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Abstract 

Background:  The differentiation of human induced pluripotent stem cells (iPSCs) into oocytes, which involves the 
transformation from mitosis to meiosis, has been a hotspot of biological research for many years and represents a 
desirable experimental model and potential strategy for treating infertility. At present, studies have shown that most 
cells stagnate in the oogonium stage after differentiation into primordial germ cells (PGCs) from human iPSCs.

Methods:  iPSCs carrying a SYCP3-mkate2 knock-in reporter were generated by the CRISPR/Cas9 strategy to monitor 
meiosis status during induced differentiation from iPSCs into oocytes. These induced PGCs/oogonia were activated 
by small molecules from the Wnt signaling pathway and then cocultured with reconstructed human ovarian nests 
in vivo for further development.

Results:  First, human PGCs and oogonia were efficiently induced from iPSCs. Second, induced dormant PGCs 
resumed meiosis and then differentiated into primary oocytes through the in vitro activation of the Wnt signaling 
pathway. Finally, a new coculture system involving the reconstruction of ovarian nests in vitro could facilitate the dif-
ferentiation of oocytes.

Conclusions:  Human PGCs/oogonia induced from iPSCs can be activated and used to resume meiosis by molecules 
of the Wnt signaling pathway. The coculture of activated PGCs and reconstruction of ovarian nests facilitated differen-
tiation into primary oocytes and the generation of haploid human oocytes in vivo. These findings established a new 
strategy for germline competence in primary oocytes and provided a keystone for human gametogenesis in vitro and 
in vivo.
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Introduction
Induced pluripotent stem cells (iPSCs) derived from 
somatic reprogramming can proliferate continuously and 
infinitely in vitro and have the potential for self-renewal 
and differentiation into various tissues and organs, 
including germ cells [1, 2], which provides a new method 
to obtain oocytes in reproductive medicine. In mamma-
lian development, germ cells originate from primordial 
germ cells (PGCs). In  vitro, PGCs derived from iPSCs 
pass through the oogonia and primary and secondary 
oocyte stages and finally develop into mature oocytes. 
The differentiation of iPSCs into mature oocytes involves 
the transformation from mitosis to meiosis, which has 
long been a frontier and hotspot of biological research [3, 
4].

The generation of germ cells from mouse embryonic 
stem cells (ESCs) or iPSCs has been previously reported 
[5–12]. The reconstitution of a culture system for germ 
cell development using mouse pluripotent stem cells, 
including ESCs and iPSCs, has been established. Mouse 
pluripotent stem cells are in a ‘naïve’ state and can be 
induced into PGC-like cells (mPGCLCs) [8, 9]. Male 
mPGCLCs can contribute to spermatogenesis when 
transplanted into the testes of neonatal mice lacking 
endogenous spermatogenesis [8]. Female mPGCLCs can 
contribute to oogenesis when aggregated with embryonic 
ovarian somatic cells, forming isogeneic reconstituted 
ovaries (IROvaries) that can be transplanted under the 
ovarian bursa of immune-deficient mice [9]. These result-
ant spermatozoa or oocytes produce healthy offspring [8, 
9].

In contrast, the differentiation of mature oocytes from 
human ESCs or iPSCs has not been achieved and has 
been less extensively studied [13–18]. The differentiation 
of human iPSCs into oocytes in vitro follows the princi-
ples of cell development in  vivo. Under normal physio-
logical conditions, not all PGCs or oogonia derived from 
human pluripotent precursors will continue to develop. 
Most of these cells exist in a dormant state. Recently, 
researchers have tried to differentiate human iPSCs into 
PGCs or oogonia and further develop them into mature 
oocytes by reconstituting human germ cell development 
using mouse embryonic ovarian somatic cells in culture. 
The results showed that most cells were arrested in pro-
phase I, and only a few cells entered meiosis, indicat-
ing that in vitro differentiation from iPSCs into oocytes 
encountered the bottleneck of the dormant state [19, 20].

In the current study, human PGCs and oogonia were 
efficiently induced from iPSCs. Next, the dormant PGCs 
and oogonia resumed meiosis and then differentiated 
into primary oocytes through the in  vitro activation of 
the Wnt signaling pathway. Finally, we developed a new 
coculture system by reconstructing human ovarian nests 
in  vivo to facilitate the differentiation of oocytes. Our 
results also showed that the codifferentiated human 
activated PGCs in the reconstructed human ovarian 
nests resumed meiosis and differentiation into primary 
oocytes.

