are still present and capable of self-renewal and
differentiation in oldermice, they have shown a lower homing
efficiency than those from younger mice [43].

A little study on age-related changes in HSC number
and function has been reported in humans. Although indi-
rectly demonstrated through clinical data, there is evidence
that human HSC function declines with age. For example,
hematopoietic engraftment following HSCs transplantation
is often faster and better sustained when the donor (in the
autologous as well in the allogeneic setting) is young. Also,
elderly people frequently and specifically develop hemato-
logical disorders due to acquired HSCs abnormalities, as, for
example, myelodysplastic syndromes (MDS). Marley et al.
have also found clear in vitro correlations between the relative
numbers and function of clonogenic myeloid progenitors
(CFU-GM) and age of the donor: in vitro colony formation
study has indeed revealed that, although the absolute number
of colony forming cells increases with age, their individual
self-renewal capacity decreases [44].

Regarding VSELs, it was recently demonstrated in steady-
state mice that, unlike HSC and SP, the number of muVSELs
in the BM and the PB gradually decreases with age, in parallel
with their ability to form VSEL-derived spheres (VSEL-DS)
containing primitive stem cells, which may explain why the
regenerative processes are less efficient in advanced age [18,
19].Moreover, the number ofVSELs ismuch higher in the BM
of long-lived (C57BL/6) as compared to short-lived (DBA/2)
mice [15], which allows supposing a positive correlation
between high VSEL numbers and a greater length of life.

The effects of aging on the VSELs compartment had
never been evaluated in humans until our present study. In
response to G-CSF administration, we did not observe age-
dependent huVSELs release into leukapheresis products from
adult cancer patients aged from 34 to 71 years [35]. Here,
we interestingly show for the first time that the numbers
of circulating huVSELs in healthy subjects aged from 20 to
70 years were not statistically different whichever the age
bracket is and thus would not seem to decline significantly
with age. However, as we observed that the number of the all
VSELs subpopulations was lower, while not significantly, in 3
subjects in the older group, this would nevertheless suggest
that the frequency of CD133+, CD34+, or CXCR4+ VSELs
subpopulations could progressively run out with aging. A
study including more number of older subjects is necessary
in future to support this hypothesis.

On the other side, it is supposed that, as we age, stem
cells likely progressively lose at least a part of their self-
renewal and/or differentiation capabilities, which would lead
to reduce their cell tissue regeneration potential and conse-
quently contribute to the global somatic senescence. Thus,
it would be crucial to demonstrate whether the proliferation
potential of huVSELs also depends on age in humans. How-
ever, while murine VSELs proliferation and differentiation
has been well demonstrated in vitro, we and others had failed
to demonstrate such proliferative capacities of huVSEls by
in vitro studies up to now. The major difficulty is that these

cells stay in dormant state and nobody had already identified
the combination of factors necessary to trigger the expan-
sion/differentiation processes in purified huVSELs ex vivo
cultures. Hopefully, the Taichman’s group has very recently
shown that huVSELs are able to generate multiple tissues
within an osseous wound in immune-deficient mouse when
cocultured with the C2C12 cell line [45], thus demonstrating
for the very first time in vitro that huVSELs have actually the
capacity to self-renew.

5. Conclusions

In this study, we demonstrate that huVSELs circulate at a
similar frequency into the SS-PB of young, middle-aged,
and aged subjects. This may indicate that the pool of VSELs
persists along the life as a reserve for tissue repair in case
of minor injury, and that there is a continuous efflux of
these cells from the BM into the PB. We hypothesize that
in case of major health complications (e.g., heart infarct,
stroke) circulating VSELs could be isolated even from elderly
patients, ex vivo expanded, and reinjected back into the same
recipients for therapeutic purposes. Of course, such a strategy
should be first tested in animal models. First and foremost,
the actual VSELs’ ability to self-renew and to differentiate has
to be determined before they could be used for cell-based
clinical therapies. In the recent study, the Taichman’s group
now opens the way for future huVSEL-based regenerative
therapies at least for osseous, neural, and connective tissue
disorders.
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Very small embryonic-like stem cells (VSELs) represent a unique rare population of adult stem cells (SCs) sharing several structural,
genetic, biochemical, and functional properties with embryonic SCs and have been identified in several adult murine and human
tissues. However, rat bone marrow- (BM-) derived SCs closely resembling murine or human VSELs have not been described.Thus,
we employed multi-instrumental flow cytometric approach including classical and imaging cytometry and we established that
newly identified population of nonhematopoietic cells expressing CD106 (VCAM-I) antigen contains SCs with very small size,
expressing markers of pluripotency (Oct-4A and Nanog) on both mRNA and protein levels that indicate VSEL population. Based
on our experience in both murine and human VSEL isolation procedures by fluorescence-activated cell sorting (FACS), we also
optimized sorting protocol for separation of CD45−/Lin−/CD106+ rat BM-derived VSELs fromwild type and eGFP-expressing rats,
which are often used as donor animals for cell transplantations in regenerative studies in vivo. Thus, this is a first study identifying
multiantigenic phenotype and providing sorting protocols for isolation VSELs from rat BM tissue for further examining of their
functional properties in vitro as well as regenerative capacity in distinct in vivo rat models of tissue injury.

1. Introduction

Flow cytometric platforms have been well established as
valuable tools for identification and isolation of several cell
populations based on theirmultiantigenic profile [1–4]. Based
on advanced modified and optimized FACS protocols, we
have identified and sorted new fractions of rare stem cells
(SCs) including very small embryonic-like stem cells (VSELs)
that reside predominantly in bone marrow (BM) but also in
other tissues such fetal liver, umbilical cord blood (UCB),
and multiple adult specimens harvested from various organs
and tissues [2, 3, 5]. The major impact of our experience in
this subject was the implementation of challenging methods
for purification of such unique rare fractions of SCs based
on their multiantigenic profile by modern flow cytometric
platforms.

Recently, numerous reports have shown that adultmurine
as well as human specimens such as BM, peripheral blood

(PB), solid organs, and UCB may contain primitive stem
cell fractions with multi- and pluripotent characteristics.
Such SCs populations include unrestricted somatic stromal
cells (USSCs) [6], multilineage-differentiating stress-endur-
ing (Muse) cells [7, 8], marrow-isolated adult multilineage
inducible cells (MIAMI) [9], multipotent adult progenitor
cells (MAPCs) [10], multipotent adult stem cells (MASCs)
[11], and a population of VSELs [12–14].

