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ABSTRACT
Background: The mechanisms underlying human germ cell development and
infertility remain largely unknown due to bioethical issues and the shortage of
experimental materials. Therefore, an effective in vitro induction system of human
primordial germ-like cells (hPGCLCs) from human pluripotent stem cells (hPSC)
is in high demand. The current strategies used for the generation of hPGCLCs
are not only costly but also difficult to perform at a large scale, thereby posing
barriers to further research. In this study, we attempted to solve these problems by
providing a new 3D culture system for hPGCLC differentiation.
Methods: The efficiency and relative yield of a methylcellulose (MC)-based 3D
hPGCLC induction system were first compared with that of a conventional U96
system. Then, we examined the gene expression of germ cell marker genes and the
key epigenetic modifications of the EpCAM-/INTEGRINa6-high cells from the
3D MC induction system and the U96 system via quantitative PCR and
immunofluorescence. Finally, the reliability of the MC-based 3D hPGCLC induction
system was evaluated via the generation of induced pluripotent stem cells (iPSCs)
from the testicular cells of one patient with obstructive azoospermia (OA) and
followed by the subsequent differentiation of iPSCs into the germ cell lineage.
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Results: In the present study, we demonstrated that the 3D MC induction system
combined with low-cell attachment plates facilitated the generation of hPGCLCs at a
large scale. We found that the hPGCLCs generated via the MC system shared similar
characteristics to that via the U96 system in terms of the gene expression profiles,
germ cell-specific markers, epigenetic modification states and cellular states.
In addition, hPGCLCs from iPSCs derived from one OA patient were generated
with high efficiency via the present 3D MC induction system.
Discussion: The in vitro induction of hPGCLCs from human embryonic stem cells
(hESCs)/human induced pluripotent stem cells (hiPSCs) has significant implications
in exploring the underlying mechanisms of the origin and specification of hPGCs
and the epigenetic programming of the human germ line as well as treating male
infertility. Here, we developed a simple and efficient 3D induction system to generate
hPGCLCs from hESCs/hiPSCs at a large scale, which facilitated the study of human
germ cell development and stem cell-based reproductive medicine.

Subjects Cell Biology, Developmental Biology, Molecular Biology
Keywords Human primordial germ-like cells, Induction system, Methylcellulose, hESCs, hiPSCs,
Embryoids

INTRODUCTION
In mammals, including humans, the earliest germ cells are primordial germ cells (PGCs),
which are derived from early embryos. After a precise and complicated developmental
process, PGCs finally differentiate into spermatozoa or oocytes. Germ cells are crucial
for the transmission of genetic and epigenetic information to the next generation.
Therefore, defects in the germline may lead to infertility and other severe diseases
(Reik & Surani, 2015). Although 10–15% of couples are affected by infertility (Thonneau
et al., 1991), the mechanisms underlying human germ cell development and infertility
remain unknown mainly because of bioethical issues and the shortage of experimental
materials, such as human embryos. Accordingly, an effective in vitro human germ
cell induction system or disease model is in high demand and will not only facilitate an
understanding of human germline development but also provide a platform for treating
disorders arising from human germ cell defects (Nagamatsu & Hayashi, 2017).

Recently, based on the knowledge of the in vivo mouse primordial germ cell (mPGC)
specification, the in vitro mouse germ cell specification process was reconstituted
from pluripotent stem cells (PSCs). The mouse PSCs were first induced into pre-
gastrulation epiblast-like cells and then immediately differentiated into PGC-like cells
(PGCLCs), which possessed the developmental capability for both spermatogenesis and
oogenesis (Hayashi et al., 2011, 2012). As germ cell induction system can provide abundant
experimental materials, it has been utilized as a powerful platform to investigate the
regulatory networks and dynamic epigenetic modifications during mPGC specification
(Aramaki et al., 2013; Kurimoto et al., 2015; Murakami et al., 2016; Nakaki et al., 2013).
Furthermore, based on this induction system, sperm-like cells or mature oocytes were
generated in vitro through the PGCLCs derived from mouse ESCs/induced pluripotent
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stem cells (iPSCs) (Hikabe et al., 2016; Zhou et al., 2016). And human PGCLCs
human primordial germ-like cells (hPGCLCs) could also be induced from human PSCs
(Irie et al., 2015; Sasaki et al., 2015). By employing hPGCLC induction systems,
SOX17 and EOMES were identified to be critical factors for hPGCLC specification
(Chen et al., 2017; Irie et al., 2015; Kojima et al., 2017), indicating that hPGCLC induction
systems had great advantages in exploring the mechanisms underlying human germ
cell development.

Although the in vitro hPGCLC induction systems recapitulated the development of
hPGCs, some limitations still existed. During the induction of hPGCLCs, ultra-low cell
attachment U-bottom 96-well plates or other similar plates were needed to enable
the formation of embryoid bodies (EBs), followed by several days of suspension in
induction medium. These steps are labor-intensive and dramatically limit the scale of
hPGCLC production. On the other hand, many experiments are restricted for the
insufficient production of hPGCLCs, including the proteome analysis of the dynamics
of translation or the post-translation modification, which requires a large number
of hPGCLCs. Therefore, an alternative solution was to employ a 3D culture system
that allows more seeding cells to form embryonic bodies and thus saves both labor and
medium. Collagen, methylcellulose (MC), and polymeric hydrogel biomaterials in
combination with larger low-cell attachment plates were considered as the potential
approaches to generate EBs efficiently (Jiang et al., 2015; Kothapalli & Kamm, 2013;
Otsuji et al., 2014). However, whether they can be used to induce PGCLCs remains unclear.

Here, we reported a modified system to robustly generate hPGCLCs from human
pluripotent stem cells (hPSCs) at large scale, and the yielded hPGCLCs exhibited typical
gene expression and epigenetic modification profiles similar to that of human PGCs.
Our work allows for the establishment of a new large-scale hPGCLCs induction strategy
and has implications for deciphering the mechanisms underlying human germline
development.

MATERIALS AND METHODS
Culture of hPSCs
The human embryonic stem cell (hESC)/hiPSC lines (Fy-hES-3, Fy-hES-12, YiPS-1,
and YiPS-2) were cultured in feeder-free medium (CA1001500; PSCeasy�, CELLAPY,
Beijing, China) on Matrigel (354277; Corning Inc., Corning, NY, USA). Cell media were
changed daily. Cells were passaged every 5–7 days using ethylenediaminetetraacetic acid
(EDTA) (CA3001500; PSCeasy�, CELLAPY, Beijing, China).