Materials and methods
Ethics
This study was approved by the Medical Ethics Commit-
tee of Shenzhen University. Abortion is legal in China. 
Fetal ovarian somatic cells were isolated from ovary tis-
sues in aborted fetuses, which is a legal practice in China.

Animals
All animal experiments were approved by the Ethics 
Committee on Laboratory Animals of Shenzhen Univer-
sity and were performed under ethical guidelines.

Induction of PGCs from human iPSCs
The methods used for the generation and culture of 
human iPSCs and the induction of PGCs from human 
iPSCs were described in our previous studies [18, 19]. 
The main procedure was as follows. For preinduction, 
iPSCs were dissociated with TrypLE Express and fil-
tered through a 50-mm cell filter, and 4 × 105 cells in 12 
wells were plated on vitronectin/gelatin-coated plates 
in N2B27 medium containing 1% KSR, 10  ng/ml bFGF 
(SCI), 1  ng/ml TGF-beta (PeproTech), 20  ng/ml Activin 
A (SCI), and 10 mM ROCK inhibitor. The medium was 
changed on Day 1. After 2 days of preinduction, the cells 
were dissociated with TrypLE and plated in ultralow-
cell attachment 96-well plates (Corning, 7007) at a den-
sity of 2,000–4,000 cells/well in 200 ml of PGC medium. 
The PGC medium contained Glasgow’s modified Eagle 
medium (MEM) (GIBCO), 15% knockout serum replace-
ment (KSR), 0.1 mM nonessential amino acids, 0.1 mM 
2-mercaptoethanol, 100 U/ml penicillin–0.1  mg/ml 
streptomycin, 2  mM L-glutamine, 1  mM sodium pyru-
vate, and the following cytokines: 500 ng/ml BMP4 (R&D 
Systems) or BMP2 (SCI), 1  mg/ml human LIF (SCI), 
100 ng/ml stem cell factor (SCF) (R&D Systems), 50 ng/
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ml epidermal growth factor (EGF) (R&D Systems), and 
10 mM ROCK inhibitors.

Generation of reconstituted ovarian nests in vivo
Isogeneic reconstituted ovaries (IROvaries) were gener-
ated by aggregating activated human PGCs/oogonia with 
fetal ovarian somatic cells of aborted 7- to 8-week-old 
fetuses essentially according to a procedure described 
for the generation of isogeneic ovaries. Briefly, the 
induced human PGCs/oogonia from iPSCs were dis-
sociated into single cells, and the fetal ovarian somatic 
cells were collected by FACS (fluorescence-activated cell 
sorting). To isolate fetal ovarian somatic cells, aborted 
fetuses at approximately 7–8  weeks of age were used 
under informed consent, and the fetal tissues were dis-
sected in chilled Dulbecco’s modified Eagle medium 
(DMEM) (Gibco) containing 10% fetal bovine serum 
(FBS) (HyClone), 2  mM GlutaMax (Gibco), 10  mM 
HEPES (Gibco), and 100 U/ml penicillin/streptomycin 
(Gibco). Fetal ovaries were identified by their appearance. 
The isolated ovary tissue was dissociated into single cells, 
and endogenous human PGCs were selected by MACS 
(magnetic-activated cell sorting). Human PGCs/oogonia 
(5000 cells/well) and human fetal ovarian somatic cells 
(50,000 cells/well or, when using frozen stocks, 75,000 
cells/well) were plated on the wells of a Lipidure-coated 
U-bottom 96-well plate (Thermo Fisher Scientific) and 
cultured under floating conditions in GK15 + Y medium 
(GK15 and 10 μM ROCK inhibitor). After 2 days of float-
ing culture, using a glass capillary, the IROvaries were 
transferred onto Transwell-COL membrane inserts 
(Corning) soaked in alpha-minimum essential medium 
(GIBCO) containing 10% FBS, 55 μM 2-mercaptoethanol 
(GIBCO), 150 nM l-ascorbic acid (SIGMA), and 100 U/
ml penicillin/streptomycin. The medium was changed 
every three days. A mixture of in vitro-activated induced 
PGCs and treated human gonad cells was cultured for 
two days and then transplanted under the ovarian bursa 
of SCID mice.