VSELs represent a unique rare population of adult SCs
sharing several structural, genetic, biochemical, and func-
tional properties with embryonic SCs and have been iden-
tified in several adult murine and human tissues includ-
ing ovaries and testes [15–22]. Murine VSELs defined rep-
resenting small-sized cells expressing Sca-1 antigen but
not expressing CD45 and hematopoietic lineages mark-
ers (FSClow/SSClow/CD45−/Lin−/Sca-1+) have been initially
identified in murine BM and subsequently found in several

Hindawi Publishing Corporation
Stem Cells International
Volume 2016, Article ID 5069857, 14 pages
http://dx.doi.org/10.1155/2016/5069857

http://dx.doi.org/10.1155/2016/5069857


2 Stem Cells International

other adult murine organs as rare population of SCs [23–
25]. Genetic analysis such as real-time RT-PCR in sorted
murine FSClow/SSClow/CD45−/Lin−/Sca-1+ cells has showed
the increased levels of mRNA for embryonic stem cells mark-
ers such as SSEA-1, Oct-4, Nanog, and Rex-1 (Rexo1) that
was also confirmed onprotein level using immunofluorescent
staining and ImageStream system imaging (ISS) [23, 26].
Importantly, detailed molecular and genetic analysis of these
cells reveled their (1) hypomethylated promoters for Oct-4
and Nanog transcription factors and (2) unique epigenetic
status including hypomethylation of growth-repressive H19
gene along with hypermethylation of growth-promoting Igf-
2 gene that leads to in inhibition of proliferation of these cells
and limits their tumorigenic and blastocyst complementation
capacity [27]. Importantly, the presence of VSELs in several
other murine and human tissues including ovaries and testes
has been also confirmed by other investigators [17–19, 21, 22,
28–30].

Human UCB- and PB-derived VSELs are phenotypically
similar to those described in adult murine BM and may
be also identified within nonhematopoietic compartments
(CD45−/Lin−) of such specimens, especially among small-
sized objects (FSClow/SSClow). Human VSELs are also very
small in diameter and are smaller than red blood cells
(RBCs), which is a unique feature for these stem cells along
all investigated species. The population of Oct-4-, Nanog-,
and SSEA-4-expressing VSELs in humans is enriched among
CD45−/Lin− fraction carrying CD133/1 (AC133), CD34, or
partially CXCR4 [3, 4, 14]. Although the human VSELs
have been initially characterized as cells expressing CXCR4
receptor, we further established that the fraction enriched
in Oct-4, SSEA-4 expressing cells that possess very small
size and high N/C ration, may be predominantly found
in CD45−/Lin−/CD133+ population of UCB-derived cells
[3, 31]. Such cell expressed early embryonic transcription
factors as Oct-4 and Nanog, at both mRNA and protein
levels as confirmed by quantitative RT-PCR and imag-
ing cytometry, respectively [31]. Since then, we consider
the CD45−/Lin−/CD133+ population as mostly enriched
in VSELs. Importantly, cytometric characteristics of UCB-
derived SCs revealed normal diploid (2n) content of DNA in
both VSELs andHSCs fractions in the G0/G1 phase of the cell
cycle [32].

Distinct “positive markers” have been identified for
VSELs isolated fromdifferent species. In our previous studies,
we have identified only limited number of such selection
markers present on VSEL surface including Sca-1 antigen in
mice and CD34 or CD133 in humans [32]. These findings
indicate that the expression of thesemarkers is species-related
and there is no VSEL-specific surface antigen identified for
all species up to today. Moreover, Sca-1 antigen representing
murine VSELs selection marker is not present on human or
rat cell, while CD34 antigen commonly present on human
stemandprogenitor cells has been rarely identified onmurine
or rat stem cells. Importantly, the positive selection markers
for VSELs have not been identified within MSC-specific
markers such as CD29 and CD105 [1, 7]. However, our
long term observations of murine and human VSELs in in

vitro culture strongly suggest their high adhesive properties.
Such functional properties correspond to the expression of
several adhesion molecules and receptors including CD54,
CD106, and members of 𝛼-integrin family (e.g., CD49f) that
were detected on murine VSEL surface by our group and
also by Professor Ratajczak and his colleagues, but these
important data are still unpublished. However these findings
may suggest that the adhesion molecules and receptors may
be group harboring selection markers for VSEL isolation that
was considered in this study.

Although both murine and human VSELs have been
well characterized on phenotypical and genetic levels, such
primitive SCs in other mammals including rats have been
poorly investigated. The first study questing for VSELs coun-
terpart in rat BM was performed by Wu and colleagues who
described a population of CD45−/Lin− (Ter-119−, CD11b−,
and Gr-1−)/SSEA-1+ cells in this tissue. Although the Sca-1
antigen has been identified specifically on murine, but not
rat or human cells, the authors reported existence of such rat
SSEA-1+ VSELs expressing Sca-1 and also PSC transcriptional
factors such as Oct-4, Nanog, Rex-1, Sox-2, and Fgf-4 in
murine bone marrow [33].

Thus, the aim of our study was to identify and purify
enriched population of rat VSELs (rVSELs) derived from
adult rat BM based on phenotypic and antigenic similarity
to murine VSELs and selected antigen expression (CD54
and CD106) with using only specifically anti-rat reagents
and by employing both classical and imaging flow cytometry
(ImageStream X system, ISS-X). Moreover, the goal was to
optimize flow cytometric sorting strategies for purification of
rVSELs derived from wild type (WT) and eGFP-expressing
transgenic Wistar rats that may be further employed in
in vitro and preclinical studies identifying their functional
potential.

2. Materials and Methods

2.1. Animals. Experimental procedures involving animal
material were performed in accordance with the national and
European legislation following approval by the First Local
Ethical Committee on Animal Testing at the Jagiellonian
University in Krakow (approval number: 56/2009). Two
strains of Wistar rats, (1) WT (Crl: WT) and (2) transgenic
eGFP-expressing rats (Wistar-TgN(CAG-GFP)184Ys), were
purchased from National Bio Resource Project for the Rat
in Japan, Kyoto University, and supplied by the experimental
animal facility from Nencki Institute of Experimental Biol-
ogy, Polish Academy of Sciences, Warsaw, Poland.

