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Abstract: Human pluripotent stem cells (hPSCs) are not only a promising tool to investigate dif-
ferentiation to many cell types, including the germline, but are also a potential source of cells to
use for regenerative medicine purposes in the future. However, current in vitro models to generate
human primordial germ cell-like cells (hPGCLCs) have revealed high variability regarding differen-
tiation efficiency depending on the hPSC lines used. Here, we investigated whether differences in
X chromosome inactivation (XCI) in female hPSCs could contribute to the variability of hPGCLC
differentiation efficiency during embryoid body (EB) formation. For this, we first characterized the
XCI state in different hPSC lines by investigating the expression of XIST and H3K27me3, followed
by differentiation and quantification of hPGCLCs. We observed that the XCI state did not influence
the efficiency to differentiate to hPGCLCs; rather, hPSCs derived from cells isolated from urine
showed an increased trend towards hPGCLCs differentiation compared to skin-derived hPSCs. In
addition, we also characterized the XCI state in the generated hPGCLCs. Interestingly, we observed
that independent of the XCI state of the hPSCs used, both hPGCLCs and soma cells in the EBs
acquired XIST expression, indicative of an inactive X chromosome. In fact, culture conditions for EB
formation seemed to promote XIST expression. Together, our results contribute to understanding
how epigenetic properties of hPSCs influence differentiation and to optimize differentiation methods
to obtain higher numbers of hPGCLCs, the first step to achieve human in vitro gametogenesis.

Keywords: X chromosome inactivation; pluripotent stem cells; primordial germ cells; differentiation;
embryoid bodies; human

1. Introduction

Human pluripotent stem cells (hPSCs), such as human embryonic stem cells (hESC)
and induced pluripotent stem cells (hiPSC), can be maintained in culture for long periods
of time while preserving their pluripotency, self-renewal characteristics and the potential
to differentiate to virtually all cell types of the body [1,2]. This potential enables tremen-
dous opportunities in regenerative medicine, biomedical applications, and developmental
biology research. However, hPSC lines maintained in culture can display (epi)genetic
instabilities, significantly impeding differentiation outcomes [3,4]. Female hPSCs are sub-
jected to greater repercussions of epigenetic instability due to the fact that they contain
two X chromosomes and rely on a process known as X chromosome inactivation (XCI)
to achieve dosage compensation [5,6]. XCI ensures the balance of X chromosome-linked
genes between males and females by inactivating more than 1000 genes on the inactivated
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X chromosome (Xi), while a few manage to escape XCI. The Xi forms a compact mass of
DNA usually present at the periphery of the nucleus, also known as the Barr body [7].

Interestingly, the mechanism of XCI in mice and humans is not fully understood,
but it is clear that several important molecular players, such as long-noncoding RNA
XIST, TSIX and XACT, play species-specific roles in the initiation and maintenance of
XCI [8]. These differences might reflect differences in key developmental aspects that are
not conserved, such as timing of embryonic genome activation, implantation and interface
with the maternal uterus or development of specialized extraembryonic structures [9].
In mice and presumably in humans, XCI is orchestrated by XIST that is upregulated
from the Xi and coats it in cis [10]. Coating by XIST leads to a series of events, such as
depletion of RNA polymerase and recruitment of polycomb repressive complex 1 and 2
(PRC1 and PRC2), resulting in remodelling of histone marks, chromatin condensation and
ultimately, silencing [6,8]. In addition, X-linked DNA methylation [11] and inclusion of
the histone variant MACROH2A [12] are also crucial in the maintenance of XCI. The Xi
goes through rapid loss of ‘active’ histone marks such as acetylation of histone 4 (H4ac)
and di/tri-methylation of histone 3 lysine 4 (H3K4me2/3) and accumulates ‘repressive’
marks such as tri-methylation of histone 3 lysine 9 and 27 (H3K9me3 and H3K27me3)
and ubiquitination of histone H2A lysine 119 (H2AK119ub) [6,8,13]. The transition from
H3K27me2 to H2K27me3 is catalyzed by EZH2, member of the PRC2 [6,14]. As such, the
accumulation of XIST, EZH2 or H3K27me3 in the Xi are considered hallmarks of XCI.

Mouse female PSCs exist in two different pluripotency states, primed and naïve [9].
Typically, mESCs (isolated from the inner cell mass of pre-implantation embryos) are in the
naïve state and retain two active X chromosomes (XaXa), but upon differentiation, one Xa
remains active whereas the other undergoes XCI, becoming Xi (XaXi); in contrast, mouse
epiblast stem cells (mEpiSCs), isolated from the epiblast of a peri-implantation embryo,
retain XaXi and this is maintained after differentiation [5]. Female hPSCs cultured in
standard conditions (FGF2 and Activin A) show characteristics of primed pluripotency [9];
hence, their XCI state would be expected to be XaXi, which entails accumulation of XIST,
EZH2 and H3K27me3 on the Xi. In fact, after plating human blastocysts for hESC derivation,
the epithelizing epiblast (or PICMI) to be used as passage zero show XaXi [15]. However,
once derived and cultured over a prolonged period of time, female hPSCs gradually and
inevitably start losing epigenetic marks, including XIST expression and H3K27me3 on the
Xi. The Xi that lost its XIST coating is considered an eroded X (Xe) and this is accompanied
by several events on the Xe, such as gain of DNA methylation in the XIST promoter and
loss of DNA methylation in promoter regions of X-linked genes, ultimately resulting in
abnormal random re-expression of several X-linked genes from the Xe in hPSCs displaying
XaXe [5,16]. Due to the aberrant characteristics of XaXe hPSCs, they should be avoided
when selecting hPSC lines for disease modelling [17,18].

It was proposed that female hPSCs can be categorized into three classes depending on
the XCI state [19]: Class I hPSCs are XaXa, but become XaXi after differentiation (such as
mESCs); Class II hPSCs are XaXi and remain XaXi after differentiation (such as mEpiSCs);
and Class III hPSCs are XaXe and remain XaXe after differentiation (have no mouse
counterpart). The incapability of XaXe hPSCs to upregulate XIST after differentiation was
considered irreversible, but a recent study has succeeded in reverting Class III into Class
I hPSCs by conversion to naïve state, followed by enrichment for TFCP2L1+ hPSCs and
finally, repriming [20]. The erosion of the Xi has substantial implications on the application
of XaXe hPSCs in regenerative medicine or biomedical applications. For example, some of
the X-linked genes being re-expressed from the Xe are oncogenes [21]. In addition, it has
been demonstrated that Class III hPSCs have poorer differentiation efficiencies compared
to Class II hPSCs [21].

During early mammalian development, primordial germ cells (PGCs) are the first
embryonic lineage to be fate restricted, marking the definitive separation between germline
and soma in the embryo. One of the key events that takes place during human PGC
(hPGC) specification is the upregulation of specific PGC-markers, such as TFAP2C and
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SOX17, but also of surface makers such as ALPL, PDPN, EPCAM and ITGA6 [22–24]. In
addition, PGCs undergo significant epigenetic reprogramming, including genome-wide
DNA demethylation and remodelling of histone marks/variants, leading to the erasure
of genomic imprints [25,26] and, in female hPGCs, the reactivation of the Xi, a process
known as X chromosome reactivation (XCR) [26,27]. In this study, we investigated whether
different XCI states in hPSCs were associated with the capacity to differentiate to primordial
germ cell-like cells (hPGCLCs) in vitro.

2. Materials and Methods
2.1. Maintenance of hESCs and hiPSCs

The hESC line H9 (WA09) was purchased from WiCell Institute and the hiPSCs used
were previously reprogrammed from primary tissues and characterized by the LUMC
hiPSC core facility (Table 1) and some have been registered in hPSCreg (https://hpscreg.
eu/). The hPSCs were maintained on Vitronectin (Invitrogen, Waltham, MA, USA) or
Matrigel (Corning, Corning, NY, USA) coated plates in either mTeSR-Plus or TeSR-E8
media (STEMCELL Technologies, Vancouver, BC, Canada). To coat the plates, Vitronectin
was diluted to 5 µg/mL in Dulbecco’s phosphate-buffered saline (DPBS) (Invitrogen),
whereas Matrigel was diluted (80 times) in DMEM/F12 (Invitrogen) and left on the plate
for 1 h (hr) at room temperature (RT). The hPSCs were passaged as small clumps every 5–7
days using ReLeSR passaging reagent (STEMCELL Technologies) and maintained at 37 ◦C
in normoxic conditions (5% CO2 on air).

Table 1. List of hiPSCs used in this study.

hiPSC Name hPSCreg ID Sex Tissue of Origin Reprogramming
Method Reference

F20 LUMC0020iCTRL06 2 F Skin fibroblasts Sendai Virus [28]

F99 LUMC0099iCTRL04 1 F Skin fibroblasts RNA [29]

F30 LUMC0030iCTRL012 1 F Skin fibroblasts Lentiviral [30]

F31 LUMC0031iCTRL08 1 F Kidney epithelia (urine) Episomal -

F71 LUMC0071iCTRL01 2 F Skin fibroblasts RNA -

F197 LUMC0197iCTRL01 F Kidney epithelia (urine) RNA -

F198 LUMC0198iCTRL01 F Kidney epithelia (urine) RNA -

M199 LUMC0199iCTRL01 M Kidney epithelia (urine) RNA -

M54 LUMC0054iCTRL03 M Kidney epithelia (urine) Sendai Virus [31]

M72 LUMC0072iCTRL01 M Skin fibroblasts RNA [29]
1 These lines are derived from the same donor. 2 These lines are derived from the same donor.