Induction of iMeLCs and hPGLCs
The hESCs/human induced pluripotent stem cells (hiPSCs) on Matrigel were treated with
TrypLETM Express enzyme to enable their dissociation into single cells. The incipient
mesoderm-like cells (iMeLCs) were induced by plating 2.0 � 105 to 3.0 � 105 cells per
well of a human plasma fibronectin-coated 6-well plate in GK15 basal medium
(GMEM with 15% KSR, 0.1 mM NEAA, one mM sodium pyruvate, two mM L-glutamine,
and 0.1 mM 2-mercaptoethanol, all components purchased from Thermo Fisher

Wang et al. (2019), PeerJ, DOI 10.7717/peerj.6143 3/18

http://dx.doi.org/10.7717/peerj.6143
https://peerj.com/


(Waltham, MA USA) containing 50 ng/ml of ACTA (R&D Systems, Minneapolis,
MN, USA), three mM of CHIR99021 (TOCRIS, Bristol, UK), and 10 mM of a ROCK
inhibitor (Cat.1254/10; R&D Systems, Minneapolis, MN, USA).

The hPGCLCs were induced via two methods: one was the conventional method in the
ultra-low attachment surface round bottom 96-well plate (Cat. No.7007; Corning Inc.,
Corning, NY, USA), and the other was the new method, which added MC in the medium
in the 6-well low-cell-binding plate (Cat. No.150239; Thermo Fisher, Waltham, MA,
USA). With the first method, hPGCLCs were induced by planting 3.0� 103/100 ml iMeLCs
into a well of ultra-low attachment surface round bottom 96-well plate in GK15
basal medium with 500 ng/ml of BMP4 (Peprotech, Rocky Hill, NJ, USA), 100 ng/ml of
LIF (Peprotech, Rocky Hill, NJ, USA), 100 ng/ml of SCF (R&D Systems, Minneapolis,
MN, USA), 50 ng/ml of EGF (R&D Systems, Minneapolis, MN, USA), and 10 mM of the
ROCK inhibitor (Y27632; R&D Systems, Minneapolis, MN, USA), which was hPGCLC
medium. One day later, the EBs formed, and the old 50 ml medium was replaced
every 2 days. With the 3D MC based induction system, two ml of the 1:7 mixture of MC
and hPGCLCs medium was added into one well of 6-well low-cell-binding plate, and then,
5 � 103 to 10 � 103 total iMeLCs in one ml cell suspension were seeded in 0.35% MC
medium with 50–60 replicates. One well of 6-well plate was suitable for plating 4.0� 105 to
6.0 � 105 iMeLCs. After 1 day, the EBs formed. On the next day, the dead cells and the
cell debris were eliminated after centrifugations at 600 rpm for 1 min followed by
re-suspending the EBs with two ml fresh MC medium and plating into the well. Half of
the medium was replaced every 2 days.

Fluorescence-activated cell sorting
Day 4–8 EBs were washed in phosphate buffered saline (PBS) and dissociated with
0.25% trypsin/EDTA for 8–15 min at 37 �C. Dissociated cells were resuspended in
fluorescence-activated cell sorting (FACS) solution consisted of 2% (v/v) fetal bovine
serum in PBS. Samples were stained with APC-conjugated anti-human CD326 (EpCAM)
and BV421-conjugated anti-human/mouse CD49f (INTEGRINa6) for 15 min at 4 �C.
FACS analysis was performed using the FACS Calibur system (Becton Dickinson, Franklin
Lakes, NJ, USA).

Quantitative PCR
Total RNA was extracted from cells using Trizol (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Synthesis of cDNA for Q-PCR using
less than two mg of purified total RNA was performed as in the technical manual
using GoScriptTM Reverse Transcription System (Promega, Madison, WI, USA), and
the first-strand cDNAs were used for quantitative PCR analysis with 2 � RealStar
Green Fast Mixture (GenStar, Beijing, China) using LightCycler96TM system (Roche,
Basel, Switzerland). The gene expression levels were examined by calculating
DCt (in log2 scale) normalized to the average DCt values of ARBP. Error bars are
mean ± SD from two or three independent experiments. The primer sequences are
listed in Table S1.
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Immunofluorescence
Day 4 EBs induced from hESCs/hiPSCs were fixed in 4% paraformaldehyde in PBS for 1 h,
then washed twice in PBS and incubated with 30% sucrose for 1 h at 4 �C. The samples
then were embedded in OCT embedding matrix and stored at -80 �C. Subsequently,
samples were sliced into seven mm cryosections by a cryostat (Leica, Heidelberger,
Germany). Before immunofluorescence, slides with cryosections were air dried at room
temperature for at least 15 min. Next, the slides were incubated in blocking solution
(2% bovine serum albumin, 1� PBS) for 1 h at room temperature followed by incubation
with primary antibodies in blocking solution overnight at 4 �C. After washing with
PBS for three times, the slides were incubated with secondary antibodies in blocking
solution for 1 h at room temperature, washed three times with PBS again, and then
incubated with 10 mg/ml of Hoechst for 15 min at room temperature. The slides were then
washed twice with PBS before being mounted in anti-fading Mounting Medium
(Solarbio, Beijing, China) for confocal laser scanning microscope analysis (Carl Zeiss LSM
880, AxioObserver; Zeiss, Jena, Germany). For 5hmC staining, slides were subjected to
heat-induced epitope retrieval in antigen retrieval buffers (ZSGB-BIO, Beijing, China)
by a microwave oven. After retrieval, slides were cooled to room temperature and washed
in PBS for three times. For H3K9me2 and H3K27me3 staining, EpCAM-/INTEGRINa6-
high cells at day 4 of induction from Fy-hES-3 or YiPS were mixed with Fy-hES-3 or
YiPS, respectively, at a ratio of 1:1, spread onto poly-L-lysine-coated glass slides
(CITOGLAS; Citotest Labware Manufacturing Co., Jiangsu, China) by Cytospin4
(Thermo Fisher, Waltham, MA, USA) and fixed with 4% paraformaldehyde in PBS. The
slides were washed with PBS for three times, incubated in blocking solution for 1 h
and incubated with primary antibodies in blocking solution overnight. Primary antibodies
were listed as follows: Mouse anti-Oct-3/4 (1:400, sc-5279; Santa Cruz, Dallas, TX, USA),
Goat anti-Oct-3/4 (1:400, sc-5279; Santa Cruz, Dallas, TX, USA), Rabbit anti-Sox2
(1:500, Ab97959; Abcam, Cambridge, UK), Goat anti-Nanog (1:400, AF1997; R&D
Systems, Minneapolis, MN, USA), Mouse anti-SSEA4 (1:500, Abcam, Cambridge, UK),
Goat anti-Sox17 (1:200, AF1924; R&D Systems, Minneapolis, MN, USA), Rabbit anti-
AP-2c (1:400, sc-8977; Santa Cruz, Dallas, TX, USA), Rat anti-Blimp1 (1:200, 14-5963-82;
Thermo Fisher, Waltham, MA, USA), Mouse anti-H3K9me2 (1:500, Ab1220; Abcam,
Cambridge, UK), Mouse anti-H3K27me3 (1:500, Ab6002; Abcam, Cambridge, UK),
Anti-5hmc (1:400, 39769; Active Motif, Carlsbad, CA, USA). Images were obtained
with ZEISS LSM880 confocal microscope.

