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Analysis of Oocyte-Like Cells Differentiated
from Porcine Fetal Skin-Derived Stem Cells

Paul W. Dyce,1,*,{ Wei Shen,1,2,{ Evanna Huynh,1 Hua Shao,1 Daniel A.F. Villagómez,3,4

Gerald M. Kidder,5 W. Allan King,3 and Julang Li1

We previously reported the differentiation of cells derived from porcine female fetal skin into cells resembling
germ cells and oocytes. A subpopulation of these cells expressed germ cell markers and formed aggregates
resembling cumulus–oocyte complexes. Some of these aggregates extruded large oocyte-like cells (OLCs) that
expressed markers consistent with those of oocytes. The objective of the current study was to further characterize
OLCs differentiated from porcine skin-derived stem cells. Reverse transcriptase (RT)-polymerase chain reaction
and Western blot revealed the expression of connexin37 and connexin43, both of which are characteristic of
ovarian follicles. The expression of meiosis markers DMC1 and synaptonemal complex protein, but not STRA8
and REC8, was detected in the OLC cultures. Immunofluorescence with an antibody against synaptonemal
complex protein on chromosome spreads revealed a very small subpopulation of stained OLCs that had a
similar pattern to leptotene, zytotene, or pachytene nuclei during prophase I of meiosis. Sodium bisulfite
sequencing of the differentially methylated region of H19 indicated that this region is almost completely de-
methylated in OLCs, similar to in vivo-derived oocytes. We also investigated the differentiation potential of male
skin-derived stem cells in the same differentiation medium. Large cells with oocyte morphology were generated
in the male stem cell differentiation cultures. These OLCs expressed oocyte genes such as octamer-binding
transcription factor 4 (OCT4), growth differentiation factor-9b (GDF9B), deleted in azoospermia-like (DAZL),
VASA, zona pellucida B (ZPB), and zona pellucida C (ZPC). It was concluded that skin-derived stem cells from
both male and female porcine fetuses are capable of entering an oocyte differentiation pathway, but the culture
system currently in place is inadequate to support the complete development of competent oocytes.

Introduction

Pig is an important model for both biomedical and
agricultural research. Previous works have reported the

characterization and differentiation of porcine somatic stem
cells [1–10]. The generation of oocytes from somatic stem cells
in vitro may provide a valuable model for identifying factors
involved in germ cell formation and oocyte differentiation. In
addition, the oocytes produced could potentially be useful for
therapeutic cloning, and thus offer new possibilities for tissue
therapy [1]. We have previously reported the differentiation
of oocyte-like cells (OLCs) from somatic stem cells. A sub-
population of these OLCs are surrounded by cumulus-like
cells, a structure that resembles the cumulus–oocyte complex

(COC) in the ovarian follicle. These COC-like structures are
capable of producing estradiol, which indicates the presence
of both granulosa and theca cells [11]. However, whether they
incorporate the proper architecture for cumulus–oocyte
communication, including the gap junctions that normally
couple oocytes and their surrounding somatic cells into a
functional syncytium [12], remained unclear.

Several studies have shown the ability of embryonic stem
(ES) cells to differentiate into primordial germ cells (PGCs) as
well as oocytes [13–15]. The ability of germ cell-like cells
derived from ES cells to undergo meiosis was also investi-
gated. The OLCs expressed the meiosis marker synaptone-
mal complex protein (SCP3), and a subpopulation of them
showed first polar body formation, a feature of oocyte
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progression to metaphase of meiosis II [13]. A subsequent
study by another group used fluorescence in situ hybrid-
ization to examine chromosome organization of the germ
cell-like cells differentiated from ES cells, and reported that
the SCP3-positive germ cell-like cells do not contain syn-
apsed homologous chromosomes but instead display a
chromosomal organization normally found in somatic cells
[16]. However, via flow cytometry analysis, other groups
have detected haploid gametes differentiated from ES cells
[17,18]. The inconsistency of the results reported may reflect
the different differentiation potency of different ES cell lines
used, as well as variation in protocols for inducing differ-
entiation. We have previously observed the morphology of
first polar body formation in a small population of the OLCs
generated from skin-derived stem cells. These OLCs, how-
ever, failed to become embryos after subsequent in vitro
fertilization or electrical parthenogenetic activation. In the
present study, we further characterized OLCs with regard to
their meiosis status, their establishment of gap junctional
communication with surrounding cumulus-like cells, and
their epigenetic status on a differentially methylated region
(DMR) of an imprint gene, H19. Our results confirmed the
presence of these oocyte signatures and also identified some
defects in the OLCs.