2.2. Non-Directed Differentiation of hPSCs

For monolayer differentiation, hPSCs were incubated with TrypLE Express (Invitro-
gen) at 37 ◦C for 5 min to obtain a single cell suspension. Thereafter, 50,000 cells/well of
a 24-well plate were plated on Vitronectin (Invitrogen) coated coverslips in 500 µL TeSR-
E8 medium (STEMCELL Technologies) containing 1× RevitaCell (Invitrogen) for 48 hr.
Thereafter, the culture media were replaced by DMEM/F12 (Invitrogen), 10% fetal calf
serum (FCS) (Sigma-Aldrich, St. Louis, MO, USA) and 50 U/mL Penicillin-Streptomycin
(Invitrogen) and the cells were cultured for an additional 4–6 days at 37 ◦C under normoxic
conditions (5% CO2 on air) or hypoxic conditions (5% CO2, 5% O2).

To induce embryoid body (EB) formation, hPSCs were harvested as single cells af-
ter treatment with TrypLE Express (Invitrogen) at 37 ◦C for 5 min. Next, we plated
10,000 cells/well of an ultra-low attachment U-bottom 96-well plate (Greiner, Alphen
aan den Rijn, The Netherlands) in 200 µL TeSR-E8 (STEMCELL Technologies) containing
1× RevitaCell Supplement (Invitrogen). The plate was briefly centrifuged at 200× g for
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5 min and incubated for 48 h to allow EB formation. To induce spontaneous differentiation
in the EBs, the medium was replaced with 200 µL Essential 6 (Invitrogen) with 1% FCS
(Sigma-Aldrich) (serum-induced differentiation) or maintained the EBs in TeSR-E8 (3D
pluripotency culture) for an additional 6–8 days at 37 ◦C under normoxic conditions (5%
CO2 on air).

2.3. Directed Differentiation of hPSCs towards hPGCLCs in EBs

hPGCLC differentiation from hPSCs was performed as described previously [32].
Briefly, hPSCs were dissociated as single cells with TrypLE Express (Invitrogen) at 37 ◦C
for 5 min. After that, we plated 200,000 cells/well of a 12-well plate (Corning) coated
with Matrigel (Corning) in iMeLC medium (aRB27 medium containing Advanced RPMI
medium (Invitrogen), 1× B27 Supplement (Invitrogen), 1× Glutamax (Invitrogen), 1× Non-
Essential Amino Acid (Invitrogen) with the addition of 100 ng/mL Activin A (R&D Systems,
Minneapolis, MN, USA), 3 µM GSK3i (Sigma-Aldrich) and 1× RevitaCell Supplement
(Invitrogen)) and cultured for 6 h. Thereafter, cells were again dissociated with TrypLE
Express (Invitrogen) at 37 ◦C for 5 min and seeded 10,000–15,000 cells/well of an ultra-
low attachment U-bottom 96-well plate (Greiner). To induce hPGCLC formation in the
EBs, 200 ng/mL BMP4 (R&D Systems), 10 ng/mL human LIF (PeproTech, Rocky Hill, NJ,
USA), 100 ng/mL SCF (R&D Systems), 50 ng/mL EGF (R&D Systems) and 1× RevitaCell
Supplement (Invitrogen) were added to aRB27 medium. In addition, 0.25% (v/v) poly-vinyl
alcohol (Sigma-Aldrich) was also added to help facilitate the formation of the EBs. After
plating the cells in the 96-well plate, the plate was centrifuged at 200× g for 5 min and
incubated for an additional 6 days.

2.4. Fluorescence Activated Cell Sorting (FACS)

Day 6 hPGCLC-EBs were harvested and washed with DPBS (Invitrogen), then di-
gested with an enzyme mix containing 5 mg/mL Collagenase IV (Invitrogen), 2.5 mg/mL
Hyaluronidase (Sigma-Aldrich) and 100 U/mL Dnase I (Sigma-Aldrich) for 30 min at 37 ◦C.
A single cell suspension of the digested EBs and of dissociated hiPSC F30 was created by
pipetting up and down vigorously and passing through a 40 µm nylon mesh cell strainer
(Corning). After washing with FACS buffer (DPBS (Invitrogen) with 0.5% bovine serum
albumin (BSA) (Sigma-Aldrich)), cells were treated with conjugated antibodies (Table S1)
for 30 min at 4 ◦C, washed with FACS buffer and resuspend in 200 µL FACS buffer with
1 µL 7AAD live/dead exclusion dye (BD Biosciences, San Jose, CA, USA). The EB cell
suspensions were analyzed on an LSR-II flow cytometer (BD Biosciences). The FACS
data were collected from FACSDiva Software (BD Biosciences) and analyzed with FlowJo
software (BD Biosciences).

2.5. Immunofluorescence and Histology

Cells to be used for immunostaining were cultured on coverslips and fixed in 4%
paraformaldehyde (PFA) (Sigma-Aldrich) for 15 min at RT. The cells were washed three
times with PBS and permeabilized with 0.3% Triton-X100 (Sigma-Aldrich) in PBS for 15 min
at RT, followed by three PBS washes. To block, cells were incubated with blocking solution
containing 1% BSA in PBST (0.05% Tween 20 (Sigma-Aldrich) in PBS) at RT for 1 h. Next,
the cells were incubated with specific primary antibodies (Table S1) diluted in blocking
solution and incubated overnight at 4 ◦C, followed by three PBST washes and incubation
with specific secondary antibodies (Table S1) and DAPI (Life Technologies, Carlsbad, CA,
USA) for 1 h at RT. Finally, the coverslips were washed three times with PBS and mounted
with ProLong Gold (Life Technologies).

For day 6 hPGCLC-EBs and day 6–8 EBs, EBs were fixed in 4% PFA for 24 h at 4 ◦C,
embedded first in a small drop of 4% low-melting agarose (Promega, Madison, WI, USA)
in H2O and that was subsequently embedded in paraffin. The paraffin sections (5 µm)
were generated using a RM2065 microtome (Leica, Wetzlar, Germany) and pasted onto
StarFrost slides (Waldemar Knittel, Bielefeld, Germany). For deparaffinization, the slides
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were treated with xylene and 100%, 90%, 80%, 70% ethanol and water; antigen retrieval
was performed by heating up the sections submerged in 0.01 M citric buffer (pH 6.0) for
12 min at 98 ◦C in a TissueWave 2 microwave (Thermo Fisher Scientific, Waltham, MA,
USA). Afterwards, sections were blocked, immunostained and mounted as described for
the cells on coverslips.

2.6. RNA-Fluorescence In Situ Hybridization (FISH)

For RNA-FISH, cultured cells were fixed on coverslips and EBs were fixed and paraffin
embedded/sectioned as described for immunofluorescence. RNA-FISH was performed
with RNAscope Multiplex fluorescent reagent kit v2 (323100, Advanced Cell Diagnostics,
Newark, CA, USA), following manufacturer instructions. Briefly, paraffin sections were
deparaffinized, pre-treated with provided H2O2 solution and incubated in retrieval solution
for 15 min, subsequently treated with Protease Plus for 15 min at 40 ◦C in a HybEZ II
oven (321720, Advanced Cell Diagnostics). Cells fixed on coverslips were treated with
diluted Protease III (1:5) at RT for 10 min after H2O2 incubation. Next, the probe mix of
RNAscope Probe-Hs-XIST-C2 (311231-C2) and RNAscope Probe-Hs-HPRT1-C1 (453191-C1)
(1 volume of XIST-probe in 50 volume of HPRT1-probe) was added and incubated for 2 h at
40 ◦C. After hybridization, the mRNA signal was amplified sequentially for each channel
(C1 and C2). Fluorophores used to detect signals were Opal 520 (1:800, FP1487001KT,
Akoya Biosciences, Marlborough, MA, USA) and Opal 570 (1:1500, FP1488001KT, Akoya
Biosciences). Nuclei were counterstained with DAPI and the samples were mounted using
ProLong Gold (Life Technologies).

To perform RNA-FISH in combination with immunofluorescence, after mRNA sig-
nal amplification, the samples were blocked overnight at 4 ◦C with 10% normal swine
serum (014-000-121, Jackson ImmunoResearch, West Grove, PA, USA) or normal horse
serum (S-2000, Vector Laboratories, Burlingame, CA, USA) diluted in blocking buffer (1%
BSA (Sigma-Aldrich), 0.05% Tween-20 (Sigma-Aldrich) in PBS). Next, the samples were
incubated first with primary antibodies (Table S1) for 2 h at RT diluted in blocking buffer;
followed by incubation with HRP-linked donkey anti-goat IgG (1:500, 705-035-003, Jackson
ImmunoResearch) for 30 min at RT. After that, Opal 690 (1:800, FP1497001KT, Akoya
Biosciences) was used to detect HRP signal for 10 min, followed by counterstaining with
DAPI and mounting using ProLong Gold (Life Technologies).