Image analysis
Analyses and quantifications were performed with ImageJ Software (1.51k). To quantify
the fluorescence intensity of H3K9me2 and H3K27me3 in the confocal images of
slides spread by Cytospin4, a custom workflow was designed in the ImageJ User Guide.
Briefly, each individual nucleus was selected based on its Hoechst signal. Nuclei that
overlapped with TFAP2C signals were defined as hPGCLCs, while the rest were defined as
hESCs/hiPSCs. The fluorescence intensities for the H3K9me2 and H3K27me3 of interest
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were then measured in the two populations of nuclei, and the distributions were
plotted in scatter plots. The fluorescence intensities of 5hmC of EBs sections were
measured based on the above workflow as well.

Inducing integration-free human induced pluripotent stem cells
The human testicular cells were obtained from an obstructive azoospermia (OA) patient.
During two or three culture passages, cells were transfected with an episomal vector
encoding six factors (Oct4, Sox2, Nanog, Lin28, Klf4, and L-MyC). After inducting in
N2B27 medium for 2 weeks, the samples showed distinct small colonies were picked
and expanded into PSCeasy Medium.

Karyotyping analyses and alkaline phosphatase staining
Human induced pluripotent stem cells were incubated with culture medium containing
100 ng/ml of colchicine (Sigma-Aldrich, St. Louis, MO, USA) for 8 h. Dissociated cells
were subjected to hypotonic treatment with 1% sodium citrate for 30 min at room
temperature, followed by fixation in Carnoy’s solution (3:1 mixture of methanol and
acetic acid) and dropped onto glass slides placed on a sheet of water-soaked paper.
Chromosomes were visualized by Giemsa staining. Images were captured on a Leica DM
6000 B microscope. Alkaline phosphatase (AP) staining was performed using the
Leukocyte AP kit (Sigma-Aldrich, St. Louis, MO, USA).

In vitro differentiation
For EB formation, YiPS cells were harvested by treating with collagenase IV. Cell clumps
were transferred to a well of 12-well low-cell-binding plate in DMEM/F12 Medium
containing 20% knockout serum replacement (KSR; Invitrogen, Carlsbad, CA, USA),
two mM L-glutamine, 0.1 mM 2-mercaptoethanol (Invitrogen, Carlsbad, CA, USA),
0.1 mM NEAA, and 0.5% penicillin and streptomycin. The medium was changed every
other day. After 8 days’ floating culture, EBs were transferred to Matrigel-coated plates and
cultured in the same medium for another 8–12 days. The RNA derived from plated
EBs cells was extracted for RT-PCR.

Teratoma formation
Human induced pluripotent stem cells were harvested by treating with collagenase IV.
About 2� 106 cells were suspended by 100 ml DF12 mixed with 50 ml Matrigel and injected
subcutaneously to dorsal flank of a severe combined immunodeficiency (SCID) mouse.
A total of 6–9 weeks after injection, tumors were dissected, weighed, and fixed with
Carnoys fixative. Paraffin-embedded tissues were sliced and stained with hematoxylin and
eosin. Sections were examined for the presence of tissue representatives of all three
germ layers.

Statistical analysis
For statistical analyses, the data of the fluorescence intensity of H3K9me2, H3K27me3, and
5hmC were analyzed by Mann–Whitney test and other data were analyzed by t-test.
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Quantitative results were expressed as the mean ± standard deviation (SD). Statistical
significance was reached when P < 0.05. �P < 0.05, ��P < 0.01, ���P < 0.001, ����P < 0.0001.