2.2. BM Cells Preparation. BM tissue was isolated from adult
(8–12-week-old)WT and transgenic eGFP-expressingWistar
rats by flashing of cavities of tibias and femurs. BM cell
suspensions were collected and filtered through a 70-𝜇m
strainer (BD Bioscience). Total nucleated cells (TNCs) were
obtained following lysis of red blood cells (RBCs) with 1x BD
Pharm Lyse Buffer (BD Pharmingen) for 10 minutes. TNCs
were subsequently washed with phosphate buffered saline
(DPBS; w/o Ca2+, Mg2+; Life Technologies) and resuspended
in DMEM-based staining medium (Sigma-Aldrich, St. Louis,
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MO) containing 2% of fetal bovine serum (FBS) (Lonza,
Basel, Switzerland) for further analyses.

2.3. Staining for Flow Cytometric Analysis and FACS Sorting.
TNCs harvested from both Wistar strains were immuno-
labeled with the following monoclonal antibodies: Alexa
Fluor 647- or PE-Cy7-conjugated anti-CD45 (clone: OX-
1; BioLegend), Alexa Fluor 647- or FITC-conjugated anti-
hematopoietic lineages markers cocktail—“Lin” markers,
including anti-TCR𝛼𝛽 (clone: R73), anti-CD3 (clone: 1F4),
anti-CD11b/c (clone: OX-42), and anti-CD45RA (clone: OX-
33); BD Pharmingen and BioLegend, PE-conjugated anti-
CD54 (clone: 1A29; BD Pharmingen), and PE- or biotin-
conjugated anti-CD106 (PE, clone: MR-106; BioLegend).
Streptavidin with PerCp-Cy5.5 (BD Pharmingen) was added
to the samples to visualize the binding of biotin-conjugated
anti-CD106 antibody. All antibodies were used according
to manufacturer’s protocols and staining was performed for
30min at 4∘C. Cells were subsequently washed and resus-
pended in DMEM with 2% FBS for further flow cytometric
analysis (LSR II; Becton Dickinson) or sorting procedure
(MoFlo XDP; BeckmanCoulter).

Rat BM-derived VSEL population was considered to
be enriched in FSClow/SSClow/CD45−/Lin− cells expressing
CD54 or/and CD106 antigens.

To compare the status of the sorted rVSELs with
CD45−/Lin−/SSEA-1+ population identified byWu et al. [33],
TNC fraction was stained for CD45 and Lin markers (as
described above) and additionally with directly conjugated
anti-mouse/human SSEA-1 antibody (PE, clone: MC-480,
BioLegend). We used directly conjugated anti-SSEA-1 anti-
body to prevent nonspecific background staining crucial to be
avoided in sorting of rare cell populations. All used antibodies
are described in Table 1.

2.4. Staining for ImageStream X System (ISS-X) Analy-
sis. For rVSELs identification by ImageStream X system
(Amnis Corp.), TNCs derived for WT Wistar rats were
prepared according to the protocol described above. Based
on the detection channels available for the ISS-X, the
following directly conjugated monoclonal antibodies were
used for identification of small CD45−/Lin−/CD106+ and/or
CD45−/Lin−/CD54+ cells: (i) anti-CD45 (Alexa Fluor 647,
clone: OX-1), (ii) FITC-conjugated Lin markers (includ-
ing anti-TCR𝛼𝛽 (clone: R73), anti-CD3 (clone: 1F4), anti-
CD11b/c (clone: OX-42), anti-CD45RA (clone: OX-33)) (BD
Pharmingen), and (iii) CD106 (PE, clone: MR-106; BioLe-
gend) or (iv) CD54 (PE, clone: 1A29) (BD Pharmingen).
Staining was performed according to manufacturers’ proto-
cols for 30min at 4∘C. Samples were subsequently washed
and fixed with 4% of paraformaldehyde solution (Sigma) for
20min (RT). Fixed cells were resuspended in saline (DPBS;
w/o Ca2+, Mg2+; Life Technologies) in concentration of 2
× 106/mL for further analysis with ImageStream X system
(Amnis Corp.); Hoechst 33342 (Hoe; 2 𝜇M) was added for
10min prior to analysis to visualize nuclei.

In order to analyze intranuclear expression of pluripotent
markers such as Oct-4A and Nanog and to further identify
Oct-4A+ and/or Nanog+ rat BM-derived VSELs, freshly

Table 1: Antibodies employed in staining for identification and
sorting of rat BM-derived populations including rVSELs.

Antibody
(anti-rat
antigen)

Clone Fluorochrome Source

Anti-CD45 OX-1 PE-Cy7/Alx647 BioLegend

Anti-𝛼𝛽-TCR R73 FITC
Alx 647

BD Biosciences
BioLegend

Anti-CD2 OX-34 FITC BD Bioscience

Anti-CD3 1F4 FITC
Alx 647

BD Bioscience
BioLegend

Anti-CD11b/c OX-42 FITC
Alx 647

BD Bioscience
BioLegend

Anti-CD45RA OX-33 FITC
APC

BD Bioscience
BioLegend

Anti-CD54 1A29 PE BD Bioscience

Anti-CD106 MR-106
eBioMR106

PE
Biotin

BioLegend
eBioscience

Streptavidin — PerCp-Cy5.5 BD Bioscience
Anti-SSEA-1 MC-480 PE BioLegend

isolated TNCs were initially fixed with 4% paraformaldehyde
(Sigma) for 20min (RT) and subsequently permeabilized
with 0.1% Triton X-100 solution (Sigma) for 10min (RT).
Cells were further washed and stained either with (i) primary
anti-Oct-3/4 antibody (rabbit polyclonal IgG, Santa Cruz
Biotechnology, sc-9081, CA, USA, 1 : 100) that specifically
stains Oct-4A isoform identifying PSCs or (ii) primary anti-
Nanog antibody (rabbit polyclonal IgG, Santa Cruz Biotech-
nology, sc-33760, 1 : 100) for 2 h at 37∘C. Secondary goat anti-
rabbit IgG antibody conjugated with Alexa Fluor 488 or
Alexa Fluor 647 (Invitrogen, Molecular Probes, Carlsbad,
Ca, USA, 1 : 200) was added for 2 h (37∘C). Cells were
washed following the staining for Oct-4A and Nanog and
subsequently incubated with directly conjugated antibodies
against (i) CD106-PE,CD45-PE-Cy7, or FITC-conjugated Lin
markers (including TCR𝛼𝛽, CD3, CD11b, and CD45RA) for
30min at 4∘C. Cells were further washed and resuspended
in DPBS (w/o Ca2+, Mg2+; Life Technologies). Nuclei were
stained with Hoechst 33342 (Hoe) directly before analysis
and samples were further analyzed with ImageStream X
system (Amnis Corporation, Seattle, WA, USA). Analyses of
morphological features of selected BM-derived populations
were performed based on the collected images with IDEAS
analytical software (Amnis Corporation, Seattle, WA, USA).