2.7. Imaging and Quantification

Imaging of immunofluorescence and/or RNA-FISH was performed on either SP8
confocal laser scanning microscope (Leica) or a LSM 900 Airyscan 2 confocal laser scanning
microscope (Zeiss, Oberkochen, Germany). Grayscale images were edited for brightness
and contrast on Image J 1.53c (FIJI) [33]. For quantification of the XCI status, cells were
categorized based on XIST/HPRT expression in confocal images. For cultured hPSCs
(n > 200 cells per cell line), cells were manually counted and cells without HPRT dots were
omitted. For sections of hPGCLC-EBs and EBs (n varied between 56–174 cells per cell
line), cells were manually counted and, in hPGCLC-EBs, SOX17+ cells were identified as
hPGCLCs, and SOX17− cells as soma. Cells of the hPGCLC-EBs and EBs without HPRT
and XIST dots were omitted. For the quantification of H3K27me3, cells (n > 200 cells per
cell line) were manually counted. The cell counts of the multiple fields were summed,
and relative category frequency (percentage) was visualized as a stacked bar plot using
R (version 4.0.2; https://cran.r-project.org/bin/windows/base/) and ggplot2 package
(version 3.3.3; https://cran.r-project.org/web/packages/ggplot2/index.html).

2.8. Statistics

Statistical analysis of the percentage of cells showing non-overlapping HPRT and XIST
single dots (XaXi) between Class II and Class III hPSCs, the percentage of H3K27me3+ cells
between Class II and Class III hPSCs, the percentage of PGCLCs between Class II F31 and
Class III F20 hPSCs, the percentage of H3K27me3+ PGCLCs between Class II F31 and Class

https://cran.r-project.org/bin/windows/base/
https://cran.r-project.org/web/packages/ggplot2/index.html


Cells 2021, 10, 2400 6 of 16

III F20 hPSCs, the percentage of cells showing non-overlapping HPRT and XIST single dots
(XaXi) between Class II and Class III EBs. The FACS results was performed using Student’s
t-test (unpaired) and data are shown as mean ± standard deviation (SD), as indicated
(*, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001; ns, not significant).

3. Results
3.1. Characterisization of XCI State in Several hiPSC Lines

We determined the XCI state of eight different female hPSCs (hESC H9 and hiPSC
lines listed in Table 1) by visualizing the expression of XIST (coating the Xi) and HPRT, an
X-linked gene subjected to XCI (expressed on Xa) [18]. In female hPSC lines F99, F31, F30,
F71, F197 and F198, most cells showed single XIST clouds and separate single HPRT dots
indicative of XaXi, whereas in female hPSC lines F20 and H9, most cells showed absence
of XIST and a single dot of HPRT, indicative of XaXe (Figure 1A and Figure S1A). Male
hiPSC lines M54 and M72 that contain one active X chromosome showed, as expected, an
absence of XIST and one dot of HPRT (Figure S1B). Therefore, we deemed hPSC lines F99,
F31, F30, F71, F197 and F198 to be Class II and hPSC lines H9 and F20 to be Class III. To
further confirm the XCI states of the hPSC lines, we additionally examined the localization
of H3K27me3 and EZH2 by immunofluorescence and observed the typical perinuclear
colocalization of H3K27me3 and EZH2, indicative of the Xi in the six Class II hPSC lines,
but not in the two Class III hPSC lines (Figure 1B and Figure S1C) or in the male lines
(Figure S1B). Quantification for XIST and HPRT (Figure 1C) and H3K27me3 (Figure 1D)
revealed significant statistical differences between Class II and Class III hPSCs as well as
heterogeneity of cell types in culture in agreement with other studies [21,34].

Next, we investigated the localization of H3K9me3, a histone mark that has been
associated with gene-poor regions in the Xi [35] and largely maintained on the Xe [16]. In
agreement, we observed a similar nuclear pattern of expression between Class II and III
lines and the male lines (Figure S1B,D).

3.2. XCI State of Class II and Class III hPSCs Is Maintained upon Spontaneous Differentiation

Class II (XaXi) and Class III (XaXe) hPSCs maintain the XCI state upon differentiation,
while Class I cells are subjected to random XCI, although this has been challenged [34].
To investigate this, we differentiated several hPSC lines in FCS-containing medium and
examined their XCI states. To confirm differentiation, we first validated loss of pluripotency-
related markers POU5F1 and SOX2 (Figure S2A).

After differentiation, Class II lines F99, F31 and F30 maintained one XIST cloud per
cell, whereas no XIST cloud could be detected in the Class III lines F20 and H9 (Figure 2A).
However, regarding both H3K27me3 (Figure 2B) and H3K9me3 (Figure S2B), the signal
was more homogenous across the entire nucleus in the differentiated Class II and Class
III cells, except for Class III H9, which showed very low levels of both H3K27me3 and
H3K9me3. In differentiated male lines M54 and M72, with no POU5F1 and SOX2 expression
(Figure S2C) and no XIST (Figure S2D), we observed comparable high levels of H3K27me3
throughout the nucleus (Figure S2D), whereas the human female HEK293T line (derived
from fetal kidney, here used as positive control) showed both a pronounced XIST cloud
and accumulation of H3K27me3 in most cells, indicative of XaXi state (Figure S2D). In
agreement with the broad nuclear expression of H3K27me3 in differentiated lines, EZH2
was also now expressed across the nucleus in both differentiated Class II and Class III cells,
except for Class III H9 (Figure 2C).
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Figure 1. Characterization of XCI state in several female hPSC lines. (A) RNA-FISH for XIST and HPRT in female hPSCs. Representa-
tive cells indicated by the dashed boxes are shown in zoomed pictures with individual channels displayed separately. Scale bars: 10 
μm. (B) Immunofluorescence for H3K27me3 and EZH2 in female hPSCs. Representative cells indicated by the dashed boxes are 
shown in zoomed pictures with individual channels displayed separately. Scale bars: 10 μm. (C) Quantification of cells (percentage) 
according to the patterns of XIST and HPRT (n > 200 cells per cell line). The cellular patterns of XIST and HPRT expression quantified 
were cells with non-overlapping HPRT and XIST single dots (XaXi); cells with two overlapping HPRT and XIST dots; cells with two 
non-overlapping HPRT dots and no XIST (XaXa); cells with one HPRT dot and no XIST; cells with one overlapping HPRT and XIST 
dot and or a second non-overlapping HPRT dot. The percentage of cells with non-overlapping HPRT and XIST single dots (XaXi) 
(turquoise group) between Class II and Class III hPSCs were compared using unpaired Student’s t-test (*, p < 0.05). (D) Quantification 
of cells (percentage) regarding the expression of H3K27me3 (n > 200 cells per cell line). The percentage of H3K27me3+ cells (orange 
group) between Class II and Class III hPSCs were compared using unpaired Student’s t-test (*, p < 0.05). 

Figure 1. Characterization of XCI state in several female hPSC lines. (A) RNA-FISH for XIST and HPRT in female hPSCs.
Representative cells indicated by the dashed boxes are shown in zoomed pictures with individual channels displayed
separately. Scale bars: 10 µm. (B) Immunofluorescence for H3K27me3 and EZH2 in female hPSCs. Representative cells
indicated by the dashed boxes are shown in zoomed pictures with individual channels displayed separately. Scale bars:
10 µm. (C) Quantification of cells (percentage) according to the patterns of XIST and HPRT (n > 200 cells per cell line). The
cellular patterns of XIST and HPRT expression quantified were cells with non-overlapping HPRT and XIST single dots
(XaXi); cells with two overlapping HPRT and XIST dots; cells with two non-overlapping HPRT dots and no XIST (XaXa);
cells with one HPRT dot and no XIST; cells with one overlapping HPRT and XIST dot and or a second non-overlapping
HPRT dot. The percentage of cells with non-overlapping HPRT and XIST single dots (XaXi) (turquoise group) between Class
II and Class III hPSCs were compared using unpaired Student’s t-test (*, p < 0.05). (D) Quantification of cells (percentage)
regarding the expression of H3K27me3 (n > 200 cells per cell line). The percentage of H3K27me3+ cells (orange group)
between Class II and Class III hPSCs were compared using unpaired Student’s t-test (*, p < 0.05).
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Figure 2. FCS-induced differentiation of hPSCs in monolayer culture. (A) RNA-FISH for XIST in differentiated female hPSCs. Dashed 
yellow boxes indicate a representative cell, zoomed bellow in individual and merged channels. (B) Immunofluorescence for 
H3K27me3 in differentiated female hPSCs. Dashed yellow boxes indicate a representative cell, zoomed bellow in individual and 
merged channels. (C) Immunofluorescence for EZH2 in differentiated female hPSCs. Dashed yellow boxes indicate a representative 
cell in the insert showing EZH2. Scale bars: 10 μm. 
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3.3. Influence of XCI State in Differentiation Efficiency to hPGCLCs