RESULTS
3D MC induction system facilitates hPGCLC differentiation
Methylcellulose is widely used in 3D culture for cell suspension and it could
significantly increase the yield of target cells and generate more mature cells or tissue types
(Jiang et al., 2015; Kothapalli & Kamm, 2013; Lee & Park, 2016; Otsuji et al., 2014).
Therefore, we aimed to test the efficiency of a MC-based 3D hPGCLC induction system.
Two male hESCs cell lines (Fy-hES-3 and Fy-hES-12, gifts from the Professor Yong Fan)
were used to induce hPGCLCs in the modified system (Fig. 1A). Both cell lines shared
similar cellular characteristics, and Fy-hES-3 was shown as a representative result.
The hESCs were efficiently differentiated into iMeLCs, in which classical pluripotency
markers including OCT4, NANOG, and SOX2 were expressed (Figs. S1A and S1B).
According to the previous report (Jiang et al., 2015), we initially adopted 0.35% MC
in PGCLC medium and found that it could effectively facilitate the iMeLCs in generating
solid EBs, from which a high ratio of EpCAM-/INTEGRINa6-high cells could be obtained.
In contrast, there were only adherent cells in the bottom of flat plate without MC and
much lower percentage of EpCAM-/INTEGRINa6-high cells was observed (Fig. 1B;
Figs. S1C and S1D). Compared to the original protocol, in which an ultra-low cell
attachment U-bottom 96-well was used for the formation of EBs in hPGCLC induction
(Sasaki et al., 2015), the hPGCLC induction efficiency in the 0.35% MC system was
elevated in day 4 EBs (Fig. 1C). The effect of different concentrations of MC on inducing
hPGCLCs was also tested, respectively. We found that 0.1% MC resulted in the decreased
and instable differentiation efficiency compared to that of 0.35% MC, whereas the
outcome of using 0.7% MC was similar to that of 0.35% MC (Figs. 1C and 1D). A little bit
higher ratio of EpCAM-/INTEGRINa6-high cells could be obtained from day 4 EBs to day
8 EBs in the MC group than the U96 group (Fig. 1E). However, there was no obvious
difference in the ratio of EpCAM-/INTEGRINa6-high cells at day 4 EBs via U96 method
and U96 with different concentrations of MC method (Fig. S1E). In addition, when
one ml cell suspensions containing 5 � 103 to 1 � 104 iMeLCs were used via 0.35% MC
method, the proper size of EBs and a little bit higher ratio of hPGCLCs were obtained.
In contrast, when more than 1.5� 104 iMeLCs were seeded, EBs with bigger diameter were
formed and decreased efficiency of hPGCLCs induction were observed (Fig. 1F).
Notably, the increase of induction efficiency was more obvious in the day 4 but decreased
in day 6 (Fig. 1G). In general, the numbers of hPGCLCs for one well of a 6-well plate
via MC system were nearly twice the numbers of hPGCLCs generated from a U96 plate
partially owing to more seeding cells in MC group without damaging the efficiency
(Fig. S1F). Furthermore, the induction yield of hPGCLCs from the MC group was
approximately 8–10 times higher than that of the U96 group at the same consumption
level of hPGCLC medium (Fig. 1H; Table 1). Therefore, the 3D MC induction
system combined with low cell attachment plates that had larger volume, such as
6-well plates, facilitated the generation of hPGCLCs at large scale.
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Figure 1 Evaluation of MC and ultra-low cell attachment U96 culture for hPGCLC differentiation.
(A) Flow chart of hPGCLC induction system based on 0.35% MC or U96 plate. (B) Bright field image of
hPGCLCs floating aggregates cultured in hPGCLC medium containing 0.35% MC at day 4. Scale bar,
500 mm. (C) FACS analysis of the ratio of EpCAM-/INTEGRINa6-high cells of the D4 EBs of Fy-hES-3
under different MC concentrations. (D) The effect of MC concentrations on the ratio of EpCAM-/
INTEGRINa6-high cells of the D4 EBs of Fy-hES-3. (E) FACS analysis of the proportion of EpCAM-/
INTEGRINa6-high cells during the hPGCLC induction (from day 4 to day 8) of Fy-hES-3. (F) The effect
of different numbers of iMeLCs per microliter seeding suspension medium on the proportion of
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The EpCAM-/INTEGRINα6-high cells from MC induction system
exhibited the transcriptional characteristics of hPGCLCs
Next, we examined the gene expression profiling of the EpCAM-/INTEGRINa6-high cells
from the 3D MC induction system. Q-PCR analysis showed that the gene expression
profiling of day 4 EpCAM-/INTEGRINa6-high cells from the MC group were highly
similar to that from the U96 group. Compared to iMeLCs, day 4 EpCAM-/INTEGRINa6-
high cells showed slightly elevated expressions of OCT4 and NANOG, whereas SOX2
exhibited a greatly decreased expression pattern. With respect to the genes related to naïve
pluripotency, ZFP42 and PRDM14 were downregulated, while KLF4 and ESRRB were
highly upregulated. hPGCLCs specification genes, including SOX17, BLIMP1, NANOS3,
and TFAP2C, were highly elevated in EpCAM-/INTEGRINa6-high cells, whereas
STELLA was slightly upregulated. In addition, a later PGC marker gene DAZL showed
downregulated expression. For endoderm or mesoderm marker genes, GATA4, T,
and EVX1 showed obvious elevated expression in EpCAM-/INTEGRINa6-high cells.
Activated in iMeLCs, NODAL was drastically downregulated. On the other hand,
DNMT3A and DNMT3B, de novo DNA methyltransferases associated with
DNA methylation in mammals, were downregulated markedly (Fig. 2A). Thus, the
gene expression patterns of PGCLCs from both groups were similar, which was consistent
with the previous study (Irie et al., 2015; Sasaki et al., 2015). Immunofluorescence analyses
confirmed the high ratio of SOX17-positive cells in EBs and the OCT4-positive cells
were also BLIMP1 and TFAP2C-positive cells (Fig. 2B). In addition, the ratio of
SOX17-positive cells of day 4 EBs of 3D MC group was significantly higher than that of
U96 group, which was consistent with the EpCAM/INTEGRINa6 FACS results
(Figs. 1G and 2C). In summary, these findings proved that EpCAM-/INTEGRINa6-high
cells from both groups shared a high similarity in terms of gene expression.

Figure 1 (continued)
EpCAM-/INTEGRINa6-high cells of day 4 EBs from Fy-hES-12. One microliter of cell suspensions
containing 5 � 103 to 2 � 104 iMeLCs were pipetted in hPGCLC medium containing 0.35% MC.
(G) Differentiation efficiencies were compared between U96 method and 0.35% MC method from
day 4 to day 6. �P < 0.05. (H) The relative yields of hPGCLCs at day 4 via 0.35% MC method and
U96 method, respectively. Left, the relative number of hPGCLCs from one U96 plate or one well of
the low-attachment 6-well plate; right, the relative number of hPGCLCs for one ml medium
consumption via U96 method and 0.35% MC method. Both of them were calculated at day 4 during
hPGCLC induction, and the number of hPGCLCs from U96 plate was set to 1 for reference. �P < 0.05.
Error bars, SD (n = 3 measurements). Full-size DOI: 10.7717/peerj.6143/fig-1

Table 1 The yields of hPGCLCs of day 4 EBs via U96 method and 3D MC method.