Materials and Methods

Isolation and culture of skin-derived stem cells

All animal material-related experiments in the study were
conducted according to the Care and Use of Experimental
Animals of the Canadian Council on Animal Care Guide-
lines, and have been approved by the University of Guelph
Animal Care and Use Committee. Skin-derived stem cells
were isolated and cultured as previously described [10] from
the skin of porcine fetuses collected at days 40–45 of gesta-
tion (E40–E45). Cells were passaged twice before use. Stem
cells from 4 to 6 fetuses were combined and used in each of
the experiment. The results presented in this report were
from 10 differentiations; therefore, 40–60 fetuses were used
in the experiments.

Induced differentiation

Skin sphere cells were dissociated mechanically by pipet-
ting and plated at 5–8!104 cells per 60-mm tissue culture
dish (Fisher Scientific Corning) treated with 0.05mg=mL of
poly-d lysine (Sigma-Aldrich) and 0.005mg=mL of laminin
(Sigma-Aldrich). Cells were cultured in a 0.22mm-filtered
differentiation medium (Dulbecco’s modified Eagle’s medi-
um), penicillin=streptomycin, 5% heat-inactivated fetal bo-
vine serum (FBS; Invitrogen), 5% porcine follicular fluid,
0.23mM sodium pyruvate (Sigma-Aldrich), 0.1mM nones-
sential amino acids (Invitrogen), 2mM l-glutamine
(Invitrogen), and 0.1mM b-mercaptoethanol (Sigma-
Aldrich). Half the medium was removed and replaced with a
fresh medium every 4 days. The cultures were maintained
for 30–50 days during which time aggregates formed. During
the culturing period, aggregates with large cells (>50mm)
were collected and plated in the modified growth medium
[19]. The growth medium consisted of TCM 199 (Gibco) sup-
plemented with 3mg=mL bovine serum albumin (BSA; Sigma-
Aldrich), 5mL=mL insulin=transferrin=selenium (Gibco),

0.23mM pyruvic acid (Gibco), 1mg=mL fetuin (Sigma-
Aldrich), 1 ng=mL epidermal growth factor (Sigma-Aldrich),
0.005 IU follicle-stimulating hormone (FSH) (Sioux Biochem),
and 0.003 IU luteinizing hormone (LH) (Sioux Biochem). Ag-
gregatesweremaintained in this culturemediumby replacing
half the medium with the fresh medium every 4 days until
analysis (5–14 days). Some COC-like cells and OLCs were
generated in the first differentiation culture from 30 to 50 days
and were collected for analysis without going through the
growth culture. All culturing was done at 378C with 5% CO2

in air atmosphere.

RNA isolation and reverse transcription

RNA was isolated using the Total RNA Kit (Norgen Bio-
tek Corporation) according to the manufacture’s protocol.
RT-polymerase chain reaction (PCR) on differentiated cul-
tures was performed as previously described [10]. Reverse
transcriptase (RT)-PCR on groups of 15 large cells or oocytes
was performed by freezing cells in 7mL of lysis buffer con-
taining 14U of porcine RNase inhibitor (Amersham) and
5mM dithiothreitol (DTT) (Invitrogen) at "808C until use.
Cells were then lysed by boiling for 1min and vortexing for
1min, repeated 3 times, and then stored on ice. Samples were
DNase (Invitrogen) treated by adding 1mL of 10!DNase
buffer and 1U amplification-grade DNase (Invitrogen) and
then incubated 15min at room temperature. About 1mL
EDTA (25 mM; Invitrogen) was then added and the samples
were incubated for 10min at 658C. RT was then performed
by adding 0.5 mL H2O, 5mL 5!buffer, 1.25 mL of random
hexamer primers (Applied Biosystems, Inc.), 6.25 mL 2mM
dNTPs (Invitrogen), and 1mL MMLV reverse transcriptase
(Invitrogen) to the sample. The samples were then incubated
at 258C for 10min, 378C for 50min, and 708C for 15min.

Real-time PCR

Real-time PCR was carried out on a Smart Cycler (Ce-
pheid) by using the Quantitect SYBR green PCR kit (Qia-
gen). DNase-treated cDNA (from a 25 mL RT reaction),
2.5 mL for cell populations, and 3.1mL for groups of 15 cells
were added to 12.5 mL of SYBR green mix and 0.3 mM each
of forward and reverse primers (final volume 25 mL). Pri-
mers, expected product size, and accession numbers are
presented in Table 1.