Considering the importance of epigenetic resetting in hPGCs, we investigated whether
the XCI state of Class II and Class III hPSCs would affect differentiation efficiency to hPG-
CLCs. To address this question, we differentiated the Class II and Class III hPSCs to
hPGCLCs following a previously established protocol using EBs [32] (Figure 3A). The
differentiation efficiencies to hPGCLCs were quantified based on the percentages of estab-
lished hPGC markers, ITGA6 and EPCAM [24], and ALPL and PDPN [36,37], measured
by flow cytometry (Figure 3B). Note that most ITGA6+/EPCAM+ hPGCLCs were also
ALPL+/PDPN+ (Figure 3B). However, we obtained a substantial variation in differentia-
tion efficiencies to hPGCLCs varying from 2% to 30% using both sets of surface markers,
not only between the Class II lines, but also in the male (Figure 3C). Statistical analysis
comparing PGCLC differentiation efficiencies showed neither significant differences be-
tween Class II and Class III lines nor between skin-derived Class II and Class III lines
(Figure 3C). Interestingly, the hPSCs lines that performed better in PGCLC differentia-
tion were all derived from cells isolated from urine (presumably kidney epithelial cells)
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(Table 1). However, using ITGA6+/EPCAM+ as a readout to compare skin-derived with
urine-derived Class II lines did not yield statistical significance (Figure 3C). In contrast,
comparing the mean PGCLC differentiation efficiencies between the five urine-derived
hiPSCs and the five skin-derived hiPSCs regardless of their sexes and XCI classes revealed
significantly higher efficiency in the urine lines (Figure 3D). Although we do not have
a Class III hPSCs derived from cells isolated from urine and hence their differentiation
efficiency to hPGCLCs remains to be determined, we cannot exclude the possibility that
differentiation efficiency to hPGCLCs may depend more on the tissue of origin (epigenetic
memory) rather than XCI state.
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first induced to form incipient mesoderm-like cells (iMeLC) under the presence of activin A and CHIR99021 for 6 h then
further differentiated in to hPGCLCs by aggregating the iMELCs in low attachment U-bottom wells in the presence of BMP4,
SCF, LIF and EGF for 6 days. (B) Representative FACS plots showing EPCAM/ITGA6 and PDPN/ALPL for quantification
of hPGCLC differentiation for each XCI class. (C) Bar graph depicting FACS quantification of ALPL+PDPN+ (left) and
EPCAM+ITGA6+ cells (right) in PGCLC-EBs from the indicated lines. Each bar represents the mean of experimental
replicates (n = 2 or n = 3) ± standard deviation. Unpaired Student’s t-test was applied for the different comparisons.
(D) Graph depicting % ALPL+PDPN+ (left) and EPCAM+ITGA6+ cells (right) in PGCLC-EBs. Each dot represents the mean
efficiency of an individual cell line (data from (C)) and the mean of the means is given as red line. Unpaired Student’s t-test
was applied to compare the mean efficiencies between urine-hiPSCs and skin-hiPSCs (*, p-value < 0.05; **, p-value < 0.01;
***, p-value < 0.001; ns, not significant). (E) Immunofluorescence for PDPN, TFAP2C and SOX17 in hPGCLC-EBs of the
indicated lines. Scale bars: 50 µm. (F) hPGCLC-EBs of the indicated lines showing XIST, HPRT and SOX17 expression.
Scale bars: 10 µm. (G) Quantification of cells regarding the expressions of XIST and HPRT in SOX17+ hPGCLCs (n = 70
for F20, n = 120 for F31) and SOX17−somatic cells (n = 174 for F20, n = 149 for F31) in hPGCLC-EBs. The cellular patterns
of XIST and HPRT expression quantified were cells with non-overlapping HPRT and XIST single dots (XaXi); cells with
two overlapping HPRT and XIST dots; cells with two non-overlapping HPRT dots and no XIST (XaXa); cells with one
HPRT dot and no XIST; cells with one XIST dot and no HPRT; cells with one overlapping HPRT and XIST dot and or a
second non-overlapping HPRT dot. The percentage of cells with non-overlapping XIST single dot (turquoise and yellow
group) between Class II F31 and Class III F20 SOX17+ hPGCLCs and SOX17−soma was compared using unpaired Student’s
t-test. (H) Immunofluorescence for H3K27me3 and SOX17 to identify hPGCLCs in hPGCLC-EBs. Scale bars: 10 µm.
(I) Quantification of cells (percentage) regarding the expression of H3K27me3 in SOX17+ hPGCLCs (n = 55 for F20, n = 55
for F31) in hPGCLC-EBs. The percentage of H3K27me3+ PGCLCs (orange group) between Class II F31 and Class III F20
were compared using unpaired Student’s t-test (*, p < 0.05).

Since these four surface markers were also expressed at relatively high levels in
hPSCs (Figure S3A), we further confirmed their specificity by performing immunostaining
on the hPGCLCs in EBs, together with established PGC markers SOX17, TFAP2C and
POU5F1 [24,32,36]. In EBs, PDPN and ALPL specifically colocalized in TFAP2C+ hPGCLCs,
POU5F1+ hPGCLCs and SOX17+ hPGCLCs (Figure 3E and Figure S3B,C).

3.4. Influence of XCI State of hPSCs on the XCI State of Differentiated hPGCLCs

To evaluate the XCI state of hPGCLCs, we performed RNA-FISH on paraffin sections
of hPGCLC-EBs targeting XIST and HPRT, with subsequent immunostaining for SOX17 to
mark the hPGCLCs (Figure 3F,G and Figure S4A). The Class II lines (F31, F99, F197 and
F198) all maintained XIST clouds in the majority of SOX17+ hPGCLCs and SOX17− soma
(Figure 3F,G and Figure S4A), suggesting that hPGCLCs have not undergone XCR at this
stage, or, alternatively, that XCR may be XIST independent in humans. Unexpectedly, most
cells in hPGCLC-EBs, including SOX17+ hPGCLCs and SOX17− soma, from Class III F20
showed XIST foci (Figure 3F,G), suggesting proper XCI.

Next, we investigated accumulation of H3K27me3 in hPGCLC-EBs (Figure 3H,I and
Figure S4B). In agreement with the presence of XIST in Class II hPGCLCs, we observed
H3K27me3 foci in four of the Class II hPSCs (F197, F198, F99 and F31) and diffused nuclear
staining Class II hPSC F30 (Figure S4B). By contrast, Class III lines (F20 and H9) displayed
low levels of H3K27me3 across the nucleus (Figure S4B). Analysis of H3K9me3 in hPGCLC-
EBs showed a similar pattern of expression in both SOX17+ hPGCLCs and SOX17− soma
(Figure S4C). Together, our results suggested that the XCI state is maintained in hPGCLCs
differentiated from either Class II or Class III, with no evidence of XCR.

3.5. Re-Expression of XIST from Class III hPSCs in EBs

Several studies have reported that the loss of XIST in eroded hPSCs is irreversible
and cannot be recovered upon differentiation [18,19,21,34]. We obtained similar results by
differentiating Class III hPSCs in monolayer in the presence of FCS (Figure 2). However,
when we investigated the XIST expression in hPGCLC-EBs, we observed XIST dots from
Class III hPSCs (F20) (Figure 3F,G).
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To understand whether 3D differentiation in EBs would result in upregulation of XIST
in Class III hPSCs, we differentiated both Class II and Class III hPSCs in EBs in the presence
of FCS and examined the XCI state (Figure 4). Surprisingly, the majority of cells in the EBs
generated with both Class II and Class III showed XIST dots (Figure 4A,B). However, we
noticed a difference in the size of the XIST clouds, larger in Class II EB cells compared to
Class III EB cells (Figure 4A). Nonetheless, H3K27me3 staining only showed enrichment
in F99 and F31, but not F30 and the Class III hPSCs (Figure 4C), consistent with what we
observed in hPGCLC-EBs (Figure 3G–I and Figure S4B). Our results indicated that XIST
could be upregulated in Class III hPSCs after 3D differentiation in EBs. We further asked
whether culturing Class III hPSCs in 3D aggregates in pluripotency medium (TeSR E8)
could result in re-expression of XIST. This was indeed the case in Class III F20 grown
in 3D aggregates in pluripotency medium (Figure S4D). Together, our results suggested
that culturing XaXe hiPSCs (Class III) in 3D aggregates may contribute to restore aspects
of erosion.
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Figure 4. Expression of XIST, HPRT and H3K27me3 in EBs. (A) RNA-FISH for XIST and HPRT in EBs from female hPSCs.
Representative cells indicated by the dashed boxes are shown in zoomed pictures with individual channels displayed
separately with DAPI. Scale bars: 10 µm. (B) Quantification of cells regarding the expressions of XIST and HPRT in EBs
from female hPSCs (n = 110, 111, 56, 107, 63; for lines F99, F31, F30, F20 and H9, respectively). The cellular patterns of
XIST and HPRT expression quantified were cells with non-overlapping HPRT and XIST single dots (XaXi); cells with two
overlapping HPRT and XIST dots; cells with two non-overlapping HPRT dots and no XIST (XaXa); cells with one HPRT
dot and no XIST; cells with one XIST dot and no HPRT; cells with one overlapping HPRT and XIST dot and or a second
non-overlapping HPRT dot. The percentage of cells with non-overlapping XIST single dot (turquoise and yellow group)
between Class II and Class III EBs were compared using unpaired Student’s t-test. (C) Immunofluorescence of H3K27me3
in EBs from female hPSCs. Representative cells indicated by the dashed boxes are shown in zoomed pictures of DAPI and
DAPI+H3K27me3. Scale bars: 10 µm.