Methods Number of seeding cells
of one U96 plate or
one well of 6-well
plates from MC group

Number of hPGCLCs
of one U96 plate or
one well of 6-well plate
from MC group

Number of hPGCLCs
for each experiment
(3� U96 plates or
3� 6-well plates
from MC group)

The ratio of hPGCLCs
yield (MC group vs.
U96 group for each
experiment)

U96 3.5 � 105 ∼5 � 104 15 � 104 ∼9.6
MC 5.0 � 105 ∼8 � 104 144 � 104
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hPGCLCs from 3D MC group exhibited key epigenetic properties and
cellular characteristics similar to that from U96 group
To further confirm the identity of hPGCLCs, the epigenetic properties of hPGCLCs
induced from the 3D MC group and U96 group were then evaluated. Compare to hESCs,
the immunofluorescence analysis of day 4 hPGCLCs marked by TFAP2C was shown to
have reduced H3K9me2 expression level and elevated H3K27me3 expression level
(Fig. 3A). In addition, hPGCLCs exhibited an elevated expression level of 5hmC compare
to that of hESCs (Fig. 3B). We next compared cellular viability, proliferation, apoptosis,
and cell cycle of EBs between the U96 group and 3D MC group. The cellular viability
of EBs could be estimated by the percentages of P1 gates (FSC/SSC) in FACS plot
(Sasaki et al., 2015). FACS analysis of day 4 EBs showed that the percentages of P1 gates
had no difference (73.0% vs. 75.5%) in two groups, and the ratio of P1 gates in day 6 EBs

Figure 2 Similar gene expression profile and germ cell-specific protein level of hPGCLCs generated
via 0.35% MC method and U96 method. (A) Quantitative analysis of the expression of specific genes in
EpCAM-/INTEGRINa6-high cells (day 4) via U96 method and 0.35% MC method, respectively. The
error bars represent mean ± SD with three biological replicates (white, iMeLC; green, U96; red, MC).
(B) Immunofluorescence analysis of OCT4, TFAP2C, BLIMP1, and SOX17 on day 4 embryoids from
0.35% MC method and U96 method. The nuclei were stained with Hoechst (left). Scale bars, 20 mm.
(C) The proportion of Sox17 (+) cells at day 4 EBs via 0.35% MC method and U96 method (right); gray,
U96; dark green, 0.35% MC; ��P < 0.01. Full-size DOI: 10.7717/peerj.6143/fig-2
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maintained the same pattern (Fig. 3C). The cell cycle also had no difference between
both groups (Fig. 3D). Moreover, 7-AAD and Annexin V could be used to distinguish
viable, early apoptotic, and late apoptotic/dead cells in flow cytometry (Kim et al., 2011).

Figure 3 Epigenetic properties and cellular states of hPGCLCs generated via 0.35% MC method
and U96 method. (A) Immunostaining of H3K9me2 and H3K27me3 of EpCAM-/INTEGRINa6-
high cells from U96 (i, ii) or 0.35% MC (iii, iv) and the quantification of relative fluorescence intensity.
����P < 0.0001. Scale bars, 20 mm. (B) Immunostaining for 5hmC of EpCAM-/INTEGRINα6-high cells
from U96 or 0.35% MC and the quantification of relative fluorescence. ���P < 0.001, ����P < 0.0001. Scale
bar, 20 mm. (C) FACS analysis of cells in the P1 gates (living cells) of day 4 EBs from U96 or 0.35%MC and
the statistics for ratios of P1 gates of day 4 and day 6 EBs from U96 or 0.35%MC. At least four independent
experiments were performed. (D) FACS analysis of the cell cycle states of day 4 EBs from U96 and MC.
(E) FACS analysis of the apoptosis of day 4 EBs from U96 and 0.35% MC using 7AAD and Annexin V.
(F) Immunostaining of TFAP2C and Ki67 of day 4 EBs from U96 or 0.35% MC and the statistics for ratios
of Ki67 positive or negative cells in hPGCLCs (marked by TFAP2C). Scale bar, 20 mm.

Full-size DOI: 10.7717/peerj.6143/fig-3
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We found that the day 4 EBs from MC group revealed a decreased ratio of apoptosis,
including early- and late-stage apoptosis via FACS analysis with 7-AAD and Annexin V
(Fig. 3E). Antigen Ki-67 is a nuclear protein that is associated with and may be necessary
for cellular proliferation. Immunofluorescence analyses exhibited that the ki-67
positive cells accounted for similar percentages (18%) of germ cells, marked by TFAP2C, in
EBs for both U96 and MC groups, suggesting that hPGCLCs in EBs under two conditions
had similar proliferation capacity (Fig. 3F). Thus, EBs from the MC group showed a
high quality by exhibiting a decreased percentage of apoptosis. In summary, hPGCLCs
from 3DMCmethod showed similar epigenetic properties and cellular characteristics with
that from U96 method.

hPGCLCs derived from hiPSCs were generated in 3D MC induction
system
To test the utility of the MC-based 3D hPGCLC induction, iPSCs were generated and
further induced to germ cells lineage in vitro. Two hiPSC lines (named YiPS-1, YiPS-2)
were induced from somatic cells of testes (donated by one patient with OA) by the
ectopic expression of an episomal vector containing six factors (Oct4, Sox2, Nanog, Lin28,
Klf4, and L-MyC) (Fig. 4A; Fig. S2A). hiPSC clones were positive for AP staining
(Fig. S2B). PCR analysis of oriP and EBNA-1 in two hiPSC lines (YiPS-1 and YiPS-2)
revealed the episomal vector was absent in the yielded hiPSCs (Fig. S2C). Since both
hiPSC lines shared similar results, Yips-1 was shown as a representative for later
experiments. Karyotype analysis of YiPS-1 showed 46/XY that excluded the chromosome
abnormality (Fig. S2D). Q-PCR results showed YiPS cells expressed typical pluripotent
marker genes, such as OCT4, SOX2, NANOG, REX1, and DPPA3 (developmental
pluripotency-associated 3) at levels similar to that of hESC H9 (Fig. S2E). Immunostaining
results further confirmed that YiPS cells expressed key human pluripotent markers,
including OCT4, SOX2, and SSEA4 (Fig. S2F). To determine the differentiation ability of
YiPS cells in vitro, iPSCs were differentiated into EBs. YiPS cells formed EBs in
suspension culture for 8 days in low-cell-binding plate (Fig. S3A). Then the EBs were
transferred to Matrigel-coated plates for 8 days and attached cells on Matrigel showed
epithelial morphologies (Fig. S3B) or other types of morphologies (data not shown).
RT-PCR analysis showed that these differentiated cells on Matrigel expressed AFP
(Alpha-fetoprotein, endoderm), SOX17 (SRY-box containing gene 17, endoderm), MSX1
(Msh homeobox 1, mesoderm), and MAP2 (Microtubule-associated protein 2, ectoderm)
(Fig. S3C). Teratomas were observed after YiPS cells were subcutaneously injected
into SCID mice at week 6. Haematoxylin and eosin-stain analysis showed that the
teratomas contained all three embryonic germ layers including the ectoderm, mesoderm,
and endoderm (Fig. S3D).