2.5. Gene Expression Analysis by Real-Time RT-PCR.
Total RNA from sorted subpopulations of CD45−/
Lin−/CD106+/CD54+, CD45−/Lin−/CD106+, and CD45−/
Lin−/SSEA-1+ cells as well as from their hematopoietic coun-
terparts (CD45+/Lin−/CD106+/CD54+ and CD45+/Lin−/
CD106+) was isolated using the RNeasy Micro Kit (Qiagen,
Valencia, CA). mRNA was further reversely transcribed
into cDNA with TaqMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA,USA) and the reactions
were performed under the following conditions: 1 cycle at
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25∘C for 10min, 1 cycle at 48∘C for 30min, and finally 1 cycle
at 95∘C for 5min. mRNA harvested from unfractionated
TNCs was used as control (called “input”). 50 ng of total
RNA was used for each reverse transcription reaction.

Detection of expression of the following rat genes𝛽-actin,
Oct-4, Nanog, and Rexo1 was performed by real-time RT-
PCR using an ABI PRISM 7000 sequence detection system
(Applied Biosystems). A 25-𝜇L reaction mixture contained
12.5 𝜇L SYBR Green PCR Master Mix (Applied Biosystems),
cDNA template (2,5 ng), and both forward (1 𝜇M) and reverse
(1 𝜇M) primers (TibMolBiol, Poznan, Poland).The following
sequences of primers were used: 𝛽-actin: (F) 5- TGA CCC
AGA TCA TGT TTGAGA -3, (R) 5- CAAGGTCCAGAC
GCA GGA T-3; Oct-4: (F) 5- CCC AGC GCC GTG AAG
TTGGA -3, (R) 5- AGAACGCCCAGGGTGAGCCC -3;
Nanog: (F) 5- CCC TTG CCG TTG GGC TGA CA -3, (R)
5- AAGGCGGAGGAGAGGCAG TCT -3; Rexo-1 (F) 5-
GCT CCG GCG GAA TCG AGT GG -3, (R) 5- GCA CGT
GTT GCT TGG CGA CC -3.

Real-time RT-PCR reactions were performed under the
following conditions: 1 cycle at 50∘C for 2min, 1 cycle at 95∘C
for 10min, followed by 40 cycles at 95∘C for 15 s, and 60∘C
for 1min. Relative quantification of Oct-4, Nanog, and Rexo1
mRNA expression was calculated using the comparative Ct
method.The relative quantitative value of the target, normal-
ized to an endogenous control (𝛽-actin gene) and relative
to a calibrator, was expressed as 2−ΔΔCt (i.e., fold difference),
where ΔCt = [Ct of target genes] − [Ct of endogenous control
gene] and ΔΔCt = [ΔCt of samples for target genes] − [ΔCt of
calibrator for target gene].

To avoid the possibility of amplifying contaminating
DNA, the following steps were taken: (i) all primers were
designed with an intron sequence inside the cDNA to be
amplified; (ii) all reactions were performed with an appropri-
ate negative controls (template-free controls); (iii) a uniform
amplification of the products was rechecked by analyzing
the melting curves of the amplified products (dissociation
graphs).

2.6. Immunocytochemistry. To evaluate Oct-4A and Nanog
expression in purifiedBMsubpopulation, the limited number
of sorted cells (10×103) was seeded on poly-L-lysine (Sigma)
coated glass-bottom plates (Willco-dish, Willco Wells B.V.)
in medium DMEM with 2% FBS (Lonza) and was incubated
overnight in standard culture conditions. The medium was
subsequently removed and the attached cells were gently
fixedwith 4%paraformaldehyde (Sigma) for 20min (RT) and
subsequently permeabilized with 0.1% Triton X-100 solution
(Sigma) for 10min (RT). Cells were washed and stained either
with (i) primary anti-Oct-3/4 antibody (rabbit polyclonal
IgG, Santa Cruz Biotechnology, sc-9081, CA, USA, 1 : 100)
that specifically stains Oct-4A isoform identifying PSCs or
(ii) primary anti-Nanog antibody (rabbit polyclonal IgG,
Santa Cruz Biotechnology, sc-33760, 1 : 100) for 16 h at 4∘C.
Secondary goat anti-rabbit IgG antibody conjugated with
Alexa Fluor 488 or Alexa Fluor 546 (Invitrogen, Molecular
Probes, Carlsbad, Ca, USA, 1 : 200) was added for 2 h (37∘C).
Cells were washed and nuclei were stained with 4, 6-
diamidino-2-phenylindole (DAPI, 2 𝜇M, Life Technologies,

Molecular Probes) for 15min (37∘C) and plates were closed
with VECTASHIELD Mounting Medium (Vector Laborato-
ries, CA, USA) and cover slips. Sorted CD45+/Lin−/CD106+
subpopulation of BM cells that represents hematopoietic
counterpart of purified CD45+/Lin−/CD106+ VSELs was also
stained for Oct-4A and Nanog and was used as negative
control in this setting. The labeled cells were subsequently
analyzed with Leica DMI6000B (ver. AF7000) fluorescent
microscope under total 945x magnification (Leica Microsys-
tems GmbH, Germany).

2.7. Statistical Analysis. Data were expressed as the mean ±
standard deviation (SD). A value of 𝑃 < 0.05 was considered
significant. All statistical analyses were performed using
the Origin (ver. 5.0) statistical software (Microcal Software,
Northampton, MA).

3. Results

3.1. Rat BM Harbors a Population of Very Small Non-
hematopoietic SCs Expressing CD54 and CD106 Antigen. Our
previously published data have indicated murine and human
VSELs represent populations of nonhematopoietic stem cells
with very small cells size which do not express markers of
hematopoietic lineages such as CD45 and major hematopoi-
etic lineage specific antigens [2, 3, 5]. Thus, in this study,
we started our quest for rat BM-derived VSELs focusing
on cells with corresponding characteristics by employing
multiparameter flow cytometric platforms. We focused on
CD45−/Lin− cells with small size and low cytoplasmic com-
plexity and volume, indicated as FSClow and SSClow objects,
respectively. Our second step was focused on “positive
selection” marker that would optimally define these unique
SCs. We have previously reported only limited number
of markers present on VSEL surface that may distinguish
them from other cell types such as Sca-1 antigen in mice
and CD34 or CD133 in humans [2, 3, 5]. Therefore, the
expression of VSEL “positive selection” markers is distinct
in different species and VSEL-specific surface antigen has
not been identified. However, our long term observations of
murine and human VSELs in in vitro culture indicate their
high adhesive properties which correspond to the expression
of several adhesion molecules and receptors including, for
example, CD54,CD106, andCD49f (unpublished data).Thus,
we focused on two molecules involved in cell adhesion as
potential markers for rVSELs including CD54 (ICAM-I) and
CD106 (VCAM-I).