The differences observed between 2D and 3D culture could be explained by the activa-
tion of a hypoxic response during EB formation [38]. Hypoxic conditions are closer to the
physiological conditions of the embryo and have been shown to maintain XIST expression
and H3K27me3 accumulation in culture, in contrast to normoxic conditions [39,40]. To
investigate whether hypoxia was the cause for Class III cells to re-express XIST when in
3D reaggregates, we next differentiated Class III hPSCs F20 in monolayer in the presence
of FCS under hypoxic conditions (5% O2) and compared the XCI state with that of undif-



Cells 2021, 10, 2400 12 of 16

ferentiated F20 hPSCs cultured under similar hypoxic conditions (Figure S4E). In contrast
to differentiation to EBs, differentiation of Class III hPSCs in monolayer under hypoxic
conditions (5% O2) is not sufficient to upregulate the expression of XIST.

4. Discussion

Dosage compensation of X-linked gene expression (XCI) is an essential process to
counteract the male to female chromosomal imbalance. Later on during development,
XCR occurs in the female germ line as part of the general epigenetic resetting that takes
place prior to meiotic entry [41]. Newly developed protocols to generate hPGCLCs from
hPSCs in vitro hold great promise to investigate the timing and the molecular mechanisms
governing these unique epigenetic events [42].

We characterized the XCI state in six Class II hPSCs (XaXi) and two as Class III (XaXe)
hPSCs. Interestingly, hPGCLCs generated from Class II hPSCs maintained the XCI state,
suggesting that XCR did not occur in newly specified hPGCLCs. This is consistent with
the notion that epigenetic remodeling in hPGCs occurs over a prolonged period of time,
particularly because female gametogenesis is strongly asynchronous [27,43,44]. In mice,
mPGCs lose H3K27me3 enrichment on the Xi during migration as early as E8.0, but full
XCR does not complete until E14.5, long after their arrival in the gonads [45,46]. In 4-week
of development (WD) human embryos, hPGCs already show low global 5-methylcytosine
(5mC), while 5-hydroxymethylcytosine (5hmC) is high [25,26,47]. In addition, 4WD em-
bryos show distinct H3K27me3 foci in (gonadal) somatic cells, but not in hPGCs, where
it is globally enriched [27,48]. However, studies on allelic expression of X-linked tran-
scripts have shown that a proportion (about 30%) of the early (POU5F1+) hPGCs present
throughout development may still retain monoallelic expression of X-linked genes [27]. As
human fetal samples are difficult to obtain due to ethical constraints and limited availability,
complementary studies using novel in vitro gametogenesis models that would allow the
development of hPGCLCs beyond that very early stage will be required.

In vitro generated hPGCLCs are likely equivalent to premigratory hPGCs just after
specification [24,32,36]. mPGCLCs were shown to upregulate H3K27me3 and displayed
low levels of H3K9me2 and 5mC [49,50]. When mPGCLC were cultured in conditions that
promote their expansion, they showed further reduction in 5mC levels to a level equiv-
alent to embryonic day (E)13.5 germ cells [51]. In agreement, hPGCLCs also show 5mC
depletion [47,52] compared to hPSCs, but in contrast to mPGCLCs, no further reduction
occurred upon expansion in culture [53]. A study comparing levels of DNA methylation be-
tween mPGCLCs and hPGCLCs reported that DNA demethylation occurs much slower in
hPGCLCs and is incomplete [54]. Further decrease in 5mC in hPGCLC required prolonged
coculture with mouse somatic ovary cells, which reduces 5mC to levels comparable to those
in 7–10WD human germ cells [52]. In addition, while newly specified hPGCLC showed
monoallelic X-linked expression, after 122 days in coculture with mouse gonads, hPGCLCs
showed partial biallelic expression of some X-linked genes, albeit with low efficiency (in up
to 20% of cells) [52]. The hPSC line used by Yamashiro and colleagues was Class III, based
on its lack of XIST expression, and the XCR dynamics in the derived hPGCLCs may not be
representative for the situation in vivo. It would be interesting to examine how Class I or
II hPSCs-derived hPGCLCs would behave after prolonged cultured with mouse gonadal
cells. In summary, mPGCLCs appear inherently capable of epigenetic remodeling, but
hPGCLCs may require extrinsic factors originating from the migratory or gonadal niche.
Identifying these factors and incorporating them in novel in vitro culture systems will be
important to elucidate human XCR.

It has been reported that the erosion of the Xi is a source of variation in female hiPSC
lines, and Class III iPSC (XaXe) lines have been associated with poorer in vitro differen-
tiation and teratoma formation [17,18]. In this study, we did not observe a significant
difference between the ability of Class II (XaXi) and Class III (XaXe) hiPSCs to undergo
PGCLC differentiation or a correlation between the level heterogeneity and differentiation
efficiency. However, we observed that the hiPSC lines generated from urine-derived cells
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showed an increasing trend to generate hPGCLCs compared to skin fibroblast-derived
lines. hiPSCs are known to retain levels of epigenetic memory from the cell source of
origin, which subsequently can result in bias towards differentiation into particular cell
lineages [55–59]. We hypothesize that the origin of urine-derived cells (intermediate
mesoderm, which also gives rise to the gonadal tissue) may facilitate differentiation into
hPGCLCs. Variation in hPGCLC-differentiation efficiency between hiPSC lines has been
reported by others [22,60], and higher efficiency was found to positively correlate with
the levels of mesoderm markers EOMES, MIXL1 and T at the iMeLC stage. It remains
to be determined whether hPSCs of mesodermal origin show higher expression of early
mesenchymal markers at the iMeLC stage.

In line with previous reports, we found that Class II and Class III iPSC lines do not
change their XCI state upon differentiation in monolayer. However, we did observe the
re-expression of XIST in cells from Class III lines, when differentiated in (three types of)
EBs/aggregates. Differentiation of pluripotent stem cells is a commonly used approach
to study XCI dynamics in vitro, but the method of differentiation is generally thought
not to affect the XCI outcome. Our results suggest that in fact, the method used should
be carefully considered, as 3D culture conditions may affect XIST expression. Why 3D
culture resulted in the upregulation of XIST in Class III hPSCs remains to be investigated.
Intriguingly, the upregulation of XIST in Class III hPSCs EBs was not accompanied by
the expected accumulation of H3K27me3. We speculate that this may be attributed to the
low quantity of XIST transcripts in EBs from Class III cells, in contrast to the larger XIST
clouds observed in EBs from Class II cells. H3K27me3 accumulation is dependent on XIST
coating as it is catalyzed by EZH2 recruited by XIST; therefore, the limited XIST coating
could explain why H3K27me3 accumulation was not observed in Class III EBs. In this
respect, it would be interesting to investigate XIST and H3K27me3 after a longer period of
3D culture.

In 3D culture, diffusion of nutrients and gasses such as oxygen is more restricted
compared to 2D monolayer, where each cell is in direct contact with the culture medium.
Low oxygen levels were shown to be essential in deriving and maintaining hESCs in a
pre-XCI state [39], but also to preserve the XCI fidelity of Class II hPSCs [40]. Moreover,
H3K27me3 enrichment is oxygen-dependent, mediated by the oxygen-sensitive activity
of histone demethylase KDM6A [61]. We were unable to observe upregulation of XIST in
monolayer differentiation in hypoxia. However, culture in 3D aggregates may prove to be
an important mechanism to restore XCI erosion. Differences in cell-extracellular matrix
interaction and cell-cell interactions can greatly affect cell behavior [62–64]. Therefore,
other properties specific to 3D aggregates that may influence XCI need to be considered.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10092400/s1, Figure S1: Characterization of XCI hiPSC lines. Figure S2: Differentiation
controls and characterization of FCS-induced monolayer differentiated cells. Figure S3: Expression of
canonical hPGC markers in PGCLC-EBs. Figure S4: Characterization of XCI state in hPGCLCs and in
Class III (F20) cells under Hypoxic and pluripotent 3D conditions. Table S1: List of antibodies used
in this study.

Author Contributions: Conceptualization, Y.W.C., A.W.O., S.M.C.d.S.L.; methodology, Y.W.C.,
A.W.O., C.M.R., X.F., S.M.C.d.S.L.; validation, Y.W.C., A.W.O., S.M.C.d.S.L.; formal analysis, Y.W.C.,
A.W.O., C.M.R., X.F., S.M.C.d.S.L.; resources, C.F.; data curation, A.W.O., Y.W.C.; writing—original
draft preparation, Y.W.C., A.W.O., S.M.C.d.S.L.; writing—review and editing, Y.W.C., A.W.O., C.F.,
S.M.C.d.S.L.; visualization, A.W.O., Y.W.C.; supervision, C.F., S.M.C.d.S.L.; project administration,
S.M.C.d.S.L.; funding acquisition, S.M.C.d.S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Dutch Research Council (VICI-2018-91819642 to A.W.O.,
Y.W.C., C.M.R. and S.M.C.d.S.L.) and the China Scholarship Council (CSC 201706320328 to X.F.).

https://www.mdpi.com/article/10.3390/cells10092400/s1
https://www.mdpi.com/article/10.3390/cells10092400/s1


Cells 2021, 10, 2400 14 of 16

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Leiden University Medical Center
(protocol code P13.080 and date of approval 16 July 2015).