Then, the YiPS-1 cells were induced to hPGCLCs with a 3D MC induction protocol.
The iMeLCs showed a similar morphology to that of hESCs (Fy-hES-3) and expressed
pluripotency markers, such as OCT4, NANOG, and SOX2 (Figs. S4A and S4B).
The hiPSCs efficiently differentiated into hPGCLCs, both in the U96 group and 3D MC
group (Fig. 4B). Q-PCR analysis showed that hPGCLCs derived from two groups
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Figure 4 High induction efficiency of hPGCLCs from hiPSCs via MC method. (A) Flow chart of the
iPSC induction from the testicular cells of one OA patient and hPGCLC differentiation from hiPSCs via
U96 method or MC method, respectively. (B) FACS analysis of the expression of EpCAM and
INTEGRINa6 during the hPGCLC induction (at day 4) via U96 method and 0.35% MC method,
respectively. (C) Quantitative gene expression analyses of specific genes in the iMeLCs and EpCAM-/
INTEGRINa6-high cells generated via U96 method and 0.35% MC method, respectively. The error bars
represent mean ± SD with at least two biological replicates. (D) Immunostaining of OCT4, TFAP2C and
SOX17 on day 4 EBs from 0.35% MC and U96. The nuclei were stained with Hoechst. Scale Bars, 20 mm.
(E and F) Immunostaining of H3K9me2, H3K27me3 (E) and 5hmC (F) in the EpCAM-/INTEGRINa6-
high cells generated via U96 method or 0.35% MC method, respectively and the quantification of relative
fluorescence intensity. ���P < 0.001, ����P < 0.0001. Scale bars, 20 mm.

Full-size DOI: 10.7717/peerj.6143/fig-4

Wang et al. (2019), PeerJ, DOI 10.7717/peerj.6143 13/18

http://dx.doi.org/10.7717/peerj.6143/fig-4
http://dx.doi.org/10.7717/peerj.6143
https://peerj.com/


had a similar gene expression pattern, which was consistent with that of Fy-hES-3.
Compared to iMeLCs, hPGCLCs had elevated expression levels of OCT4, NANOG, and
KLF4, reduced expression of PRDM14 and SOX2, and upregulated expression of
genes specifically involved in hPGCLC specification, such as SOX17, BLIMP1, TFAP2C,
and NANOS3 (Fig. 4C). Immunofluorescence analyses further confirmed the expression
of OCT4, TFAP2C, and SOX17 in EBs (Fig. 4D). In contrast to hiPSCs, hPGCLCs
exhibited lower level of H3K9me2 and higher level of H3K27me3, which were consistent
with results from hPGCLCs of Fy-hES-3 (Figs. 3A and 4E). The TFAP2C-positive cells
showed a high level of 5hmC compared with that of TFAP2C negative cells (Fig. 4F).
The EBs derived from YiPS-1 cells in MC group had similar cell cycle and decreased rate
of apoptosis compared to EBs in U96 group (Figs. S4C and S4D). The relative induction
yield of hPGCLCs from YiPS-1 cells in the MC condition was about eight times
higher than that of the U96 group (Fig. S4E). In summary, about 20% EpCAM-/
INTEGRINa6-high cells were induced from YiPS-1 cells via 0.35% MC method and these
cells shared the characteristics of hPGCLCs including the gene expression pattern and
epigenetic modification.

DISCUSSION
The success in obtaining hPGCLCs from hPSCs provides us with a model to recapitulate
the processes of hPGCLC specification and maintenance. However, unlike mPGCLCs,
which can further form functional spermatozoa or germinal vesicle-stage oocytes in vivo
or in vitro, hPGCLCs do not show this potential due to several challenges, such as the
potential of tumour formation risk after in vivo transplantation or the limitation of
materials such as somatic cells from human gonads for in vitro gamete differentiation.
On the other hand, the mechanisms underlying human PGC specification were largely
unknown. Although differential gene expression analysis, especially transcriptome,
has provided important clues to identify the essential transcription factors during hPGCLC
induction such as SOX17 and EOMES (Irie et al., 2015; Kojima et al., 2017), it is still
far from figuring out the detailed mechanisms underlying germ cells specification.
Further omic studies should be performed such as proteomics and ATAC-seq, which
required a large number of hPGCLCs (Gao et al., 2017; Guo et al., 2017). Therefore, the
efficient generation of hPGCLCs at large scale would facilitate the investigations of in vitro
gamete differentiation from hPSCs and the regulatory mechanisms of hPGC/hPGCLC
specification.

Although ultra-low cell attachment U-bottom 96-well plates or other similar plates have
been widely used to enable the generation of EBs during the induction of hPGCLCs,
this strategy restricts the seeding density of cells (3� 105 to 4� 105 cells for an U96 plate)
and increase the medium consumption. The process is therefore costly and labor
intensive, which are not compatible with producing hPGCLCs at large scale. To generate
hPGCLCs via an economic and scalable way, we employed MC to aggregate
dissociated iMeLCs to produce floating EBs, in which hPGCLCs were induced effectively.
Compared with the U96 method, we obtained a higher relative yields ratio of hPGCLCs
via MC-based strategy gene expression levels including key germ cell markers and

Wang et al. (2019), PeerJ, DOI 10.7717/peerj.6143 14/18

http://dx.doi.org/10.7717/peerj.6143/supp-5
http://dx.doi.org/10.7717/peerj.6143/supp-5
http://dx.doi.org/10.7717/peerj.6143/supp-5
http://dx.doi.org/10.7717/peerj.6143
https://peerj.com/


epigenetic properties of hPGCLCs from the MC method are similar to hPGCLCs from the
U96 system. In addition, the aggregates from the MC method showed similar cell viability
states, cell cycle and proliferation capacity, and decreased rate of apoptosis compared
to the aggregates from the U96 method. On the other hand, the MC method could be used
to the induction of hPGCLCs from iPSCs, implying the potential clinical application value.
It should be noted that our MC method depends on iMeLCs from a 2D condition,
and it can be anticipated that a further elevated yield of hPGCLCs could be achieved
after optimizing the culture system by performing the whole induction process from
hPSCs to hPGCLCs in a 3D condition.

CONCLUSIONS
Here, we developed a simple and efficient 3D induction system to generate hPGCLCs
from hPSC at large scale. These hPGCLCs showed similar critical characteristics of those
from the conventional U96 protocol, including gene expression, germ cell markers, and
epigenetic properties. Furthermore, we generated iPSCs and then differentiated them
into hPGCLCs efficiently, which indicated both human ESCs and iPSCs could efficiently
differentiate into hPGCLCs at large scale by our new 3D system.