Western blot

For immunoblotting, protein from differentiated cells and
adult pig ovary samples were isolated using RIPA (radio-
immunoprecipitation assay) lysis buffer with complete mini
protease inhibitors (Roche) added fresh before use. About
30 mg of protein (as determined using a BSA protein assay
kit; Pierce Chemical Co.) was mixed with 5!reducing sample
buffer, boiled for 5min, and electrophoresed under reducing
conditions on 12% polyacrylamide gels. Protein was trans-
ferred using an iBlot (Invitrogen) onto nitrocellulose mem-
branes (Millipore). Membranes were incubated for 2 h in 5%
nonfat dry milk blocking buffer at room temperature, fol-
lowed by an overnight incubation at 48C in anti-GAPDH
antibody (1:5,000; Chemicon). After a 1 h incubation with
anti-mouse IgG (alexa 680) (1:10,000) at room temperature,
GAPDH protein was detected, after 3 washes, using the
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LI-COR Odyssey fluorescent scanner (LI-COR Bioscience).
Blots were incubated in 1!strip buffer (reblot plus mild;
Millipore) at room temperature for 15min and reblocked 1 h.
Anti-connexin (CX)-43 antibody cross-reactivity and speci-
ficity to porcine cell types have been verified in [20] and
antibody incubations were repeated for 1 h with 1:500 anti-
CX37 antibody (Invitrogen) and 1: 2,000 anti-CX43 antibody
(Sigma-Aldrich) by incubations with 1:10,000 anti-rabbit IgG
(Alexa 680; Invitrogen). All blots were stripped, blocked, and
reprobed between antibodies.

Immunofluorescence

Cells were washed twice with phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde (Fisher Scientific) in
PBS for 20min. Cells were then washed 3 times in PBS with
0.1% Tween 20 (Fisher Scientific) and incubated for 10min,
and then for 20min in PBS with 1% Triton-X-100 (Fisher
Scientific). Next, cells were blocked for 2 h in PBS with 5%
BSA, and 0.05% Triton-X-100 (blocking solution), followed
by an incubation with primary antibody: 1:400 anti-DAZL
(Abcam), or 1:400 VASA (Abcam) for 2 h at 378C, or over-
night at 48C. The cross-reactivity and specificity of deleted in

azoospermia-like (DAZL) and VASA antibodies to porcine
cell types have been verified previously in [21,22]. Cells were
then washed in blocking solution and incubated with 1:250
phycoerythrin-conjugated goat anti-rabbit IgG (BD Biosci-
ence) or 1:500 fluorescein isothiocyanate-conjugated rat anti-
mouse IgG (BD Bioscience) for 1 h at room temperature. This
was followed with a blocking solution wash (PBS-B) and
incubation with 40-6-diamidino-2-phenylindole (Invitrogen)
for 1min or Hoechst333258 (Sigma-Aldrich) for 5min, fol-
lowed by 3 washes with PBS-B. Cells were mounted using
fluorescent mount medium (DakoCytomation) and viewed
using an Olympus BX-UCB microscope and MetaMorph
analysis software (Universal Imaging Corporation).

Chromosome spreading and SCP3 staining

Cells were trypsinized (Invitrogen) for 3min at 378C,
washed once in Dulbecco’s modified Eagle’s medium H21
(Invitrogen) with 10% fetal calf serum (Gibco), and then re-
suspended in 0.5mL PBS. Thirty microliters of the suspen-
sion was then placed on a slide and incubated for 5min at
room temperature to attach the cells to the slide surface. To
spread the cells, 90mL of 3% sucrose (Sigma-Aldrich) was
gently added to the slide, which was then held for 20–30min
at room temperature. Fixative was prepared as 2% parafor-
maldehyde (Fisher Scientific) with 2 mL of 10% sodium
dodecyl sulfate (Bio-Rad) per mL. The pH was adjusted to
between 9 and 11 by adding 10mL NaOH (1N) per 8mL of
fixative followed by 3 rinses in PBS-Tween20 (PBT), each for
10min at room temperature. PBT was made by adding 0.15g
BSA and 100mL Tween-20 to 100mL PBS. The primary
antibody against SCP3 (1=100; Abcam) was then added and
the slides were incubated in humidity chambers overnight at
48C. The cross-reactivity and specificity of the antibody to
porcine cell types has been verified previously in [23]. Before
adding anti-rabbit fluorescein isothiocyanate (1=500; BD
Bioscience), the slides were washed 3 times with PBT for
10min in each wash. The slides were then incubated for 2 h
at room temperature, and then washed twice with PBT for
10min at room temperature. Slides were stained with
Hoechst (Sigma-Aldrich) for 7min, washed once in PBT, and
then mounted using fluorescent mounting medium (Dako
S3023; DakoCytomation). Slides were analyzed using a
fluorescence microscope (Olympus).