Informed Consent Statement: Informed consent was obtained from all subjects providing material
for the generation of hiPSCs used in the study.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank M. Bellin for providing the hiPSC line F20, the members
of the Chuva de Sousa Lopes group and K. Szuhai for fruitful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Eguizabal, C.; Aran, B.; Chuva de Sousa Lopes, S.M.; Geens, M.; Heindryckx, B.; Panula, S.; Popovic, M.; Vassena, R.; Veiga, A.

Two decades of embryonic stem cells: A historical overview. Hum. Reprod. Open 2019, 2019, hoy024. [CrossRef]
2. Yamanaka, S. Pluripotent Stem Cell-Based Cell Therapy—Promise and Challenges. Cell Stem Cell 2020, 27, 523–531. [CrossRef]
3. Halliwell, J.; Barbaric, I.; Andrews, P.W. Acquired genetic changes in human pluripotent stem cells: Origins and consequences.

Nat. Rev. Mol. Cell Biol. 2020, 21, 715–728. [CrossRef] [PubMed]
4. Merkle, F.T.; Ghosh, S.; Kamitaki, N.; Mitchell, J.; Avior, Y.; Mello, C.; Kashin, S.; Mekhoubad, S.; Ilic, D.; Charlton, M.; et al.

Human pluripotent stem cells recurrently acquire and expand dominant negative P53 mutations. Nat. Cell Biol. 2017, 545, 229–233.
[CrossRef]

5. Geens, M.; Chuva de Sousa Lopes, S.M. X chromosome inactivation in human pluripotent stem cells as a model for human
development: Back to the drawing board? Hum. Reprod. Update 2017, 23, 520–532. [CrossRef] [PubMed]

6. Rebuzzini, P.; Zuccotti, M.; Garagna, S. X-Chromosome Inactivation during Preimplantation Development and in Pluripotent
Stem Cells. Cytogenet. Genome Res. 2020, 160, 283–294. [CrossRef] [PubMed]

7. Barr, M.L.; Bertram, E.G. A Morphological Distinction between Neurones of the Male and Female, and the Behaviour of the
Nucleolar Satellite during Accelerated Nucleoprotein Synthesis. Nat. Cell Biol. 1949, 163, 676–677. [CrossRef]

8. Patrat, C.; Ouimette, J.-F.; Rougeulle, C. X chromosome inactivation in human development. Development 2020, 147, dev183095.
[CrossRef]

9. Rossant, J.; Tam, P.P. New Insights into Early Human Development: Lessons for Stem Cell Derivation and Differentiation. Cell
Stem Cell 2017, 20, 18–28. [CrossRef]

10. Rodermund, L.; Coker, H.; Oldenkamp, R.; Wei, G.; Bowness, J.; Rajkumar, B.; Nesterova, T.; Pinto, D.M.S.; Schermelleh, L.;
Brockdorff, N. Time-resolved structured illumination microscopy reveals key principles of Xist RNA spreading. Science 2021, 372,
eabe7500. [CrossRef]

11. Norris, D.P.; Patel, D.; Kay, G.F.; Penny, G.D.; Brockdorff, N.; Sheardown, S.A.; Rastan, S. Evidence that random and imprinted
Xist expression is controlled by preemptive methylation. Cell 1994, 77, 41–51. [CrossRef]

12. Costanzi, C.; Pehrson, J.R. Histone macroH2A1 is concentrated in the inactive X chromosome of female mammals. Nat. Cell Biol.
1998, 393, 599–601. [CrossRef]

13. Zylicz, J.; Bousard, A.; Žumer, K.; Dossin, F.; Mohammad, E.; da Rocha, S.J.T.; Schwalb, B.; Syx, L.; Dingli, F.; Loew, D.; et al. The
Implication of Early Chromatin Changes in X Chromosome Inactivation. Cell 2019, 176, 182–197.e23. [CrossRef]

14. Margueron, R.; Reinberg, D.; Margueron, R.; Reinberg, D. The Polycomb complex PRC2 and its mark in life. Nature 2011, 469,
343–349. [CrossRef]

15. O’Leary, T.; Heindryckx, B.; Lierman, S.; Van Der Jeught, M.; Duggal, G.; De Sutter, P.; Chuva de Sousa Lopes, S.M. Derivation of
human embryonic stem cells using a post–inner cell mass intermediate. Nat. Protoc. 2013, 8, 254–264. [CrossRef] [PubMed]

16. Vallot, C.; Ouimette, J.-F.; Makhlouf, M.; Féraud, O.; Pontis, J.; Côme, J.; Martinat, C.; Bennaceur-Griscelli, A.; Lalande, M.;
Rougeulle, C. Erosion of X Chromosome Inactivation in Human Pluripotent Cells Initiates with XACT Coating and Depends on a
Specific Heterochromatin Landscape. Cell Stem Cell 2015, 16, 533–546. [CrossRef]

17. Brenes, A.J.; Yoshikawa, H.; Bensaddek, D.; Mirauta, B.; Seaton, D.; Hukelmann, J.L.; Jiang, H.; Stegle, O.; Lamond, A.I. Erosion
of human X chromosome inactivation causes major remodeling of the iPSC proteome. Cell Rep. 2021, 35, 109032. [CrossRef]
[PubMed]

18. Mekhoubad, S.; Bock, C.; de Boer, A.S.; Kiskinis, E.; Meissner, A.; Eggan, K. Erosion of Dosage Compensation Impacts Human
iPSC Disease Modeling. Cell Stem Cell 2012, 10, 595–609. [CrossRef] [PubMed]

19. Silva, S.S.; Rowntree, R.K.; Mekhoubad, S.; Lee, J.T. X-chromosome inactivation and epigenetic fluidity in human embryonic stem
cells. Proc. Natl. Acad. Sci. USA 2008, 105, 4820–4825. [CrossRef]

20. An, C.; Feng, G.; Zhang, J.; Cao, S.; Wang, Y.; Wang, N.; Lu, F.; Zhou, Q.; Wang, H. Overcoming Autocrine FGF Signaling-
Induced Heterogeneity in Naive Human ESCs Enables Modeling of Random X Chromosome Inactivation. Cell Stem Cell 2020, 27,
482–497.e4. [CrossRef]

http://doi.org/10.1093/hropen/hoy024
http://doi.org/10.1016/j.stem.2020.09.014
http://doi.org/10.1038/s41580-020-00292-z
http://www.ncbi.nlm.nih.gov/pubmed/32968234
http://doi.org/10.1038/nature22312
http://doi.org/10.1093/humupd/dmx015
http://www.ncbi.nlm.nih.gov/pubmed/28582519
http://doi.org/10.1159/000508610
http://www.ncbi.nlm.nih.gov/pubmed/32575101
http://doi.org/10.1038/163676a0
http://doi.org/10.1242/dev.183095
http://doi.org/10.1016/j.stem.2016.12.004
http://doi.org/10.1126/science.abe7500
http://doi.org/10.1016/0092-8674(94)90233-X
http://doi.org/10.1038/31275
http://doi.org/10.1016/j.cell.2018.11.041
http://doi.org/10.1038/nature09784
http://doi.org/10.1038/nprot.2012.157
http://www.ncbi.nlm.nih.gov/pubmed/23306459
http://doi.org/10.1016/j.stem.2015.03.016
http://doi.org/10.1016/j.celrep.2021.109032
http://www.ncbi.nlm.nih.gov/pubmed/33910018
http://doi.org/10.1016/j.stem.2012.02.014
http://www.ncbi.nlm.nih.gov/pubmed/22560080
http://doi.org/10.1073/pnas.0712136105
http://doi.org/10.1016/j.stem.2020.06.002


Cells 2021, 10, 2400 15 of 16

21. Anguera, M.C.; Sadreyev, R.; Zhang, Z.; Szanto, A.; Payer, B.; Sheridan, S.D.; Kwok, S.; Haggarty, S.J.; Sur, M.; Alvarez, J.; et al.
Molecular Signatures of Human Induced Pluripotent Stem Cells Highlight Sex Differences and Cancer Genes. Cell Stem Cell 2012,
11, 75–90. [CrossRef]

22. Chen, D.; Liu, W.; Lukianchikov, A.; Hancock, G.V.; Zimmerman, J.; Lowe, M.G.; Kim, R.; Galic, Z.; Irie, N.; Surani, M.A.; et al.
Germline competency of human embryonic stem cells depends on eomesodermin. Biol. Reprod. 2017, 97, 850–861. [CrossRef]
[PubMed]

23. Mishra, S.; Taelman, J.; Chang, Y.; Boel, A.; De Sutter, P.; Heindryckx, B.; Chuva de Sousa Lopes, S.M. Sex-Specific Isolation and
Propagation of Human Premeiotic Fetal Germ Cells and Germ Cell-Like Cells. Cells 2021, 10, 1214. [CrossRef]

24. Sasaki, K.; Yokobayashi, S.; Nakamura, T.; Okamoto, I.; Yabuta, Y.; Kurimoto, K.; Ohta, H.; Moritoki, Y.; Iwatani, C.; Tsuchiya, H.;
et al. Robust In Vitro Induction of Human Germ Cell Fate from Pluripotent Stem Cells. Cell Stem Cell 2015, 17, 178–194. [CrossRef]
[PubMed]