Flow cytometry
The differentiated cells were assessed using flow cytom-
etry. The cells were first trypsin-coated into a single cell 
suspension, washed with 1 × PBS, and incubated with 
100  μl of diluted primary antibody, followed by treat-
ment with the respective conjugate tagged with FITC 
for 30  min at 4  °C (1:500). Approximately 100  μl of cell 
suspension containing 1 × 106 cells was incubated with 
antibodies against CD38 with an appropriate isotype-
matched control. The results were acquired and analyzed 
on a FACS Calibur flow cytometer (Becton Dickin-
son, USA). A total of 10,000 events were acquired and 

analyzed in each case to determine the percentage of dif-
ferential expression of each cell surface marker.

Magnetic‑activated cell sorting (MACS)
Isolated ovary tissues from aborted fetuses at 7–8 weeks 
old were dissociated by TrypLE expression for 15 min at 
37 °C and quenched with 5 times the volume of DMEM/
F12 medium (GIBCO) containing 0.1% BSA fraction 
V. The cell suspension was passed through a nylon cell 
strainer and centrifuged at 1200 rpm for 3 min, and the 
supernatant was discarded. The cell pellet was resus-
pended in MACS buffer (PBS containing 0.5% BSA 
fraction V and 2  mM EDTA) and then incubated with 
anti-SSEA1 and anti-CD38 antibodies (Miltenyi Biotec) 
for 20 min on ice. The cell suspension was then washed 
with MACS buffer and centrifuged at 1200  rpm for 
3 min, and the supernatant was removed. The cell pellet 
was resuspended in MACS buffer, and then the cell sus-
pension was applied to an MS column (Miltenyi Biotec). 
The flow-through was washed with GK15 + Y and used 
as fetal ovarian somatic cells for the generation of human 
restructured ovaries.

Real‑time PCR
Total RNA was extracted and purified using an RNe-
asy Micro Kit (Qiagen, 74004). The main procedure was 
as follows. Approximately 1  ng of total RNA from each 
sample was used for the synthesis and amplification of 
cDNAs. cDNA was generated using Power SYBR Green 
Master Mix (Applied Biosystems) in a real-time qPCR 
system (Bio–Rad). The expression level of each gene 
was evaluated relative to the average expression levels of 
the 28S gene. Melting curve analysis was performed to 
determine the specificity of the amplified products. The 
relative gene expression level was calculated by subtract-
ing the cycle threshold (Ct) value of 28S (control gene) 
from the Ct value of the target gene to generate the △Ct 
value, and the relative changes in mRNA expression were 
obtained using the 2−△△Ct method [21]. A 95% confi-
dence interval was accepted.

Karyotyping
For karyotyping, a mixture of human activated PGCs and 
fetal somatic cells from SCID mice was cultured in PGC 
medium containing 0.06  µg/ml colcemid (Sigma, USA) 
overnight. After washing with PBS three times, the cells 
were incubated in medium containing 0.05% trypsin and 
0.53  mM EDTA (Gibco-BRL, USA) at 37  °C for 10  min 
and harvested using standard procedures, followed by 
standard G-banding for karyotyping.
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Statistical analyses
Statistical analyses in this study were performed 
using SPSS version 21.0. The data are presented as the 
means ± standard errors of the mean (SEMs) and were 
analyzed by t tests. A P value of < 0.05 was considered sta-
tistically significant.