ACKNOWLEDGEMENTS
We are grateful to Dr. Yong Fan for providing us with the human ESC lines Fy-hES-3
and Fy-hES-12. We thank all members of the Group for Stem Cell and Regenerative
Medicine for discussion and help. We also appreciate help from Beckman Coulter Inc.
for the FACS sorting.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Basic Research Programs of China
(No. 2017YFA0105001 and 2016YFC1000606), the National Natural Science
Foundation Project (No. 31671544 and 31371506) and the Key Research & Development
Program of Guangzhou Regenerative Medicine and Health Guangdong Laboratory
(No. 018GZR110104002). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Basic Research Programs of China: 2017YFA0105001 and 2016YFC1000606.
National Natural Science Foundation: 31671544 and 31371506.
Key Research & Development Program of Guangzhou Regenerative Medicine and
Health Guangdong Laboratory: 018GZR110104002.

Competing Interests
The authors declare that they have no competing interests.

Wang et al. (2019), PeerJ, DOI 10.7717/peerj.6143 15/18

http://dx.doi.org/10.7717/peerj.6143
https://peerj.com/


Author Contributions
� Xiaoman Wang performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

� Tingting Liao performed the experiments, contributed reagents/materials/analysis tools,
authored or reviewed drafts of the paper, approved the final draft.

� Cong Wan performed the experiments, authored or reviewed drafts of the paper,
approved the final draft.

� Xiaoyu Yang performed the experiments, contributed reagents/materials/analysis tools,
authored or reviewed drafts of the paper, approved the final draft.

� Jiexiang Zhao performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

� Rui Fu performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the paper, approved the final draft.

� Zhaokai Yao performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

� Yaping Huang performed the experiments, authored or reviewed drafts of the paper,
approved the final draft.

� Yujia Shi performed the experiments, authored or reviewed drafts of the paper, approved
the final draft.

� Gang Chang analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, approved the final draft.

� Yi Zheng performed the experiments, authored or reviewed drafts of the paper,
approved the final draft.

� Fang Luo prepared figures and/or tables, authored or reviewed drafts of the paper,
approved the final draft.

� Zhaoting Liu prepared figures and/or tables, authored or reviewed drafts of the paper,
approved the final draft.

� Yu Wang conceived and designed the experiments, contributed reagents/materials/
analysis tools, authored or reviewed drafts of the paper, approved the final draft.

� Xinliang Mao conceived and designed the experiments, contributed reagents/
materials/analysis tools, authored or reviewed drafts of the paper, approved the final draft.

� Xiao-Yang Zhao conceived and designed the experiments, contributed reagents/materials/
analysis tools, authored or reviewed drafts of the paper, approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All experiments were approved by the Southern Medical University ethics committee
(00125817).

Data Availability
The following information was supplied regarding data availability:

The raw data has been supplied as a Supplementary File.

Wang et al. (2019), PeerJ, DOI 10.7717/peerj.6143 16/18

http://dx.doi.org/10.7717/peerj.6143#supplemental-information
http://dx.doi.org/10.7717/peerj.6143
https://peerj.com/


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.6143#supplemental-information.

REFERENCES
Aramaki S, Hayashi K, Kurimoto K, Ohta H, Yabuta Y, Iwanari H, Mochizuki Y, Hamakubo T,

Kato Y, Shirahige K, Saitou M. 2013. A mesodermal factor, T, specifies mouse germ cell
fate by directly activating germline determinants. Developmental Cell 27(5):516–529
DOI 10.1016/j.devcel.2013.11.001.

Chen D, Liu W, Lukianchikov A, Hancock GV, Zimmerman J, Lowe MG, Kim R, Galic Z,
Irie N, Surani MA, Jacobsen SE, Clark AT. 2017. Germline competency of human
embryonic stem cells depends on eomesodermin. Biology of Reproduction 97(6):850–861
DOI 10.1093/biolre/iox138.

Gao Y, Liu X, Tang B, Li C, Kou Z, Li L, Liu W, Wu Y, Kou X, Li J, Zhao Y, Yin J,
Wang H, Chen S, Liao L, Gao S. 2017. Protein expression landscape of mouse embryos
during pre-implantation development. Cell Reports 21(13):3957–3969
DOI 10.1016/j.celrep.2017.11.111.

Guo J, Grow EJ, Yi C, Mlcochova H, Maher GJ, Lindskog C, Murphy PJ, Wike CL, Carrell DT,
Goriely A, Hotaling JM, Cairns BR. 2017. Chromatin and single-cell RNA-seq profiling
reveal dynamic signaling and metabolic transitions during human spermatogonial stem cell
development. Cell Stem Cell 21(4):533–546.e6 DOI 10.1016/j.stem.2017.09.003.

Hayashi K, Ogushi S, Kurimoto K, Shimamoto S, Ohta H, Saitou M. 2012. Offspring from
oocytes derived from in vitro primordial germ cell-like cells in mice. Science 338(6109):971–975
DOI 10.1126/science.1226889.

Hayashi K, Ohta H, Kurimoto K, Aramaki S, Saitou M. 2011. Reconstitution of the mouse
germ cell specification pathway in culture by pluripotent stem cells. Cell 146(4):519–532
DOI 10.1016/j.cell.2011.06.052.

Hikabe O, Hamazaki N, Nagamatsu G, Obata Y, Hirao Y, Hamada N, Shimamoto S,
Imamura T, Nakashima K, SaitouM, Hayashi K. 2016. Reconstitution in vitro of the entire cycle
of the mouse female germ line. Nature 539(7628):299–303 DOI 10.1038/nature20104.

Irie N, Weinberger L, Tang WW, Kobayashi T, Viukov S, Manor YS, Dietmann S, Hanna JH,
Surani MA. 2015. SOX17 is a critical specifier of human primordial germ cell fate.
Cell 160(1–2):253–268 DOI 10.1016/j.cell.2014.12.013.

Jiang B, Xiang Z, Ai Z, Wang H, Li Y, Ji W, Li T. 2015. Generation of cardiac spheres from
primate pluripotent stem cells in a small molecule-based 3D system. Biomaterials 65:103–114
DOI 10.1016/j.biomaterials.2015.06.024.