Sodium bisulfite genomic DNA sequencing

DNA was isolated from 400 to 500 denuded porcine
oocytes using DNeasy! Blood & Tissue Kit (Qiagen), a
method based on lysis with proteinase K (Invitrogen). They
were subsequently treated with sodium bisulfite from Me-
thylamp" DNA Modification Kit (Epigentek) according to
the manufacturer’s instructions. The bisulfite-treated DNA
was amplified for the 260 bp sequence spanning the porcine
H19 DMR1 with primary and nested PCR primers using PCR
cycling parameters previously described [24]. Each 50mL
PCR included either 4mL of bisulfite-treated genomic DNA
(primary PCR) or 2 mL of primary product (nested PCR), 25
pmol of each primer, 1.25 units of Maxima HotStart Taq
DNA polymerase (Fermentas, Burlington, ON, Canada), 2mL
of 2mM dNTPs (Invitrogen), 10! Hot Start PCR buffer
(Fermentas), and MgCl2 (Fermentas) at a final concentra-
tion of 1mM. The PCR products were purified with the

Table 1. Sequence-Specific Primers Used
for Polymerase Chain Reaction

Target Primers
Accession
number

Product
size (bp)

GJA4 50-ctgttcatcttccgcatcct-30 X86024 163
50-ggaactgcacccagtat-30

GJA1 50-actgagcccctccaaagact-30 X86023 191
50-gctcggcactgtaattagcc-30

OCT4 50-gaggagtcccaggacatgaa-30 X52437 154
50-agatggtggtctggctgaac-30

DAZL 50-cctccaaccatgatgaatcc-30 Gi:31542548 228
50-gggcaaaatatcagctcctg-30

DMC1 50-gggatacaaatgacaacaag-30 D64107,
CV876801

139

50-cgaaattctccaaaagcttc-30

REC8 50-attcgacaccttttagaggctg-30 NM_020002 203
50-aagtctcctcgactgatctctg-30

STRA8 50-acaacctaaggaaggcagtttac-
30

NM_009292 173

50-gacctcctctaagctgttggg-30

VASA 50-ttgcaggacgagatttgatg-30 AY626785 165
50-ccaattctcgagttggtgt-30

GDF9B 50-ggatccagaaaagcacaacc-30 AF458070 227
50-agtgtccagggatgaaatgc-30

SCP3 50-agccgtctgtggaagatcag-30 NM_153694 197
50-aactccaactccttccagca-30

ZPA 50-gttggtgaatactgccttcc-30 D45064 123
50-tcaagaccaagagggtccac-30

ZPC 50-tggtgtacagcaccttcctg-30 D45065 202
50-atcaggcgcagagagaacac-30

H19-meth
out

5-agg aga tta ggt tta ggg
gaa t

AY044827

5-cta cca ctc ccc tca tac cta a
H19-meth

in
5-agt gtt tgg gga ttt ttt ttt t 260

5-cac ccc atc ccc taa ata acc
ctc

DAZL, deleted in azoospermia-like; GDF9B, growth differentia-
tion factor-9b; SCP3, synaptonemal complex protein; ZPC, zona
pellucida C.
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WizardSV Gel and PCR Clean-Up System (Promega). The
purified PCR products were cloned into a pGEM-T Easy
Vector (Promega) according to the manufacturer’s instruc-
tions. The positive clones were obtained by ampicillin and
blue-white selection and each individual clone was DNA
sequenced. The cytosine-to-uracil conversions were identi-
fied by sequence alignment.