25. Gkountela, S.; Zhang, K.X.; Shafiq, T.A.; Liao, W.-W.; Hargan-Calvopiña, J.; Chen, P.-Y.; Clark, A.T. DNA Demethylation Dynamics
in the Human Prenatal Germline. Cell 2015, 161, 1425–1436. [CrossRef]

26. Guo, F.; Yan, L.; Guo, H.; Li, L.; Hu, B.; Zhao, Y.; Yong, J.; Hu, Y.; Wang, X.; Wei, Y.; et al. The Transcriptome and DNA Methylome
Landscapes of Human Primordial Germ Cells. Cell 2015, 161, 1437–1452. [CrossRef]

27. Vértesy, Á.; Arindrarto, W.; Roost, M.S.; Reinius, B.; Torrens-Juaneda, V.; Bialecka, M.; Moustakas, I.; Ariyurek, Y.; Kuijk, E.;
Mei, H.; et al. Parental haplotype-specific single-cell transcriptomics reveal incomplete epigenetic reprogramming in human
female germ cells. Nat. Commun. 2018, 9, 1873. [CrossRef]

28. Zhang, M.; D’Aniello, C.; Verkerk, A.; Wrobel, E.; Frank, S.; Ward-van Oostwaard, D.; Piccini, I.; Freund, C.; Rao, J.;
Seebohm, G.; et al. Recessive cardiac phenotypes in induced pluripotent stem cell models of Jervell and Lange-Nielsen syndrome:
Disease mechanisms and pharmacological rescue. Proc. Natl. Acad. Sci. USA 2014, 111, E5383–E5392. [CrossRef] [PubMed]

29. Van den Berg, C.W.; Ritsma, L.; Avramut, M.C.; Wiersma, L.E.; van den Berg, B.M.; Leuning, D.G.; Lievers, E.; Koning,
M.; Vanslambrouck, J.M.; Koster, A.J.; et al. Renal Subcapsular Transplantation of PSC-Derived Kidney Organoids Induces
Neo-vasculogenesis and Significant Glomerular and Tubular Maturation In Vivo. Stem Cell Rep. 2018, 10, 751–765. [CrossRef]

30. Van der Wal, E.; Herrero-Hernandez, P.; Wan, R.; Broeders, M.; In’t Groen, S.L.; van Gestel, T.J.; van Ijcken, W.F.; Cheung, T.H.;
van der Ploeg, A.T.; Schaaf, G.; et al. Large-Scale Expansion of Human iPSC-Derived Skeletal Muscle Cells for Disease Modeling
and Cell-Based Therapeutic Strategies. Stem Cell Rep. 2018, 10, 1975–1990. [CrossRef]

31. Halaidych, O.; Freund, C.; van den Hil, F.; Salvatori, D.C.; Riminucci, M.; Mummery, C.L.; Orlova, V.V. Inflammatory Responses
and Barrier Function of Endothelial Cells Derived from Human Induced Pluripotent Stem Cells. Stem Cell Rep. 2018, 10, 1642–1656.
[CrossRef]

32. Kobayashi, T.; Zhang, H.; Tang, W.W.C.; Irie, N.; Withey, S.; Klisch, D.; Sybirna, A.; Dietmann, S.; Contreras, D.A.; Webb, R.; et al.
Principles of early human development and germ cell program from conserved model systems. Nat. Cell Biol. 2017, 546, 416–420.
[CrossRef] [PubMed]

33. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

34. Patel, S.; Bonora, G.; Sahakyan, A.; Kim, R.; Chronis, C.; Langerman, J.; Fitz-Gibbon, S.; Rubbi, L.; Skelton, R.J.; Ardehali, R.;
et al. Human Embryonic Stem Cells Do Not Change Their X Inactivation Status during Differentiation. Cell Rep. 2017, 18, 54–67.
[CrossRef] [PubMed]

35. Keniry, A.; Gearing, L.J.; Jansz, N.; Liu, J.; Holik, A.Z.; Hickey, P.F.; Kinkel, S.A.; Moore, D.L.; Breslin, K.; Chen, K.; et al.
Setdb1-mediated H3K9 methylation is enriched on the inactive X and plays a role in its epigenetic silencing. Epigenet. Chromatin
2016, 9, 16. [CrossRef] [PubMed]

36. Irie, N.; Weinberger, L.; Tang, W.W.; Kobayashi, T.; Viukov, S.; Manor, Y.S.; Dietmann, S.; Hanna, J.H.; Surani, M.A. SOX17 Is a
Critical Specifier of Human Primordial Germ Cell Fate. Cell 2015, 160, 253–268. [CrossRef]

37. Mishra, S.; Taelman, J.; Popovic, M.; Tilleman, L.; Duthoo, E.; van der Jeught, M.; Deforce, D.; van Nieuwerburgh, F.; Menten, B.;
de Sutter, P.; et al. Activin A-derived human embryonic stem cells show increased competence to differentiate into primordial
germ cell-like cells. Stem Cells 2021, 39, 551–563. [CrossRef]

38. Cameron, C.M.; Harding, F.; Hu, W.-S.; Kaufman, D. Activation of Hypoxic Response in Human Embryonic Stem Cell–Derived
Embryoid Bodies. Exp. Biol. Med. 2008, 233, 1044–1057. [CrossRef]

39. Lengner, C.; Gimelbrant, A.A.; Erwin, J.; Cheng, A.; Guenther, M.G.; Welstead, G.G.; Alagappan, R.; Frampton, G.M.; Xu, P.;
Muffat, J.; et al. Derivation of Pre-X Inactivation Human Embryonic Stem Cells under Physiological Oxygen Concentrations. Cell
2010, 141, 872–883. [CrossRef]

40. Xie, P.; Ouyang, Q.; Leng, L.; Hu, L.; Cheng, D.; Tan, Y.; Lu, G.; Lin, G. The dynamic changes of X chromosome inactivation
during early culture of human embryonic stem cells. Stem Cell Res. 2016, 17, 84–92. [CrossRef]

41. Tang, W.W.; Kobayashi, T.; Irie, N.; Dietmann, S.; Surani, M.A. Specification and epigenetic programming of the human germ line.
Nat. Rev. Genet. 2016, 17, 585–600. [CrossRef] [PubMed]

42. Li, L.; Yang, R.; Yin, C.; Kee, K. Studying human reproductive biology through single-cell analysis and in vitro differentiation of
stem cells into germ cell-like cells. Hum. Reprod. Update 2020, 26, 670–688. [CrossRef]

43. Anderson, R.A.; Fulton, N.; Cowan, G.; Coutts, S.; Saunders, P.T. Conserved and divergent patterns of expression of DAZL, VASA
and OCT4 in the germ cells of the human fetal ovary and testis. BMC Dev. Biol. 2007, 7, 136. [CrossRef]

http://doi.org/10.1016/j.stem.2012.03.008
http://doi.org/10.1093/biolre/iox138
http://www.ncbi.nlm.nih.gov/pubmed/29091993
http://doi.org/10.3390/cells10051214
http://doi.org/10.1016/j.stem.2015.06.014
http://www.ncbi.nlm.nih.gov/pubmed/26189426
http://doi.org/10.1016/j.cell.2015.05.012
http://doi.org/10.1016/j.cell.2015.05.015
http://doi.org/10.1038/s41467-018-04215-7
http://doi.org/10.1073/pnas.1419553111
http://www.ncbi.nlm.nih.gov/pubmed/25453094
http://doi.org/10.1016/j.stemcr.2018.01.041
http://doi.org/10.1016/j.stemcr.2018.04.002
http://doi.org/10.1016/j.stemcr.2018.03.012
http://doi.org/10.1038/nature22812
http://www.ncbi.nlm.nih.gov/pubmed/28607482
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1016/j.celrep.2016.11.054
http://www.ncbi.nlm.nih.gov/pubmed/27989715
http://doi.org/10.1186/s13072-016-0064-6
http://www.ncbi.nlm.nih.gov/pubmed/27195021
http://doi.org/10.1016/j.cell.2014.12.013
http://doi.org/10.1002/stem.3335
http://doi.org/10.3181/0709-RM-263
http://doi.org/10.1016/j.cell.2010.04.010
http://doi.org/10.1016/j.scr.2016.05.011
http://doi.org/10.1038/nrg.2016.88
http://www.ncbi.nlm.nih.gov/pubmed/27573372
http://doi.org/10.1093/humupd/dmaa021
http://doi.org/10.1186/1471-213X-7-136


Cells 2021, 10, 2400 16 of 16

44. Li, L.; Dong, J.; Yan, L.; Yong, J.; Liu, X.; Hu, Y.; Fan, X.; Wu, X.; Guo, H.; Wang, X.; et al. Single-Cell RNA-Seq Analysis Maps
Development of Human Germline Cells and Gonadal Niche Interactions. Cell Stem Cell 2017, 20, 858–873.e4. [CrossRef]

45. Chuva de Sousa Lopes, S.M.; Hayashi, K.; Shovlin, T.C.; Mifsud, W.; Surani, M.A.; McLaren, A. X Chromosome Activity in Mouse
XX Primordial Germ Cells. PLoS Genet. 2008, 4, e30. [CrossRef]