Kim KK, Singh RK, Strongin RM, Moore RG, Brard L, Lange TS. 2011. Organometallic iron
(III)-salophene exerts cytotoxic properties in neuroblastoma cells via MAPK activation and
ROS generation. PLOS ONE 6(4):e19049 DOI 10.1371/journal.pone.0019049.

Kojima Y, Sasaki K, Yokobayashi S, Sakai Y, Nakamura T, Yabuta Y, Nakaki F, Nagaoka S,
Woltjen K, Hotta A, Yamamoto T, Saitou M. 2017. Evolutionarily distinctive transcriptional
and signaling programs drive human germ cell lineage specification from pluripotent stem cells.
Cell Stem Cell 21(4):517–532e5 DOI 10.1016/j.stem.2017.09.005.

Kothapalli CR, Kamm RD. 2013. 3D matrix microenvironment for targeted differentiation of
embryonic stem cells into neural and glial lineages. Biomaterials 34(25):5995–6007
DOI 10.1016/j.biomaterials.2013.04.042.

Wang et al. (2019), PeerJ, DOI 10.7717/peerj.6143 17/18

http://dx.doi.org/10.7717/peerj.6143#supplemental-information
http://dx.doi.org/10.7717/peerj.6143#supplemental-information
http://dx.doi.org/10.1016/j.devcel.2013.11.001
http://dx.doi.org/10.1093/biolre/iox138
http://dx.doi.org/10.1016/j.celrep.2017.11.111
http://dx.doi.org/10.1016/j.stem.2017.09.003
http://dx.doi.org/10.1126/science.1226889
http://dx.doi.org/10.1016/j.cell.2011.06.052
http://dx.doi.org/10.1038/nature20104
http://dx.doi.org/10.1016/j.cell.2014.12.013
http://dx.doi.org/10.1016/j.biomaterials.2015.06.024
http://dx.doi.org/10.1371/journal.pone.0019049
http://dx.doi.org/10.1016/j.stem.2017.09.005
http://dx.doi.org/10.1016/j.biomaterials.2013.04.042
http://dx.doi.org/10.7717/peerj.6143
https://peerj.com/


Kurimoto K, Yabuta Y, Hayashi K, Ohta H, Kiyonari H, Mitani T, Moritoki Y, Kohri K,
Kimura H, Yamamoto T, Katou Y, Shirahige K, Saitou M. 2015. Quantitative dynamics of
chromatin remodeling during germ cell specification from mouse embryonic stem cells.
Cell Stem Cell 16(5):517–532 DOI 10.1016/j.stem.2015.03.002.

Lee W, Park J. 2016. 3D patterned stem cell differentiation using thermo-responsive
methylcellulose hydrogel molds. Scientific Reports 6(1):29408 DOI 10.1038/srep29408.

Murakami K, Gunesdogan U, Zylicz JJ, TangWWC, Sengupta R, Kobayashi T, Kim S, Butler R,
Dietmann S, Surani MA. 2016. NANOG alone induces germ cells in primed epiblast in vitro
by activation of enhancers. Nature 529(7586):403–407 DOI 10.1038/nature16480.

Nagamatsu G, Hayashi K. 2017. Stem cells, in vitro gametogenesis and male fertility. Reproduction
154(6):F79–F91 DOI 10.1530/REP-17-0510.

Nakaki F, Hayashi K, Ohta H, Kurimoto K, Yabuta Y, SaitouM. 2013. Induction of mouse germ-cell
fate by transcription factors in vitro. Nature 501(7466):222–226 DOI 10.1038/nature12417.

Otsuji TG, Bin J, Yoshimura A, Tomura M, Tateyama D, Minami I, Yoshikawa Y, Aiba K,
Heuser JE, Nishino T, Hasegawa K, Nakatsuji N. 2014. A 3D sphere culture system containing
functional polymers for large-scale human pluripotent stem cell production. Stem Cell Reports
2(5):746 DOI 10.1016/j.stemcr.2014.04.013.

ReikW, Surani MA. 2015. Germline and pluripotent stem cells. Cold Spring Harbor Perspectives in
Biology 7(11):a019422 DOI 10.1101/cshperspect.a019422.

Sasaki K, Yokobayashi S, Nakamura T, Okamoto I, Yabuta Y, Kurimoto K, Ohta H, Moritoki Y,
Iwatani C, Tsuchiya H, Nakamura S, Sekiguchi K, Sakuma T, Yamamoto T, Mori T,
Woltjen K, Nakagawa M, Yamamoto T, Takahashi K, Yamanaka S, Saitou M. 2015.
Robust in vitro induction of human germ cell fate from pluripotent stem cells. Cell Stem Cell
17(2):178–194 DOI 10.1016/j.stem.2015.06.014.

Thonneau P, Marchand S, Tallec A, Ferial ML, Ducot B, Lansac J, Lopes P, Tabaste JM,
Spira A. 1991. Incidence and main causes of infertility in a resident population
(1,850,000) of three French regions (1988–1989). Hum Reprod 6(6):811–816
DOI 10.1093/oxfordjournals.humrep.a137433.

Zhou Q, Wang M, Yuan Y, Wang X, Fu R, Wan H, Xie M, Liu M, Guo X, Zheng Y, Feng G,
Shi Q, Zhao XY, Sha J, Zhou Q. 2016. Complete meiosis from embryonic stem cell-derived
germ cells in vitro. Cell Stem Cell 18(3):330–340 DOI 10.1016/j.stem.2016.01.017.

Wang et al. (2019), PeerJ, DOI 10.7717/peerj.6143 18/18

http://dx.doi.org/10.1016/j.stem.2015.03.002
http://dx.doi.org/10.1038/srep29408
http://dx.doi.org/10.1038/nature16480
http://dx.doi.org/10.1530/REP-17-0510
http://dx.doi.org/10.1038/nature12417
http://dx.doi.org/10.1016/j.stemcr.2014.04.013
http://dx.doi.org/10.1101/cshperspect.a019422
http://dx.doi.org/10.1016/j.stem.2015.06.014
http://dx.doi.org/10.1093/oxfordjournals.humrep.a137433
http://dx.doi.org/10.1016/j.stem.2016.01.017
http://dx.doi.org/10.7717/peerj.6143
https://peerj.com/

	Efficient generation of human primordial germ cell-like cells from pluripotent stem cells in a methylcellulose-based 3D system at large scale ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