Results

Upon being cultured in the differentiation medium, the
skin sphere cells first grew and proliferated as a monolayer
on the culture dish. At days 15–30 of differentiation, a pop-
ulation of shiny round cells formed (1%–5% of the differen-
tiating cells), growing either as a single cell or in clusters
(Fig. 1A). The clusters grew larger (Fig. 1B) and 5%–25% of
them gradually detached from the rest as suspended aggre-
gates. At approximately days 38–55, a rare subpopulation (0–
5 per culture dish with the initial plating density of 5–8!104

cell per dish) of the suspended aggregates has large cells
surrounded by smaller cells, similar to a COC of an ovarian
follicle (Fig. 1C, D). OLCs were also found during differen-
tiation (Fig. 1E, F), most not associated with cumulus-like
cells. OLCs approaching 100mm in diameter were regularly
found at later stages of differentiation (Fig. 1F). These
dynamic morphologies are consistent with what we have
observed previously [11,22]. The frequency OLC generation
varied from culture to culture, which also depended on the
batches of follicular fluid and fetal calf serum stocks. It
ranged from 0% to 100% (*25% on average) of the dishes
having OLCs. In the OLC-generating dishes,*3–8 OLCs can
be harvested from each of the dish. One of the functional
characteristics of COCs is the presence of gap junctions be-

tween the oocyte and surrounding cumulus cells and be-
tween cumulus cells. Gap junctions are intercellular channels
formed by end-to-end docking of connexons between adja-
cent cells, each connexon being a cylindrical hexamer of CXs.
Among the *20 members of the CX family in mammals [25],
CX37 and CX43 are both essential for ovarian follicle de-
velopment as revealed by analysis of the respective mouse
gene knockouts [26,27]. To further characterize the COC-like
structures generated from our differentiation protocol, real-
time RT-PCR was performed to assess expression of these 2
CXs. As shown in Fig. 2A, transcripts of both GJA1 (encoding
CX43) and GJA4 (encoding CX37) were detected. The levels
of expression of these 2 genes were more than 4-fold higher
than that of COCs isolated from porcine ovarian follicles. We
next determined the presence of CX43 and CX37 proteins
using Western blot. As shown in Fig. 2B, similar to the
porcine ovarian control, both CXs were detected in our cells
differentiated from the skin-derived stem cells. In the un-
differentiated stem cell group, the expression was either
undetectable (CX37) or at a much lower level (CX43). The
data suggest the presence of gap junctions in the COC-like
structures.

Next, we sought to determine whether the germ cells
generated from our differentiation can initiate and progress
through meiosis, a function that is unique to oocytes and
male germ cells at the later stages of their development. RT-
PCR was performed to examine the expression of markers of
meiosis: SCP3, REC8, DMC1, and STRA8. As shown in
Fig. 3A, SCP3 was expressed at all time points tested, DMC1
were expressed in cells starting from 30 days of differentia-
tion, REC8 was detected at day 35 of differentiation, whereas
the transcripts of STRA8 were not detectable. Further, we
analyzed the localization of SCP3 on chromosome spreads.

FIG. 1. Dynamic morphology during cell differentiation from skin-derived stem cells. (A) At approximately day 25 of
differentiation, shiny cells formed, with some growing as clusters. (B) At approximately day 36, the clusters had grown
larger. (C, D) At days 38–48, some cell clusters had detached from the culture dish and floated as aggregates with a centrally
located large cell, resembling a cumulus–oocyte complex. (E) Some large cells began to appear at this period. (F) An OLC at
day 60 of differentiation. Scale bar¼ 100 mm (A, B, E), 25mm (C, D, F). OLC, oocyte-like cell.
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The localization of SCP3 is characterized through different
stages of prophase I. A very small subpopulation (3–5
cells=million) of our differentiated cells showed a chromo-
some staining pattern consistent with prophase in conjunc-
tion with positive SCP3 expression. Figures 3Ba and d show
examples of staining resembling the leptotene stage, in which
SCP3 is localized in punctate areas and chromosomes have
yet not fully synapsed. At zygotene stage, the chromosomes
progress synapsis and SCP3 is expected to be localized along
the entire chromosome pairs. SCP3 staining that resembles
the zygotene stage was detected in some cells from day 25 to
45 of differentiation (Fig. 3Bb, e). In addition, an SCP3
staining pattern similar to the pachytene stage was also de-
tected in the cultures (Fig. 3Bc, f). However, the majority of
the SCP3-stained cells (*0.1% of the cells tested) appeared to
show discontinuous staining patterns that do not resemble
any typical prophase stage (Fig. 3C).