Results
Induction of human PGCs/oogonia from iPSCs
Human iPSCs were established as previously described 
[18]. These iPSCs were identified and shown to be in fully 
pluripotent states. In our study, human iPSCs with the 
XX karyotype were differentiated into primordial germ 
cells in two ways. Additionally, the induction efficiency of 
human PGCs from iPSCs was compared in two different 
ways. Cells produced by the first method, as described by 
Irie et al. [17], were named the feeder cell group (Fig. 1A). 
To maintain full pluripotency status, iPSCs were kept in 
4i culture medium (including inhibitors of MAPK, GSK3, 
p38, and JNK) on feeders. These cells were preinduced 
with transforming growth factor-β (TGF-β) and basic 
fibroblast growth factor (bFGF) for 2 days, and the prein-
duced cells were then induced to differentiate into PGCs/
oogonia by the method described by Irie et al. [17]. Cells 
produced by the second method, as described by Sasaki 
et  al. [19], were called the feeder cell-free group. iPSCs 
cultured without feeder cells were induced into iMeLCs 
by ActA and CHIR99021 (CHIR) for 2  days. iMeLCs 
were then induced to differentiate into PGCs/oogonia 
(Fig.  1B). To evaluate the induction efficiency of PGCs/
oogonia, we first constructed the special PGC gene 
reporter system VASA-GFP. The VASA-GFP reporter 
was transferred into human iPSCs (Fig. 1C, D). The stable 
VASA-GFP-iPSCs could form embryonal bodies (Fig. 1E) 
and were shown to be pluripotent by detecting the gene 
expression of the pluripotent marker and the differentia-
tion potency, and the karyotype after transfer was normal 
(Additional file 1).

CD38 and VASA are both special markers of PGCs. 
To evaluate whether we obtained PGCs from iPSCs dur-
ing induction differentiation, CD38- and VASA-GFP-
positive cells were sorted by FACS. The percentages of 
CD38-positive cells derived from iPSCs were approxi-
mately 11.12 ± 1.31% and 38.16 ± 1.41% at Day 4 and 
Day 8 in the feeder group, respectively, and in the feeder-
free group, the percentages were 10.51 ± 1.25% and 
34.09 ± 1.38%, respectively (Fig. 1F). VASA–GFP-positive 
cells from iPSCs were 17.35 ± 1.75% and 47.23 ± 2.42% at 
Day 4 and Day 8 in the feeder group and 13.21 ± 1.35% 
and 40.29 ± 2.37% at Day 4 and Day 8 in the feeder-free 
group, respectively (Fig. 1G). Sox17 and BLIMP1 are crit-
ical determinants of the induced differentiation of human 
PGCs from iPSCs. The relative expression levels of Sox17 

and BLIMP1 were analyzed during PGC/oogonia induc-
tion differentiation from iPSCs in the feeder group and 
feeder-free group. The expression levels of Sox17 and 
BLIMP1 both increased from Day 4 to Day 8. However, 
the expression level of Sox17 increased more obviously 
than that of BLIMP1 in the feeder group (Fig. 1H, I). The 
CD38, BLIMP1, and SOX17 protein levels were further 
identified by immunofluorescence (Additional file  2). 
These results showed that PGCs/oogonia were induced 
from iPSCs in our culture system, and a higher efficiency 
of PGC induction from iPSCs was achieved in the feeder 
group than in the feeder-free group. The iPSCs on feeder 
cells were then subsequently propagated and cultured for 
further experiments in our study.

Reconstruction of human ovarian nests in vivo to generate 
human oogonia
The gonad cells of aborted female fetuses at 7–8  weeks 
old were collected. Human PGCs in the gonads were 
removed using MACS and then cocultured with induced 
activated PGCs from iPSCs for two days. After in  vitro 
activation, the mixture of induced PGCs and fetal ovar-
ian somatic cells was transplanted into the ovarian nests 
of SCID mice for folliculogenesis (Fig. 2). To explore the 
potential of induced human PGCs for oogenesis and the 
efficiency of in vitro activation in the reactivation of dor-
mant human PGCs, we generated reconstituted ovaries/
recipient ovaries, which included a mixture of in  vitro-
activated induced PGCs with and treated human gonad 
cells. Then, the reconstituted ovaries were transplanted 
at day 2 of culture under the ovarian bursa of SCID mice 
(two reconstituted ovaries). One day after transplanta-
tion, the SCID mice received a daily intraperitoneal (i.p.) 
injection of follicle-stimulating hormone (FSH, 2 IU/day) 
to promote follicle development.