46. Sugimoto, M.; Abe, K. X Chromosome Reactivation Initiates in Nascent Primordial Germ Cells in Mice. PLoS Genet. 2007, 3, e116.
[CrossRef] [PubMed]

47. Tang, W.W.; Dietmann, S.; Irie, N.; Leitch, H.; Floros, V.I.; Bradshaw, C.; Hackett, J.; Chinnery, P.F.; Surani, M.A. A Unique Gene
Regulatory Network Resets the Human Germline Epigenome for Development. Cell 2015, 161, 1453–1467. [CrossRef]

48. Fernandes, M.G.; Bialecka, M.; Salvatori, D.C.F.; Chuva de Sousa Lopes, S.M. Characterization of migratory primordial germ cells
in the aorta-gonad-mesonephros of a 4.5-week-old human embryo: A toolbox to evaluate in vitro early gametogenesis. Mol. Hum.
Reprod. 2018, 24, 233–243. [CrossRef] [PubMed]

49. Hayashi, K.; Ohta, H.; Kurimoto, K.; Aramaki, S.; Saitou, M. Reconstitution of the Mouse Germ Cell Specification Pathway in
Culture by Pluripotent Stem Cells. Cell 2011, 146, 519–532. [CrossRef]

50. Kurimoto, K.; Yabuta, Y.; Hayashi, K.; Ohta, H.; Kiyonari, H.; Mitani, T.; Moritoki, Y.; Kohri, K.; Kimura, H.; Yamamoto, T.; et al.
Quantitative Dynamics of Chromatin Remodeling during Germ Cell Specification from Mouse Embryonic Stem Cells. Cell Stem
Cell 2015, 16, 517–532. [CrossRef]

51. Ohta, H.; Kurimoto, K.; Okamoto, I.; Nakamura, T.; Yabuta, Y.; Miyauchi, H.; Yamamoto, T.; Okuno, Y.; Hagiwara, M.; Shirane,
K.; et al. In vitro expansion of mouse primordial germ cell-like cells recapitulates an epigenetic blank slate. EMBO J. 2017, 36,
1888–1907. [CrossRef]

52. Yamashiro, C.; Sasaki, K.; Yabuta, Y.; Kojima, Y.; Nakamura, T.; Okamoto, I.; Yokobayashi, S.; Murase, Y.; Ishikura, Y.; Shirane, K.;
et al. Generation of human oogonia from induced pluripotent stem cells in vitro. Science 2018, 362, 356–360. [CrossRef] [PubMed]

53. Murase, Y.; Yabuta, Y.; Ohta, H.; Yamashiro, C.; Nakamura, T.; Yamamoto, T.; Saitou, M. Long-term expansion with germline
potential of human primordial germ cell-like cells in vitro. EMBO J. 2020, 39, 104929. [CrossRef]

54. Von Meyenn, F.; Berrens, R.V.; Andrews, S.; Santos, F.; Collier, A.; Krueger, F.; Osorno, R.; Dean, W.; Rugg-Gunn, P.; Reik,
W. Comparative Principles of DNA Methylation Reprogramming during Human and Mouse In Vitro Primordial Germ Cell
Specification. Dev. Cell 2016, 39, 104–115. [CrossRef] [PubMed]

55. Kim, K.; Zhao, R.; Doi, A.; Ng, K.; Unternaehrer, J.; Cahan, P.; Hongguang, H.; Loh, Y.-H.; Aryee, M.J.; Lensch, M.W.; et al. Donor
cell type can influence the epigenome and differentiation potential of human induced pluripotent stem cells. Nat. Biotechnol.
2011, 29, 1117–1119. [CrossRef]

56. Phetfong, J.; Supokawej, A.; Wattanapanitch, M.; Kheolamai, P.; Yaowalak, U.; Issaragrisil, S. Cell type of origin influences iPSC
generation and differentiation to cells of the hematoendothelial lineage. Cell Tissue Res. 2016, 365, 101–112. [CrossRef]

57. Roost, M.S.; Slieker, R.C.; Bialecka, M.; Van Iperen, L.; Fernandes, M.M.G.; He, N.; Suchiman, H.E.D.; Szuhai, K.; Carlotti, F.;
De Koning, E.J.P.; et al. DNA methylation and transcriptional trajectories during human development and reprogramming of
isogenic pluripotent stem cells. Nat. Commun. 2017, 8, 908. [CrossRef]

58. Sanchez-Freire, V.; Lee, A.S.; Hu, S.; Abilez, O.J.; Liang, P.; Lan, F.; Huber, B.; Ong, S.-G.; Hong, W.X.; Huang, M.; et al. Effect of
Human Donor Cell Source on Differentiation and Function of Cardiac Induced Pluripotent Stem Cells. J. Am. Coll. Cardiol. 2014,
64, 436–448. [CrossRef]

59. Streckfuss-Bömeke, K.; Wolf, F.; Azizian, A.; Stauske, M.; Tiburcy, M.; Wagner, S.; Hübscher, D.; Dressel, R.; Chen, S.; Jende, J.;
et al. Comparative study of human-induced pluripotent stem cells derived from bone marrow cells, hair keratinocytes, and skin
fibroblasts. Eur. Heart J. 2012, 34, 2618–2629. [CrossRef]

60. Yokobayashi, S.; Nakagawa, M.; Nakamura, T.; Yabuta, Y.; Saitou, M.; Okita, K.; Yamamoto, T. Clonal variation of human induced
pluripotent stem cells for induction into the germ cell fate. Biol. Reprod. 2017, 96, 1154–1166. [CrossRef] [PubMed]

61. Chakraborty, A.A.; Laukka, T.; Myllykoski, M.; Ringel, A.E.; Booker, M.A.; Tolstorukov, M.Y.; Meng, Y.J.; Meier, S.R.; Jennings,
R.B.; Creech, A.L.; et al. Histone demethylase KDM6A directly senses oxygen to control chromatin and cell fate. Science 2019, 363,
1217–1222. [CrossRef] [PubMed]

62. Baker, B.M.; Chen, C.S. Deconstructing the third dimension—How 3D culture microenvironments alter cellular cues. J. Cell Sci.
2012, 125, 3015–3024. [CrossRef] [PubMed]

63. Garreta, E.; Kamm, R.D.; Chuva de Sousa Lopes, S.M.; Lancaster, M.A.; Weiss, R.; Trepat, X.; Hyun, I.; Montserrat, N. Rethinking
organoid technology through bioengineering. Nat. Mater. 2021, 20, 145–155. [CrossRef] [PubMed]

64. Rubashkin, M.G.; Ou, G.; Weaver, V.M. Deconstructing Signaling in Three Dimensions. Biochemistry 2014, 53, 2078–2090.
[CrossRef]

http://doi.org/10.1016/j.stem.2017.03.007
http://doi.org/10.1371/journal.pgen.0040030
http://doi.org/10.1371/journal.pgen.0030116
http://www.ncbi.nlm.nih.gov/pubmed/17676999
http://doi.org/10.1016/j.cell.2015.04.053
http://doi.org/10.1093/molehr/gay011
http://www.ncbi.nlm.nih.gov/pubmed/29528446
http://doi.org/10.1016/j.cell.2011.06.052
http://doi.org/10.1016/j.stem.2015.03.002
http://doi.org/10.15252/embj.201695862
http://doi.org/10.1126/science.aat1674
http://www.ncbi.nlm.nih.gov/pubmed/30237246
http://doi.org/10.15252/embj.2020104929
http://doi.org/10.1016/j.devcel.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27728778
http://doi.org/10.1038/nbt.2052
http://doi.org/10.1007/s00441-016-2369-y
http://doi.org/10.1038/s41467-017-01077-3
http://doi.org/10.1016/j.jacc.2014.04.056
http://doi.org/10.1093/eurheartj/ehs203
http://doi.org/10.1093/biolre/iox038
http://www.ncbi.nlm.nih.gov/pubmed/28453617
http://doi.org/10.1126/science.aaw1026
http://www.ncbi.nlm.nih.gov/pubmed/30872525
http://doi.org/10.1242/jcs.079509
http://www.ncbi.nlm.nih.gov/pubmed/22797912
http://doi.org/10.1038/s41563-020-00804-4
http://www.ncbi.nlm.nih.gov/pubmed/33199860
http://doi.org/10.1021/bi401710d

	Introduction 
	Materials and Methods 
	Maintenance of hESCs and hiPSCs 
	Non-Directed Differentiation of hPSCs 
	Directed Differentiation of hPSCs towards hPGCLCs in EBs 
	Fluorescence Activated Cell Sorting (FACS) 
	Immunofluorescence and Histology 
	RNA-Fluorescence In Situ Hybridization (FISH) 
	Imaging and Quantification 
	Statistics 

	Results 
	Characterisization of XCI State in Several hiPSC Lines 
	XCI State of Class II and Class III hPSCs Is Maintained upon Spontaneous Differentiation 
	Influence of XCI State in Differentiation Efficiency to hPGCLCs 
	Influence of XCI State of hPSCs on the XCI State of Differentiated hPGCLCs 
	Re-Expression of XIST from Class III hPSCs in EBs 

	Discussion 
	References