We initially isolated BM cells from adult WT Wistar
rats and stained total nucleated cells obtained following
RBCs lysis to identify presence of CD45−/Lin−/CD54+ or
CD45−/Lin−/CD106+ cells by classical as well as imaging
cytometry (ISS-X) that allows for distinguishing real rare
cellular objects from artifacts.

By using both flow cytometric platforms, we found that
rat BM tissue contains both rare populations of very small
nonhematopoietic (CD45−/Lin−) cells expressing CD54 and
CD106 antigens (0.003 ± 0.001% and 0.011 ± 0.005%,
resp.) (Figure 1). Since we expected rVSELs to be small
size cells, we focused on gating events including those with
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Figure 1: Expression of CD54 (ICAM-I) and CD106 (VCAM-I) on rat BM cells. (a) Gating strategy for identification of CD54+ and CD106+
populations by classical flow cytometry. Total nucleated cells (TNCs) derived fromWTrat BMwere stained forCD45 (PE-Cy7), hematopoietic
lineages markers (Lin: TCR𝛼𝛽, CD3, CD11b, CD45RA; FITC), and CD54 (PE) or CD106 (PE) and further analyzed by LSR II (Becton
Dickinson). BM cells are visualized on dot-plot showing FSC versus SSC signals, which are related to the size and granularity/complexity
of the cell, respectively. 2% of total 1 × 106 of analyzed TNCs is only displayed in this dot-plot to visualize the population distribution.
Objects from region P1 (lymphgate including FSClow/SSClow objects) were further analyzed for Lin markers expression and only Lin−
events are included into region P2. Upper, middle dot-plot cells stained for CD54, derived from gate P2, and analyzed for CD54 versus
CD45 expression. Two fractions of cells potentially enriched in stem/progenitor cells are gated: rHSCs, CD45+/Lin−/CD54+ (region P3),
and rVSELs, CD45−/Lin−/CD54+ (region P4). Both populations are further “back-gated” on FSC versus SSC dot-plot to visualize cell size
distribution. Lower, middle dot-plot cells stained for CD106, derived from gate P2, and analyzed for CD106 versus CD45 expression; rHSC,
CD45+/Lin−/CD106+ (region P3), and rVSELs, CD45−/Lin−/CD106+ (region P4). Both populations are further “back-gated” on FSC versus
SSC dot-plot to visualize cell size distribution. Percentages show content of each subpopulation among TNCs in representative sample. Total
1 × 10

6 of TNCs was typically collected for each sample to identify the SC populations. (b) Representative images of nonhematopoietic cells
expressing CD54 and CD106 by ImageStream X system (ISS-X). TNCs were stained for Lin markers (FITC, green), CD45 (Alexa Fluor 647,
blue), CD54 (PE, orange), or CD106 (PE, orange). Cells were fixed and nuclei were stained with Hoechst 33342 prior to analysis by ISS.
Extracellular expression of CD106 and CD54 is shown on combo as well as on magnified images (right panels).The scale bars indicate 10 𝜇m.
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Figure 2: Expression of mRNA for Oct-4, Nanog, and Rexo-1 by real-time RT-PCR in sorted fractions of BM cells. Indicated
populations of nonhematopoietic (CD45−/Lin−/CD106+, CD45−/Lin−/CD106+/CD54+, and CD45−/Lin−/SSEA-1+) and hematopoietic
(CD45+/Lin−/CD106+, CD45+/Lin−/CD106+/CD54+) cells were sortedwithMoFlo XDP.The graphs show the fold difference in concentration
of mRNA for Oct-4, Nanog, and Rexo-1 in sorted fractions when compared to unfractionated TNCs (shown as 1). Results are presented as
mean ± SD. Statistically significant differences (𝑃 < 0.05) are shown when compared with TNCs. Analysis was performed three times with
samples prepared from three independent sorts.

low values of FSC and SSC parameters (Figure 1(a)). We
found that especially CD45−/Lin−/CD106+ fraction exhib-
ited morphology of very small cells in comparison with
its hematopoietic counterpart (CD45+/Lin−/CD106+) when
“back-gated” on FSC versus SSC dot-plot (Figure 1(a)).
Moreover, we confirmed the existence of such small cel-
lular objects within both identified populations of CD45−/
Lin−/CD54+ or CD45−/Lin−/CD106+ cells by ImageStream
system (Figure 1(b)).

3.2. Rat BM-Derived CD45−/Lin−/CD106+ Population Con-
tains Developmentally Early rVSELs Expressing Oct-4 and
Nanog Pluripotency Markers. Thus, by employing two stain-
ing and gating strategies on MoFlo XDP cell sorter, we
focused on two subpopulations expected to potentially
contain rVSELs: (1) CD45−/Lin−/CD106+ and (2) CD45−/
Lin−/CD106+/CD54+. We further evaluated the expression
of selected VSEL-related genes (Oct-4, Nanog, and Rexo1)
whose expression we consider as indicator for the potential
presence of rVSELs in such sorted fractions (Figure 2).
Additionally to hematopoietic counterparts (CD45+/Lin−/
CD106+/CD54+ and CD45+/Lin−/CD106+ cells), we also

purified nonhematopoietic fraction (CD45−/Lin−) of rat BM
cells expressing SSEA-1 which has been recently reported as
rat VSEL population by Wu et al. [33]. We planned to pursue
this fraction further in our experiments if enrichment in
mRNA for VSEL-related genes is found within these cells.We
found significantly greater concentration in mRNA for both
vast transcription factors regulating cell pluripotency (Oct-
4A and Nanog) in purified CD45−/Lin−/CD106+ population
of rat BM cells when compared to unfractionated BM cells
(TNCs; input cells) and also to CD45−/Lin−/SSEA-1+ fraction
(Figure 2, Table 2). However, opposite to our initial expecta-
tions, the expression of Oct-4 and Nanog in highly purified
subfraction of CD45−/Lin−/CD106+/CD54+ cells was lower
than in CD45−/Lin−/CD106+ population (Figure 2, Table 2).
These results indicated that CD54 was not a selection marker
for Oct-4-expressing rVSELs and other markers need to be
found to be coexpressedwithCD106 and to enrich for rVSELs
during sorting procedure.