During gametogenesis, it is well known that epigenetic
imprints are established in a parent-specific manner [28–30].
H19 is a maternally inherited imprinted gene where the
DMR1 region is semimethylated (*50%) in the somatic tis-
sue and is unmethylated in the oocyte [24]. Sodium bisulfite
sequencing was performed to analyze the methylation status
within DMR1 of the H19 gene 50 flanking region. As shown

in Fig. 4A, 66.8% of the 29 CpG sites were methylated in
skin-derived stem cells before induced differentiation. In
contrast, over 90% of CpG sites in this region were un-
methylated in the OLCs collected from our differentiation
culture (Fig. 4). Consistent with what was reported previ-
ously [24], 98% of the CpG sites were found to be un-
methylated in porcine oocytes (Fig. 4). These results indicate
that OLCs have an imprint pattern similar to that of natural
oocytes.

PGCs enter to a default oocyte fate unless they are placed
in the testis environment [31]. To determine if XY stem cells
can also differentiate into OLCs in our differentiation me-
dium, we investigated the oocyte differentiation potential of
male skin-derived stem cells with our differentiation me-
dium, using dissociated fetal pig ovary cells from day 45 to
55 of gestation as a positive control. Figure 5Ac illustrates
PGC-like shiny cells at an early stage of differentiation,
which is very similar to what was observed in the female
stem cell differentiation culture (Fig. 1A) and the positive
control, which were porcine ovarian germ cells (Fig. 5Aa).
OLCs with zona pellucida-like membrane were also ob-
served within the differentiation culture (Fig. 5Ad), again
consistent with the oocyte morphology of the positive con-
trol. Similar to OLCs from the fetal ovary and those differ-
entiated from female stem cells, RT-PCR revealed that these
male OLCs express markers of oocytes: OCT4, DAZL, VASA,
ZPA, zona pellucida C (ZPC), and GDF9B (Fig. 5B). Figure 6
illustrates the expression of DAZL and VASA at the protein
level by immunofluorescence. These data suggest that our
differentiation medium provided an ovarian-like environ-
ment to direct the male skin-derived stem cells into the
female germ cell path.

Discussion

One of the essential requirements for successful ovarian
follicular development and oocyte growth is proper inter-
action between the oocyte and surrounding cumulus gran-
ulosa cells. Gap junctions allow for the bi-directional
communication between closely associated cells by forming
channels through which various bioactive molecules can be
transported. Two adjacent cells form gap junctions by
docking their connexons end to end, thereby forming an
intercellular channel. In the mouse, CX43 forms gap junc-
tions between cumulus and mural granulosa cells, whereas
CX37 forms gap junctions coupling the oocyte with the ad-
jacent cumulus cells. Loss of either CX disrupts folliculo-
genesis, preventing the development of competent oocytes
[26,32,33]. In our findings, COC-like structures expressed
both CXs, at both the mRNA and protein level, indicating
that these 2 key gap junction components are physically es-
tablished in the induced ovarian cell differentiation. The
mRNA expression levels of both CXs 37 and 43 were sig-
nificantly higher in the COC-like structures than in natural
COCs. The expression levels of the 2 CXs in COC-like
structures were quite variable across experiments as reflected
by the large standard deviations (Fig. 2A). It is possible that,
due to the suboptimal nature of our differentiation system,
the expression levels of some of the genes in the COC-like
structures are not as precisely regulated as those in true
ovarian follicles. In addition, depending on the batches
of FBS and follicular fluid used, the frequency of COC

FIG. 2. CXs are expressed in structures resembling cumulus–
oocyte complex. (A) Reverse transcriptase (RT)-PCR analysis
of CXs 43 and 37 mRNA. Relative expression was determined
using the delta-delta-CT method (**P< 0.001). (B) Western
blot detection of CXs 43 and 37 proteins in undifferentiated
stem cells (1); day 30 differentiated cell (2); and adult pig
ovary (3). COC, cumulus–oocyte complex; CX, connexin; PCR,
polymerase chain reaction.
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formation is highly variable, ranging from 0 to 30 COCs per
culture dish. The majority of OLCs appeared as a single large
cell lacking support cells. It is unknown if they have failed to
physically associate with the cumulus-like cells, or they have
formed COCs but dissociated spontaneously shortly after
their formation. Regardless, this further indicates some

development deficiencies in OLCs in our current in vitro
system.