Establishment of human iPSCs bearing the SYCP3‑mkate2 
reporter
Few human PGCs are activated for development into 
primordial follicles in the natural menstrual cycle. Most 
human PGCs appear to enter progressively into mitotic 
and meiosis prophase arrest. To explore whether the 
in vitro activation of dormant human PGCs causes them 
to resume meiosis, a SYCP3-mkate2 reporter vector was 
constructed. SYCP3 is expressed in human PGCs and 
human fetal germ cells. The SYCP3 complex is involved 
in synapsis, recombination and the segregation of mei-
otic chromosomes. The expression of SYCP3 in early 
human germ cells indicates the initiation of meiosis. 
First, we generated a SYCP3-mkate2 knock-in reporter in 
iPSCs by the CRISPR/Cas9 strategy described in Fig. 3A. 
The genome-edited iPSCs were maintained in 4i cul-
ture medium. Single cells were seeded for culture and 
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Fig. 1  Induction of human primordial germ cells from pluripotent stem cells. A Timeline of the induction of human PGCs from iPSCs on feeder cells. 
B Timeline of the induction of human PGCs from iPSCs on free-feeder cells. C Morphology of typical VASA-GFP-iPS clones in bright field microscopy. 
D Morphology of typical VASA-GFP-iPS clones in fluorescent light. E VASA-GFP-iPSCs were induced into human PGCs and expressed the VASA gene. 
F Percentage of CD38-positive cells derived from iPSCs at Day 4 and Day 8. G Percentage of VASA-positive cells derived from iPSCs at Day 4 and Day 
8. H Relative expression of Sox17 during PGC induction differentiation from iPSCs at Day 4 and Day 8. I Relative expression of BLIMP1 during PGC 
induction differentiation from iPSCs at Day 4 and Day 8
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Fig. 2  Reconstruction of the human ovarian nest in vivo for the generation of human oocytes

Fig. 3  Generation of SYCP3-mkate2 reporter knock-in human iPSC lines. A Schematic illustration of the SYCP3 locus and the donor construct 
carrying T2A-mKate2 and hEF1a-Neo-pA fragments. Black boxes indicate the exons. B PCR screening of homologous recombinants for 
SYCP3-mkate2 and the removal of the selection cassettes (loxP-hEF1a-Neo-pA-loxP). Clones bearing SYCP3-mkate2 were selected for use in the 
subsequent studies. C Normal karyotype of SYCP3-mkate2 reporter knock-in human iPSC lines
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expansion. Colonies developed after several days were 
used for the verification of homologous recombination 
by PCR (Fig. 3B), and we expanded the correctly targeted 
clones with normal karyotypes (Fig. 3C) for subsequent 
studies. Meanwhile, the derived SYCP3-mkate2 reporter 
knock-in human iPSCs exhibited the typical morphology 
of human iPSCs, expressed pluripotent markers, such as 
NANOG, OCT3/4, SOX2, SSEA4, and TRA-1-60, and 
did not express SYCP3 (Additional file 3).

In vitro activation of dormant human PGCs by the Wnt 
signaling pathway overcomes meiosis phase arrest
Maturation promoting factor (MPF) is a major regulator 
of meiotic progression, with a complex consisting of cyc-
lin-dependent kinase 1 (CDK1) and a regulatory subunit 
cyclin B1 [22–24]. Studies have confirmed that glyco-
gen synthase kinase-3β stimulates XRINGO (an inducer 
of oocyte meiotic maturation) processing and further 
directly activates CDK1 [25], and the activation of CDK1 
results in precocious meiotic resumption [26]. Based on 
these studies, we believe that GSK-3β might be an impor-
tant regulator of meiotic resumption in PGCs. GSK-3β is 
an important regulator of the Wnt signaling pathway. The 
role and function of the Wnt signaling pathway in meio-
sis resumption are not clear.

In our study, we explored whether the in vitro activa-
tion of dormant human PGCs after stimulation of the 
Wnt pathway caused them to resume meiosis. Human 
PGCs were cocultured with human fetal ovarian somatic 
cells of the abortus. We performed treated a mixture of 
human PGCs and fetal ovarian somatic cells with 3 mM 
GSK3 inhibitor CHIR99021 for 8 h in culture. Our results 
showed that the percentage of SYCP3-mkate2-positive 
cells among human PGCs treated with the GSK3 inhibi-
tor was 8.2 ± 1.32%, while few cells were mkate2-positive, 
indicating the activation of dormant primordial follicles 
and increased folliculogenesis (Fig. 4A). Activated PGCs 
aggregated with human fetal gonad somatic cells were 
differentiated into SCP3-positive meiocytes, in contrast 
to the pseudoaggregates formed from only human gonad 
somatic cells that showed no SCP3 meiocytes and were 
used as a negative control (Fig. 4B). Immunofluorescence 
analysis of the reconstituted ovary showed that DDX4, 
which is a germ cell marker that begins to be expressed 
in gonadal PGCs, was positively expressed (Fig. 4C). To 
elucidate the possible molecular mechanism of meiotic 
resumption by the Wnt signaling pathway, we analyzed 
the gene expression of GSK-3β, β-catenin, CDK1, Cyc-
lin B1, SYCP3 and REC8 (Fig. 4D and Additional file 4). 
The results suggest that regulation of GSK-3β expression 
is an important mechanism that controls the timing of 
meiotic resumption and that the Wnt signaling pathway 
likely also plays important roles in meiotic resumption. 