We could also notice some upregulation in mRNA
expression for Oct-4 and Nanog in CD45−/Lin−/SSEA-1+
cells when compared to unpurified BM cells, but it was
rather negligible and significantly lower when comparedwith
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Table 2: Quantitative real time RT-PCR analysis of mRNA expression for genes related to pluripotency in purified populations of rat BM-
derived populations.

Cells fractions
Pluripotent stem cells markers

Oct-4 Nanog Rexo1
Mean ± SD Mean ± SD Mean ± SD

Unfractionated TNCs (control) 1.00 1.00 1.00
CD45−/Lin−/SSEA-1+ 4.58 ± 0.91 15.08 ± 6.67 7.90 ± 3.11
CD45−/Lin−/CD106+ 34.30 ± 17.35 103.89 ± 27.56 9.34 ± 3.51
CD45+/Lin−/CD106+ 2.16 ± 0.91 8.63 ± 2.88 4.90 ± 2.00
CD45−/Lin−/CD106+/CD54+ 3.11 ± 0.31 13.07 ± 2.72 8.15 ± 2.66
CD45+/Lin−/CD106+/CD54+ 8.54 ± 3.85 6.69 ± 0.99 4.87 ± 1.73
Results are presented as values of ΔΔCt (average data based on 3 independent experiments; mean ± SD) when compared with whole unfractionated BM tissue
(control; computed as 1.00).

purified CD45−/Lin−/CD106+ population (Figure 2, Table 2).
The level of mRNA expression for Rexo1 that also represents
transcription factor expressed in pluripotent cells occurred
to be the least discriminative for the tested populations and
was fairly enriched in all three sorted nonhematopoietic
populations (Figure 2, Table 2).Thus, the results indicate that
the expression of CD106, but not CD54 and SSEA-1 antigens,
defines developmentally early population of SCs in rat bone
marrow.

Since our data from gene expression analysis indicated
that the fraction of CD45−/Lin−/CD106+ cells may be
enriched in primitive SCs, we evaluated expression of Oct-4
and Nanog on protein level within (i) CD45−/Lin−/CD106+
subpopulation gated on whole BM cells by ImageStream
X system and we calculated morphological features of
these cells (Figures 3 and 4) as well as in (ii) FACS-
purified CD45−/Lin−/CD106+ fraction by immunocyto-
chemistry (Figure 5). Importantly, in terms of identification
of expression of Oct-4, we employed exclusively antibodies
that bind Oct-4A isoform related to stem cell pluripotency to
focus entirely on SCs with such characteristics (Santa Cruz
Biotechnology, sc-9081, CA, USA).

Both imaging platforms confirmed the existence of
subpopulation of stem cells expressing Oct-4A and Nanog
among CD45−/Lin−/CD106+ fraction of rat BM cells
(Figures 3 and 5). On the other hand, we did not observe any
cells expressing Oct-4 or Nanog among sorted hematopoietic
counterparts (Figure 5). We also directly measured several
morphological features of Oct-4 expressing CD45−/Lin−/
CD106+ rVSELs when compared to other cells including
diameter of individual cells (cell size) as well as N/C ratio
and cytoplasmic area that confirmed primitive stem cell
phenotype of rVSELs (Figure 4). We found that CD45−/
Lin−/CD106+/Oct-4+ rVSELs possess the smallest size,
the highest N/C ratio, and the smallest cytoplasmic area
when compared to CD45−/Lin−/CD106+ rHSCs and TNC
population (Figure 4).

Importantly, only subfraction of CD45−/Lin−/CD106+
cells stained positively for Oct-4A (Figure 5) indicating the
need for further purification of these cells leading eventually
to further enrichment in pluripotent rVSELs.

3.3. Optimized Protocol for Isolation of Rat BM-Derived
rVSELs-Technical Hints. Since we established that
CD45−/Lin−/CD106+ population of rat BM cells exhibit
higher concentration of mRNA for pluripotent stem cell
markers such as Oct-4 and Nanog which was also confirmed
on protein level, we moved to fine-tuning the sorting
protocol for such SCs that would be applicable for isolation
of these cells from both WT and eGFP-expressing rat BM
tissue (Figure 6). We focused on BM tissue derived not only
from WT, but also from transgenic eGFP-expressing rats,
since the potential donor eGFP+ rVSELs may be tracked
following transplantation into WT animals, which would be
important for further studies of their biological properties in
vivo.

Thus, we employed the following directly conjugated
antibodies prior to sorting procedures to avoid any nonspe-
cific binding: (i) Alexa Flour 647/APC-conjugated antibodies
against Lin markers (anti-TCR𝛼𝛽, anti-CD3, anti-CD11b/c,
and anti-CD45RA); (ii) PE-Cy7-conjugated antibody for
CD45, and (iii) PE-conjugated antibody for CD106 (all
antibodies listed in Table 1) that allow for compensation and
sorting also eGFP-expressing cells (Figure 6).

In the first gating step, all events including lymphocytes
and sublymphocyte fraction with FSClow/SSClow parame-
ters (enclosing small cell and debris) were included into
sorting gate R1 (“lymphgate extended into lower values of
FSC”; Figure 6(a)). In the next step of such gating strategy,
doublets were excluded from sorting by employing gating on
FSC-Width versus FSC-Height dot-plot (Figure 6(b)). Single
cells from gate R2 were subsequently analyzed based on
hematopoietic lineages (Lin) markers expression and Lin−
fraction derived from gate R3 (Figure 6(c)) was further visu-
alized based onCD106 expression (Figure 6(d)). CD106+ cells
were finally gated based on CD45 expression on CD45 versus
FSC-H dot-plot which allowed us to distinguish two popula-
tions of (1) rat VSELs (FSClow/SSClow/CD45−/Lin−/CD106+)
and (2) hematopoietic CD45+/Lin−/CD106+ cells consisting
of smaller and larger subfractions (Figure 6(e)). Impor-
tantly, the established new protocol for FACS sorting of
CD106-expressing very small cells from rat bone marrow
allows for isolation of developmentally early SCs expressing
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Figure 3: Expression of Oct-4A and Nanog in selected BM populations on protein level. Representative images of Oct-4A- and Nanog-
expressing CD45−/Lin−/CD106+ cells by ImageStream X system. TNCs were stained for (1) Oct-4A (Alexa Fluor 488, green), CD45 (PE-Cy7,
magenta), and CD106 (PE, orange) (a) and (2) Nanog (Alexa Fluor 647, blue), Lin markers (FITC, green), CD45 (PE-Cy7, magenta), and
CD106 (PE, orange) (b). Cell were stained with Hoechst 33342 to visualize nuclei and analyzed by ISS to detect intranuclear expression of
Oct-4A (a) and Nanog (b) as shown in magnified, combined images. The scale bars indicate 10𝜇m.