During meiosis, DNA is replicated once and then 2 suc-
cessive cell divisions results in the formation of haploid
gametes [34,35]. Prophase I is conventionally subdivided into
leptotene, zygotene, pachytene, diplotene, and diakinesis

FIG. 3. Detection of meiosis
markers in germ cell-like cells.
(A) RT-PCR analysis of meio-
sis marker expression during
induced differentiation. OV:
female pig gonad at day 45 of
gestation; D0: undifferentiated
stem cells; D20, 30, 35: cells
from days 20, 30, 35 of differ-
entiation; Neg: negative con-
trol in which the reverse
transcriptase is omitted in the
RT-PCR. (B) Localization of
SCP3 in chromosome spreads
at days 25–45 of differentia-
tion depicting leptotene (a, d),
zygotene (b, e), and pachytene
(c, f) stage staining patterns.
(C) Examples of uncharacter-
istic patterns of SCP3 locali-
zation (a–c). Scale bars¼ 5 mm.
SCP3, synaptonemal complex
protein. Color images avail-
able online at www.liebert
online.com=scd
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stages. It is characterized by the pairing behavior of homol-
ogous chromosomes in a process called synapsis. During
synapsis, the synaptonemal complex (SC), a meiosis-specific
structure, is formed. The SC consists of several meiosis-
specific proteins, including SCP3 [34]. At the leptotene stage,
each pair of sister chromatids forms a meiosis-specific lon-
gitudinal axial core to which the chromatin loops are at-
tached. SCP3 is one of the elements of these axial cores
[36,37]. SCP3 is regarded as a marker for identifying meiotic
transition as its expression is specific to meiosis and it is
present from the initiation of meiosis [38]. Later at the zy-
gotene stage, the axial cores of each pair of homologous
chromosomes synapse in parallel, becoming the lateral ele-
ments of the synaptonemal complexes. During pachytene,
the homologous chromosomes remain fully paired until
completion of the crossing-over process. After this, the SC
structure disassembles as the cell enters the diplotene=
diakinesis stages. Our data on leptotene, zygotene, and
pachytene SCP3 staining patterns in the germ cell-like cells
indicated that at least a small subpopulation of these cells has
initiated and reached certain stages of early meiosis. How-
ever, the majority of SCP3-stained cells appeared to show
discontinuous staining patterns that do not resemble any
typical prophase stage, suggesting that they failed to prog-
ress past the premeiotic stage. In addition to SCP3, several
markers are known to be important in meiosis. The expres-
sion of STRA8 (stimulated by retinoic acid gene 8) is known
to play an important role in the initiation of meiosis in germ
cells. DMC1 is a meiosis-specific RECA=RAD51 homolog
required for recombinational repair of meiotic DNA double-
stranded breaks. It is thought to promote strand transfer
between homologous DNA molecules in an ATP-dependent
manner [39] and play a role during chromosome synapsis
and homologous recombination [40–42]. In addition, the
meiosis-specific cohesin subunit REC8 is reported to be in-
volved in homologous chromosome sister chromatid sepa-
ration in mice [43]. REC8 is a meiosis-specific cohesin

protein located in the centromeres and in adjacent chro-
mosome arms. REC8 is suggested to play a role in main-
taining sister-chromatid cohesion, where its presence at
centromeres during meiosis I is important in the reduc-
tional pattern of chromosome segregation during meiosis
[44,45]. In terms of SCP3 mRNA and protein level expres-
sion, our findings are consistent with previous reports on
SCP3 expression in ES cell-derived germ cells in vitro
[13,46]. The fact that STRA8 is not detectable in our system
may explain why the majority of SCP3-stained cells failed
to form typical meiotic patterns. Previous work has shown
that SCP3 failed to be loaded onto chromosomes of STRA8-
deficient mouse spermatogenic cells. In these STRA8
knockout mice male germ cells, SCP3 was localized in
patterns reminiscent of those previously reported in pre-
meiotic germ cells [47]. A recent study on the further
characterization of in vitro-produced ES-derived germ cells
showed that while SCP3 is expressed in these cells, it is not

FIG. 4. The DNA methylation profile in differentially
methylated region 1 at the imprinted H19 locus (GenBank:
AY044827) in OLCs, skin-derived stem cells, and oocytes
from porcine ovaries. Open and black circles represent un-
methylated and methylated cytosines, respectively.