Based on these observations, we proposed an effect of 
the Wnt signaling pathway on meiotic resumption and 
progression in the differentiation of PGCs or oogonia 
into oocytes (Fig. 4E).

Human activated PGC‑derived oogonia display the status 
of meiotic recombination and resumed meiosis
After in  vitro activation, the treated mixture of human 
activated PGCs and fetal somatic cells was transplanted 
into the ovarian nests of SCID mice for folliculogenesis. 
We examined the expression of key genes using quanti-
tative polymerase chain reaction. Human activated PGC-
derived cells upregulate genes for oogonia and gonocytes 
(DAZL and DDX4) and meiosis (SYCP3 and REC8) 
(Fig. 5A and Table 1). This gene expression leads to the 
generation of oogonia, which are a state responding to 
the signal for meiotic entry and the preparation for mei-
otic recombination. Immunohistochemistry showed that 
chromosome pairing and crossover occurred (Fig.  5B), 
indicating the occurrence of meiosis. The karyotypes of 
the mixture of human activated PGCs and fetal somatic 
cells were analyzed. In all 50 mitotic phases, 2 haploid 
karyotypes were found (Fig.  5C), indicating the com-
pletion of meiosis. We then expanded the sample size. 
Five hundred mitotic phases were further analyzed, and 
16 haploid karyotypes were found. The ratio of trans-
formation from mitosis to meiosis was 3.2%. Based on 
these results, we confirmed that human activated PGC-
derived oogonia displayed a state of meiotic recombina-
tion, resumed meiosis, and completed meiosis following 
in vitro activation and in vivo maturation.

Discussion
Herein, human PGCs and oogonia were efficiently 
induced from iPSCs on feeder cells. Next, dormant PGCs 
or oogonia resumed meiosis and then differentiated 
into primary oocytes through the in  vitro activation of 
the Wnt signaling pathway. Finally, we developed a new 
coculture system by reconstructing human ovarian nests 
in  vitro using human embryonic ovarian somatic cells 
to facilitate the differentiation of oocytes. Our results 
show that the codifferentiated human activated PGCs in 
the reconstructed human ovarian nests resumed meio-
sis and differentiation into primary oocytes. These find-
ings established a new strategy for germline competence 
in primary oocytes and provided a critical step toward 
human in vitro and in vivo gametogenesis.

The induction differentiation of human germ cells from 
human ESCs/iPSCs has been previously reported [27, 
28]. However, there were several weaknesses in these 
studies. Inductive differentiation was often inefficient, 
the induced cells were poorly characterized, and it was 
difficult or impossible to monitor the differentiation 
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Fig. 4  In vitro activation of dormant human PGCs/oogonia overcomes meiosis phase arrest through the Wnt signaling pathway. A Percentage of 
SYCP3-mkate2-positive cells among human PGCs/oogonia treated with the GSK3 inhibitor was 8.2 ± 1.32%, while few cells were mkate2-positive. B 
Activated PGCs aggregated with human fetal gonad somatic cells differentiated into SCP3-positive meiocytes, in contrast to the pseudoaggregates 
formed from only human gonad somatic cells that showed no SCP3 meiocytes and were used as a negative control. B-1: Negative control; B-2: 
magnifications of the negative control; B-3: positive control; and B-4: magnifications of the negative control. C Expression of DDX4 in the ovary 
reconstituted with a mixture of human activated PGCs and fetal somatic cells. D Increased relative expression levels of SP3 and Dmc1 in PGCs 
induced from HEF-iPSCs. D Gene expression of GSK-3β, β-catenin, CDK1, Cyclin B1, SYCP3 and REC8 in the activated group and nonactivated group. E 
Proposed effect of the Wnt signaling pathway on meiotic resumption and progression in the differentiation of PGCs/oogonia
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process in human PGC specification. In our culture sys-
tem, a higher efficiency of PGC induction from iPSCs 
was achieved in the feeder group.