Oct-4 and Nanog antigens from tissues of bothWT and GFP
animals.

4. Discussion

Recent evidence indicates that adult murine BM harbors a
multitude of nonhematopoietic stem and progenitor cells
in addition to well described HSCs [34, 35]. Such SC
populations belonging to nonhematopoietic compartment
of BM tissue include mesenchymal stem cells (MSC) [36],
multipotent adult progenitor cells (MAPC) [10], marrow-
isolated adult multilineage inducible cells (MIAMI) [9],
multipotent adult stem cells (MASC) [11], and very small
embryonic-like stem cells (VSEL) [31].

BM-derived murine VSELs have been isolated and char-
acterized based on surface antigens as well as gene expression
as a population of Sca-1+/Lin−/CD45−/Oct-4+/Nanog+ cells
[23]. VSELs morphology and ultrastructure have been also

described indicating their very small size (smaller than ery-
throcytes) and higher N/C ratio which supports their prim-
itive nature [24]. Importantly, several groups have reported
the presence of such SCs in other murine and human tissues
including ovaries and testes [16–22, 28, 29].

In this study, we isolated and antigenically defined
in adult rat BM a population of stem cells with devel-
opmentally early characteristics that we may define as
FSClow/SSClow/CD45−/Lin−/CD106+ cells. Due to a very
small size and the presence of other stem cell-related mor-
phological features accompanied with expression of markers
related to pluripotency including expression of Oct-4 and
Nanog, we consider this population as rat counterpart of
BM-derived murine VSELs. As such we called these cells rat
VSELs (rVSELs).

In the first step, we tested and optimized two different
protocols for sorting rVSELs by flow cytometry. The unique
small size of VSELs requires optimized strategy for sorting
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Figure 4: Quantitative analysis of morphological features of selected rat BM populations by ImageStream X system. (a) Quantitative analysis
of cell size, nuclear to cytoplasmic (N/C) ratio, and cytoplasmic area of rVSELs when compared to other cell types. Analysis was performed
based on the collected images of following rat BMpopulations: (i) rVSELs: CD45−/Lin−/CD106+ cells expressingOct-4A orNanog (upper and
lower table, resp.); (ii) rHSCs: CD45+/Lin−/CD106+ cells with no expression of Oct-4A and Nanog, and (iii) TNCs (gated as singlets during
the analysis). Analyses were performedwith IDEAS software (Amnis Corp.). Data are shown as average values of each indicated feature within
the cell population (mean± SD). (b) Analytical approach formasking and feature calculation by IDEAS. Images show brightfield (BF), nuclear
(Hoe), and combined (BF-Hoe) images of one example rat BM cell as well as exact masks (cyan) and features (formulas based on the defined
masks) that were optimized and used for the analysis shown in (a). Cell size was expressed as minor cell axis computed within the mask
covering BF image, while cytoplasmic area and N/C ratio were calculated based on the areas of BF and nuclear images (as indicated in red
boxes). All masks and features including their nomenclature represent standard parameters provided by IDEAS software (Amnis Corp.)



10 Stem Cells International

rVSELs

rHSCs

BF

DAPI/Oct-4 

DAPI/Oct-4 

Oct-4

DAPI

BF

Oct-4

DAPI
Oct-4A

(a)

BF

DAPI/Nanog Nanog

DAPI

BF

DAPI/Nanog Nanog

DAPI

rVSELs

rHSCs

Nanog

(b)

Figure 5: Expression of Oct-4A and Nanog in sorted fractions of rVSELs (CD45−/Lin−/CD106+) and rHSCs (CD45+/Lin−/CD106+) by
immunocytochemistry. Both fractions were sorted with MoFlo XDP cell sorter (Beckman Coulter) and further stained for Oct-4A (Alexa
Fluor 488, green) (a) or Nanog (Alexa Fluor 546, red) (b) and analyzed with Leica DMI6000B (ver. AF7000) fluorescent microscope. Nuclei
are stained with DAPI. Intranuclear staining for both transcription factors is visualized on combo images. The scale bars indicate 10𝜇m.
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Figure 6: Optimized protocol for isolation of rVSELs from WT and eGFP-expressing rat BM tissue. Rat BM-derived VSELs were isolated
from full population of BM cells stained for CD45 (PE-Cy7), Lin markers (TCR𝛼𝛽, CD3, CD11b, and CD45RA; Alexa Fluor 647), and CD106
(PE) byMoFlo XDP cell sorter (Beckman Coulter). (a) Total nucleated cells (TNCs) are visualized on dot-plot showing FSC-H versus SSC-H.
(b) Small agranular cells from gate R1 (with extension of lymphgate into low values of FSC; Figure 5(a)) are plotted on FSC-W versus FSC-H
dot-plot to exclude doublets. (c) Single cells from gate R2 are subsequently analyzed for Lin markers expression. (d) Lin− events included in
region R3 are further plotted on dot-plot showing CD106 expression versus side scattered characteristics (SSC-H) of these cells. (e) CD106+
cells from gate R4 are eventually visualized on dot-plot based on their CD45 expression and FSC signal (FSC-H). Rat HSCs are identified as
CD45+/Lin−/CD106+ (region R6), while rVSELs as FSClow/SSClow/CD45−/Lin−/CD106+ cells (region R5).

that includesminimal threshold on instrument and extension
the “lymphgate” into lowest values of FSC signal as described
in several previous studieswhereVSELswere isolated [14, 25].
Based on the established protocols, we focused in our sorting
gating strategy exclusively on small objects including lym-
phocytes and sublymphocyte fraction with FSClow/SSClow

parameters that may enclose very small stem cells. Such
approach in isolation of VSEL from murine and human
specimens has been previously employed and successfully
used by several groups [3, 15, 17, 25, 29] and represents a
crucial step for successful isolation of these rare cells.

In the next step, we selected potential markers for purifi-
cation of rat VSELs including CD54 and CD106 representing
vast surface antigen potentially expressed on subset on
murine VSELs. Although CD54 (ICAM-1) antigen has been
found to be expressed on activated endothelial cells, T and
B cells, monocytes/macrophages, granulocytes, and dendritic
cells [37], it may also be expressed on stem cells [38, 39].
Similarly, CD106 (VCAM-1) may be expressed not only on
mature myeloid cells, splendid dendritic cells, or induced

endothelial cells, but also on more primitive bone marrow
stem/stromal cells [40]. CD106 represents a counterreceptor
for VLA-4 (𝛼

4

𝛽
1

integrin) [41] and the interactions between
these molecules may play an important role in binding
of leukocytes to activated endothelial cells and leukocyte
extravasation at inflammatory sites as well as in stem cell
migration [41, 42].