FIG. 5. Differentiation of OLCs from male skin-derived
stem cells. (A) Shiny cells from fetal pig ovarian germ cells
(a) and male stem cell differentiation (c) and OLCs from fetal
ovarian cells (b) and male skin stem cells differentiated in
vitro. Scale bar¼ 100 mm (a, c), 10 mm (b, d). (B) RT-PCR
analysis of oocyte marker mRNA expression by OLCs.
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FIG. 6. Analysis of germ cell protein marker expression in OLCs (DAZL and VASA) expression in OLCs from female (A, B)
and male (C, D) skin-derived stem cells and fetal pig ovarian germ cells (E, F), and GV stage oocytes from adult pig ovaries
and oocytes (G, H) by immunofluorescence. The negative control (I, J) were without first antibodies with GV oocytes. Scale
bar¼ 20mm. Color images available online at www.liebertonline.com=scd

816 DYCE ET AL.



correctly localized; further, the chromosomes appeared
more similar to somatic cell chromosomes than meiotic
chromosomes [16]. A recent publication reported the dele-
tion in azoospermia (DAZ) and related family members
play import roles in germ cell meiosis. Whether the over-
expression of the DAZ family in our differentiating
cells will facilitate their meiosis progression should be
investigated.

Igf2 and H19 are imprinted genes that have been widely
studied in the mouse. Igf2 is paternally expressed, whereas
H19 is transcribed from the maternal allele [48]. The recip-
rocal expression of both genes is regulated through Igf2=H19
DMRs situated 2–4 kilobases upstream from the H19 tran-
scription start site. Previous work has revealed the methyl-
ation dynamics of the Igf2=H19 DMR in mouse gametes,
suggesting that imprinting is established during gameto-
genesis [28,29]. In our finding, the stem cell DMR1of H19 is
hemimethylated, which is consistent with a nongamete so-
matic methylation pattern. In addition, the CpG sites of
DMR1 of our oocyte control were mostly unmethylated,
which is also consistent with previous reports on pig and
human oocytes [24,28]. The fact that DMR1 of H19 is highly
hypomethylated in OLCs suggests that this imprint gene has
undergone gamete methylation reprogramming. It is also
noted that 1=10 of the DNA analyzed is partially methylated
in OLCs. This again may reflect the suboptimal nature of the
in vitro differentiation system, and thus the poor quality of
the oocytes generated.

The finding that male skin-derived stem cells differenti-
ated into OLCs is not surprising. In mammals, it appears that
PGCs spontaneously enter the oocyte fate in the absence of a
testis environment. XY PGCs in a fetal ovary will enter
meiosis and develop as XY oocytes [31]. Retinoic acid (RA) is
one of the meiotic initiators, which induces Stra8 expression
and the subsequent meiotic entry of germ cells in the fetal
mouse ovary [49]. However, somatic cells in the fetal testis
express factors such as CYP26 that mediates the degradation
of RA, thereby protecting male germ cells from RA exposure,
and thus inhibiting entry to meiosis [50,51]. When placed in
an appropriate female environment, PGCs were previously
demonstrated to spontaneously proceed into the oocyte path
in vivo [31,52]. In addition, male ES cells were shown to
differentiate into oocytes in vitro [53]. In our experiment, the
OLCs differentiated from male stem cells reached diameters
and were morphologically very similar to OLCs de-
rived from female stem cells. In addition, the cells expressed
germ cell markers both at the mRNA and protein level.
Our result is in line with these findings, further confirming
that our differentiation system with FBS and ovarian follic-
ular fluid can lead to oocyte development in a male cell
model.

In summary, our study shows that a subpopulation of
OLCs generated from differentiation of skin stem cells is able
to associate with other cells within the culture to form COC-
like structures. The generated COCs express CXs that are
essential for follicular development. SCP3 and DMC1 were
expressed, but STRA8 and REC8 were not detectable in the
differentiated cells. A very small population of the cells
showed an SCP3-stained chromosome pattern of meiosis at
the early prophase, whereas the majority of the SCP3-positive
cells failed to show a typical meiotic chromosome pattern,
suggesting that they were not entering meiosis properly.

Analysis of the methylation status of DMR1 of H19 revealed
that the CpG methylation pattern of OLCs is largely consis-
tent with those of natural oocytes. Our findings further con-
firm the development of cells with properties of oocytes from
skin-derived stem cells. However, the incomplete meiosis
progression indicates that the differentiation environment is
suboptimal. This drawback of the system may provide op-
portunities for approaching certain types of infertility, as this
in vitro model may mimic some cases of gonadal dysfunc-
tion. For example, deficiency in the expression of meiosis
maker gene such as DMC1 caused male infertility and de-
creased female reproductive function [54]. In addition, pre-
maturely condensed chromosomes and meiotic abnormalities
are found after in vitro fertilization in unfertilized humans
[55]. Future studies on manipulating the system by addition
or removal of factors to and from the medium may help to
identify factors that are critical for proper meiosis and suc-
cessful oocyte development.
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