Dormant human PGCs/oogonia resumed meiosis after 
stimulation of the Wnt pathway. The transformation 
from mitosis to meiosis is an important molecular event 
for successful in vitro gametogenesis from human PSCs. 
The mechanisms of meiosis resumption at the oogo-
nium stage after differentiation into PGCs have not been 
clearly explained, although some studies have reported 

that dormant human PGCs/oogonia passed through the 
development bottleneck and entered the meiosis phase 
following stimulation of the AKT and mTOR signaling 
pathways [29]. Our results showed that the activation of 
the Wnt signaling pathway by regulating the expression 
of the CDK1/CyclinB1 complex via GSK-3β could cause 
cells to resume meiosis. Future studies are underway 
and will lead to a better understanding of the molecular 
mechanisms of human oocyte development.

Fig. 5  Human activated PGC-derived oogonia displayed a state of meiotic recombination and resumed meiosis. A Human activated PGC-derived 
cells upregulated genes for oogonia and gonocytes (DAZL and DDX4) and genes for meiosis (SYCP3 and REC8). B In all 50 mitotic phases, 2 haploid 
karyotypes were found. C Chromosome pairing and crossover occurred in the mixture of human activated PGCs/oogonia and fetal somatic cells 
after transplantation into the ovarian nests of SCID mice

Table 1  The primer sequences for the up-regulate genes for oogonia and gonocytes in this study are listed

Gene Forward primer Reverse primer

DAZL TTT​TTG​TCT​TTG​TTG​GAG​TGA​AGC​A ACA​GTA​TCA​GCA​ATA​GGC​AGA​AGC​A

DDX4 ACT​GAT​ACA​AAT​GGT​GTT​AAC​TGG​GA AAA​CAT​GTC​TAA​GCC​CCC​TAA​AGA​A

SYCP3 CTT​CCA​TGA​AAC​AGC​AGC​AGCA​ GGT​TCA​AGT​TCT​TTC​TTC​AAA​GAG​TCA​

REC8 CCC​TCT​CCT​CGC​CTC​TTG​ACCA​ GAA​TCT​GGG​CCC​CGG​CTG​GAT​
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We developed a new coculture system by reconstruct-
ing ovarian nests in  vitro using human fetal ovarian 
somatic cells from an abortus to facilitate the differen-
tiation of oocytes. To explore the differentiation poten-
tial of human PGCs, allogeneic reconstituted ovaries 
were used to induce the differentiation of human PGCs 
by aggregation with mouse embryonic ovarian somatic 
cells [30]. Mouse embryonic ovarian somatic cells might 
not support such human germ cell differentiation pro-
cesses, particularly under suboptimal culture conditions. 
The allogeneic reconstituted ovary system might not be 
an efficient culture system for the further differentiation 
of human PGCs/oogonia into primary oocytes with the 
progression of meiotic prophase I or for the subsequent 
formation of primordial/primary follicles [30]. Therefore, 
the conditions and molecular mechanism of the differ-
entiation of human PGCs/oogonia into primary oocytes 
must be identified, requiring the use of human fetal ovar-
ian somatic cells to form isogeneic reconstituted human 
ovaries. In our study, human fetal ovarian somatic cells 
from an abortus were used to form IROvaries to facilitate 
the differentiation of human PGCs/oogonia into oocytes. 
Such an endeavor will be key to achieving human game-
togenesis in  vitro and in  vivo. Additionally, ovary orga-
noids and 3D printing are other ways to explore the 
differentiation of oocytes from human iPSCs.

Conclusion
Overall, we provided a robust approach for the stepwise 
differentiation of human iPSCs into oocytes in  vitro, 
which involves the transformation from mitosis to mei-
osis. Our exploration could facilitate the generation of 
haploid human oocytes in vitro and in vivo with the goal 
of treating infertility.
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