By employing multi-instrumental flow cytometric
analysis, quantitative RT-PCR, and immunochemistry, we
established that FACS-sorted population of FSClow/SSClow/
CD45−/Lin−/CD106+ rat VSELs expresses several markers
of pluripotency including Oct-4, Nanog, and Rexo1. We
established that isolation protocol described in this study
may be more effective in isolation of developmentally early
SCs when compared to FSClow/SSClow/CD45−/Lin−/CD54+
population or CD45−/SSEA-1+ cells described by Wu and
colleagues [33]. Here, for the first time we report that highly
purified adult rat BM-derived CD45−/Lin−/CD106+ cells
may be enriched in fraction of SCs expressing markers of
pluripotent cells such as Oct-4 and Nanog. Importantly, such
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Table 3: Comparison of major features and phenotype of human and murine VSELs with rat BM-derived VSELs.

Feature Human VSELs
[3, 4, 12, 46]

Murine VSEL
[1, 5, 12, 15, 23–25] Rat VSELs

Morphology of “very small SCs”
Cells smaller than red blood cells
in researched typical species
contain large nuclei surrounded
by a narrow rim of cytoplasm

+ + +

Size (by ISS) 6.75 ± 1.04𝜇m 3.63 ± 0.27 𝜇m 5.32 ± 0.39 𝜇m
Frequency (% of TNCs) 0.01% 0.02% 0.03%
Phenotype currently used for
purification (FACS)∗

CD45−/Lin−/CD133/1+
CD45−/Lin−/CD34+ CD45−/Lin−/Sca-1+ CD45−/Lin−/CD106+

Other surface antigen expression
CD133/1+ (AC133+), CD34+,

SSEA-4+, AP+, c-Met+, LIF-R+,
CXCR4+, CD45−, Lin−

Sca-1+, SSEA-1+, AP+, c-Met+,
LIF-R+, CXCR4+, CD45−, Lin−,
HLA-DR−, MHC I− CD90−,

CD29−, CD105−

CD106+, CD54+/−, SSEA-1+,
CD45−, Lin−

Expression of pluripotent SC
transcription factors: Oct-4A and
Nanog

+ + +

(∗) Lin – abbreviation indicating major markers characterizing main fractions of hematopoietic cell lineages present in BM tissue such as erythrocytes,
monocytes, granulocytes, and subfractions of lymphocytes.

CD45−/Lin−/CD106+ population remains still heterogeneous
in terms of the expression of both markers indicating that
further phenotypic characterization has to be performed.
Interestingly, coexpression of CD54 does not indicate
the population of rVSELs with greater Oct-4 and Nanog
expression. Although single small cellular objects were
found within CD45−/Lin−/CD54+ population by ISS, we lost
enrichment in early Oct-4- and Nanog-expressing rVSELs
in CD45−/Lin−/CD106+/CD54+ fraction. The data indicates
that other surface markers will be required in the future
to enrich purification of the Oct-4- and Nanog-expressing
rVSELs.

Importantly, since some cellular debris may be also
sorted during rVSELs purification due to the very small
size expected from stem cells, the imaging cytometry
(ImageStream X; ISS-X) was also employed in our study
to confirm that isolated rVSELs represent cellular nucleated
objects. The ISS technology allows for statistical analysis of
a variety of cellular parameters and for visualization of
cells in suspension during flow analysis via high-resolution
brightfield, darkfield, and fluorescence images collected with
the high resolution [43–45]. Importantly, we have previously
employed imaging cytometry for identification and char-
acterization of VSELs from other specimens proving this
technology as an optimal tool distinguishing real cellular
objects such as small SCs from debris and artifacts present
in different specimens [24, 25].

Interestingly, we confirmed that very small embryonic-
like CD45−/SSEA-1+ stem cells described byWu et al. are also
enriched in mRNA for transcription factor (Oct-4, Nanog,
and Rexo1) but the expression was lower when compared
with purified CD45−/Lin−/CD106+ rVSELs isolated in our
study. Wu et al. described nonhematopoietic CD45−/SSEA-
1+ cells, which were characterized by small size (4-5𝜇m),
large nucleus, small amount of cytoplasm, expression of PSC

transcription factors, and ability to differentiate into the cells
from 3-germ layer under special conditions [33]. Thus, these
observations may strongly suggest that rat CD45−/SSEA-1+
and CD45−/Lin−/CD106+ may overlap that would need to be
further investigated.

5. Conclusions

In conclusion, we identified and characterized in adult rat
bonemarrow a population of very small stem cells expressing
Oct-4A and Nanog markers that shares phenotypic features
of previously identified VSELs. The newly identified fraction
of rat VSELs (FSClow/SSClow/CD45−/Lin−/CD106+) may in
fact correspond to murine and human VSELs based on their
morphology and expression of pluripotent markers such as
Oct-4, Nanog, and Rexo1 on mRNA level and protein levels.
Comparison of human and murine VSELs as well as newly
identified rVSELs is shown in Table 3.

Although our results indicated CD106 as a first positive
selection marker for Oct-4A-expressing rat VSELs, further
antigens need to be found to enrich these unique stem cells
during isolation procedures, when used in coexpression with
CD106. Thus, further efforts are needed to exactly define
multiantigenic profile of BM-derived rVSELs as well as to
further characterize biological properties and functionality of
these newly identified rat stem cells.

However, this is the first study optimizing flow cytometric
sorting strategies for purification of rat BM-derived Oct-
4A+ VSELs from both wild type (WT) and eGFP-expressing
animals for further experimental purposes in this species.The
described phenotype may be employed for further studies
of rVSELs in multiple other rat tissues and organs including
ovaries and testes. Importantly, the donor eGFP-expressing
rVSELs may be followed after transplantation which would
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allow for further studies of biological properties of these cells
in vivo.

Importantly, this study opens new perspectives for study-
ing VSELs in several rat tissues and organs in normal healthy
conditions as well as for examining their potential regen-
erative capacity in several unique rat tissue injury models.
This would provide a new impact on current knowledge
about VSELs including potential regenerative capacity of
these unique SCs, which still need to be investigated in in vitro
as well as in vivo studies.
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